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ADP-ribosylation factors (Arfs) and Arf GTPase-activating proteins (GAPs) are key regulators of membrane trafficking
and the actin cytoskeleton. The Arf GAP ASAP1 contains an N-terminal BAR domain, which can induce membrane
tubulation. Here, we report that the BAR domain of ASAP1 can also function as a protein binding site. Two-hybrid
screening identified FIP3, which is a putative Arf6- and Rab11-effector, as a candidate ASAP1 BAR domain-binding
protein. Both coimmunoprecipitation and in vitro pulldown assays confirmed that ASAP1 directly binds to FIP3 through
its BAR domain. ASAP1 formed a ternary complex with Rab11 through FIP3. FIP3 binding to the BAR domain stimulated
ASAP1 GAP activity against Arf1, but not Arf6. ASAP1 colocalized with FIP3 in the pericentrosomal endocytic recycling
compartment. Depletion of ASAP1 or FIP3 by small interfering RNA changed the localization of transferrin receptor,
which is a marker of the recycling endosome, in HeLa cells. The depletion also altered the trafficking of endocytosed
transferrin. These results support the conclusion that ASAP1, like FIP3, functions as a component of the endocytic
recycling compartment.

INTRODUCTION

Arf family GTP-binding proteins and their GTPase-activat-
ing proteins (Arf GAPs) play crucial roles for membrane
traffic and actin remodeling (D’Souza-Schorey and Chavrier,
2006; Gillingham and Munro, 2007). Arf GAPs share the
same catalytic domain, the Arf GAP domain, which is re-
sponsible for GTP hydrolysis. In humans, 31 genes encoding
proteins with Arf GAP domains have been found. They are
classified into several subfamilies based on their domain
structures (Randazzo et al., 2007; Inoue and Randazzo, 2007).
Three subfamilies, ArfGAPs, SMAPs, and GITs, have an Arf
GAP domain at the N-terminus of the molecules. In contrast,
the others, which are called AZAP-family Arf GAPs, contain
an Arf GAP domain following a pleckstrin homology (PH)
domain in the middle of the protein. They are subdivided
into four subfamilies, ASAPs, ACAPs, ARAPs, and AGAPs.

ASAP1 is one of the best-characterized Arf GAPs. In ad-
dition to PH and Arf GAP domains, ASAP1 contains an
N-terminal Bin, Amphiphysin, and Rvs167/Rvs161 (BAR)
domain and, in the C-terminal half of the protein, a proline
(Pro)-rich domain and Src homology 3 (SH3) domain. Other
ASAP isoforms, ASAP2 and ASAP3, have similar domain
structures and high homology, especially in the Arf GAP
domains, although ASAP3 lacks C-terminal SH3 domain
(Ha et al., 2008). Through its Pro-rich and SH3 domains,
ASAP1 interacts with a number of proteins, which are

mainly adhesion- and actin cytoskeleton–related proteins
including Src, focal adhesion kinase (FAK), Crk/CrkL, and
cortactin (Brown et al., 1998; Liu et al., 2002; Oda et al., 2003;
Onodera et al., 2005; Bharti et al., 2007). ASAP1 is a compo-
nent of three integrated membrane/actin cytoskeleton struc-
tures: focal adhesions, circular dorsal ruffles (CDRs) and
invadopodia/podosomes. ASAP1 associates with focal ad-
hesions in fibroblasts (Randazzo et al., 2000). The focal ad-
hesion localization depends on the interaction of ASAP1
with FAK and CrkL (Liu et al., 2002; Oda et al., 2003). Altered
ASAP1 expression reduces the paxillin content of focal ad-
hesions. ASAP1 also associates with CDRs (Randazzo et al.,
2000). These structures, which are induced by growth factors
such as platelet-derived growth factor (PDGF), are rings of
dynamically remodeling polymerized actin at the dorsal
surface of cells associated with plasma membranes under-
going extensive endocytosis. Recently, ASAP1 has been re-
ported to localize with another class of membrane/actin
structures called invadopodia and podosomes (Onodera et
al., 2005; Bharti et al., 2007; Randazzo et al., 2007). They are
adhesive structures on the ventral surface of cells found in
metastatic breast cancer cells and active Src-transformed
fibroblasts and are thought to mediate cancer cell invasion
into normal tissue (Buccione et al., 2004). Depletion of
ASAP1 in cells prevented formation of invadopodia and
podosome structure, and, in some studies, reduced invasion.
These findings support the idea that ASAP1 functions as a
regulator of the actin cytoskeleton, which is involved in cell
adhesion, migration and invasion.

BAR domains form crescent-shaped homodimers and are
a membrane-binding module that induces or senses mem-
brane curvature (Takei et al., 1999; Lee et al., 2002; Peter et al.,
2004). They are found in many proteins that are involved in
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membrane traffic. The Arf GAPs belonging to ASAP and
ACAP subfamily have BAR domains. Homology modeling
of the BAR domain of ASAP1 predicts positive electrostatic
clusters on the concave surface. We found that, like other
BAR domains, the BAR domain of ASAP1 mediates ho-
modimerization and contributes to the formation of tubules
from synthetic large unilamellar vesicles in vitro (Nie et al.,
2006). Arf contributed to the tubulation induced by ASAP1,
supporting the idea that the membrane curvature-inducing
function is coupled with Arf signaling.

There are two instances of BAR domains as protein-bind-
ing sites. First, arfaptin 2 interacts with Rac small G protein
through its BAR domain (Tarricone et al., 2001). The inter-
action is thought to regulate membrane association of arfap-
tin. Second, APPL1 is a membrane-trafficking protein that
like ASAP1, has a tandem of a BAR and PH domains (Zhu
et al., 2007). The two domains fold together to form a binding
site for Rab5, which is critical for APPL1 function in endo-
cytosis. These results support the idea that BAR domains
function not only as a membrane curvature sensing/induc-
ing domain, but also as a protein-interacting site (Haber-
mann, 2004).

Rab11-family interacting protein 3 (FIP3) is a member of
the FIP family of Rab11 binding proteins that may function
as Rab11 effectors. FIP3 binds to two different classes of
small GTP-binding proteins simultaneously, Rab11 and Arfs
(Arf5 and Arf6; Shin et al., 1999; Prekeris, 2003; Fielding et al.,
2005). Rab11 is known as a critical regulator for endocytic
recycling pathway from recycling endosome to the plasma
membrane and for trafficking at the trans-Golgi network
(TGN) and functions in many cellular events including ep-
ithelial polarity, cell adhesion, and cytokinesis that depend
on regulated membrane traffic (Zerial and McBride, 2001;
van IJzendoorn, 2006). FIP3, like other members of the FIP
family, has a Rab11-binding site at its C-terminus (Prekeris,
2003). FIP3 and its closest homolog FIP4 function to main-
tain the integrity of recycling endosomes and to regulate
cytokinesis during interphase and mitotic phase, respec-
tively (Hickson et al., 2003; Wilson et al., 2005; Horgan et al.,
2007). Overexpression of FIP3 or FIP4 causes accumulation
of recycling endosome at the perinuclear region. This effect
is dependent on the ability to bind to Rab11 (Hickson et al.,
2003; Horgan et al., 2004). In contrast, depletion of FIP3
induces loss of the perinuclear recycling endosomal com-
partment (Horgan et al., 2007). Based on these results, FIP3
has been proposed to be a critical regulator of the recycling
endosome together with Rab11.

In the experiments reported here, we set out to address
two questions about the molecular function of ASAP1. The
first question was whether the BAR domain of ASAP1 also
serves as a protein-interacting site like the BAR domain of
arfaptin. The other question was whether ASAP1 functions
in the endocytic pathway. Although ASAP1 is well estab-
lished as a GAP for Arf proteins, the function of ASAP1 in
membrane traffic has remained elusive. Here, we report that
ASAP1, through its BAR domain, directly interacts with
FIP3. A fraction of ASAP1 colocalizes with FIP3 in the peri-
centrosomal recycling endosome in HeLa cells and ASAP1
depletion by small interfering RNA (siRNA) disperses TfR-
positive endosome from the perinuclear region and perturbs
the intracellular trafficking of endocytosed Tfn. Based on
these results, we propose that the BAR domain of ASAP1
functions as a protein-interacting site for FIP3 and that
ASAP1 participates in Tfn trafficking through the Rab11-
dependent pathway.

MATERIALS AND METHODS

Plasmids and Antibodies
ASAP and ACAP constructs are described in Brown et al. (1998) and Jackson
et al. (2000). FIP constructs are described in Prekeris et al. (2001) and were
kindly provided by Dr. G. W. Gould (University of Glasgow, Glasgow,
United Kingdom). cDNA encoding full-length FIP3 was cloned in pEGFP-C3.
Deletion mutants of FIP3 were constructed by PCR amplification. Arf and Rab
expression plasmids were generous gifts from Drs. J. G. Donaldson, R.
Weigert, and Y. Wakabayashi (National Institutes of Health, Bethesda, MD).
Site-directed mutagenesis was performed with the QuikChange kit (Strat-
agene, La Jolla, CA) according to the manufacturer’s instructions. Anti-FIP3
polyclonal antibody was produced by immunizing rabbits with purified
C-terminal FIP3 (aa 466–756; named FIP3C) fused with glutathione-S-trans-
ferase (GST; Rockland Immunochemical, Gilbertsville, PA). Then, the anti-
serum was affinity-purified using a column coupling FIP3C fused with mal-
tose-binding protein. Mouse anti-ASAP1 mAb (clone 19) was from BD
Bioscience (Franklin Lakes, NJ). Monoclonal antibodies against FLAG (clone
M5), �-tubulin (clone B-5–1-2), �-tubulin (clone GTU-88), and GST (clone
GST-2) were from Sigma (St. Louis, MO). Anti-green fluorescent protein
(GFP) polyclonal and monoclonal (clone MMS-118P) antibodies were from
Invitrogen (Carlsbad, CA) and Covance (Berkley, CA), respectively. Mono-
clonal antibodies against Xpress and hemagglutinin (HA; clone MMS-101P)
tags were from Invitrogen and Covance, respectively. Anti-His polyclonal
antibody was from Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal
antibodies against Arf (Clone 1D9) and GAPDH (clone 6C5) were from
Affinity BioReagents (Golden, CO) and BioDesign (Saco, ME), respectively.
Anti-Rab11 polyclonal and anti-TfR monoclonal (clone H68.4) antibodies
were obtained from Zymed/Invitrogen. Monoclonal antibodies against caln-
exin (clone 37), GM130 (clone 35), EEA1 (clone 14), and lamp1 (clone H4A3)
were from BD Bioscience. Polyclonal antibodies against TGN46 and HA tag
were purchased from Abcam (Cambridge, MA).

Cell Culture and Transfections
HeLa, HEK293T, and human glioblastoma U118 cells were maintained in
DMEM supplemented with 10% fetal calf serum (FCS), 100 U/ml penicillin,
and 100 �g/ml streptomycin at 37°C with 5% CO2. Cells were plated 1 d
before transfection with plasmids using Lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer’s instructions. Cells were used for assays 24 h
after transfection.

Yeast Two-Hybrid Screening
Yeast two-hybrid screening was carried out at Myriad Genetics (Salt Lake
City, UT) using the BAR domain of mouse ASAP1 (aa 20–270 and 45–285) as
bait with a mating-based method. The corresponding cDNA for ASAP1 BAR
domain was cloned into pGBT.superB creating an open reading frame for
ASAP1 fragments fused to the GAL4 DNA-binding domain. The bait plasmid
was introduced into Myriad’s ProNet yeast strain PNY200 (MAT� ura3-52
ade2-101 trp1-901 his3-�200 leu2-3112 gal4� gal80�). The bait yeast cells were
allowed to mate with Myriad’s ProNet MATa yeast cells, BK100 (MATa ura3-52
trp1-901 his3-�200 leu2-3112 gal4� gal80� GAL2-ADE2 LYS2::GAL1-HIS3
met2::GAL7-lacZ) containing three independent cDNA libraries from human
brain, breast/prostate cancer, and mouse embryo. After mating, at least 5 million
diploid yeast cells were obtained from each library and selected on His- and
Ade-lacking medium. The auxotrophy is suppressed if the bait and prey proteins
interact. The prey plasmids were isolated from the positive colonies, and the
interaction was confirmed by expression of third reporter gene (lacZ). cDNAs in
the positive prey plasmids were sequenced.

RNA Interference
siRNA complexes for human FIP3 were purchased from Dharmacon Research
(Boulder, CO) as a pool of four siRNAs (SMARTpool, Cat no. M-021079-00) or
from Invitrogen as three individual siRNAs (Stealth select RNAi, Cat no.
HSS114589, HSS114590, and HSS114591). The sequences of siRNAs from
Invitrogen are 5�-GGACUUCAUCCAGUUUGCUACGGUC-3�, 5�-GCAA-
CUGGACGAGGAGAACAGUGAA-3�, and 5�-GAGAUGAGCUCAUGGAG-
GCGAUUCA-3�, respectively, based on the human FIP3 sequence. The siRNA
pool was used in most experiments. The pool and all of the three individual
siRNAs suppressed the protein expression of endogenous FIP3 efficiently
(�80% knockdown) and had similar effects on TfR localization (see Figure 7A
and Supplemental Figure 2). siRNAs for human ASAP1 were purchased from
Invitrogen as three individual siRNAs (Stealth select RNAi, Cat HSS147203,
HSS147202 and HSS147204). The sequences of siRNAs are 5�- GACCAGAU-
CUCUGUCUCGGAGUUCA-3�, 5�- CCCAAAUUGGAGAUUUGCCGCCU
AA-3� and 5�- GGGCAAUAAGGAAUAUGGCAGUGAA-3�, respectively,
based on human ASAP1 sequence. In most experiments, they were used as
pool of the three. The two individual siRNAs (HSS147202 and HSS147204)
suppressed expression of endogenous ASAP1 protein extensively (�80%
knockdown) and had the same effect on TfR localization (Figure 7A and
Supplemental Figure S2). As a control siRNA, negative control siRNA pool
(Dharmacon, Cat no. D-001206-13) was used. All individual or pool siRNAs
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were transfected at 30 nM as final concentration in culture medium with
Lipofectamine 2000 (Invitrogen). Cells were examined 72 h after transfection.

Coimmunoprecipitation and In Vitro Binding Assay
For immunoprecipitation (IP), HEK293T cells were transfected with the indi-
cated expression vectors in 60-mm dishes. Twenty-four hours after transfec-
tion, cells were lysed in IP lysis buffer containing 1% Triton X-100, 150 mM
NaCl, 5 mM MgCl2, 100 �M ATP, and 50 mM Tris-HCl, pH 7.4, with protease
inhibitor cocktail (Roche Applied Science, Indianapolis, IN). Lysates were
cleared by centrifugation. Indicated antibodies and �-bind beads (GE Health-
care, Little Chalfont, United Kingdom) were added and incubated with the
lysates for 2 h at 4°C. After washing five times with IP lysis buffer, precipi-
tated proteins were eluted from the beads by boiling in SDS sample buffer
and resolved by SDS-PAGE. The proteins were transferred to PVDF mem-
brane (Bio-Rad, Hercules, CA), and probed with indicated primary anti-
bodies and horseradish peroxidase–labeled secondary antibodies (Jackson
ImmunoResearch, West Grove, PA). Proteins were visualized with ECL
reagents (GE Healthcare) and Kodak Biomax x-ray films (Carestream
Health, Rochester, NY).

For in vitro binding assays, purified recombinant proteins were immobi-
lized on glutathione-, Ni- or �-bind beads as indicated in each figure. Then
counterproteins were incubated with the beads for 3 h at room temperature or
overnight at 4°C. After washing three times with binding buffer, bound
protein was eluted with SDS sample buffer and detected by immunoblotting
using proper antibodies as coimmunoprecipitation or by Coomassie brilliant
blue staining.

Arf GAP Assay
Arf GAP assay using ASAP1 was carried out as described previously (Che et
al., 2005b; Nie et al., 2006). Briefly, purified myristoylated Arf1 or Arf6 were
loaded with [�-32P]GTP in GTP loading buffer (25 mM HEPES, pH 7.4, 100
mM NaCl, 0.5 mM MgCl2, 1 mM EDTA, 1 mM ATP, and 1 mM DTT) with
large unilamellar vesicles (LUVs) comprised of 500 �M total phospholipids at
30°C. Purified recombinant ASAP1 BARPZA (aa 1–724) or PZA (aa 325–724)
was combined with LUVs (final phospholipids concentration of 500 �M) and
purified GST or GST-FIP3C at the indicated concentration in GAP assay
cocktail containing 25 mM HEPES, pH 7.4, 100 mM NaCl, 2 mM MgCl2, 1 mM
GTP, and 1 mM DTT. ASAP1 BARPZA and PZA were used at final concen-
trations of 0.3 and 0.7 nM when using Arf1, and of 3.1 and 36 nM when using
Arf6 as a substrate that resulted in hydrolysis of �30% of the GTP bound to
Arf. LUVs containing 40% phosphatidylcholine (PC), 25% phosphatidyleth-
anolamine (PE), 15% phosphatidylserine (PS), 10% cholesterol, 9.5% phospha-
tidylinositol (PI) and 0.5% phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2)
were produced by extrusion through a 1-�m pore filter. GAP reactions were
initiated by the addition of [�-32P]GTP�Arf to a reaction mixture containing
ASAP1 at 30°C. After 3 min the reaction was stopped by dilution with ice-cold
stop-buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 10 mM MgCl2, and 1 mM
DTT). Arf protein was trapped on nitrocellulose membrane, and the nucleo-
tides were released from Arf by acid extraction. The nucleotides were sepa-
rated by polyethylenimino-cellulose thin-layer chromatography and quanti-
fied using a Storm PhosphorImager (GE Healthcare). In experiments in which
PI(4,5)P2 was titrated, the concentration of PI was adjusted to maintain a total
mole fraction of 10% phosphoinositides.

Immunofluorescence and Microscopy
Immunostaining was carried out as previously described (Bharti et al., 2007).
For staining of ASAP1, FIP3, TGN46, or �-tubulin, cells were fixed with
methanol at �20°C and phosphate-buffered saline (PBS) containing 0.2%
bovine serum albumin (BSA), 1% FCS, and 0.04% NaN3 was used for blocking
and antibodies dilution. Confocal microscopy was performed using a Zeiss
510 Meta laser-scanning confocal microscope with a 63�, 1.4 NA Plan-
Neofluar oil immersion lens (Carl Zeiss, Thornwood, NY). The Pearson’s
correlation coefficients were calculated using Imaris software (Bitplane, Zu-
rich, Switzerland). Images for the calculation were captured from three inde-
pendent experiments with the Zeiss 510 confocal microscope as described
above.

Time-Lapse Imaging
Cells were spread on fibronectin-coated chambered cover glass (Nunc, Roch-
ester, NY) overnight and then incubated in serum free DMEM for more than
2 h. Alexa488-Tfn (Invitrogen) was applied to the cells at 150 �g/ml in
ice-cold serum-free DMEM and allowed to bind to the cell surface for 1 h on
ice. After washing with serum-free medium, the cells were warmed to 37°C
on a microscope with prewarmed medium and an environmental chamber
(Carl Zeiss) maintained with 5% CO2 at the time image acquisition was
initiated using an inverted Zeiss Axiovert 200 microscope equipped with a
Perkin Elmer-Cetus Ultraview spinning disk confocal system (Perkin Elmer,
Boston, MA), using a 63� objective oil immersion lens (Carl Zeiss). The
images were captured at 2-s intervals for 30 min.

Quantification of the Rate of Tfn Uptake and Recycling
Cells were split into fibronectin-coated 96-well plates and starved with serum-
free medium for 2 h. For uptake assays, cells were incubated with biotin-
labeled Tfn (Invitrogen; 50 �g/ml as a final concentration) for the indicated
time. Uptake was stopped by chilling the cells on ice and washing Tfn from
the cell surface with ice-cold acid wash buffer containing 50 mM MES and 150
mM NaCl, pH 5.5. For recycling assays, cells were first saturated with biotin-
labeled Tfn for 1 h and washed with the acid wash buffer to remove cell
surface Tfn, before incubating the cells for the indicated time. To stop the
recycling, cells were chilled on ice and washed with ice-cold acid wash buffer.
The cells were fixed with 3.7% formaldehyde in PBS, permeabilized with 0.1%
Triton X-100, and blocked with 0.25% BSA, and cell-associated biotin-labeled
Tfn was detected with horseradish peroxidase–labeled streptavidin (Pierce,
Rockford, IL) and ABTS substrate (Roche). The color development (405 nm)
was quantified with Versa Max microplate reader and Soft Max Prosoftware
(Molecular Devices, Sunnyvale, CA).

Other Procedures and Reagents
ASAP1 BARPZA, PZA, and BARPH (aa 1–431) protein fragments were pu-
rified as described previously (Nie et al., 2006). A fragment comprised of
residues 720-1090 of ASAP1 (named YPSH3) was expressed in Escherichia coli
BL21(DE3) from pET21 as N-terminal T7 tag and C-terminal His tag protein.
The protein was purified with Ni-agarose column (Qiagen, Valencia, CA)
according to the manufacturer’s instruction. Protein concentration was deter-
mined using the Bradford assay (Bio-Rad). Other reagents including fibronec-
tin solution were purchased from Sigma-Aldrich if not otherwise specified.

RESULTS

Identification and Characterization of FIP3 as an
ASAP1-interacting Protein
To identify a binding protein for BAR domain of ASAP1,
two-hybrid screening was carried out using two baits en-
compassing the BAR domain of ASAP1 (mouse ASAP1 aa
20–270 and aa 45–285) against three independent cDNA
libraries from human brain, human breast/prostate cancer,
and mouse embryo. At least 5 million of colonies were
screened in each library. Twenty-seven candidate proteins
were identified (Table 1), including the carboxyl terminal
half of FIP3 (FIP3C, residues 466–756) and FIP4 (residues
450–635), which are Rab11- and Arf6-interacting proteins.
To focus on function of ASAP1 on membrane trafficking, we
further investigated the interaction with the FIP proteins.
The interaction of FIP3 with ASAP1 in mammalian cells was
examined using IP experiments. First, the BAR domain of
ASAP1 fused with FLAG tag or the tagged full-length
ASAP1 was expressed with GFP-tagged FIP3C (GFP-FIP3C)

Table 1. Candidates identified by yeast two-hybrid screening with
ASAP1 BAR domain

Bait Identified interactorsa

Mouse ASAP1
(aa 20–270)

ANAPC7, ASAP2(1006), ASAP2(961),
C14ORF166, DNM1(864), GOLGB1,
MACF1(5321), MACF1(5938),
mARHGEF2, mDTNBP1, MED4,
mMACF1(5327), mSESTD1,
mUACA, PDE4DIP(1132),
RAB11FIP3(756), RAI14, RNF20,
SET(290), SH3BP1(750)

Mouse ASAP1
(aa 45–285)

MACF1(5321), mDTNBP1,
mRAB11FIP4, mRUNDC1, RAI14,
RNF20

a The numbers in parentheses correspond to isoforms having the
amino acid length. Prefixes: m, mouse; no prefix, human. Boldface
denotes the carboxyl terminal half of FIP3 (FIP3C, residues 466–756)
and FIP4 (residues 450–635), which are Rab11- and Arf6-interacting
proteins.
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in HEK293T cells and precipitated with anti-FLAG antibody.
Coprecipitation of GFP-FIP3C was analyzed with immuno-
blotting using anti-GFP antibody. Both recombinant ASAP1
proteins precipitated FIP3C (Figure 1A, left). The interaction
between ASAP1 and FIP3 was also confirmed using GFP-
tagged FIP3C or full-length FIP3 with anti-GFP antibody for
precipitation (Figure 1A, right). The FLAG-tagged BAR do-
main of ASAP1 coprecipitated with either full-length FIP3 or
FIP3C.

To confirm the interaction between full-length proteins
and to determine the isoform specificity for binding to FIP3,
BAR domain-containing ArfGAPs including ASAP1,
ASAP2, ASAP3, ACAP1, and ACAP2 were tested in similar
IP experiments in HEK293T cells (Figure 1B). The strongest

signals were observed for ASAP1 and ASAP3, although
interaction with other Arf GAPs, including ACAP1, was also
detected. Similarly, the binding specificity in FIP isoforms
against ASAP1 was analyzed in IP experiments (Figure 1C).
ASAP1 preferentially bound to FIP3, although some binding
to FIP1 and FIP2 was detected. Conversely, we failed to
detect an interaction of ASAP1 to FIP4, although it was
isolated by two-hybrid screening using the BAR domain.
These results support the idea that ASAP1 forms a complex
with FIP3, and we further investigated ASAP1-FIP3 interac-
tion. We cannot exclude the possibility that FIP3 interacts
with other Arf GAPs and ASAP1 with other FIP isoforms.

To determine the binding site on each protein, in vitro
pulldown assays were carried out using bacterially ex-
pressed recombinant proteins derived from ASAP1 and
FIP3. Four His-tagged recombinant proteins from ASAP1
were immobilized on �-bind beads with anti-His polyclonal
antibody, and the interaction with GST-FIP3C was analyzed
by immunoblotting with anti-GST mAb (Figure 2A). FIP3
interacted with two recombinant proteins containing the
BAR domain (BARPZA and BARPH), but not with proteins
lacking the BAR domain (PZA and YPSH3). This result
supports the idea that the primary binding site of FIP3 on
ASAP1 is the BAR domain and that the interaction is direct
given that only purified ASAP1 and FIP3 were present.

The ASAP1 binding site on FIP3 was determined by GST-
pulldown assay using six deletion mutants of FIP3 (Figure
2Bb, left). Because it is known that FIP3 directly interacts
with Rab11 and Arf5/6, their binding sites were also con-
firmed (Figure 2Bb, right). GST-tagged FIP3 mutants were
immobilized on glutathione beads and then incubated with
purified ASAP1 BARPZA construct, or HEK293T cell-ex-
pressed, GTP�S-loaded Rab11 or Arf5. Rab11 interacted
with four C-terminus–containing constructs of FIP3. This
indicated that the binding site for Rab11 was at the extreme
C-terminus of FIP3 as previously reported (Prekeris et al.,
2001). Arf5 bound to two constructs (FIP3C and FIP3C.565)
strongly and two constructs (FIP3C.End695 and FIP3C.
End651) weakly, consistent with the binding site for Arf5 in
the C-terminal half of coiled-coil region of FIP3 as previ-
ously reported (Shiba et al., 2006; Schonteich et al., 2007). In
contrast, the ASAP1 recombinant protein interacted with
four constructs (FIP3C to FIP3C.565) to a similar extent, but
much less with two constructs (FIP3C.650 and FIP3C.680)
comprised of the C-terminus, supporting the conclusion that
ASAP1 binds to the coiled-coil region. This region partially
overlaps with the Arf-binding site.

FIP3 binds to Rab11 and Arf6 simultaneously to form a
ternary complex (Fielding et al., 2005). We determined
whether FIP3 could also form a ternary complex with
ASAP1 and Rab11, or Arf (Figure 3). His-tagged ASAP1
BARPZA was immobilized on Ni-agarose beads. After the
beads were incubated with or without GST-FIP3C to make
ASAP1-FIP3 binary complex, GTP�S-loaded Rab11,
Arf1�GTP�S, Arf5�GTP�S or Arf6�GTP�S was overlaid on the
beads for 3 h at room temperature. The beads were washed
and Rab11 and Arf that associated with the beads were
analyzed by immunoblotting. Rab11 was efficiently precip-
itated when FIP3C was added to the beads. In contrast,
adding FIP3C did not result in the precipitation of either
Arf5 or Arf6 (Figure 3). The signals observed were the same
as that seen with Ni-beads alone. In this experiment, Arf1
was included under one condition was used as a negative
control. These results support the conclusion that ASAP1
can bind to Rab11 through FIP3 to form a ternary complex.

Figure 1. ASAP1 interacts with FIP3. (A) ASAP1 binds to FIP3 in
cultured cells. FLAG-tagged full-length protein or BAR domain of
ASAP1 was expressed with GFP-tagged full-length protein or C-
terminal domain of FIP3 in 293T cells, as indicated, the cells were
lysed in IP lysis buffer (see Materials and Methods), proteins precip-
itated by using antibodies indicated at left side of the panels and
protein A/G glutathione beads, and precipitated material analyzed
by immunoblotting. The protein expression levels in the cell lysates
were also determined by immunoblotting. #Nonspecific reactive
bands with anti-FLAG antibody. (B) FIP3 interacts with ASAP1 and
ASAP3 in BAR domain-containing Arf GAPs. FLAG-tagged Arf
GAPs were expressed with Xpress-tagged full-length FIP3 in 293T
cells. Immunoprecipitation and immunoblotting were carried out as
in A. (C) ASAP1 preferentially interacts with FIP3. GFP-tagged FIP
isoforms were expressed with FLAG-tagged ASAP1. Immunopre-
cipitation and immunoblotting were carried out as in A. *Specific
reactive bands for GFP-fused proteins.
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Figure 2. ASAP1 BAR domain associates with the C-terminal coiled-coil region of FIP3. (A) FIP3 directly binds to ASAP1 BAR domain. (a)
Schematic representation of ASAP1 domain structure and its deletion mutants. Abbreviation of domains is as follows: BAR, BAR (Bin-Amphiphy-
sin-Rvs); PH, pleckstrin homology; Arf GAP, Arf GAP; ANK, Ankyrin repeat; Pro, proline rich region; and SH3, Src homology 3. (b) Pulldown assay
of ASAP1 deletion mutants with FIP3. Bacterially expressed, purified ASAP1 deletion proteins were immobilized on �-bind beads with polyclonal
antibody against the His tag and incubated with purified GST-FIP3C (aa.466–756) at the concentration of 0.3 �M of ASAP1 proteins and 0.15 �M
GST-FIP3C in 1� GAP buffer (0.1% Triton X-100, 25 mM HEPES, pH 7.4, 100 mM NaCl, 2 mM MgCl2, 1 mM GTP sodium salt, and 1 mM DTT)
for 3 h at room temperature. After washing, the protein complexes precipitated with the beads were analyzed by immunoblotting. (B) ASAP1 binds
to the middle of the C-terminal coiled-coil region of FIP3, which is N-terminal of Arf5- and Rab11-binding sites. (a) Schematic representation of FIP3
domain structure and its deletion mutants and a summary of the pulldown assay. Abbreviations for the domains are as follows: Pro, Proline rich
region; 2� EF, a tandem repeat of EF hands; Arf6/5BD, Arf6- or 5-binding domain; Rab11BD, Rab11-binding domain. (b) Pulldown assay of FIP3
deletion mutants with ASAP1, Rab11, or Arf5. Bacterially expressed, purified ASAP1 BARPZA proteins, or 293T cell–expressed, GTP�S-loaded
Rab11 or Arf5 was incubated with GST-fused FIP3 deletion mutants immobilized on glutathione beads as in A except for the addition of 10 �M
GTP�S in the experiments for Rab11 and Arf5. After extensive washing, the interactions were detected on SDS-PAGE followed by CBB staining
or immunoblotting using the indicated antibodies.
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FIP3 Activates ASAP1 Arf GAP Activity
ASAP1 is an Arf GTPase-activating protein that prefers Arf1
and Arf5 to Arf6 (Brown et al., 1998; Furman et al., 2002; Liu
et al., 2005). Because FIP3 directly binds to the BAR domain
of ASAP1 as described above, we investigated whether the
interaction regulates the Arf GAP activity of ASAP1 (Figure
4A). Recombinant ASAP1 proteins, BARPZA or PZA, were
incubated with purified GST-FIP3C or GST alone at the
indicated concentration for 30 min in GAP reaction buffer,
and then the reactions were started by adding [�-32P]GTP-
loaded Arf. LUVs, 500 �M, containing 0.5% PI(4,5)P2 was
included in the reactions. GST-FIP3C stimulated GAP activ-
ity of ASAP1 BARPZA against Arf1 by 2.5-fold (Figure 4A,
left). The concentration of FIP3 that gave 50% of the maximal
effect was about 0.3 �M. This effect was not observed when
ASAP1 PZA, which lacks the BAR domain, was used instead
of BARPZA. GST had no effect on the GAP activities of
either ASAP1 BARPZA or PZA. In contrast to Arf1, when
Arf6 was used as substrate, FIP3C did not stimulate GAP
activity (Figure 4A, right).

ASAP1 has a PH domain next to the BAR domain, which
binds preferentially to PI(4,5)P2, which stimulates GAP ac-
tivity (Kam et al., 2000; Che et al., 2005a). Because FIP3 also
stimulates the activity, we tested whether PI(4,5)P2 and FIP3
are synergistic. We carried out the GAP assay for ASAP1
BARPZA and myristoylated Arf1 with the same method as
Figure 4A except using LUVs containing PI(4,5)P2 at the
indicated concentrations. GST-FIP3C or GST was added at
1500 nM. Without FIP3 (GST alone), the concentration de-
pendence of PI(4,5)P2 stimulation of GAP activity was hy-
perbolic as previously reported (Figure 4B; Kam et al., 2000).
In the presence of GST-FIP3C, the effect of PI(4,5)P2 was
biphasic with a maximum stimulation seen with 0.5%

PI(4,5)P2 in 500 �M LUVs. The effect of 0.5% PI(4,5)P2 and
1500 nM FIP3 together was greater than either PI(4,5)P2 or
FIP3 alone.

To further define the interaction of PI(4,5)P2 and FIP3 with
ASAP1, we examined the effect of PI(4,5)P2 on FIP3 binding
to ASAP1 (Figure 5). We determined the effect of PI(4,5)P2
on the amount of ASAP1 BARPZA that coprecipitated with
GST-FIP3C. For this experiment, we used 45 �M PI(4,5)P2 in
mixed Triton X-100 micelles. This concentration of PI(4,5)P2
corresponds to �10% in 500 �M LUVs. In the absence of
PI(4,5)P2, the amount of ASAP1 in the precipitate was de-
pendent on the concentration of GST-FIP3C, with more than
100 ng of ASAP1 bound to 1.5 �M FIP3C (Figure 5B). Pre-
cipitation of ASAP1 was reduced by 80% by the addition of
PI(4,5)P2. These results suggest that although FIP3 stimu-
lates ASAP1 GAP activity against Arf1 synergistically with
PI(4,5)P2, high concentration of PI(4,5)P2 prevent ASAP1-
FIP3 interaction.

ASAP1 Colocalizes with FIP3 in the Pericentrosomal
Endocytic Recycling Compartment
FIP3 localizes with pericentrosomal recycling endosomes
and the midbody during interphase and mitotic phase, re-
spectively, in HeLa cells (Horgan et al., 2004; Wilson et al.,
2005). FIP4, which is the closest isoform of FIP3 in the FIP
family, is also found in pericentrosomal recycling endo-
somes and the midbody, and small fraction is in centro-
somes and focal adhesion (Hickson et al., 2003). Moreover,
Nuf, the Drosophila orthologue of mammalian FIP3 and FIP4,
associates with the pericentrosomal recycling endosomes
during cellularization, and a nuf mutant disrupts recruit-
ment of actin to the cortical cleavage furrow (Riggs et al.,
2003). ASAP1 is cytoplasmic and in cell adhesion sites in-
cluding focal adhesions, invadopodia, and podosomes in
fibroblasts and invasive epithelial tumor cells (Randazzo et
al., 2000; Onodera et al., 2005; Bharti et al., 2007). The inter-
action of ASAP1 with FIP3 described above led us to con-
sider the possibility that the two proteins operate together in
the endocytic recycling compartment or cell adhesion sites.
To define the functional site of the ASAP1-FIP3 complex in
cells, the endogenous proteins were stained using specific
antibodies in HeLa cells and human glioblastoma U118 cells.
ASAP1 and FIP3 colocalized in perinuclear dot-like struc-
tures (Figure 6A, top). FIP3 localization varied from the
single dot to more broad vesicular structures at the perinu-
clear region (Figure 6A, bottom). To determine the localiza-
tion of ASAP1, a number of antibodies were tested for
visualizing ASAP1 in fixed cells. All were specific ASAP1
but identified different subpopulations of the protein. The
antibody used for the experiments presented in Figure 6 was
characterized as described in Supplemental Figure S1. It
identified a population of ASAP1 in well-demarcated pe-
rinuclear dots (Figure 6, A and C). The ASAP1-positive dots
colocalized with the most prominent FIP3-positive vesicles
even in cells showing a more diffuse staining pattern for
FIP3 (Figure 6A, bottom). The Pearson’s r for ASAP1-FIP3
localization was 0.55 (SEM, 0.05; n � 12); In the two patterns
of cells with FIP3 dot-like or broad vesicular structures, they
were 0.59 and 0.47, suggesting ASAP1 and FIP3 were sig-
nificantly colocalized in both cases. The antibody signals in
the perinuclear dots were significantly diminished by pre-
incubating the antibodies with antigens and were not de-
tectable with nonimmune IgG (Supplemental Figure S1 and
see Discussion). To determine if these FIP3- and ASAP1-
positive structures are pericentrosomal recycling endosomes
as previously reported (Hickson et al., 2003; Horgan et al.,
2004), cells were stained for either TfR or Rab11, markers of

Figure 3. ASAP1 is able to form ternary complex with Rab11
through FIP3. ASAP1 BARPZA alone or the BARPZA and GST-
FIP3C complexes were immobilized on Ni-beads and then incu-
bated with GTP�S-loaded GFP-Rab11, Arf1-HA, Arf5-HA, or
Arf6-HA (expressed in 293T cells) in a buffer containing 0.5% Triton
X-100, 20 mM Tris-HCl, pH 8.0, 300 mM NaCl, 10 mM imidazole, 0.5
mM MgCl2, 1 mM EDTA, and 1 mM 2-mercaptoethanol for 3 h at
room temperature. After extensive washing, precipitated materials
were eluted with SDS-containing buffer and analyzed by immuno-
blotting using anti-GFP or anti-HA antibodies.
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recycling endosomes. FIP3 and ASAP1 colocalized with
these markers in the perinuclear region (Figure 6, B and C).
The Pearson’s r for TfR-FIP3 and Rab11-ASAP1 were 0.56
(SEM, 0.02; n � 11) and 0.48 (SEM, 0.03; n � 9), respectively.
These results support the conclusion that ASAP1 and FIP3
associate with the endocytic recycling compartment.

ASAP1 and FIP3 Are Required for Perinuclear
Localization of Transferrin and Its Receptor
FIP3 is involved in the accumulation of recycling endosome
in the pericentrosomal region (Horgan et al., 2007). To define
the function of ASAP1 in the endocytic recycling compart-
ment, endogenous ASAP1 or FIP3 was depleted using siR-
NAs in HeLa cells. Expression levels were examined by
immunoblot analysis (Figure 7A and Supplemental Figure
S2). Both ASAP1 and FIP3 were efficiently depleted. Using
these cells, immunostaining experiments against TfR were
carried out (Figure 7B). In the cells transfected with control
siRNA, TfR accumulated in the perinuclear region as in
nontransfected cells (compare Figure 7B with 6B). In con-
trast, in ASAP1-depleted cells, TfR accumulated at the cell
edge to a greater extent than the perinuclear region (Figure
7, B and C). In FIP3-depleted cells, the distribution of TfR
was changed from the perinuclear region to a diffuse pattern
over the whole cell body (Figure 7, B and C). It is noteworthy

that FIP3 depletion was more potent than ASAP1 depletion
for attenuation of perinuclear accumulation of TfR. These
results support the idea that ASAP1, like FIP3, is essential
for the pericentrosomal localization of recycling endosomes
containing TfR.

To evaluate whether the effects of ASAP1 or FIP3 deple-
tion are specific to recycling endosome, we checked the
localization of other organelles in ASAP1- or FIP3-depleted
cells (Supplemental Figure S3). Cells were stained for the
endoplasmic reticulum (ER) marker calnexin, the Golgi ap-
paratus marker GM130, TGN marker TGN46, early endo-
some marker EEA1, late endosome and lysosome marker
lamp1, and cytoskeleton microtubules. The localization of
these organelle markers was not affected by ASAP1 or FIP3
depletion. These results are consistent with specific effects of
ASAP1 and FIP3 function on recycling endosomes.

Pulse-chase experiments with fluorescence-labeled Tfn
were carried out to determine whether ASAP1 or FIP3 de-
pletion affected trafficking of endocytosed Tfn (Figure 8A).
Ten minutes after chase, in either cells transfected with
control, ASAP1, or FIP3 siRNA, endocytosed Tfn was ob-
served as small dot structures over most of the cell body
with some accumulation at the cell edge in ASAP1-depleted
cells. Thirty minutes after chase was initiated, Tfn accumu-
lated in the perinuclear region in cells treated with control

Figure 4. FIP3 stimulates ASAP1 GAP activity
against Arf1. (A) FIP3 stimulates ASAP1 GAP
activity against Arf1, but not Arf6. Purified
ASAP1 proteins with or without BAR domain,
BARPZA or PZA, were preincubated with GST-
FIP3C or GST alone for 30 min at room temper-
ature before addition of [�-32P]GTP-loaded
myristoylated Arf1 (left) or myristoylated Arf6
(right). LUVs prepared as described in Materials
and Methods were included in the assays. The
reaction was stopped after 3 min, and the
amount of GTP hydrolyzed was quantified as
described in Materials and Methods. The data are
from three independent experiments performed
in duplicate. Error bars, SEM; *p � 0.01 com-
pared with the value in 0 nM GST-FIP3C as
analyzed by ANOVA followed by a Dunnett
test. f, BARPZA with GST-FIP3C; �, BARPZA
with GST; F, PZA with GST-FIP3C; E, PZA
with GST. (B) PI(4,5)P2 effect on Arf GAP activ-
ity is biphasic in the presence of FIP3. Purified
ASAP1 BARPZA was preincubated with 1500
nM GST-FIP3 for 30 min at room temperature.
Myristoylated Arf1 was loaded with [�-32P]GTP
using LUVs containing the indicated concentra-
tion of PI(4,5)P2. The GAP reactions were initi-
ated by the addition of GTP�Arf1 into the reac-
tion mixture including ASAP1 BARPZA,
GST-FIP3, and LUVs with the indicated concen-
tration of PI(4,5)P2. Termination of the reactions
and data collection are described in A. The data
are from seven independent experiments per-
formed in duplicate. Error bars, SEM.
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siRNA. In contrast, in ASAP1-depleted cells, Tfn remained
in the cell periphery. In FIP3-depleted cells, Tfn remained in
puncta diffusely dispersed through the cell. After 60 min,
most of Tfn was recycled out of the cells transfected with
either siRNA. Despite the differences in cellular localization,
the rate of Tfn uptake (Figure 8B) and recycling (Figure 8C)
were similar in the control, ASAP1-, or FIP3-depleted cells.

Live cell imaging of endocytosed fluorescence-labeled Tfn
was also examined. In control siRNA-transfected cells, en-
docytosed Tfn was first visualized as small puncta, presum-
ably enodocytic vesicles, throughout the cell and then accu-
mulated in the perinuclear region. The Tfn in the perinuclear
region moved in and out as tubulovesicular structures (Fig-
ure 8D and Supplemental Movie 1). In ASAP1-depleted
cells, the endocytosed Tfn was first observed as small vesic-
ular structures dispersed throughout the cell as in the con-
trol cells. Over time, most Tfn accumulated at the cell edge,
although a small fraction associated with perinuclear struc-
tures (Figure 8D and Supplemental Movie 2). In FIP3-de-
pleted cells, the vesicles containing Tfn moved randomly in
the cell without accumulation at a particular region or site,
similar to the distribution observed in fixed cells (Figure 8D
and Supplemental Movie 3). Tubulovesicular structures
were not observed in either ASAP1- or FIP3-depleted cells.
These results are consistent with the conclusion that ASAP1
and FIP3 function as regulators of the pericentrosomal lo-
calization of Tfn and its receptor.

We further characterized the peripheral TfR-positive en-
dosomes induced by ASAP1 depletion. There was a possi-
bility that the peripheral TfR-positive vesicles were an early
endosome or endosomal intermediate. To address this ques-
tion, GFP-tagged Rab5, an early endosome marker, or Rab11
were expressed in ASAP1-depleted HeLa cells. To minimize
the effect of overexpressing these GTP-binding proteins, the
cells having the lowest level of the expression were exam-
ined (Figure 9A). We found the peripheral TfR-positive ves-
icles were relatively close to GFP-Rab5-positive puncta, but
their colocalization was very limited. In contrast, GFP-Rab11
colocalized with the ASAP1-induced peripheral vesicles.

We also determined whether these vesicles contain Arf1
or Arf6 reasoning that depletion of ASAP1 may change the
subcellular distribution of its potential substrates (Figure
9B). Arf1 and Arf6, both c-terminally tagged with HA, were
expressed in cells transfected with control or ASAP1 siRNA.
In control siRNA-transfected cells, the distribution of the
Arfs was similar to that previously reported, with Arf1
associated with Golgi-like structures and Arf6 with the
plasma membrane and tubulovesicular structures (D’Souza-
Schorey and Chavrier, 2006). A small amount of Arf1 and
Arf6 was detected on TfR-positive vesicles at the perinuclear
region. As described above, ASAP1 depletion altered the
distribution of TfR-positive vesicles. In the ASAP1-depleted
cells, the fraction of Arf1-HA that resides on TfR-positive
endosome significantly decreased, but a small amount of
Arf1-HA associated with the cell edge and, as observed in
the controls, in some of the TfR-positive vesicles. Arf6-HA
also associated with vesicular structures and some tubular
structures containing TfR (Figure 9B).

Finally, we examined the effect of ASAP1 or FIP3 deple-
tion on the localization of the other. In ASAP1-depleted
cells, a large fraction of FIP3 relocated from the perinuclear
region to cell edge as associating with TfR (Figure 10A,
compare to Figure 6B). In FIP3-depleted cells, ASAP1 was
still at the perinuclear region. Rab11 was dispersed through-
out the cell as previously reported (Horgan et al., 2007), but
some Rab11 was present with ASAP1(Figure 10B, inset 1).
Rab11 on the vesicles throughout the cell rarely colocalized
with ASAP1 (Figure 10B, inset 2). These data support the
idea that ASAP1 and FIP3 are independent each other for the
organelle association of them.

DISCUSSION

In this study, we examined the hypothesis that the BAR
domain of ASAP1 is a protein binding site. Consistent with
the hypothesis, we identified the Rab11-interacting protein
FIP3 as a binding partner. The interaction of the BAR do-
main is with the coiled-coil domain of FIP3 and leads to a
ternary complex of ASAP1, FIP3, and Rab11. Like FIP3,
ASAP1 regulates positioning of the recycling endosome that
contains transferrin receptor. To our knowledge, this is the
first report that the BAR domain of ASAP1 functions as a
protein-binding site and the first report of this mode of
protein interaction with a BAR domain.

The BAR domain superfamily is comprised of BAR/N-
BAR, F-BAR, and I-BAR. The members of the family are
distinguished from each other in their secondary and ter-
tiary structures and the extent of curvature of membrane
that they are associated with (Fütterer and Machesky, 2007).
Canonical BAR domains including ASAP1 BAR consist of
three long, kinked �-helices that are bundled to form cres-
cent-shaped homodimers (Peter et al., 2004). Several BAR
domains found in amphipysin, endophilin, sorting nexins
and Arf GAPs such as ACAP1 and ASAP1 sense or induce

Figure 5. ASAP1-FIP3 interaction is inhibited by PI(4,5)P2. (A)
Representative result showing inhibitory effect of PI(4,5)P2 on
ASAP1-FIP3 interaction. GST-FIP3C was immobilized on glutathi-
one beads and incubated with His-tagged ASAP1 BARPZA for 3 h
at room temperature in the buffer indicated in Figure 2A with or
without 45 �M PI(4,5)P2. The lipid was presented as a mixed micelle
with 0.1% Triton X-100 micelle. After washing, precipitated ASAP1
BARPZA was detected by immunoblotting using anti-His antibody.
(B) Quantitation of data from A. The amount of precipitated ASAP1
with GST-FIP3C beads was quantified by comparison of the ECL
signals to those of standards of purified ASAP1 BARPZA included
in the same immunoblot.
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membrane curvature (Takei et al., 1999; Carlton et al., 2004;
Peter et al., 2004; Masuda et al., 2006; Nie et al., 2006). Other
BAR proteins, arfaptin 2 and APPL1, interact with small G
proteins (Tarricone et al., 2001; Miaczynska et al., 2004). In
our study, we found that the BAR domain of ASAP1 directly
interacts with the coiled-coil domain of FIP3. This is a first
report, to our knowledge, of a BAR domain interacting with
a protein other than small G proteins. The interaction is
through the coiled-coil region of both proteins and, there-
fore, represents another mode of interaction with BAR do-
mains. A Pfam functional domain search identified similar-
ities of both the ASAP1 BAR and FIP3 coiled-coil domains
with IMP dehydrogenase (IMPDH)/GMP reductase do-
main. IMPDH forms a homotetramer through its core do-
main (Sintchak et al., 1996). Because both ASAP1 and FIP3
form homodimers (Eathiraj et al., 2006; Nie et al., 2006; Shiba
et al., 2006), they might function as heterotetramer.

FIP3 is comprised of an N-terminal Pro-rich domain, two
EF-hand motifs and, in the C-terminal half of the molecule,
a coiled-coil domain. Rab11 and Arf5/6 bind to C-terminal
end and C-terminal half of the coiled-coil domain, respec-
tively (Prekeris et al., 2001; Shiba et al., 2006; Schonteich et al.,
2007). The domain also mediates homodimerization and

heterodimer formation with other FIPs, which also contain
coiled-coil domain in their C-terminal region (Wallace et al.,
2002; Eathiraj et al., 2006; Shiba et al., 2006; Horgan et al.,
2007). We found the ASAP1 BAR domain binds to the mid-
dle of the FIP3 coiled-coil domain. The interaction may
regulate FIP3-Arfs interaction or FIP3 homo- or heterodimer
formation with other FIPs, because the interacting sites at
least partly overlap.

The GAP activity of ASAP1 is stimulated specifically by
the signaling lipid PI(4,5)P2 (Brown et al., 1998). PI(4,5)P2
binds to the PH domain of ASAP1, which can serve to both
recruit ASAP1 to a membrane surface and to induce an
activating conformational change in the protein (Kam et al.,
2000; Che et al., 2005a). In this study, we found FIP3 stimu-
lates ASAP1 GAP activity toward Arf1. This effect of FIP3 on
ASAP1 was dependent on the BAR domain of ASAP1. The
activation by FIP3 was observed only when myristoylated
Arf1 was used as a substrate with LUVs as a lipid source. We
did not observe the effect if nonmyristoylated Arf was used
as a substrate or if Triton micelles were used in place of
LUVs (data not shown). These observations suggest the
activation is dependent on association with a phospholipids
bilayer and might be coupled with a change in a physical

Figure 6. ASAP1 associates with the FIP3-
positive pericentrosomal endocytic recycling
compartment in HeLa cells and U118 cells.
HeLa cells (A and B) or U118 cells (C) were
seeded on fibronectin-coated cover glass, cul-
tured in DMEM containing 10% FCS over-
night, fixed with cold methanol, and then
stained with antibodies against the indicated
proteins. Images were captured with a Zeiss
510 Meta laser-scanning confocal microscope
with a 63�, 1.4 NA Plan-Neofluar oil immer-
sion lens. Arrows indicate the area where the
two proteins are colocalized. Boxed areas are
enlarged as insets. Bar, 10 �m.
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property of the membrane, such as tubulation. The activa-
tion of GAP activity by FIP3 supports the idea that FIP3
directly interacts with ASAP1.

The role of FIP3 in stimulating GAP activity is complex. In
the presence of FIP3, the effect of PI(4,5)P2 on GAP activity
was biphasic. The molecular basis for the biphasic response
can be explained, in part, by inhibition of ASAP1-FIP3 in-
teraction by a higher concentration of PI(4,5)P2. Although
further investigation is required to fully understand the
interplay between FIP3 and PI(4,5)P2 on the physiological
regulation of ASAP1, a plausible hypothesis is that FIP3 and
PI(4,5)P2 function at different cellular sites. For example,
PI(4,5)P2 is enriched at the plasma membrane where it may
stimulate ASAP1 (Haucke, 2005). FIP3 might stimulate GAP
activity on the recycling endosome membrane. PI(4,5)P2
might inhibit the interaction of ASAP1 and FIP3 on the
plasma membrane to block other functions of FIP3 at this
site. Another possibility is that the relationship of FIP3 and
PI(4,5)P2 binding gives temporal direction to biochemical
events regulated by ASAP1. For instance, Arf1�GTP, pro-
duced by a regulated exchange factor, could bind to PI 4-P
5-kinase, activating the enzyme, which results in the pro-
duction of PI(4,5)P2. PI(4,5)P2 would help target ASAP1 to
the membrane where it would also interact with other mem-
brane components, such as proteins. On the membrane,
ASAP1 would convert Arf1�GTP to Arf1�GDP, with a conse-
quent decrease of PI(4,5)P2 production. Subsequently,
ASAP1 could bind FIP3.

The physiological substrate for ASAP1 GAP activity remains
an open question. FIP3 preferentially binds to Arf6 and Arf5
(Shin et al., 2001; Hickson et al., 2003; Fielding et al., 2005). We
found FIP3 interaction stimulates ASAP1 GAP activity against
Arf1, but not against Arf6. In addition to its function at the
Golgi apparatus, Arf1 is thought to have similar functions at
other cellular locations such as TGN, endosome, and the
plasma membrane (Shin et al., 2004; Pagano et al., 2004;

D’Souza-Schorey and Chavrier, 2006; Cohen et al., 2007; Ku-
mari and Mayor, 2008). A recent report has suggested a model
in which Arf6 indirectly recruits activated Arf1 to the plasma
membrane (Cohen et al., 2007). ARNO, a guanine nucleotide
exchange factor for Arf1, binds to the plasma membrane by
directly interacting with Arf6 through its PH domain and
activates Arf1 at the membrane. This mechanism involves co-
operation between Arf isoforms. Because FIP3 interacts with
Arf6 and ASAP1 uses Arf1 as a substrate, the FIP3-ASAP1
complex may functionally couple Arf6 with Arf1 at the mem-
brane of a recycling endosome. Although FIP3 enhances
ASAP1 GAP activity against Arf1, our data do not exclude
other Arf isoforms as substrates. Indeed, Arf3 has high homol-
ogy to Arf1 (�95% identity on the primary amino acid se-
quences), and our previous in vitro analysis has shown that
Arf5 is as efficiently used by ASAP1 as Arf1 (Brown et al., 1998).
Furthermore, we cannot exclude the possibility that ASAP1
regulates Arf6 catalysis within the FIP3 complex, because it has
been proposed that ASAP2/AMAP2, the closest isoform of
ASAP1, sustains the active state of Arf6 through a direct inter-
action and slow catalysis (Hashimoto et al., 2004). Our results
also raise the possibility that ASAP1 indirectly binds to Arf6
through FIP3.

In this report, we found that ASAP1 functions in the
pericentrosomal recycling endosomal compartment in HeLa
cells. ASAP1 has previously been reported to function in
peripheral cellular sites including focal adhesions, inva-
dopodia/podosome and circular dorsal ruffles where the
actin cytoskeleton is remodeled (Randazzo et al., 2000; On-
odera et al., 2005; Bharti et al., 2007). Function of ASAP1 at
recycling endosomes may be related to that in the cell pe-
riphery. In cell migration, invasion, and scattering of epithe-
lial cells, both Arf6 and Rab11 are involved in the trafficking
of adhesion molecules including integrins and cadherin be-
tween recycling endosome and the plasma membrane
(Brown et al., 2001; Santy and Casanova, 2001; Powelka et al.,

Figure 7. Depletion of ASAP1 or FIP3 affects
subcellular distribution of TfR. (A) Depletion
of ASAP1 or FIP3 by siRNA. HeLa cells were
transfected with siRNA for nontargeting con-
trol, ASAP1, or FIP3. Seventy-two hours after
transfection, the cells were lysed in RIPA
buffer containing 1% IGEPAL-CA630, 0.5% Na
deoxycholate, 0.1% SDS, 150 mM NaCl, 20
mM Tris-HCl, pH 7.5, and Protease inhibitor
cocktail (Roche). The lysates were subjected to
SDS-PAGE, and the indicated proteins were
detected with specific antibodies. Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH)
was used as a loading control. (B) Depletion of
ASAP1 causes peripheral accumulation of
TfR. ASAP1- or FIP3-depleted HeLa cells were
fixed with formaldehyde and then stained
with anti-TfR antibody and Hoechst 33342.
Images were taken as shown in Figure 6. Bar,
10 �m. (C) Quantitation of the effect of ASAP1
or FIP3 depletion. Cells from the experiment
described in B were scored for the presence of
the most significant accumulation of TfR at the
perinuclear region in the cell. At least 100 cells
were counted for each experiment. The values
presented are means � SDs of three indepen-
dent experiments. *p � 0.01 compared with
the value in nontransfected cells (None) as
analyzed by ANOVA followed by a Dunnett
test.
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2004; Caswell and Norman, 2006). In addition, Arf1 also
mediates paxillin recruitment to focal adhesions (Norman et
al., 1998). We have found that CIN85, a multidomain adap-
tor protein involved in Cbl-mediated down-regulation of
EGFR, interacts with ASAP1, and overexpression of ASAP1
increases the recycling of EGFR in CHO cells (Kowanetz et
al., 2004). More recently, CIN85 has been reported to colo-
calize with ASAP1 in invadopodia, and the complex of
ASAP1 and CIN85 has been proposed to positively regulate
the invasive phenotype of breast cancer cells (Nam et al.,
2007). A plausible model explaining these results is that
ASAP1 regulates the recycling of transmembrane protein,
such as integrins.

The staining for FIP3 was variable. FIP3 associated with
recycling endosomes, which are distributed as groups of
small vesicles in the perinuclear region. In addition, FIP3
also associated with single puncta in the pericentrosomal
region in some cells. ASAP1 and FIP3 colocalize at the
structure. The reason for the variable localization of FIP3 is
not known, but may be related to the cell cycle as shown in
Drosophila Nuf, orthologue of mammalian FIP3 and FIP4
(Rothwell et al., 1998; Riggs et al., 2003). Nuf is diffusely
distributed in cells during interphase in Drosophila embryo,
but accumulates in the pericentrosomal area during
prophase before nuclear membrane breakdown. During
metaphase to telophase, Nuf disappears from the region,

Figure 8. Depletion of ASAP1 or FIP3 alters the distribution of endocytosed transferrin, but does not affect the rate of either uptake or
recycling. (A) Depletion of ASAP1 or FIP3 inhibits perinuclear accumulation of endocytosed Tfn. ASAP1- or FIP3-depleted HeLa cells were
starved for 2 h, incubated with 50 �g/ml Alexa488-Tfn for 1 h on ice, washed with ice-cold medium to remove unbound Tfn, and allowed
endocytosis and recycling of the labeled Tfn by warming up to 37°C. At the indicated time points, the cells were fixed, stained with Hoechst
33342, mounted, and then observed under microscope as in Figure 6. Bar, 10 �m. (B and C) Depletion of neither ASAP1 nor FIP3 affects the
kinetics of Tfn uptake or recycling. The depleted cells were serum-starved for 2 h. In uptake experiments (B), the cells were incubated with
50 �g/ml biotin-Tfn for the indicated time at 37°C. To stop the reaction the cells were chilled on ice, washed with acid wash buffer (see
Materials and Methods), and fixed with formaldehyde. After permeabilization with 0.1% Triton X-100, endocytosed biotin-Tfn was detected
with HRP-labeled streptavidin and ABTS substrate and quantified with a microplate reader. In recycling experiments (C), the cells were
incubated for 1 h with biotin-Tfn, washed with acid wash buffer, and incubated again for the indicated time without the labeled-Tfn.
Thereafter, the reaction was stopped and the biotin-Tfn associated with the cells was detected as in B. (D) Live cell imaging of Tfn trafficking
in ASAP1- or FIP3-depleted cells. The depleted HeLa cells were seeded on fibronectin-coated chambered cover glass and starved for 2 h.
Alexa488-Tfn, 150 �g/ml, was bound to the cells in ice-cold serum-free medium for 1 h. After washing unbound Tfn, cells were warmed up
to 37°C on UltraView spinning disk confocal microscope system equipped with a environmental chamber, and intracellular trafficking of the
labeled Tfn was captured for 30 min. Selected frames from the movies (See Supplemental Materials) were shown about every 5 min.
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and accumulates again during cellularization, which corre-
sponds to cytokinesis in mammalian cells.

Part of the variability in FIP3 localization could be related
to having more than one binding partner responsible for

Figure 9. The peripheral TfR-positive endosomes induced by ASAP1 depletion contain Rab11, Arf1, and Arf6. (A) The peripheral TfR vesicles
in ASAP1-depleted cell contain GFP-Rab11 but not GFP-Rab5. HeLa cells were transfected with siRNA for nontargeted control or ASAP1 and, after
48 h were transfected again with the expression vector for GFP-Rab5 or Rab11. Then, cells were seeded on fibronectin-coated cover glass and
cultured overnight. Cells were fixed with formaldehyde and stained with anti-TfR antibody and Hoechst 33342. Images were taken as described
in Figure 6. (B) ASAP1 depletion affects the cellular distribution of Arf1-HA and Arf6-HA. HeLa cells were transfected with siRNA and plasmid
DNA for Arf1-HA or Arf6-HA, seeded on a cover glass, fixed, stained, and visualized as described in A. Bar, 10 �m.

Figure 10. Effect of ASAP1 depletion on FIP3
distribution and FIP3 depletion on ASAP1 dis-
tribution. HeLa cells were transfected with
siRNA for ASAP1 (A) or FIP3 (B), and 48 h after
transfection the cells were spread on fibronectin-
coated cover glass. Seventy-two hours after
transfection, cells were fixed with cold methanol
and then stained with indicated antibodies and
Hoechst33342. Boxed areas are enlarged as in-
sets. Perinuclear localization of ASAP1 in B is
indicated with arrow. Bar, 10 �m.
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localization. FIP3 localizes at recycling endosomes in a
Rab11-dependent manner (Horgan et al., 2007). We found
that association of FIP3 with the perinuclear puncta depends
on ASAP1 expression, whereas association of ASAP1 with
the puncta does not depend on FIP3. On the basis of this
result and the finding that FIP3 binds to ASAP1, we propose
that FIP3 is recruited to the perinuclear puncta by ASAP1.
The mechanism by which ASAP1 associates with this struc-
ture remains to be defined.

We found that depletion of ASAP1 using siRNA in HeLa
cells perturbs perinuclear localization of Tfn and TfR and
induces their accumulation at the cell edge in a compartment
that contains Rab11 and FIP3. Despite the significant change
of the localization of Tfn and TfR, the kinetics of Tfn inter-
nalization and recycling were not affected. There are other
examples of changes in the distribution of perinuclear recy-
cling endosome that do not affect the kinetics of Tfn recy-
cling; overexpression of FIP3 or FIP4 induces accumulation
of perinuclear recycling endosomes, but there is no effect on
Tfn recycling rate (Hickson et al., 2003; Horgan et al., 2004).
Similarly, siRNA-mediated depletion of annexin 2, a
Ca2	-dependent endosome membrane-associated protein,
causes accumulation of recycling endosomes in the perinu-
clear region, but has no significant effect on the rate of
recycling (Zobiack et al., 2003). Taken together, we conclude
that the kinetics of Tfn recycling do not depend on proper
positioning of the perinuclear recycling endosomes, al-
though we cannot exclude that alternative pathways for
internalization and recycling may compensate for a defect
derived from single protein. Because TfR recycling can
occur through either the sorting endosome or the recy-
cling endosome and the depletion of ASAP1 does not
appear to affect the sorting endosome, as marked by Rab5,
Tfn recycling is likely intact because transport through the
sorting endosome still occurs. This idea is also supported
by the live-cell tracking of Tfn.

The peripheral vesicles observed when ASAP1 was de-
pleted contained TfR, Tfn, Rab11, and FIP3, typical recycling
endosome marker. We concluded that the vesicles were
recycling endosomes that were displaced from the usual
perinuclear localization. We also analyzed the localization of
Arf1 and Arf6 in the cells. In control siRNA-transfected cells,
we detected that a small amount of Arf1 and Arf6 on TfR-
positive vesicles at perinuclear region, which becomes re-
duced upon the depletion of ASAP1. Because AP-1 and Arf
guanine nucleotide exchange factor BIG2 act at the recycling
endosome in addition to the TGN (Deneka et al., 2003; Shin
et al., 2004), Arf1 as well as Arf6 may be involved in the
function of the recycling endosome. In this context, ASAP1
may regulate Arf1 association to the recycling endosome
and, as a consequence, the translocation of the endosomes
from the pericentrosomal region to the cell periphery.

In summary, our data support the conclusion that the
BAR domain of ASAP1 interacts with the coiled-coil region
of FIP3, and the binding stimulates ASAP1 Arf GAP activity.
Both FIP3 and ASAP1 are required for proper localization of
the perinuclear endocytic recycling compartment containing
Tfn and TfR. These findings provided new insights into the
nature of BAR domains as protein-interacting module and
the function of ASAP1 on membrane trafficking. We also
propose that FIP3 functions as a novel coat protein because
it associates with Arfs and Arf GAP and regulates the GAP
activity, which are properties of other coat proteins includ-
ing COPs, APs, and GGAs.
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