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Derivation of the FRET efficiency equation from the fluorescenece images

In the main text, we wrote the fluorescence intensity in the three collected images as a function of the photophysical and
instrumental parameters, the number of donor, nP, and acceptor, n, fluorophores in the considered pixel and FRET probability,
E:
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We can express Ips as a function of I44 and Ipp by replacing np and n4 using equations 1 and 2:
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We then defined correction factors so as to simplify the expressions:
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Replacing in equation 4, it comes:
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We can rearrange this last equation to obtain E:
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This is equation (5) in the main text. To obtain the stoichiometry as defined by equation (6) in the main text, we replace n* and
nP by their expression obtained from equations 1 and 2:
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Next, replacing E by its expression (equation 7), the stoichiometry reads:
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Finally, we further simplify the notation by defining I§3" = Ipa — a®T Ipp — 8PEI44. Thus, we obtain two master equations
defining the FRET probability and the stoichiometry in each pixel:
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Effect of the addition of free donor

Here, we describe theoretically the effect of a deviation from the expected stoichiometry on the E-S 2D-histogram. We consider
a construct with a FRET efficiency Ey in quantity nOD (= n?), we write the intensities equations as described in the main text:
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We add to this population a free donor species in the quantity of n7,~ which adds to the intensities:
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In total, the measured intensities in the three channels will be:
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Now, replacing Ix4, Ipp and Ipa in the FRET equation (9) in the main text:
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it becomes after some rearrangements:
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From the definition of S (Eq.10 , main text), we obtain:
o WA/ 14np /g )
app 1+n?reg/”oD+nA/n0 I/SOJrnfree/ng
By combining the equations of E,,, and S, and eliminating n?re o/ ng , it finally becomes:
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This is the equation of the line sketched in figure 3. The addition of free acceptors to the same "ideal" sample (FRET efficiency
Ey in quantity ng and = no) has no effect on the FRET probability; only the stoichiometry is affected and decreases.
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Distribution of the crosstalk correction factors

Bleedthrough Direct Excitation
500000
200000
400000
42 150000 42
= S 300000
8 100000 8
200000
50000 100000
0 0
0.0 0.5 1.0 15 2.0 00 02 04 06 08 1.0
Qgr e

Figure S1: Distributions of a®” and §PF calculated on every single pixel of the donor-only cells (a®7) and acceptor-only
cells (8PF). A well-defined peak is visible in both cases.

Living cells expressing either Cerulean or Venus were imaged and an automatic threshold was applied to keep only pixels
from within the cells (Huang method in ImagelJ). The bleedthrough correction factor 87 was calculated as the ratio between
the FRET channel and the Donor channel, Ip4 /Ipp, in cells expressing only the donor fluorophore (10 cells) for all pixels
above the threshold. The pixelwise distribution is shown in Fig.S1 (left panel) resulting in a median value o7 = 0.4214. Since
the distribution is not gaussian, we estimated the confidence interval (Clgg) equivalent to 10 in a gaussian distribution by
simply calculating the interval containing 68% of the values around the median, 87 = 0.4214 +0.184. The confidence on the
determination of the peak was estimated similarly to the standard error of the mean, dividing by the square root of the sample
size. But, all the measured pixels are not independent. We took into account the size of the PSF which includes npgr = 15 pixels
and the number of imaged cells (N..;; = 10). The number of independent values was therefore estimated as the total number
of pixels (N = 2.1 - 10%) normalized by the PSF and the number of independent images: N, rf =N/ (npsp - Neeyy) = 1.45- 10%.
Finally, we estimated the error on the a?” determination to be: Clgg//Nerr =2-1073.

Identically, fluorescence images of cells expressing only the acceptor (12 cells) were taken, automatically thresholded
resulting in the pixelwise distribution shown in Fig.S1 (right panel). The median value was §°F = 0.1100 with a confidence
interval Clgg = 0.1100. Through the same procedure as for o7 the uncertainty on the SPE determination was Cleg /+/Ne ff =
8-107* (N =3.0-10).
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Detailed analysis of three exemplary cells
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Figure S2: (A) Three exemplary cells from Figure 2. (B) FRET and stoichiometry histograms as a function of the pixel
intensity, no correlation is visible. (C) 2D E-S histograms showing sharp peaks centered around the 50% stoichiometry.

We utilized the FRET standards developed by Thaler et al.! and Koushik et al.2, they consist of a pair of fluorescent proteins,
a donor (Cerulean) and an acceptor (Venus), separated by an amino-acid sequence of variable length. Here, we show a detailed
analysis of the three exemplary cells presented in the main text (Fig.2), they express C5V, C17V or C32V, where the linker
between donor and acceptor consisted respectively of 5, 17 and 32 amino-acids. The FRET probabilities and stoichiometries
are shown as 2D histograms (pixelwise) as a function of the fluorescence intensity in channel 44 (panel B). The intensity I44
is a direct indicator of the acceptor fluorophore concentration. The FRET probability and the stoichiometry are expected to
be independent of /44 if the experimental system is perfectly calibrated. Visually, this can be verified for these three cells in
Supplementary Fig.S2, panel B. The global correlation coefficients were calculated in the main text and confirmed that with
QuanTI-FRET the FRET probability and the stoichiometry become independent of the fluorescence intensity. As supplementary
information in panel C, we show the E-S 2D-histogram for each cell. A clear peak is visible for a stoichiometry about 50% and
a particular FRET probability corresponding to the specific construct.
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Cellwise representation of FRET probability with respect to the fluorescence intensity
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Figure S3: Cellwise median FRET efficiency as a function of the median intensity in the third channel (144), each point
represents a cell expressing the C5V construct.

Another way to show the relation between FRET probability and fluorescence intensity is to plot the results cellwise. Figure

S3 shows the median FRET probability versus the median fluorescence intensity in channel I4 for the different cells measured.
Here again , no clear correlation is observable.
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Stoichiometry distributions for the different FRET standards measured
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Figure S4: Stoichiometry distributions for the different FRET standards measured. Each point represents the median
stoichiometry from one cell, the median of these cell median values is noted with a horizontal line.

Here are shown the cellwise distributions of the stoichiometry for all the measured constructs. Except for a few aberrant
cells, the three FRET standards used for calibration (C5V, C17V and C32V) show cell median values very close to 50% as
defined by the calibration. Two constructs with different stoichiometries were tested: CVC (2 donors: 1 acceptor) and VCV (1
donor : 2 acceptors). The median stoichiometries measured per cell were on average S = 68.9 0.2 (mean =+ s.e.m) for CVC
(24 cells with an expected value of 66%), and S = 35.1 0.2 for VCV (9 cells with an expected value of 33%). Even if all the
calculation is based on the FRET phenomenon, it is still possible to calculate the stoichiometry for pure donor (Cerulean) and
pure acceptor (Venus) samples. From the donor-only cells, the stoichiometry was calculated to be S = 98.7 +0.4 (10 cells),
close to the expected value of 100%. The distribution of stoichiometries for the acceptor-only cells is broader (S = 7 £ 2) with
some cells showing stoichiometries up to 20%. This is related to the very low signal-to-noise ratio for those cells yielding a
close-to-zero value in the denominator for the calculation of S, the numerator being also close to zero for acceptor-only cells.
For CTV, the stoichiometry is always larger than 50%. This is discussed in the next section.
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Anomalous FRET standard, CTV
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Figure S5: Left An E-S 2D histogram presenting CTV, C5V, C17V and C32V constructs. While the C5V, C17V and C32V
clouds overlap and are flat with stoichiometries of ~ 0.5, the CTV cloud is at very low FRET values but tilted and slightly
above S=0.5. Right A 3D plot representing the 3-channel acquisition of CTV (indigo), C5V (blue), C17V (lime) and C32V
(magenta). The CTV cloud is off the fitted plane.

In their article introducing different FRET standards with varying donor:acceptor stoichiometries, Thaler et al.! present the
so-called CTV construct where the donor and acceptor fluorophores were separated by the TRAF domain of human TRAF2.
This spacer is 229 amino-acid long and the crystal structure predicts at least a 80A between Cerulean and Venus'. Cells
expressing the CTV construct were measured with the QuanTI-FRET method. The E-S 2D histogram gathering the results for
CTV as well as for C5V, C17V and C32V is shown in Fig.S5, left panel. The CTV population is visible at very low FRET
efficiencies as expected but the cloud is tilted denoting a correlation between E and S. By looking into the 3D representation
presented in the main text, we observe that the pixels representing CTV fluorescence (indigo) do not lie in the same plane as the
other constructs (Fig.S5, rigth panel). This discrepancy can originate from the tendancy of the TRAF2 domain to form trimers
thereby bringing the fluorophores in close contact causing energy transfer from Cerulean to several Venus acceptors’. As a
consequence, CTV was not used to calibrate the setups as in the work by Chen et al.* and should be avoided for this purpose.
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Comparison of the QuanTI-FRET robustness with two other published methods
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Figure S6: Standard deviation of the correction factors 9/"’ (A) and BX (B) obtained by three calibration methods and from a
random down-sampling of the experimental dataset. Blue triangles: Lee et al., red diamonds: Chen et al. and green circles: this
work. Y (C) and BX (D) obtained with the three methods by reducing the dataset to only utilize two of the three standard
constructs. All three possible combinations are shown. The fourth point for Coullomb (QuanTI-FRET) and Lee shown as
outlined symbol is the total dataset.

A systematic comparison was performed with two other quantitative FRET methods introduced earlier by Lee et al.” and
Chen et al.*. The comparison focuses on the determination of the two correction factors ¥ and B%, the crosstalk and direct
excitation determinations being well established (a®” and 8PF). The first row of panels in Fig.S6 presents the results for y”
while the second row shows the results for BX. A bootstrap analysis was done by chopping the data into smaller datasets to
investigate the convergence of the determined correction factors with the sample size. In this test, Chen’s and QuanTI-FRET
methods performed similarly and better than Lee’s method. In the other test, the calibration was achieved by keeping the data
from only two FRET standards, three combinations being possible (C5V/C17V, C5V/C32V and C17V/C32V). Here, Lee’s and
QuanTI-FRET methods performed equivalently while Chen’s method seemed more sensitive. All in all, the QuanTI-FRET
method appears to be the most robust of the three tested methods.
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Comparative table of the analyses of the data from the two independent laboratories

o7 SDE B~ 77 C5V CI7V C32V
lab [A] | 0.421+£0.002 | 0.1100-£0.0008 | 1.167+0.008 | 2.10£0.02 | 50.3+:04 | 41.7+£0.8 | 35.1 0.8
lab [B] | 0.467£0.001 | 0.101+£0.003 | 2.03+0.07 | 1.35+£0.07 | 50+1.7 |43+1.6 |33+15

Table S1: Comparative table of the correction factors calculated for the analyses for experimental data obtained in laboratories
[A] and [B]. Crosstalk correction factors are close and reflect the same fluorophore pair and similar filter sets. The difference
between BX and YV is larger, these factors reflect the relative illmuination intensities and the relative instrumental detection
efficiencies in both channels. Interestingly two different cameras were used for the two systems, a sSCMOS camera in lab [A]
and a EMCCD in lab [B]. After calibration, the FRET probabilities calculated for each FRET standard are in good agreement
between lab [A] and [B].
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