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ABSTRACT. (300s words) 

Förster resonance energy transfer (FRET) is the direct energy exchange between two-

component fluorescent molecules. FRET methods utilize chemically linked molecules or 

unlinked fluorescence protein-protein interactions. FRET is therefore a powerful indicator of 

molecular proximity, but standardized determination of FRET efficiency is challenged when 

investigating natural (chemically unlinked) interactions. In this paper, we have examined the 

interactions of tumor necrosis factor receptor-1 (TNFR1) molecules expressed as recombinant 

fusion proteins of cyan, yellow, or red fluorescent protein (-CFP, -YFP, or -RFP) to evaluate 

two-molecule chemically unlinked FRET by flow cytometry. We demonstrate three 

independent FRET pairs CFP→YFP (FRET-1), YFP→RFP (FRET-2) and CFP→RFP 

(FRET-3), comparing TNFR1+TNFR1 with non-interacting TNFR1+CD27 proteins, on both 

LSR-II and Fortessa X-20 cytometers. We describe genuine FRET activities reflecting 

TNFR1 homotypic interactions. FRET events can be visualized during sample acquisition via 

the use of “spiked” FRET donor cells, together with TNFR1+TNFR1 co-transfected cells, as 

FRET channel MFI overlays. FRET events are subsequentially indicated by comparing 

concatenated files of cells expressing either FRET positive events (TNFR1+TNFR1) or FRET 

negative events (TNFR1+CD27) to generate single-cell scatter plots showing loss of FRET 

donor brightness. Robust determination of FRET efficiency is then confirmed at the single-

cell level by applying matrix calculations based on the measurements of FRET donor, 

acceptor and FRET fluorescent intensities (I), detector channel emission coefficient (S), 

fluorescent protein extinction coefficients () and  factor. In this TNFR based system, the 

mean CFP→YFP FRET-1 efficiency is 0.43 (LSR-II) and 0.41 (Fortessa), the mean 

YFP→RFP FRET-2 efficiency is 0.30 (LSR-II) and 0.29 (Fortessa), and the mean CFP→RFP 

FRET-3 efficiency is 0.56 (LSR-II) and 0.54 (Fortessa). This study also embraces 

multidimensional clustering using t-SNE, Fit-SNE, UMAP, Tri-Map and PaCMAP to further 

demonstrate FRET. These approaches establish a robust system for standardized detection of 

chemically unlinked TNFR1 homotypic interactions with three individual FRET pairs.    A
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INTRODUCTION. 

The interactions of two proteins are often examined biochemically, but this is traditionally in 

non-dynamic experimental conditions such as those used in sample lysates for 

immunoprecipitation and Western blotting techniques. For cell membrane-bound or cell 

surface proteins, plasmon resonance is a more biologically relevant examination, even when 

performed on synthetic platforms, i.e., without cell membranes. Nevertheless, the 

interrogation of protein-protein interactions in real-time, in live cells, is more challenging due 

to the highly dynamic processes that occur spontaneously in uncontrolled and rapidly 

changing environments amidst the background of the cells’ metabolism and systems biology. 

Whilst live-cell imaging approaches are useful in this regard, they are frequently limited to (i) 

the examination of a few hundred cultured adherent cells, (ii) the availability of fluorescent 

detection reagents that achieve sufficient signal-to-noise ratios permitting detection, and to 

(iii) susceptibility to phototoxicity effects where repeated light (or laser) interrogation induces 

cellular damage or where laser energies can ultimately disrupt chemical bonds in fluorophore 

structures (1,2). Flow cytometry represents a highly attractive approach to the investigation of 

protein-protein interactions, even for adherent cells that can be removed from the culture 

substrates. Indeed, if the molecules of interest emit a natural fluorescence, then they can be 

detected without the use of fluorescently conjugated antibodies or dyes. Additionally, almost 

any protein can be engineered to be expressed as a fluorescent fusion protein (3) or to contain 

naturally fluorescent amino acid epitope sequences such as the FlAsH  (green) and ReAsH 

(red) tetracysteine-based epitope tags (4,5), thereby permitting their intrinsic detection 

without the use of antibodies or fluorescent dyes. This enables the careful and detailed 

examination of the fluorescent moiety for evidence of intra- or inter-molecular interactions by 

monitoring a number of effects on the fluorophore itself or changes in the fluorescent 

excitation and emission properties (3,6,7).  

 

Green fluorescent protein (GFP) is a naturally arising fluorescent protein (FP), first described 

in the jellyfish Aequorea Victoria (8) but also found in a number of other organisms (9-11). 

Red fluorescent protein was similarly characterized from the Discosoma coral (DsRed). The 

molecular characterization of GFP has led to the careful strategic mutation of specific amino 

acids that alters the absorption, excitation and/or emission spectra of GFP (12,13). Cyan FP 

and yellow FPs or their enhanced versions ECFP and EYFP are molecular derivatives of GFP 

(7) (see FPbase: www.fpbase.org/protein/avgfp/), whereas monomeric RFP (mRFP) is 

derived from DsRed (14). The detection of naturally occurring fluorescence in these 

organisms can be utilized to monitor their existence and abundance and thereby the health of 
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ecosystems. However, these fluorescent proteins are now commonplace reagents within 

molecular biological investigations and as recombinant fluorescent fusion proteins. 

Furthermore, their biophysical properties have been well characterized including the photon 

absorption energy profiles, as well as their fluorescence excitation and emission profiles (14-

16). More recently, fluorescent protein has been used in FRET-based applications. 

Fluorescence or Förster resonance energy transfer (FRET) is the phenomenon of non-radiative 

energy exchange between two (or more) component fluorescent entities (6,17). These can be 

chemically-linked single molecules, such as tandem dyes, for example, the PE-Cy7 

fluorophore, or two (or more) extrinsic dyes within a single molecular entity with distinct 

fluorescence excitation/emission overlapping profiles for example Cy3/Cy5 (18), or 

chemically-linked fluorescent biosensor protein reagents (19-21). Alternatively, FRET can be 

achieved in unlinked but interacting molecular or protein multimers, such as two individual 

fluorescently-conjugated monoclonal antibodies (22), or two naturally fluorescent interacting 

proteins (23,24), or two synthetically expressed fluorescent fusion proteins (3), dependent 

upon the molecular distance between the fluorescent donor and acceptor elements within such 

interactions (FRET is a distinctly different phenomena from fluorescence complementarity 

techniques that monitor formation or disassociation of oligomeric fluorescent assembly). In 

this study, we utilize a model system comprising HEK293T cells transiently transfected with 

plasmids encoding fluorescent fusion protein of the TNFRSF and characterized their 

interactions by FRET cytometry.  

 

Nascently expressed monomeric (type I) TNFRSF molecules spontaneously form dimers and 

trimers and oligomerize to transduce intracellular signaling pathways. When expressed as C-

terminal fluorescence fusion proteins, the oligomerization state can be easily monitored. Here, 

we co-express TNFR1 as either a -CFP and -YFP FRET-1 pair, or as a -YFP and -RFP FRET-

2 pair, or as a -CFP and -RFP FRET-3 pair, and as a negative control we co-express TNFR1 

and CD27 fusion proteins (a non-TNFR1-interacting protein).  This is therefore a chemically 

unlinked FRET reporter system for TNFR homotypic interactions. Elements of this system 

have been reported previously (3,25), but to date there are no broadly accepted 

standardization protocols for molecularly unlinked protein-protein interactions by FRET 

cytometry, and being molecularly unlinked system there are difficulties in how to measure 

FRET efficiency. For example, firstly, the donor and acceptor only -CFP, -YFP or -RFP 

single color controls for setting voltages can easily be generated by single plasmid 

transfections but there are no obvious single FRET channel positive controls (because this is a 

chemically unlinked FRET system). Secondly, detection of FRET is frequently only 
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determined after sample acquisition. Thirdly, to date no one has applied unsupervised multi-

dimensional reduction analyses for unlinked FRET detection. Also, the concentration of the 

FRET donor and FRET acceptor proteins are not defined and hence must be estimated. Here, 

we have developed a systematic approach that provides multiple evidence of FRET positive 

events by (i) applying “spiked” single donor fluorescence cells to the sample prior to 

acquisition – to generate FRET channel histogram overlays visible during sample acquisition, 

(ii) including a non-FRETing molecular pair – to permit the analysis of concatenated data 

files and single-cell scatter distributions to visualize donor fluorescence loss, (iii) embracing 

uncompensated Phenograph analysis to rank FRET positive data, and (iv) using unsupervised 

multi-dimensional reduction analyses to confirm genuine FRET positive events. Despite being 

a chemically unlinked system, this method provides a strong evidence for FRET. Moreover, 

these approaches are clearly validated by the high degree of data similarity irrespective of 

sample acquisition on an LSR-II or Fortessa X-20 flow cytometer.  

 

METHODS: 

Generation of -CFP, -YFP and -RFP fusion protein expression plasmids. To generate 

TNFR1 and CD27 fusion proteins, pcDNA3 based plasmids were constructed. For 

pcDNA3.CD27-YFP the cDNA sequence of human CD27 was amplified from mRNA 

isolated from human peripheral blood mononuclear cells by RT- PCR (First Strand cDNA 

synthesis kit, Life Technologies) using PCR forward primer 5-

’AGCAGGTACCATGGCACGGCCA CATCCCTGGTGG-3’and reverse primer 5’-

TACTAACTCGAGGGGGGAGCAGGCAGG CTCCGGTT-3’. This introduces KpnI and 

XhoI restriction enzyme sites (underlined) into the PCR product. This enabled TNFR1 cDNA 

to be replaced with CD27 cDNA in pcDNA3.TNFR1-CFP and pcDNA3.TNFR1-YFP 

plasmids (kindly provided originally by Dr. F. Chan) (3). To generate pcDNA3.CD27-RFP 

and pcDNA3.TNFR1-RFP plasmids, monomeric RFP cDNA was PCR amplified from 

pVitro2-mRFP (generously provided by Dr Martiniello-Wilks, University of Technology 

Sydney) with RFP forward primer 5’-ATCCTCGAGATGGCCTCCTCCGAGGA-3’ and a 

plasmid specific reverse primer 5’-AACCTGCTCCTAGGGTCGACAATCGAT-3’ which 

contains a XhoI and AvrII (compatible with XbaI) restriction sites. Thus, the mRFP cDNA 

replaced YFP cDNA. 

 

Plasmids Preparation. For large scale plasmid preparation, each pcDNA3-based plasmid 

was heat-shock transformed into the chemically competent E. coli DH5α bacterial cells (26),  

and a single colony was picked and incubated in LB at 37°C overnight. Plasmid DNA 
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isolation was performed by alkaline lysis (200mM NaOH, 1%SDS) of the bacterial cells and 

followed by neutralization with 4.2M Guanidine-HCl, 0.9M potassium acetate pH4.8. The 

sample was run through a silica column, washed with 10mM Tris-HCl pH7.5 in 80% ethanol 

and eluted in dH2O (Sartorius). Potential endotoxin/LPS contamination was removed with 

Triton X-114 (27) and confirmed by LAL assay (Pierce).  

 

HEK293T Cells and Transfection. Human embryonic kidney (HEK293T) cells (28) were 

the gift of Dr. Grant Logan (Children’s Medical Research Institute, Australia). HEK293T 

cells were grown in Dulbecco’s Modified Eagle medium (DMEM) supplemented with 10% 

heat-inactivated fetal bovine serum (FBS), 100U/ml penicillin and 100g/ml streptomycin 

(all reagents from Life Technologies) at 37°C with 5% CO2, and sub-cultured using 0.25% 

(w/v) Trypsin-0.53 mM EDTA solution (Life Technologies) for 5-10 minutes at 37°C, to 

detach from the plastic culture vessel. Cells were seeded into 6-well tissue culture dishes 

(Corning) at a concentration of 0.8×10
6
 cells/mL in 2mls/well, 24 hr prior to transfection, and 

the media was replaced with fresh DMEM 2hr before transfection. A DNA mixture (solution 

A) containing a total of 4µg of plasmid DNA, plus 10µL of 2.5M CaCl2 (Sigma-Aldrich) in a 

total volume of 100µL was prepared and added dropwise, with mixing, into FACS tube 

containing 100µL of 280mM NaCl, 1.5mM Na2HPO4, 50mM HEPES, 10mM KCl and 

12mM D-Glucose (solution B, pH 7.05) and incubated for 20 min at room temperature. The 

precipitated DNA mixture was then pipetted evenly across the well of HEK293T cells, and 

the culture media was replaced with fresh DMEM 4hr later. Transfected cells were incubated 

for 48hr before examination. 

 

Flow Cytometry and Data Acquisition. Single-cell suspensions of transfected HEK293T 

cells were prepared by gentle pipetting to detach cells from the plastic dish, and gauze-

filtered (100µm pore size, Sefar) to remove any remaining cell clumps. Cells were 

centrifuged at 300×g for 5 min at 4°C and fixed in 0.5mL of freshly thawed 2% 

paraformaldehyde/PBS. Samples were divided into duplicate sets of FACS tubes and 

acquired on an LSR-II flow cytometer (Becton-Dickinson) equipped with UV 325nm 

(20mW), violet 405nm (25mW), blue 488nm (20mW) and red 640nm (20mW) lasers and a 

Fortessa X-20 flow cytometer (Becton-Dickinson) equipped with violet 405nm (50mW), blue 

488nm (100mW) and red 640nm (40mW) lasers, on the same day.  

 

The cytometry acquisition settings were as follows: first, a FSC-A/SSC-A dot plot was drawn 

to detect cells (R1) with the FSC threshold set at 5000, then a FSC-A/FSC-H dot plot was 
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used to define and gate on single cells (R2). Next, the unstained pcDNA3 empty vector 

transfected cells, and single-color controls (single transfections with CFP, YFP or RFP 

expression plasmids) were acquired and used to adjust the laser voltages and set the 

compensation values to minimize bleeding-through into adjacent channels (see 

Supplementary Figure 1). This is necessary due to the broad emission spectra of these 

fluorophores (Figure 1). The co-transfected cells were then examined using two parameter 

dot plots to define single donor FP (R3) and double-positive (CFP and YFP, or YFP and 

RFP, or CFP and RFP) co-transfected cells (R4) (Figure 2). Of note: the transfected cells 

were “spiked” with cells expressing the single donor fluorescent protein, immediately prior to 

acquisition on the cytometer, as this permitted: (i) the detection of single donor FP cells and 

(ii) careful adjustment of FRET detection channel (Figure 1) voltage settings. The amount of 

spiked cell events can be tailored to individual experimental needs, by adding more or less 

spiked cells. Therefore, both laser-excited donor cells and FRET-excited acceptor cell 

profiles are visualized in two-parameter dot-plots: for example, FRET-1/CFP (donor), and 

FRET-1/YFP (acceptor) etc. (Figure 1). Generally, 30,000 cells were collected using the 

FACS DIVA software (v8.0.2, Becton-Dickinson). FACS data were recorded and exported as 

FCS3.0 files.  

 

Conventional Flow Cytometry Data Analysis. Data were analyzed using FlowJo (BD, 

v10.7.2). Briefly, the same dot-plots and gating strategy as described above were drawn in 

FlowJo, and compensation settings were checked and adjusted if needed using the 

Compensation workspace matrix. Histogram overlays of FRET detection channel data were 

generated with calculated geometric mean fluorescence intensity (MFI).  

 

Concatenated Data Analysis. FRET emission channel data can also be compared by 

concatenating FRET positive (TNFR1+TNFR1) and FRET negative (TNFR1+CD27) 

transfected cell samples, then defining a gate that achieves equal laser-excited acceptor MFI 

values (black gated cells, see B, D, and F in Figures 2 and 3). These data are exported as .csv 

files and imported into Graphpad Prism (v8.4) to generate the frequency distribution scatter 

plots showing single cell fluorescent intensity. Alternatively, the frequency distribution 

scatter plots were also drawn from all data in R4 (color gated cells). A two-tailed unpaired t-

test with Welch’s correction was applied to define the statistically significance.  

 

Single Cell FRET Efficiency Calculation. To calculate single cell FRET efficiency, first, 

the detection channel data were unmixed. For this, the background fluorescence was 
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corrected by subtracting the MFI of the autofluorescence from pcDNA3 empty plasmid 

transfected cells. Then, the bleed-through of each single background-corrected donor and 

acceptor fluorescence was determined using the following modifications of the following 

established method (20,29,30). First, a series of linear regression analyses were performed to 

determine the coefficient (slope relationship) between each possible pair of detection 

channels (Supplementary Figure 2). Next, a vector matrix equation (1) was used to calculate 

the unmixed donor ID(1-E), acceptor IA, and FRET emissions IDEα, as follows. 

[
𝐼𝐷(1 − 𝐸)

𝐼𝐴
𝐼𝐷𝐸𝛼

] = [
𝐼1
𝐼3
𝐼2

] ×

[
 
 
 
 1 𝑆4

𝑆4

𝑆2

𝑆3 1
1

𝑆2

𝜀𝜆𝐴
𝐷 𝜀𝜆𝐷

𝐴

𝜀𝜆𝐷
𝐷 𝜀𝜆𝐴

𝐴

𝑆1 𝑆2 1 ]
 
 
 
 
−1

    (Equation 1) 

Here, I1, I2 and I3 are the donor, FRET, and acceptor fluorescence detected values before 

unmixing. For donor plasmid only transfected cells, S1 is the coefficient between donor and 

FRET channels and S3 is the coefficient between donor and acceptor channels. For acceptor 

plasmid only transfected cells, S2 is the coefficient between acceptor and FRET channels and 

finally, S4 is the coefficient between acceptor and donor channels. The extinction coefficient 

of the donor and acceptor fluorescent proteins can be found at the FPbase database 

(https://www.fpbase.org/) where λ is the donor and acceptor laser (nm wavelength). The α 

factor is calculated with equation (2) according to (20), with the assumption that the 

expression rate of the CFP-, YFP-, or RFP- fusion proteins (of the same molecule e.g., 

TNFR1) are highly similar. Thus, the concentration CD and CA offset or cancel out. It is 

acknowledged that in this chemically unlinked TNFR-FP model system a key assumption is 

that CD = CA (or very close to this). This is based on the fact that both the donor and acceptor 

TNFR1-FP expression is driven by pcDNA3 plasmids containing the strong constitutive 

cytomegalovirus promoter sequences and plasmid 3’- mRNA elements, where the tRNA pool 

for protein expression is the same in all cells (HEK293T cells are a clonal cell line) where the 

plasmid DNA is carefully quantitated and mixed together before transfection. Alternatively, it 

remains, that CD/CA can perhaps be estimated by considering the cost function where we find 

that CD/CA is always quite close to 1 (Supplementary Methods and Supplementary Figure 3), 

even though data represents the average of all molecules expressed in each cell. Also, FRET 

positive pairs (TNFR1+TNFR1) and FRET negative pairs (TNFR1+CD27) are expected to 

have the same α value because the concentration and intensity terms will offset each other, as 

also shown in equation 2. 

𝛼 =
𝐼3𝑆2

𝐼1

𝜀𝜆𝐷
𝐷 𝐶𝐷

𝜀𝜆𝐷
𝐴 𝐶𝐴

      (Equation 2) 
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Thus, the single cell FRET efficiency is expressed as 1 minus the donor emission (when 

exciting the FRET pair acceptor) divided by the donor emission (without exciting the 

FRET pair acceptor) as shown in equation 3. 

𝐸 = 1 −
𝐼𝐷𝐴

𝐼𝐷
=

𝐼𝐷−𝐼𝐷𝐴

𝐼𝐷
=

𝐼𝐷𝐸

𝐼𝐷(1−𝐸)+𝐼𝐷𝐸
    (Equation 3)                                                  

Using this method, the single cell FRET efficiencies were plotted with the matplotlib python 

library (matplotlib.pyplot.hist) with the bin size of 0.01 and the data distribution properties – 

mean, median, mode, SD and maximum were derived. In this molecularly unlinked FRET 

system, the comparison is between FRET positive cells (e.g., TNFR1-CFP+TNFR1-YFP) 

and FRET negative cells (e.g., TNFR1-CFP+CD27-YFP) but these profiles appear to overlap 

slightly. From a statistical perspective, it can be assumed that a meaningful positive FRET 

value, i.e., that is statistically significantly different, is by definition, any value greater than 

three standard deviations from the mean of the FRET negative sample. SDs are therefore also 

shown in the single cell FRET efficiency plots. 

 

Clustering and Dimensionality Reduction Analysis. Linear scaled fluorescent intensity 

data were log transformed and then normalized based on the Z-score to achieve x̅=0 and 

SD=1. For clustering, the Phenograph (version 1.5.2) python library was used with default 

settings and k=200 (31). For dimensionality reduction, five different methods were used. 

Briefly, t-SNE was performed using the scikit-learn (version 0.24.2): sklearn.manifold.TNSE 

library with perplexity=200, early_exaggeration=5, learning rate=200, number of 

iterations=500, metric=Euclidean, method=barnes_hut and angle=0.3 (32). Fit-SNE was 

performed using the openTSNE (version 0.6.0) python library, with perplexity=50, 

exaggeration=5, metric=Euclidean, learning rate=200 and theta=0.3 (33). UMAP was 

performed with the umap-learn (version 0.5.1) python library with number of neighbors=100, 

minimum distance=0.4 and metric=Euclidean (34). Tri-MAP was performed with the Tri-

MAP (version 1.0.15) python library with number of inliers=100, number of outliers=10, 

learning rate=200, distance=Euclidean and number of iterations=500 (35). For PaCMAP, the 

pacmap (version 0.5.2) python library was used with number of neighbors=100, medium near 

ratio=0.3, far point ratio=2 and learning rate=0.1 (36). The FRET positive dimensionality 

reduction visualizations shown in color (C→Y FRET1: green, Y→R FRET2: orange, C→R 

FRET3: purple, or with multicolor ranked clusters) were simultaneously determined with 

FRET negative cells (grey). The ranked clusters (highest to lowest) were determined based 

on the single FRET efficiency calculations.   

 

RESULTS 
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Establishing FRET detection channels. To consider the LSR-II and Fortessa X-20 

cytometer instrument potential for the detection of -CFP, -YFP, -RFP fusion proteins 

simultaneous with C→Y (FRET-1), Y→R (FRET-2) and C→R (FRET-3) emission signals, 

cytometer laser and filter configurations were assessed. Both instruments have lasers and 

detectors appropriate for the detection of conventional fluorescent proteins CFP, YFP and 

RFP (Table 1). CFP is excited and detected by the 405nm laser (450/50nm BP filter) and YFP 

by the 488nm laser (530/30nm on LSR-II and 542/27nm on Fortessa X-20) (Figure 1). 

Although RFP is often optimally excited by a yellow green 561nm laser, not all the older 

cytometers have this laser. Instead, RFP can be excited and detected by a 488nm laser 

(670/14nm on LSR-II and 695/40nm on Fortessa X-20) (Figure 1). FRET fluorescence needs 

to be carefully aligned to the laser that excites the donor fluorescent molecule. In this case, 

C→Y (FRET-1) and C→R (FRET-3) emission signals are positioned within the 405nm 

detector array for both LSR-II and Fortessa X-20 cytometers (Figure 1 and Table 1). FRET-1 

fluorescence is detected with a narrow BP filter (546/10nm for LSR-II and 540/10nm for 

Fortessa X-20) positioned immediately after the CFP emission signal (which in this case acts 

as the FRET-1 donor), and FRET-3 fluorescence is detected (610/20nm) also after CFP, 

because CFP is also the donor in this FRET pair (Figure 1 and Table 1). Similarly, Y→R 

(FRET-2) excitation is positioned on the 488nm laser detector array, because YFP is the 

FRET-2 donor molecule, where FRET-2 is detected at 610/20nm on both LSR-II and Fortessa 

X-20 cytometers.  

 

FRET Signal Detection During Sample Acquisition. In conventional flow cytometry, single 

color controls are essential for setting the voltage and compensation values, although FRET 

cytometry analysis is often performed with inadequate compensation (37-39). The value of 

using compensation, however, is to visualize two-molecule FRET emission during 

acquisition. Therefore, single color controls were used to set the voltage and compensation for 

CFP, YFP, RFP and C→Y (FRET-1), Y→R (FRET-2) and C→R (FRET-3) (Supplementary 

Figure 1 and Figure 2 and 3 A, C and E). In our system, these fluorescent proteins are 

expressed in transfected HEK293T cells as TNFR-superfamily fusion proteins TNFR1-CFP, 

TNFR1-YFP, TNFR1-RFP or CD27-fusion proteins. The FRET-1, -2, and -3 emissions are 

thereby easily visualized in two-parameter dot-plots in co-transfected cells, versus the CFP, 

YFP or RFP emissions (Figure 2 and 3, A, C and E), gating first on single cells (FSC-A/SSC-

A, R1, then FSC-A/FSC-H, R2, data not shown). Furthermore, the FRET signal is clearest 

when directly compared to the donor fluorescence alone, and hence the samples were 

manually “spiked” with single donor fluorescence TNFR1 transfected cells, immediately prior 
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to sample acquisition (Figure 2 and 3 A, C and E). This approach permits direct visualization 

in histogram overlays of FRET emission from the single donor cells (R3), and co-transfected 

cells (R4) during sample acquisition. In fact, the FRET MFI of TNFR1+TNFR1 co-

transfected cells was always consistently significantly higher than that in TNFR1+CD27 co-

transfected cells (Figure 2 and 3 A, C and E). 

 

The two data files of TNFR1+TNFR1, and TNFR1+CD27 samples, can be concatenated and 

analyzed in single scatter plots, which provided further evidence of the relative loss of the 

donor fluorescence as an indicator of FRET activity (Figure 2 and 3 B, D and F). For 

example, reduced CFP in C→Y FRET-1, reduced YFP in Y→R FRET-2, or reduced CFP in 

C→R FRET-3 indicates that genuine FRET energy transfer has occurred. Also, concatenated 

data allows for gating on cells with the same acceptor MFI level (black events). In all cases, 

TNFR1+TNFR1 co-expression resulted in a loss of donor fluorescence, relative to 

TNFR1+CD27, consistent with TNFR1 forming donor-acceptor FRET pairs (Figure 2 and 3 

B, D and F). Both conventional or concatenated data appear similar irrespective of whether 

the samples were acquired on an LSR-II cytometer or a Fortessa X-20 cytometer - compare 

Figures 2 and 3.  

 

Calculated Single Cell FRET Efficiency and Multi-dimensional Reduction Analyses. In 

this chemically unlinked FRET system analyzing TNFR monomer interactions, FRET-1, 

FRET-2 and FRET-3 efficiency can be calculated on a single cell uncompensated basis 

because the following factors can be determined for every cell event: I1, I2, I3, S1, S2, S3, S4, 

λ and α (see method for definitions). Single cell FRET efficiencies were therefore 

calculated and plotted (bin size=0.01) for both TNFR1+TNFR1 (FRET positive) and 

TNFR1+CD27 (FRET negative) co-transfected cells (Figure 4 A, C and E). For 

TNFR1+TNFR1 transfected cells, the C→Y FRET-1 efficiency for was determined to be 0.43 

(LSR-II) or 0.41 (Fortessa X-20), and the Y→R FRET-2 efficiency was 0.30 (LSR-II) or 0.29 

(Fortessa X-20), whilst the C→R FRET-3 efficiency was 0.56 (LSR-II) or 0.54 (Fortessa X-

20). As expected, all TNFR1+CD27 (FRET negative) co-transfected cells yielded FRET 

efficiencies closer to zero, despite the chance of non-specific or “by chance” interactions. In 

fact, all of the distribution and modal characteristics of the FRET efficiency data were quite 

similar irrespective of whether the samples were acquired on the LSR-II or Fortessa X-20 

(Table 2), as were the estimated molecular distances of the interacting TNFR1-FP FRET-pairs 

(Supplementary Figure 4).  
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Single cell FRET efficiency data was also interrogated using Phenograph. This permitted 

discrimination of 7 clusters based on FRET efficiencies (colored heatmaps), and these were 

aligned to the donor, acceptor, and FRET emission channel data (grey heatmaps) (Figure 4 B, 

D and F). These data further confirmed the detection of TNFR1+TNFR1 (FRET positive) 

event signals compare to TNFR1+CD27 (FRET negative) events. These data also explain 

FRET efficiency data overlaps, most evident for C→Y FRET-1 compared to Y→R FRET-2 

and C→R FRET-3. In conclusion, these analyses indicate that C→R FRET-3 FRET-pair 

yields the highest FRET efficiency and the best separation between FRET positive and FRET 

negative events (Figure 4 and Table 2). Thus, even in this chemically unlinked TNFR fusion 

protein system, it is evident that FRET efficiency calculated at a single cell level provides 

strong evidence of FRET activity between fluorescent TNFR monomers. Nevertheless, 

utilizing the donor, acceptor and FRET detection channel data for each FRET pair, multi-

dimensional reduction analyses by t-SNE, Fit-SNE, UMAP, Tri-MAP and PaCMAP (33-

35,40) also efficiently separated the TNFR1+TNFR1 (FRET positive, green, orange or 

purple) events from the TNFR1+CD27 (FRET negative, grey) events. Thus, irrespective of 

the focus of the algorithms, that is, t-SNE, Fit-SNE and UMAP emphasize local structure, Tri-

MAP emphasizes global structure, and PaCMAP emphasizes both local and global structures 

of the data, the FRET positive events are distinguished from FRET negative events without 

considering FRET efficiency. Taken together, uncompensated analyses and FRET efficiency 

calculations confirm two molecule C→Y FRET-1, Y→R FRET-2 and C→R FRET-3 

detections using a BD LSR-II or Fortessa X-20 cytometer even without a 561nm laser that is 

present in more recent instruments.  

 

DISCUSSION.  

The first obvious consideration of any FRET cytometry experiment is the number of the lasers 

and their wavelength (nm), second only to the number of detectors and their relative positions 

within detector arrays. The older LSR-II design requires separate long pass (LP) and band 

pass (BP) filters position immediately before the PMT detectors, whereas the newer Fortessa 

X-20 style instrument utilize an integrated LP/BP filter unit. Each of the 3 individual FRET 

pairs, C→Y FRET-1, Y→R FRET-2 and C→R FRET-3, were examined using transfected 

cells acquired on both a 4-laser LSR-II (355nm UV, 405nm violet, 488nm blue, and 640nm 

red) and a 3-laser Fortessa X-20 (405nm violet, 488nm blue, and 640nm red) as shown 

(Figure 1 and Table 1). Note that neither of these instruments contains a 561nm laser – 

optimal for RFP excitation, which is not necessary in this TNFR fusion protein system 

because (i) RFP FRET signal is detected on the same laser detector array as the donor FP, and 

A
cc

ep
te

d 
A

rti
cl

e

This article is protected by copyright. All rights reserved.



(ii) RFP can be sufficiently excited by the 488nm laser. Detection of CFP and YFP was 

straightforward utilizing standard filters, but the detection of the YFP FRET-1 emission 

requires a special order of 546/10nm (LSR-II) or 540/10nm (Fortessa X-20) narrow BP filter, 

due to the extensive overlap of CFP and YFP emission curves (Figure 1). Furthermore, in 

most examples of FRET cytometry, the donor and FRET emissions are positioned on the 

same detector array, and where the laser excited acceptor is detected separately – on a 

separate laser/detector array (20,25,41), see Table 1). This is true, for the FRET-1 and FRET-

3 TNFR fusion protein systems used here. However, for both the LSRII and the Fortessa, the 

Y→R FRET-2 FRET pair (donor, acceptor, and FRET-2 emission) are detected on the same 

laser detector array, simply because RFP is excitable by the 488nm laser, and because neither 

instrument has a 561nm laser. If available, a 561nm laser would more efficiently excite the 

RFP (14), achieve lower variance in the calculated FRET efficiency, and in fact it is required 

to determine the FRET efficiency in FRET pairs where RFP is the FRET acceptor, because in 

the original published FRET efficiency calculations, three separate equations are required (for 

the donor, acceptor and FRET intensities)(29) and the capacity to excite the acceptor and 

measure its emission intensity separate from FRET excitation. Instead, by applying a matrix 

calculation (see methods), we have directly solved the unmixed donor ID(1-E), acceptor IA, 

and FRET IDEα emissions, and the FRET efficiency (E) is then determined with the factor 

irrespective of the use of single laser for RFP (acceptor) and FRET-2 – achieved by two filter 

sets spatially separate but both aligned within the RFP emission spectrum (Figure 1).  Also, 

taken on face value, whilst it might appear that there is greater precision of measurement of 

FRET efficiency in the yellow-red detection than the green regimes but this may simply be an 

artefact of autofluorescence of HEK293T cells, even though cell endogenous 

autofluorescence is considered through the inclusion of pcDNA3 empty vector transfected 

cells. 

 

ECFP and EYFP are molecular derivatives of the original jellyfish Aequorea Victoria GFP 

(8), the red fluorescent protein used here is actually monomeric RFP derived from DsRFP 

from Discosoma coral (14), and this is essential because FRET pairs must be monomers. 

Whilst nascently expressed TNFR-fusion proteins are monomers, TNFRs structurally form 

dimers or trimers that oligomerize after engagement with ligand (42-44). Overexpression of 

TNFRs is sufficient for TNFR function and signaling (45-47) and hence transfected 

HEK293T cells would be expected to express a wide array of TNFR molecule complexes: 

dimers and even trimers. In fact, the dimers and trimers will comprise both homo- and hetero- 

dimers, i.e., with endogenous receptors and/or fluorescent fusion proteins, e.g., CFP::CFP, 
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YFP::YFP, or CFP::YFP and hetero- and homo-trimers even on a single cell. This feature of 

the TNFR1 biology means that homo-FRET, comprised for example of TNFR1-

CFP::TNFR1-CFP, is a component of this system. If so, then the CFP is detected within the 

CFP channel, and any hetero-FRET must necessarily involve cross-dimer FRET which is 

expected to be less efficient than a true TNFR1-CFP::TNFR1-YFP heterodimer FRET. In the 

case of TNFR1+CD27 co-transfected cells no FRET signals are expected because TNFR1 and 

CD27 do not biochemically or physically form heterocomplexes, except due the chance of 

non-specific interactions. Instead, these cells can only express homo- dimeric or trimeric 

molecular forms of TNFR1 molecules. Since FRET emission only occurs when two 

fluorescent molecules are in sufficiently close proximity to permit the excited state energy 

transfer (<100Å or <10nm (17)), and only TNFR1+TNFR1 transfected cells should lead to 

sensitized emission / FRET signal / FRET intensity, even though TNFR1-FPs and CD27-FPs 

could theoretically be sufficiently close simply by a chance non-specific interaction and 

therein produce a FRET emission. Here, the FRET efficiency data can be interpreted to yield 

information about the molecular distance (nm) between TNFR1-FP dimers, which range from 

0.40 to 0.45nm for TNFR1-CFP:TNFR1-YFP, to 0.62 to 0.65 nm for TNFR1-YFP:TNFR1-

RFP, and 0.44 to 0.45 nm for TNFR1-CPR:TNFR1-RFP (Supplementary data Table and 

Supplementary Figure 4), where the differences may reflect the differences in CFP/YFP and 

RFP fluorophore structures or the instrument precision/filter options and efficiency of 

fluorescence intensity detection. Nevertheless, this paper describes multiple evidence for 

genuine two molecule FRET emission, including (i) visualizing single donor “spiked” cells 

and co-transfected cells during sample acquisition, (ii) simple FRET channel emission MFI 

overlays, (iii) concatenated data examined as single cell scatter plots, (iv) single cell FRET 

efficiency calculation, (v) multi-dimensional reduction data analyses. All of these analyses 

produce data where TNFR1+TNFR1 can be discriminated from TNFR1+CD27 transfected 

cells. Arguably, the most robust indicator of FRET is generated by calculating FRET 

efficiency, nevertheless of multi-dimensional reduction analyses of uncompensated donor, 

acceptor and FRET emission data also produced unequivocal evidence of FRET positive cells 

visually separate from FRET negative cells. The broad distribution of calculated two molecule 

FRET efficiency correlates with the Phenograph analysis (ranked clusters), and likely 

demonstrates structural complexity and natural biological roles of TNFRs. Whilst we clearly 

demonstrated two molecule FRET, others have already reported using tripleFRET with three 

fluorophore conjugated monoclonal antibodies (48) or a linked fluorophore system (38), we 

are therefore currently focusing on standardizing TNFR-fusion protein tripleFRET.   
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In summary, the data presented here clearly demonstrates 3 individual two-molecule FRET 

pairs (C→Y FRET-1, Y→R FRET-2 and C→R FRET-3) in a chemically unlinked 

biologically relevant cell-based system. The calculated single-cell two molecule FRET 

efficiency data produced highly similar profiles of FRET (Figure 4 and Table 2) irrespective 

of the cytometer used or the age of the instrument (the LSR-II was purchased in 2007, and 

Fortessa was purchased in 2014). Therefore, this paper demonstrates robust detection of non-

chemically linked FRET representing TNFRSF structures with high precision, including the 

capacity to monitor the likely FRET signal detection during sample acquisition.   

 

CONCLUSIONS: 

This paper describes a comprehensive method for FRET detection by conventional flow 

cytometry examining three individual FRET pairs and two different flow cytometers. We 

document the step-by-step process for comparing FRET positive and FRET negative cells 

simultaneous with “spiked” donor fluorescent positive cells during sample acquisition. The 

C→Y FRET-1, Y→R FRET-2 and C→R FRET-3 signals are viewed together with donor and 

acceptor fluorescence compensated by single color controls and subsequentially analyzed 

uncompensated for FRET efficiency calculation and via multidimensional reduction analyses. 

When comparing each of the FRET pairs and all these analyses, it is clear that flow cytometry 

FRET emission can be reliably detected in molecules that are known to form homo-multimers 

- but not so in those molecules that do not biochemically physically associate. Moreover, the 

differences in the FRET efficiency profiles comparing C→Y FRET-1, to Y→R FRET-2 or 

C→R FRET-3, can be used to choose which FRET pair might most optimally be used for any 

given FRET cytometry application. Furthermore, the data presented here indicate close 

precision between cytometer instruments despite large differences in age or laser and 

bandpass filter configurations. This approach confirms the capacity to visualize 

simultaneously with sample acquisition and validated by robust mathematical calculations of 

single cell FRET efficiency. Thus, the separation of the FRET positive signals from the FRET 

negative signals are unambiguously achieved with and without compensation-based 

approaches.  
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Table 1: Cytometer Configurations for FRET. 

LSRII     

Laser  Position LP 

Filter 

(nm) 

BP 

Filter 

(nm) 

Signal  

Detected 

355nm (20mW) A 505LP 530/30  Available 

 B 410LP 450/50  Available 

 C     - 379/28 Available 

405nm (20mW) A 595LP 610/20 RFP (FRET-3) 

 B 500LP 546/10 YFP (FRET-1) 

 C     -  450/50 CFP 

488nm (20mW) A 735LP 780/60 Available 

 B 685LP 695/40 Available 

 C 635LP 670/14 RFP 

 D 595LP 610/20 RFP (FRET-2) 

 E 500LP 530/30 YFP 

 F     - 488/10 SSC 

 G Empty Empty (No PMT) 

640nm (20mW) A 735LP 780/60 Available 

 B 710LP 730/45 Available 

 C     - 660/20 Available 

Fortessa X20     

Laser Position Integrated 

Filter Unit
1 

LP / BP (nm) 

Signal 

Detected 

405nm (50mW) A 750LP 780/60 Available 

 B 690LP 710/50 Available 

       C 635LP 670/30 Available 

 D 600LP 610/20 RFP (FRET-3) 

 E 505LP 540/10 YFP (FRET-1) 

 F     -       450/50 CFP 

 G Empty (No PMT) 

 H Empty (No PMT) 

488nm (100mW) A 750LP 780/60 Available 

 B 635LP 695/40 RFP 

 C 600LP 610/20 RFP (FRET-2) 

 D 550LP 575/25 Available 

 E 505LP 542/27 YFP 

 F     -       488/10 SSC 

 G Empty (No PMT) 

 H Empty (No PMT) 

640nm (40mW) A 750LP 780/60 Available 

 B 710LP 730/45 Available 

 C     -       670/14 Available 

 D Empty (No PMT) 

 E Empty (No PMT) 

 F Empty (No PMT) 

 G Empty (No PMT) 

 H Empty (No PMT) 
 A
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Table 2. Instrument comparison of FRET efficiency. 

 LSR-II Fortessa 

X-20 

LSR-II Fortessa 

X-20 

FRET1 

C→Y 

FRET1+E 

R1+R1 

FRET1+E 

R1+R1 

FRET1-E 

R1+CD27 

FRET1-E 

R1+CD27 

Mean 0.43 0.41 0.08 0.07 

SD 0.17 0.20 0.11 0.10 

Median 0.45 0.42 0.00 0.00 

Mode 0.46 0.48 0.00 0.00 

Maximum 0.71 0.77 0.46 0.40 

FRET2 

Y→R 

FRET2+E 

R1+R1 

FRET2+E 

R1+R1 

FRET2-E 

R1+CD27 

FRET2-E 

R1+CD27 

Mean 0.30 0.29 0.02 0.03 

SD 0.12 0.09 0.03 0.06 

Median 0.30 0.31 0.00 0.00 

Mode 0.35 0.31 0.00 0.00 

Maximum 0.71 0.65 0.14 0.14 

FRET3 

C→R 

FRET3+E 

R1+R1 

FRET3+E 

R1+R1 

FRET3-E 

R1+CD27 

FRET3-E 

R1+CD27 

Mean 0.56 0.54 0.02 0.02 

SD 0.16 0.13 0.04 0.03 

Median 0.60 0.56 0.00 0.00 

Mode 0.62 0.56 0.00 0.00 

Maximum 
 

0.95 0.72 0.50 0.21 
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FIGURE LEGENDS. 

 

Figure 1. Spectral viewer profiles of detection of CFP, YFP, RFP, and FRET channels. 

Spectral profiles and detector parameters are shown for both an LSR-II (A) and a Fortessa X-

20 flow cytometer (B). Excitation and emission profiles of CFP, YFP and RFP, indicating 

lasers (nm) for excitation, and bandpass filters (nm) for detection. FRET pair excitation and 

emission spectra are also shown, again indicating lasers used for FRET donor excitation, and 

filters bandpass width and detector array positions for FRET detection.  

 

Figure 2. FRET Pair Emission Data: C→Y FRET-1, Y→R FRET-2 and C→R FRET-3 

(LSR-II). TNFR1+TNFR1 compared to TNFR1+CD27 emission data in co-transfected 

HEK293T cells. Donor acceptor 2 parameter dot-plot are shown along with donor or acceptor 

versus FRET, and histogram overlays (plus geometric MFI) of double positive (R4) versus 

single positive donor “spiked” (R3) (A, C and E). Concatenated dot plot analysis showing 

TNFR1+TNFR1 together with TNFR1+CD27 co-transfected cell cultures (B, D and F), 

together with frequency distribution scatter plots showing FRET donor, acceptor, and FRET 

channel fluorescence data. Data is shown, first for all events in R4 gate (colour), and second 

for only those events that have the equal FRET acceptor geometric MFI value (black). The 

geometric mean (black or grey bar) is determined from the R4 gated events in the 

concatenated dot plot, and statistical significance (t-test) is indicated *** p<0.001.  

 

Figure 3. FRET Pair Emission Data: C→Y FRET-1, Y→R FRET-2 and C→R FRET-3 

(Fortessa X-20). TNFR1+TNFR1 compared to TNFR1+CD27 emission data in co-

transfected HEK293T cells. Donor acceptor 2 parameter dot-plot are shown along with donor 

or acceptor versus FRET, and histogram overlays (plus geometric MFI) of double positive 

(R4) versus single positive donor “spiked” (R3) (A, C and E). Concatenated dot plot analysis 

showing TNFR1+TNFR1 together with TNFR1+CD27 co-transfected cell cultures (B, D and 

F), together with frequency distribution scatter plots showing FRET donor, acceptor, and 

FRET channel fluorescence data. Data is shown, first for all events in R4 gate (colour), and 

second for only those events that have the equal FRET acceptor geometric MFI value (black). 

The geometric mean (black or grey bar) is determined from the R4 gated events in the 

concatenated dot plot, and statistical significance (t-test) is indicated *** p<0.001. 

 

Figure 4. FRET pair data analysis for C→Y FRET-1, Y→R FRET-2 and C→R FRET-

3. Single cell FRET efficiencies were calculated (see methods) and plotted as binned data 

(bin size 0.01) to illustrate the full distribution of FRET efficiency per cell using data 

obtained on both an LSR-II and a Fortessa X-20 flow cytometer from a single representative 

experiment using transfected HEK293T cells. Single cell FRET efficiency data for either 

TNFR1+TNFR1 or TNFR1+CD27 transfected cells were used to calculate an average (x̅) 

FRET efficiency for each FRET pair (A, C and E). The standard deviation (+1SD, +2SD, 

+3SD) of the mean for the TNFR1+CD27 transfected FRET negative cells are also indicated. 

Heat maps show ranked clusters of calculated FRET efficiencies (colour; 7 groups 

determined using Phenograph with k=200), alongside donor, acceptor and FRET detection 

channel data (grey scale) for either TNFR1+TNFR1 or TNFR1+CD27 transfected cells (B, D 

and F). Multidimension (donor, acceptor, and FRET channel intensity data) reduction maps 

were generated using t-SNE, Fit-SNE, UMAP, TriMAP and PaCMAP; data shown are 

TNFR1+TNFR1 FRET positive cell data (green, orange and purple, or calculated FRET 

clusters in multicolour) versus TNFR1+CD27 FRET negative cell data (grey).  
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Supplementary Methods. 1 

To better consider the concentration C of the FRET donor (CD) and FRET acceptor (CA) 2 

proteins there are two options. First, one can consider approach 1, as shown below: 3 

𝑅𝐹 =
𝐹𝐴𝐷

𝐹𝐴
= 1 +

𝜀𝐷
𝐷 ∙ 𝐶𝐷

𝜀𝐷
𝐴 ∙ 𝐶𝐴

∙ 𝐸𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ 1 where  𝐹𝐴𝐷 = 𝐼2 − 𝐼1𝑆1    and   𝐹𝐴 = 𝐼𝐴𝑆2 ≈ 𝐼3𝑆2 

The FRET efficiency E can then be expressed as follows:   4 

𝐸𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ 1 =
𝑅𝐹 − 1

𝜀𝐷
𝐷 ∙ 𝐶𝐷

𝜀𝐷
𝐴 ∙ 𝐶𝐴

 

 5 

However, the problem remains as to the data for CD and CA (unknown), and hence we move, 6 

instead, to approach 2, in which it is possible to directly test a range of data values to estimate 7 

the “cost” J, as follows: 8 

𝐸𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ 2 =
𝐼𝐷𝐸𝛼

𝐼𝐷(1 − 𝐸)𝛼 + 𝐼𝐷𝐸𝛼
 where 𝐼𝐷(1 − 𝐸) and 𝐼𝐷𝐸𝛼 is the unmixed fluorecent emissions (intensity). 

 9 

Here, we define a cost function J to represent the difference of FRET efficiency, using 10 

Eapproach 1 and Eapproach 2, as shown here: 11 

𝐽 =
∑ |𝐸𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ 1 − 𝐸𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ 2|

𝑛
1

𝑛
 =

∑ ||
𝑅𝐹 − 1
𝜀𝐷

𝐷 ∙ 𝐶𝐷

𝜀𝐷
𝐴 ∙ 𝐶𝐴

− 
𝐼𝐷𝐸𝛼

𝐼𝐷(1 − 𝐸)𝛼 + 𝐼𝐷𝐸𝛼
  ||

𝑛
1

𝑛
 

 12 

The two unknows are then the a and the FRET-donor CD and FRET-acceptor CA 13 

concentration ratio (CD/CA). Therefore, a can be scanned with a range from 0 to 100, and the 14 

CD/CA with a range from 0.001 to 100 (with a stepwise size of 1), simultaneously. This is then 15 

narrowed to scan a with a range from 0.01 to 4 (stepwise size of 0.01) and CD/CA with a range 16 

from 0.01 to 2 (stepwise size of 0.005) for the two unknows. When the cost function J reaches 17 

a minimum, the two unknows of a and FRET-donor FRET-acceptor concentration ratio CD/CA 18 

can be estimated (see Supplementary Figure 3). 19 
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Supplementary Table: Fluorophore parameters for FRET distance calculations.  21 

 22 

Parameters
1, 2

 CFP→YFP FRET1 YFP→RFP FRET2 CFP→RFP FRET3 

𝑸𝑫 0.4 0.67 0.4 

𝑸𝑨 0.67 0.25 0.25 

𝜺𝑨 (M
-1

 cm
-1

) 67000 50000 50000 

𝑱(𝝀) (M
-1

 cm
-1 

nm
4
) 1.53 × 1015 2.27 × 1015 1.45 × 1015 

R0 (Å) 47.51 55.27 47.06 
    

1 Parameters were obtained from online fluorescent protein database FPbase (www.FPbase.org) 23 
  and as originally from (1). 24 
2 Distance parameters were defined using data of TNFR1-FPs, calculated from data shown in Supplementary    25 
  Figure 4, as follows, and as defined from original literature (2,3): 26 
𝐹𝐷 = peak-normalised fluorescence spectrum of FRET donor, 27 
𝑄𝐷 = FRET donor quantum yield, 28 
𝜀𝐴 = extinction coefficient of the acceptor (M-1 cm-1), 29 
𝑛 = refractive index of the medium (an estimation of 1.33 is used for the table calculations), 30 
𝜅2 = orientation factor (an estimation of 2/3 ≈ 0.667 is used for the table calculations), 31 
E = FRET efficiency, 32 
R = is the distance between FRET donor and FRET acceptor. 33 
Therefore J () = FRET donor and FRET acceptor spectrum overlap integral and Ro = Förster Radius, distance 34 
(Å) between FRET donor and FRET acceptor, at which 50% FRET efficiency occurs is determined as shown: 35 
 36 

𝐽(𝜆) =
∫ 𝐹𝐷(𝜆)𝜀𝐴(𝜆)𝜆4𝑑𝜆

∞

0

∫ 𝐹𝐷(𝜆)𝑑𝜆
∞

0

 

 37 
𝑅0 = 0.211 ∙ √𝜅2𝑛−4𝑄𝐷𝐽(𝜆)

6
 

 38 

𝐸 =
1

1 + (
𝑅
𝑅0

)
6 

 39 

Supplementary Literature Cited: 40 
1. Lambert TJ. FPbase: a community-editable fluorescent protein database. Nat Methods. 2019; 16: 277-278. 41 
2. Wu P, Brand L. Resonance energy transfer: methods and applications. Anal Biochem. 1994; 218: 1-13. 42 
3. Selvin PR. Fluorescence resonance energy transfer. Methods Enzymol. 1995; 246. 300-334. 43 
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Supplementary Figure 1. Dot Plot Profiles of Single Colour Controls. A single 45 

transfection experiment was acquired on both an LSR-II (A) and a Fortessa X-20 flow 46 

cytometer (B). Initial FSC-A/SSC-A data gating on cells (R1), then FSC-A/FSC-H data 47 

gating on singlets (R2). Data shown are fluorescence profiles of HEK293 cells transfected 48 

with pcDNA3 (empty vector, negative control), or single-colour controls pcDNA3.TNFR1-49 

CFP or pcDNA3.TNFR1-YFP or pcDNA3.TNFR1-RFP expressing plasmids. Data shown is 50 

representative of multiple independently replicated experiments since single colour 51 

transfection controls are included in every FRET experiment. 52 

 53 

Supplementary Figure 2. Correlation analysis for estimating spill-over effects. The bleed-54 

through of each single (background-corrected) donor and acceptor fluorescence was 55 

determined using a series of linear regression analyses to determine the coefficient (slope 56 

relationship) between each possible pair of detection channels. Data are shown for both 57 

TNFR1 constructs and CD27 constructs obtained on either the LSRII or Fortessa-X20. 58 

 59 

Supplementary Figure 3: Estimates of CD/CA as a function of cost J. The two unknows are 60 

the  and FRET-donor FRET-acceptor concentration ratio as CD/CA. These can be estimated 61 

by considering possible data outcomes. Hence, first a scan of possible with a range from 0 62 

to 100, and the CD/CA with a range from 0.001 to 100 (stepwise size of 1) is performed. The 63 

scan is repeated with a narrower range for  from 0.01 to 4 (stepwise size of 0.01) 64 

and CD/CA from 0.01 to 2 (stepwise size of 0.005). When the cost function J reaches a 65 

minimum, the two unknows of  and CD/CA can be estimated, as shown in either of the three 66 

parameter or two parameter output graphs. Thus, the method provides experimental estimates 67 

of concentration ratio of TNFR1-FP and TNFR1-FP (as CD/CA) for each of the FRET pairs. 68 

 69 

Supplementary Figure 4: Donor-Acceptor distance estimates. TNFR1-FP FRET donor and 70 

TNFR1-FP FRET acceptor pair distance, based on single cell FRET-efficiency analysis. Data 71 

were obtained on the LSRII or Fortessa-X20 cytometer. 72 
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Figure 1. Spectral viewer profiles of detection of CFP, YFP, RFP, and FRET channels.
Spectral profiles and detector parameters are shown for both an LSR-II (A) and a Fortessa
X-20 flow cytometer (B). Excitation and emission profiles of CFP, YFP and RFP, indicating
lasers (nm) for excitation, and bandpass filters (nm) for detection. FRET pair excitation and
emission spectra are also shown, again indicating lasers used for FRET donor excitation,
and filters bandpass width and detector array positions for FRET detection.



Figure 2. FRET Pair Emission Data: C→Y FRET-1, Y→R FRET-2 and C→R FRET-3
(LSR-II). TNFR1+TNFR1 compared to TNFR1+CD27 emission data in co-transfected
HEK293T cells. Donor acceptor 2 parameter dot-plot are shown along with donor or
acceptor versus FRET, and histogram overlays (plus geometric MFI) of double positive
(R4) versus single positive donor “spiked” (R3) (A, C and E). Concatenated dot plot
analysis showing TNFR1+TNFR1 together with TNFR1+CD27 co-transfected cell cultures
(B, D and F), together with frequency distribution scatter plots showing FRET donor,
acceptor, and FRET channel fluorescence data. Data is shown, first for all events in R4 gate
(colour), and second for only those events that have the equal FRET acceptor geometric
MFI value (black). The geometric mean (black or grey bar) is determined from the R4
gated events in the concatenated dot plot, and statistical significance (t-test) is indicated
*** p<0.001.
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Figure 3. FRET Pair Emission Data: C→Y FRET-1, Y→R FRET-2 and C→R FRET-3
(Fortessa X-20). TNFR1+TNFR1 compared to TNFR1+CD27 emission data in co-
transfected HEK293T cells. Donor acceptor 2 parameter dot-plot are shown along with
donor or acceptor versus FRET, and histogram overlays (plus geometric MFI) of double
positive (R4) versus single positive donor “spiked” (R3) (A, C and E). Concatenated dot
plot analysis showing TNFR1+TNFR1 together with TNFR1+CD27 co-transfected cell
cultures (B, D and F), together with frequency distribution scatter plots showing FRET
donor, acceptor, and FRET channel fluorescence data. Data is shown, first for all events in
R4 gate (colour), and second for only those events that have the equal FRET acceptor
geometric MFI value (black). The geometric mean (black or grey bar) is determined from
the R4 gated events in the concatenated dot plot, and statistical significance (t-test) is
indicated *** p<0.001.
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Figure 4. FRET pair data analysis for C→Y FRET-1, Y→R FRET-2 and C→R FRET-3.
Single cell FRET efficiencies were calculated (see methods) and plotted as binned data (bin
size 0.01) to illustrate the full distribution of FRET efficiency per cell using data obtained on
both an LSR-II and a Fortessa X-20 flow cytometer from a single representative experiment
using transfected HEK293T cells. Single cell FRET efficiency data for either TNFR1+TNFR1
or TNFR1+CD27 transfected cells were used to calculate an average (!x) FRET efficiency for
each FRET pair (A, C and E). The standard deviation (+1SD, +2SD, +3SD) of the mean for
the TNFR1+CD27 transfected FRET negative cells are also indicated. Heat maps show
ranked clusters of calculated FRET efficiencies (colour; 7 groups determined using
Phenograph with k=200), alongside donor, acceptor and FRET detection channel data (grey
scale) for either TNFR1+TNFR1 or TNFR1+CD27 transfected cells (B, D and F).
Multidimension (donor, acceptor, and FRET channel intensity data) reduction maps were
generated using t-SNE, Fit-SNE, UMAP, TriMAP and PaCMAP; data shown are
TNFR1+TNFR1 FRET positive cell data (green, orange and purple, or calculated FRET
clusters in multicolour) versus TNFR1+CD27 FRET negative cell data (grey).
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