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In this report, we have developed a simple approach using single-detector fluorescence autocorrelation spectroscopy (FCS) to investigate the Förster resonance energy transfer (FRET) of genetically encoded, freely diffusing crTC2.1 (mTurquoise2.1–linker–mCitrine) at the single molecule level. We hypothesize that the molecular brightness of the freely diffusing donor (mTurquoise2.1) in the presence of the acceptor (mCitrine) is lower than that of the donor alone due to FRET. To test this hypothesis, the fluorescence fluctuation signal and number of molecules of freely diffusing construct were measured using FCS to calculate the molecular brightness of the donor, excited at 405 nm and detected at 475/50 nm, in the presence and absence of the acceptor. Our results indicate that the molecular brightness of cleaved crTC2.1 in a buffer is larger than that of the intact counterpart under 405-nm excitation. The energy transfer efficiency at the single molecule level is larger and more spread in values as compared with the ensemble-averaging time-resolved fluorescence measurements. In contrast, the molecular brightness of the intact crTC2.1, under 488 nm excitation of the acceptor (531/40 nm detection), is the same or slightly larger than that of the cleaved counterpart. These FCS-FRET measurements on freely diffusing donor-acceptor pairs are independent of the precise time constants associated with autocorrelation curves due to the presence of potential photophysical processes. Ultimately, when used in living cells, the proposed approach would only require a low expression level of these genetically encoded constructs, helping to limit potential interference with the cell machinery.
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INTRODUCTION
Förster resonance energy transfer (FRET) is a phenomenon in which energy is transferred, non-radiatively, from an excited donor (D) molecule to an acceptor (A) molecule that is in close proximity (≤10 nm) (Förster, 1948). FRET is often referred to as a “molecular ruler” for a wide range of applications due to its ability to measure intermolecular donor-acceptor distances (Stryer and Haugland, 1967; Jareserijman and Jovin, 2006; Lakowicz, 2006; Gadella, 2009; Choi et al., 2012). The energy transfer efficiency among a given donor-acceptor pair is dependent on the distance that separates the donor and acceptor molecule, the orientation parameter [κ (Jareserijman and Jovin, 2006)] of their relative dipole moments, and the spectral overlap between the donor’s emission and the acceptor’s absorption (Piston and Kremers, 2007; Gadella, 2009; Choi et al., 2012; Currie et al., 2017). In addition, FRET has been used successfully to study intermolecular interactions and their dynamics in a myriad of biological systems, both in vitro and in vivo (Lakowicz, 2006; Piston and Kremers, 2007; Zhang et al., 2013; Shrestha et al., 2015; Okamoto and Sako, 2017; Schwarz et al., 2019; Miller et al., 2020). FRET applications in scientific research include molecule-molecule interactions (Margineanu et al., 2016), conformational changes of biomolecules (Ha et al., 1996), and environmental sensing (Leopold et al., 2019; Schwarz et al., 2019; Miller et al., 2020).
Steady-state spectroscopy can be used to measure the energy transfer efficiency of FRET pairs based on the comparison of the time-averaged fluorescence intensity of the donor in the presence and absence of an acceptor (Lakowicz, 2006). This method has been applied to various mechanistic studies such as protein denaturation, enzyme-substrate binding, dye-DNA interaction, and RNA binding (Deniz et al., 2000; Zhuang et al., 2000; Elangovan et al., 2003; Ranjit et al., 2009; Zhang et al., 2013). Steady-state approaches for FRET analysis are also compatible with multi-channel confocal microscopy for investigating intermolecular interactions in living cells (Zhuang et al., 2000; Elangovan et al., 2003; Davey et al., 2008). The challenge with this approach, however, is the spectral overlap between the donor and acceptor that complicate the FRET analysis due to the potential of direct excitation of the acceptor, which results in overestimation of the FRET efficiency and therefore the donor-acceptor distance (Wu and Brand, 1994; dosRemedios and Moens, 1995; Ranjit et al., 2009).
Time-resolved fluorescence methods have also been used to investigate the excited-state dynamics of the donor in the presence and absence of the acceptor (Ranjit et al., 2009; Okamoto and Sako, 2017; Schwarz et al., 2019). The advantages of time-resolved fluorescence for FRET analysis include quantitative assessment of the excited state dynamics of the donor even in the presence of spectral overlap with the acceptor. Recently, for example, a family of mCerulean3–linker–mCitrine constructs that can be genetically encoded in living cells have been developed as environmental biosensors for in vivo studies of macromolecular crowding or ionic strength (Liu et al., 2017a; Liu et al., 2017b). In these constructs, the donor (mCerluean3) and acceptor (mCitrine) act as a FRET pair that are tethered together by either neutral (crowding) or two oppositely charged α-helices (ionic strength) in the linker region (Liu et al., 2017b). These environmental sensors have been investigated using ensemble averaging techniques such as time-resolved fluorescence (Currie et al., 2017; Schwarz et al., 2019; Miller et al., 2020) and time-resolved anisotropy (Currie et al., 2017; Leopold et al., 2019; Aplin et al., 2021) measurements. However, time-resolved fluorescence methods require expensive and specialized equipment as well as sophisticated users for experimental design and data analysis. Importantly, both steady-state spectroscopy and time-resolved fluorescence measurements suffer from averaging over large ensembles, which can wash out single molecular events (e.g., molecular or conformational states) that are key for kinetics and mechanistic studies (Remaut et al., 2005; Brunger et al., 2011; Choi et al., 2012). These traditional approaches can require relatively high expression levels of these genetically encoded constructs for FRET studies in living cells, which introduce the possibility of interfering with the biological cell machinery. In addition, high expression may lead to intermolecular FRET or maturation artifacts.
Genuine single molecule FRET (smFRET) studies have been reported on a wide range of immobilized biomolecules on surfaces (Roy et al., 2008; Lamichhane et al., 2010; Choi et al., 2012; Lerner et al., 2018; Qiao et al., 2021). In smFRET studies, the biomolecules of interest are labeled strategically using fluorescent dye molecules as donor-acceptor pairs and immobilized on a glass substrate. Both the fluorescence fluctuations of the donor and acceptor are recorded simultaneously. The corresponding FRET efficiency is then calculated during the time-dependent fluorescence fluctuation acquisition as a means for monitoring conformational changes of the biomolecule of interest (Roy et al., 2008; Lamichhane et al., 2010; Choi et al., 2012; Lerner et al., 2018; Qiao et al., 2021). Some of the challenges with this approach include the site-specificity of extrinsic dye labeling, potential surface immobilization effect on the conformational dynamics, the relative insensitivity to incomplete labeling, photobleaching and the limited signal-to-noise ratio, and low temporal resolution due to the low frame rate of the CCD camera (Roy et al., 2008).
Different modalities of fluorescence correlation spectroscopy (FCS), a single-molecule approach, have been used for non-invasive applications to study translational diffusion, chemical kinetics, and photophysical processes such as intersystem crossing to triplet electronic states and fluorescence blinking in fluorescent proteins (Widengren et al., 2001; Lakowicz, 2006; Haustein and Schwille, 2007; Elson, 2011; Sahoo and Schwille, 2011). Fluorescence dual-color cross-correlation spectroscopy (FCCS), for example, extends the temporal resolution to 10–100 nanoseconds by overcoming the inherent after-pulsing in the avalanche photodiode using the traditional, single-detector FCS. Dual color FRET-FCCS (Widengren et al., 2001; Torres and Levitus, 2007; Gurunathan and Levitus, 2008; Gurunathan and Levitus, 2010; Felekyan et al., 2012) has been applied to study conformational changes in RNA and proteins, DNA packaging, oligonucleotides, as well as oligomers of amyloid β-peptide (Remaut et al., 2005; Price et al., 2010; Price et al., 2011). The challenges with dual-color FCCS approach, however, include different excitation rates of the donor and acceptor, the difference in the fluorescence quantum yield, direct excitation of the acceptor under the donor’s excitation wavelength, accounting for the molecular brightness of the donor and acceptor under given experimental conditions, potential difference in the two channels detection efficiencies, long data acquisition time, photobleaching, and crosstalk between the donor-acceptor channels (Widengren et al., 2001; Sahoo and Schwille, 2011).
In this report, we highlight a simple concept of using the fluorescence fluctuations and molecular brightness (number of emitted photon per molecule) for FRET analysis of a donor-linker-acceptor model construct at the single-molecule level using a traditional, single-detector FCS setup. As a proof of concept, we used crTC2.1 construct (mTurquoise2.1–linker–mCitrine) (Liu et al., 2018) as a model system (Figure 1A) for FCS studies under 405–nm excitation of the donor (mTurquoise2.1) in the presence and absence of the acceptor (mCitrine). The molecular brightness of the donor, both in the presence and absence of the acceptor, is calculated using the measured fluorescence fluctuation and number of molecules using the initial amplitude of the corresponding autocorrelation curve. Control experiments were also conducted under 488-nm excitation of the acceptor where FRET is unlikely to occur. In contrast with FRET-FCCS approaches (Widengren et al., 2001; Gurunathan and Levitus, 2008; Gurunathan and Levitus, 2010; Felekyan et al., 2012), the proposed concept relies on a traditional, single-detector FCS setup, which only requires analysis of the donor’s fluorescence fluctuations in the presence and absence of the acceptor. In the proposed experimental design, enzymatic cleavage of the linker region is required as a control on the donor alone under the same experimental conditions, which rule out the role of photophysical processes other than FRET in our analysis. Since the time scale of FRET is on the order of 1–10 nanoseconds and therefore beyond the temporal resolution of our experimental approach, the detailed nature of the autocorrelation decay model is not relevant to the molecular brightness based FRET analysis reported here.
[image: Figure 1]FIGURE 1 | A schematic structure, SDS-PAGE gel, and steady-state spectroscopy of crTC2.1 construct (mTurquoise2.1-linker-mCitrine) (Liu et al., 2018) (A) The structure of crTC2.1 (mTurquoise2.1-linker-mCitrine), where the amino acid sequence of the linker region is –(GSG)6A (EAAAK)6A (GSG)6A (EAAAK)6A (GSG)6– (B) SDS-PAGE of the intact and cleaved construct, which shows the corresponding molecular weight and the efficiency of enzymatic cleavage reaction (C) The absorption and emission spectra of mTurquoise2.1-linker-mCitrine in a buffer, where the excitation (vertical arrow) and detection (horizontal arrow) of the donor in these FCS studies are shown.
DONOR’S MOLECULAR BRIGHTNESS FOR FCS-FRET ANALYSIS: A CONCEPT
The molecular brightness (the average number of fluorescence photons per molecule during their residence time in the observation volume) of the donor in the presence and absence of an acceptor can be used for FRET analysis of D-L-A constructs at the single-molecule level. We hypothesize that the molecular brightness of the donor alone is larger than that in the presence of an acceptor at close proximity. In this concept (Figure 1A), the fluorescence fluctuation and number of molecules using the initial amplitude of the autocorrelation function of the donor, in the presence and absence of the acceptor, are measured under 405 nm excitation and 475 nm detection (Figure 1C) as described below.
Using steady-state spectroscopy, the energy transfer efficiency in donor-acceptor FRET pairs is determined using the time-averaged fluorescence signal of the donor in the presence ([image: image]) and absence ([image: image]) of the acceptor such that(Lakowicz, 2006)
[image: image]
Generally, however, fluorescence intensity (F) of an ensemble of fluorophores, excited by light intensity ([image: image]), is given by(Xu and Webb, 1996)
[image: image]
Where [image: image] is the fluorescence quantum yield of the fluorophore, [image: image] is the detection efficiency of the fluorescence signal that is dependent on the experimental setup, [image: image] is the absorption cross-section of the fluorophore at a given excitation wavelength, and C is the concentration of the fluorophore in the sample under investigation. At the single-molecule level, the concentration (C) of the fluorophore can be related to the number of molecules (N) in a given volume (V) using Avogadro’s number ([image: image]) such that Eq. 2 can be rewritten as:
[image: image]
In a traditional FCS experiment, the observation volume (V) under 488 nm illumination can be determined using a photostable fluorphore (rhodamine-110) with known diffusion coefficient as a reference (Currie et al., 2017; Lee et al., 2018; Aplin et al., 2020). In order to avoid minor differences in the concentrations of prepared samples, the fluorescence intensity ([image: image]) can be rewritten in terms of the molecular brightness ([image: image]) such that:
[image: image]
The molecular brightness is defined as the average number of fluorescence photons detected per fluorophore during their random walk in the observation volume. Under the same experimental conditions of laser intensity, excitation wavelength of the donor, observation volume, and the detection efficiency, the FRET efficiency in Eq. 1 can be rewritten in terms of the molecular brightness of the donor in the presence ([image: image]) and absence ([image: image]) of the acceptor such that:
[image: image]
As a result, the FRET analysis can be carried out on freely diffusing donor–linker–acceptor construct at the single molecule level in terms of the molecular brightness of the excited donor, in the presence and absence of an acceptor, using traditional, single-detector FCS setup where the fluorescence fluctuation and number of molecules can be measured.
MATERIALS AND EXPERIMENTAL DESIGN USING CONVENTIONAL FCS SETUP
Molecular Model System
As a proof of concept, we carried out traditional FCS experiments on crTC2.1 construct (mTurquoise2.1–linker–mCitrine) (Liu et al., 2018) as a model donor–linker–acceptor (D-L-A) system (Figure 1A) under 405 nm excitation of the donor (mTurquoise2.1) in the presence and absence of the acceptor (mCitrine). The amino acid sequence of the linker region in this crTC2.1 construct is –(GSG)6A (EAAAK)6A (GSG)6A (EAAAK)6A (GSG)6– (Liu et al., 2018). This model system was selected due to its low energy transfer efficiency (7.1 ± 0.5)% as measured using time-resolved fluorescence (Aplin et al., 2020) to test the sensitivity of the proposed FCS approach. For the control experiments on the donor alone, the linker region of the FRET probe (mTurquoise2.1–link–mCitrine) was digested using the serine protease, proteinase K (Leopold et al., 2019; Schwarz et al., 2019; Miller et al., 2020; Aplin et al., 2021) (Figure 1B). The absorption and emission spectra of crTC2.1 construct in a buffer are also shown (Figure 1C), where the excitation wavelength of the donor (405 nm) and its fluorescence detection can be visualized (arrows). The fluorescence peaks of both the donor (480 nm) and acceptor (525 nm) are normalized with the corresponding absorption bands (460 and 514 nm, respectively). The absorption cross-section of mTurquoise2.1 is larger than that of mCerulean3 (not shown) relative to that of mCitrine. Importantly, the spectral overlap between mTurquoise2.1 emission and the mCitrine absorption is slightly larger than that of mCerulean3, which in principle would enhance the FRET efficiency. Unfortunately, however, the fluorescence of mTurquoise2.1 exhibits larger overlap with the mCitrine’s emission. Rhodamine–110 in nanopure water was used as a reference with known diffusion coefficient to calibrate the FCS setup under 488-nm excitation of the acceptor.
FCS Setup
A home-built fluorescence correlation spectroscopy (FCS) setup has been described in detail elsewhere (Currie et al., 2017; Lee et al., 2018). Briefly, a collimated continuous wave (cw) laser was generated using a diode laser (405 nm, PhoxX405-60, Omicron-Laserage Laserprodukte GmbH, Germany) for exciting the donor in the presence and absence of the acceptor. Another 488-nm laser beam (Coherent Sapphire 488–20) was also used to excite the acceptor for control experiments. The laser beam (405 or 488 nm) was then conditioned and steered towards an inverted microscope (IX81, Olympus) via the back-exit port and through the microscope objective (1.2NA, water immersion, infinity corrected, 60x, Olympus) for both sample excitation and emission detection. The average power of the laser at the sample used in these experiments ranged between 7.3 μW and 13.6 μW (at 405 nm) with estimated laser intensities at the sample of 55.4 kW/cm2 and 103.9 kW/cm2, respectively. Under 488 nm excitation of the acceptor, however, the average power of the laser was about 2 μW with laser intensity at the sample of 1.6 kW/cm2. A dichroic mirror (395DM for 405 nm excitation or 490DM for 488 nm excitation) was used to separate the fluorescence emission from the excitation laser. The collimated epifluorescence signal was first filtered (using a bandwidth filter, 475/50 nm for donor detection or 531/40 for acceptor detection) and then focused on a confocal pinhole (an optical fiber with 50 μm diameter). The fluorescence signal was then detected by an avalanche photodiode (APD, SPCM CD-2969, PerkinElmer, Fremont, CA), amplified, and correlated using an external multiple-tau-digital correlator (ALV/6010–160, Langen/Hessen, Germany).
FCS Data Analysis
In a single-detector FCS, the time-dependent fluorescence fluctuations, [image: image], are recorded as single molecules diffuse through an open observation volume such that (Tian et al., 2011)
[image: image]
The observed fluorescence fluctuation is caused by the fluctuation of the concentration (1–50 nM) of molecules in the observation volume due to translational diffusion, chemical reactions, and fast photophysical processes such as fluorescence blinking in fluorescent proteins, conformational changes of biomolecules, or intersystem crossing (Elson and Magde, 1974; Magde et al., 1974; Widengren and Rigler, 1997). The corresponding autocorrelation curve, [image: image], is calculated using the measured time-dependent fluorescence fluctuation, [image: image], as a function of a lag time ([image: image]), i.e.,[image: image], such that (Schwille, 2001; Elson, 2011)
[image: image]
Assuming a three-dimensional (3D) Gaussian profile of the observation volume, the fluorescence fluctuation autocorrelation curve, [image: image], due to translational diffusion and a fast photophysical process (with a time scale of [image: image]) can be written as following (Huang et al., 2002)
[image: image]
Here, N is the average number of molecules residing in the observation volume, whose structure parameter (s) is the ratio of the axial (z) to the lateral (r) extension of that volume such that [image: image]. The autocorrelation curve depends also on the population fraction ([image: image]) of the molecules undergoing a fast photophysical process. According to Eq. 8, as the number of molecules in the observation volume increases, the initial amplitude of the autocorrelation curves will decrease. In addition, lower cw laser intensity (7.3–13.6 μW at 405 nm) of the donor was used, where the fluorescence signal was linear with laser intensity. Within this linear regime, the time-dependent photobleaching of the fluorescence signal was negligible. Low cw laser illumination in FCS experiments also minimizes direct excitation of the acceptor.
The measured diffusion time ([image: image]) and the diffusion coefficient (D) of a given molecule are related, where:
[image: image]
To calibrate FCS setup under 488 nm excitation, the diffusion time of a reference fluorophore (e.g., rhodamine 110) with a known diffusion coefficient is used to determine the radius of the observation volume (Currie et al., 2017; Lee et al., 2018; Aplin et al., 2020).
According to Eq. 8, the initial amplitude of the autocorrelation function, [image: image], of the ith species (i = D for cleaved, i = DA for intact) equals the inverse of the average number of molecules ([image: image]) residing in the open observation volume such that:
[image: image]
Using the time-averaged fluorescence signal, [image: image], and the corresponding number of molecules (N) in the observation volume, the molecular brightness ([image: image]) can be calculated experimentally using FCS such that:
[image: image]
Where the molecular brightness of the donor in the absence and presence of the acceptor are measured under the same experimental conditions. Using the measured molecular brightness (Eq. 4 or 11), the corresponding energy transfer efficiency (Eq. 5) can be determined for donor–linker–acceptor at the single-molecule level in a given environment. In these FCS measurements, about 20 nM concentrations of crTC2.1 were used for fluorescence fluctuation analysis.
Practical Guideline for Reliable Experimental Design
The measured time-dependent fluorescence fluctuations of the cleaved and intact constructs were measured under the same experimental conditions and then used to calculate the corresponding autocorrelation curves and the corresponding molecular brightness. Under a given laser intensity, up to 20 fluorescence fluctuation traces were measured at 5 or 10 s/trace and the average fluorescence signal ([image: image]) per trace was automatically recorded. However, the excitation/detection conditions should be optimized to ensure stable (i.e., negligible photobleaching) fluorescence fluctuation signal and number of molecules during these data acquisition.
The corresponding autocorrelation curves were then analyzed using OriginPro8.0 software for each trace to determine both the number of molecules, [image: image], under a given experimental condition and the corresponding average fluorescence fluctuation per trace. It is recommended that the average number of freely diffusing molecules should be less than 100 molecules residing in the observation volume. Under the same experimental conditions, the buffer alone (i.e., no donor–linker–acceptor construct) was measured and any background signal was then subtracted from the fluorescence fluctuation signal prior to calculating the molecular brightness associated with each trace. Since the molecular brightness of the donor and the donor–acceptor pair were measured under the same experimental conditions, the complexity associated with additional photophysical processes can be ruled out in the proposed experimental design (see below). For the same reasons, the effects of nonideal optical conditions of our inverted microscope under 405 nm excitation and the glass coverslip would be negligible. These measurements were repeated on different days of laser alignment, laser intensities, and sample preparations for reproducibility test.
RESULTS AND DISCUSSION
Fluorescence Fluctuation Analysis of the crTC2.1 Construct Under 405-nm Excitation Using Traditional FCS
We hypothesize that the molecular brightness of the cleaved donor–linker–acceptor construct is larger than that of the intact counterpart under 405 nm excitation and 475/50 detection of the donor’s emission. To test this hypothesis, we carried out fluorescence fluctuation analysis using a traditional, single detector FCS on crTC2.1 construct in a 10 mM sodium phosphate (NaPi) buffer (pH 7.4) at room temperature.
In these experiments, we measured time-dependent fluorescence fluctuations of the donor (mTurquoise2.1) in crTC2.1 construct both in the presence (i.e., intact) and absence (i.e., enzymatically cleaved) of the acceptor (mCitrine). The measured time-dependent fluorescence fluctuation traces of the donor were then used to calculate the corresponding autocorrelation curve for each trace, where the corresponding number of molecules was determined and used for molecular brightness per trace prior to statistical analysis. This experimental design helps to eliminate the possible effects of fluorescence blinking on the estimated FRET analysis under 405 nm excitation.
Figure 2 shows a representative fluorescence fluctuation of the donor in the presence and absence of the acceptor (Figure 2A) as well as the corresponding autocorrelation curves used for determining the number of molecules residing in the observation volume (Figure 2B). These representative fluorescence fluctuation traces (Figure 2A) and the corresponding autocorrelation curve (Figure 2B) of the donor alone exhibit a smaller number of molecules and larger average fluorescence fluctuation signal than the intact counterpart. The corresponding fitting parameters of these representative autocorrelation curves (see Figure 2 caption) indicate that the diffusion time of the intact crTC2.1 (∼65 kDa, 1.0 ms) is larger than the cleaved counterpart (∼26 kDa, 0.45 ms) due to the different molecular weights (Figure 1B). The observed difference in the fluorescence signal of the donor in the presence and absence of the acceptor (Figure 2) can be attributed to a slight difference in either the prepared concentrations or FRET efficiency. The molecular brightness in this proposed concept rules out the possible difference in the prepared sample concentrations used in these FCS–FRET analyses.
[image: Figure 2]FIGURE 2 | Representative time-dependent fluorescence fluctuations and autocorrelation curves of intact and enzymatically-cleaved crTC2.1 construct (A) Representative fluorescence fluctuation traces of cleaved (black trace) and intact (red trace) of crTC2.1 indicate difference in the average number of fluorescence photons detected during their translational diffusion through the open observation volume (B) The corresponding autocorrelation curves of cleaved (black curve) and intact (red curve) of crTC2.1. Under 405 nm excitation (7 μW), the fitting parameters of these representative autocorrelation curves are as following: the translational diffusion times are 0.57 ms (cleaved) and 1.0 ms (intact) with a fast photophysical process with time scales of 180 μs (cleaved, 41%) and 299 μs (intact, 47%). The corresponding number of molecules residing in the observation volume here are 45 (cleaved) and 50 (intact).
Figures 3A, B shows the molecular brightness of the intact and cleaved crTC2.1 under slightly different laser intensity (55.4 kW/cm2versus 103.9 kW/cm2), within the linear regime of laser intensity dependence of the fluorescence signal. These box and whisker plots display the median as well as the upper and lower quartiles, which best reflect the range of the experimental data at the single-molecule level. For example, the molecular brightness of the intact construct (1.5 ± 0.1 kHz/molecule) is lower than that of the cleaved counterpart (1.8 ± 0.1 kHz/molecule) under the 405-nm excitation laser intensity (55.4 kW/cm2) as shown in Figure 3A. However, the molecular brightness of a given fluorophore increases as the excitation laser intensity increases (Figure 3B). For example, under a slightly higher laser intensity (103.9 kW/cm2), the molecular brightness of the intact construct (1.9 ± 0.1 kHz/molecule) is lower than that of the cleaved counterpart (2.3 ± 0.1 kHz/molecule) as shown in Figure 3B. These results support our stated hypothesis and the observed difference in the measured molecular brightness is attributed to FRET using the proposed experimental design.
[image: Figure 3]FIGURE 3 | Representative box and whisker plots of the molecular brightness and energy transfer of crTC2.1 (mTurquoise2.1-linker-mCitrine) at the single-molecule level (A) The molecular brightness ([image: image], kHz/molecule) of intact and enzymatically cleaved crTC2.1 in NaPi buffer, measured under 405-nm excitation (7.3 μW or 55.4 kW/cm2) and 475/50 nm detection (B) The molecular brightness of intact and enzymatically cleaved crTC2.1 in NaPi buffer, measured under 405 nm excitation at slightly higher laser intensity (103.9 kW/cm2 or 13.6 μW) (C) The corresponding FRET efficiency of crTC2.1 as estimated using the molecular brightness of both intact and cleaved construct. The line running through each box is the median value for the range of data set (number of trials = 18) being plotted.
Traditional FCS-FRET Analysis of crTC2.1 Construct Under 405-nm Excitation of the Donor
Using the above measured molecular brightness of both cleaved and intact crTC2.1 construct (Figures 3A,B), we calculated the corresponding FRET efficiency of crTC2.1 as described in Eq. 5. As shown in Figure 3C, the estimated energy transfer efficiency is (17.3 ± 5.4)% at the single molecule level using 55.4 kW/cm2 excitation laser intensity. A statistically insignificant difference in the calculated FRET efficiency was observed (17.4 ± 5.6)% under 103.9 kW/cm2 excitation laser (Figure 3C) within this linear regime.
These single-molecule studies also yield a relatively larger FRET efficiency as compared with ensemble studies using time-resolved fluorescence, where (7.1 ± 0.5%) was measured on the same construct (Aplin et al., 2020). The statistical spreading of our molecular brightness and the estimated FRET efficiency could be attributed to the single-molecular processes or molecular conformations observed in FCS of freely diffusing crTC2.1 as compared with the traditional time-resolved fluorescence (Aplin et al., 2020). In addition, these single molecule studies yield a larger FRET efficiency as compared with the ensemble averaging, time-resolved fluorescence approach (Aplin et al., 2020). As a control for reproducibility and general applicability of the proposed approach, we carried out similar FCS measurements on GE (mCerulean3–linker–acceptor) construct, excited at 405 nm, and similar trends were observed (data not shown).
Taken together, our experimental data support our hypothesis as well as the proposed concept for FRET analysis at the single molecule level using the simple, conventional FCS setup, where the fluorescence fluctuation of the donor in both the intact and cleaved donor–linker–acceptor construct can be measured directly.
Fluorescence Fluctuation Analysis of the Acceptor (No FRET) Under 488-nm Excitation: Additional Controls
We hypothesize that the molecular brightness of the cleaved and intact donor–linker–acceptor construct is the same under 488 nm excitation and 531/40 detection of the acceptor. To test this hypothesis, we carried out complementary measurements on molecular brightness of cleaved and intact crTC2.1 construct under 488-nm excitation (laser power = 2 μW or intensity = 1.6 kW/cm2) of the acceptor (mCitrine), detected at 531/50 nm. Representative fluorescence fluctuations (Figure 4A) and the corresponding autocorrelation curves (Figure 4B) of cleaved and intact crTC2.1 are shown in Figure 4. The corresponding molecular brightness of crTC2.1 construct was also calculated over 20 fluorescence fluctuation traces (10 s/each) under the same experimental conditions (Figure 4C). Our results show that, in the absence of FRET at 488 nm excitation of the acceptor, the molecular brightness of the intact (2.9 ± 0.1 kHz/molecule) crTC2.1 is slightly larger than that of the cleaved counterpart (2.7 ± 0.1 kHz/molecule), which is in contrast with our observation under 405 nm excitation (Figure 4C). The slight increase in the molecular brightness of the intact construct under 488 nm excitation can be attributed to an enhanced spectral overlap between the donor and acceptor in crTC2.1 construct.
[image: Figure 4]FIGURE 4 | Representative autocorrelation curves and molecular brightness of cleaved and intact crTC2.1 construct under 488-nm excitation (A) Representative fluorescence fluctuation traces of cleaved (D, black curve) and intact (DA, red curve) crTC2.1, which were measured under the same experimental conditions (B) The corresponding autocorrelation curves of cleaved (D, black curve) and intact (DA, red curve) crTC2.1 under 488 nm excitation and 531/50 nm detection using these representative fluorescence fluctuations (A) (C) Representative box and whisker plots of the molecular brightness ([image: image], kHz/molecule) of intact and enzymatically cleaved crTC2.1 in 10 mM NaPi buffer are also shown (n = 20). Under 488 nm excitation (2 μW or 1.6 kW/cm2) observation volume, the fitting parameters of these representative autocorrelation curves (B) are as following: the translational diffusion times are 0.47 ms (cleaved) and 0.83 ms (intact) with a fast photophysical process with time scales of 150 μs (cleaved, 44%) and 233 μs (intact, 44%). The corresponding number of molecules residing in the observation volume here are 20 (cleaved) and 34 (intact).
As an additional control, complementary measurements were carried out on GE (mCerulean3–linker–mCitrine) construct under 488 nm excitation, which reveal similar molecular brightness for both cleaved (2.7 ± 0.2 kHz/molecule) and intact (2.7 ± 0.2 kHz/molecule) construct (data not shown). The results on GE (mCerulean3–linker–mCitrine) construct support the general applicability of the proposed FCS-FRET approach.
It is worth mentioning that the measured translational diffusion times of cleaved and intact crTC2.1 (Figure 4A) are consistent with their molecular mass (Figure 1B) as reported previously under 488 nm excitation (Aplin et al., 2020). Under 488-nm excitation, the FCS observation volume was calibrated using rhodamine-110 with known diffusion time (Aplin et al., 2020).
CONCLUSION
As a proof of concept, we have demonstrated a simple approach for FRET analysis of freely diffusing crTC2.1 construct, at the single molecule level, using a traditional, single detector FCS setup. In this approach, the donor in mTurquoise2.1–linker–mCitrine construct was excited at 405 nm and the fluorescence fluctuation of the donor (475/50 nm) in the presence and absence of the acceptor (mCitrine) are directly measured under the same experimental conditions of laser intensity and detection efficiency. The initial amplitude of the corresponding autocorrelation curve was used to calculate the average number of molecules residing in the observation volume. Then, we calculated the corresponding molecular brightness of both cleaved and intact crTC2.1 construct under the same experimental conditions to rule out any minor changes in the concentration of the prepared samples. These molecular brightness values were then used to determine the energy transfer efficiency in crTC2.1 construct under 405-nm excitation of the donor (mTurquoise2.1).
Our results support our stated hypothesis that the molecular brightness of the donor alone is larger than that of the intact mTurquoise2.1–linker–mCitrine construct, which is attributed to FRET. These single-molecule studies also yield a relatively larger FRET efficiency as compared with ensemble studies using time-resolved fluorescence on the same construct (Aplin et al., 2020). The statistical spreading of the observed molecular brightness and the estimated FRET efficiency could be attributed to the single-molecular processes or molecular conformations observed in FCS as compared with the traditional, ensemble-averaging, time-resolved fluorescence.
Control experiments on the intact and cleaved crTC2.1, under 488 nm excitation of the acceptor, yield a slightly larger molecular brightness of the intact crTC2.1 construct than the cleaved counterpart, which is in contrast to our 405-nm excitation results, due to the absence of FRET. Additional control studies were carried out on another GE (mCerulean3-linker-mCitrine) construct under 488-nm excitation of the acceptor, where the observed molecular brightness of both cleaved and intact construct were the same.
It is worth noting that intrinsically fluorescent proteins and their mutations are known to undergo both pH- and light-induced fluorescence blinking (Schwille et al., 1999; Heikal et al., 2000; Schwille et al., 2000; Hess et al., 2003; Hess et al., 2004). Light-induced blinking of mTurquoise2.1 in the hetero-FRET sensor may be present under 405-nm illumination and, in principle, should complicate the FRET analysis by overestimating the energy transfer efficiency. However, such blinking process is likely to be present in both the cleaved and intact sensor under the same conditions. As a result, it is reasonable to exclude the light-driven blinking as a source for the observed differences in the molecular brightness and therefore the estimated FRET efficiency.
The proposed FCS approach takes advantage of the traditional, single-detector FCS setup for selective excitation of the donor in the presence and absence of the acceptor for FRET analysis at the single-molecule level. Another key advantage here is that the proposed approach minimizes the ensemble averaging by at least three orders of magnitude and therefore interesting single molecule events or conformations will not be washed out. Finally, this FCS-FRET approach does not rely on the exact nature of the autocorrelation decay that could be complicated in the presence of a number of photophysical processes in any given donor–linker–acceptor construct.
The proposed concept would eliminate the need for high expression levels of these sensors when used in living cells while also eliminating the ensemble averaging that is inherent in other techniques. This FCS concept is generally applicable for FRET analysis in a wide range of donor–linker–acceptor constructs, where the donor and acceptor are fluorescent proteins linked together with amino acid sequence that can be enzymatically digested for control studies. This could be considered as a limitation of the proposed approach here, but that is also the same for any reliable time-resolved fluorescence measurements where control studies on the donor alone must be carried out under the same experimental conditions. To overcome this limitation in future studies in living cells, for example, it is possible to repeat the same site-specific FCS measurements on two cell cultures, one expressing donor–linker–acceptor construct only and another expressing the donor alone. Laser-induced quenching of the acceptor in living cells expressing donor–linker–acceptor construct may also work. For solution studies on untethered FRET pairs, it is also conceivable to vary the relative concentrations of the acceptor with respect to the donor while monitoring the molecular brightness of freely diffusing molecules using a traditional FCS setup.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
AH conceived and developed the proposed concept and the experimental design. TK, CA, RS, JB, RM, and CL purified the proteins, conducted the experiments, and analyzed the data. ES and AB contributed to the molecular biology and protein design used in these studies. All co-authors contributed to the figures preparation, manuscript writing, and final editing.
FUNDING
ES and AH acknowledge the financial support provided by the University of Minnesota Grant-in-Aid, a Chancellor’s Small Grant, the Department of Chemistry and Biochemistry, the Swenson College of Science and Engineering, University of Minnesota Duluth. AB acknowledges the financial support of the Netherlands Organization for Scientific Research Vidi grant. CA and RM were supported by teaching fellowships from the Department of Chemistry and Biochemistry. TK acknowledges the support of Mylan Radulovich Graduate Fellowship as well as the teaching fellowship from the Department of Physics and Astronomy, University of Minnesota Duluth. The authors also acknowledge the Minnesota Supercomputing Institute (MSI) at the University of Minnesota for providing some resources needed for this project.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We would like to thank Emma Kauffman, Margaret Gurumani, and Emmanuel Tetteh-Jada for their technical help during the early stages of this project.
REFERENCES
 Aplin, C. P., Kay, T. M., Beenken, J., Nwachuku, C., Tetteh-Jada, E., Heikal, A. A., et al. (2020). Comparative Studies of the Fluorescence Spectroscopy and Dynamics of mCerulean3 and mTurquoise2.1 as Donors in FRET Pairing with mCitrine. Proc. SPIE 11497, 114970T-114971T–114970T-114912. doi:10.1117/12.2571138
 Aplin, C. P., Miller, R. C., Kay, T. M., Heikal, A. A., Boersma, A. J., and Sheets, E. D. (2021). Fluorescence Depolarization Dynamics of Ionic Strength Sensors Using Time-Resolved Anisotropy. Biophys. J. 120, 1417–1430. doi:10.1016/j.bpj.2021.01.035
 Brunger, A. T., Strop, P., Vrljic, M., Chu, S., and Weninger, K. R. (2011). Three-dimensional Molecular Modeling with Single Molecule FRET. J. Struct. Biol. 173, 497–505. doi:10.1016/j.jsb.2010.09.004
 Choi, U. B., Weninger, K. R., and Bowen, M. E. (2012). Immobilization of Proteins for Single-Molecule Fluorescence Resonance Energy Transfer Measurements of Conformation and Dynamics. Methods Mol. Biol. 896, 3–20. doi:10.1007/978-1-4614-3704-8_1
 Currie, M., Leopold, H., Schwarz, J., Boersma, A. J., Sheets, E. D., and Heikal, A. A. (2017). Fluorescence Dynamics of a FRET Probe Designed for Crowding Studies. J. Phys. Chem. B 121, 5688–5698. doi:10.1021/acs.jpcb.7b01306
 Davey, A. M., Krise, K. M., Sheets, E. D., and Heikal, A. A. (2008). Molecular Perspective of Antigen-Mediated Mast Cell Signaling. J. Biol. Chem. 283, 7117–7127. doi:10.1074/jbc.m708879200
 Deniz, A. A., Laurence, T. A., Beligere, G. S., Dahan, M., Martin, A. B., Chemla, D. S., et al. (2000). Single-molecule Protein Folding: Diffusion Fluorescence Resonance Energy Transfer Studies of the Denaturation of Chymotrypsin Inhibitor 2. Proc. Natl. Acad. Sci. (U.S.A.) 97, 5179–5184. doi:10.1073/pnas.090104997
 dos Remedios, C. G., and Moens, P. D. J. (1995). Fluorescence Resonance Energy Transfer Spectroscopy Is a Reliable "Ruler" for Measuring Structural Changes in Proteins. J. Struct. Biol. 115, 175–185. doi:10.1006/jsbi.1995.1042
 Elangovan, M., Wallrabe, H., Chen, Y., Day, R. N., Barroso, M., and Periasamy, A. (2003). Characterization of One- and Two-Photon Excitation Fluorescence Resonance Energy Transfer Microscopy. Methods 29, 58–73. doi:10.1016/s1046-2023(02)00283-9
 Elson, E. L. (2011). Fluorescence Correlation Spectroscopy: Past, Present, Future. Biophys. J. 101, 2855–2870. doi:10.1016/j.bpj.2011.11.012
 Elson, E. L., and Magde, D. (1974). Fluorescence Correlation Spectroscopy. I. Conceptual Basis and Theory. Biopolymers 13, 1–27. doi:10.1002/bip.1974.360130102
 Felekyan, S., Kalinin, S., Sanabria, H., Valeri, A., and Seidel, C. A. M. (2012). Filtered FCS: Species Auto- and Cross-Correlation Functions Highlight Binding and Dynamics in Biomolecules. ChemPhysChem 13, 1036–1053. doi:10.1002/cphc.201100897
 Förster, T. (1948). Intermolecular Energy Migration and Fluorescence. Ann. Phys. 2, 55–75. 
 Gadella, T. W. J. (2009). FRET and FLIM Techniques. 1 edn. United Kingdom: Elsevier B. V.
 Gurunathan, K., and Levitus, M. (2008). Applications of Fluorescence Correlation Spectroscopy to the Study of Nucleic Acid Conformational Dynamics. Prog. Nucleic Acid Res. Mol. Biol. 82, 33–69. doi:10.1016/s0079-6603(08)00002-0
 Gurunathan, K., and Levitus, M. (2010). FRET Fluctuation Spectroscopy of Diffusing Biopolymers: Contributions of Conformational Dynamics and Translational Diffusion. J. Phys. Chem. B 114, 980–986. doi:10.1021/jp907390n
 Ha, T., Enderle, T., Ogletree, D. F., Chemla, D. S., Selvin, P. R., and Weiss, S. (1996). Probing the Interaction between Two Single Molecules: Fluorescence Resonance Energy Transfer between a Single Donor and a Single Acceptor. Proc. Natl. Acad. Sci. (U.S.A.) 93, 6264–6268. doi:10.1073/pnas.93.13.6264
 Haustein, E., and Schwille, P. (2007). Fluorescence Correlation Spectroscopy: Novel Variations of an Established Technique. Annu. Rev. Biophys. Biomol. Struct. 36, 151–169. doi:10.1146/annurev.biophys.36.040306.132612
 Heikal, A. A., Hess, S. T., Baird, G. S., Tsien, R. Y., and Webb, W. W. (2000). Molecular Spectroscopy and Dynamics of Intrinsically Fluorescent Proteins: Coral Red (dsRed) and Yellow (Citrine). Proc. Natl. Acad. Sci. (U.S.A.) 97, 11996–12001. doi:10.1073/pnas.97.22.11996
 Hess, S. T., Heikal, A. A., and Webb, W. W. (2004). Fluorescence Photoconversion Kinetics in Novel Green Fluorescent Protein pH Sensors (pHluorins). J. Phys. Chem. B 108, 10138–10148. doi:10.1021/jp0362077
 Hess, S. T., Sheets, E. D., Wagenknecht-Wiesner, A., and Heikal, A. A. (2003). Quantitative Analysis of the Fluorescence Properties of Intrinsically Fluorescent Proteins in Living Cells. Biophys. J. 85, 2566–2580. doi:10.1016/s0006-3495(03)74679-7
 Huang, S., Heikal, A. A., and Webb, W. W. (2002). Two-Photon Fluorescence Spectroscopy and Microscopy of NAD(P)H and Flavoprotein. Biophys. J. 82, 2811–2825. doi:10.1016/s0006-3495(02)75621-x
 Jareserijman, E., and Jovin, T. (2006). Imaging Molecular Interactions in Living Cells by FRET Microscopy. Curr. Opin. Chem. Biol. 10, 409–416. doi:10.1016/j.cbpa.2006.08.021
 Lakowicz, J. R. (2006). Principles of Fluorescence Spectroscopy. 3rd edn. New York: Springer.
 Lamichhane, R., Solem, A., Black, W., and Rueda, D. (2010). Single-molecule FRET of Protein-Nucleic Acid and Protein-Protein Complexes: Surface Passivation and Immobilization. Methods 52, 192–200. doi:10.1016/j.ymeth.2010.06.010
 Lee, H. B., Cong, A., Leopold, H., Currie, M., Boersma, A. J., Sheets, E. D., et al. (2018). Rotational and Translational Diffusion of Size-dependent Fluorescent Probes in Homogeneous and Heterogeneous Environments. Phys. Chem. Chem. Phys. 20, 24045–24057. doi:10.1039/c8cp03873b
 Leopold, H. J., Leighton, R., Schwarz, J., Boersma, A. J., Sheets, E. D., and Heikal, A. A. (2019). Crowding Effects on Energy-Transfer Efficiencies of Hetero-FRET Probes as Measured Using Time-Resolved Fluorescence Anisotropy. J. Phys. Chem. B 123, 379–393. doi:10.1021/acs.jpcb.8b09829
 Lerner, E., Cordes, T., Ingargiola, A., Alhadid, Y., Chung, S.-Y., Michalet, X., et al. (2018). Toward Dynamic Structural Biology: Two Decades of Single-Molecule Förster Resonance Energy Transfer. Science 359, 288–300. doi:10.1126/science.aan1133
 Liu, B., Åberg, C., van Eerden, F. J., Marrink, S. J., Poolman, B., and Boersma, A. J. (2017). Design and Properties of Genetically Encoded Probes for Sensing Macromolecular Crowding. Biophys. J. 112, 1929–1939. doi:10.1016/j.bpj.2017.04.004
 Liu, B., Mavrova, S. N., van den Berg, J., Kristensen, S. K., Mantovanelli, L., Veenhoff, L. M., et al. (2018). Influence of Fluorescent Protein Maturation on FRET Measurements in Living Cells. ACS Sens. 3, 1735–1742. doi:10.1021/acssensors.8b00473
 Liu, B., Poolman, B., and Boersma, A. J. (2017). Ionic Strength Sensing in Living Cells. ACS Chem. Biol. 12, 2510–2514. doi:10.1021/acschembio.7b00348
 Magde, D., Elson, E. L., and Webb, W. W. (1974). Fluorescence Correlation Spectroscopy. II. An Experimental Realization. Biopolymers 13, 29–61. doi:10.1002/bip.1974.360130103
 Margineanu, A., Chan, J. J., Kelly, D. J., Warren, S. C., Flatters, D., Kumar, S., et al. (2016). Screening for Protein-Protein Interactions Using Förster Resonance Energy Transfer (FRET) and Fluorescence Lifetime Imaging Microscopy (FLIM). Sci. Rep. 6, 28186. doi:10.1038/srep28186
 Miller, R. C., Aplin, C. P., Kay, T. M., Leighton, R., Libal, C., Simonet, R., et al. (2020). FRET Analysis of Ionic Strength Sensors in the Hofmeister Series of Salt Solutions Using Fluorescence Lifetime Measurements. J. Phys. Chem. B 124, 3447–3458. doi:10.1021/acs.jpcb.9b10498
 Okamoto, K., and Sako, Y. (2017). Recent Advances in FRET for the Study of Protein Interactions and Dynamics. Curr. Opin. Struct. Biol. 46, 16–23. doi:10.1016/j.sbi.2017.03.010
 Piston, D. W., and Kremers, G.-J. (2007). Fluorescent Protein FRET: the Good, the Bad and the Ugly. Trends Biochem. Sci. 32, 407–414. doi:10.1016/j.tibs.2007.08.003
 Price, E. S., Aleksiejew, M., and Johnson, C. K. (2011). FRET-FCS Detection of Intralobe Dynamics in Calmodulin. J. Phys. Chem. B 115, 9320–9326. doi:10.1021/jp203743m
 Price, E. S., DeVore, M. S., and Johnson, C. K. (2010). Detecting Intramolecular Dynamics and Multiple Förster Resonance Energy Transfer States by Fluorescence Correlation Spectroscopy. J. Phys. Chem. B 114, 5895–5902. doi:10.1021/jp912125z
 Qiao, Y., Luo, Y., Long, N., Xing, Y., and Tu, J. (2021). Single-Molecular Förster Resonance Energy Transfer Measurement on Structures and Interactions of Biomolecules. Micromachines 12, 492–514. doi:10.3390/mi12050492
 Ranjit, S., Gurunathan, K., and Levitus, M. (2009). Photophysics of Backbone Fluorescent DNA Modifications: Reducing Uncertainties in FRET. J. Phys. Chem. B 113, 7861–7866. doi:10.1021/jp810842u
 Remaut, K., Lucas, B., Braeckmans, K., Sanders, N. N., De Smedt, S. C., and Demeester, J. (2005). FRET-FCS as a Tool to Evaluate the Stability of Oligonucleotide Drugs after Intracellular Delivery. J. Controlled Release 103, 259–271. doi:10.1016/j.jconrel.2004.11.019
 Roy, R., Hohng, S., and Ha, T. (2008). A Practical Guide to Single-Molecule FRET. Nat. Methods 5, 507–516. doi:10.1038/nmeth.1208
 Sahoo, H., and Schwille, P. (2011). FRET and FCS-Friends or Foes?ChemPhysChem 12, 532–541. doi:10.1002/cphc.201000776
 Schwarz, J., Leopold, H. J., Leighton, R., Miller, R. C., Aplin, C. P., Boersma, A. J., et al. (2019). Macromolecular Crowding Effects on Energy Transfer Efficiency and Donor-Acceptor Distance of Hetero-FRET Sensors Using Time-Resolved Fluorescence. Methods Appl. Fluoresc. 7 (2), 025002. doi:10.1088/2050-6120/ab0242
 Schwille, P. (2001). Fluorescence Correlation Spectroscopy and its Potential for Intracellular Applications. Cbb 34, 383–408. doi:10.1385/cbb:34:3:383
 Schwille, P., Haupts, U., Maiti, S., and Webb, W. W. (1999). Molecular Dynamics in Living Cells Observed by Fluorescence Correlation Spectroscopy with One- and Two-Photon Excitation. Biophys. J. 77, 2251–2265. doi:10.1016/s0006-3495(99)77065-7
 Schwille, P., Kummer, S., Heikal, A. A., Moerner, W. E., and Webb, W. W. (2000). Fluorescence Correlation Spectroscopy Reveals Fast Optical Excitation-Driven Intramolecular Dynamics of Yellow Fluorescent Proteins. Proc. Natl. Acad. Sci. (U.S.A.) 97, 151–156. doi:10.1073/pnas.97.1.151
 Shrestha, D., Jenei, A., Nagy, P., Vereb, G., and Szöllősi, J. (2015). Understanding FRET as a Research Tool for Cellular Studies. Ijms 16, 6718–6756. doi:10.3390/ijms16046718
 Stryer, L., and Haugland, R. P. (1967). Energy Transfer: a Spectroscopic Ruler. Proc. Natl. Acad. Sci. (U.S.A.) 58, 719–726. doi:10.1073/pnas.58.2.719
 Tian, Y., Martinez, M. M., and Pappas, D. (2011). Fluorescence Correlation Spectroscopy: a Review of Biochemical and Microfluidic Applications. Appl. Spectrosc. 65, 115A–124A. doi:10.1366/10-06224
 Torres, T., and Levitus, M. (2007). Measuring Conformational Dynamics: A New FCS-FRET Approach. J. Phys. Chem. B 111, 7392–7400. doi:10.1021/jp070659s
 Widengren, J., and Rigler, R. (1997). An Alternative Way of Monitoring Ion Concentrations and Their Regulation Using Fluorescence Correlation Spectroscopy. J. Fluorescence 7, 211S. 
 Widengren, J., Schweinberger, E., Berger, S., and Seidel, C. A. M. (2001). Two New Concepts to Measure Fluorescence Resonance Energy Transfer via Fluorescence Correlation Spectroscopy: Theory and Experimental Realizations. J. Phys. Chem. A. 105, 6851–6866. doi:10.1021/jp010301a
 Wu, P. G., and Brand, L. (1994). Resonance Energy Transfer: Methods and Applications. Anal. Biochem. 218, 1–13. doi:10.1006/abio.1994.1134
 Xu, C., and Webb, W. W. (1996). Measurement of Two-Photon Excitation Cross Sections of Molecular Fluorophores with Data from 690 to 1050 Nm. J. Opt. Soc. Am. B 13, 481–491. doi:10.1364/josab.13.000481
 Zhang, W., Zeng, F., Liu, Y., Zhao, Y., Lv, H., Niu, L., et al. (2013). Crystal Structures and RNA-Binding Properties of the RNA Recognition Motifs of Heterogeneous Nuclear Ribonucleoprotein L. J. Biol. Chem. 288, 22636–22649. doi:10.1074/jbc.m113.463901
 Zhuang, X., Bartley, L. E., Babcock, H. P., Russell, R., Ha, T., Herschlag, D., et al. (2000). A Single-Molecule Study of RNA Catalysis and Folding. Science 288, 2048–2051. doi:10.1126/science.288.5473.2048
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Kay, Aplin, Simonet, Beenken, Miller, Libal, Boersma, Sheets and Heikal. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_10.gif
G(r=0)= 10






OPS/images/math_1.gif
E(%) = (

DA

1-Fo

£ x 100
Ty

[0





OPS/images/math_2.gif





OPS/images/math_11.gif
an





OPS/images/inline_7.gif
N A





OPS/images/inline_6.gif





OPS/images/inline_9.gif





OPS/images/inline_8.gif







OPS/images/inline_4.gif






OPS/images/inline_3.gif






OPS/images/inline_5.gif





OPS/images/logo.jpg
, frontiers o
in Molecular Biosciences





OPS/images/inline_27.gif





OPS/images/inline_26.gif





OPS/images/inline_29.gif





OPS/images/inline_28.gif





OPS/images/inline_23.gif





OPS/images/inline_25.gif





OPS/images/inline_24.gif
(0F(t))





OPS/images/inline_20.gif
Ay





OPS/images/inline_2.gif
Fr





OPS/images/inline_22.gif





OPS/images/inline_21.gif
n





OPS/images/inline_17.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Molecular Brightness Approach for FRET Analysis of Donor-Linker-Acceptor Constructs at the Single Molecule Level: A Concept		Introduction

		Donor’s Molecular Brightness for FCS-FRET Analysis: A Concept

		Materials and Experimental Design Using Conventional FCS Setup		Molecular Model System

		FCS Setup

		FCS Data Analysis

		Practical Guideline for Reliable Experimental Design





		Results and Discussion		Fluorescence Fluctuation Analysis of the crTC2.1 Construct Under 405-nm Excitation Using Traditional FCS

		Traditional FCS-FRET Analysis of crTC2.1 Construct Under 405-nm Excitation of the Donor

		Fluorescence Fluctuation Analysis of the Acceptor (No FRET) Under 488-nm Excitation: Additional Controls





		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		References









OPS/images/inline_16.gif





OPS/images/inline_19.gif





OPS/images/inline_18.gif
Ty





OPS/images/inline_15.gif





OPS/images/inline_14.gif
OF(t)





OPS/images/crossmark.jpg
©

|





OPS/images/inline_1.gif
Fra





OPS/images/inline_10.gif
VA





OPS/images/fmolb-08-730394-g003.gif
.
i

H o

Cleaved

|
,
|
|
|
|
,
|
,
|
|

PR

(%) Kouory3 1384
o

554 KWiem?  103.9 KWiem?2





OPS/images/math_5.gif
©





OPS/images/fmolb-08-730394-g004.gif
Conelation Time (ms)

o
B et ]






OPS/images/inline_13.gif





OPS/images/inline_11.gif
Vi





OPS/images/inline_12.gif
OF(t)





OPS/images/cover.jpg
frontiers
In Molecular Biosciences

Molecular Brightness Approach
for FRET Analysis of Donor-
Linker-Acceptor Constructs at
the Single Molecule Level: A
Concept





OPS/images/fmolb-08-730394-g001.gif
©

Donor

“Wavelength (nm)





OPS/images/math_7.gif
L F(N®oF(t + 1))
G(1) = ——rm®





OPS/images/fmolb-08-730394-g002.gif





OPS/images/math_6.gif





OPS/images/math_9.gif
©





OPS/images/math_8.gif
) XA e Ae] ®





OPS/images/math_4.gif
@





OPS/images/math_3.gif
F=fxn ©





