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Scanning Fluorescence Correlation Spectroscopy for
Quantification of the Dynamics and Interactions in Tube
Organelles of Living Cells
Joseph D. Unsay+,[a, b, c] Fabronia Murad+,[a] Eduard Hermann,[b] Jonas Ries,[d] and
Ana J. Garcı́a-Sáez*[a, b]

Single-molecule spectroscopic quantification of protein-protein

interactions directly in the organelles of living cells is highly

desirable but remains challenging. Bulk methods, such as

Förster resonance energy transfer (FRET), currently only give a

relative quantification of the strength of protein-protein inter-

actions. Here, we introduce tube scanning fluorescence cross-

correlation spectroscopy (tubeSFCCS) for the absolute quantifi-

cation of diffusion and complex formation of fluorescently

labeled molecules in the mitochondrial compartments. We

determined the extent of association between the apoptosis

regulators Bcl-xL and tBid at the mitochondrial outer membrane

of living cells and discovered that practically all mitochondria-

bound Bcl-xL and tBid are associated with each other, in

contrast to undetectable association in the cytosol. Further-

more, we show further applicability of our method to other

mitochondrial proteins, as well as to proteins in the endoplas-

mic reticulum (ER) membrane.

1. Introduction

Most biological processes in the cell are carried out or regulated

by direct protein-protein interactions, many of which take place

at cellular organelles. To date, various techniques allow

detection of protein-protein interaction including a wide array

of advanced fluorescence methods.[1] However, techniques to

determine the strength of these interactions and how they are

modulated by competing reactions are often lacking, leaving us

with a fundamental gap in understanding of how the molecular

mechanisms of these interactions lead to function. The

quantification of protein association in membranes poses an

additional challenge, but can be achieved in vitro with accept-

able precision and more or less sophisticated membrane

models by means of biochemical assays, spectroscopic meth-

ods, or mass spectrometry.[2] Although minimal reconstituted

systems offer a chemically controlled environment, they miss

the complex composition and dynamics of the cell, which limits

the extrapolation to physiological conditions. Thus, quantifica-

tion of the association between organellar proteins in their

native environment in the cell is mostly restricted to qualitative

and relative analyses, like protein co-localization, immunopreci-

pitation or Förster resonance energy transfer (FRET),[3] which

hinder a comprehensive understanding of membrane-based

cellular interactions.

Fluorescence correlation spectroscopy (FCS) measures the

fluorescence fluctuations within the focal volume of a micro-

scope (~0.5 fL) with single molecule sensitivity.[4] The temporal

autocorrelation of the fluorescence intensity trace is fitted with

adequate mathematical models to obtain quantitative informa-

tion about the diffusion and concentration of the fluorescently

labeled moleculesin the sample. Binding events were often

characterized by the huge change in diffusion behavior of

fluorescently labeled molecules. However, this is only applicable

when the change in diffusion is large (e. g., from very mobile

molecules in solution/cytosol to practically immobile proteins

when bound to large complexes).[5] For measuring association

events involving similarly sized particles, the change in diffusion

behavior is not easily observable.[6]

To circumvent this challenge, two-color Fluorescence Cross-

Correlation Spectroscopy (FCCS) was developed.[7] The

fluorescence fluctuations in two spectral channels are cross-

correlated to estimate the fraction of co-diffusing labeled

molecules. FCCS has emerged as a robust method to quantify

protein bimolecular interactions in vitro,[8] which include studies

in model membrane systems like Giant Unilamellar Vesicles

(GUVs) and supported lipid bilayers in its linear scanning

version.[9] It can also be applied to cytosolic proteins,[10] nuclear

proteins,[11] and it has even been successfully used to quantify

receptor-ligand interactions on the cell surface of cells,[12] living

fish embryos[13a] and on the cell membranes of plant cells.[13b] In

conjunction, two-focus scanning FCS (SFCS) is particularly well-

suited to measure in microscopically flat membranes. The
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scanning acquisition protocol allows correcting for membrane

movements and minimizing photobleaching,[9d] as well as

allowing for longer measuring times.[9a,b,14] In addition, the two-

focus approach provides absolute values for diffusion constants

and concentrations, if the distance between the two foci is

known.[15] However, most cellular organelles adopt a more

complex tubular shape, which has limited the use of FCS in

these cellular structures.[16–18]

Here, we have implemented a new method based on SFCS

that extends its application to tubular organelles, specifically

the mitochondrial inner and outer membranes, as well as the

matrix. We have developed suitable data acquisition protocols

that are optimized for the complex structure and dynamic

nature of mitochondria of living cells, and which also consider

the relatively slow motion of molecules in the mitochondrial

compartments. In addition, we have tested the appropriateness

of different mathematical models for data analysis and

identified the optimal models to extract quantitative informa-

tion from tubular structures. We demonstrate the applicability

of the method by quantifying the extent of complex formation

between the apoptotic regulators Bcl-xL and tBid at the

mitochondrial outer membrane (MOM), and show the potential

of the method for other protein complexes and cellular

organelles with proof-of-principle measurements of succinyl

dehydrogenase complexes at the mitochondrial inner mem-

brane and of mVenus targeted to the endoplasmic reticulum

(ER).

2. Results and Discussion

2.1. Optimizing Acquisition Conditions and Finding the
Appropriate Diffusion Model

Mitochondria are dynamic organelles that appear as a tubular

network in most cells and therefore are not amenable for

standard point FCS. To address the dynamics of these networks,

we took inspiration on SFCS applied to GUVs[9b–e] and derived

new, optimized acquisition protocols. We repeatedly scanned

the focal volume perpendicular to the in-focus mitochondrial

tube (Figure 1A). Due to the slow diffusion of proteins at

mitochondrial compartments, we demonstrated that 500 s

acquisition time is required to collect sufficient fluorescence

fluctuation events. The resulting data can then be used to

make a pseudo image by stacking one scan after the other

(Figure S1A in the Supporting Information), where the signal

from a single mitochondrion can be selected and aligned. This

corrects the position changes of the mitochondrion during the

acquisition time (Figure S1B) and reduces the residence time of

the fluorophores in the focal volume, thereby minimizing

photobleaching effects. Since the diameter of mitochondria (~
0.5 mm, Figure S2A) is comparable to the length of the z axis of

the confocal detection volume, we examined the effect of the

focal volume size on the quality of the autocorrelation curves

by acquiring SFCS curves for GFP targeted at the mitochondrial

matrix, and outer and inner membranes at different pinhole

apertures to include the whole mitochondrion. We found that

Figure 1. tubeSFCS to measure the diffusion coefficient and concentration of mitochondria-targeted proteins. (A) Scheme of tubeSFCS acquisition strategy
using two-focus linear scanning across a mitochondrial tube in living cells. (B), (C) and (D) Red and green curves represent the autocorrelation of the
fluctuating signal as measured for each of the two foci. The blue curve represents the spatial cross-correlation of the signals measured across the two foci
fitted globally with a two-focus model (see Table 1 and Equation S15 in the Supporting Information). (E) Comparison of the diffusion coefficient calculated for
GFP targeted to the mitochondrial matrix (MA), the outer membrane (OM) or the inner membrane (IM) using tubeSFCS (FCS) or FRAP. (F) Comparison of the
concentration of mito-GFP calculated with tubeSFCS (FCS) and quantitative western blot.
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the data obtained with 1 airy unit (AU), which should be

sufficient to capture the whole mitochondrial section in one

scan (Figure S2C), produced the best results. The values for

concentration and diffusion time were less noisy and less

dispersed and selected these conditions for further measure-

ments.

Whereas scanning FCS is able to measure molecular

diffusions on membranes, tubeSFCS expand the capability to

the tubular nature of the membrane organelle as well as the

complex cristae invaginations of the inner mitochondrial

membrane. These special characteristics of the underlying

geometry in which the fluorescent proteins or lipids diffuse

require different mathematical data handling models that take

the consequences of mitochondrial shape on diffusion into

account. To identify an appropriate mathematical model to fit

the autocorrelation curves, we compared the performance of

different diffusion models (Table 1) on the FCS data acquired

and simulated the mobility of GFP targeted to the mitochon-

drial matrix, as well as the inner and outer membranes.

(Supporting Information Section 3, Figures S3 and S4).

Previous studies have used the 3D Diffusion Model stating

its simplicity and robustness in analyzing diffusion of fluoro-

phores in the mitochondria.[16] On the other hand, we have

extensively used the 2D Elliptical Gaussian model for SFCS in

GUVs.[9c,e] In this model, the particles are diffusing freely on the

plane perpendicular to the scanning path. In 2000, Generich

and Schild presented a solution to diffusion in small tubular

cytosolic compartments.[17] We adapted their solution to the

case of the mitochondria, where the diffusion in the x-axis is

free (axis of the mitochondria), in the z-axis is confined (optical

axis), and non-existent in the y-axis (scanning path) to give the

2D Confined Diffusion equation in Table 1.

Gennerich and Schild also presented limitations and

simplifications of the model. In one case, they derived the limit

of 2D diffusion model Gxz(t). They calculated what should be

the ratio (Z) between the diameter of the compartment (dmito)

and the axial extension of the diffusion volume (wZ) so that

fluctuations in the z-axis can be neglected. They derived this

limit to be Z<0.833. In the case of the mitochondria, the

measured diameter was biggest when GFP was targeted to the

outer membrane at 0.46�0.1 mm (Figure S2B). The resulting

ratio is less than the limit 0.833. Thus, in SFCS of mitochondria,

another possible model would be to not consider fluctuations

in the z-axis, making it an apparent 1D free diffusion

In view of these numerous possibilities, we fitted the

experimental data from SFCS with these different models: 1D

free diffusion (1D Free), 2D Free with Gaussian Detection (2D

Gauss), 3D free diffusion (3D Free), and both cases of the 2D

confined diffusion from Generrich and Schild (Case 1 where

Z2[0,3.1] is denoted as “2D Conf A” and Case 2 where Z2[3.1,8]

is denoted as “2D Conf B”). Figure S3A shows these fittings for

the outer membrane, inner membrane and matrix. Figure S3B

shows the residual of the fittings for each model. Figure S3C

shows the distribution of the calculated diffusion times for each

model, in which 3D Free shows the highest deviation.

Compared to the other models 2D Conf A and 2D Conf B seems

to estimate a higher number of particles for the same curves

(Figure S3D). However, the sum of square residuals indicate that

the fitting of each curve is equally good or equally bad no

matter which model we used.

To further check and eliminate possible candidate models,

we fitted a simulated autocorrelation curve for the mitochon-

drial surface and matrix using the different models. We first

used smoldyn,[19] a particle-based simulator, to generate

fluorescence fluctuation traces and then auto-correlated these

traces using a multi-tau algorithm[20] code written by Zdenek

Petrasek. FigureS4 A and B show the simulated FCS curves and

the residuals.

We then compared the diffusion coefficient from the fitting

vs. the theoretical, simulated diffusion coefficient (Figure S2C).

Compared to the other models, only the 1D Free diffusion

model is in good agreement between the simulated data and

the calculated result from the fitting. From the fluctuation

traces, we also calculated the average number of particles in

the detection volume (N), and compared this with the actual

number of particles introduced in the simulations (Figure S4D).

We showed that the 2D Conf A overestimates the N from the

simulations. With these results in mind, we narrowed down our

choices to two candidate models: 1D Free and 2D Gauss.

We employed Bayesian Interaction Criterion (BIC) to

determine if there is any difference in these two models. BIC is

a criterion for model selection among a finite set of models. In

fitting different models, it is possible to increase likelihood (and

therefore goodness of fit) by adding more parameters, but this

could lead to overfitting.[21] BIC resolves this by introducing a

Table 1. Diffusion Models for FCS.

Model Equation

3D Free Diffusion (3D Free)
G3D tð Þ ¼ 1

N 1þ t

tD

� ��1
1þ t

S2 tD

� ��1
=2

2D Elliptical Gaussian (2D Gauss)
G2DGauss tð Þ ¼ 1

N 1þ t

tD

� ��1
=2 1þ t

S2 tD

� ��1
=2

1D Free Diffussion (1D Free)
G1D tð Þ ¼ 1

N 1þ t

tD

� ��1
=2

2D Confined Diffusion (2D Conf)
Gx;z* ¼

1
N 1þ t

tD

� ��1
=2gz* tð Þ

gz* tð Þ ¼
1þ Z4

45 1� 0:1004Z2 þ 0:00361Z4ð Þexp � p

S�Z

� �2 t

tD

� �
; Z 2 ½0; 3:1�

1þ Zffiffi
p
p � 1
� �

exp � 0:83p

S�Z

� �2 t

tD

� �
1þ t

S2 tD

� ��1
=2; Z 2 3:1; 0½ �

8>><
>>:

Z ¼ dmito

wz
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penalty for the number of parameters in the model (Equa-

tion 1).

BIC ¼ n* ln
SSR

n

� �
þ k ln nð Þ ð1Þ

where n is the number of points being fitted by the model, SSR

is the sum of square residuals and k is the number of fitting

parametters. The difference between the BIC of the models for

each experimental curve is then calculated. The difference for

1D Free and 2D Gauss falls in the range of 0–52, with medians

of 4 for the outer membrane (44 curves analyzed), 12 for the

inner membrane (29 curves analyzed) and 4 for the Matrix (40

curves analyzed). For more details, including BIC differences for

simulated curves, see Table S1 in the Supporting Information.

This difference indicates a positive evidence against the model

with the higher BIC value (in all cases, against 2D Gauss

model).[22]

We can then say that 1D free diffusion model, which

approximates diffusion to random linear mobility within the

mitochondrial tube, was the most appropriate to describe the

diffusion of particles in mitochondria of living cells, regardless

of the mitochondrial compartment. It is interesting to note, that

recently, the group of Elson published a preprint in bioRxiv

detailing FCS on membrane nanotubes.[18] They discuss the

implication of the size of the tube with respect to a 1D Free

and 2D Free diffusion model, stating that in tubes, the fitting is

an intermediate between these two models, however, they

have not shown an analytical solution to the correlation curve.

In the following sections, all experimental correlation curves

were fitted with the 1D Free diffusion model.

Finally, we also compared the quality of the data obtained

with one- or two-focus SFCS and found that the latter, which

adds the spatial cross-correlation of the fluorescence signal

between the two foci, provided less dispersed and more

accurate data (Figure S5D) and was selected for tubeSFCS

(Figure 1B–D).

2.2. Measuring Diffusion and Concentration in the
Mitochondria of Living Cells

To ensure that tubeSFCS reliably provides accurate values for

the concentration and diffusion coefficient of the labeled

molecules of interest, we compared results from alternative,

independent and well-established methods. In the case of

mobility, we compared the results obtained by tubeSFCS

(Figures 1B–D and S5A, B in the Supporting Information) for

GFP-targeted to the mitochondrial matrix, as well as to the

inner and outer membranes with the diffusion coefficients

calculated for the same proteins from experiments of

fluorescence recovery after photobleaching (FRAP) (Figure S5C).

As shown in Figure 1E, the values obtained with both methods

in all mitochondrial compartments were in good agreement,

with the FCS data providing slightly higher values than FRAP

and a significant difference in the case of the MOM. These

discrepancies are likely due to fact that FCS only accounts for

the mobile fraction of the molecules, while FRAP also considers

immobile particles. Additional challenges associated with FRAP,

which include mitochondria movement during acquisition and

the non-trivial conversion of half time to diffusion coefficient as

previously discussed,[23] are also likely to make a contribution.

Remarkably, the diffusion coefficients calculated by tubeSFCCS

here are in very good agreement with the values obtained by

super resolution single molecule tracking.[24]

To confirm that the concentration values calculated with

tubeSFCS in individual mitochondria were in line with protein

levels estimated by other methods, we compared them with

quantitative western blot analysis (Figure S6). We found that

the average number of mitoGFP particles per mitochondrial

volume was of the same order of magnitude, with significantly

larger dispersion in the case of tubeSFCS (Figure 1F). This is

reasonable, because tubeSFCS data provides protein concen-

trations for single mitochondria in individual cells, while west-

ern blot is a bulk technique that provides average values for

the whole cell population in the sample and therefore misses

both inter- and intra-cellular heterogeneities.

2.3. Measuring Interaction Using Two-Color FCCS: tBid and
Bcl-xL Binding in Live Cells

The ability of tubeSFCS to calculate absolute quantities allows

the use of the two-color version, tubeSFCCS, to directly quantify

molecular interactions between proteins targeted to mitochon-

dria in living cells, providing absolute values about the number

of proteins engaged in complexes. As proof of principle, we

examined the interaction between Bcl-xL and tBid, which are

representative anti- and pro-apoptotic members of the Bcl-2

family, respectively. During apoptosis, tBid activation leads to

MOM permeabilization, a key step in cell death execution. Bcl-

xL inhibits apoptosis by binding to tBid and blocking its pro-

death function, and as a result, the association between tBid

and Bcl-xL is a key factor for determining cell fate. Because

many cancer cell increase the levels of prosurvival Bcl-2

homologs like Bcl-xL to scape cell death, disrupting their

association with tBid-like molecules is a target for drug

discovery.[25]

To avoid interference with the endogenous, unlabeled

proteins, we generated Bcl-xL/Bid DKO MEFs from Bid knockout

MEFs using the CRISPR/Cas9 System (See Experimental Section

in the Supporting Information and Figure S7) and transfected

them transiently with tBid-GFP and mCherry-Bcl-xL. We then

measured point FCCS in the cytosol and one-focus tubeSFCCS

with pulsed interleaved excitation (PIE)[26] in the mitochondria

of single cells (Figure 2A–C). Although the two-focus mode is

superior to the one-focus mode in measuring the diffusion

coefficient (see previous section), limitations from our micro-

scope and data acquisition set up did not allow to do PIE

together with two-focus mode. In Figure S5E, it is shown that

the number of particles N (which is the basis for the calculation

of the percentage of cross-correlation (%CC)) are not signifi-

cantly different between the one-focus and two-focus fitting.
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We compared the percentage cross-correlation (%CC),

which provides information about the fraction of fluorophores

co-diffusing as complexes, with a negative control (mito-GFP

and mCherry-Bcl-xL) and a positive control (mito-GFP-mCherry)

of interaction. Figure 2D shows that complex formation

(proportional to %CC) between tBid-GFP and mCherry-Bcl-xL

was significantly higher and favored in the membrane environ-

ment of the MOM compared with the cytosol, in agreement

with the results obtained previously in GUVs.[9c,e]

Note that the average %CC between tBid-GFP and

mCherry-Bcl-xL is close to 50 % and comparable to that of the

positive control of fused GFP and mCherry. The positive control

gives estimation of the maximum CC possible in our system

and accounts for incomplete maturation of both GFP and

mCherry, as well as the partial overlap of the detection focal

volumes in the green and the red channels. These effects also

set the maximum possible CC in the tBid-GFP/mCherry-Bcl-xL.

The larger dispersion of the individual data points, also towards

higher %CC values, could be due to potential oligomer

formation, which cannot be excluded in the context of the

cell.[9e,27] It could also be related to different “primed-for-death”

state of the individual cells, which could affect the hetero-

geneity of Bcl-xL localization and association with BH3-only

proteins at the single cell level.[28] Altogether, these results

indicate that on average, when in mitochondria, tBid and Bcl-xL

molecules have a very high affinity for each other and are

engaged in complexes together, similar to the interactions

measured in vitro.[9c] Although a previous study based on FRET

measurements calculated the relative affinities between BH3-

only proteins and prosurvival Bcl-2 proteins in cells,[29], it failed

to estimate the actual extent of complex formation between

the different proteins. In addition, the overexpression condi-

tions needed for FRET measurements are likely to affect the

fraction of proteins bound in the cells, in contrast to the low

expression levels used in our study. The fact that practically all

tBid and Bcl-xL molecules are bound in complexes at mitochon-

dria has consequences for drug design, which could likely be

improved by considering the presence of the lipid membrane

environment.

2.4. Further Applications

The framework developed here for tubeSFCCS can be easily

extended to other compartments of the mitochondria as well

as other intracellular organelles with tubular shape. As proof-of-

principle, we demonstrated that it can also be used to detect

interactions between labeled proteins in the mitochondrial

matrix such as the succinyl dehydrogenase (Figure S8) and to

measure protein mobility and concentration of labeled proteins

at the ER membrane (Figure S9).

3. Conclusions

Our study provides for the first time the evidence that the

extent of complex formation between two interacting proteins

directly in the mitochondria of living cells and presents a new

tool for the absolute quantitative analysis of protein concen-

tration, diffusion and interactions in the tubular organelles of

living cells. We demonstrate the value of this enabling method

by determining that the apoptosis regulators tBid and Bcl-xL

bind with very high affinity specifically at mitochondria, but not

in the cytosol, which has implications for the optimization of

anti-cancer drugs targeting this interaction.

Figure 2. tubeSFCCS for the quantification of the extent of complex formation between mitochondrial proteins. (A) Scheme of acquisition strategies of point
FCCS and one-focus scanning FCCS with PIE illumination for the quantification of protein interactions in the cytosol and mitochondrial tubes, respectively, in
living cells. (B) Representative auto- (red and green) and spectral cross- (blue) correlation curves of point FCCS performed in the cytosol of Bid/Bcl-xL double
knockout MEFs transfected with tBid-GFP and mCherry-Bcl-xL and fitted with a 3D free diffusion model (equation 13). The zero amplitude of the blue cross-
correlation curve indicates no interaction. C) Representative auto- (red and green) and spectral cross- (blue) correlation curves of tubeSFCCS performed on the
mitochondria of Bid/Bcl-xL double knockout MEFs transfected with tBid-GFP and mCherry-Bcl-xL and fitted with a 1D free diffusion model (See Supporting
Information). The positive amplitude of the blue cross-correlation curve indicates interaction between the proteins when they are located at the MOM. (D)
Percentage cross correlation with respect to the red channel (%CCR) calculated from measurements performed in the cytosol and mitochondria of Bid/Bcl-xL
double knockout MEFs transfected with either tBid-GFP/mCherry-Bcl-xL (red) [N = 51 (cytosol), N = 102 (mitochondria)], mCherry-Bcl-xL/mito-GFP (green)
[N = 65 (cytosol), N = 24 (mitochondria)] acting as negative control (see Figure S10), or, mito-GFP-mCherry fusion (blue) [N = 109 (cytosol), N = 48
(mitochondria)] acting as positive control.
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