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 “Dynamic Partitioning of a GPI-Anchored Protein in Glycosphingolipid-Rich Microdomains Imaged 

by Single-Quantum Dot Tracking”, by Fabien Pinaud, Xavier Michalet, Gopal Iyer, Emmanuel 
Margeat, Hsiao-Ping Moore and Shimon Weiss.  

 
 
 
Movie captions 
 
Movie 1: Imaging of qdot-labeled Av-GPI in the ventral membrane of HeLa cells (just before addition of 
cholera toxin B) by TIRF microscopy. The typical on/off behavior of single qdots is observed. Some qdots 
freely diffusing in solution (between the coverslip and the membrane) can be seen binding to Av-GPI. These 
events are characterized by an abrupt change from a very fast diffusion in three-dimension to a slower 
diffusion in two-dimension, in the plane of the plasma membrane. Acquisition: 100 ms/frame; Display: 30 
ms/frame.  
 
Movie 2: Diffusion of Alexa 488 biocytin-labeled Av-GPI. Acquisition: 60ms/frame; Display: 30 ms/frame. 
 
Movie 3: Dual-color TIRF imaging of qdot-labeled Av-GPI (red) and Alexa 488 cholera toxin B labeled GM1 
glycosphingolipids (green). Notice that the contrast of the point-spread-function of qdots was intentionally 
increased to facilitate visualization. Acquisition: 100 ms/frame; Display: 30 ms/frame. 
 
Movie 4: Example of qdot-labeled Av-GPI (red) diffusing either in stationary GM1-rich microdomains (green), 
outside these domains or partitioning in and out of the domains. The qdot channel was overlayed on the 
mean intensity projection image of the Alexa 488 cholera toxin B-labeled GM1 channel. The contrast of the  
point-spread-function of qdots was intentionally increased to facilitate visualization. Acquisition: 100 
ms/frame; Display: 30 ms/frame. 
 
Movie 5: Example of the entry and slowing down of a qdot-labeled Av-GPI (red) in a stationary GM1-rich 
domain (green). The qdot channel was overlayed on the mean intensity projection image of the Alexa 488 
cholera toxin B-labeled GM1 channel. Acquisition: 100 ms/frame; Display: 30 ms/frame. 
 
Movie 6: Example of exit and increased diffusion of a qdot-labeled Av-GPI (red) out of a stationary GM1-rich 
domain (green). The qdot channel was overlayed on the mean intensity projection image of the Alexa 488 
cholera toxin B-labeled GM1 channel. Acquisition: 100 ms/frame; Display: 30 ms/frame. 
 
Movie 7:  Dual-color TIRF imaging of qdot-labeled Av-GPI (red) and Caveolin 1- EGFP labeled caveolae 
(green). Acquisition: 100ms/frame; Display: 30 ms/frame. 
 
Movie 8: Dual-color TIRF imaging of qdot-labeled Av-GPI (red) and Alexa 488 cholera toxin B-labeled GM1 
(green) after treatment with lovastatin (10 µM). Acquisition: 100 ms/frame; Display: 30 ms/frame. 
 
Movie 9:  Dual-color TIRF imaging of qdot-labeled Av-GPI (red) and Alexa 488 cholera toxin B-labeled GM1 
(green) after treatment with mβCD (10 mM). Acquisition: 100 ms/frame; Display: 30 ms/frame. 
 
Movie 10:  Dual-color TIRF imaging of qdot-labeled Av-GPI (red) and Alexa 488 cholera toxin B-labeled 
GM1 (green) after treatment with latrunculin-A (10 µM). Acquisition: 100 ms/frame; Display: 30 ms/frame. 
 
 
 
 
Supplemental Text and Figures: 
 
Construction and expression of Av-GPI and Av-GPI/caveolin-1-EGFP  
 Construction and expression of Av-GPI was previously described (1). Briefly, a GPI-anchored 
avidin (Av-GPI) construct was made in order to target avidin to lipid rafts. The full-length chicken avidin 
(Genbank X05343; amino acids 1-153) was modified by PCR with the following primers to add a 5’- Hind III 
and a 3’- Bam HI site: sense, 5’ cgc ggg aag ctt gcc acc atg gtg cac gca acc tcc 3’; anti-sense, 5’ cgc ggg 
gga tcc ctc ctt ctg tgt gcg cag 3’. The signal for GPI-anchor attachment from human CD14 (Genbank 
M86511; amino acids 318-376) was PCR amplified with the following primers to add a 5’- Bam HI and a 3’- 
NOT I site: sense, 5’ cgc ggg gga tcc ctg ccc gag gtg gat aac 3’; anti-sense, 5’ cgc ggg gcg gcc gct tta ggc 
aaa gcc ccg ggc 3’. Both fragments were then cloned into the mammalian expression vector, pcDNA3 
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(Invitrogen, Carlsbad, CA) via Hind III and NOT I sites to make the pAv-GPI-DNA3 plasmid. We verified by 
PCR and sequencing that the resulting plasmid contains the full-length avidin fused in-frame to the GPI-
anchor sequence of CD14. The pAv-GPI-DNA3 plasmid was transfected in HeLa cells (ATCC # CCL-2) with 
Effectene reagent (Qiagen, Valencia, CA) and stable clones expressing Av-GPI were isolated by serial 
dilutions and selection with 0.75 mg/ml G418 (Invitrogen) in DMEM + 5% fetal calf serum. A single clone 
was used for the entire study. 
 To study the association of Av-GPI with caveolae in HeLa cells, we constructed a dual expression 
vector encoding both Av-GPI and caveolin-1-EGFP (Cav1-EGFP). A plasmid named pFPIG was produced 
from the pAv-GPI-DNA3 plasmid and a pCav1-EGFP-N1 plasmid (Invitrogen) encoding the canine caveolin-
1 (Genbank NM_001003296) fused to EGFP. A fragment containing the 5’ CMV promoter, Cav1-EGFP and 
the 3’ Simian virus 40 polyadenylation regions was extracted from pCav1-EGFP-N1 by digestion with AseI 
and AflII restriction enzymes and sub-cloned into BglIII-digested pAv-GPI-DNA3 by blunt-end ligation. The 
insertion and orientation of the CMV/Cav1-EGFP/polyA fragment was verified by PCR and sequencing. To 
limit promoter interference, pFPIG was linearized between the Av-GPI and Cav1-EGFP coding sequences 
by NruI digestion and transfected into HeLa cells with Effectene reagent. Stable clones co-expressing Av-
GPI and Cav1-EGFP were isolated by serial dilutions and selection with 0.75 mg/ml G418 in DMEM + 5% 
serum. 
 
Isolation of detergent-resistant membranes 
 Detergent-resistant membrane rafts (DRM) were isolated according to Xavier et al.(2). Briefly, six 
150 cm2 dishes of HeLa cells expressing Av-GPI were grown in DMEM supplemented with 5% serum. 
Thirty-six hours prior to harvesting, three dishes were treated with delipidated medium containing 10 µM 
lovastatin (3). The other three dishes were kept in normal growth medium. For each condition, cells were 
harvested in PBS/1.5 mM EDTA and collected by centrifugation. The pellets from each treatment were 
combined and resuspended in 0.75 ml ice cold-MBS (25 mM MES, pH 6.5, 150 mM NaCl, 1 % Triton X-100, 
2 mM EDTA, 1 mM PMSF). After incubation on ice for 30 min, the cells were homogenized by 10 strokes of 
a loose-fitting Dounce homogenizer. The suspension was mixed with an equal volume of 85 % sucrose (w/v) 
in MBS and placed in the bottom of a SW41 centrifuge tube. The tube was overlaid with 6 ml of 35 % 
sucrose and 4 ml of 5 % sucrose in MBS and centrifuged at 200,000 g for 18 hr. Fractions were collected 
from the top using an Auto Densi-Flow collector (Labconco, Kansas City, MO). Detergent-resistant light 
fractions appearing at the interface of 5 %/35 % sucrose and detergent-soluble dense fractions remaining at 
the bottom were pooled; the latter pool contained >90 % of total proteins recovered from the gradient. The 
dense and light fractions were subject to TCA precipitation and analyzed by SDS-PAGE and immunoblotting 
using goat anti-avidin (Vector Lab, Burlingame, CA) and mouse anti-transferrin receptor (Zymed, San 
Francisco, CA). Signals on blots were detected using ECL reagents (Pierce, Rockford, IL). Exposure was 5 
s for all lanes, except for Av-GPI after lovastatin treatment. The last two lanes were exposed for 1 min (Fig. 
1B). 
 
Confocal imaging and cross-linking of Av-GPI 
 Confocal images were acquired on a Leica TCS SP2 AOBS confocal microscope (Leica, 
Bensheim, Germany) equipped with a 63 x/1.4 NA oil immersion objective. Stable cell lines were maintained 
and passaged in DMEM supplemented with 5 % serum. Before each experiment, cells grown at ~70 % 
confluency on fibronectin coated coverslips were starved for 3-4 hr in serum-free DMEM at 37 ºC to free Av-
GPI from biotin present in the serum supplement, and avoid competition with biotinylated probes. Before 
fluorescent staining, cells were briefly blocked in HEPES buffered HBSS + 1 % BSA for 5 to 10 min at 37 ºC. 
Typically 200 nM of Alexa 596 biocytin (Invitrogen) in HBSS + 1 % BSA was incubated on the cells for 15-20 
min at 37 ºC, although an incubation time of 5 min was enough to obtain homogenous membrane staining. 
Cells were washed in 37 ºC HBSS and imaged in HBSS. Except when mentioned, imaging was done at 
room temperature (~27 ºC). When co-staining for GM1, cholera toxin B sub-unit (CTxB) labeled with Alexa 
488 or Alexa 647 (Invitrogen) was added 10 min before wash and at a final concentration of 4 µg/ml. For 
multicolor imaging, we systematically verified that no signal was leaking from one detection channel to the 
other and we paid particular attention to avoid pixel saturation.  
 For cross-linking experiments, live cells were first starved 3-4 hr in serum-free DMEM at 37 ºC and 
then washed with serum-free DMEM + 1 % BSA at 12 ºC. 2 µg/ml of biotinylated anti-avidin antibodies 
(Vector Lab) in DMEM + 1% BSA were incubated on the cells for 1 hr at 12 ºC with mild shaking every 20 
min. Cells were washed in DMEM + 1 % BSA before adding 10 µg/ml of Texas Red avidin DCS (Vector Lab) 
for 20 min at 12 ºC. Cells were then washed and imaged in HBSS within 20 min. In control experiments 
where biotinylated anti-avidin antibodies were omitted, incubation with Texas Red avidin DCS revealed no 
membrane staining (data not shown). For colocalization assays with GM1, Alexa 488 CTxB was added at 4 
µg/ml together with biotinylated anti-avidin antibodies. For experiments involving the detection of transferrin 
receptors (TfR), cross-linking was performed as above, but Texas Red avidin DCS was replaced by a non-
fluorescent avidin together with 10 µg/ml of Alexa 633 transferrin (Invitrogen). The same approach was used 
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for cross-linking Av-GPI in Cav1-EGFP-expressing HeLa cells. The Manders coefficients M1 & M2 of the 
JACoP plugin (4) of ImageJ software (NIH, Bethesda, MD) were used to quantify the fraction of cross-linked 
Av-GPI colocalizing with Cav1-EGFP labeled caveolae from confocal images. When imaged immediately 
after washing in HBSS, the fraction of Av-GPI/GM1 patches colocalized with caveolae was 16 ± 6 %. Longer 
incubation at 37 ºC for 20  min and up to 2 hr did not significantly increase the colocalization (19 ± 5 %) but a 
slight enhancement was observed when cross-linking was performed in the presence of CTxB (28 ± 5 %). 
The proximity analysis of caveolae with cross-linked Av-GPI clusters was performed using specially 
developed software and is described below.  
 
 
Analysis of the proximity between caveolae and cross-linked Av-GPI clusters 
 To quantify the degree of proximity between caveolae and cross-linked Av-GPI clusters, we used a 
robust “spot detection” algorithm (Niblack algorithm) to define the localization and the extent of caveolae 
domains and Av-GPI clusters within a cell image. Two spots (one in the green or caveolae channel, one in 
the red or Av-GPI channel) were defined as proximal when they had at least one pixel in common. Four 
numbers resulted from the analysis of a given image: (i) the cell surface coverage (in percent) of the 
caveolae domains, (ii) the cell surface coverage of the Av-GPI domains (in percent), (iii) the percentage of 
caveolae domains overlapping Av-GPI domains and (iv) the percentage of Av-GPI domains overlapping 
caveolae domains. Only the portion of the cell images which contained caveolae or Av-GPI domains were 
included in the analysis. To be of any use, this information has to be compared with simulated images 
characterized by the same type of surface area coverage by green and red domains, respectively. We 
simulated circular cells with labeled caveolae and Av-GPI clusters by generating random (and uniform) 
distributions of spots with Gaussian intensity profiles, and size distribution qualitatively matching the 
experimentally observed size distributions. Namely, we simulated caveolae as fixed-size diffraction-limited 
spots, and Av-GPI clusters as slightly larger spots with a Poisson distribution of sizes. The number of 
generated spots was adjusted to match the desired surface coverage, as measured by the spot detection 
algorithm. Series of simulations were performed in order to obtain statistically averaged overlap percentages 
for each surface coverage value. The experimentally observed surface coverage for a given cell was 
deemed non-random if its value was higher than 3 standard deviations of the value obtained by simulations. 
The result of the analysis of several cells confirmed the qualitative observation that caveolae and Av-GPI 
clusters are often proximal, but further showed that, whereas the degree of Av-GPI overlap of caveolae 
domains is not significantly different from what would be expected by chance, caveolae domains are 
overlapping Av-GPI domains more frequently than would be expected by chance only. 
 
 
Fluorescence recovery after photobleaching (FRAP) 
  FRAP experiments were performed on a Leica TCS SP2 AOBS confocal microscope with a 
63x/1.4 NA oil immersion objective (Fig. S1). HeLa cells stably expressing Av-GPI were grown at 60 to 70 % 
confluency. 3 hr before FRAP experiments cells were starved in serum-free DMEM. Cells were first blocked 
~10 min in HBSS + 1 % BSA, and labeled in HBSS + 1 % BSA for 5 min at 37 ºC with 200 nM of biocytin 
Alexa 488 (Invitrogen, Carlsbad, CA), washed three times with HBSS and imaged at 37 ºC or at room 
temperature (~27 ºC). Labeling and imaging performed in DMEM resulted in similar FRAP recovery as in 
HBSS. For pre- (10 images) and post-bleach image acquisition (400-800 images), biocytin Alexa 488 signal 
was monitored every 400 ms with the 488 nm line of an Ar Kr laser. Fluorescence was collected between 
496-580 nm. In the cell ventral or dorsal membrane, circular regions of interest (ROI) with diameters varying 
from 3 to 6 µm were bleached for 1.2 s (3 iterations of 0.4 s) by scanning the ROI with 100 % of the 
combined 488 nm, 458 nm and 476 nm laser lines of the Ar Kr laser and that of a 405 nm diode laser. 
Typically the ROI were bleached to ~15-20 % of the original intensity. After background subtraction, the 
fluorescence recovery curves were doubly normalized as previously described by Phair et al. to correct for 
the loss of fluorescence due to bleach pulses and bleaching during acquisition (5).Typically, <15 % of the 
total fluorescence was lost after acquisition. Data were exported in Origin 7.5 software (OriginLab, 
Northampton, MA) and recovery curves of measurements on multiple cells were averaged after 
normalization to full scale. The apparent diffusion coefficients and the mobile fractions were obtained by 
non-linear least square fitting to the lateral diffusion equations for a uniform circular bleach region described 
by Soumpasis et al.(6) and Axelrod et al. (7). The presence of one or two diffusing populations was 
systematically tested by fitting the FRAP recovery curves with one or two-components lateral diffusion 
models (6) and comparing which of the two models fit best with an F-test and a second order Akaike 
Information Criterion (AIC) test (8). When fitting with a two-component model, the two sub-populations of Av-
GPI were assumed to have identical photobleaching characteristics and to diffuse independently.  
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Total internal reflection fluorescence (TIRF) setups 
Two TIRF setups were used. The first was based on a Zeiss Axiovert 100 inverted microscope, 

equipped with an oil immersion objective lens (100 x, NA 1.45, Zeiss, Jena, Germany) and a front-
illuminated EMCCD (Cascade 615, Photometrics, Tucson, AZ). The second was based on an Olympus IX71 
inverted microscope equipped with an oil immersion objective lens (60 X, NA 1.45, Olympus America, 
Center Valley, PA) and a back-illuminated EMCCD camera (Cascade 512B, Photometrics) (data can be 
viewed at http://fpinaud.bol.ucla.edu/index_files/Traffic.htm). In both setups, the 488 nm laser line of an 
argon-ion laser was fiber-coupled, collimated, expanded and refocused at the back focal point of the 
objective lens (Power: 3 mW at the output of the coupling fiber). TIR was obtained using a set of two mirrors 
(one mounted on a micrometer stage) to move the beam away from the optical axis and reach the critical 
angle (Zeiss setup) or using the Olympus TIRF coupler (IX71 setup). The fluorescence emitted from the 
samples was collected by the same objective lens, separated by a 500DCXR dichroic mirror (Chroma 
Technology, Rockingham, VT) and redirected to the EMCCD. On the Zeiss setup, dual-color detection was 
achieved by introducing an adjustable slit at the image focal point of the tube lens in order to define a 
rectangular area. Before reaching the camera the emitted fluorescence light path was divided into a green 
and red path with a 575DRLP dichroic mirror (Chroma Technology). A 530DF30 and a 625DF25 emission 
filters (Chroma Technology) were intercalated in the green and red path respectively. Both signals were then 
imaged onto the two halves of the camera sensor with the help of mirrors and a 560 DRLP dichroic mirror 
(Chroma Technology). The slit was adjusted such that green and red images exactly covered equal areas 
on the detector. On the Olympus setup, dual-color detection was achieved using an adjustable slit, a 
530DF30/625DF25 dual band pass emission filter and a custom-made 575 nm dichroic wedge mirror with a 
3o angle (Chroma Technology) to separate green and red emission onto two sides of the camera (9). Before 
each experiment, the pixel size in images was determined by imaging a micrometer reticle. 40 nm diameter 
TransfluoSpheres (Excitation: 488 nm, Emission: 605 nm, Invitrogen) emitting in both channels due to partial 
photobleaching of the acceptor dyes were also imaged to align green and red images and correct for 
chromatic aberrations before post-acquisition image treatments. Errors in image alignment depended on the 
exact location in the field of view and were on the order of 1 pixel (~100 nm) in the worst case. 
Colocalization was assessed by considering the local offset between color channels and not this “worst 
case” offset value. 
 
 
Analysis of the oligomeric state of Av-GPI in the membrane of HeLa cells 
 Native chicken avidin is a homotetramer in solution with a tendency to form multi-oligomers on 
SDS-PAGE (10). In the absence of biotin, the tetramers and multi-oligomers are unstable in SDS sample 
buffer above ~60 ºC and fully dissociate into monomers at ~90 ºC. Binding of biotin stabilizes the tetrameric 
and multi-oligomeric forms of avidin such that it can be recovered on SDS gels even after boiling (11). We 
used this property of avidin to examine the oligomeric state of Av-GPI. 
 HeLa cells stably expressing Av-GPI were incubated in serum-free DMEM containing or lacking 
100 µM biotin (Sigma, St. Louis, MO) for 4 hours at 37 ºC to promote the formation of biotin-complexed or 
biotin-free Av-GPI. Cells were harvested and membranes were prepared from post-nuclear supernatants. 
The use of detergents was avoided during preparation to minimize the possible formation of oligomers upon 
solubilization. Immediately before SDS-PAGE, an aliquot of the membrane preparation was added directly to 
pre-boiled SDS sample buffer for exactly 2 minutes and the mixture was quickly run on 15% SDS-PAGE. 
Another aliquot was prepared in SDS sample buffer at room temperature without boiling. A western blot was 
performed to compare the behavior of Av-GPI to that of native chicken avidin assayed in parallel (Fig. S2A). 
Western blot analysis of membrane preparations were also performed after in situ acetylation of Av-GPI and 
run on 4-20% gradient SDS-PAGE gels (Fig. S2B). Acetylation of avidin has been shown to strongly reduce 
or eliminate the aggregation of its tetrameric form in the presence of SDS (10). Cells were treated with 2.5 
mM Sulfo-NHS acetate (Pierce) in HBSS for 35 min at room temperature, and the reaction was quenched by 
addition of 20 mM Tris buffer, prior to harvesting and membrane preparation. 

We further tested whether the addition of free biotin, which can stabilize the tetrameric form of 
avidin fusion proteins (12), affected the diffusion of Av-GPI by increasing the fraction of tetramers. Single Av-
GPI tracking was performed in the presence of 10,000-fold excess free biotin over biotinylated qdots. Under 
this condition, the binding of qdots to Av-GPI was nearly completely suppressed, but the few qdot-labeled 
GPI-test probes that could be tracked had the same multimodal diffusion behavior and diffusion coefficients 
as Av-GPI tracked without biotin competition (data not shown). 
 
 
Av-GPI labeled with quasi-monovalent or multivalent biotinylated qdots have similar diffusive behaviors  
 Qdots with reduced surface biotin were prepared by coating qdots with a mixture of 1-2% 
biotinylated peptides, 49-48 % of lysine terminated peptides and 50 % of pegylated peptides (peptides 8, 7 
and 9 respectively in Pinaud et al. (1)).  
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 The binding properties of the quasi-monovalent or multivalent qdots to Neutravidin (Pierce, 
Rockford, IL) were compared by gel shift chromatography in 1% agarose gels (Fig. S3A). 40 nM of 
multivalent (50 % biotin/50 % pegylated peptides) or quasi-monovalent biotinylated qdots were incubated for 
30 min with different concentrations of Neutravidin (10, 5, 2.5, 1.25 µM and 625, 312, 156, 78, 39, 19.5, 
9.75, 5 nM) and loaded on gels. Qdot fluorescence was detected on an FX fluorescence gel scanner 
(Biorad, Hercules, CA) with a laser excitation at 488 nm and appropriate emission filters. Increasing 
concentrations of Neutravidin leads to a shift of the qdot bands and cross-linking of multivalent biotinylated 
qdots is observed in the form of high molecular weight qdot/Neutravidin complexes unable to enter the pores 
of the gel. As the concentration increases further, surface biotins are rapidly saturated with neutravidin and 
aggregation is prevented, leading to re-entry of the qdot bands. For the quasi-monovalent qdots, binding of 
Neutravidin to surface biotin and saturation take place without an aggregation phase, indicating that 
reduction in biotin surface density limits aggregation in solution. 
 Although the targeting efficiency of quasi-monovalent qdots was lower than that of the multivalent 
probes (result not shown), two diffusing Av-GPI populations were detected and had similar diffusion 

coefficients for both probes (Fig. S3B). Quasi-monovalent qdots had an apparent ˆ mono
fastD = 3.0 10-2 µm2/s 

(SE: 2.5-3.6 10-2 µm2/s) and ˆ mono
slowD = 0.8 10-3 µm2/s (SE: 0.6-1.1 10-3 µm2/s) while multivalent qdots 

diffused with = 5.1 10multi
fastD̂ -2 µm2/s (SE: 3.8-7.0 10-2) and = 0.7 10multi

slowD̂ -3 µm2/s (SE: 0.4-1.4 103). In both 

conditions traces undergoing changes of diffusion were detected (34 % and 29 % of all traces for multivalent 
and quasi-monovalent probes respectively), and partitioning between fast and slow populations within single 
trajectories was also observed (27 % and 16 % of all traces for multivalent and quasi-monovalent qdots 
respectively). In addition, the diffusive behavior of Av-GPI did not appear to be dependent on the valency of 
the qdot probes. For multivalent qdots, 60 % of all diffusions were pure Brownian, 34 % restricted, 5 % 
directed and 1 % were immobile. For quasi-monovalent qdots, 38 % of diffusions were pure Brownian, 50 % 
restricted, 9 % directed and 3 % immobile. Together, these results indicate that neither the distribution of 
diffusions, changes in diffusion coefficient nor diffusive behaviors appear to depend on the amount of biotin 
on the surface of qdots. In summary, the slow diffusing population is not a consequence of binding of 
multiple Av-GPI to a single qdot. Because little differences in diffusion were observed between quasi-
monovalent and multivalent qdots, the results of both experiments were combined in a single graph (See 
Fig. 3). 
 
Single-dye tracking of Av-GPI with monovalent Alexa 488 biocytin at room temperature  
 Tracking of Av-GPI labeled with Alexa-488 biocytin was performed by TIRF (Fig. S4) as described 
in Material and Methods. Unsurprisingly, rapid photobleaching of single Alexa 488 dyes resulted in much 
shorter trajectories (average duration: 2.58 ± 2.02 s) than those obtained with qdots (average duration: 74.1 
± 29.0 s) and prevented single-trajectory analysis by PDSD. Even MSD analysis of single-dye trajectories 
resulted in an unreliable classification of diffusion patterns into different categories. However, the spread of 
MSD plots suggested that more than one diffusive population was present (Fig. S4B). The ensemble MSD 
curve corresponding to all trajectories was best fitted by an anomalous diffusion model (<r2> = 4Dtα with α of 
0.73 and Dα of 7.5 10-2 µm2/sα), again suggesting a broad distribution of diffusion regimes. 

To better characterize this potential variety of regimes, we performed an ensemble PDSD analysis 
of all trajectories (13) similar to that used for qdot trajectories. As for the global PDSD analysis of qdot-
labeled Av-GPI traces (Global PDSD data can be viewed at 
http://fpinaud.bol.ucla.edu/index_files/Traffic.htm), three different diffusion regimes were required to account 
for the ensemble behavior of Alexa 488-labeled Av-GPI (Fig. S4D). The three ri

2(t) curves obtained could be 
fitted with a normal diffusion model <r2> = 4Dt and three diffusion coefficients were determined: D1 = 1.4 10-1 

µm2/s (18 %), D2 = 4.0 10-2 µm2/s (54 %) and D3 = 5.7 10-3µm2/s (28 %), for r1
2(t), r2

2(t) and r3
2(t) 

respectively. Notice that it is difficult to directly compare these diffusion coefficients with qdot tracking data 
obtained from PDSD analysis of single trajectories or with FRAP data because of the different nature of the 
analysis. However, the values obtained can be contrasted with that of anomalous sub-diffusions detected by 
global PDSD analysis of qdot-labeled Av-GPI traces (data can be viewed at 
http://fpinaud.bol.ucla.edu/index_files/Traffic.htm) for an equivalent time interval of t = 0.6 s. For such a time 
interval the sub-diffusion values for qdot-labeled Av-GPI are: Dα1,t0.6 

α -1
 = 7.0 10-2 µm2/s; Dα2,t0.6

 α -1
 = 1.9 10-2 

µm2/s and Dα3,t0.
 α -1

 = 1.5 10-3 µm2/s. These three diffusion coefficients appear about twice smaller than the 
values obtained when Av-GPI are labeled with Alexa 488 biocytin. This suggests that qdots induce a two-
fold decrease in diffusion coefficient because of their larger size. Except for this difference, qdots reported 
the same multiplicity of diffusive behavior of Av-GPI in the plasma membrane as did Alexa 488 biocytin and 
the weights of the three diffusion regimes were in good agreement between both sets of experiments. 

Interestingly, we also observed a few long trajectories of dye-labeled Av-GPI in which transitions 
between fast and slow diffusions were detected on the basis of instantaneous diffusion coefficient plots (Fig. 

 5



Traffic 10: XXXX-XXXX (2009) 

S4C). This further confirmed that the ensemble results for Alexa 488-labeled Av-GPI probably reflected the 
existence of the same two wide distributions of diffusion coefficients detected using single-qdot labeled Av-
GPI.  
 In summary, these results indicate that the intrinsic diffusive behavior of Av-GPI appear relatively 
unchanged whether they are labeled with single fluorescent dyes or qdots. However, because of their bigger 
size, qdot probes may interact with elements of the extracellular matrix, which could induce the observed 
two-fold slowing down of Av-GPI. 
 
Data analysis 
 We have developed a software (AsteriX) written in LabView (National Instruments, Austin, TX) to 
analyze the movies of single qdot diffusion saved as WinView files (Princeton Instruments, Trenton, NJ) or 
Metamorph files (Molecular Device Corp., Sunnyvale, CA). A detailed account the data analysis will be 
published elsewhere (Michalet et al., in preparation). 
 
Trajectory extraction.  
 The software allows fitting of individual point-spread-functions (PSF) with a 2-dimensional (2D) 
Gaussian profile within user selected rectangular or ellipsoidal ROIs as previously described (14, 15). A 
semi-automatic fitting mode repeats this process frame after frame, centering the ROI on the previously 
fitted PSF position. The user can check the quality of the fit on a frame by frame basis, accept or reject the 
fits and adjust the ROI for individual frames, for instance to reject nearby noise patterns which otherwise 
would compromise the quality of the fit. During qdot blinking periods, no fit is attempted. All fitted parameters 
are stored and are saved on disk for further analysis. 
 
Trajectory Analysis.  
 Each trajectory is analyzed using published methods adapted to the particular case of long 
trajectories of blinking qdots. The trajectory itself is represented by the fitted positions, connected by straight 
lines. For each fitted PSF, the integrated intensity within a selectable numbers of pixels centered around the 
PSF (usually 3x3 pixels) is represented as an intensity time trace, allowing the visualization of “on” and “off” 
emission periods (e.g. Fig. S5B). The software also allows overlaying trajectories from one channel (e.g. 
qdot channel) with images of the other channel (e.g. CTxB or Cav1-EGFP channel). As explained in the 
microscopy section, the fluorescence emission of the GM1 marker Alexa 488 CTxB or of Cav1-EGFP is 
collected simultaneously with the emission of the tracked qdots. A qdot sub-trajectory visiting a marked 
region will be associated with a large green signal, while a sub-trajectory taking place away from a marked 
region will be associated with a noise-level green signal. By studying changes in green signal along the qdot 
labeled Av-GPI trajectory, interactions of the GPI-test probes with GM1-rich domains or caveolae can be 
identified. The obvious limitation of this approach is the rapid bleaching of the organic Alexa Fluor 488 dye 
molecules and EGFP, which make the distinction between marked and unmarked regions problematic as 
the observation time increases. As an alternative, colocalization can be evaluated by overlaying the diffusion 
path of Av-GPI with the mean intensity projection image (∑Imean) for the green channel (data on mean 
intensity projection images can be viewed at http://fpinaud.bol.ucla.edu/index_files/Traffic.htm).  
 
Diffusion Analysis.  
 Different levels of analysis were performed: (i) mean square displacement (MSD), (ii) instantaneous 
MSD, (iii) GM1- and caveolae-associated sub-trajectory MSD, and (iv) probability distribution of square 
displacements (PDSD). 
 
(i) MSD analysis: The mean square displacement curve is computed for all accessible time lags τ according 
to the usual formula: 

 ( ) ( )( ) (2 2

1

1( )
N n

i i n
i

MSD n t r t r t r r
M

τ τ
−

+
=

= Δ = + − = −∑ ) . (1) 

In Eq. (1), Δt is the frame duration, N is the total number of frames in the movie and M N n≤ −  is the 
number of elements in the sum (if the qdot is in its “off” state during one of the frames i or i+n, the 
corresponding square displacement is not computed). ir  is the PSF location in frame i. Analysis of the MSD 
curve is performed on the first 10 % of the curve, in order to use only well averaged mean squared 
displacement values, and allow fitting of models beyond the simple Brownian diffusion. Models which are 
used in this work are listed in Table S2. For the simplest Brownian diffusion model without measurement 

error, it is well-known that the best estimate is obtained when the fit to the formula ( )2 4r Dτ τΔ =  is 
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performed on the first couple of points only (i.e. for time lags Δt and 2 Δt) (16, 17)]. An estimate of the 
relative error on D in the 4Dt model as a function of the last point considered in the MSD curve, m, as well 
as the number of points in the trajectory, N, was provided by Qian et al.(18) as: 

 
( )

1 2
2~

3
m

m

D m
D N m
δ ⎡ ⎤

⎢ ⎥−⎣ ⎦
, (2) 

where Dm is the fitted diffusion coefficient using the first m points of the MSD curve (excluding 0). Application 
to m = 2 gives a relative uncertainty on D2: 

 ( ) 1 22

2

2~ 2
3

D
N

D
δ −− . (3) 

which becomes less than 10% for N > 130, and should be valid for the 4Dt model with position error (18). 
The trajectories studied in this work comprised typically N = 1,000 points and therefore fully satisfy this 
criterion. Note that for m = N/10 (the 10 % rule), the above estimate gives: 

 10%

10%

~ 27%
D

D
δ

. (4) 

Fits performed on a larger number of points of the MSD curve result in an underestimated value of the 
diffusion coefficient D. This remains true for the Brownian diffusion model including position error 

2 24 4r Dσ τΔ = +  (this formula corrects Eq. (4) in ref. (19) and was previously obtained in ref. (20, 

21)). For all other models, which contain more parameters to fit and require the trajectory to sample a larger 
space, we found out that the 10 % rule resulted in a reasonably accurate value of the fitted parameters as 
checked by simulations. 
 
(ii) Instantaneous MSD analysis 
 As just discussed, the best estimate of the diffusion coefficient of a simple Brownian diffusion 
trajectory is obtained from the first two non-zero points of the MSD curve. This indicates that a reasonable 
estimate of the diffusion coefficient should be obtainable from shorter stretches of the trajectory, as long as 
sufficient averaging of the MSD exists for the first points of the curve. According to Eq. (3), an estimate of D 
with ~40 % uncertainty should be obtainable within time windows comprising 10 points. Following Dahan et 
al.(22), we therefore define the instantaneous diffusion coefficient at time t as the fitted D2 value for the 4Dt 
model with position error, obtained from the 10 positions centered around the current position. This analysis, 
by presenting a time trace of diffusion coefficients, allows the detection of slow and fast diffusion regimes 
having a duration of the order of or larger than the time window used for the analysis (e.g. in Fig. S4C). 
Simulations show that, whereas diffusion regime transitions can be reasonably reliably detected by this 
approach, the position error severely affects the accuracy of the extracted diffusion coefficients. In 
consequence, only diffusion coefficients obtained by PDSD analysis (see below) were reported. 
 
(iii) Glycosphingolipid- and caveolae-associated sub-trajectory MSD analysis 
 The previous instantaneous diffusion analysis does not allow identifying the origin of the different 
detected diffusion regimes. A complementary analysis consists of trying to compute the diffusion coefficients 
of the sub-trajectories corresponding to CTxB-labeled GM1-rich domains or Cav1-EGFP signals as 
discussed above. We thus designed a software tool allowing a simple definition of CTxB-associated or 
caveolae-associated sub-trajectories based on thresholding, and separately computing the diffusion 
coefficients of (a) all the sub-trajectories associated with marked regions and (b) all the sub-trajectories 
associated with unmarked regions. As illustrated in Fig. S5 and discussed in the text, this allows us, in 
certain cases, to identify different diffusion regimes associated with marked and unmarked regions. Notice 
however that because CTxB was not used at saturating concentration for single molecule imaging, some 
GM1-rich domain might have been partially or weakly stained. In these conditions, it is expected that not 
every slow Av-GPI will colocalize with GM1-rich domains (only ~70 %), and that not every trajectory 
switching from a fast to a slow diffusion regime (or vice versa) will be colocalized with a CTxB labeled 
domain. 
 
(iv)Analysis by probability distribution of square displacements (PDSD) 
 In order to rely less on the subjective judgment of the user to define slow versus fast regimes 
(instantaneous MSD analysis) or marked versus unmarked windows (GM1/caveolae-associated sub-
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trajectory analysis), we resorted to a method previously used on ensembles of short trajectories, based on 

the construction of the probability distribution of square displacements, ( )2 ,P r τ  or PDSD (13). The PDSD 

is obtained for each time lag t, as the normalized histogram of measured square displacements. For a 
simple Brownian diffusion, the expected behavior is: 

 ( ) 22 , 1 r DP r e 4 ττ −= − , (5) 

which can be generalized to a superposition (or alternation) of simple Brownian motions with n different 
diffusion coefficients Di as (13): 
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There are two possible ways to analyze a set of PDSD curves. The first is to perform a global fit of Eq. (5) or 
(6) with parameters D or {αi, Di}. The second is to fit each individual PDSD curve with a general model: 
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where the fitting coefficients {αi(t), ri

2(t)} are considered as 2n different functions of the time lag t. If one 
expects the trajectory to be the result of superposition or alternation of different simple Brownian motions, 
each curve ri

2(t) is then fitted with the usual 4Dit law, to extract the corresponding diffusion coefficient Di. The 
advantages of using the second approach will become clearer in the following. 
 The computation of the PDSD becomes meaningless for large time lags, as the histogram 
becomes less and less populated. We used the same 10 % rule used for the MSD fitting discussed 
previously: only time lags t < N/10 Δt are used for these calculations. Similarly, reducing the size of the 
mean square displacement histogram bin results in poorly populated histograms. As a practical limit, we do 
not use bins smaller that the position error, and typically used bins of 100-1,000 nm2. 
 The superposition rule at the origin of Eq. (6) means that the analysis should allow us to detect the 
presence of Brownian motion superposed to or alternating with other types of motion (directed, restricted, 
etc). In this case, (some of) the fitting coefficients {ri

2(t)} are not supposed to behave according to the 4Dt 
law and Eq. (6) does not apply, whereas Eq. (7) does, with the appropriate laws describing the evolution of 
the {ri

2(t)}. To verify this hypothesis, we performed Monte Carlo simulations of several types of motions, and 
analyzed the trajectories by constructing the PDSD and fitted them using Eq. (7) for different values of n. 
The set of PDSD of a simple Brownian motion results in a single curve r2(t) which is obviously well fitted by 
the law r2(t) = 4Dt. The value D is identical to that obtained by the MSD analysis, and to that used for the 
simulation within statistical error (data not shown). Similarly, a trajectory corresponding to two different 
regimes of Brownian diffusion (D1, D2) in two separate domains, results in a set of PDSD which is best fitted 
by the two exponential functions form of Eq. (7). The resulting {ri

2(t)} curves are themselves well fitted by the 
laws ri

2(t) = 4Dit. The values Di are identical to those used for the simulation within statistical error (data not 
shown). Note that these values could not have been obtained from the MSD curve. 

We then simulated trajectories of particles diffusing freely in an infinite domain with a diffusion 
coefficient D1, decorated with circular domains of radius R characterized by a diffusion coefficient D2, and 
probability of escape p < 1, simulating the confinement of the particles entering these domains (Fig. S5G). 
The fit of the corresponding PDSD using Eq. (7) with n = 2 resulted in two ri

2(t) curves (Fig. S5G). The first 
curve was fitted with a simple diffusion model, recovering the diffusion coefficient D1 used for the simulation. 
The second curve could be fitted with a restricted (corral) diffusion model (Table S2) and yielded two fitted 
parameters D2 and R in very good agreement with those used in the simulation. 
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We also simulated trajectories exhibiting transient confinement zones (TCZs) as described for 
instance in ref. (23). PDSD analysis was able to detect TCZs with the above characteristics, but only if 
confinement took place during a significant fraction (~ 50%) of the trajectory. In this case, PDSD analysis 
detected the presence of a fast and confined diffusion regime, as well as a fast and free Brownian diffusion 
regime with fitting parameters reasonably close from the input simulation values. According to the 
observations of Dietrich et al. (24), diffusion within TCZs is still a fast (although confined) diffusion and thus 
cannot compare to our slow, confined diffusion in similarly sized domains. In favorable cases where 
confinement would last more than 50 % of the trajectory duration, TCZs would show up as a confined, fast 
diffusion component. We sometimes observed this kind of diffusion regimes for fast diffusing Av-GPI. The 
size of confinement region in these fast diffusion regimes (data on confinement sizes for Av-GPI can be 
viewed at http://fpinaud.bol.ucla.edu/index_files/Traffic.htm) was on average twice as large as those 
reported for Thy-1 (24, 25) and broadly distributed. Since PDSD analysis does not distinguish between 
corralled diffusion and diffusion constrained by obstacles, this length scale could also be interpreted as a 
typical distance between obstacles. In this case, it would compare well with the inter-TCZ distance reported 
by Dietrich et al. for Thy-1 diffusion (24). Further study combining TCZ and PDSD analysis may help resolve 
these ambiguities. 
 Additional information provided by PDSD analysis is the set of parameters {αi} which indicate the 
temporal fraction of each diffusion regime within the trajectory. In other words, each regime i is active αi % of 
the time (but not necessarily continuously). For infinitely long trajectories sampling extensively the ventral 
membrane surface (which is not a good approximation in our experiments), this information could in principle 
be used to extract other parameters of the model, such as the probability of escape or entry into a domain of 
corralled diffusion, or the density of such domains within the rest of the membrane. Although of intrinsic 
interest for a better understanding of the nature of the cell membrane, the parameters {αi} are not used in 
this study. Instead, we form histograms of diffusion coefficients by reporting all D’s irrespective of the weight 
of the diffusion regime detected in the PDSD analysis. Note that when looking at D-histograms (Fig3A or 3B) 
it appears that the probability of finding a slow Av-GPI is roughly equivalent to that of finding a fast Av-GPI in 
both conditions (with or without CTxB staining). Caution is required when interpreting D-histograms and 
deriving conclusions concerning the frequency of the slow and fast regimes. Indeed, the bimodal distribution 
could reflect the actual repartition of diffusion regimes in the membrane but it may also be an artifact of the 
way D-values obtained from different type of trajectories have been pooled together. As an example where 
the latter would be the case, suppose that all the trajectories analyzed spent 80% of the time in fast diffusion 
domains and only 20% of the time in slow diffusion domains. Then the D-histogram would still show two 
diffusing populations of equal weight, but this would misrepresent the frequency of fast and slow regimes. In 
our case, however, if we limit our analysis to Av-GPI trajectories that do not change diffusion regime (these 
trajectories represent a majority in our experiments, e.g. 66% in the case of Fig. 3A and 75% in the case of 
Fig. 3B),  we find that (i) 56 % are fast Av-GPI, 40% are slow Av-GPI and 6% are immobile (Fig. 3A) and (ii) 
39% are fast Av-GPI, 45% are slow Av-GPI and 16% are immobile (Fig. 3B). In other words, this repartition 
is similar to what is reported when all Av-GPI trajectories are pooled together (see Table S3). This indicates 
that (1) the distribution of Av-GPI between the fast and the slow regimes is unchanged whether we include 
or exclude trajectories with multimodal diffusions and (2) that there is no dramatic overweighting of minority 
fractions (whether fast or slow) in the histogram. There are two additional issues to consider when trying to 
derive conclusions from D-histograms. First, there is a possibility of bias linked to the different length of the 
trajectories analyzed. There would be cause for concern if, for instance, “slow” trajectories would be 
systematically detect when the trajectories are shorter, and “fast” trajectories when they are longer (or the 
opposite). From a theoretical standpoint, if the membrane is comprised of two main types of domains (as far 
as Av-GPI is concerned), the nature of the diffusion regime should not depend on the duration of the 
trajectory, but only on the location of the trajectory. If a trajectory starts in a “slow” domain, however short or 
long this trajectory is, a slow diffusion regime will be reported. If the trajectory becomes long enough, there 
is a chance that a fast diffusion regime may kick in, but this in itself does not constitute a bias: simply, two 
diffusion coefficients will be reported and both will faithfully describe the nature of the diffusion in a “slow” 
domain or a “fast” domain. From an experimental point of view, we did not find any evidence of a bias such 
as the one theoretically mentioned above. Second, there is a possibility of bias linked to the global duration 
of the observation of all cells (30-45 min, see Materials and Methods). There would be cause for concern if, 
for instance we would systematically detect fast diffusions for the first cells being imaged and slow diffusion 
for cells imaged later (e.g after 30 min). We did not observed such a behavior for Av-GPI, and all cells 
imaged showed fast and slow diffusing Av-GPI regardless of the time at which the data were acquired. 
In other words, there does not appear to be any obvious cause of concern for an artifact of the PDSD 
analysis or an experimental bias that would lead to conclude to the existence of diffusion regimes that do not 
exist in reality or to misrepresent the diffusive behavior of Av-GPI in HeLa cells. In fact, it could be argued on 
the contrary that, because we studied rather long trajectories (compared to what may have been the case in 
past studies), for many cells and over long periods (30-45 min) the likelihood that diffusion regimes are 
overseen is reduced compared to methods that are limited to short time scale observations. To understand 
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this point, it is worth remembering that short trajectories are usually studied using MSD analysis. For a short 
trajectory comprised of a fraction of “slow” diffusion and a fraction of “fast” diffusion, the MSD will in general 
be dominated by the fast component (simply because when A >> B, A2 + B2 ~ A2), therefore resulting in the 
conclusion that this trajectory is a “fast” one. The only circumstance when such a “mixed” trajectory will 
potentially appear “slow” is when the fraction of “fast” diffusion during the trajectory is very small (i.e. lasts 
for a very short time). Assuming that the regions of fast and slow diffusion are homogeneously distributed 
over the whole membrane (but the bias would be even larger if the regions of fast diffusion were 
overwhelming), one expects that these trajectories where the fraction of “fast” diffusion is small will be the 
minority. Consequently, it is expected that “slow” trajectories will be either altogether missed or appear 
negligible. In other words, we expect this type of short trajectory MSD analysis to be heavily biased in favor 
of “fast” diffusions. In this respect, our approach is more likely to present a more realistic picture of the real 
nature of diffusion in the membrane.  

In summary, PDSD analysis allows an unbiased extraction of diffusion (and corral size) parameters 
in complex multi-regime trajectories, even when the two previous methods fail to detect the presence of 
these different regimes. The analysis also recovers values which are in good agreement with the other 
methods when all can be used. A comparative example of global and individual PDSD analysis is can be 
viewed at http://fpinaud.bol.ucla.edu/index_files/Traffic.htm. 

We note here that a quantitative comparison of the diffusion coefficients of AV-GPI determined by 
PDSD analysis with that of other GPI-AP described in other reports is difficult because different proteins and 
cell types were used and the methodologies used to extract diffusion coefficients were also different. 
Furthermore, different authors have different definitions of fast and slow diffusion proteins. Our D-histogram-
based definition of the slow and fast populations is similar to that of Hicks et al.(26), but differs from that of 
Jacobson and collaborators (23, 25, 27) who classified trajectories as “mobile”, “slow”, “corralled/confined” 
or “immobile/stationary” according to criteria including geometric characteristics of the trajectories in addition 
to diffusion coefficients values computed from MSD curves. In general: (i) trajectories classified as “mobile” 
according to Jacobson et al.’ criteria corresponded to trajectories that were fast, or contained a fast diffusion 
regime as determined by PDSD analysis; (ii) trajectories classified as “slow” corresponded to trajectories 
that were slow, or contained a slow diffusion regime; (iii) “corralled/confined” and “immobile/stationary” 
trajectories corresponded to slow trajectories. The main difference between these two classification 
approaches resides in the diffusion coefficients values D of the “slow” populations: our slow regimes have 
D’s which are on average much smaller than those reported by Jacobson and collaborators for their “slow” 
population, and somewhat closer to their “immobile/stationary” ones. 
 
 
Indirect immunofluorescence 
 HeLa cells expressing Av-GPI or Av-GPI/Cav1-EGFP were grown at ~70 % confluency on 
fibronectin-coated coverslips, and starved for 3 hr in serum-free DMEM. Fixation and immunostaining of 
caveolin-1 was similar to a recently described protocol (28). Briefly, cells were washed twice in PBS at 37 ºC 
and immediately fixed and permeabilized for 10 min on ice with 1:1 methanol:acetone at -20 ºC. Cells were 
then re-hydrated with PBS by multiple washes. A 30 min blocking step in PBS + 10 % serum was then 
performed, before incubation with N-20 anti-caveolin-1 rabbit polyclonal IgG (Santa Cruz Biotechnology, CA) 
at 1:100 in PBS + 10 % serum for 45 min at room temperature. Cells were washed 4 times for 5 min in PBS 
and further labeled with an Alexa 647 labeled goat anti-rabbit IgG secondary antibody (Invitrogen) at 6 µg/ml 
in PBS + 10 % serum for 40 min at room temperature. Cells were washed, mounted and imaged on a Leica 
TCS SP2 AOBS confocal microscope (data can be viewed at 
http://fpinaud.bol.ucla.edu/index_files/Traffic.htm) using a 63 X/ NA 1.4 oil immersion objective (Leica). 
 Notice that the permeabilization/fixation method used here and the use of N-terminally directed 
antibodies leads to an efficient detection of caveolin-1 membrane pools (such as caveolae), but may fails to 
detect some intracellular pools of caveolin-1 in sub-apical compartment or in apical recycling endosomes as 
recently reported in MDCK cells (28). It is thus possible that the few Cav1-EGFP spots not co-localized with 
anti-caveolin-1 antibodies corresponds to pools of cytoplasmic caveolin-1 not engaged in membrane bounds 
caveolae, but residing just below the plasma membrane.  In fact, careful observation of movie 7 (Supp. 
Information) show that in addition to the rather immobile EGFP-labeled caveolae, there is also some fast 
diffusing caveolin-1-EGFP, which are clearly not attached to the membrane, but diffuse in its proximity. 
These molecules might be recycling caveolae/caveolar domains (see Supporting Video S2 and S2a in 
Pelkmans et al. (29)). The presence of such species does not affect the interpretation of our data because 
they are not considered as membrane bound caveolae, and are filtered out from the ΣImean intensity 
projection images (data can be viewed at http://fpinaud.bol.ucla.edu/index_files/Traffic.htm) used to evaluate 
the degree of interaction of Av-GPI with caveolae. 
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Quantification of Av-GPI membrane expression for Av-GPI and Av-GPI/Cav1-EGFP expressing HeLa cells 
 The membrane expression of Av-GPI was quantified for both Av-GPI and Av-GPI/Cav1-EGFP 
expressing HeLa cells by fluorescence activated cell sorting (FACS) and confocal microscopy imaging of live 
cells. For FACS analysis, cells were grown in 25 cm2 culture flasks at 70-80 % confluency and then starved 
in serum free DMEM for 3-4 hr and rinsed twice in 37 ºC HBSS + 1 % BSA. Cells were then incubated with 1 
ml of 15 µM DY-biotin 647 (MoBiTec, Germany) in HBSS + 1 % BSA for 5 min at 37 ºC and quickly rinsed 
four times in HBSS before being trypsinized and conserved on ice. Notice that if cells were trypsinized 
before staining, the efficiency of labeling of Av-GPI was greatly reduced. FACS was performed on a 
FACSCalibur cytometer (BD Biosciences, San Jose, CA). For quantification by confocal imaging, cells were 
grown on fibronectin-coated coverslips. After starving the cells, membrane staining was performed with 200 
nM Alexa 596 biocytin for 3 min in HBSS + 1 % BSA. Cells were then rinsed and immediately fixed in 3.7 % 
glutaraldehyde for 30 min. To compare Av-GPI expression levels, the imaging was performed in parallel on 
a Leica TCS SP2 AOBS confocal microscope using exactly the same acquisition parameters for both cell 
lines. Membrane expression was quantified using ImageJ software (NIH, Bethesda, MD) by selecting 
membrane regions of interest (ROI) and reporting the mean pixel intensity per area once corrected for 
background signal. FACS and confocal imaging data can be viewed at 
http://fpinaud.bol.ucla.edu/index_files/Traffic.htm and indicate that the membrane expression of Av-GPI was 
ten times higher in HeLa cells expressing only Av-GPI compared to HeLa cells expressing both Av-GPI and 
Cav1-EGFP. 
 
 
Cholesterol depletion and its effect on the actin cytoskeleton and the distribution of GM1 
  Acute cholesterol depletion of HeLa cells was performed for 1 hr with 10 mM methyl-β-cyclodextrin 
(mβCD) (Sigma, St. Louis, MO) in serum-free DMEM at 37 ºC, 1 hr before the end of the serum starving 
period. Cholesterol depletion with lovastatin was done at 37 ºC over a 30 hr period in DMEM supplemented 
with 10 % delipidated serum and 10 µM lovastatin (Sigma). Cells were then starved and imaged as 
previously described. The extent of cholesterol depletion in cells was evaluated first by cholesterol oxidase 
fluorimetric assay using the method of Heider and Boyett (30). Cholesterol ester hydrolase was omitted in 
the reaction assay to measure only free cholesterol. Free cholesterol levels were reduced by ~60 % with 
mβCD and ~14 % with lovastatin compared to untreated cells. We also evaluated the extent of cholesterol 
depletion specifically at the cell plasma membrane by filipin staining and fluorescence quantification on 
confocal images (Fig.S7). Although this approach is not strictly quantitative, it provides a reasonably good 
qualitative assessment of the membrane cholesterol content (31).  In brief, cell were grown to ~70 % 
confluency on fibronectin-coated coverslips, and starved for 3 hr in serum-free DMEM. Treatments with 
cholesterol depleting drugs (mβCD and lovastatin) were done as mentioned above. After multiple rinses in 
warm PBS, cells were fixed with 3% paraformaldehyde in PBS for 30 min at room temperature. After three 
PBS rinsing steps and 10 min quenching with 1.5 mg/ml glycine in PBS, cells were stained with filipin 
(Sigma) at 0.05 mg/ in PBS for 2 hours. Cells were rinsed in PBS and imaged on a Leica TCS SP2 AOBS 
confocal microscope (Leica, Bensheim, Germany) equipped with a 63 x/1.4 NA oil immersion objective. 
Filipin was excited with a 405 laser, and fluorescence was detected in an emission window at 420-490 nm. 
To compare cholesterol membrane levels, imaging was performed in parallel using exactly the same 
acquisition parameters for all samples. Image quantification of membrane filipin staining was done using 
ImageJ software (NIH, Bethesda, MD) by selecting membrane regions of interest (ROI) and reporting the 
mean pixel intensity per area once corrected for background signal (Fig.S7). 
 To evaluate the effect of cholesterol depletion on the actin cytoskeleton and the distribution of 
GM1, cells were briefly washed, fixed at room temperature with a 3.7 % formaldehyde solution in PBS for 10 
min and permeabilized with -20 ºC cold acetone for 5 min. The actin cytoskeleton was visualized by staining 
F-actin with Alexa 633 phalloidin (Invitrogen, Carlsbad, CA) following the manufacturer’s protocol (Fig. S8A). 
GM1 were stained with Alexa 488 cholera toxin B sub-unit as described above (Fig. S8B). Confocal 
fluorescence images were acquired on a Leica TCS SP2 AOBS microscope with a 63x/1.4 NA oil immersion 
objective. 
 
 
Effects of actin cytoskeleton disruption with latrunculin-A on the diffusion of Av-GPI 
  The cortical actin meshwork is essential in maintaining the shape and structure of cells by providing 
an exceptionally dynamic and elastic scaffold to the plasma membrane (32). Couplings of the actin 
cytoskeleton to the membrane, signaled, for instance, by PIP2 levels, strongly influence the membrane 
tension and can regulate the formation and organization of protein and lipid domains (33, 34). The important 
role played by actin in modulating the dynamic of raft associated lipids and proteins is emphasized by 
studies of immune synapses in lymphocytes and of IgE receptors in mast cells, where an intact actin 
cytoskeleton is required for signaling (35, 36). Other results suggested that cholesterol-dependent clusters 
of raft-associated proteins in the inner or outer membrane leaflet require an intact cytoskeleton to be 
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stabilized (37-39). The actin network also regulates endocytic processes and is therefore involved in 
maintaining membrane cavities and pits including caveolae (40, 41). Thus the dynamic of the cortical actin 
cytoskeleton can greatly influence the surface topology of the plasma membrane and should therefore 
significantly affect the diffusion of membrane molecules. While it has been long recognized that diffusion of 
lipids and proteins anchored to the upper leaflet of the plasma membrane is slower in cells than in model 
membranes, an integrated model to explain this discrepancy has only recently been proposed in the form of 
the “transmembrane protein picket” model (42). Indeed, recent ultrahigh speed tracking of membrane 
proteins and lipids have provided evidences that the plasma membrane of many mammalian cells is 
organized in small and juxtaposed domains delineated by the underlying cortical actin network and its 
associated transmembrane proteins (42). These domains, which have been characterized by SPT with gold 
nanoparticles in several cell lines and using multiple lipids and GPI-AP (but could not be detected by high 
speed SDT of CD59, another GPI-AP (21)), are thought to be delimited by barriers permeable to diffusing 
molecules which hop from domain to domain every few ms on average. Consequently, diffusions over large 
scales tend to be more impeded than over shorter ones, resulting in an apparent decrease in diffusion 
coefficient.  
 The cortical actin cytoskeleton may thus contribute to the diffusion dynamic of membrane 
molecules by modulating not only the formation of lipid and protein domains but also that of transmembrane 
pickets. In an attempt to evaluate the influence of the actin network in our cell model, we studied the 
diffusion of Av-GPI and GM1 after treatments with high concentrations of latrunculin-A, a potent actin 
disrupting agent that sequesters monomeric actin and destabilizes actin filaments (43). At 10 µM of 
latrunculin-A, actin loses almost all its efficacy in mediating cell rigidity and the tension at the plasma 
membrane relies mainly on external constraints, such as anchoring to the substrate by focal adhesion points 
(44). Indeed, after incubation of HeLa cells with 10 µM latrunculin-A for 45 min (Sigma, St Louis, MO), F-
actin lining the inner surface of the plasma membrane was completely disrupted, leaving dense actin foci 
scarcely distributed throughout the cells (Fig. S10A). Although this harsh treatment was reversible, it 
significantly altered the shape of cells and induced an extensive retraction of filopodia, the appearance of 
thin membrane tubes surrounding the cell body and the ruffling of the membrane into patches, in a 
phenomenon described as “pearling” (45). This effect was clearly visible from fluorescence confocal imaging 
of Av-GPI and GM1, both of which were distributed in large patches of membrane attached to the fibronectin 
substrate or distributed on the cell membrane (Fig. S10B). When Av-GPI and GM1 were imaged by TIRF 
using qdots and Alexa 488 CTxB labeling after latrunculin treatment, fast diffusion of the GPI-test probes 
and GM1 in the plane of the cell membrane could be observed (Movie M10). However, a significant quantity 
of Av-GPI also appears to be slow diffusing and large patches of membrane were strongly labeled with 
CTxB, especially at the periphery of cell bodies (Movie M10). Because of the extensive membrane retraction 
and ruffling, it was not possible to accurately determine if slow Av-GPI interacted with GM1-rich domains or 
were simply surrounded by CTxB-stained membrane folds caused by the broad disruption of the cell 
structure. Because of this altered membrane topology, we only studied trajectories that did not approach 
these perturbations and limited our analysis to reporting the diffusion coefficient of fast Av-GPI only. The 

diffusion coefficient of these Av-GPI ( = 1.7 10Alat
fastD −ˆ -1 µm2/s, SE: 1.4-2.1 10-1 µm2/s) was nearly five times 

larger than that for untreated cells under the same conditions (Fig. S10C). Interestingly, this diffusion 
coefficient was similar to that of qdot-labeled Av-GPI diffusing in the Ld phase of a 1:1 DPPC:DOPC + 0.01 
% Fluorescein-DPPE supported lipid bilayers within which the GPI-test probes were re-inserted after 
extraction from the membrane of HeLa cells (result not shown).  
 Thus, consistent with the transmembrane protein picket-fence model (42), we find that the diffusion 
of Av-GPI is indeed impeded (either directly or indirectly) by the cortical actin cytoskeleton. The increase in 
diffusion coefficient towards values that correspond to diffusion in artificial membranes, suggests that 
stabilization of the plasma membrane by the actin cytoskeleton can impede the dynamics of the GPI-test 
probes over large scales. Unfortunately, because of the extensive changes in the membrane structure 
following latrunculin-A treatment, we could not clearly determine how actin influences the interaction of Av-
GPI with GM1-rich domains.   

The actin cytoskeleton is also believed to stabilize and anchor caveolae in the plasma membrane 
(41, 46). Since we found that caveolae and GM1-rich microdomains are in close proximity to each other, one 
might speculate that a dense subcortical actin meshwork at these anchoring points is responsible for the 
slower diffusion of Av-GPI in GM1-rich domain. However, we could not confirm this hypothesis by 
simultaneous imaging of GM1-domains and the actin cytoskeleton (data not shown). In fact, contrary to this 
idea, slow diffusing Av-GPI could still be detected by SQT after latrunculin-A treatments, although their 
localization with respect to GM1-rich domains could not be accurately determined. This indicates that the 
maintenance of slow diffusion domains is independent of the actin cytoskeleton.  

In summary, although we clearly observe an effect of cytoskeleton disruption on the diffusion of Av-
GPI, the extent of the disruption appears too severe to draw definitive conclusions about its exact influence 
on the membrane of resting cells. Further studies using more controlled ways of decoupling the cytoskeleton 
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from the membrane will be needed to fully elucidate the relationship between GM1-rich domains, slow 
diffusing GPI-AP and the cytoskeleton. 
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Figure S1. Confocal fluorescence recovery after photobleaching (FRAP) of Av-GPI in the plasma membrane 
of HeLa cells. 
 

(A) Sequence of images illustrating the fluorescence recovery after photobleaching in a circular ROI (radius: 
5 µm) in the ventral membrane of a HeLa cell. Scale bar: 5 µm.  
(B) Averaged fluorescence recovery curves for several HeLa cells bleached in a circular ROI (radius: 3 µm) 
at 37 ºC (circle, n = 19) or at room temperature (RT, diamond, n = 17). Standard deviations for each data 
point were omitted for clarity but considered for the fit. Faster fluorescence recovery for smaller, 1.5 µm 
bleached spots (result not shown) indicated that the recovery was dominated by diffusion. The apparent 
diffusion coefficient (D) and the immobile fraction were thus derived by non-linear least square fitting of the 
recovery curves to the lateral diffusion equations for uniform circular bleach spots. For both temperatures, 
the FRAP recovery curves were better described with a two-component lateral diffusion models (37 ºC, blue, 
F-test P < 0.0001; and RT, red, F-test P < 0.0001) compared to a one-component model. At 37 ºC 79 ± 12 

% of Av-GPI appear to diffuse with a = 1.7 ± 0.3 10CFRAP
fastD 37/ -1 µm2/s while 16 ± 8 % of Av-GPI diffuse with 

a diffusion coefficient about 20 times smaller ( = 7.96 ± 0.06 10CFRAP
slowD 37/ -3 µm2/s) and 5 ± 4 % of GPI-test 

probes were found to be immobile. The apparent diffusion coefficient of both fast and slow population were 
reduced about three-fold when FRAP measurements were performed at RT (~27 ºC). At RT, 81 ± 12 % of 

Av-GPI diffused with a = 6.5 ±1.9 10RTFRAP
fastD / -2 µm2/s and 15 ± 7 % diffused with a = 2.66 ± 

0.02 10

RTFRAP
slowD /

-3 µm2/s. The fraction of immobile Av-GPI (4 ± 5 %) remained unchanged. SD: standard deviation. 

 14



Traffic 10: XXXX-XXXX (2009) 

Figure S2. Analysis of the oligomeric state of Av-GPI in the membrane of HeLa cells. 
 

 
 
(A) Parallel Western blot analysis of native chicken avidin (right) and Av-GPI (left) extracted from the plasma 
membrane of HeLa cells and run on 15% SDS-PAGE. The blot shows that native avidin prepared in SDS 
buffer without boiling migrate as a mixture of high molecular weight species (lane 5). Upon boiling, the high 
molecular band disappeared and was replaced by a ~17 kDa band corresponding to monomeric avidin (lane 
7). As previously reported, the addition of biotin before boiling significantly enhanced the recovery of high 
molecular weight complexes (lane 8). A different behavior was observed for Av-GPI. In samples that were 
not boiled, the chimeric protein migrated as a homogenous high molecular weight complex with the 
predicted size for a ~120 kDa tetramer (lanes 1 & 2). Upon boiling, as observed for avidin, the biotin-free 
complex was converted to a ~30 kDa monomer (lane 3). This value is slightly above the theoretical 
molecular weight for the non-glycosylated and monomeric form of Av-GPI (~23 kDa) and may indicate the 
presence of glycosylated moieties. The addition of biotin resulted in the predominant recovery of the 
tetramers (lane 4).  
(B) Western blot analysis of Av-GPI extracted from the plasma membrane of HeLa cells after in situ 
acetylation with NHS-acetate and run on a 4-20% SDS-PAGE. Under non-denaturing conditions (no boiling), 
acetylated Av-GPI migrated essentially as ~120 KDa band as expected for the tetrameric form of Av-GPI 
(lane 2). No obvious enrichment in multi-tetramers, trimers, dimers, or monomers of Av-GPI were observed, 
confirming that Av-GPI form stable tetramers in the membrane of HeLa cells. A boiled sample of acetylated 
Av-GPI (lane 3) was used as a control and compared to Av-GPI from membrane preparation not treated with 
NHS-acetate (lane 1). Both samples migrated between 20-30 kDa as expected for Av-GPI monomers (~23 
kDa). These results indicate that Av-GPI does not appear to form multi-oligomers compared to native avidin 
and most likely exists as a glycosylated homotetramer attached to the membrane. 
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 Figure S3. Av-GPI labeled with quasi-monovalent or multivalent biotinylated qdots have similar diffusive 
behaviors. 
 

 
  
(A) Gel shift assay in 1% agarose to evaluate the binding properties of quasi-monovalent or multivalent 
qdots to Neutravidin at increasing concentrations of Neutravidin (10 µm, 5 µm, 2.5 µm, 1.25 µm, 625 nM, 
312 nM, 156 nM, 78 nM, 39 nM, 19.5 nM, 9.75 nM, 5 nM). Qdot fluorescence was detected on a 

fluorescence gel scanner. * indicates no Neutravidin.  
(B) Distribution of diffusion coefficients after single-qdot tracking of Av-GPI labeled with quasi-monovalent 
(top) or multivalent (bottom) biotinylated qdots in live HeLa cells. 
(C) Examples of Av-GPI trajectories for quasi-monovalent (top) or multivalent qdots (bottom).  
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Figure S4. Single-dye tracking of Av-GPI with monovalent Alexa 488 biocytin at room temperature.  
 

 
 
(A) Example of Av-GPI trajectories after tracking with monovalent Alexa 488 biocytin.  
(B) MSD plots for 81 Av-GPI labeled with Alexa 488 biocytin (blue curves) and ensemble MSD plot obtained 
by pooling together the square displacements of all trajectories (red curve).  
(C) Example of Av-GPI trajectory with two diffusion coefficients. The squared trajectory in (A) was sufficiently 
long (4.6 s) to detect a change in diffusion when plotting the instantaneous diffusion coefficient over time.  
(D) Global PDSD analysis of the same 81 Av-GPI traces in (B). The PDSD curves were fitted with three 
fitting exponents for comparison with a similar global PDSD analysis of qdots labeled Av-GPI traces (data 
can be viewed at http://fpinaud.bol.ucla.edu/index_files/Traffic.htm). The three ri

2(τ) curves recovered were 
well fitted with a normal diffusion model <r2> = 4Dτ with D1 = 1.4 10-1 µm2/s (18 %), D2 = 4.0 10-2 µm2/s (54 
%) and D3 = 5.7 10-3µm2/s (28 %), for r1

2(τ), r2
2(τ) and r3

2(τ) respectively.  
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Figure S5. Example study of Av-GPI colocalization with GM1-rich domains by MSD analysis of sub-
trajectories and PDSD analysis together with PDSD analysis of Monte Carlo simulated trajectories. 
 

 
 
(A) The trajectory of a tracked Av-GPI is overlayed with the green, CTxB mean intensity projection image. 
Scale bar 500 nm. 
(B) Colocalization of Av-GPI with a GM1-rich domain is confirmed by studying qdot (red) and CTxB signal 
(green) along the GPI-test probe trajectory. Periods during which signals are above background (gray) and 
overlap are selected (ROI).  
(C) The sub-trajectory corresponding to the selected temporal ROI is automatically highlighted.  
(D) MSD are then computed for the full trajectory (black), the selected ROI and colocalizing sub-trajectory 
(green) or the non colocalizing sub-trajectory (blue). MSD are then fitted over 10 % with a simple Brownian 
diffusion model (red). The fitted curve of the full trajectory MSD has been omitted for clarity.  
(E) Diffusion coefficients are determined fits of 10 % of the MSD in (D). For this particular Av-GPI molecule, 
the diffusion coefficient within the GM1-rich domain is ~30 times smaller than outside the domain.  
(F) PDSD analysis on the same trajectory is then performed for consistency and to verify the diffusion 
coefficients determined from sub-trajectory MSDs. The diffusion coefficients fall within the range of the fast 
or slow sub-populations of the diffusion histograms (Fig. 3B).  
(G) PDSD analysis of Monte Carlo simulated trajectories. (i) A simulated trajectory undergoing a change in 
diffusion mode from free diffusion (D1) to restricted diffusion (D2) into a circular domain of radius R = 100 
nm. The diffusion coefficients chosen in this simulation correspond to the modal values of the fast and slow 
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diffusion regimes reported in the text. Uncertainty in position determination was set to 30 nm, a typical value 
observed in our experiments. The particle was located in the slow domain for 60% of the trajectory duration 
(100 s). (ii) PDSD analysis of the trace in (i) over 3 % of the time lags. (iii) Fit of PDSD in (ii) results in two 
ri

2(t) curves (open circles). r1
2(t) could be fitted with a simple diffusion mode (black curve) resulting in a 

measured diffusion coefficient D1,mes. r2
2(t) (red circles) was fitted with a restricted diffusion model (red 

curve) and yielded D2,mes and R in good agreement with the input values of the simulation. The reported 
uncertainty value is that associated with the restricted diffusion regime. The computed uncertainty 
associated with the simple diffusion regime is 58 nm. Notice that the graph is represented in logarithmic 
scale because of the large difference in D values. 
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Figure S6. Correlation of colocalization and diffusion coefficients of Av-GPI and caveolae. 
 

 
 
Three examples of simultaneous caveolae and Av-GPI tracking. Trajectories in (A) and (B) correspond to 
images of Fig. 6H. The trajectory in (C) corresponds to one image of Fig. 6F. Diffusion coefficients (in µm2/s) 
were obtained by PDSD analysis as illustrated on the right. In (A) and (B), Av-GPI and caveola colocalize 
within the experimental uncertainty of the overlay of the green and red channel (~1 pixel). The diffusion 
coefficients are reasonably close and suggest trapping of Av-GPI in the caveolar pit. In (C) the GPI-test 
probe switches diffusion regimen in close proximity to a caveola.  
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Figure S7. Quantification of membrane cholesterol by filipin staining of Av-GPI expressing cells. 
 

 

(A) Confocal imaging of filipin in control cells, cells treated with 10 µM lovastatin for 30 hr or cells treated 
with 10 mM mβCD for 1 hr. Acute cholesterol depletion with mβCD removes most of the membrane 
cholesterol and poor filipin staining is observed. Scale bar: 10 µm.  
(B) Quantification of membrane cholesterol from filipin fluorescence intensity. Lovastatin treatment did not 
result in a significant decrease in membrane cholesterol compared to control cells (86 ± 22 %, n=47). After 
treatment with mβCD, however, the cholesterol content in cell membranes is strongly reduced (17 ± 7 %, 
n=34). 
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Figure S8. Effect of cholesterol depletion on the actin cytoskeleton and the distribution of GM1 in fixed HeLa 
cells expressing Av-GPI. 
 

 
 
(A) The organization of the actin cytoskeleton is impacted by cholesterol depleting drugs. Acute reduction in 
membrane cholesterol with 10 mM mβCD treatment for 1 hr leads to a slight rounding up of adherent HeLa 
cells and reduced cell contacts. Although some stress fibers are present, they appear less defined than in 
untreated cells and actin-rich foci and microspikes are visible. Cholesterol depletion with 10 µM lovastatin for 
30 hr led to less abundant and less defined stress fibers. The cortical actin network lining the inner surface 
of the plasma membrane is also irregular and cell contacts are reduced. 
(B) The membrane distribution of GM1 is affected by cholesterol depleting drugs. While GM1 are distributed 
homogeneously in the plasma membrane of untreated cells, acute cholesterol depletion by mβCD redirects 
GM1 to perinuclear compartments (arrows) and significantly decreases GM1 membrane content. Milder 
cholesterol depletion with lovastatin does not strongly affect the distribution of GM1 in the membrane. Only 
limited perinuclear localization of GM1 is observed (arrows). 
Inserts: DIC images of micrographs. Scale bars: 20 µm. 
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Figure S9. Cholesterol depletion with lovastatin has little effect on the diffusion of Av-GPI. 
 

 
 
(A) Confocal fluorescence image of Av-GPI in the plasma membrane of HeLa cells after 30 hr cholesterol 
depletion with 10 µM lovastatin. Insert: DIC image. Scale bar: 20 µm. 
(B) Distribution of Av-GPI diffusion coefficients for lovastatin treated cells in the presence of the Alexa 488 
labeled CTxB. The two populations of fast and slow Av-GPI have diffusion coefficients similar to untreated 

cells with = 2.8 10CTxBlova
fastD +/ˆ -2 µm2/s (SE: 2.0-4.0 10-2 µm2/s, 51 %) and = 1.0 10CTxBlova

slowD +/ˆ -4 µm2/s (SE: 

0.8-1.4 10-4 µm2/s, 36 %). Only 7 % of all Av-GPI repartitioned between the fast and slow populations during 
tracking. 
(C) CTxB ∑Imean image of an ROI of the plasma membrane for a cell treated with lovastatin. Av-GPI 
trajectories are overlaid on the image. As observed for untreated cells stained with CTxB, about 65 % of 
slow Av-GPI were colocalized with GM1-rich CTxB-labeled domains, while faster Av-GPI diffuse around 
these structures. Scale bar: 1 µm. 
(D) Modes of diffusion for Av-GPI after lovastatin treatment. The diffusion modes of fast and slow Av-GPI 
are not significantly influenced by lovastatin, and are similar to those of untreated cells.  
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Figure S10. Effects of actin cytoskeleton disruption on membrane organization and diffusion of Av-GPI and 
GM1 in HeLa cells. 
 

 
 
Cells were incubated with 10 µM latrunculin-A for 45 min at the end of the serum-starving period and 
prepared for imaging as described in Material and Methods. Latrunculin-A was kept in the cell medium at all 
steps including imaging. 
(A) F-actin staining after treatment with latrunculin-A, fixation and permeabilization of HeLa cells. The actin 
cytoskeleton was completely disrupted. Membrane retraction and changes in cell shape are clearly visible 
(DIC image). Scale bar 20 µm.  
(B) Confocal fluorescence image of the distribution of Av-GPI and GM1 upon disruption of cortical actin. 
Both GPI-test probes and GM1 were located in bright, large and co-localizing membrane patches bound to 
the coverslip (arrows) or distributed on the cell membrane.  
(C) Distribution of Av-GPI diffusion coefficients for latrunculin-A treated cells in the presence of Alexa 488 
CTxB. Only GPI-test probes that diffused clearly and did not change diffusion regime during the tracking 

were analyzed. The modal diffusion coefficient was = 1.6 10Alat
fastD −ˆ -1 µm2/s (SE: 1.4-2.1 10-1 µm2/s).  

(D) Examples of Av-GPI trajectories in latrunculin-A treated cells. 
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Table S1. Distributions and quantification of Av-GPI and transferrin receptor in flotation gradients. 
 
 
 

 
 Av-GPI Transferrin receptor 

Lovastatin  -                + -              + 

Detergent-Resistant 
Light Fraction 

Immunoreactivity 
(Percent per Fraction) 

2720             175 
(96.1%)        (61.8%) 

126              173 
(2.2%)         (2.8%) 

Detergent-Soluble 
Dense Fraction 

Immunoreactivity 
(Percent per Fraction) 

111               108 
(3.9%)        (38.2%) 

5606            6042 
(97.8%)       (97.2%) 

Total Recovered 

 
2831            283 

(100.0%)     (100.0%) 
 

            5732           6215    
        (100.0%)     (100.0%) 
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Table S2. Diffusion models. 
 
 
  

Model Type Formula Parameters Reference 

Linear 4Dt  D (47) 

Linear + Error 24 4Dtσ +  σ, D Corrected from 
(19) 

Anomalous 4D tαα  Dα, α (47) 

Directed ( )24Dt Vt+  D, V (47) 

Directed + Error ( )224 4Dt Vtσ + +  σ, D, V Adapted from 
(47) 

Restricted (circular 
domain) ( )2

2
42

1
1 A Dt RR A e−
−  R, D 

A1=0.99, A2=0.85 (47, 48) 

Restricted + Error ( )2
2

42 24 1 A Dt Re−
+ −σ

1
R A  σ, R, D Adapted from 

(47, 48) 
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1.4 10-1 18%
4.0 10-2 54%

61.3 s        
(±22.5) 43 127.7 10-5 ND ND NDCav1-EGFP 

tracking
Av-GPI/Cav1-

EGFP
Untreated    
(-CTxB) ND

15% 64.2 s        
(±32.6)

Qdot 
tracking

Av-GPI/Cav1-
EGFP

Untreated    
(-CTxB) 6.0 10-2 179 141.8 10-3 54% 36% 10%

17

81 52.58 s     

 

   
(±2.02)

FRAP Av-GPI Untreated    
(-CTxB) 6.5 10-2 2.7 10-3 81% 15% 4%

45 15

Single dye 
tracking Av-GPI Untreated    

(-CTxB) 5.7 10-3 28%

51 15

Latrunculin 
(+CTxB) 1.7 10-1 ND 100% ND ND ND 50.7 s        

(±24.6)

41% 59% 69.8 s        
(±23.8)

mßCD       
(+CTxB) 2.7 10-5

59.7 s        
(±27.6) 48 113.5 10-4 83% 17%

141 141.0 10-4 51% 36% 13%

214 192.4 10-4 47% 43% 10%

118 289.1 10-4 55% 42% 3%

Lovastatin 
(+CTxB) 2.8 10-2

mßCD       
(-CTxB)

22% 74.1 s        
(±29.0)

11% 54.4 s        
(±21.0)

7% 60.7 s        
(±26.1)

Distribution                 
of diffusions

olecules 
switching between 

subpopulations

Trajectories 
mean    

duration (SD)

No. of 
molecules

Qdot 
tracking Av-GPI

Untreated    
(-CTxB) 3.8 10-2

Untreated 
(+CTxB) 3.6 10-2

Probes & 
Techniques Constructs Conditions  

Diffusion coefficient   
(µm2/s)

No. of 
cells

DFast DSlow Fast Slow Immobile

Table S3. Diffusion coefficients of Av-GPI measured with various techniques and under different conditions.  
M
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