FCH domain only-2 organizes clathrin-coated
structures and interacts with Disabled-2 for
low-density lipoprotein receptor endocytosis
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ABSTRACT Clathrin-mediated endocytosis regulates the internalization of many nutrient and
signaling receptors. Clathrin and endocytic accessory proteins are recruited to receptors by
specific adaptors. The adaptor Disabled-2 (Dab2) recruits its cargoes, including the low-den-
sity lipoprotein receptor (LDLR), and mediates endocytosis, even when the major adaptor
protein AP2 is depleted. We hypothesized that the accessory proteins normally recruited by
AP2 may be recruited by Dab2 if AP2 is absent. We identified one such accessory protein, the
F-BAR protein FCH domain only-2 (FCHO2), as a major Dab2-interacting protein. The
p-homology domain (pHD) of FCHO2 binds directly to DPF sequences in Dab2 that also bind
AP2. Disrupting the Dab2-FCHO2 interaction inhibited Dab2-mediated LDLR endocytosis in
AP2-depleted cells. Depleting FCHO2 reduced the number but increased the size of clathrin
structures on the adherent surface of Hela cells and inhibited LDLR and transferrin receptor
clustering. However, LDLR was internalized efficiently by FCHO2-deficient cells when addi-
tional time was provided for LDLR to enter the enlarged structures before budding, suggest-
ing that later steps of endocytosis are normal under these conditions. These results indicate
FCHO2 regulates the size of clathrin structures, and its interaction with Dab2 is needed for
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LDLR endocytosis under conditions of low AP2.

INTRODUCTION

Clathrin-mediated endocytosis (CME) is a major mechanism by
which cells internalize nutrients, reorganize receptors, and regulate
signaling (reviewed in Bonifacino and Traub, 2003; Conner and
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Schmid, 2003; Traub, 2003, 2009; McMahon and Boucrot, 2011).
Receptors bind to endocytic adaptor proteins that also interact with
clathrin and membrane phospholipids. These complexes then ag-
gregate with clathrin into small patches of membrane. As the
patches grow, accessory proteins responsible for membrane bend-
ing deform the lipid bilayer and the membrane begins to invaginate
into a structure called a clathrin-coated pit (CCP). The CCP then
grows and buds from the membrane, forming a sealed clathrin-
coated vesicle (CCV), an event requiring the large GTPase dynamin
and other accessory proteins. Coat and adaptor proteins are re-
moved from the newly formed vesicle soon after internalization.
The adaptor protein AP2, historically considered a major “hub”
for CCP assembly, binds to receptors containing dileucine or Yxx®
motifs, such as the transferrin receptor (TfnR; Bonifacino and Traub,
2003; Traub, 2003; Praefcke et al., 2004). It also interacts with
clathrin, the membrane phospholipid Ptdins(4,5)P,, and many
other accessory factors needed to form a functional CCP. Some of
the accessory proteins known to interact with AP2 include the scaf-
folding proteins Eps15 and ITSN (Benmerah et al., 1995; Hussain
et al.,, 1999), the membrane-bending BAR-domain protein amph-
iphysin (Wang et al., 1995), dynamin (Wang et al., 1995), and the

Molecular Biology of the Cell



LDLR internalization occurs through two
partially redundant pathways utilizing either
Dab2 or ARH. ARH requires AP2 to link to
clathrin, but Dab2, at least under some con-

ditions, can function in AP2-depleted cells
(Motley et al., 2003; Keyel et al., 2006;

Maurer and Cooper, 2006). It seems surpris-
ing that Dab2 can function in the absence of

AP2, given the multitude of accessory pro-
teins that are recruited by AP2 (Praefcke

et al., 2004; Schmid et al., 2006). We rea-

soned that for Dab2 to function indepen-
dently of AP2, Dab2 also might be able to
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Dab2 interacts with FCHO2. (A) Proteins detected by MS from HBT-Dab2
purification. The total number of peptides is additive from two experiments. *, previously
described interaction with Dab2. (B) Coimmunoprecipitation of GFP-FCHO2 with T7-Dab2
transiently expressed in Hela cells. Hela cells were lysed 48 h after transfection of GFP-FCHO2
and T7-Dab2 and subjected to immunoprecipitation with anti-T7. (C) HelLa cells transiently
transfected with GFP-FCHO2 were fixed, permeabilized, and stained with antibodies to Dab2
and o-adaptin. White areas in the merge panel are places at which all three proteins colocalize.
A 0.2-pm-thick section of the adherent surface of the cell is shown. Scale bar: 5 ym.

uncoating factor hsc70 (Praefcke et al., 2004). In addition, AP2
binds to additional receptor-binding proteins, termed CLASPs, for
clathrin-associated sorting proteins, to allow internalization of
cargo with which AP2 cannot directly associate (Mishra et al.,
2005).

Disabled-2 (Dab2) is a CLASP that interacts with AP2 and recruits
cargo to CCPs via its N-terminal phosphotyrosine-binding (PTB) do-
main (Morris and Cooper, 2001). Other members of the PTB-domain
adaptor family include ARH and Numb. These adaptors bind FxN-
PxY motifs contained in receptors, such as the low-density lipopro-
tein receptor (LDLR; Morris and Cooper, 2001; He et al., 2002;
Mishra et al., 2002b; Keyel et al., 2006; Maurer and Cooper, 2006)
and integrin B1 (Calderwood et al., 2003; Nishimura and Kaibuchi,
2007; Teckchandani et al., 2009). Dab2 can bind and assemble
clathrin (Keyel et al., 2006) and also associates with the motor pro-
tein myosin VI (Morris et al., 2002) and the signaling adaptor Grb2
(Xu et al., 1998).
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recruit some of the same accessory proteins
normally recruited by AP2.

In this paper, we report that Dab2 di-
rectly binds one such accessory protein,
FCH domain only-2 (FCHO2). FCHO2 and
its close relative FCHO1 contain F-BAR do-
mains that bind to and tubulate membranes
in vitro (Henne et al., 2007; Reider et al.,
2009; Uezu et al.,, 2011). The C-termini of
FCHO proteins contain p-homology do-
mains (uHDs), which are similar to the AP2
p2 subunit (Reider et al., 2009). We detected
FCHO2 in an unbiased screen for Dab2-
binding partners and found that the Dab2-
FCHO2 interaction site is needed for
efficient endocytosis of LDLR when AP2-
dependent endocytosis is inhibited. Deple-
tion of FCHO2 inhibits endocytosis of the
Dab2 cargo LDLR. FCHO2 depletion also
inhibits assembly of CCPs and induces ag-
gregates of CCP components that appear
similar to clathrin plaques. Additional results
suggest that FCHO2 is important for the
early steps of endocytosis of Dab2-depen-
dent and Dab2-independent cargoes.

RESULTS

Dab2 interacts with FCHO2

To identify Dab2-binding proteins, we used
a mass spectrometry-based proteomics
approach. The p?6 form of mouse Dab2
was tagged with a His-biotin tag (HBT,
Tagwerker et al., 2006) and introduced into a line of Hela cells in
which Dab2 expression is stably inhibited with short hairpin RNA
(shRNA; Teckchandani et al., 2009). Cells infected with virus ex-
pressing only the HBT were used as a control. HBT and HBT-Dab2
protein were each sequentially purified over nickel and streptavi-
din beads and then subjected to SDS-PAGE. Proteins in sections
of the gel were then analyzed by liquid chromatography—tandem
mass spectrometry (LC-MS/MS). Twenty-nine proteins were de-
tected in the Dab2 but not the HBT sample, in two separate
experiments (Figure 1A). Strikingly, FCHO2 was the fourth most
abundant protein detected. FCHO1 was not detected.
We also found six proteins already known to interact with Dab2:
four subunits of the AP2 complex (a1, 02, 1, and p1; Morris and
Cooper, 2001), myosin VI (Morris et al., 2002), clathrin heavy chain
(CHC; Mishra et al., 2002a), and Grb2 (Xu et al., 1998). Therefore
the proteomics screen detected known and novel Dab2-binding
proteins.
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To confirm that Dab2 and FCHO2 interact in cells, we tested
whether FCHO2 and Dab2 coimmunoprecipitated. FCHO2 and
Dab2 were epitope-tagged with green fluorescent protein (GFP)
and T7, respectively, and transiently expressed in Hela cells. Cells
were lysed and subjected to immunoprecipitation with antibody to
T7. Immunoblotting revealed an ~130-kDa band that corresponded
to the expected size for GFP-FCHOZ2 (Figure 1B). This confirms that
FCHO2 and Dab2 interact in cells. Accordingly, immunofluores-
cence showed GFP-FCHO?2 located in distinct cell surface puncta
that colocalized with both Dab2 and AP2, indicating that FCHO2
localizes to clathrin-coated structures (CCSs) containing Dab2 and
AP2 (Figure 1C). This localization pattern suggested that FCHO2
and its interaction with Dab2 were likely involved in some step of
CME.

The Dab2 DPF motifs interact with the pHD of FCHO2

The N-terminus of Dab2 contains a PTB domain that interacts with
PtdIns(4,5)P, and receptors containing the FxNPxY sequence
(Morris and Cooper, 2001; Mishra et al., 2002a; Figure 2A). The cen-
tral region of Dab2 is alternatively spliced; it is present in the p96
form but absent from a p67 splice form (Xu et al., 1995). This p96-
specific central region contains two clathrin boxes (Mishra et al.,
2002a), two NPF motifs that interact with EH domains (Di Fiore et al.,
1997, Owen et al., 1999), and two DPF sequences that bind to AP2
(Morris and Cooper, 2001). The remainder of the protein, contained
in both p67 and p%6, includes another AP2-binding sequence,
FLDLF (Brett et al., 2002; Mishra et al., 2002a), a site that binds myo-
sin VI (Morris et al., 2002), three additional NPF motifs, and binding
sites for SH3-domain proteins (Xu et al., 1995, 1998; Kowanetz et al.,
2003; Zhou et al., 2003).

To map the region of Dab2 that binds FCHO2, we utilized wild-
type p96, p67, and various p96 point and deletion mutants (Figure
2A). p96 and the NPF*, AP2*, DPF*, and FLDLF* mutants colocal-
ized with AP2 in CCPs, whereas p67 and p96-AC were diffuse (Sup-
plemental Figure S1; Morris and Cooper, 2001). T7-tagged Dab2
constructs were transfected into cells along with GFP-FCHO2 and
were immunoprecipitated with anti-T7 antibody (Figure 2B). FCHO2
bound efficiently to p96 and to p?6-AC, but not to pé7, suggesting
that FCHO2 binding requires the p96 central region but not the C-
terminus. Mutating all five NPFs to NPV (NPF*) also did not affect
binding. However, FCHO2 binding to Dab2 was disrupted by mu-
tating the AP2-binding DPF sequences (Figure 2B, DPF*), but not by
mutating the AP2-binding FLDLF sequence (Figure 2B, FLDLF*).
Consistently, a compound mutant containing the DPF* and FLDLF*
mutations also failed to bind FCHO2 (Figure 2B, AP2*). Previous
studies suggested that the DPF and FLDLF sequences may be func-
tionally redundant for binding AP2 (Morris and Cooper, 2001; Mishra
et al., 2002a). Indeed, we found that p96 and the DPF* and FLDLF*
mutants bound equally well to a glutathione S-transferase (GST)-
tagged AP2 a-appendage ear domain in vitro (Figure 2C). These
results suggest that the DPF motifs in Dab2 are required for binding
to FCHO2, but not for binding AP2, provided that the FLDLF se-
quence is intact. Thus the DPF* mutant provides a tool for examin-
ing the importance of Dab2-FCHO2 interactions for endocytosis of
Dab2-specific cargoes.

To determine which region of FCHO?2 interacts with Dab2, dele-
tion constructs of FCHO2 were created. GFP was fused to the N-
terminus of the F-BAR domain (construct A), F-BAR and central re-
gion (construct B), central region alone (construct C), central and
puHD (construct D), and pHD (construct E). Immunofluorescence
showed that the pHD was necessary and sufficient for punctate lo-
calization and colocalization with AP2 in CCPs (Figure S2). The yHD
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was also necessary and sufficient for coimmunoprecipitation with
T7-p96 (Figure 2D). While these experiments were under way, Dab2
was detected in a screen for FCHO2 pHD-binding proteins, confirm-
ing that Dab2 binds to the pHD (Henne et al., 2010). Together these
data suggest that the pHD of FCHO?2 is responsible for FCHO2 lo-
calization to CCPs and its interaction with the DPF motifs of Dab2.

To investigate whether the Dab2-FCHO?2 interaction is direct, we
produced T7-tagged FCHO2 pHD and the GST-tagged wild-type
and AP2* central regions of Dab2 in bacteria and tested for binding
in vitro. The FCHO2 uHD interacted with the central region of Dab2,
and mutation of the AP2-binding sequences decreased binding
(Figure 2E), indicating a direct interaction (Figure 2F).

FCHO2 and the other known pHD-containing proteins SGIPa,
Syp1p, and FCHO1 also bind to the endocytic scaffolding and EH
domain—containing protein Eps15 (Uezu et al., 2007, 2011; Reider
et al., 2009; Henne et al., 2010). Because Dab? is also able to inter-
act with Eps15 and the additional EH-domain protein intersectin
(ITSN; Teckchandani and Cooper, unpublished results), Dab2 could
potentially also interact with FCHO2 indirectly, using Eps15 or ITSN
as an intermediate. To determine whether this might be an alterna-
tive mechanism for Dab2-FCHO?2 interaction, we repeated the
Dab2-FCHO2 coimmunoprecipitation in cells that had been trans-
fected with small interfering RNA (siRNA) to four endocytic EH-do-
main proteins: Eps15, Eps15R, ITSN1, and ITSN2. There was no
change in the amount of FCHO2 that coimmunoprecipitated with
Dab2 from cells depleted of EH-domain proteins (Figure S3). Eps15
and ITSN are therefore not required for the FCHO2-Dab2
interaction.

The Dab2-FCHO2 binding site is required for normal levels
of LDLR endocytosis when AP2 is depleted

We made use of the DPF* Dab2 mutant to test whether the interac-
tion of Dab2 with FCHO?2 is required for Dab2-dependent LDLR
endocytosis. We used siRNA to Dab2 and AP2 to block both the
Dab2 and ARH-AP2 routes for LDLR endocytosis and assayed res-
cue by wild-type and mutant Dab2 (Figure 3A). These experiments
were done in Hela cells stably expressing an HA-tagged mini-LDLR
(Li et al., 2001; Maurer and Cooper, 2006). Anti-HA antibodies were
added to the cells at 37°C and uptake was allowed for 2 min. As
expected, depletion of Dab2 and AP2 inhibited LDLR endocytosis,
which was rescued by wild-type T7-p96 but not by T7-pé7 (Figure 3,
B and C). T7-Dab2-DPF* only weakly rescued endocytosis, suggest-
ing that the Dab2-FCHO2 interaction is needed when AP2 levels are
low (Figure 3A).

We also tested whether the interaction of Dab2 with FCHO?2 is
required when AP2 is present. We depleted cells of Dab2 and ARH
to inactivate both the Dab2 and ARH-AP2 pathways, leaving AP2 at
normal level (Figure 3, D and E; Keyel et al., 2006; Maurer and Coo-
per, 2006). Under these conditions, T7-p96 rescued LDLR endocyto-
sis, but T7-p67 did not, as expected (Maurer and Cooper, 2006).
With AP2 present, T7-Dab2-DPF* also rescued LDLR endocytosis
(Figure 3, D and E). This indicates that AP2 is able to compensate for
loss of the interaction between Dab2 and FCHOZ2. Taken together,
these results suggest that the Dab2-FCHO?2 interaction is not re-
quired for LDLR clustering in CCPs but is required for endocytosis of
Dab2-specific cargo when AP2 is absent.

FCHO2 depletion affects the organization of CCP
components and inhibits CME

As an alternative approach to understanding the role of FCHO2 in
endocytosis, we depleted FCHO2 from Hela cells using FCHO2
siRNA. Although we were unable to detect endogenous FCHO2
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FIGURE 2: The Dab2 DPF motifs interact with the FCHO2 pHD. (A) Schematic of Dab2 structure and mutants. p96:
full-length; p67: splice form lacking amino acids 229-447; NPF*: all five NPFs changed to NPV; AC: truncation after
amino acid 576; AP2*: two DPFs changed to DAF and FLDLF changed to ALALF; DPF*: two DPFs changed to DAF;
FLDLF*: FLDLF changed to ALALF. (B) Coimmunoprecipitation of GFP-FCHO2 with T7-tagged forms of Dab2. Hela
cells were transiently transfected with full-length GFP-FCHO2 and T7-tagged Dab2. Cells were lysed 48 h after
transfection and immunoprecipitated with antibody to T7. (C) Binding of Dab2 mutants to AP2-o-ear. Cells were
transiently transfected with T7-tagged Dab2 and lysed. Lysates were then mixed with purified, glutathione Sepharose-
bound GST-AP2-0-ear. (D) Top, schematic of FCHO2 structure. FCHO2 contains an N-terminal F-BAR domain (residues
1-280), a central area (residues 281-520), and a C-terminal pHD (residues 521-810). FCHO2 constructs and amino acids
as follows: A, amino acids 1-280; B, amino acids 1-520; C, amino acids 281-520; D, amino acids 281-810; and E, amino
acids 521-810. Bottom, coimmunoprecipitation of GFP-FCHO2 forms with T7-Dab2. Hela cells were transiently
transfected with GFP-FCHO2 and full-length T7-p96. Cells were lysed 48 h after transfection and immunoprecipitated
with antibody to T7. Arrowheads indicate GFP-tagged FCHO2 forms that coimmunoprecipitated with T7-Dab2. *,
nonspecific band. (E) Binding of purified Dab2 and FCHO2 pHD. Purified, bacterially grown T7-FCHO2 uHD-His was
mixed with purified, glutathione Sepharose-bound GST-Dab2 (residues 206-492). (F) The Dab2 DPF motifs (black)
interact directly with the FCHO2 pHD.

protein using available antibodies, reverse transcriptase PCR  siRNA induced a striking change in the number and size of CCSs,
(RT-PCR) showed that FCHO2 mRNA levels were considerably re-  particularly on the adherent surface of the cell. There was a notice-
duced upon siRNA treatment (Figure 4A). FCHO2 siRNA also inhib-  able increase in the size of large structures that contained Dab2,
ited expression of transfected GFP-FCHO2 (Figure 4A). FCHO2  AP2, and clathrin light chain-GFP (LCa-GFP; Figure 4B). These
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structures appeared similar to previously described large, flat clath-
rin arrays, called “clathrin plaques,” found on the adherent surface
of many cell types (Heuser, 1980; Maupin and Pollard, 1983; den
Otter and Briels, 2011). Clathrin plaques are endocytically active
(Saffarian et al., 2009; Taylor et al., 2011), although the mechanism
is not thoroughly understood (Traub, 2011).

We quantified the numbers and sizes of Dab2-positive CCSs,
defining plaques as structures with a diameter greater than 220 nm
and pits as structures smaller than 220 nm (Anderson et al., 1976;
Traub, 2011). Depleting cells of FCHO2 reduced the number of pits
and plaques by one-third but significantly increased plaque size

1334 | E. E. Mulkearns and J. A. Cooper

(Table 1). Although the increase in median plaque size was modest,
the distribution of plaque size showed a dramatic increase in the
number of plaques greater than 300 um? (Figure 4C). Similar results
were obtained using AP2 as a marker for CCSs (unpublished data).
This suggests that FCHO?2 is important for the structural organiza-
tion of CCS components.

To determine whether FCHO2 depletion affected endocytosis of
Dab2 cargo, we measured uptake of HA-mini-LDLR. Control and
FCHO2- or CHC-depleted cells were incubated at 37°C for 2 min
with  HA antibody. Depletion of FCHO2 and CHC inhibited
LDLR internalization by 50 and 75%, respectively (Figure 4D). The
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Student’s t test compared with control. (F and G) Surface HA-mini-LDLR (F) and TfnR (G) fail to cluster into CCSs in
FCHO2-depleted cells. Nonpermeabilized cells were stained with antibody to the extracellular domain of receptors,
permeabilized, and stained with antibody to Dab2. Images are of the adherent surface of cells; blue is DAPI
staining. Scale bars: 10 pm. (H) Colocalization of LDLR and TfnR with Dab2 at steady state. Using ImageJ, the

percent area of surface receptor that colocalized with Dab2 was measured and mean and SEs were plotted.
*, p < 0.05 by Student’s t test.
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Median pit size Median plaque size CCSs per cell CCPs per cell Plaques per cell
(um?, n = 6) (um?, n = 6) (n=15) (n=5) (n=5)
Control 0.0247 £ 0.0003 0.112 £0.019 484 + 101 159 + 40 326 £34
FCHO2 0.0227 £ 0.0020 0.133£0.024 327 £48 107 £ 30 220+ 23
siRNA
p value 0.18 0.035 0.036 0.014 0.054

Dab2-positive structures were measured and quantified using ImageJ. Pits were defined as structures with diameters less than 220 nm and plaques as structures
with diameters larger than 220 nm. Shown is mean + SE from five fields from at least n experiments. p values were calculated using Student'’s t test.

TABLE 1: FCHO2 depletion decreases the number of CCSs and increases the size of clathrin plaques.

total amount of receptor was not changed by FCHO2 depletion
(Figure S4). This indicates that FCHO2 is needed for efficient inter-
nalization of LDLR, a Dab2 cargo.

To determine whether FCHO?2 is also required for Dab2-inde-
pendent cargo, we measured internalization of TfnR. Depletion of
FCHO2 and CHC inhibited TfnR internalization by 60 and 90%, re-
spectively (Figure 4E; Uezu et al., 2011). Although only a small
amount of FCHO1 RNA was detected by RT-PCR (34 cycles against
24 cycles for FCHO?2), it was possible that residual internalization of
TfnR or LDLR involved FCHO1 (Figure S5A). However, cells depleted
of FCHO1 and 2 still contained enlarged plaques, and depletion of
FCHO1 and 2 did not additionally inhibit internalization of TfnR or
LDLR compared to FCHO2 depletion alone. (Figure S5, B-D). Taken
together, these data suggest that FCHO2 is involved in the internal-
ization of cargo by Dab2 and other adaptor proteins.

One reason for decreased endocytosis may be reduced receptor
clustering in clathrin structures. Indeed, staining of cell surfaces
revealed that LDLR and TfnR were increased on the surface of
FCHO2-depleted cells, and both receptors were more diffuse and
not clustered in pits or plaques (Figure 4, F and G). There were sig-
nificant decreases in the percentage of surface receptors that colo-
calized with Dab2 in CCSs when FCHO2 was depleted (Figure 4H).
Taken together, these data suggest that FCHOZ2 plays an important,
though not essential, role in CME and may be involved both in or-
ganizing CCSs and recruiting receptors to them.

Endocytic activity of enlarged CCSs
Clathrin plaques are reportedly active in endocytosis, either by bud-
ding off normal-sized CCVs or by bulk internalization of the entire
plaque at once, utilizing the same protein components as canonical
CCPs (Perrais and Merrifield, 2005; Saffarian et al., 2009; Taylor et al.,
2011; Traub, 2011). Since FCHO2 depletion increased the size of
clathrin structures and prevented receptor entry into them, we sus-
pected this correlated with a defect in the early, receptor-recruitment
steps of endocytosis. However, we wondered whether FCHO2-defi-
cient plaques could internalize. It is well established that cargo recruit-
ment continues at 4°C, even though budding is inhibited (Willingham
et al., 1981; Goldenthal et al., 1984). Therefore we reasoned that in-
cubation at 4°C might provide time for cargo recruitment to FCHO2-
deficient CCSs, allowing us to measure internalization after warming
to 37°C. Indeed, preincubation at 4°C for 1 h allowed surface LDLR to
move from its diffuse localization at 37°C (Figure 4F) and become
more concentrated in CCPs and plaques (Figure 5A). This movement
was apparent in both control and FCHO2-depleted cells (Figures 4H
and 5E). Preincubation at 4°C therefore allows LDLR to accumulate in
enlarged clathrin structures in FCHO2-depleted cells and suggests a
defect in receptor trapping by enlarged plaques.

We then warmed 4°C preincubated cells to 37°C and measured
endocytosis. Under these conditions, depletion of FCHO2 or of
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both FCHO2 and FCHO1 did not significantly inhibit LDLR internal-
ization (Figures 5B and S6A). Previous results indicated that LDLR
endocytosis after 4°C preincubation occurs via either the Dab2 or
ARH-AP2 pathway (Maurer and Cooper, 2006). Accordingly, endo-
cytosis of preclustered receptors from enlarged plaques of FCHO2-
deficient cells was not greatly affected by depleting AP2 or Dab2
(Figure S7). Therefore LDLR endocytosis occurs efficiently in FCHO2-
depleted cells via the AP2 or Dab2 pathways, provided that LDLRs
are given time to accumulate in CCSs before internalization is
measured.

If FCHO2-deficient plaques are in fact internalizing LDLR, then
the quantity of LDLR located in plaques should decrease after warm-
ing to 37°C. Cells were incubated with antibody against HA-mini-
LDLR at 4°C for 1 h and then either fixed or warmed for 2 min at
37°C. Surface LDLR was visualized using immunofluorescence. Con-
trol cells that had been warmed for 2 min had a 24% decrease in
LDLR intensity in CCSs on the adherent surface compared with cells
that had not been warmed (Figure 5F). FCHO2-depleted cells had a
29% decrease in LDLR intensity in CCSs, including the large plaques,
after warming. This decrease in intensity suggests that the receptor
clustered into clathrin plaques during the 4°C incubation was, in
fact, internalized during the 37°C incubation. Indeed, endocytic
vesicles containing LDLR colocalized with large clathrin plaques of
FCHO2-depleted cells (Figure 5F, blue channel). These results indi-
cate that the large CCSs in FCHO2 are endocytically active.

Surprisingly, different results were obtained with the TfnR. Prein-
cubation at 4°C did not increase the colocalization of TfnR with
Dab2-positive CCSs (Figure 5, C and E), and there was still a signifi-
cant 50% decrease in the amount of TfnR internalized under these
conditions (Figure 5D). Again, we found no change in the amount of
TfnR internalized with additional depletion of FCHO1 compared
with FCHO2 siRNA alone (Figure S6B). This suggests that FCHO-
deficient clathrin structures have a defect in clustering and internal-
izing TfnRs. Taken together, these data indicate that the plaque-like
structures formed under conditions of depleted FCHO2 are able to
internalize, but some receptors are recruited inefficiently.

DISCUSSION

We identified the F-BAR protein FCHO2 as a binding partner for the
endocytic adaptor Dab2 and found that the Dab2 DPF motifs di-
rectly interact with the FCHO2 pHD. LDLR endocytosis is known to
occur by parallel pathways, one of which is Dab2-dependent and
one of which is dependent upon ARH-AP2 but not Dab2. Disruption
of the Dab2-FCHO2 interaction decreased the uptake of LDLR in
AP2-deficient cells, but not ARH-deficient cells, suggesting that
Dab2 needs to bind to FCHO2 when AP2 levels are low. Dab2 may
provide an alternative to AP2 for recruiting or stabilizing FCHOZ in
CCSs. We also found that FCHO2 regulates the size and number of
CCSs. Depletion of FCHO2 decreased the number of pits but
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increased the size of larger CCSs, which are probably clathrin
plaques. These larger plaques contained less of the Dab2 cargo
LDLR and of the Dab2-independent cargo TfnR under physiological
conditions, and endocytosis of both cargoes was inhibited. How-
ever, LDLR endocytosis was restored when FCHO2-deficient cells
were preincubated at 4°C to accumulate receptor into plaques, sug-
gesting that enlarged, FCHO2-deficient plaques can internalize.

FCHO2 is a CCS-organizing protein

Our results suggest that FCHO2 stimulates the formation of clath-
rin structures and limits the growth of plaques: when FCHO2 was
absent, the number of clathrin structures was reduced by approxi-
mately one-third and the size of the larger plaques increased dra-
matically. Clathrin-dependent endocytosis of LDLR was also inhib-
ited, but was rescued by simply preincubating the FCHO2-deficient
cells in the cold before assay, suggesting that FCHO2 is not
needed for internalization per se. Our Hela cells contained very
little FCHO1 RNA, and results obtained with cells depleted of both
FCHO1 and FCHO2 were very similar to those obtained when
FCHO2 alone was depleted. Overall, our results suggest that
FCHO1/2 limit the size of plaques and/or enforce the curvature of
clathrin lattices. It is perhaps not surprising that proteins that bind
curved membranes, like FCHO1/2, would regulate lattice curva-
ture. However, our conclusions contrast with a recent study report-
ing that depletion of FCHO1/2 completely inhibited the initiation
of all clathrin structures (Henne et al., 2010). The reason for the dif-
ferent results is not clear. Most experiments in the previous report
used BSC1 cells, which are unusual in that they lack clathrin
plaques. Our Hela cells, like many other cell types, have plaques
on their ventral, adherent surface (Heuser, 1980; Ehrlich et al,,
2004; Saffarian et al., 2009). Also, Hela cells express Dab2, while
BSC1 cells only have very low levels of the protein (Maurer and
Cooper, 2006; Mettlen et al., 2010). The differences may also be
technical. Our inability to detect either endogenous FCHO1 or
FCHO2 with available antibodies means that small amounts of
FCHO1/2 may have remained. Thus it is possible that low levels of
FCHO1/2 reduce the number of pits and plaques and cause larger
plaques, while complete absence of FCHO1/2 may completely in-
hibit clathrin assembly, as reported (Henne et al., 2010). Alterna-
tively, another protein that functionally overlaps with FCHO1/2
may be present in our Hela cells.

In our hands, the absence of FCHO2 also inhibited the recruit-
ment of receptors into clathrin structures. This inhibition could be a
relatively trivial consequence of the altered number and size of
plagues. When there are fewer, larger structures, there is more dis-
tance between them, so receptors freely diffusing on the membrane
have a longer random walk before being trapped. The ability of
FCHO-deficient plaques to accumulate LDLR after preincubation in
the cold is consistent with this physical explanation. However, a
purely physical explanation may not explain why FCHO2-deficient
enlarged structures were unable to accumulate TfnR, even after pre-
incubation at 4°C (Figure 5). FCHO2-depleted cells showed a lower
ratio of AP2 to Dab2 in enlarged structures than in control CCSs
(Figure 4B). This could affect recruitment of TfnR, an AP2 cargo. It
also suggests that the plaques that grow when FCHO2 is absent
somehow incorporate more Dab2 than AP2. A defect in receptor
recruitment may explain the absence of all clathrin structures in the
experiments of Henne et al. (2010). Empty CCPs are thought to
abort prematurely (Loerke et al., 2009). If CCPs in FCHO1/2 cells are
unable to recruit cargo, they may abort prematurely.

We found that FCHO2-depleted cells internalized LDLR pro-
vided they were preincubated in the cold before warming and mea-
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suring internalization. This suggests that the enlarged FCHO2-defi-
cient plaques are endocytically active, although we cannot exclude
unanticipated effects of the preincubation. Temperature shifts were
recently reported to induce artifactual membrane scission (Romer
et al., 2010), although this was clathrin independent and LDLR en-
docytosis in FCHO2-depleted cells was clathrin dependent (Figure
5). Therefore, although we cannot exclude experimental artifacts,
we favor the interpretation that FCHO2-deficient plaques can
internalize.

Requirement for the Dab2-FCHO2 complex

Mutation of the DPF motifs of Dab2 inhibited LDLR endocytosis
when AP2, but not ARH, was depleted from cells (Figure 3). This
indicates that the interaction between Dab2 and a DPF-interact-
ing protein is essential for Dab2 function when AP2 levels are low.
This DPF-interacting protein is likely FCHO2. While this require-
ment is only revealed under artificial conditions, its discovery adds
to the understanding of the complex interactions occurring within
a CCP.

Our finding that full-length, wild-type Dab2 was able to rescue
LDLR endocytosis at physiological conditions in cells depleted of
AP2 and Dab2 (Figure 3, A and B) was surprising, as there have been
reports that AP2 is required for CCP formation (Boucrot et al., 2010).
AP2 may not be completely absent from our cells, just reduced low
enough to inhibit the alternate ARH-AP2 route for LDLR endocyto-
sis. We think it likely that modest overexpression of Dab2 is able to
compensate for low levels of AP2 and permit receptor accumulation
and endocytosis. Under these conditions, the FCHO2-interacting
DPF motifs are needed, suggesting that Dab2 can substitute for
AP2 and recruit or stabilize FCHO?2 in clathrin structures.

Since preincubation in the cold rescued LDLR endocytosis in
FCHO2-depleted cells (Figure 5), we wondered whether preincu-
bation might rescue LDLR endocytosis by DPF*-mutant Dab2 in
AP2-deficient cells. Surprisingly, it did not (Figure S8). How can
these results be reconciled? The FCHO2-depleted cells have en-
larged plaques, whereas Dab2-DPF* was assayed in cells with nor-
mal pits and plaques. Perhaps canonical pits and plaques require
a Dab2-FCHO2 complex when AP2 levels are low, but enlarged
plaques do not. This could suggest a fundamental difference be-
tween normal endocytic structures and those created upon FCHO2
depletion. Enlarged plaques may be a compensation mechanism
upon loss of membrane-bending proteins to prevent a block of
CME.

The DPF as a pHD-interacting motif

DPF motifs have been shown to bind AP2, but we show here
that the DPF motifs of Dab2 also interact with the yHD of FCHO2
(Figure 2). DPF motifs exist in many proteins, including Eps15, auxi-
lin, amphiphysin, AP180, synaptojanin, and HIP1 (Brett et al., 2002).
This raises the possibility that FCHO2 also binds to these other
proteins through DPF sequences. In fact, Eps15, which binds to
the FCHO2 pHD (Henne et al., 2007), contains the sequence
DPFKDDPF, which is highly similar to the DPFRDDPF sequence of
Dab2. The abundance of proteins containing DPF motifs raises the
possibility that many additional proteins may also interact with
FCHO2 through their DPF motifs. The pHD of FCHO2 is a novel
binding domain for DPF motifs, and this presents the possibility of
competitive binding of DPF proteins by FCHO2 and AP2, thereby
regulating interactions within a coated pit. Additionally, sequential
binding of FCHO2 and AP2 to DPF sequences could play a role in
the advancement of a CCP from one stage to another, for example
from pit initiation to cargo recruitment.
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Endocytic activity of enlarged CCSs. (A) Incubation at 4°C allows HA-mini-LDLR to cluster into enlarged
plaques. Control or FCHO2 siRNA-treated HelLa-mini-LDLR cells were fixed, stained with antibody to HA,
permeabilized, and then stained with antibody to Dab2. Images are adherent surface of cells. Scale bar: 10 pm. (aCHO2
is dispensable for LDLR endocytosis when cells are preincubated at 4°C for 1 h. HeLa mini-LDLR cells were incubated
with antibody to HA for 1 h at 4°C, washed, warmed to 37°C for 2 min, then cooled, acid-stripped, and permeabilized,
and HA-LDLR uptake was visualized using immunofluorescence. Values are mean fluorescence intensity + SE of three
experiments. Images are Z-stack projections. Scale bar: 20 pm. *, p < 0.05 by Student’s t test. (C) TfnR fails to localize to
enlarged CCSs with a 4°C incubation. Control or FCHO2 siRNA-treated HelLa-mini-LDLR cells were fixed, stained with
antibody to TfnR, permeabilized, and then stained with antibody to Dab2. Images are adherent surface of cells. Scale
bar: 10 pm. (D) Depletion of FCHO2 inhibits TfnR endocytosis even with a 4°C preincubation. HeLa-mini-LDLR cells were
incubated with antibody to TfnR for 1 h at 4°C, washed, and moved to 37°C for 2 min to measure TfnR uptake. Values
are mean fluorescence intensity + SE of three experiments. Images are Z-stack projections. Scale bar: 20 um. *, p < 0.05
by Student'’s t test. (E) Colocalization of LDLR and TfnR with Dab2 after 1 h at 4°C incubation. Using ImageJ, the percent
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MATERIALS AND METHODS

Cells

Hela and BSC1 cells were cultured in DMEM, 10% fetal bovine
serum, 1% penicillin-streptomycin in 37°C at 5% CO,. Hela cells
stably expressing Dab2 shRNA have been previously described
(Teckchandani et al., 2009) and were maintained with the addition of
400 pg/ml hygromycin B. Hela cells expressing HA-tagged mini-
LDLR have also been described (Maurer and Cooper, 2006) and
were cultured with 2 pg/ml puromycin.

Plasmids and transfection

T7-p96 and T7-p67 have been described (Maurer and Cooper, 2006),
as has the C-terminal truncation mutant (Morris and Cooper, 2001).
Point mutations in the NPF, DPF, and FLDLF motifs were created us-
ing site-directed mutagenesis. NPF was mutated to NPV (Doria et al.,
1999), DPF to DAF, and FLDLF to ALALF. FCHO1 (accession
#BC028021) and FCHO2 (accession #BC137070) cDNAs were ob-
tained from Open Biosystems (Rockford, IL) and cloned into the
EcoRl sites of the pGL1-superC vector, creating an N-terminal GFP
fusion product. GFP-FCHO2 constructs of amino acids 1-280, 281-
520, 521-810, 1-520, and 281-810 were created by PCR and also
cloned into pGL1-superC. GST-Dab2-206-492 has been described,
and mutations in the AP2-binding sites were created in the same
manner as for T7-p96-AP2*. For bacterial expression, FCHO2 cDNA
was cloned into pET21a(+) (EMD Biosciences, Darmstadt, Germany).
GST-AP2 o-ear was a gift from Harvey McMahon (MRC Laboratory of
Molecular Biology, Cambridge, UK; Owen et al., 1999). pQCXIP-HBT
was from Peter Kaiser (University of California, Irvine, CA; Tagwerker
et al., 2006). LCa-GFP was a gift from Mark Von Zastrow (University of
California, San Francisco, CA; Puthenveedu and von Zastrow, 2006).
shRNA-resistant p96 was created using site-directed mutagenesis
and the following primers: 1) CAGGGACAACACAAGCAGAGAATAT-
GGGTCAACATTTCCTTGTCTGGCATAand2)CAACACAAGCAGAG-
AATATGGGTTAATATATCCTTGTCTGGCATAAAAATCATT, and re-
verse complements and inserted C-terminal to the HBT of
pQCXIP-HBT. All DNA transfections were performed with Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA) or Geneln (GlobalStem,
Rockville, MD), according to the manufacturers’ protocols.

Antibodies

The following primary antibodies were used: mouse anti-HA.11
(Covance, Princeton, NJ), rabbit anti-GFP (Invitrogen), mouse
anti-TfnR (Abcam, Cambridge, MA), rabbit anti-Dab2 (Santa
Cruz Biotechnology, Santa Cruz, CA), mouse anti-p%6 (BD Trans-
duction Laboratories, East Rutherford, NJ), mouse anti-T7
(Novagen), mouse anti-o-adaptin AP6 (Calbiochem [San Diego,
CA] and Abcam), mouse anti-ERK (BD Transduction Laborato-
ries), goat anti-actin (Santa Cruz Biotechnology), goat anti-GST
(GE Healthcare, Waukesha, WI), and rabbit anti-Eps15 (Santa
Cruz Biotechnology). Appropriate Alexa Fluor-tagged second-
ary antibodies were used for immunofluorescence (Invitrogen)
and HRP-tagged antibodies were used for Western blotting (GE
Healthcare).

Mass spectrometry

Retroviral particles were produced by transfecting HEK293T cells
with pQCXIP-HBT or pQCXIP-HBT-p9?6-resistant and an amphotro-
pic packaging vector using calcium phosphate. Virus was harvested
and used to infect Hela cells stably expressing Dab2 shRNA. Cells
were selected 48 h postinfection with 2 pg/ml puromycin and
cloned. A clonal line that expressed p%6 at high levels was isolated.
Before being lysed for protein purification, cells were treated with
1 uM biotin in their cell culture media for 24 h to increase biotinyla-
tion levels.

Three 15-cm dishes of cells were lysed for protein purification in
lysis buffer (50 mM Tris-HCI, pH 8.0, 100 mM NaF, 30 mM sodium
pyrophosphate, 2 mM sodium molybdate, 1% NP-40, 2 mM so-
dium orthovanadate, and protease inhibitors [Roche]), sonicated,
centrifuged 10 min at 14,000 x g, and rotated with nickel beads for
1.5 h at 4°C. Beads were then washed three times in lysis buffer
and once in lysis buffer including 20 mM imidazole. Proteins were
eluted in elution buffer (0.3 M NaCl, 0.5 M imidazole, 50 mM
NaH,PO,4, 10 mM EDTA, protease inhibitors, pH 7.9) by rotating
beads for 10 min at room temperature in 500 pl elution buffer. The
elution was repeated, and the eluates were combined. The eluate
was then added to streptavidin beads washed in lysis buffer and
rotated for 1.5 h at 4°C. Beads were washed five times in lysis buf-
fer and resuspended in 50 pl Laemmli buffer. After SDS-PAGE on
4-12% gradient gels (Bio-Rad, Hercules, CA), entire gel lanes were
excised.

Individual gel slices in 1.5 ml tubes (Eppendorf) were subjected
to consecutive 15-min washes with: water, 50% acetonitrile, 100%
acetonitrile, 100 mM ammonium bicarbonate, and 50% acetonitrile
in 50 mM ammonium bicarbonate. After the final wash solution was
removed, the gel slices were dried thoroughly by vacuum centrifu-
gation. The gel slices were then cooled on ice, and an ice-cold solu-
tion of 12.5 ng/pl sequencing grade trypsin (Promega, Madison, WI)
in 50 mM ammonium bicarbonate was added to the gel slices,
which were then incubated on ice for 1 h. The trypsin solution was
discarded and replaced with 50 mM ammonium bicarbonate and
the gel slices were incubated overnight at 37°C. Following diges-
tion, the supernatants were collected, and the gel slices were
washed with 0.1% formic acid, which was followed by washing with
0.1% formic acid in 50% acetonitrile (30 min each wash). The original
digestion supernatant and the washes for a single sample were
combined into a single tube and dried by vacuum centrifugation.
The digestion products were desalted using ZipTips (Millipore, Bill-
erica, MA) per the manufacturer’s instructions and dried by vacuum
centrifugation.

Dried peptide mixtures were resuspended in 5 pl of 0.1% formic
acid and analyzed by LC electrospray ionization MS/MS with a
NanoLC-2D (Eksigent, Dublin, CA) coupled to LTQ-OrbiTrap mass
spectrometer (ThermoElectron, Waltham, MA) using a “vented” in-
strument configuration, as previously described (Licklider et al.,
2002), and a solvent system consisting of 0.1% formic acid in water, and
0.1% formic in 100% acetonitrile. In-line desalting was accomplished
using an IntegraFrit trap column (100 pm x 25 mm; New Objective,

of surface receptor area that colocalized with Dab2 area was measured, and mean and SEs were plotted. *, p < 0.05 by
Student’s t test. (F) Receptors are internalized from enlarged structures. HeLa-mini-LDLR cells were given antibody to
HA-mini-LDLR for 1 h at 4°C and washed, and then were either fixed (1 h at 4°C) or warmed to 37°C for 2 min and fixed.
Nonpermeabilized cells were stained with secondary antibody to surface HA-labeled receptor and then permeabilized
and stained with anti-Dab2 and secondary antibodies for anti-Dab2 and internalized anti-HA-labeled receptor. Numbers
on HA surface panels are mean fluorescence intensity + SE of surface HA that colocalized with Dab2. Scale bar: 10 um.

*, p < 0.05 by Student’s t test, compared with control after 1 h at 4°C.
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Woburn, MA) packed with reverse-phase Magic C18AQ (5 um 200 A
resin; Michrom Bioresources, Auburn, CA), followed by peptide
separations on a PicoFrit column (75 pm x 200 mm; New Objective)
packed with reverse phase Magic C18AQ (5-um 100 A resin; Michrom
Bioresources) directly mounted on the electrospray ion source. A lin-
ear gradient was used starting at 2% B and proceeding to 40% B in
40 min. The acetonitrile percentage was increased to 90% B and
held for 5 min, and then it was reduced to 2% B and held for 15 min.
A flow rate of 400 nl/min was used for chromatographic separations,
and the mass spectrometer capillary temperature was set to 200°C.
A spray voltage of 2750 V was applied to the electrospray tip, and
the LTQ-OrbiTrap instrument was operated in the data-dependent
mode, switching automatically between MS survey scans in the
OrbiTrap (AGC target value of 1,000,000; resolution of 60,000; ion
time of 150 ms) with MS/MS spectra acquisition in the linear ion trap
(AGC target value of 10,000; ion time of 100 ms). The five most in-
tense ions from the Fourier-transform full scan were selected in the
linear ion trap for fragmentation by collision-induced dissociation
with normalized collision energy of 35%. Selected ions were dynami-
cally excluded for 45 s.

The protein database search algorithm X!Tandem (Craig and
Beavis, 2004) was used to identify peptides from the human (version
3.59) International Protein Index protein databases. Peptide false
discovery rates were measured using Peptide Prophet (Keller et al.,
2002), and results were stored and analyzed in the Computational
Proteomics Analysis System (Rauch et al., 2006). Peptides were fil-
tered with a minimum Peptide Prophet probability that produced a
false discovery rate of ~5%, and the resulting peptides were grouped
into proteins.

Immunoprecipitation

Cells were lysed in lysis buffer (150 mM NaCl, 10 mM HEPES, pH 7.4,
2 mM EDTA, 50 mM NaF, 1% Triton-X100, protease inhibitors), ro-
tated at 4°C for 30 min, and centrifuged for 10 min at 14,000 x g.
Protein concentrations were measured, and equal amounts of pro-
tein were used for immunoprecipitation. Lysate was rotated with pri-
mary antibody for 3 h at 4°C. Protein A+G beads (GE Healthcare)
washed in lysis buffer were added to the lysate/antibody mixture and
rotated for 1 h at 4°C. Beads were then washed in lysis buffer three
times and resuspended in 5X Laemmli buffer before SDS-PAGE.

Protein purification and binding assays

GST-tagged proteins were induced in BL-21 with 0.1 mM isopropyl-
B-p-thiogalactopyranoside for 3-4 h at 30°C with shaking. Cells were
collected by centrifugation and resuspended in resuspension buffer
(0.5% NP-40 and 1 mM dithiothreitol (DTT) in PBS with protease in-
hibitors). Lysozyme was added to a concentration of 0.5 mg/ml, and
cells were lysed 15 min on ice. The lysates were then sonicated and
centrifuged at 4000 x g for 20 min. Glutathione sepharose-4B beads
(GE Healthcare) were washed twice in resuspension buffer and
added to the lysates. After rotation at 4°C for 1.5 h, beads were
washed twice in resuspension buffer with 350 mM NaCl and three
times in resuspension buffer. Beads were aliquoted and snap frozen
in resuspension buffer with the addition of 5% glycerol.

His-tagged FCHO2-pyHD was purified similarly (Boettner et al.,
2009), with the following changes. Protein expression was induced
at 22°C for 3 h, and the bacterial pellet was resuspended in resus-
pension buffer with the addition of 20 mM imidazole (pH 8.0). After
incubation of the lysate with glutathione Sepharose beads, the
beads were washed twice in resuspension buffer with 350 mM NaCl
and 15 mM imidazole, and then washed three times in resuspension
buffer with 15 mM imidazole. Beads were then loaded into an empty
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Bio-Rad poly-prep column and eluted with increasing concentra-
tions of imidazole ranging from 50-200 mM. The majority of
T7-FCHO2-pHD-His was eluted with 100 mM imidazole, and pro-
tein from this fraction was used for binding experiments.

For Dab2-FCHO2 binding experiments, 150 ng of T7-pHD-His
was mixed with the same amount of glutathione Sepharose—bound
GST-Dab2, and the volume was increased to 500 pl with Buffer A
(50 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100,
and protease inhibitors). After 1.5 h rotating at 4°C, beads were pel-
leted, washed twice in Buffer A with 500 mM NaCl, washed three
times in Buffer A, and resuspended in 120 pl 5X Laemmli sample
buffer. Two microliters of this volume were used for SDS-PAGE and
Western blotting.

For GST-o-ear:Dab2 binding, T7-tagged Dab2 constructs were
transiently transfected into Hela cells, which were lysed in 150 mM
NaCl, 20 mM HEPES (pH 7.2), 5 mM DTT, 0.1% Triton X-100, and
protease inhibitors. Lysates were harvested, cleared by centrifuga-
tion, and incubated as above, with glutathione Sepharose-bound
GST-o-ear. Beads were washed twice in Buffer A (50 mM Tris, pH
8.0, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, and protease
inhibitors) with 500 mM total NaCl, three times in Buffer A, and re-
suspended as above.

siRNA

Pools of siRNA (siGENOME SMARTpool) against human AP2 2,
Dab2, FCHO1, FCHO2, Eps15, Eps15R, ITSN1, and CHC were from
Dharmacon, Lafayette, CO. ITSN2 siRNA was from Santa Cruz Bio-
technology. For rescue experiments, a single Dab2 siRNA (Dharma-
con) that targets human, but not mouse, Dab2 (AAAGGGT-
GAAGGCUGGUUCUU) was used so rescues could be performed
using mouse Dab2 sequences. siRNA (50 pmol) was transfected into
cells using Oligofectamine (Invitrogen) according to the manufac-
turer's protocol. Cells plated on 2 pg/ml collagen IV (Sigma-Aldrich,
St. Louis, MO) were transfected with siRNA on day 1, transfected
again on day 3, and assayed on day 5. For Dab2 rescue experiments
and immunoprecipitation from cells treated with siRNA, DNA was
transfected on day 4 using Lipofectamine 2000 (Invitrogen). For as-
saying siRNA depletion of GFP-tagged FCHO constructs, cells were
transfected with siRNA pools on day 1, transfected with DNA on day
2 using Geneln (GlobalStem), transfected again with siRNA on day
3, and harvested on day 4.

Endocytosis

Endocytosis assays were performed essentially as described (Maurer
and Cooper, 2006), with some modifications. For assays at 37°C,
cells were removed from the 37°C incubator and washed quickly
with PBS, and antibody was added in 37°C assay media (DMEM/
F12,0.1% bovine serum aloumin [BSA], 10 mM HEPES, pH 7.4). The
cells were immediately placed into a 37°C water bath for 2 min.
Cells were then moved directly to 4°C, washed with cold PBS, acid-
stripped (0.5 M NaCl, 0.2 M acetic acid) for 10 min, and fixed in cold
4% paraformaldehyde for 20 min.

For assays including a 4°C preincubation, cells were removed
from 37°C to 4°C, washed in cold PBS, incubated with primary anti-
body in assay media for 1 h, and washed again in cold PBS. Pre-
warmed assay media was then added, and the cells were moved to
a 37°C water bath for 2 min. Cells were then moved back to 4°C and
acid-stripped and fixed as above.

Immunofluorescence

Cells grown on collagen [V-coated glass coverslips were fixed in 4%
paraformaldehyde for 20 min at room temperature and washed
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three times in PBS. They were then permeabilized for 10 min in 0.1%
Triton-X100 in PBS. Cells were washed in PBS and blocked for 1 hin
5% normal goat serum/2% BSA in PBS before primary antibody was
added in blocking solution. After a 2 h incubation in primary anti-
body at room temperature, cells were washed, incubated for 1 h in
Alexa Fluor—conjugated secondary antibody (Invitrogen) at room
temperature and 4’,6-diamidino-2-phenylindole (DAPI) for 10 min.
After several washes in PBS, coverslips were mounted on slides with
ProLong Gold with antifade (Invitrogen).

Cells to be incubated at 4°C were removed from the tissue cul-
ture incubator to 4°C, washed in cold PBS, and incubated at 4°C for
1 h in endocytosis assay media. They were then washed in cold PBS
and fixed for 20 min in cold 4% paraformaldehyde. For surface re-
ceptor staining, cells were blocked and incubated with appropriate
primary and secondary antibodies for surface receptor before per-
meabilization. If necessary, remaining surface antibody was blocked
with goat secondary antibody.

Microscopy and image quantification

Cells were imaged using an Olympus Deltavision [X70 deconvolu-
tion microscope or a Deltavision IX71 deconvolution microscope.
All images were taken using a 60x, numerical aperture 1.42, oil ob-
jective with a Z-slice size of 0.2 um. Images were acquired and de-
convolved using SoftWorx (Applied Precision, Issaquah, WA), and all
exposure times and image scaling were equal within an experiment.
All quantification was done with ImageJ (National Institutes of
Health, Bethesda, MD).

RT-PCR

RNA was harvested from cells using an RNeasy kit (Qiagen, Valen-
cia, CA) according to the manufacturer’s directions. cDNA was cre-
ated using random primers (Invitrogen) and Superscript Il reverse
transcriptase (Invitrogen) according to the manufacturer’s instruc-
tions. PCR was performed using the primers: 1) GAGCAGATCCCA-
CCAAGTGT and 2) CAAGCTGTGCATTTGGAAGA for FCHOZ2,
and 1) GCGAGAAGATGACCCAGATCATGTT and 2) GCTTCTCCT-
TAATGTCACGCACGAT for actin. Two sets of primers were used to
detect FCHO1 cDNA: 1) AAGCCATGGAGGAGACACAC and
TGACGTTCTCGATGTTCTGC and 2) ACCATGAAACGCCATTCTTC
and TCTTGGACACCTGCTCCTCT.
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