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ABSTRACT Endocytic adaptor proteins facilitate cargo recruitment and clathrin-coated pit 
nucleation. The prototypical clathrin adaptor AP2 mediates cargo recruitment, maturation, 
and scission of the pit by binding cargo, clathrin, and accessory proteins, including the Eps-
homology (EH) domain proteins Eps15 and intersectin. However, clathrin-mediated endocy-
tosis of some cargoes proceeds efficiently in AP2-depleted cells. We found that Dab2, an-
other endocytic adaptor, also binds to Eps15 and intersectin. Depletion of EH domain proteins 
altered the number and size of clathrin structures and impaired the endocytosis of the Dab2- 
and AP2-dependent cargoes, integrin β1 and transferrin receptor, respectively. To test the 
importance of Dab2 binding to EH domain proteins for endocytosis, we mutated the EH 
domain–binding sites. This mutant localized to clathrin structures with integrin β1, AP2, and 
reduced amounts of Eps15. Of interest, although integrin β1 endocytosis was impaired, 
transferrin receptor internalization was unaffected. Surprisingly, whereas clathrin structures 
contain both Dab2 and AP2, integrin β1 and transferrin localize in separate pits. These data 
suggest that Dab2-mediated recruitment of EH domain proteins selectively drives the inter-
nalization of the Dab2 cargo, integrin β1. We propose that adaptors may need to be bound 
to their cargo to regulate EH domain proteins and internalize efficiently.

INTRODUCTION
Many plasma membrane receptors and essential macromolecules are 
internalized by clathrin-mediated endocytosis (CME). Receptors as-
sociate with endocytic adaptors, which coassemble with clathrin to 
form clathrin-coated pits (CCPs). The endocytic adaptors bind to 
phosphatidylinositol (4,5)-bisphosphate (PtdIns(4,5)P2), clathrin, and 

internalization signals within the cytoplasmic tails of their cargoes, 
thus linking cargoes to clathrin and the membrane. Subsequent re-
cruitment of an extensive network of proteins regulates invagination 
of the pit and internalization. The prototypical clathrin adaptor AP2 is 
a tetrameric complex comprising a core of small (σ2), medium (μ2), 
and large (α and β2) subunits (Pearse, 1988; Kirchhausen, 1999; Traub, 
2003). The μ2 subunit recognizes PtdIns(4,5)P2 and the YxxΦ sorting 
signal in the transferrin receptor (TfnR; Ohno et al., 1995; Rohde et al., 
2002). The σ2 subunit binds to the acidic dileucine internalization sig-
nal, [DE]XXXL[LI] (Chaudhuri et al., 2007). The α and β2 subunits bind 
to endocytic accessory proteins that regulate assembly and budding 
of CCPs, including scaffolding proteins Eps15 and Itsn, membrane-
bending/curvature-sensing proteins epsin, endophilin, and FCHO1/2, 
the phosphoinositide phosphatase synaptojanin, and dynamin, a 
GTPase implicated in vesicle fission (Praefcke et al., 2004; Schmid 
et al., 2006; Henne et al., 2010). Thus AP2 may be thought of as a hub 
for protein–protein interactions that sequentially and cooperatively 
regulate two key processes in endocytosis: first, the recruitment of 
cargo and clathrin to form CCPs and, second, the invagination and 
eventual budding of the CCP to form a clathrin-coated vesicle.

Monitoring Editor
Howard Riezman
University of Geneva

Received: Dec 12, 2011
Revised: May 23, 2012
Accepted: May 24, 2012

This article was published online ahead of print in MBoC in Press (http://www 
.molbiolcell.org/cgi/doi/10.1091/mbc.E11-12-1007) on May 30, 2012.
Address correspondence to: Jonathan A. Cooper (jcooper@fhcrc.org).

© 2012 Teckchandani et al. This article is distributed by The American Society for 
Cell Biology under license from the author(s). Two months after publication it is avail-
able to the public under an Attribution–Noncommercial–Share Alike 3.0 Unported 
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of 
the Cell®” are registered trademarks of The American Society of Cell Biology.

Abbreviations used: CCP, clathrin-coated pit; CCS, clathrin-coated structure; 
CHC, clathrin heavy chain; CLASP, clathrin-associated sorting protein; CME, 
clathrin-mediated endocytosis; DAPI, 4’,6-diamidino-2-phenylindole; DTT, dithio-
threitol; EGF, epidermal growth factor; EH, eps homology; GFP, green fluorescent 
protein; GPCR, G-protein coupled receptor; GST, glutathione S-transferase; HA, 
hemagglutinin; HEK, human embryonic kidney; LCa-GFP, clathrin light chain GFP; 
LDLR, low-density lipoprotein receptor; PTB, phosphotyrosine binding; PtdIns(4,5)
P2, phosphatidylinositol (4,5) bisphosphate; TfnR, transferrin receptor.



2906 | A. Teckchandani et al. Molecular Biology of the Cell

mutations in p96. Point mutations in all five NPFs completely 
blocked Dab2 interaction with both Eps15 and Itsn (Figure 1, B 
and C). Mutating the three C-terminal NPFs strongly inhibited 
Eps15 binding and partially inhibited Itsn binding, whereas mu-
tating the two central NPFs, which are absent from p67, did not 
inhibit binding of either Eps15 or Itsn (Figure 1, B and C). These 
mutant forms of p96 were all localized in CCSs (Supplemental 
Figure S2). This suggests that the Dab2 NPF sequences are not 
required for Dab2 localization to CCSs but are required for bind-
ing Eps15 and Itsn. In addition, the C-terminal NPF sequences 
play predominant roles in these interactions.

We tested whether Dab2 binds Eps15 directly, by use of purified 
histidine (His)-tagged fragments of Dab2 and glutathione S-trans-
ferase (GST)–tagged EH domains of Eps15 in vitro (Figure 1D). The 
Eps15 EH domains bound more strongly to a Dab2 fragment con-
taining the three C-terminal NPFs than to a central fragment con-
taining the two central NPFs (Figure 1D), consistent with the coim-
munoprecipitation results (Figure 1, B and C). Previous studies 
suggested that some EH domains recognize NPFXCOOH or NPFXX-
COOH (Paoluzi et al., 1998; Yamabhai et al., 1998). The fifth NPF of 
Dab2 lies in the sequence NPFACOOH. This may contribute to the 
stronger binding of the C-terminal region of Dab2 to Eps15 be-
cause placing an epitope tag after the fifth NPF sequence slightly 
inhibited binding (Figure 1D). Similar results were obtained with EH 
domains from Eps15R (Figure 1D).

Taken together, these results suggest that Eps15 and Itsn bind to 
Dab2 p96 in cells, probably directly, principally via the C-terminal 
three NPF sequences. They do not bind significantly to the nonen-
docytic Dab2 p67 splice form, even though the relevant NPF se-
quences are present, possibly because p67 is not in coated pits.

EH domain proteins regulate integrin β1 
and TfnR endocytosis
We tested whether endocytic EH domain proteins are important for 
Dab2-dependent and Dab-independent endocytosis using small 
interfering RNA (siRNA). We first evaluated which endocytic EH do-
main proteins are expressed in HeLa cells, using antibodies and re-
verse transcription (RT)-PCR (Supplemental Figure S3). We detected 
Eps15, Eps15R, Itsn1S, and Itsn2 but not the neuronal form, Itsn1L 
(Hussain et al., 1999). We found that all four gene products could be 
depleted using a mixture of siRNAs (Supplemental Figure S3). We 
call cells depleted of all four EH domain proteins “EH-depleted” or 
“EH-deficient” cells.

We measured endocytosis of integrin β1, a Dab2-dependent 
cargo, and TfnR, a Dab2-independent cargo, in EH-deficient cells. 
Cell surface receptors were labeled at 4°C with antibodies to the 
extracellular domain of integrin β1 or TfnR. Cells were then warmed 
to 37°C to allow internalization. Surface antibody was removed by a 
low-pH wash, and internalized antibody was detected by indirect 
immunofluorescence. Approximately 40% less integrin β1 and TfnR 
was detected inside Eps15+15R– and Itsn1+2–depleted cells 
(Figure 2, A–C). Depleting all four EH domain proteins showed a 
further decrease in internalized integrin β1 and TfnR levels, although 
this was not as low as with clathrin depletion (Figure 2, A–C). To 
confirm that the decreased content of internalized receptor was due 
to defective internalization and not accelerated recycling, we fol-
lowed the uptake of integrin β1 and TfnR in the presence of Pri-
maquine, an inhibitor of recycling. Control cells internalized both 
receptors more rapidly than did EH-deficient cells (Figure 2, D–G). 
Taken together, the results suggest that Eps15/15R and Itsn1/2 play 
partially overlapping roles in CME of Dab2-dependent and Dab2-
independent cargoes.

Some cargoes use alternative, monomeric adaptor proteins 
known as clathrin-associated sorting proteins (CLASPs; Traub, 2009). 
Dab2 is one such CLASP. It contains a phosphotyrosine-binding do-
main that recognizes PtdIns(4,5)P2 and the FxNPxY internalization 
motif found in Dab2 cargo low-density lipoprotein (LDL) receptor 
and β-integrin (Morris and Cooper, 2001; Mishra et al., 2002; Keyel 
et al., 2006; Maurer and Cooper, 2006; Chao and Kunz, 2009; 
Ezratty et al., 2009; Teckchandani et al., 2009). Dab2 binds clathrin 
as well as cargoes, and is thus well suited to recruit cargoes to CCPs. 
Furthermore, Dab2 can function in AP2-deficient cells (Motley et al., 
2003; Keyel et al., 2006; Maurer and Cooper, 2006; Cihil et al., 
2012), implying that Dab2 may also bind accessory proteins that 
regulate CCP invagination and budding. Indeed, Dab2 contains 
binding sites for FCHO2, myosin VI, CIN85, and Grb2 (Xu et al., 
1998; Morris et al., 2002; Kowanetz et al., 2003; Mulkearns and 
Cooper, 2012). Dab2 also contains asparagine-proline-phenylala-
nine (NPF) motifs that potentially bind Eps-homology (EH) domains 
(Salcini et al., 1997; de Beer et al., 1998).

CCPs contain the EH domain proteins Eps15, Eps15R, and inter-
sectin1 and 2 (Itsn1 and 2), which are important for endocytosis 
(Miliaras and Wendland, 2004; Henne et al., 2007; van Bergen En 
Henegouwen, 2009). These EH domain proteins provide binding 
sites for numerous other accessory proteins, including dynamin, syn-
aptojanin, stonin, synaptotagmin, SHIP2, FCHO2, and epsin (Sengar 
et al., 1999; Miliaras and Wendland, 2004; Henne et al., 2010). Thus 
EH domain proteins could assemble many of the same endocytic 
accessory proteins as are recruited by AP2.

In this article we report that Dab2 binds to Eps15 and Itsn. De-
pleting cells of Eps15, Itsn, and their close relatives inhibited endo-
cytosis of both Dab2-dependent and Dab2-independent cargoes 
and affected clathrin assembly, causing an increase in size of large 
clathrin-coated structures (CCSs), probably plaques. To test the role 
of Dab2–EH domain protein interactions under conditions in which 
the size distribution of clathrin structures was not affected, we re-
constituted Dab2-deficient cells with a mutant Dab2 that cannot 
bind EH domain proteins. Clathrin structures reconstituted with this 
mutant recruited integrin β1 normally but contained less Eps15 and 
internalized integrin β1 inefficiently, suggesting that the Dab2–EH 
domain interaction is important for Dab2-dependent endocytosis. 
Surprisingly, transferrin receptor endocytosis was unaffected. Integ-
rin β1 and TfnR do not colocalize on the cell surface, even though 
most clathrin structures contain both Dab2 and AP2. We propose 
that cargo regulates adaptor-dependent EH domain protein recruit-
ment or activation for efficient internalization.

RESULTS
The Dab2 NPF sequences mediate binding to endocytic 
EH domain proteins
The major endocytic splice form of Dab2, p96, contains five NPF 
sequences (Figure 1A), suggesting that it might interact with the 
endocytic EH domain–containing proteins Eps15 and Itsn. We 
tested for coimmunoprecipitation of T7-tagged Dab2 p96 with 
hemagglutinin (HA)-tagged Itsn and endogenous Eps15. Dab2 
p96 coimmunoprecipitated with both Eps15 and HA-Itsn (Figure 
1, B and C) and localized to clathrin structures that also contained 
Eps15 and HA-Itsn (Supplemental Figure S1A). Moreover, endog-
enous Eps15 and Dab2 coimmunoprecipitated (Supplemental 
Figure S1B). Another splice form of Dab2, p67, does not associ-
ate with CCPs (Supplemental Figure S2; Morris and Cooper, 
2001). p67 did not bind to Eps15 and bound only weakly to HA-
Itsn (Figure 1, B and C). To test whether the NPF sequences in 
Dab2 were required for binding Eps15 and Itsn, we made point 
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CCPs and CCSs with diameters >200 nm as 
plaques (Saffarian et al., 2009). As reported, 
the ventral surface of HeLa cells has CCPs 
and plaques, whereas the dorsal surface has 
only CCPs (Figure 3, C–D′, and Table 1; 
Saffarian et al., 2009). Clathrin, AP2, and 
Dab2 were still recruited to pits and plaques 
in EH-depleted cells (Figure 3, A and B). The 
number and size of CCPs on the dorsal sur-
face and the size of CCPs on the ventral sur-
face were unchanged (Table 1). However, 
EH-depleted cells had decreased numbers 
of CCPs and plaques on the ventral surface, 
and the median plaque size significantly 
increased (Figure 3, A–D, and Table 1). The 
larger plaques were particularly strongly af-
fected (Figure 3C′ and Table 1). The overall 
result of EH domain–protein deficiency is 
that cell surface area occupied by CCPs 
was decreased, whereas area occupied by 
large plaques was dramatically increased 
(Figure 3C′).

Changes in CCP and plaque number 
and plaque size could conceivably contrib-
ute to decreased endocytosis of integrin β1 
and TfnR in EH-deficient cells. We tested 
whether recruitment of receptors to CCPs 
and plaques was affected in EH-deficient 
cells by immunofluorescence. Dab2 colocal-
izes with integrin β1 predominantly on the 
dorsal surface of HeLa cells (Teckchandani 
et al., 2009), and this colocalization was not 
altered when EH domain proteins were de-
pleted (Figure 3E). Although Dab2 is not an 
adaptor for TfnR internalization, TfnR, AP2, 
and Dab2 are found together in many clath-
rin structures (Keyel et al., 2006). The frac-
tion of TfnR colocalizing with Dab2 was also 
unaffected when EH domain proteins were 
depleted (Figure 3F). Therefore EH domain 
proteins are not needed for recruitment of 
Dab2-dependent or Dab-independent car-
goes to CCSs. These results suggest that 
EH domain proteins regulate CCP/plaque 
nucleation, growth, and internalization but 
not the collection of Dab2-dependent or 
Dab2-independent cargoes into CCPs and 
plaques.

Internalization of Dab2-dependent 
cargo requires Dab2 binding to EH 
domain proteins
To determine the importance of Dab2 bind-
ing to EH domain proteins in Dab2-medi-
ated endocytosis without the complication 
of altered CCP/plaque nucleation and 
growth, we used the p96 NPF1-5* mutant, 
which does not bind EH domain proteins 

(Figure 1, B and C). Dab2-deficient HeLa cells were reconstituted 
with wild-type or mutant Dab2. We first confirmed that the number 
and size of CCSs were not altered (Table 2). We then measured the 
uptake of integrin β1 (Figure 4, A and B). As expected, integrin β1 

To determine whether EH domain proteins regulate CCS nucle-
ation or assembly, we analyzed clathrin structures in EH-deficient 
HeLa cells by immunofluorescence using antibodies to clathrin, 
AP2, and Dab2. We designate CCSs with diameter 100–200 nm as 

FIGURE 1: The Dab2 NPFs are required for binding Eps15 and Itsn. (A) Drawing of T7-p96, 
T7-p67, or T7-p96 NPF mutants showing binding sites. The Dab2 central and C-terminal 
fragments used for in vitro binding are also shown. (B, C) HEK 293 cells were transfected with 
control vector or T7-p96, T7-p67, or T7-p96 NPF mutants and HA-Itsn. Cell lysates were 
immunoprecipitated with anti-T7 antibody and immunoblotted with either anti-Eps15 (B) or 
anti-HA (C). Representative blots from one of four independent experiments are shown. Pixel 
intensities were measured by ImageJ. (D) Binding of purified Dab2 and Eps15/15R EH domain. 
Purified, bacterially grown T7-mDab2-206-492-His (central fragment), T7-mDab2-493-766-His 
(C-terminus of Dab2), and T7-His-mDab2-493-766 (C-terminus of Dab2 with N-terminal tag) were 
mixed with purified, glutathione-Sepharose–bound GST-EH domain of Eps15 or Eps15R. Pixel 
intensities were measured by ImageJ.
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FIGURE 2: EH domain proteins regulate integrin β1 and TfnR endocytosis. (A–C) Control and siRNA-treated HeLa cells 
were incubated with anti–integrin β1 (A) or anti-TfnR antibody (B) for 30 min at 4°C, followed by warming at 37°C for 
30 (β1) or 5 min (TfnR). (D–G) Control and EH domain–deficient HeLa cells were incubated with anti–integrin β1 (D) or 
anti-TfnR antibody (E) for 30 min at 4°C and then warmed to 37°C for the indicated times in the presence of 2 μM 
Primaquine. Surface antibody was removed by acid stripping, and internalized antibody was detected. (A, B, D, E) 
Z-projections of the entire cell. (C, F, G) Pixel intensities measured by ImageJ. Mean values and standard errors of 
internalized receptor after normalizing with surface receptor at time = 0 are shown. Approximately 15 cells/treatment 
from three independent experiments were analyzed. #p < 0.05, *p < 0.01, **p < 0.001 by t test. Bar, 10 μm.
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FIGURE 3: Effect of EH domain protein depletion on clathrin, AP2, Dab2, and receptor localization. Control and EH 
domain–deficient HeLa cells grown on collagen IV–coated coverslips were fixed, permeabilized, and stained with 
anti-Dab2 and anti-CHC (A) or anti-AP2 (B) to detect clathrin-coated structures. (C) AP2 staining alone on the ventral 
and dorsal surface. AP2 staining was used to calculate the surface area covered by CCPs (size, 0.009–0.032 μm2, which 
corresponds to structures with diameters 107–202 nm) or plaques (size, >0.032 μm2) by ImageJ. Approximately 2000 
puncta/treatment from three independent experiments were used. p values were calculated using the Mann–Whitney 
test, a nonparametric test. (E, F) Cells were stained with either anti–integrin β1 (E) or anti-TfnR (F) antibody before 
permeabilizing to detect surface receptor. Shown are 0.2-μm sections of the ventral or dorsal surface. The white boxes 
indicate the enlarged images shown in the insets. The fraction of surface integrin β1 or TfnR that colocalized with Dab2 
was measured by ImageJ (Manders colocalization coefficient). In all cases random colocalization, obtained by flipping 
the red channel (Dab2), was <0.08. Approximately 10 cells/treatment from three separate experiments were analyzed. 
Bar, 10 μm.
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Because p96 NPF1-5* recruits but does not internalize integrin 
β1 (Figure 4, A–C), we suspected that CCS invagination or budding 
is defective. This would be consistent with a report that CCP half-life 
is increased when Eps15 or Itsn is depleted from BSC1 cells (Mettlen 
et al., 2009). Therefore we used live microscopy and automated 
tracking software to measure CCS lifetimes in HeLa cells transfected 
with enhanced green fluorescent protein (EGFP)–tagged clathrin 
light chain (Jaqaman et al., 2008; Loerke et al., 2009). CCSs on the 
ventral surface of control HeLa cells exhibited a broad range of life-
times, with a preponderance of short-lived structures (Supplemental 
Figure S4). These may correspond to early-aborting CCPs observed 
in BSC1 cells (Loerke et al., 2009). When Dab2 was absent, there 
was a noticeable decrease in the proportion of structures with short 
lives (Supplemental Figure S4). The defect was rescued by reex-
pressing wild-type p96 but not mutant p96 NPF1-5* (Supplemental 
Figure S4 and Supplemental Videos S1–S4). Thus removing Dab2 or 
replacing Dab2 with a mutant that cannot bind EH domain proteins 
reduces the number of short-lived CCSs. These results suggest that 
the linkage of wild-type Dab2 to EH domain proteins has a unique 
role in determining whether short-lived clathrin structures grow or 
disappear.

internalization was inhibited in Dab2-deficient cells and rescued by 
p96 but not p67 or vector (Teckchandani et al., 2009). Of interest, 
p96 NPF1-5* did not rescue integrin β1 endocytosis (Figure 4, A and 
B), even though it localized correctly and recruited integrin β1 to 
CCSs (Supplemental Figures S2 and 4C). These results suggest that 
Dab2-mediated integrin β1 internalization requires binding of Dab2 
to EH-domain proteins.

We tested whether reduced integrin β1 internalization by p96 
NPF1-5* correlates with reduced recruitment of EH domain proteins 
to CCSs. We measured Eps15 and AP2 levels in CCSs in control, 
Dab2-depleted, wild-type p96 rescued and p96 NPF1-5* reconsti-
tuted cells. Similar amounts of Eps15 were recruited to CCSs in con-
trol and Dab2-depleted cells, but ∼25% less Eps15 (p < 0.001) was 
recruited to CCSs in cells reconstituted with p96 NPF1-5* (Table 2). 
AP2 content was similar in CCSs of control cells and cells reconsti-
tuted with either wild-type p96 or p96 NPF1-5* but was increased 
∼75% (p < 0.001) in cells depleted of Dab2 (Table 2). This suggests 
that Dab2 normally competes with AP2 for incorporation into CCSs. 
When Dab2 is absent, EH domain proteins can be recruited by AP2 
(Praefcke et al., 2004), but when p96 NPF1-5* replaces wild-type 
Dab2, fewer EH domain proteins are recruited.

Parameter Control siRNA Eps15+15R siRNA Itsn1+2 siRNA Eps15+15R+Itsn1+2

CCPs, ventral  
Number/cell
Median diameter (nm)
Mean intensity

221 ± 50
151

46 ± 3

110 ± 8#

151
47 ± 1

106 ± 18#

156
47 ± 1

78 ± 17#

151
47 ± 1

Plaques, ventral  
Number/cell
Median diameter (nm)
Mean intensity

335 ± 18
310

66 ± 5

286 ± 35
383***
77 ± 3

240 ± 48
327

68 ± 3

186 ± 20**
429***
74 ± 1

CCPs, dorsal  
Number/cell
Median diameter (nm)
Mean intensity

610 ± 23
151

48 ± 1

641 ± 19
151

45 ± 1

626 ± 16
151

45 ± 1

715 ± 39
151

48 ± 1

Control and siRNA-treated HeLa cells grown on collagen IV–coated coverslips were fixed, permeabilized, and stained with anti-AP2 to detect clathrin-coated struc-
tures. CCP, structures with diameter ∼100–200 nm; plaques, structures with diameter >217 nm. EH domain protein depletion significantly decreased the numbers of 
AP2-containing pits and plaques. We analyzed 4000 structures for each condition, from three experiments. ImageJ was used to obtain measurements.
#p < 0.05; **p < 0.001, by t test. The median size of pits on both surfaces was unaltered. However, there was a significant increase in the median size of plaques on 
the ventral surface of the cell. ***p < 0.001 by the Mann–Whitney test. This test was used because the data follow a nonparametric distribution.

TABLE 1: Effect of EH domain protein depletion on size and number of CCPs and clathrin plaques. 

Parameter Control + pCGT Dab2 shRNA + pCGT Dab2 shRNA + T7-p96
Dab2 shRNA + 

T7-p96NPF 1-5*

Median diameter of CCSs 
(nm)

242 224 240 252

Number of CCSs 588 ± 41 521 ± 31 557 ± 63 569 ± 59

Relative level clathrin/
CCS

1 0.91 1.03 1.04

Relative level Eps15/CCS 1 1.07 0.96 0.76***

Relative level AP2/CCS 1 1.74*** 1.23 1.09

Control and Dab2-deficient HeLa cells reexpressing vector alone, T7-p96, or T7-p96 NPF1-5* and clathrin light chain (LCa)-EGFP were grown on collagen-coated 
coverslips and fixed, permeabilized, and stained with anti-Eps15 or anti-AP2 antibody. Clathrin structures on the ventral surface were characterized. No difference 
in the median size, number of CCSs, or clathrin content (area × mean intensity) was detected. However, the Eps15 content per clathrin structure was decreased in 
cells expressing the T7-p96 NPF1-5* mutant, and the AP2 content was increased in Dab2-deficient cells. The Eps15 content in clathrin structures was obtained by 
multiplying binary images of clathrin and Eps15 (to obtain area of “colocalized” Eps15), and superimposing onto the raw Eps15 image (to obtain intensity).
***p < 0.001 by the Mann–Whitney test. This test was used because the data follow a nonparametric distribution. Approximately 2000 structures were analyzed for 
each condition. ImageJ was used to obtain measurements.

TABLE 2: Effect of Dab2 on the size, number, and composition of CCSs.
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FIGURE 4: Disruption of the Dab2–EH domain protein interaction slows Dab2-dependent integrin β1 internalization. 
(A–C) Control and Dab2-deficient HeLa cells reexpressing vector alone or T7-p96, T7-p67, or T7-p96 NPF 1-5* were 
incubated with anti–integrin β1 antibody for 30 min at 4°C, followed by warming at 37°C for 30 min. (A, B) Surface 
antibody was removed by acid stripping, and internalized antibody was detected. (A) Z-projections of the entire cell 
showing internalized integrin β1 antibody. (B) Pixel intensities were measured by ImageJ. Mean values and standard 
errors are shown for ∼30 cells/treatment from three independent experiments. #p < 0.05, *p < 0.01, by t test. (C) Cells 
were stained with anti–integrin β1 antibody before permeabilizing to detect surface receptor. Z-projections of the dorsal 
surface are shown. The white boxes indicate the enlarged images shown in the insets. Bar, 10 μm. The fraction of 
surface integrin β1 that colocalized with Dab2 in T7-p96 or T7-p96 NPF 1-5*–expressing cells was calculated using 
ImageJ (Manders colocalization coefficient). In all cases random colocalization, obtained by flipping the red channel 
(Dab2), was <0.07. Approximately five cells/treatment were analyzed.

Because CCSs reconstituted with the Dab2 NPF1-5* mutant 
have less Eps15 (Table 2) and altered dynamics (Supplemental Fig-
ure S4), we wondered whether all CME was impaired. To test this, 
we measured TfnR endocytosis. As expected, TfnR internalization 
was unaltered in Dab2-deficient, p96-expressing or p67-expressing 
cells (Figure 5, A and B; Maurer and Cooper, 2006; Teckchandani 
et al., 2009). Surprisingly, TfnR endocytosis was also unaffected in 
p96 NPF1-5*–reexpressing cells. This suggests that enough Eps15 
is recruited to CCSs to support internalization of a Dab2-indepen-
dent cargo. Given that Dab2 and AP2 extensively colocalize in CCSs 
(Supplemental Figures S2 and S5C; Morris and Cooper, 2001; Keyel 
et al., 2006), why is integrin β1 not cointernalized with TfnR? We 
considered the possibility that integrin β1 and TfnR may sort to sep-
arate CCSs. Previous reports showed that different receptors may 
localize to distinct CCP subsets (Cao et al., 1998; Mundell et al., 
2006; Puthenveedu and von Zastrow, 2006; Leonard et al., 2008). 
We performed immunofluorescence for surface integrin β1 and Tfn. 
Both integrin β1 and Tfn puncta were widely distributed over both 
surfaces (Figures 3F, 4C, and 5C; Teckchandani et al., 2009). How-
ever, very few integrin β1 puncta contained Tfn (Figure 5C). Thus 
p96 NPF1-5* may affect internalization of CCSs containing integrin 
β1 but have no effect on structures containing TfnR.

These data show that recruitment of EH domain proteins to Dab2 
is critical for endocytosis of CCSs containing the Dab2 cargo integ-

rin β1 but not CCSs containing TfnR. Proteins besides Dab2 in inte-
grin β1 CCSs do recruit EH domain proteins but seemingly do not 
mediate internalization. We propose that receptors may internalize 
only if they are bound to the cognate adaptor and the adaptor can 
recruit EH domain proteins.

DISCUSSION
Our results are summarized in Figure 6 and suggest the following 
model: EH domain proteins regulate the number and size of CCSs 
and the internalization, but not recruitment, of Dab2-dependent 
and Dab2-independent cargoes, integrin β1 and TfnR. EH domain 
proteins are recruited to CCSs by AP2, the NPF sequences in 
Dab2, and other accessory proteins. If Dab2 is absent, more AP2 
enters CCSs, and the content of EH domain proteins is unaffected. 
However, cargo internalization may depend on specific adaptor–
EH domain protein interactions. A Dab2 mutant that cannot bind 
EH domain proteins (p96 NPF1-5*) acts as a dominant negative, 
slightly reducing the recruitment of EH domain proteins to CCSs 
and inhibiting integrin β1 internalization. Internalization of TfnR 
from a different set of CCSs was unaffected. We propose that spe-
cific receptor–adaptor–EH domain protein complexes are required 
for efficient endocytosis. In addition, the number of clathrin struc-
tures with short half-life is reduced in Dab2-deficient cells or cells 
reconstituted with the p96 NPF1-5* mutant. We speculate that the 
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clathrin structures still form, but they tend to be flat plaques rather 
than curved CCPs.

Our results differ from a report that depletion of EH domain pro-
teins inhibited all clathrin-coated structures (Henne et al., 2010). 
However, these authors used BSC1 cells, and the functions of EH 
domain proteins may depend on the cell type. Unlike HeLa cells, 
BSC1 cells have neither Dab2 nor plaques, so the presence of Dab2 
in HeLa cells may permit CCS nucleation in the absence of EH do-
main proteins (Ehrlich et al., 2004; Saffarian et al., 2009; Mettlen 
et al., 2010). Alternatively, HeLa cells may express additional EH do-
main proteins besides Eps15, Eps15R, Itsn1, and Itsn2 that can also 
nucleate CCSs. It is possible that complete removal of the entire 
suite of endocytic EH domain proteins from HeLa cells would also 
abolish all clathrin-containing structures, as reported in BSC1 cells.

Internalization of Dab2-dependent and Dab2-independent car-
goes (integrin β1 and TfnR, respectively) was inhibited in EH-de-
pleted HeLa cells (Figure 2). Decreased internalization of TfnR may 
be an indirect consequence of the decreased numbers of pits and 
plaques and the increased plaque size on the ventral surface of the 
cell (Table 1 and Figure 3). Plaques have longer lifetimes (2–16 min) 
than CCPs (∼60 s) (Saffarian et al., 2009), so internalization from the 
larger structures may be inhibited. However, this explanation is un-
likely to account for the decreased internalization of integrin β1, 
since integrin β1 is internalized from the dorsal surface, where the 
number and size of CCPs was unaltered (Table 1; Teckchandani 
et al., 2009). Therefore it is possible that EH domain proteins may 

Dab2–EH domain protein complex may also have a role in deter-
mining whether short-lived clathrin structures grow or abort.

We found that Eps15 and Itsn bind to NPF sequences in Dab2 
(Figure 1). Whereas NPF is the core of most EH-binding peptides, 
individual EH domains prefer specific surrounding sequences. For 
example, the second EH domain of Eps15 shows a slight preference 
for alanine at +1 (NPFA), and the first EH domain of Itsn is specific 
for NPFXCOOH or NPFXXCOOH at the C-terminus of a protein (Paoluzi 
et al., 1998; Yamabhai et al., 1998). The fifth NPF motif of Dab2 is 
the most highly conserved across evolution and fits both these re-
quirements; it lies in the sequence NPFACOOH. This may explain why 
the C-terminal region of Dab2 binds Eps15 and Itsn more strongly 
than the central region (Figure 1, B–D). In addition, Eps15 and Itsn 
form heterodimers, so they may bind cooperatively or competitively 
(Sengar et al., 1999).

EH domain proteins in CCSs may act as scaffolds to bring in 
additional endocytic accessory proteins, including dynamin, syn-
aptojanin, stonin, synaptotagmin, SHIP2, FCHO2, and epsin (Mili-
aras and Wendland, 2004). We found that depleting EH domain 
proteins from HeLa cells had no effect on CCPs on the dorsal sur-
face but significantly decreased the number of pits and plaques on 
the ventral surface. The median size of plaques, but not pits, in-
creased significantly, suggesting a role in CCS nucleation and 
growth (Table 1). It is possible that EH domain proteins help recruit 
membrane curvature–sensing proteins, like FCHO2, epsin, and en-
dophilin, to form CCPs. In the absence of EH domain proteins, 

FIGURE 5: Disruption of the Dab2-EH domain protein interaction does not affect TfnR endocytosis. (A, B) Control and 
Dab2-deficient HeLa cells reexpressing vector alone or T7-p96, T7-p67, or T7-p96 NPF 1-5* were incubated with 
anti-TfnR antibody for 30 min at 4°C, followed by warming at 37°C for 5 min. (A, B) Surface antibody was removed by 
acid stripping, and internalized antibody was detected. (A) Z-projections of the entire cell showing internalized TfnR 
antibody. (B) Pixel intensities were measured by ImageJ. Mean values and standard errors are shown for ∼30 cells/
treatment from three independent experiments. #p < 0.05, *p < 0.01, by t test. (C) Control cells were incubated with 
anti–integrin β1 antibody and Alexa Fluor 488–conjugated human Tfn to detect surface β1 and TfnR or permeabilized 
and stained with anti-Dab2 and anti-AP2. Z-projections of the dorsal surface are shown. The white boxes indicate the 
enlarged images shown in the insets. Bar, 10 μm. The fraction of CCSs that contain both receptors integrin β1 and Tfn or 
both adaptors Dab2 and AP2 is shown. Random colocalization, obtained by flipping the red channel, was <0.03.
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TfnR internalization is normal (Figures 4 and 
5). Separate regulation may be possible be-
cause integrin β1 and TfnR do not signifi-
cantly colocalize, suggesting that they in-
ternalize from different CCSs (Figure 6). 
This separation may have arisen because 
integrin β1 and TfnR follow different endo-
cytic routes after internalization (Bleil and 
Bretscher, 1982; Iacopetta and Morgan, 
1983; Roberts et al., 2004). Segregation of 
cargoes has been reported before: the EGF 
and Tfn receptors also sort to different CCP 
populations (Leonard et al., 2008), and dif-
ferent GPCRs (G-protein coupled receptors) 
localize to distinct CCP subsets (Cao et al., 
1998; Mundell et al., 2006; Puthenveedu 
and von Zastrow, 2006). However, many 
other receptors are found in the same 
CCSs. For example, the LDL and Tfn recep-
tors are predominantly found in the same 
CCSs (Keyel et al., 2006). So some recep-
tors enter through shared pits and some 
through different pits.

Even though integrin β1 and TfnR ap-
pear to internalize through different CCSs, 
both cargoes colocalize with both adaptors 
Dab2 and AP2 as well as EH domain pro-
teins. These commonalities make it difficult 
to explain how the Dab2 NPF mutant inhib-
its internalization of integrin β1 but not of 
TfnR. One possibility is that integrin β1 in-
ternalization requires integrin β1–Dab2–EH 
domain complexes and TfnR internalization 
requires TfnR–AP2–EH domain complexes 
(Figure 6). This model implies that cargo 
regulates EH domain protein function. Sev-
eral studies suggest that cargo regulates in-
ternalization (Puthenveedu and von Zastrow, 
2006; Loerke et al., 2009; Cao et al., 2010; 
Liu et al., 2010; Mettlen et al., 2010). Infor-
mation on cargo occupancy may be relayed 
to the EH proteins by conformational 
changes in the adaptors. For example, AP2 
undergoes conformation changes that en-
hance the affinity between AP2 and mem-
branes after phosphorylation of AP2 by 
AAK1. In the new conformation, the YxxΦ 
sorting signal and PtdIns(4,5)P2-binding 
sites are both exposed. The simultaneous 
binding of AP2 to multiple sites on the 
plasma membrane stabilizes the adaptor–
membrane complex such that it can medi-
ate clathrin assembly (Ricotta et al., 2002; 
Honing et al., 2005). In principle, cargo–
adaptor complexes could then regulate the 
affinity of EH domain proteins for down-
stream accessory proteins, thus allowing for 
efficient internalization. Further experiments 
will be needed to understand whether and 

how EH domain protein function may be regulated by cargoes.
Why would adaptors need to bind both cargo and EH domain 

proteins for efficient endocytosis? One reason may be to ensure 

FIGURE 6: Summary of results and proposed model. Top, summary of results taken from Table 2, 
Supplemental Figure S2, and Figures 2, 4, and 5. =, same as in control; upward arrow, increased; 
downward arrow, decreased. Bottom, model. Dab2 and AP2 are found together in most 
clathrin-coated structures. However, their receptors, integrin β1 and TfnR, do not localize to the 
same structures. Internalization of a clathrin structure is driven by adaptors bound to both 
receptor and EH domain proteins (shown in orange). Inactive EH domains are shown in pale 
yellow. Small black arrows indicate regulation of EH domain proteins by adaptor–receptor 
complexes. Large black arrows indicate endocytosis. In the absence of EH domain proteins 
internalization of integrin β1 and TfnR is impaired (gray arrows). When cells are reconstituted with 
a Dab2 mutant that does not bind EH domain proteins, integrin β1 is not internalized efficiently 
because this Dab2 mutant cannot bind EH domain proteins. However, TfnR endocytosis proceeds 
normally because its adaptor AP2 can bind EH domain proteins. The AP2–EH domain complex in 
integrin β1 structures is unable to drive endocytosis probably because it is not bound to receptor.

directly regulate internalization of integrin β1. This conclusion is 
supported by use of a Dab2 mutant that does not bind EH pro-
teins. This mutant fails to support integrin β1 internalization, but 
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Protein purification and binding
GST-EH domains were purified as described (Mulkearns and 
Cooper, 2012). His-tagged Dab2 fragments were purified similar to 
the procedure in Boettner et al. (2009). DNA was introduced into 
NiCo21(DE3) Escherichia coli, and a 20-ml starter culture was grown 
overnight at 37°C. The starter was added to 200 ml LB and grown 
for 2 h at 30°C in the presence of protease inhibitors (20 mM benz-
amidine, 1 mM phenylmethylsulfonyl fluoride, 5 mM EDTA). Protein 
expression was induced at 22°C overnight with 300 mM isopropyl-
β-d-thiogalactoside. After centrifugation, the bacterial pellet was 
resuspended in resuspension buffer (0.5% NP-40, 1 mM dithiothre-
itol [DTT], 20 mM imidazole, pH 8.0, in phosphate-buffered saline 
[PBS] with protease inhibitors). Lysozyme was added to a concentra-
tion of 0.5 mg/ml, and cells were lysed 15 min on ice. The lysates 
were then sonicated and centrifuged at 4000 × g for 20 min. Lysate 
was incubated for 1.5 h with Ni2+ beads (Qiagen, Valencia, CA) at 
4°C. Beads were washed twice in resuspension buffer with 350 mM 
NaCl and 15 mM imidazole and then washed three times in resus-
pension buffer with 15 mM imidazole. Beads were then loaded into 
an empty Bio-Rad Poly-Prep column (Bio-Rad, Hercules, CA) and 
eluted with increasing concentrations of imidazole ranging from 
50 to 200 mM in PBS with 1 mM DTT and 5% glycerol.

Equal amounts of glutathione-Sepharose–immobilized GST, 
GST-Eps15-EH, and GST-Eps15R-EH were mixed with eluted His-
tagged Dab2 fragments overnight at 4°C in buffer A (50 mM Tris, pH 
8.0, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100). Beads were 
washed five times in buffer A and resuspended in 5× Laemmli buffer 
for SDS–PAGE.

Immunoprecipitation
For coimmunoprecipitation experiments, T7-tagged p96, p67, and 
p96 NPF mutants and HA-tagged Itsn were transfected into HEK 
293 cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) ac-
cording to the manufacturer’s protocols. After 48 h, cells were lysed 
at 4°C in buffer containing 150 mM NaCl, 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), pH 7.4, 2 mM EDTA, 
50 mM NaF, 1% Triton-X-100, and protease inhibitors, followed by 
centrifugation for 15 min at 14,000 × g. Lysate was rotated with pri-
mary antibody for 3 h at 4°C. Protein A + G beads were added to the 
lysate/antibody mix for 1 h at 4°C. After centrifugation, the protein/
antibody/bead complex was washed three times in lysis buffer, re-
suspended in 5× Laemmli buffer, and then resolved by SDS–PAGE.

To determine whether endogenous Dab2 and Eps15 coimmu-
noprecipitate, lysates were prepared in the presence of a revers-
ible cross-linking agent, dithiobis succinimidyl propionate (Pierce 
Biotechnology, Rockford, IL).

siRNA transfection
Knockdown experiments were performed as described previously 
(Maurer and Cooper, 2006). Cells were transfected with 50 pmol of 
a pool of four siRNA oligonucleotides specific for Eps15, Eps15R, 
Itsn1 (ThermoFisher Scientific, Waltham, MA), and Itsn2 (Santa Cruz 
Biotechnology), using Oligofectamine (Invitrogen, Carlsbad, CA) on 
days 1 and 3 and analyzed on day 5. The siRNA to Itsn1 and 2 
knocked down both the long and short Itsn isoforms.

RT-PCR
Total RNA was extracted using an RNeasy Kit (Qiagen) according to 
the manufacturer’s directions. Total RNA was reverse transcribed us-
ing SuperScript II reverse transcription and random primers (Invitro-
gen). PCR was performed using Taq polymerase and the following 
primers:

that only clathrin structures “fully loaded” with receptors are inter-
nalized. Clathrin pits with less than their full receptor capacity may 
not have enough functional EH domain proteins for internalization 
and may need to wait to recruit additional receptors. The lifetime 
of productive CCPs (not including plaques) ranges from 30 to 
>120 s (Loerke et al., 2009). It is tempting to speculate that CCPs 
with longer lifetimes wait on the cell surface until they have their 
“full” receptor load and therefore sufficient functional EH domain 
proteins for internalization. Communication between receptors 
and EH domain proteins, mediated by endocytic adaptors like 
Dab2, may be important for regulating the endocytic checkpoint 
(Loerke et al., 2009; Mettlen et al., 2009). In the absence of Dab2 
or in the absence of Dab2-associated EH domain proteins, the 
checkpoint may be incomplete and CCSs may escape past the 
checkpoint instead of being aborted, perhaps explaining the de-
crease in short-lifetime events (Supplemental Figure S4). However, 
there are other possible explanations, and more experiments will 
be required to determine the role of EH domain proteins in CCP 
dynamics and to fully understand the composition and regulation 
of the checkpoint.

MATERIALS AND METHODS
Cells and DNA constructs
HeLa cells and human embryonic kidney (HEK) 293 cells were cul-
tured in DME supplemented with 10% fetal bovine serum (FBS) and 
1% penicillin–streptomycin at 37°C with 5% CO2. HeLa cells stably 
expressing Dab2 short hairpin RNA (RNA) were previously described 
(Teckchandani et al., 2009) and were grown in the presence of 
250 μg/ml hygromycin B.

T7-tagged mouse p96 and p67 were previously described 
(Maurer and Cooper, 2006). The NPF motifs were mutated to NPV 
by site-directed mutagenesis (TTC/TTT to GTC/GTT). shRNA-resis-
tant p96 was created using site-directed mutagenesis using the 
following primers and their reverse complements: 5′CAGGGA-
CAACACAAGCAGAGAATATGGGTCAACATTTCCTTGTCTG-
GCATA3′ and 5′CAACACAAGCAGAGAATATGGGTTAATATATC-
CTTGTCTGGCATAAAAATCATT3′. LCa-GFP was a gift from M. Von 
Zastrow (University of California, San Francisco, San Francisco, CA). 
HA-tagged Itsn was a gift from J. O’Bryan (University of Illinois, 
Chicago, IL).

T7-mDab2-206-492-His, T7-His-mDab2-493-766, and T7-
mDab2-493-766-His were created by cloning of the Dab2 insert 
from GST-Dab2-206-492 (Morris and Cooper, 2001; Mulkearns and 
Cooper, 2012) or amino acids 493–766 of full-length protein into 
PET21a(+) (EMD Biosciences, Darmstadt, Germany). To create the 
N-terminal His fusion protein of 493–766, sequence for the His tag 
was included in the 5′ PCR primer, and a stop codon was introduced 
at the end of the Dab2 insert. GST-Eps15-EH and GST-Eps15R-EH 
were from S. Confalonieri (Salcini et al., 1997).

Antibodies
The following antibodies were used: mouse anti-T7 (Novagen, 
EMD4Biosciences, Gibbstown, NJ), mouse anti-HA.11 (Covance, 
Berkeley, CA), rabbit anti-Eps15 (Santa Cruz Biotechnology, Santa 
Cruz, CA), mouse anti-Eps15 (a kind gift from S. Polo, Istituto 
FIRC di Oncologia Molecolare, Milan, Italy), rabbit anti-Dab2 
(Santa Cruz Biotechnology), mouse anti–integrin β1, P5D2 (pro-
vided by E. Wayner, Fred Hutchinson Cancer Research Center, 
Seattle, WA), mouse anti-TfnR (Abcam, Cambridge, MA), mouse 
anti-ERK (BD Transduction Laboratories, Lexington, KY), mouse 
anti-clathrin (Abcam), and mouse anti-adaptin (Calbiochem, La 
Jolla, CA).
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512 × 512 pixel electron-multiplying charge-coupled device camera 
(Photometrics, Tucson, AZ). A 100×/NA 1.4 oil objective was used. 
Images were recorded every 2 s for 4 min. CCS lifetimes were ana-
lyzed using the uTrack software package described in Jaqaman 
et al. (2008) and Loerke et al. (2009). The mean lifetime of CCPs in 
BSC1 cells is 39 s (Loerke et al., 2009), comparable to the median 
lifetimes of 34–36 s that we obtain.

Eps15R: 5′-TGGGAAGATATGGGACTTGG-3′ and 5′-CCTTTTCT-
TCCACCCTCACA-3′

Itsn1 pan: 5′-CTCAGGAAAGGGACAAGCAG-3′ and 5′-CTG-
GCTTAGCTGGTTCTTGG-3′

Itsn2 pan: 5′-CTCAGAGTGGGCAGTTCCTC-3′ and 5′-CAGC-
TTTGGCCATGTCAGTA-3′

Actin: 5′-GCGAGAAGATGACCCAGATCATGTT-3′ and 5′-GCT-
TCTCCTTAATGTCACGCACGAT-3′

Antibody internalization assay
Antibody uptake assays were performed essentially as described 
(Roberts et al., 2001) with some modifications. Cells were plated on 
coverslips coated with 4 μg/ml collagen IV and then incubated with 
anti–integrin β1 antibody (P5D2) or anti-TfnR diluted in assay media 
(DME, 10 mM HEPES, pH 7.4, and 0.1% BSA) for 30 min at 4°C. 
After washing off of unbound antibody with cold DME, cells were 
warmed to 37°C in DME with 10% FBS for the appropriate time and 
fixed with cold Formalin for 20 min. To visualize internalized recep-
tors, surface-bound antibody was removed by acid stripping for 5 
min on ice (0.5 M NaCl and 0.2 M acetic acid) before fixing with cold 
Formalin. To inhibit recycling, 2 μM Primaquine (Sigma-Aldrich, St. 
Louis, MO) was used.

To detect surface receptors, anti–integrin β1 antibody (P5D2) or 
Alexa Fluor 488–conjugated human Tfn was added to cells in assay 
media (DME, 10 mM HEPES, pH 7.4, and 0.1% BSA) for 60 min at 
4°C. After washing off of unbound antibody/Tfn with cold DME, 
cells were fixed with cold Formalin for 20 min.

Immunofluorescence
To visualize surface receptors, nonpermeabilized cells were fixed 
and stained with antibodies to extracellular epitopes. To detect in-
tracellular proteins, cells were fixed and permeabilized with 0.1% 
Triton X-100 in PBS for 5 min at 25°C. Cells were washed in PBS and 
blocked for 30 min in 5% normal goat serum plus 2% BSA in PBS 
before primary antibody was added for 3–4 h at 25°C or overnight 
at 4°C. Coverslips were rinsed in PBS before the addition of Alexa 
Fluor 488 or Alexa Fluor 568 secondary antibodies, diluted 1:1000 
(all from Invitrogen), for 1 h at 25°C. Secondary antibodies included 
goat anti-mouse, immunoglobulin G 2b isotype–specific antibodies, 
and goat anti-rabbit. After several PBS rinses, coverslips were 
mounted in ProLong Gold solution (Invitrogen).

Imaging
Fixed cells were visualized using a 100×/numerical aperture (NA) 1.4 
oil objective on a DeltaVision IX70 microscope (Olympus, Tokyo, 
Japan). Images were recorded using fixed camera settings (IX-
HLSH100; Olympus). Images were acquired and deconvolved using 
softWoRx (Applied Precision, Issaquah, WA), and all exposure times 
and image scaling were equal within an experiment. Deconvolved 
images from single planes corresponding to the ventral surfaces of 
the cells or flattened z-projections were analyzed using ImageJ (Na-
tional Institutes of Health, Bethesda, MD). Figures were assembled 
using Photoshop (Adobe, San Jose, CA) and Canvas (Deneba, ACD 
Systems, Miami, FL) software.

To measure CCS lifetimes, control and Dab2 shRNA HeLa cells 
expressing clathrin-LCa-EGFP and pCGT, T7-p96, or T7-p96 NPF1-
5* were plated in 35-mm dishes containing a glass coverslip 1 d 
before imaging. Images were acquired on a confocal Nikon LiveS-
can (Prairie Technologies [Middleton, WI] Swept Field) system 
(Nikon, Melville, NY), equipped with a 37°C chamber and a QuantEM 
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