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SUPPLEMENTARY FIGURES 

 

 
Supplementary Figure 1. Calculation of the net emission spectrum and determination of the gamma (𝛾) 

and crosstalk correction factors. (a) Spectral transmission profiles of the objective (100x, NA 1.7), the 

electron multiplying CCD sensor, and the main optical filters in the upper (T1) and lower (T2) light path of 

the microscope as discussed in Methods. The estimated net transmission of all elements is shown in gray. 

(b) Normalized emission spectra of the LD555p-SNAPf (donor, blue) and LD655-SNAPf (acceptor, red). 

The net emission spectra (net em) were calculated from the product of the net-optical transmission and the 

normalized dye emission spectra. Additionally, the detection efficiencies 𝜂𝐷 (donor emission channel) and 

𝜂𝐴 (acceptor emission channel) can be calculated by integration over the net emission spectra. Using the 

ratio of the detection efficiencies 𝜂𝐴 𝜂𝐷⁄  and the ratio of the fluorescence quantum yields 𝛷𝐴/𝐷 = 𝛷𝐴 𝛷𝐷⁄  

(Supplementary Table 1, 𝛷𝐴/𝐷 = 1.26) the correction factor 𝛾 = 𝜂𝐴/𝐷 ∙ 𝛷𝐴/𝐷 can be calculated as 1.20. 

The integrated donor emission that bleeds into the acceptor channel 𝜂𝐶  is a measure of the spectral donor 

crosstalk. An estimate of the crosstalk correction factor can be calculated from the detection efficiency ratio 

𝜂𝐶 𝜂𝐷⁄  (ratio of the donor signal in the acceptor emission channel to the donor signal in the donor emission 

channel.) and is approximately 0.13. 
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Supplementary Figure 2. Determination of correction factors for direct excitation, crosstalk and 

fluorescence detection. (a) Extinction spectra of the LD FRET dye pair with the donor excitation line at 

532 nm. The fraction of direct excitation at 532 nm was estimated from the spectra to be 5.6%. (b) 

Histogram of individual crosstalk values measured from anticorrelated donor and acceptor fluorescence 

traces in live and fixed cells. F. The mean crosstalk value of 0.09 was determined by Gaussian fitting. (c) 

Histogram of individual gamma values measured from anticorrelated donor and acceptor fluorescence 

traces in live cells. For the determination of the gamma value we analyzed only traces of mGluR2 receptors, 

where the receptors were either in immobile or free diffusion mode. The mean gamma of 0.83 was 

determined by Gaussian fitting. These experimentally determined values for crosstalk and gamma differ 

somewhat from the theoretically determined values shown in Supplementary Figure 11, likely due to 

differences in the experimental environments and the additional optical components present in the single-

molecule experiments.  
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SUPPLEMENTARY TABLES 

Supplementary Table 1. Photophysical data for recombinantly expressed and purified SNAPf labeled with 

LD555p or LD655. abs, em, F, F, and rss are the absorption maximum wavelength, emission maximum 

wavelength, fluorescence quantum yield, fluorescence lifetime, and steady-state fluorescence anisotropy, 

respectively.  

Fluorophore-

SNAPf 
abs 

(nm) 

em 

(nm) 

F F 

(ns) 

rss 

LD555p 558 570 0.47 ± 0.02 1.90 ± 0.02 0.30 ± 0.01 

LD655 657 675 0.59 ± 0.02 2.09 ± 0.02 0.30 ± 0.01 
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Supplementary Table 2. Photophysical properties of smFRET within Sf-mGluR2 labeled with LD555p 

(donor) and LD655 (acceptor) in CHO cells under select conditions. Cells were imaged as described at a 

frame rate of 25 Hz and were either fixed with PFA where molecules are immobilized (Fixed) or imaged 

under live cell conditions and trajectories were selected by FDT analysis (Live). The mean intensity, 

lifetime, and calculated photon budget are shown. The lifetime values were determined by single-

exponential fits from cumulative distributions (Methods). Acceptor intensity and total intensity values are 

during FRET with 532 nm excitation. Donor intensity values were calculated from donor intensity 

distributions generated from data measured in the absence of FRET.  

*Because the duration of smFRET trajectories during diffusion in living cells is limited not by acceptor or 

donor fluorophore photobleaching but rather by issues related to tracking single molecules, we do not 

report photon budgets for live cell measurements.  

Condition Dye Mean Intensity 

(photons/frame) 

Lifetime (s) Photon Budget 

(photons) 

Fixed Donor 470  51 598,075 

Fixed Acceptor - FRET 279 19 132,525 

Fixed Total - FRET 458 ⎯ ⎯ 

Live Donor 504 2.5 * 

Live Acceptor - FRET 190 2.4 * 

Live Total - FRET 457 ⎯ ⎯ 
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Supplementary Table 3. Optimized u-track parameters used for donor- and acceptor-particle tracking. 

Input parameters Donor Acceptor 

Spot detection parameters   

Psf-sigma 0.85 pixels   0.85 pixels 

Mixture-model fitting 1 1 

Alpha value for initial detection of local maxima 0.01 0.01 

Integration window 1 1 

testAlpha R, A, D, F 0.05, 0.05, 0.05, 0  0.05, 0.05, 0.05, 0 

General tracking parameters   

Time window 5 frames 5 frames 

Flag for merging and splitting 0 0 

Minimum track segment length 2 fames 2 frames 

Frame-to-frame linking parameters   

Flag for linear motion 0 0 

Search radius lower limit 1.5 pixels 2 pixels 

Search radius upper limit 3 pixels 3 pixels 

Std dev multiplication factor 4  4 

Flag for using local density 1 1 

Number of frames used in nearest neighbor calculation 5 5 

Gap closing, merging and splitting parameters   

Flag for linear motion 0 0 

Search radius lower limit 2.5 pixels 3 pixels 

Search radius upper limit 3 pixels 3 pixels 

Std dev multiplication factor [4 4 4 4 4]  [4 4 4 4 4] 

Brownian scaling [0.25, 0.25] [0.25, 0.25] 

timeReachConfB 5 5 

Amplitude ratio lower and upper limit [0.7, 4] [0.7, 4] 

Min length for track segment analysis  5 5 

Flag for using local density 0 0 

Number of frames used in nearest neighbor calculation 5 5 

linStdMult [1 1 1 1 1] [1 1 1 1 1] 

linScaling [0.25 0.01] [0.25 0.01] 

timeReachConfL 5 5 

Max angle between the directions of motion 45 45 

Gap penalty 1.5 1.5 

gapExcludeMS  1 1 

strategyBD -1 -1 
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Supplementary Table 4. Comparison of different experimental conditions for detection and tracking of 

smFRET. CHO cells stably expressing Sf-mGluR2 (conditions 1,2,4,5) or Halo-mGluR2 (condition 3) 

were labeled with the indicated fluorophores and imaged as described in the Methods with the indicated 

NA TIRF objective under the temperature and oxygen conditions described. Identical donor laser power 

was used for imaging all conditions. Data were analyzed in the pipeline to obtain freely diffusing traces 

and the mean smFRET acceptor intensity from a Gaussian fit of the data is shown. The smFRET 

durations were determined by an exponential fit of cumulative data. Data from each condition were 

determined from 10-16 cells.  

Condition Self-

labeling 

tag 

Fluorophore Pair Objective 

NA 

Temperature/ 

oxygen 

conditions  

Mean  

acceptor 

intensity 

Duration of 

smFRET (s) 

1 SNAPf LD555p-LD655 1.70 23 °C /50% 

reduced 
204 ± 10 2.55 ± 0.06 

2 SNAPf DY549P1-AF647 1.70 23 °C /50% 

reduced 
165 ± 8 2.02 ± 0.02 

3 HaloTag LD555p-LD655 1.70 23 °C /50% 

reduced 
114 ± 0.2 1.55 ± 0.02 

4 SNAPf LD555p-LD655 1.49 23 °C /50% 

reduced 
140 ± 17 2.03 ± 0.03 

5 SNAPf LD555p-LD655 1.70 37 °C /ambient 203 ± 10 1.40 ± 0.01 
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Supplementary Table 5: Criteria for NLT analysis. 

Type Criteria Notes 

Signal-Bgd Ratio: s 

 

smin = 1.4 

smax = 2.2  

All traces t that have a mean signal to background 

ratio in the interval 𝑆 = { 𝑠 | 1.4 < 𝑠 < 2.2 }  are 

selected. 

Crosstalk Value: crt 

 

crtmin = 0.3 

crtmax = 10 

All traces t that have a crosstalk value in the 

interval 𝐶𝑟𝑡 =  { 𝑐𝑟𝑡 | 0.3 < 𝑐𝑟𝑡 < 10 } are 

selected.      

Total Intensity: int 

 

intmin = 450 All traces t that have a mean total intensity value 

in the interval 𝐼𝑛𝑡 = { 𝑖𝑛𝑡 | 𝑖𝑛𝑡 > 450 } are 

selected.       

Multiple Events: logical 

 

dc: the centroid distance 

between reoccurring track 

segments 

n: the number of reoccurring 

track segments 

t: the length of track segments 

in frames 

dc = 1.5 pixels 

n = 25 events 

tlimit = 0.5s  

If a trajectory 𝜃𝑖 that belongs to a series of 

trajectories  𝑋 = {𝜃𝑘
𝑋, 𝑘 = 1 … 𝑛|𝑛 > 25}  re-

appears at the same location (centroid distance 

𝑑(𝜃𝑖|𝑋) < 1.5 𝑝𝑖𝑥𝑒𝑙𝑠) AND the mean track 

lifetime of X < tlimit then the analysis returns:  

logical 0 ( 𝜃𝑖 is rejected) 

else  

logical 1 ( 𝜃𝑖 is selected) 

A single molecule trace t is accepted if 𝑡 ∈ 𝑆  𝐴𝑁𝐷  𝑡 ∈ 𝐶𝑟𝑡  𝐴𝑁𝐷  𝑡 ∈ 𝐼𝑛𝑡. Re-appearing trajectories are 

removed by the multiple events criteria as described above.       
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Supplementary Table 6. Summary of experimental parameters obtained from the PIE-FCCS 

measurements. Unless otherwise noted, the values are reported as the mean ± standard error. <NR>, <NG>, 

and <NRG> represent average population of red, green and co-diffusing species respectively. The fraction 

correlated (fc) values are reported as both mean and median measurements. Molecular brightness values for 

red and green labels, R and G, are reported in photon counts per second per molecule (cpsm) for each 

protein. The diffusion coefficients (DR/G) are calculated from the D values, and receptor density values are 

determined from the amount of labeled receptors for red, green or both within the confocal volume. 

Parameter 
Sample 

Sf-TM-LDL Sf-mGluR2 Sf-∆2∆ Sf-MOR Sf-SecR 

Number of Cells 28 89 70 84 63 

<NR>  17 ± 2 16 ± 1 15 ± 2 11 ± 1 18 ± 1 

<NG>  24 ± 3 16 ± 1 14 ± 1 9 ± 0 16 ± 1 

<NRG>  
15615 ± 

4834 

106 ±  

7 

12243 ± 

2536 

27094 ±  

3849 

798 ±  

554 

fc (mean)  
0.037 ± 

0.007 

0.181 ±  

0.005 

0.032 ± 

0.004 

0.036 ±  

0.005 

0.107 ±  

0.006 

fc (median)  0.035 0.184 0.027 0.021 0.106 

DR (µm2 · s-1)  
0.334 ± 

0.025 

0.265 ±  

0.011 

0.244 ± 

0.010 

0.300 ±  

0.011 

0.222 ±  

0.011 

DG (µm2 · s-1)  
0.489 ± 

0.033 

0.257 ±  

0.011 

0.281 ± 

0.014 

0.334 ±  

0.012 

0.224 ±  

0.011 

R (cpsm) 1250 ± 

44 

1073 ± 

66 

628 ± 

37 

459 ± 

17 

464 ± 

19 

G (cpsm) 851 ± 

54 

743 ± 

42 

524 ± 

25 

308 ± 

16 

301 ± 

13 

τD,CCF (ms) - 75 ± 9 - - 450 ± 69 

Density (Red) 

(molecules/µm2)  
100 ± 11 99 ± 7 90 ± 11 64 ± 4 109 ± 8 

Density (Green) 

(molecules/µm2)  
173 ± 22 113 ± 7 99 ± 10 62 ± 3 115 ± 8 

Total Density 

(molecules/µm2) 
266 ± 32 210 ± 13 188 ± 20 126 ± 7 223 ± 15 
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Supplementary Table 7. Correction factors used for smFRET calculations. The spectral crosstalk and 

detection correction were measured experimentally and are shown in Supplementary Figure 2. The 

direct excitation was estimated based on the spectral properties of the LD dyes and the filters used.  

Correction Global correction factors 

Spectral crosstalk α 0.09 

Direct excitation δ 0.056 

Detection correction γ 0.83 
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SUPPLEMENTARY NOTE 1 

Limitations of tracking cell-surface receptors imaged by TIRF  

The loss of tracking of a single TM-protein complex within the plasma membrane before fluorophore 

photobleaching can result from a variety of processes. Because the TIRF-excitation field decays 

exponentially over ~100 nm above the coverslip1, only those fluorescently-labeled receptors that diffuse 

in the plasma membrane (~10 nm) nearest in proximity to the coverslip are excited. Therefore, labeled 

receptors outside the TIRF field, which include those in the apical-plasma membrane or within 

endosomes and other organelles, are not excited (or only very weakly and evade detection). Particle 

detection and tracking will be lost for receptors that diffuse laterally out of the TIRF field during 

measurement, which can occur for receptors near the cell edge that diffuse into the apical membrane, but 

also for those that move in the z plane by diffusing into plasma membrane regions that are further in 

proximity from the glass substrate due to variation in cell morphology and adhesion2-4. Receptors may 

also internalize by endocytosis and exit the field1. In addition, known local variances in refractive index 

associated with TIRF imaging of adherent cells can produce field inhomogeneities that could cause 

fluctuations in fluorescence intensities of diffusing particles2. Therefore, if a particle diffuses within a 

region of the field with reduced excitation power and its intensity drops below the detection threshold for 

longer than the gap-closing time window, tracking will end. 

Notably, to retain the identity of each smFRET trajectory, merging-and-splitting of particles was not used 

during tracking (Supplementary Table 3)5, since the identity of each particle is lost when they merge, 

and lifetimes can no longer be calculated even if they split. Therefore, if the acceptor signals of two or 

more particles exhibiting smFRET merge, tracking for both particles end to avoid signal colocalization. 

This clearly leads to artificial truncation of many trajectories but cannot be avoided without going to even 

lower-receptor densities where receptor interactions are even less likely to occur.  
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SUPPLEMENTARY NOTE 2 

Comparison of different experimental conditions for detection and tracking of smFRET  

We also explored whether other experimental conditions could be used for detection and tracking of 

smFRET within mGluR2 dimers to demonstrate broader applicability as well as to support our choices 

regarding the optimal components of our methodology. These included the use of the commercially 

available cyanine-based fluorophores DY549P1 and AF647 for SNAPf labeling that we have explored 

previously6,7, as well as the use of self-labeling HaloTag instead of SNAPf, labeled with chloroalkane-

conjugated LD555p and LD655 (Methods). Of the available self-labeling tags, SNAP tags have been 

used most frequently in GPCR studies and are the only such tag that has been used for smFRET of 

purified reconstituted proteins, and thus seemed the best choice for developing smFRET to study GPCR 

interactions in living cells8,9. SNAPf is an improved version of the first generation SNAP tag with faster 

labeling kinetics10,11, which is desirable for cell-based studies, particularly for FRET where efficient 

labeling is essential.  

We also used a 1.49 NA TIRF objective or imaged at 37 °C and ambient oxygen, instead of using a 1.70 

NA TIRF objective and imaging at 23 °C and partial oxygen depletion, the conditions used for all our 

other single-molecule experiments (Methods). 

While smFRET was observed for each condition, the most robust signals, assessed by the mean acceptor 

intensity and duration of tracked smFRET, was observed with SNAPf labeled with LD555p and LD655, 

imaged using the higher NA objective in a partially reduced oxygen environment at room temperature 

(Supplementary Table 4; Methods). Thus, we employed these optimal combinations of conditions for 

investigations of receptor conformational dynamics and dimerization.  
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SUPPLEMENTARY NOTE 3 

FRET efficiency histogram comprised of immobile/confined segments for Sf-mGluR2 

To address whether the receptor configuration in the immobile/confined substates differs from that of 

freely diffusing receptors, we generated the FRET-efficiency histogram for Sf-mGluR2 comprised only of 

the immobile/confined segments of single-molecule traces that also include segments of free diffusion. 

The FRET histograms were similar to that of the freely diffusing segments, with the notable exception 

that immobile and confined substates exhibited a small additional lower-FRET value component 

(Extended Data Fig. 4i). This lower-FRET state may reflect a distinct receptor conformation in immobile 

and confined microdomains or a state also present in diffusing receptors that is more readily detected in 

immobile and confined substates. 

 

SUPPLEMENTARY NOTE 4 

Non-limited lifetime trajectory (NLT) selection analysis  

The requirement that a trajectory last at least 20 frames provided assurance that only bona fide molecules 

with sufficiently bright and stable fluorescence traces were selected, such that only a total intensity-based 

filter was required for selecting trajectories by FDT analysis. In contrast, when we included trajectories as 

short as 2 frames, many spurious trajectories were collected. We removed these trajectories using NLT 

analysis to ensure that only bona fide smFRET trajectories representing fluorophore-labeled receptors 

were selected.  
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SUPPLEMENTARY NOTE 5 

Purification and labeling of recombinantly expressed SNAPf 

The SNAPf-CLIPf protein was expressed from the pET51b–SNAPf–CLIPf vector (gift from Kai Johnsson, 

Max Plank Institute for Medical Research) in E. coli and purified by Ni-NTA chromatography followed 

by Strep-Tactin superflow as previously described12. The SNAPf domain of the purified protein was 

labeled with LD555p-BG and LD655-BG by adding 1.2-fold excess of each dye to the protein in 

phosphate-buffered saline pH 7.4 (PBS) in presence of 1 mM 1,4-dithiothreitol (DTT) at room 

temperature. The reaction was incubated in the dark for 1 hr. Unreacted dye was removed using Strep-

Tactin superflow. The labeled protein was purified using a Superdex 75 HiLoad 16/60 gel filtration 

column (GE Healthcare) in phosphate-buffered saline (pH 7.4) and 1 mM DTT.  

 

SUPPLEMENTARY NOTE 6 

Plasmid construction and BRET-Based cAMP assays 

Plasmids coding for amino-terminal SNAPf-tagged TM proteins were constructed using standard sub-

cloning methods by replacing the dopamine D2 receptor coding region of the previously described 

pcDNA5/FRT/TO-IRES SNAPfast-D2 vector13 with the following coding regions: human mGluR2 

(positions 20-872); TM-LDL (positions 786-820 of the human LDL receptor); Δ2Δ, positions 557-857 of 

human mGluR2); human MOR); and human SecR (positions 22-440). The amino-terminal Halo-tagged 

mGluR2 vector was constructed by replacing the SNAPf coding region of the SNAPf-mGluR2 vector 

described above with the HaloTag (Promega) coding region. In these vectors, the Kozac sequence was 

mutated to thymines at the -3 and +4 positions to produce a weak Kozac sequence, and the CMV 

enhancer sequence was partly deleted by digestion of the vector with NruI and SnaBI and subsequent 
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religation to generate a crippled CMV promoter (Extended Data Fig. 1c). All constructs were confirmed 

by DNA sequencing (Macrogen). 

Bioluminescence resonance energy transfer (BRET)-based cAMP inhibition or generation assays were 

carried out in CHO FlpIn (Invitrogen) cells transiently transfected using lipofectamine LTX (Invitrogen) 

per manufacturer’s protocol. For the mGluR2 and MOR-mediated cAMP inhibition assay, the 

pcDNA5/FRT/TO-IRES vectors encoding either Sf-mGluR2 (0.5 μg) or Sf-MOR (0.1 μg) and plasmids 

encoding the cAMP sensor using YFP-Epac-RLuc (CAMYEL14, 1 μg, ATCC), Gαi1 (0.167 μg), Gβ1 (0.5 

μg), and Gγ2 (0.5 μg) were transfected. For the SecR-mediated cAMP generation assay, the 

pcDNA5/FRT/TO-IRES vector encoding Sf-SecR (0.5 μg) and plasmids encoding CAMYEL (1 μg), Gαs 

(0.167 μg), Gβ1 (0.5 μg), and Gγ2 (0.5 μg) were transfected. Cells were prepared and assayed as described 

previously in detail using a 96-well microplate and Pherastar FS plate reader15. After incubation with 

coelentrazine H (5 µM, Dalton Pharma Services) for 8 minutes, DCG-IV (Tocris Biosceince), [D-Ala2, N-

MePhe4, Gly-ol]-enkephalin (DAMGO) (MilliporeSigma), or human secretin peptide (MilliporeSigma) 

was injected for assays involving Sf-mGluR2, Sf-MOR, and Sf-SecR, respectively. For cAMP inhibition 

assays, 30 μM forskolin (Cayman Chemical Company) was added to the cells 10 minutes prior to 

injection of receptor ligand. BRET measurements were taken 30 minutes after injection of ligand. Data 

analysis was carried out as described previously15.  

 

SUPPLEMENTARY NOTE 7 

Transformation function for mapping the acceptor track position to the donor channel 

A transformation function mapping particle positions in the acceptor channel to the donor channel was 

measured as previously described16. Briefly, a grid of control points (grid spacing 1.5µm) in the acceptor 

and donor channel was measured by stepwise translating a diffraction limited fluorescent bead 
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(TetraSpeck, Thermo Fisher Scientific) across the microscope’s aperture limited field of view using a 

two-axis piezo stage (Nano-BioS200 System, Mad City Labs). At each position, the bead was excited at 

532 nm and 640 nm and imaged simultaneously using the dual-band TIRF - FRET filter configuration 

(Methods). To measure a large set of control points, an automated routine in Metamorph (Molecular 

Devices) was used to translate the bead to a new grid position, image simultaneously the bead 

fluorescence in the donor and acceptor channel, and add the new image slice to an image stack file. A grid 

defined by 26 rows and 24 columns was recorded in the donor and acceptor channel resulting in an image 

stack of 624 images each showing a pair of control points. 

To determine the mapping function from the recorded image stack, spatial positions of corresponding 

control points in the donor and acceptor channel were measured using the particle localization routine of 

the software Trackmate in ImageJ17,18. The positions of these control point pairs were then used to 

determine the local weighted mean transformation tform_lwm, which maps any position in the acceptor 

channel to the donor channel. To infer the transformation tform_lwm from the pairs of control points, we 

used the functions fitgeotrans with the transformation type local weighted mean and 

transformPointsInverse (Matlab Image Processing Toolbox, Mathworks)19. Individual single-molecule 

positions in the acceptor channel were then mapped to the donor channel by applying the inverse 

geometric transformation transformPointsInverse to the acceptor data. The calculated Target Registration 

Error (TRE) was on the order of 9 nm20. However due to limited particle localization accuracy the 

estimated mean registration error is on the order of ~25 nm. 

 

SUPPLEMENTARY NOTE 8 

Correction factors for calculating FRET efficiency  

The  and  correction factors were measured manually using anticorrelated donor-acceptor fluorescence 

traces, with acceptor photobleaching preceding donor photobleaching. The  factor was calculated from 
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the elevated acceptor channel baseline after acceptor photobleaching. The  factor was calculated from the 

ratio of intensity changes of donor and acceptor fluorophores before and after photobleaching21. Both 

measurements were carried out for each individual trajectory, which resulted in normally distributed 

histograms for both  and  correction factors. The mean values of the observed distributions were 

determined by fitting to a single Gaussian function (Supplementary Table 7 and Supplementary Fig. 

2), which were then used as global correction factors in the workflow to determine FRET efficiencies. 

These values generally agreed with theoretical values estimated from the transmission spectra of elements 

in the optical path and the emission spectra of the fluorophores (Extended Data Fig. 1e,f and 

Supplementary Fig. 1; Supplementary Table 1). The  factor was estimated from absorbance spectra of 

the two fluorophores to be 5.6% (Supplementary Fig. 2). 

FRET was set to zero after donor tracking ended and to Not-a-Number (NaN) in the event of gap-

closing5. To minimize the contribution of aberrant FRET efficiency values associated with donor 

fluorophore transitions to non-fluorescent or partially quenched states, the total intensity (IAcc+IDon) of 

individual trajectories was idealized using a three-state model using a segmental k-means (SKM) 

algorithm 22. The model states include a dark state (total intensity is close to zero), a low intensity state 

(the intensity is partly attenuated by dye blinking or by temporary fluctuations due to particle movement) 

and a high fluorescence state. Anytime the total intensity is idealized to the dark or low state, the FRET 

efficiency is set to zero.23 
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