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Supplementary figures  
 

 
 
Supplementary Figure 1 Control of tBIDred binding to giant unilamellar vesicles 
(GUVs) composed of PC:DOGS-NTA-Ni (99:1). The right and left panels depict the 
same vesicle imaged on different channels of the microscope. The GUVs were labeled 
with 0.05% DiO (green, left panel). The right panel shows that tBIDred (red) did not 
associate substantially with PC:DOGS-NTA-Ni (99:1) GUVs in the absence of 
BCLXLΔCtgreen. Scale bar 10 μm. 
 

 
 
Supplementary Figure 2 The fluorescence spectrum of BCLXLΔCt shows a blue shift in 
the presence of tBID and large liposomes (LUVs). We acquired fluorescence spectra of 
BCLXLΔCt in solution (red dotted line) and in the presence of larg unilamellar vesicles 
(LUVs) composed of PC:CL (8:2) (orange solid line). Addition of tBID had no effect on 
the spectrum of BCLXLΔCt (green dotted line), but caused a blue shift when LUVs were 
present in the sample (blue solid line). Samples contain 1 µM BCLXL, and 1 µM tBID 
and 500 µM LUVs as indicated. 



 
 
Supplementary Figure 3 Auto- and cross-correlation analysis of BIDred and 
BCLXLΔCtgreen in solution. The fitted autocorrelation curves of BIDred and BCLXLΔCtgreen 
are shown in orange and green, respectively. The negligible amplitude of the cross-
correlation curve (blue line) indicates that BID and BCLXLΔCt do not form complexes at 
concentrations up to 330 nM.  
 

 
 

Supplementary Figure 4 Calculation of Kd between tBID and BCLXLΔCt in solution. 
We calculated the concentration of the complex and of the unbound proteins from the 
data of fluorescence cross-correlation obtained at different protein concentrations (see 
Figure 4d). The Kd is the slope of the linear fitting to eq. 10 (see Supplementary 
Methods below). 



 

  
 

Supplementary Figure 5 The molecular brightness of the labeled proteins during 
complex formation does not change substantially when compared to that of the individual 
proteins. We estimated the molecular brightness of tBIDred and BCLXLΔCt green in solution 
by FIDA (See Supplementary Methods). The analysis shows that complex formation 
does not affect the molecular brightness of the species appreciably. Since the Alexa dyes 
used are particularly resistant to self-quenching, these results indicate that 
oligomerization is not occurring, at least not to considerable amounts. If there were 
significant oligomerization, the molecular brightness of the particles would increase 
significantly over that of the individual proteins before quenching would have an effect. 
However, FIDA cannot be reliably applied to the scanning FCS measurements in 
membranes. For such experiments, we analyzed the counts per molecule of tBIDred and 
BCLXLΔCt green that were similar under complex forming conditions (7500±1000 Hz and 
3200±500 Hz, respectively) and when the complexes were disrupted with unlabeled tBID 
(7200±1000 Hz for tBIDred and 3100±400 Hz for BCLXLΔCt green) (n=6) (s.d). These 
results are in good agreement with the FIDA analysis and point to tBID and BCLXLΔCt 
interacting mainly with a 1:1 ratio. 
 

Caption of Supplementary movie 
 
Supplementary Movie 1 Kinetics of GUV permeabilization in the presence of tBIDred 
and BCLXLΔCtgreen. We monitored vesicle permeabilization by the internalization of free 
DiI added to the external medium. Total duration of the movie is 2 h. Scale bar 50 μm. 
 



Supplementary table 
 
Table S1 Concentrations, diffusion coefficients and focal waists obtained from the FCCS 
analysis of individual vesicles. 
 

GUV Cg  Cr  Crg  Dg  Dr  ω0g  ω0r  

1 41,9 ±6,0 22,0 ±1,4 9,7 ±1,1 4,3 ±0,7 3,9 ±0,3 256 ±26 229 ±10 
2 86,5 ±9,6 52,4 ±2,6 23,7 ±1,9 5,1 ±0,6 3,8 ±0,2 255 ±20 209 ±7 
3 34,2 ±1,5 37,7 ±1,5 6,8 ±0,5 5,0 ±0,2 4,3 ±0,2 238 ±7 204 ±6 
4 38,7 ±3,5 20,8 ±1,0 10,0 ±0,8 4,3 ±0,4 4,6 ±0,2 253 ±16 221 ±7 
5 15,6 ±1,0 17,1 ±0,9 6,2 ±0,4 5,3 ±0,4 4,7 ±0,3 272 ±12 190 ±7 
6 89,2 ±9,4 50,8 ±2,3 24,1 ±1,8 5,2 ±0,6 4,6 ±0,2 291 ±21 220 ±7 
7 19,0 ±1,2 22,2 ±1,3 11,8 ±0,7 4,4 ±0,3 3,7 ±0,2 260 ±12 202 ±8 
8 10,8 ±0,9 8,6 ±0,6 4,5 ±0,4 4,3 ±0,4 5,7 ±0,5 225 ±12 237 ±13 
9 15,1 ±1,1 13,5 ±1,0 6,6 ±0,5 4,6 ±0,4 5,6 ±0,4 256 ±14 235 ±12 
10 17,8 ±1,4 27,1 ±2,1 8,4 ±0,8 4,9 ±0,4 3,5 ±0,3 261 ±14 181 ±10 
11 7,0 ±0,4 10,5 ±0,8 3,4 ±0,3 4,6 ±0,3 4,6 ±0,4 259 ±11 200 ±11 
12 7,5 ±0,5 7,6 ±0,5 4,0 ±0,3 3,9 ±0,3 4,2 ±0,3 270 ±13 235 ±11 
13 9,9 ±0,8 8,5 ±0,5 4,3 ±0,3 4,2 ±0,3 4,0 ±0,3 245 ±13 224 ±9 
14 7,3 ±0,3 13,0 ±0,8 4,7 ±0,3 4,5 ±0,2 4,5 ±0,3 267 ±8 220 ±10 
15 6,3 ±0,4 6,7 ±0,4 2,5 ±0,2 5,7 ±0,4 6,3 ±0,4 290 ±13 243 ±11 
16 7,5 ±0,4 14,4 ±1,1 5,0 ±0,4 4,7 ±0,3 4,7 ±0,4 259 ±9 205 ±11 
17 107,1 ±11,3 50,0 ±2,3 34,5 ±3,0 4,4 ±0,5 4,4 ±0,2 234 ±17 206 ±7 
18 21,6 ±1,5 14,5 ±0,6 6,5 ±0,4 4,1 ±0,3 4,4 ±0,2 248 ±12 219 ±7 
19 53,0 ±4,9 59,3 ±3,9 22,5 ±1,9 4,6 ±0,5 3,4 ±0,2 266 ±17 170 ±8 
20 26,0 ±1,7 19,2 ±0,9 8,2 ±0,5 3,6 ±0,3 3,5 ±0,2 229 ±10 213 ±6 
21 12,9 ±0,9 11,4 ±0,6 6,3 ±0,3 4,0 ±0,3 3,8 ±0,2 279 ±13 224 ±8 
22 73,8 ±9,2 25,1 ±1,1 14,1 ±1,2 4,2 ±0,6 3,9 ±0,2 236 ±20 249 ±7 
24 120,2 ±7,6 272,7 ±43,2 70,4 ±7,2 5,0 ±0,4 5,0 ±0,9 237 ±11 266 ±29 
25 123,0 ±6,9 239,4 ±26,4 84,5 ±6,2 4,6 ±0,3 4,6 ±0,5 257 ±10 257 ±20 
26 123,4 ±9,5 182,2 ±21,9 90,0 ±8,9 5,0 ±0,4 4,4 ±0,6 228 ±13 277 ±23 
27 59,3 ±2,7 97,8 ±7,6 37,6 ±2,5 4,6 ±0,2 4,4 ±0,4 224 ±7 245 ±13 
28 245,5 ±11,2 407,1 ±35,6 132,6 ±8,2 4,6 ±0,2 4,9 ±0,5 210 ±7 244 ±15 
29 75,1 ±5,3 77,6 ±9,9 32,8 ±3,2 2,2 ±0,2 5,3 ±0,7 171 ±8 237 ±21 
30 73,9 ±5,8 52,0 ±2,4 26,0 ±1,5 4,3 ±0,4 3,7 ±0,2 241 ±13 205 ±7 
31 41,4 ±3,1 37,1 ±2,1 16,0 ±1,1 4,8 ±0,4 4,4 ±0,3 263 ±14 216 ±8 
32 128,7 ±13,8 97,7 ±6,0 41,8 ±3,6 4,6 ±0,6 4,4 ±0,3 306 ±22 222 ±10 
33 104,1 ±8,4 63,6 ±3,2 27,4 ±2,2 4,2 ±0,4 4,6 ±0,3 229 ±13 220 ±8 

 
C refers to concentration and is expressed in molec µm-2, D is the diffusion coefficient 
expressed in µm2 s-1 and ω0 is the waist of the focal plane in the corresponding detection 
channel. Errors are indicated in the adjacent columns. The subindices g, r and gr refer to 
BCLXLΔCtgreen, tBIDred and BCLXLΔCtgreen/tBIDred complexes, respectively.  



Supplementary Methods 

Additional details on protein and peptide preparation 

We overexpressed BID in E. coli with a His-tag fused to the N-terminus and purified it 

by affinity chromatography with an NTA-agarose column (GE Healthcare). We cleaved 

BID in vitro with caspase 8 in 50 mM Hepes pH 7.5, 100 mM NaCL, 10 mM DTT, 1 

mM EDTA, 10% (w/v) sucrose. We separated tBID from the N-terminal fragment with a 

NTA-agarose column and a combination of imidazole and octylglucoside gradients. After 

labeling, we separated the labeled protein from the non-reacted dye with a PD-10 column 

(BioRad) equilibrated with 25 mM Hepes pH 7.4, 0.1 M KCl and 1 % octyl-glucoside, 

and dialyzed it against PBS (137mM NaC, 10mM phosphate, 2.7mM KCl, pH 7.4). We 

determined protein concentration with the Bradford assay (BioRad) and estimated the 

degree of labeling using UV-VIS spectroscopy. We obtained ~90% labeling in the case of 

BCLXLΔCtgreen and ~50% labeling in the case of tBIDred. 

The peptide BidBH3 (EDIIRNIARHLAQVGDSMDR) was from Anaspec (San Jose, 

CA), while BidBH3His (EDIIRNIARHLAQVGDSMDRGGHHHHHH) and 

BidBH3HisMUT (EDIIRNIARHLAQAGDSMARGGHHHHHH) were from Peptide2.0 

(Chantilly, VA). 

Isolation of mouse liver mitochondria 

Briefly, we Dounce-homogenized liver tissue in AT buffer (300 mM threalose, 10 mM 

Hepes-KOH pH 7.7, 10 mM KCl, 1 mM EGTA, 1 mM EDTA and 0.1% BSA). We 

centrifuged the homogenate at 600 g for 10 min and then, we centrifuged the resulting 

supernatant at 3500 g for 15 min. We washed the pellet fraction twice by resuspension in 

AT buffer and centrifugation at 1500g for 5 min, followed by centrifugation of the 

resulting supernatant at 5500 g for 10 min. We resuspended the mitochondrial pellet at 

∼20 mg ml-1 protein concentration in AT buffer, and immediately used it for assays of cyt 

c release, or froze it in liquid nitrogen and stored it at -80°C. We performed all steps at 

4°C. 



Trp fluorescence in large unilamellar vesicles. 

We prepared large unilamellar vesicles (LUVs) as described1. We dissolved lipids in 

chloroform, mixed them to the desired molar composition, and dried them under N2 flux 

followed by strong vacuum for 1 h. We resuspended the lipids at a concentration of 10 

mM in PBS. After six cycles of freezing and thawing, we passed them 31 times through 

two stacked polycarbonate filters of 100-nm pore size, using a two-syringe extruder 

(Avestin). 

We incubated samples containing 200 μM LUVs of the desired lipid composition and/or 

1 μM BCLXLΔCt and/or 1 μM tBID overnight at room temperature. Using an excitation 

wavelength of 280 nm (1 nm slit width), we collected the emission spectra of the samples 

between 305 and 450 nm (every 1 nm, 5nm slit width, 1s integration time). For data 

analysis, we blank corrected the spectra and subtracted the weak contribution of tBID.   

Fluorescence auto- and cross-correlation spectroscopy 

Fluorescence correlation spectroscopy (FCS) is a technique with single molecule 

sensitivity that analyzes fluctuations in fluorescence intensity due to changes in the 

number or in the brightness of fluorescent particles within a microscopic volume. In our 

case, the observation volume is defined by the focal volume of a laser scanning 

microscope. FCS is based on the temporal correlation analysis of the fluorescence 

intensity signal acquired for the tiny detection volume. The auto-correlation curve is 

calculated from the intensity trace as follows: 
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Here G is the autocorrelation function, F is the fluorescence intensity as a function of 

time t, τ is the correlation time and the angular brackets refer to time averaging, so that 

δF(t)=F(t)-〈F(t)〉.  

The correlation curve obtained is fitted with a mathematical function which models the 

fluorescence fluctuations inside the detection volume, according to the characteristics of 

the system under investigation. This model takes into account the size and shape of the 

detection volume, the molecular brightness of the fluorophore, and its concentration as a 



function of position and time. In the case of FCS measurements in solution, a function 

that models the 3D Brownian motion of fluorescently labeled particles is used: 
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Here N is the average number of fluorescent particles in the detection 

volume, SCN 3
0

2
3
ωπ= , with C being the concentration and ω0 the waist  radius of the 

laser focus. The structural parameter 0wwS z= measures the aspect ratio of the 

Gaussian detection volume. The diffusion time τD is related to the diffusion coefficient D 

through the expression: 
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2
0ωτ =       (3) 

The waist of the focus ω0 is calibrated by fitting the autocorrelation curve obtained in the 

same experimental conditions for a dye of known diffusion coefficient. In most cases, the 

triplet state population of the fluorophore contributed to the fluorescence fluctuations and 

was taken into account by an additional factor: 
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For FCCS, the two particles of interest are labeled with spectrally different fluorophores 

and excited with overlapping laser beams. The fluorescence fluctuations are detected in 

two different channels with signals Fg(t) and Fr(t). If the labeled species interact, they will 

diffuse together through the focal volume, inducing simultaneous fluorescence 

fluctuations and positive cross-correlation. The spectral cross-correlation curve is 

obtained from the cross-correlation analysis of the fluorescence fluctuations in the two 

channels: 
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The degree of binding or percentage of cross-correlation (%CC) can be calculated by 

comparing the amplitudes G(0) from the auto- and cross-correlation curves: 
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Where Cgr, Cg and Cr correspond to the concentrations of the bound species gr (complex 

of green- and red-labeled proteins), and the unbound forms g (green particle) and r (red 

protein), respectively. In this work, we express %CC with respect to the amount of red 

particles, tBIDred. 

Scanning FCS 

Dual color scanning FCS and two-focus scanning FCS were performed as described 

previously2, 3. The principle of scanning FCS is as follows. The detection volume is 

repeatedly scanned perpendicularly across the membrane. Instabilities in membrane 

position are corrected for. For each scan, membrane contributions are added up to one 

point in the intensity trace F(t) which can then be used to calculate the auto-correlation 

curve G(τ) (eq.1).  

For two-focus scanning FCS, two parallel lines are scanned through the membrane in an 

alternating fashion. The intersections with the membrane give rise to two intensity traces 

F1(t) at focus 1 and F2(t) at focus 2, from which the auto-correlation curves (eq.1) and 

also the spatial cross-correlation  curve G12(τ) (cross-correlation analysis of the 

fluorescence fluctuations in the two foci) can be calculated: 
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The cross-correlation of the intensity traces corresponding to the two intersections is 

described by the following correlation function2: 
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The structure parameter S=wz/w0 describes the aspect ratio of the elliptical Gaussian 

detection area. Once the distance d is known, the diffusion coefficient D, the 

concentration C and the waist of the laser focus w0 can be determined directly by fitting 

the data with eq.8 without any additional calibration4. The auto-correlation function 

follows from eq.8 for d=0. The photons in the two foci are not collected within the same 

time window, but with a delay td, which is usually given by the scan period. Therefore, 



the cross-correlation curves are shifted with respect to the auto-correlation curves by this 

delay time2 and this needs to be taken into account during data fitting.  

In dual-color scanning FCS, two spectral channels are employed. From the two intensity 

traces, the red and the green auto-correlation curves and the cross-correlation curve can 

be calculated. By globally fitting the auto-correlation curves, the spatial cross-correlation 

curve and the spectral cross-correlation curve with eq.8, we can infer the total 

concentrations of the red and green particles, as well as the concentration of the complex. 

Due to the strong membrane binding, we could neglect the signal of non-membrane 

associated proteins. In addition, the cross-talk from the green particles in the red channel 

is minimal.  

FIDA analysis 

We performed FIDA as described5. We binned the raw data of photon arrival times to 50 

µs and constructed photon counting histograms. We determined the parameters 

describing the detection volume in a solution of tBIDred or BCLXLΔCtgreen only.  We fitted 

the histograms to model functions for one component as described5, taking into account a 

background of 600 Hz. 

Kd calculation 

To characterize tBID/BCLXLΔCt interactions, we defined an effective Kd based on the 

assumption of a simple binary interaction:  

tBID/BCLXLΔCt ↔ tBID + BCLXLΔCt 

We calculated the corresponding dissociation constant as: 
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That can be also expressed as: 
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Where tBIDtot is the free and bound concentration of tBID, BCLXLΔCttot is the free and 

bound concentration of BCLXLΔCt, and [tBID/BCLXLΔCt] is the concentration of 

tBID/BCLXLΔCt complex particles. Values at very low concentrations had a large error 

and were excluded when calculating the average Kd.  

We calculated the concentration of total green, BCLXLΔCtgreen, and red particles, tBIDred, 

and the concentration of complex particles, tBIDred/BCLXLΔCtgreen, from the values for the 

number of particles N obtained from the fitting of the auto- and cross-correlation curves, 

by dividing by the effective focal volume, Veff=Neff/(π3/2ω0
3S). We corrected these values 

for partial labeling (~50% for tBIDred and ~90% for BCLXLΔCtgreen) as follows: 
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Where we derived the expression for the complex concentration from: 
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In addition, we corrected the concentration of the complex for a partial overlap of 80% 

for the green and the red detection volumes. We calculated the partial overlap as 

described6.  
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