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Figure 6.  CLICs become polarized during and are necessary for efficient cellular migration. (A) Confluent monolayers of WT MEFs or NIH3T3s were 
scratched and cells were allowed to migrate for 8–12 h. CTxB-555 and Tf-647 were pulsed into migrating cells for 2 min in the presence of anti-CD44 
(WT MEF), anti-GFP (GFP-GPI expressing WT MEF), or anti-Thy-1 (NIH3T3) antibodies or cells were labeled for Cav-1 (WT MEF). Dotted lines indicate 
leading edges. Arrows show colocalization between anti-CD44 or anti–Thy-1 and CTxB-555 but not Tf-647 at the leading edge. Bar, 20 µm. (B) Quantita-
tion of average pixel intensity from the leading to trailing edges for CTxB-555, Cav-1, and Tf-647. Inset shows the concentration of tubular, Cav-1, and 
Tf-negative CTxB-labeled CLICs at the leading edge. A rectangular area, outlined, was used to calculate the average pixel intensity (along the y axis) 
across the leading to trailing edge (along the x axis) for each endocytic marker. Plot profiles identify a concentration of CTxB in the leading edge and 
Cav-1 in the trailing edge whereas Tf shows uniform intensity across the cell. Bar, 10 µm. (C) Electron micrographs of a migrating WT MEF. Large arrow 
indicates direction of migration. Magnifications from the leading edge and the trailing edge show representative images of CTxB-HRP–labeled CLICs  
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from the PM (Kirkham et al., 2005; Sabharanjak et al., 2002), 
such recruitment of dynamin to maturing CLICs, after the initial 
scission, provides important machinery for CLICs to compart-
mentalize. Clearly, however, dynamin is not required for the 
generation of CLIC architecture, as the morphology of CLICs  
is identical in the presence or absence of dynamin inhibition.  
Recruitment of dynamin to CLICs as they mature would reconcile 
the direct interaction between GRAF1 and dynamin within this 
dynamin-independent pathway (Hansen and Nichols, 2009).

Myoferlin, a novel CLIC-associated target identified here, 
is a member of the ferlin family of proteins implicated in mem-
brane fusion (Davis et al., 2000). We have previously shown that 
another ferlin family member, dysferlin, associates with the 
CLIC pathway (Hernández-Deviez et al., 2008). Myoferlin, like 
dysferlin, is involved in calcium-dependent membrane fusion 
after mechanical disruption to the PM (Bernatchez et al., 2007). 
Recently, a clathrin-independent, GPI-enriched endocytic com-
partment has been implicated in membrane repair after PM 
shearing (Idone et al., 2008a,b). This raises the exciting possibil-
ity of links between the role of dysferlin/myoferlin in this pro-
cess and the ability of CLICs to provide the necessary membrane 
for repair of PM lesions. Supporting this, two targets identified 
here, AHNAK and Annexin A2, have been shown to bind dysfer-
lin and myoferlin during membrane repair (Huang et al., 2007). 
Localization of dysferlin/myoferlin to a subdomain of CLICs 
that does not merge with Tf-positive EEs highlights that this 
pathway has the capability to rapidly recycle membrane back to 
the PM under specific conditions, such as PM repair (Fig. 7 B).

Evidence for an association between CLICs and cellular 
migration is provided by the distinct polarization of CLICs in 
motile cells, as well as the impairment of migration after tran-
sient ablation of the pathway. Specific internalization of Thy-1 
and CD44 through the CLIC pathway at the leading edge pro-
vides an explicit role for CLICs in rapid turnover of adhesion  
receptors within a spatially restricted mechanism. How CLICs 
become polarized during migration remains an open question; 
however, one possibility arises from activity of the initial regula-
tor of the CLIC/GEEC pathway, Cdc42. Cdc42 was originally 
described as directing cell polarity during yeast budding (Johnson 
and Pringle, 1990) and plays an assortment of fundamental roles 
during eukaryotic cell polarization (Etienne-Manneville, 2004). 
After wounding of cell monolayers Cdc42 activity is specifically 
directed to the front of the cell, resultant from signaling between 
contacts and the ECM (Etienne-Manneville and Hall, 2001).  
As Cdc42 activity is necessary for formation of CLICs, this 
would lead to specific localization of CLICs at the leading edge 
of wounded monolayers. The clathrin adaptor, Numb, is also 

Discussion
Here we identify the CLIC pathway as a high capacity route that 
accounts for the vast bulk of constitutive fluid uptake in fibro-
blasts, implicating CLICs as key mediators of PM remodeling. 
Previous estimations of endosomal tubule volume using stereol-
ogy have noted that tubules close to section thickness (55 nm) 
can lead to overprojection effects (Griffiths et al., 1989). When 
correction factors are applied to volume estimates CLICs would 
still account for over 70% of internalization. Bulk phase early 
endocytosis in rat fetal fibroblasts has also been shown to be in-
dependent from clathrin and occurs via a constitutive, noncave-
olar pathway, which rapidly regurgitates substantial amounts of 
endocytic volume (Cupers et al., 1994). We have previously 
shown that up to 40% of endocytosed fluid, mainly internalized 
through the CLIC/GEEC pathway, is regurgitated in 5 min (Chadda 
et al., 2007). Together, this suggests that the CLIC pathway in-
ternalizes and returns significant portions of the PM quickly, 
rapidly turning over membrane during key cellular processes, 
such as PM repair and homeostasis. It also provides the endo-
cytic system with a mechanism to remodel features of the PM 
quickly, critical for extracellular interactions during various 
processes ranging from adhesion to signaling. Such vast mem-
brane flow and recycling has recently been observed from a 
GPI-AP–positive CIE compartment, which provides a signfi-
cant fraction of the required membrane during cellular spread-
ing (Gauthier et al., 2009).

Calculation of fluid uptake via clathrin-independent endo-
cytosis has generally estimated the contribution of these routes to 
be 40–60% of total fluid internalization (Sandvig et al., 1987; 
Sabharanjak et al., 2002; Cheng et al., 2006). The higher contri-
bution of 74%, calculated here, may be explained through differ-
ences in the resolution, both spatial and temporal, of experimental 
procedures used. By calculating volume internalized based on  
ultrastructure rather than fluorescence this work provides a higher 
resolution analysis than previous studies, which were limited by 
the optical resolution of fluorescence microscopy.

The 3D structure of CLICs identifies them as pleiomorphic, 
complex, multicomponent carriers. Although it is recognized 
that the bulk of CLIC-internalized fluid and membrane fuses 
with EEs, discrepancies between the ability of CLIC cargos, 
such as dysferlin/myoferlin and CD44 compared with GFP-GPI 
and CTxB, to fuse with Tf-positive endosomes strengthens the 
argument that some domain of CLICs traffics distinctly from the 
bulk (Fig. 7 A). Recruitment of dynamin to CLICs, after budding 
from the PM, further demonstrates the sorting complexity of the 
route. Although dynamin is not necessary for scission of CLICs 

(1, 2) and surface-connected caveolae (3, 4). Bar, 500 nm. (D) Quantitation of the number of endocytic structures at the leading and trailing edge of cells 
treated as in C. Budded caveolae and CCVs are positive for CTxB-HRP label, whereas caveolae and CCPs are not. Error bars show SEM. (E) WT MEFs 
were incubated with or without CTxB-HRP for 2 min. The DAB reaction was performed on live cells for 5 min. Cells were washed and allowed to grow for 
a further 4 h. CTxB-555, anti-CD44 antibodies, and Tf-647 were added directly to cells for 2 min of uptake before acid stripping and fixation. Bar, 10 µm. 
(F) 12–15 cells treated as in E were quantitated for average fluorescence intensity of CTxB-555, Tf-647, or goat anti–mouse-488 for mouse–anti-CD44. 
(G) Confluent monolayers of WT MEFs were scratched and cells were allowed to migrate into the space for 1 h. Cells were incubated with serum alone or 
serum with 10 µg ml1 CTxB-HRP for 2 min and the DAB reaction was performed as in E. After 4 h of migration, cells were fixed and distance migrated 
was determined by measuring the distance of the gap between both sides of the wound at time zero and after 4 h of incubation. Error bars show SEM 
from three independent experiments.
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and rapidly mature into a high capacity sorting station. We have 
shown that CLICs are a high capacity, dynamic, and complex 
sorting system and propose that they have the ability to sort 
subcompartments to distinct destinations for critical cellular 
processes such as membrane repair, migration, and maintenance 
of the PM.

Materials and methods
Internalization assay
Cells on 12-mm coverslips or 35-mm dishes were serum starved for 4 h in 
serum-free DME (Invitrogen) before two times 2-min wash in precooled 
CO2-independent media (Invitrogen) on ice and placed on 50-µl drops of 
10 µg.ml1 CTxB-555 (Invitrogen), 5 µg.ml1 Tf-488 (Invitrogen), and/or 
anti-GFP as desired for 20 min. For stereology, 35-mm dishes were not in-
cubated on ice but were subjected to constitutive uptake at 37°C, 5% CO2 
for desired times. Coverslips were moved to prewarmed serum-free DME 
and incubated at 37°C, 5% CO2 for desired times. Coverslips were placed 
back on ice in precooled CO2-independent media. Two times 30-s 0.5 M 
glycine (pH 2.2) acid stripping was routinely performed before fixation in 
2% paraformaldehyde. For immunocytochemistry, cells were permeabi-
lized in freshly made 0.1% saponin for 10 min and blocked in 0.2% fish 
skin gelatin/0.2% BSA in PBS. Coverslips were incubated with primary 
antibodies for 1 h at room temperature, followed by three times 10-min 
wash in PBS before incubation with secondary Alexa Fluor–conjugated  
antibodies at 1:400 for 1 h.

Fluorescence micrographs were captured on a confocal laser- 
scanning microscope (Axiovert 200 m SP LSM 510 META; Carl Zeiss, Inc.). 
Images were captured under oil with a 63x Plan-Apochromat objective, at 
excitation wavelengths of 488, 543, and 633 nm for GFP-tagged con-
structs or Alexa Fluor 488–, Alexa Fluor 555–, or Alexa Fluor 647/660–
conjugated antibodies, respectively. Band-pass and meta filters were 
applied as appropriate for respective fluorophores and images were cap-
tured from photomultiplier tube detectors (Carl Zeiss, Inc.). Colocalization 
was quantitated using Volocity v3.7. Images of individual cells were split 
into RGB channels, automatic thresholding applied, and colocalization co-
efficients calculated on percentage of overlapping voxels. Antibodies used 
include Thy-1 and CD44 (Abcam); CHC, GM130, Grp78, Cav1, and HA 
(BD); myc (Sigma-Aldrich); and TfR (Invitrogen). HRP-conjugated anti-CD44 
was generated with Lightning-Link HRP conjugation kit (Innova Bioscience) 
as per the manufacturer’s instructions.

Dynamin and PI3K inhibition
Cells were serum starved for 4 h in serum-free DME before incubation for 
20 min with 30 µM Dyngo4a, 80 µM dynasore (Sigma-Aldrich), or  
100 nM wortmannin (Roche). Cells were then incubated with an endocytic 
marker of interest in the presence of Dyngo4a and wortmannin for indi-
cated periods at 37°C.

Electron microscopy and DAB reaction
After constitutive internalization of 10 µg.ml1 CTxB-HRP (Invitrogen) at 
37°C, cells were placed on ice and washed two times for 1 min in ice cold 
PBS, followed by 10 min in 1 mg.ml1 DAB (Sigma-Aldrich) ± 50 µM ascor-
bic acid (AA) in PBS. Cells were then incubated with DAB ± 50 µM AA with 
0.012% H2O2 for 20 min, followed by fixation in 2.5% glutaraldehyde 
(ProSciTech) in PBS for 1 h at room temperature. For plastic sections, cells 
were contrasted with 1% osmium tetroxide and 4% uranyl acetate. Cells 
were dehydrated in successive washes of 70%, 90% and 100% ethanol 
before embedding in LX-112 resin. For frozen sections, cells were scraped 
and embedded in 10% gelatin and gelatin blocks were infused with 2.3 M 
sucrose. Blocks were frozen onto mounting pins and 55-nm sections were 
collected using a UC6 ultramicrotome (Leica). Tomograms of 300-nm plastic 
sections were captured in 1° increments, tilted ±60° on a transmission elec-
tron microscope (model F30; Tecnai) using UltraScan 4000 semi-automated 
software. High pressure frozen samples were essentially processed as de-
scribed previously (Richter et al., 2008). In brief, CTxB-HRP was added di-
rectly to cells grown on sapphire discs and DAB reaction was performed on 
ice before discs were frozen in a Balzers HPM010 high pressure freezer 
(BAL-TEC AG) and stored under liquid nitrogen. Freeze substitution was 
performed in acetone with 0.7% uranyl acetate; 1% osmium tetroxide 
at 90°C before warming to 0°C over 3 d and infiltrated with Embed 812-
Araldite resin.

specifically localized to the leading edge where it mediates 
integrin-1 endocytosis (Nishimura and Kaibuchi, 2007). It appears 
surprising that Numb-positive CCVs and CLICs both polarize  
to the leading edge during migration. One possible explanation 
for this is the types of cargo internalizing through each pathway. 
Adhesion components without a CCP sorting motif, such as 
CD44 and Thy-1, still need to be internalized for efficient migra-
tion and this could occur via CLICs at the leading edge. Con-
sistent with such a hypothesis, a screen for genes involved in 
epithelial cell migration identified that knock-down of GRAF1, a 
regulator of the CLIC pathway (Lundmark et al., 2008), reduced 
the capacity of these cells to migrate (Simpson et al., 2008).

This study has shown the significant magnitude of traf-
fic through this largely uncharacterized sorting compartment. 
Rather than acting as passive carriers that shuttle from the PM 
to EEs, we propose that CLICs arise from the plasma membrane 

Figure 7.  Model of CLIC endocytosis. (A) (1) CLIC cargo, such as Thy-1, 
CD44, and myoferlin are concentrated within Flotillin-1 and cholesterol-
enriched microdomains. (2) Actin and GRAF-1 drive the initial formation of 
the carriers, within 15 s. (3) Recruitment of dynamin, Rab11, and Rab5/
EEA-1 complexes within 2 min provides the ability for these carriers to 
facilitate bulk membrane flow to early endosomes (4a) and fast plasma 
membrane recycling (4b). (B) After abrasion to the PM an influx of Ca2+ 
activates the fusogenic C2 domains of dysferlin/myoferlin, resulting in the 
preferential recycling of the CLIC pathway.
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S(v) of plasma membrane across 25 cells, from low magnification electron 
micrographs, multiplied by the total average volume.

To capture the average volume of single CTxB-HRP–positive CLIC, 
high resolution electron micrographs from whole-mount profiles were used. 
As CTxB-HRP label (as well as HRP and anti-CD44-HRP label) was only 
found within the tubular ring of CLICs, we assumed that the entire volume 
of CLICs is comprised solely within the tubule space. Therefore, the volume 
of a sphere based on the diameter of the inner membrane was subtracted 
from the volume of a sphere based on the diameter of the outer membrane 
of the rings. This calculated that an average CLIC had an estimated volume 
of 0.00263 ± 0.00048 µm3. In comparison, the volume of a single CCV was 
estimated to be five times smaller (0.0005 µm3 assuming sphere based on 
diameter of 100 nm).

Mass spectrometry
An Agilent 1100 Binary HPLC system (Agilent Technologies) was used to per-
form reversed phase separation of the in-gel digests using a Vydac MS C18 
300A column (150 mm × 2 mm) with a particle size of 5 µm (Vydac). Mass 
spectrometry experiments were performed on a hybrid quadrupole/linear ion 
trap 4000 QTRAP MS/MS system (Applied Biosystems). All analyses were 
performed using information-dependent acquisition and the linear ion trap 
(LIT) acquisition modes. Analyst 1.4.1 software was used for data analysis.

Cell migration
Confluent WT MEFs grown on coverslips were scratched with a 200-µl  
pipette tip. Cells were washed and allowed to recover for 4 h before inter-
nalization assays. Average pixel intensity from leading to trailing edges 
within a selected area was calculated using the Plot Profile option in  
ImageJ. Plot profiles show a representative image of 5–10 cells across 
three independent experiments.

DAB ablation
10 µg.ml1 CTxB-HRP was added to cell monolayers for 2 min at 37°C. 
Cells were then incubated with 10 mg.ml1 DAB, 50 µM AA in DME for  
2 min before incubation with 10 mg.ml1 DAB, 50 µM AA, 0.012% H2O2 
in DME for a further 2 min. Cells were washed five times with DME before 
incubation in normal growth media for 4 h. CTxB-555, Tf-647, and anti-
CD44 antibodies were then directly added to cells for 2 min before acid 
stripping, fixation, permeabilization, and labeling for anti-CD44 antibodies. 
For quantitation of distance migrated, monolayers were imaged after DAB 
inactivation (time zero) and again after 4 h. Distance between front edges 
of monolayers on both sides of the wound was measured using Adobe 
Photoshop CS2. Anti-CD44-HRP and Tf-HRP failed to inhibit either clathrin-
independent or -dependent endocytosis at concentrations of 10–100 µg.ml1 
as used at early times in this assay.

Online supplemental material
Fig. S1 shows that wortmannin treatment of MEFs inhibits the fusion of 
CLICs with early endosomes, leading to a threefold increase in the number 
of CLICs per cell. Wortmannin treatment does not noticeably affect the pro-
tein profiles of the CLIC-enriched fraction. Fig. S2 shows the consistent na-
ture of membrane profiles in the CLIC-enriched fraction and that CTxB-HRP 
labels a majority of these profiles when added to cells before the fraction-
ation. Fig. S3 shows the localization of dynamin to CLICs after wortmannin 
treatment by immunofluorescence and by ultrastructure. Dynamin also labels 
the neck of profiles in the CLIC-enriched fraction. Video 1 shows the tilt  
series of CTxB-HRP–laden CLICs after 15 s of internalization. Table S1 lists 
all the peptides identified from fraction 2.8 with two or more 99% confi-
dence hits from the LC-MS/MS. Online supplemental material is available 
at http://www.jcb.org/cgi/content/full/jcb.201002119/DC1.
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Nycodenz density fractionation
NIH3T3–GFP-GPI cells were serum starved and treated for 20 min with 
100 nM wortmannin and 30 µM Dyngo4a. Anti-GFP antibodies were di-
rectly added to treated cells in the presence of wortmannin and Dyngo4a 
for 5 min at 37°C. Cells were placed on ice and harvested by scraping in 
TES buffer (10 mM tricine, 1 mM EDTA, and 250 mM sucrose, pH 7.4) 
with dissolved complete protease inhibitor cocktail (Roche). Cells were ho-
mogenized by passaging 10 times each through 21- and 27-gauge nee-
dles. A 17,000-g spin at 4°C for 10 min was applied to sediment nonlysed 
cells and nuclei. Post-nuclear supernatants were mixed with an equal vol-
ume 70% Nycodenz in TES and placed on the bottom of a four-step gradi-
ent, consisting of 25%, 10%, and 0% Nycodenz steps. Gradients were 
spun at 160,000 g for 2 h. The 10% fraction (excluding the interface) was 
collected and diluted 1/3 in TES with protease inhibitors and placed on 
top of a 5–20% continuous Nycodenz gradient. This was spun at 206,000 g 
for 2 h. Fractions were collected from the top of the gradient and TCA- 
precipitable samples analyzed by SDS-PAGE and LC/MS-MS. For visual-
ization of Nycodenz fraction morphology by EM, 10 µl of fraction of 
interest was mixed with 10 µl 5% glutaraldehyde and a 100 mesh copper 
EM grid was placed on top for 30 min at room temperature. Grids were 
washed three times 5 min with PBS, followed by five times 2 min H2O  
before staining with 1:9 (by volume) of 4% uranyl acetate to 2% methyl 
cellulose for 10 min on ice.

CTxB biotinylation
CTxB-555 was biotinylated with 2 mg.ml1 EZ-link Sulfo-NHS-SS-biotin 
(Thermo Fisher Scientific) for 10 min at 37°C and biotin quenched with 1:1 
volume of 200 mM glycine for 5 min. CTxB-biotin was added to Cav1/ 
MEFs either treated with 30 µM Dyngo4a or left untreated for the times indi-
cated. After CTxB-biotin internalization, cells were placed on ice and stripped 
with three times 5-min washes with 100 mM MesNa (Sigma-Aldrich). 
MesNa was quenched with three times 5-min washes with 54 mM iodo
acetamide (Sigma-Aldrich). Cells were harvested in TNE (20 mM Tris pH 7.5, 
150 mM NaCl, and 5 mM EDTA) with complete protease inhibitors (Roche) 
and solubilized with 1% Triton X-100. BCA protein assays (Thermo Fisher 
Scientific) were routinely performed to accommodate equivalent loading. 
Western blots were probed with streptavidin-HRP (Invitrogen) in 5% skim 
milk, 0.1% Tween 20. Intensity of developed HRP chemiluminescent 
bands was determined for multiple exposures per sample in ImageJ using 
Gel Analyzer.

Stereology
Serum-starved cells were incubated directly with 10 µg.ml1 CTxB-HRP,  
20 mg.ml1 HRP (Sigma-Aldrich), 10 µg.ml1 anti-CD44-HRP antibodies or 
20 µg.ml1 Tf-HRP (Invitrogen) for desired times before being placed on 
ice, washed with precooled CO2-independent media, and processed for 
the DAB reaction and EPON embedding. Vertical sections, visualized at 
20,000x on a transmission electron microscope (model 1011; JEOL), were 
overlayed with a 2,000-nm square lattice grid using iTEM software. The 
number of intersections that fell on top of the cytoplasm, excluding the nu-
cleus, were recorded across 20–25 cells and three independent areas.  
A 200-nm square lattice grid was also applied and intersections that fell on 
top of DAB-labeled structures were recorded as above. Number of points 
lying over DAB-labeled structures multiplied by the grid size was com-
pared, as a percentage, to points over cytoplasm by grid size to give the 
percentage of labeled structures to cytoplasmic volume (V(v)). Overprojec-
tion effects on endosomal tubules can lead to volume overestimation as de-
scribed previously (Griffiths et al., 1989). Based on the section thickness, 
average diameter, and length of CLICs, a correction factor of 0.65 can be 
applied to the V(v) measurements, based on graphs previously developed 
(Weibel, 1979). Correction factors are approximate only and give an esti-
mate of possible error. Based on tomography data (Fig. 3), however, CLICs 
display a depth greater than section thickness (entire volume is still within 
300-nm section, far thicker than 55-nm sections used for volume calcula-
tion), in which case overprojection effects become negligible.

Surface density, or surface volume fraction (S(v)), was calculated by 
placing a cycloid grid over high resolution images of CTxB-HRP–labeled 
structures and using the formula: S(v) = 2I/P•l(p), where I = total intersec-
tions of cycloid grid with structure of interest, P = total points of cycloid grid 
lying over structure of interest, and l(p) = length of the cyloid in µm, which 
was an absolute distance of 75 nm in this study.

Total cellular volume of a Cav1/ MEF was calculated by binding 
CTxB-555 to fixed cells. Confocal Z-stacks were obtained from five repre-
sentative cells and total average cellular volume was calculated using 
Volocity v3.7. Surface area of Cav1/ MEF was calculated by finding the 
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Figure S1.  Inhibition of CLIC maturation through wortmannin treatment. (A) 3T3-GPI cells treated or not with 100 nM wortmannin were incubated with 
anti-GFP antibodies and Tf-546 for 2 or 10 min at 37°C. Arrows indicate points of colocalization. (B) 10–12 cells across three independent experiments 
from A were processed for colocalization using Volocity v3.7. WT MEFs were treated with DMSO (C) or with 100 nM wortmannin (D) and were then pulsed 
with CTxB-HRP for 10 min. DAB reaction was performed with AA before fixation. Arrows indicate tubular and ring-shaped CLICs. Arrowheads show early 
endosomes. Bars, 200 nm. (E) Quantitation of HRP-positive rings and tubules across 4–6 cells in two independent experiments treated as in C or D. Error 
bars show SEM. (F and G) Silver-stained polyacrylimide gels of fractions from cells left untreated (F) or treated with 100 nM wortmannin (G). The major 
protein bands in Fraction 2.8 are consistent across samples. More protein is visible in wortmannin-treated samples consistent with an increase in the number 
of CLICs in this pool. One band in particular shifts from a significant pool in Fraction 2.3 to Fraction 2.8 after wortmannin treatment. By Western blot this 
band corresponds to the internalized anti-GFP antibody (not depicted). As anti-GFP labels multiple compartments in untreated control cells (C), this shift rep-
resents the specific concentration in CLICs after wortmannin treatment.
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Figure S2.  Membrane profiles of fractions from Nycodenz gradient. (A) Adsorbed and glutaraldehyde-fixed samples from Fraction 2.8 were visualized 
by EM. The morphology of structures within this fraction shows a highly enriched but not pure concentration of structures that have the striking morphology 
of CLICs. Although these structures range from 100–300 nm in diameter they display a consistent ring-shaped morphology, with some tubular extensions. 
Smaller microsomes are present but not predominant within this fraction. Bar, 2 µm. (B) CTxB-HRP–internalized NIH3T3s were subjected to the isolation pro-
tocol. DAB reaction was performed on fixed and adsorbed samples from Fraction 2.8. Low magnification image shows the vast bulk of membrane within 
this fraction is positive for internalized CTxB, shown as electron-dense structures. Stereology on 20 randomly selected fields calculates that 70.0% of mem-
brane within this fraction is positive for CTxB-HRP. (C) Fractions 2.1 and 2.11 were fixed and adsorbed onto a 100 mesh copper grid. Representative im-
ages from these fractions are shown and compared with the structures found in Fraction 2.8. Bars, 500 nm.
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Figure S3.  Dynamin localizes to maturing CLICs. (A) 3T3-GPI cells were treated for 20 min with 100 nM wortmannin or were left untreated before internal-
ization of anti-GFP antibodies for 2 or 10 min at 37°C. Cells were placed on ice and acid stripped to remove surface anti-GFP labeling before fixation and 
labeling for endogenous dynamin. Merged images of selected areas are shown. Arrows show structures in which dynamin and anti-GFP colocalize. Bar, 
10 µm. (B) 10–12 cells across two independent experiments treated as in A were imaged and colocalization between anti-GFP and dynamin was calcu-
lated. Error bars show SEM. (C) NIH3T3 cells were treated with 100 nM wortmannin for 20 min before internalization of CTxB-HRP for 5 min. Cells were 
placed on ice and processed for the DAB reaction. Cells were fixed for Tokuyasu cryosection. Dynamin-labeled sections were not stained with uranyl ace-
tate but were layered with a film of 2% methyl cellulose. Arrows show labeling on electron-dense, CTxB-HRP–positive structures. Arrowhead shows a nonla-
beled CTxB-HRP–positive structure. PM, plasma membrane; Nuc, nucleus. Bar, 200 nm. (D) High magnification images of dynamin labeling on structures 
in Fraction 2.8. Numerous structures show dynamin localization at the neck of tubular extensions. Bar. 200 nm.

Video 1.  Tomogram of CTxB-HRP–laden CLICs. CTxB-HRP was bound to WT MEFs on ice for 20 min. Cells were warmed to 
37°C in 5% CO2 for 15 s before being placed back on ice in ice-cold PBS. DAB reaction was performed on ice, fixed in 2.5% 
glutaraldehyde, and processed for tomography as described in Materials and methods. Each frame of the movie represents a 
1° increment in tilt angle.
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Table S1. All peptides with two or more 99% confident hits

Peptide Location Function Accession

4F2 cell-surface antigen heavy chain/CD98 PM Receptor P10852|4F2_MOUSE
78-kD glucose-regulated protein PM/ER Chaperone P20029|GRP78_MOUSE
Actin, cytoplasmic 1 Cytosol Cytoskeleton P63260|ACTG_MOUSE
Alpha-2-HS-glycoprotein/Fetuin PM/Endosomes Receptor P29699|FETUA_MOUSE
Annexin A2 Endosomes Membrane homeostasis P07356|ANXA2_MOUSE
B cell receptor-associated protein 31 PM Receptor Q61335|BAP31_MOUSE
Calcium-binding protein p22 PM/ER Receptor P61022|CHP1_MOUSE
Calmodulin PM/Endosomes/ER Chaperone P62204|CALM_MOUSE
Calnexin ER Chaperone P35564|CALX_MOUSE
Calreticulin ER Chaperone P14211|CALR_MOUSE
Calumenin ER Chaperone O35887|CALU_MOUSE
Cathepsin L Endosomes Enzyme Q6LAF5|Q6LAF5_MOUSE
Cation-dependent mannose-6-phosphate receptor PM/Endosomes Receptor P24668|MPRD_MOUSE
Caveolin-1 PM Membrane homeostasis P49817|CAV1_MOUSE
CD109 antigen PM Receptor
CD44 antigen PM Adhesion P15379|CD44_MOUSE
Collagen alpha-2(I) ECM Miscellaneous Q01149|CO1A2_MOUSE
Collectin-12 PM Receptor Q8K4Q8|COL12_MOUSE
Cytoskeleton-associated protein 4 PM/Endosomes Adhesion Q8BMK4|CKAP4_MOUSE
Endoplasmic reticulum protein ERp29 ER Enzyme P57759|ERP29_MOUSE
Endoplasmin ER Chaperone P08113|ENPL_MOUSE
ERGIC-53 ER/Golgi Membrane homeostasis Q9D0F3|LMAN1_MOUSE
FAM3C ER Unknown Q91VU0|FAM3C_MOUSE
FK506-binding protein 2 precursor PM/ER Chaperone P45878|FKBP2_MOUSE
Fructose-bisphosphate aldolase A Cytosol/Endosomes Enzyme P05064|ALDOA_MOUSE
Galectin-3 PM Adhesion P16110|LEG3_MOUSE
Glyceraldehyde-3-phosphate dehydrogenase Cytosol Enzyme P16858|G3P_MOUSE
Golgi apparatus protein 1/MG-160 PM/Golgi Receptor Q61543|GSLG1_MOUSE
Guanine nucleotide-binding protein G(o) PM Signalling P18872|GNAO1_MOUSE
Heat shock cognate 71 kD Cytosol Chaperone P63017|HSP7C_MOUSE
Integrin beta-1 PM Adhesion P09055|ITB1_MOUSE
Leucine-rich repeat-containing protein 59 PM Unknown Q922Q8|LRC59_MOUSE
Lysosome-associated membrane glycoprotein 2 Endosomes Membrane homeostasis P17047|LAMP2_MOUSE
Lysozyme C type P Endosomes Enzyme P17897|LYSCP_MOUSE
Membrane-associated progesterone  

receptor component 1
PM/ER Receptor O55022|PGRC1_MOUSE

Moesin PM Adhesion P26041|MOES_MOUSE
Myoferlin (Fer-1-like protein 3) PM Membrane homeostasis Q69ZN7|MYOF_MOUSE
NADPH-cytochrome P450 reductase Cytosol Chaperone P37040|NCPR_MOUSE
Neuroblast differentiation-associated protein 

AHNAK
PM Membrane homeostasis Q8VDN3|Q8VDN3_MOUSE

Neutral alpha-glucosidase PM/Endosomes Enzyme Q8BHN3|GANAB_MOUSE
Nicastrin TGN Miscellaneous P57716|NICA_MOUSE
Nucleobindin-1 ER Membrane homeostasis Q02819|NUCB1_MOUSE
Peptidyl-prolyl cis-trans isomerase C Cytosol Enzyme P30412|PPIC_MOUSE
Predicted Unknown Unknown Q80VP7|Q80VP7_MOUSE
Progesterone receptor membrane component 1 PM/Endosomes Membrane homeostasis O55022|PGRC1_MOUSE
Prolow-density lipoprotein receptor-related  

protein 1
PM Receptor Q91ZX7|LRP1_MOUSE

Prosaposin PM/Endosomes Enzyme Q61207|SAP_MOUSE
Prostaglandin-endoperoxide synthase 1 PM/ER Enzyme P22437|PGH1_MOUSE
Protein disulfide-isomerase A3 ER Chaperone P27773|PDIA3_MOUSE
Protein-lysine 6-oxidase Cytosol Enzyme P28301|LYOX_MOUSE
Ras-related C3 botulinum toxin substrate 1 PM/Endosomes GTPase P63001|RAC1_MOUSE
Ras-related protein Rab-11A Endosomes GTPase P62492|RB11A_MOUSE
Ras-related protein Rab-14 Endosomes GTPase Q91V41|RAB14_MOUSE
Ras-related protein Rab-18 ER GTPase P35293|RAB18_MOUSE
Ras-related protein Rab-1A PM/Endosomes GTPase P62821|RAB1A_MOUSE
Ras-related protein Rab-2A ER GTPase P53994|RAB2A_MOUSE
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Table S1. All peptides with two or more 99% confident hits (Continued)

Peptide Location Function Accession

Ras-related protein Rab-5A Endosomes GTPase Q9CQD1|RAB5A_MOUSE
Ras-related protein Rab-6B PM/Endosomes GTPase P61294|RAB6B_MOUSE
Ras-related protein Rab-7a Endosomes GTPase P51150|RAB7A_MOUSE
Ras-related protein Rap-1b PM GTPase Q99JI6|RAP1B_MOUSE
Receptor expression-enhancing protein 5 PM Membrane homeostasis Q60870|REEP5_MOUSE
Reticulon-4 PM/ER Membrane homeostasis Q99P72|RTN4_MOUSE
RIKEN cDNA 4732456N10 gene Unknown Unknown Q148Q7|Q148Q7_MOUSE
Serpin H1 precursor Cytosol Chaperone P19324|SERPH_MOUSE
Serum albumin Serum Miscellaneous P07724|ALBU_MOUSE
Spectrin Cytosol Cytoskeleton P08032|SPTA1_MOUSE
Sterol-4-alpha-carboxylate 3-dehydrogenase PM/ER Enzyme Q9R1J0|NSDHL_MOUSE
Striatin-3 ER Enzyme Q9ERG2|STRN3_MOUSE
T-complex protein 1 subunit gamma ER Chaperone P80318|TCPG_MOUSE
Thioredoxin domain-containing protein 4 ER Enzyme Q9D1Q6|TXND4_MOUSE
Thy-1 membrane glycoprotein PM Adhesion P01831|THY1_MOUSE
Transgelin-2 Cytosol Enzyme Q9WVA4|TAGL2_MOUSE
Transmembrane emp24 domain-containing  

protein 10
PM/ER Receptor Q9D1D4|TMEDA_MOUSE

Transmembrane emp24 domain-containing  
protein 2

ER Receptor Q9R0Q3|TMED2_MOUSE

Transmembrane emp24 domain-containing  
protein 9

ER Receptor Q99KF1|TMED9_MOUSE

Transmembrane protein 33 PM/ER Unknown Q9CR67|TMM33_MOUSE
Tubulin alpha-1A Cytosol Cytoskeleton P68369|TBA1A_MOUSE
Vesicle-associated membrane protein-associated 

protein B
PM/ER Membrane homeostasis Q9QY76|VAPB_MOUSE

Vesicle-trafficking protein SEC22b COP-coated vesicles Membrane homeostasis O08547|SC22B_MOUSE
Vimentin Cytosol Cytoskeleton/Adhesion P20152|VIME_MOUSE

Full list of CLIC candidate proteins. All targets with two or more 99% confident peptide identifications. Primary localization and function are shown. ECM, extracellular 
matrix; ER, endoplasmic reticulum; PM, plasma membrane; TGN, trans-Golgi network.
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