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ArfGAPWith Coiled-Coil, Ankyrin Repeat And PHDomains 4 (ACAP4)
is an ADP-ribosylation factor 6 (ARF6) GTPase-activating protein es-
sential for EGF-elicited cell migration. However, how ACAP4 regu-
lates membrane dynamics and curvature in response to EGF
stimulation is unknown. Here, we show that phosphorylation of
the N-terminal region of ACAP4, named the Bin, Amphiphysin, and
RSV161/167 (BAR) domain, at Tyr34 is necessary for EGF-elicited
membrane remodeling. Domain structure analysis demonstrates
that the BAR domain regulates membrane curvature. EGF stimula-
tion of cells causes phosphorylation of ACAP4 at Tyr34, which
subsequently promotes ACAP4 homodimer curvature. The phos-
pho-mimickingmutant of ACAP4 demonstrates lipid-binding activity
and tubulation in vitro, and ARF6 enrichment at the membrane is
associated with ruffles of EGF-stimulated cells. Expression of the
phospho-mimicking ACAP4 mutant promotes ARF6-dependent cell
migration. Thus, the results present a previously undefined mecha-
nism bywhich EGF-elicited phosphorylation of the BAR domain con-
trols ACAP4 molecular plasticity and plasma membrane dynamics
during cell migration.

Many cellular processes are orchestrated by dynamic changes
in the plasma membrane to form membrane projections

and endocytic vesicles. Cell migration is necessary for tissue de-
velopment and wound repair. During cell migration, the co-
ordination of membrane traffic, actin skeleton remodeling, and
formation of new adhesion complexes is required for protrusive
activities at the leading edges of the migrating cells (1, 2). Some
small GTPases, such as ADP-ribosylation factors (ARFs) and
Rhos, are involved in coupling actin dynamics to trafficking of
vesicular membranes (3, 4) and in control of membrane curva-
ture. In mammals, the six ARF proteins belong to three classes,
based on sequence homology: class I (ARF1–3), class II (ARF4
and 5), and class III (ARF6). The sole member of class III, ARF6,
functions in plasma membrane dynamics (5) and in promoting
endocytic recycling (6). ARF6 resides on endosomal and plasma
membranes to regulate membrane trafficking between these
compartments (7–10). Activation of ARF6 promotes cortical
actin assembly (9) and plasma membrane remodeling (10). Ab-
errant expression of ARF6 has been implicated in tumor invasion
and metastasis (11).
Key determinants of ARF6 function are the lifetime and the

subcellular locations of the GTP-bound active state, which is or-
chestrated by guanine nucleotide exchange factors (GEFs) and
GTPase activating proteins (GAPs) (12). Our proteomic analyses
identified ArfGAP With Coiled-Coil, Ankyrin Repeat And PH
Domains 4 (ACAP4) as a GAP protein that selectively binds to
active ARF6 and catalyzes GTP hydrolysis (13). The ACAP4 gene
encodes 903 amino acids and contains a catalytic core of a pleck-
strin homology (PH) domain, a GAP motif, and two ankyrin
(ANK) repeats. The GAP activity is regulated by phosphatidyli-
nositol 4,5-biphosphate [PI(4,5)P2] via binding to the PH domain.
The Arg469 in the GAP domain is necessary for its activity in GTP

hydrolysis (13). The crystal structure of the catalytic core of ACAP4
in a complex with ARF6 reveals the structural determinants un-
derlying ACAP4 selectivity and specificity as an ARF6 GTPase-
activating protein (14). ACAP4 also associates with focal adhesions
andwith cytoplasmicmembranes at the circular dorsal ruffles, where
the actin skeleton is remodeled (15). Depletion of ACAP4 by RNA
interference suppresses cell migration in wound healing (13, 15).
Dynamic changes in the plasma membrane and vesicular traf-

ficking are achieved by recruitment of membrane shaping proteins
such as those in the Bin, Amphiphysin, and RSV161/167 (BAR)
superfamily. The BAR domain is characterized as a crescent-
shaped dimer composed mainly of three long, kinked α-helices.
Structural studies indicate that all BAR domains have a concave
membrane-binding interface that interacts with negatively charged
membranes (16–20). The BAR domain, also found in other con-
texts in a wide variety of proteins (17, 19), is believed to be re-
sponsible for generating, stabilizing, or sensing curvature (18). The
concave shape of the BAR domain appears to be responsible for
the tubulation of membranes in intracellular trafficking processes
(18). The BAR domain also contributes to the membrane scission
of budding vesicles (21).
Several proteins containing the BAR domain regulate actin-

based cytoskeleton dynamics and cell migration (22, 23). The
I-BAR protein, MIM, also promotes Arp2/3-mediated assembly of
actin filaments at adherent junctions (24). Sensing of membrane
curvature is coupled with enzymatic activities, directly, as with
GAPs and GEFs, and, indirectly, as in the case of synaptojanin
bound to endophilin (18). However, the mechanism underlying the
membrane association of these proteins has remained undefined.
The present report demonstrates that ACAP4, which contains

a BAR domain, is associated with membrane binding and bending
activity in vitro and in vivo. The BAR domain is necessary for the
recruitment of ACAP4 to membrane structures and for its GAP
activity. Importantly, Tyr34 in the BAR domain is phosphorylated
in response to EGF stimulation. Phosphorylation of Tyr34 pro-
motes the migratory activity of MDA-MB-231 cells. Thus, phos-
phorylation of Tyr34 in the BARdomainmodulates themembrane-
binding capacity of ACAP4. Thus, this study revealed a previously
undefined role for ACAP4 in linking the ARF6-mediated vesicular
membrane dynamics to EGF-elicited cell migration.
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Results
Identification of a BAR Domain in ACAP4. Computational analysis of
the primary sequence of ACAP4, in comparison with APPL1
(adaptor protein, phosphotyrosine interaction, PH domain and
leucine zipper containing 1), ASAP (ArfGAP with SH3 domain,
ankyrin repeat and PH domain)1, and ASAP2, suggested that
the N terminus of ACAP4 (7–271 amino acids) contains a typical
BAR domain (Fig. 1A), a structure element responsible for
membrane binding and deformation. Modeling of the X-ray
structure of the homologous APPL1 indicated that the ACAP4
BAR domain forms a bundle of three major α helices that di-
merize into a crescent-shaped structure (Fig. 1B). Indeed, a gel
filtration assay showed that the BAR domains of ACAP4 form
homodimers in vitro (Fig. S1 A and B), and a reconstitution assay
coupled with electron microscopic analyses demonstrated that
the recombinant BAR domain of ACAP4 elicited membrane
tubulation (Fig. 1D).
As shown in Fig. 1A, several positively charged residues were

considered to be necessary for membrane binding. To perturb
the electrostatic interaction of ACAP4 with the membrane, some
of these residues were mutated to glutamates: Lys56 and Lys57
on the putative helix 1 (mutA) and Arg165, Arg167, and Arg169
on the disordered loop between helices 4 and 5 (mutB) (Fig. 1 A
and B). A binding assay indicated that none of the mutants al-
tered the dimerizing capacity of the BAR domain (Fig. S2A). To
determine whether these mutants retained their interactions with
the membrane, liposome sedimentation assays were conducted.

The associations of the BAR domain with brain liposomes [as
large unilamellar vesicles (LUVs)] were significantly attenuated
(Fig. 1 C and E; P < 0.01; n = 3).
To determine whether the ACAP4 BAR domain exhibits

membrane-bending activity, electron microscopic analyses of lip-
osomes incubated with WT and mutant BAR domains were ac-
complished. As shown in Fig. 1D, the WT BAR domain of ACAP4
had the capacity to tubulate the liposomes. The membrane-bending
activity of the BAR domain, however, was abolished by the
mutations of positively charged residues (Fig. 1D, Bottom), sug-
gesting that the ACAP4 BAR domain induces changes in mem-
brane curvature. To examine whether the BAR domain is involved
in induction of tubulation, HepG2 cells were transiently trans-
fected to express BAR-GFP or its mutants (mutA and mutB). As
shown in Fig. 1F, the WT BAR domain was readily apparent at
intracellular tubular structures (Fig. 1 F, a; WT). However, mutA
and mutB were diffused in the cytoplasm (Fig. 1 F, c and d). In
fact, no tubular structures were found in HepG2 cells expressing
the mutA or mutB BAR domains. Thus, we conclude that the N-
ACAP4 apparently contains a functional BAR domain.

BAR Domain Specifies ACAP4 Localization to the Functional Membrane.
Our previous work showed that ACAP4 is a unique GAP protein
of ARF6 that regulates membrane trafficking and the actin cy-
toskeleton at the cell periphery (13). In HepG2 cells cotrans-
fected with ACAP4-GFP and ARF6-mCherry, these two proteins
codistributed at the cell periphery and at perinuclear endosomes

Fig. 1. Membrane sculpture capacity of the ACAP4 BAR domain. (A) Structure-based sequence alignment of the ACAP4 BAR domain with its homologs. The
clustalW server (www.ebi.ac.uk/Tools/msa/clustalw2/) was used to align the sequences of APPL1 (accession Q9U.K.G), ASAP1 (accession Q9ULH1), ASAP2 (accession
O43150), and ACAP4 (accession Q8TDY4). The Phyre webserver was used for structure prediction (www.sbg.bio.ic.ac.uk/~phyre/index.cgi). Blue triangles indicate
the positive-charged residues predicted to be important inmembrane binding: K56E+K57E (mutA) and R165E+R167E+R169E (mutB). The red triangle indicates the
Tyr34 phosphorylation site. (B) Modeling of the N terminus of ACAP4. A model of residues 7–271 of ACAP4 was derived from the structure of the BAR domain of
APPL1 using the Pymol software and the 3D structure prediction website Phyre. (C) BAR domain proteins were copelleted with LUVs made from total brain lipids.
The pellet (P) and supernatant (S) components were fractionated by SDS/PAGE followed by Coomassie blue staining. (D) Electron micrographs of LUVs made from
total brain lipids and incubated with the indicated proteins (5 μM). The WT BAR (WT), but not mutants, induces buds and tubular structures, whereas mutants
exhibit no distinction fromWT protein in lipid binding in vitro (Fig. S8). (Scale bar, 100 nm.) (E) Quantitative analyses of liposome binding activity. Data represent
means ± SE (P < 0.05; n = 3). (F) ACAP4 BAR domain tubulates membranes. HepG2 cells overexpressing GFP-BAR (WT or the mutA or mutB). (Scale bar, 10 μm.)
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(Fig. 2 A, e–g).As the BAR domain has an intrinsic capacity for
membrane tubulation, the exogenous ACAP4 BAR domain dis-
tributed mostly to the endosomal tubulovesicles rather than to the
cell periphery (Fig. 2 A, a). However, the BAR domain distributed
to ARF6 resident membrane tubules (Fig. 2 A, b–d), suggesting
that it contributes to recruitment of the protein to the ARF6
resident membranes.
The acute formation of actin-rich membrane protrusions in

cells treated with AlF3 has been used to study the role of ARF6
GTPase in membrane-cytoskeleton remodeling (25–27). In our
previous research, we found that overexpression of ACAP4
inhibited the formation of protrusions in response to AlF3 (Fig. 2
D, a–f). If ACAP4 functions in membrane recruitment, alteration
of the membrane binding capacity of the BAR domain would
block ARF6-mediated membrane-cytoskeletal remodeling. Con-
sistent with this prediction, mutants deficient in membrane
binding and the BAR domain deletion (indicated as ΔBAR)
failed to inhibit AlF3-induced membrane protrusions (Fig. 2 D,

g–o). The proportion of cells making protrusions in each case was
quantified relative to those of cells expressing ARF6 alone. A
quantitative analysis indicated that inhibition of membrane pro-
trusions by ACAP4 depends on the membrane binding capacity of
the BAR domain (Fig. 2E).
The regulatory role of ACAP4 on AlF3-induced protrusions

depends on its GAP activity toward ARF6 (13). To determine
whether the membrane-binding capacity of the BAR domain
affects the GAP activity of ACAP4 toward ARF6, an ARF6-GTP
activity pull-down assay was performed by using GGA3 as an af-
finity matrix to isolate active ARF6 (28). To this end, 293T cells
were transiently transfected to express ARF6-FLAG plasmids with
ACAP4-GFP constructs (WT and mutant ACAP4). Initial experi-
ments showed that exogenously expressed ACAP4 and ARF6
proteins were at comparable levels (Fig. 2B).With the constitutively
active mutant of ARF6Q67L as a positive control, the pull-down
assay showed that GST-GGA3 absorbed a large amount of
ARF6Q67L-FLAG (Fig. 2B, lane 1). In contrast, GST-GGA3 af-
finity matrixes pulled down little GTP-bound ARF6 protein from
cell lysates coexpressing ACAP4-GFP (Fig. 2B, lane 3). GST-
GGA3 affinity matrixes absorbed a greater amount of GTP-bound
ARF6 protein from cell lysates coexpressing ACAP4mutA-GFP,
indicating that the mutant, ACAP4mutA, which is deficient in
membrane binding, had a lower level of ARF6 GAP activity.
Quantitative analyses showed that ACAP4mutA exhibited a 2.7-fold
lower ARF6 GTPase GAP activity (Fig. 2C). These results suggest
thatmembrane association with the BARdomain regulates ACAP4
GAP activity toward ARF6 GTPase.

Phosphorylation of the BAR Domain by EGF Stimulation. ACAP4
regulates ARF6 activation in EGF-stimulated membrane-cyto-
skeletal remodeling (13). We assessed the effect of EGF stimu-
lation on distribution of the BAR domain with respect to ARF6 in
HepG2 cells. As shown in Fig. 3 A, g–i, EGF stimulation enhanced
the distribution of the BAR domain to the membrane ruffles.
Consistent with the function of ACAP4 in membrane dynamics,
membrane ruffles were also pronounced in cells overexpressing
the mutant deficient in membrane binding and the ΔBARmutant
(Fig. 3 A, j–o). Quantitative analyses indicated that, at the local-
ized membrane, ACAP4 participated in the EGF-elicited mem-
brane remodeling by spatial regulation dependent on the BAR
domain (Fig. 3B).
Activation of the EGF receptor (EGFR) cascade leads to an

array of tyrosine-based phosphorylation of proteins including
ACAP4 (Fig. 3C). To establish the role of ACAP4 in EGFR
signaling, HeLa cells expressing ACAP4-FLAG were serum
starved and then stimulated by EGF. These cells were then sub-
jected to immunoprecipitation using anti-FLAG affinity beads.
Mass spectrometric analyses of ACAP4 indicated that Tyr733 and
Tyr34 were phosphorylated in response to EGF stimulation (29).
Because the BAR domain promotes ACAP4 GAP in a mem-
brane-localized manner and because Tyr34 is in the BAR domain,
we sought to determine whether Tyr34 is phosphorylated in re-
sponse to EGF stimulation. To this end, the nonphosphorylatable
ACAP4Y34F mutant was generated and transfected with WT
ACAP4-FLAG into HeLa cells with and without EGF stimula-
tion followed by isolation of ACAP4-FLAG proteins. FLAG af-
finity beads absorbed equivalent amounts of ACAP4-FLAG
under various conditions (Fig. 3D, Bottom, lanes 1–4). However,
only WT ACAP4-FLAG from EGF-stimulated cells exhibited
reactivity to anti-phosphorylated Tyr34 blotting (Fig. 3D, Top,
lane 1), suggesting that Tyr34 is apparently a substrate for EGF
stimulation. To validate whether endogenous ACAP4 phos-
phorylation of Tyr34 is a function of EGF stimulation, endoge-
nous ACAP4 from EGF-stimulated cells was probed with the
anti-pY34 antibody. Tyr34 was phosphorylated (Fig. 3E, Top,
lane 3), and the level of phosphorylation was minimized by the
EGFR inhibitor lapatinib (lane 1).
To determine whether Tyr34 is a direct substrate of EGFR ki-

nase, phosphorylation of recombinant histidine-ACAP4 fusion
proteins was assessed. Incubation of the His-ACAP4 proteins

Fig. 2. BAR domain is essential for ACAP4 GAP activity. (A) HepG2 cells were
transfected with BAR-GFP (a); ARF6-GFP and the BAR-mCherry domain (b–d);
or ACAP4-GFP and the ARF6-mCherry domain (e–g). (Scale bar, 10 μm.) (B)
ACAP4-GFP proteins isolated from 293T cell lysates were measured by GST-
GGA3 pull-down. Typically, the exogenously expressed ACAP4 proteins are
threefold higher those of endogenous ACAP4 (Fig. S9). Aliquots of total cell
lysates (20 μg) were used. (C) Quantitative analyses of B. Ratios of ARF6-GTP/
total ARF6 were determined by the densities of respective blots and ex-
pressed as means ± SE (P < 0.05; n = 3). (D) ACAP4-GFP or its derivatives were
cotransfected into HepG2 cells with ARF6-mCherry. At 24 h after transfection,
cells were stimulated by 30 mM NaF and 50 μM AlCl3 before fixation and
immunostaining. F-actin was visualized by use of FITC-phalloidin in cells
expressing only ARF6-mCherry (a–c). ACAP4 and derivatives were marked by
GFP (d–r). (Scale bar, 10 μm.) (E) Data are presented as the fractions of cells
forming protrusions coexpressing the indicated ACAP4 protein, normalized
to the fraction of cells expressing ARF6 alone (mean ± SE; n = 3).
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with [γ-32P]-ATP and recombinant EGFR kinase resulted in
incorporation of 32P into the WT protein but not into the
ACAP4Y34F mutant (Fig. 3F, Lower, lanes 2 and 3). This EGFR-
mediated phosphorylation was specific, as incubation of ACAP4
with [γ-32P]-ATP in the absence of EGFR resulted in no detect-
able incorporation of radioactivity (Fig. 3F; Lower, lane 1). If
Tyr34 is a cognate substrate of EGFR in cells, depletion of EGFR
would diminish the phosphorylation of Tyr34 on EGF stimula-
tion. Consistent with this hypothesis, suppression of EGFR by
siRNA minimized the level of pY34 but not the level of the
ACAP4 protein (Fig. S3, lane 2). Thus, we conclude that Tyr34 of
ACAP4 is a substrate for EGFR.

Tyr34 Phosphorylation Is Essential for the Recruitment of ACAP4 to
the Plasma Membrane. Next, the role of pY34 in partitioning of
the ACAP4 protein into the plasma membrane was assessed
using a digitonin protocol to separate the membrane and cyto-
solic fractions (30). HeLa cells were transiently transfected to
express ACAP4-FLAG and ACAP4Y34F-FLAG along with
EGFR. At 24 h after transfection, cells were starved of serum for

8 h, followed by EGF stimulation and digitonin extraction (30).
EGFR was enriched in the membrane fraction with or without
EGF stimulation (Fig. 4A, Middle).
As previously reported (31), ACAP4 was present in the mi-

crosomal fraction of nonstimulated cells (Fig. 4A, Bottom, lane 2).
EGF stimulation, however, elicited translocation of ACAP4-
FLAG, but not mutant ACAP4Y34F-FLAG (lanes 5 and 6), from
the cytosol to the plasma membrane (lanes 3 and 4). Quantitative
Western blotting confirmed that pY34 promoted the retention of
ACAP4 in the digitonin-insoluble membrane fraction (Fig. 4B).
To evaluate the contribution of Tyr34 to the membrane-binding
capacity of the BAR domain, a liposome sedimentation assay was
used, in which the BARY34F mutant exhibited a reduced association

Fig. 3. EGF stimulation elicits phosphorylation of ACAP at Tyr34. (A) HepG2
cells were cotransfected with ARF6-mCherry and ACAP4-GFP constructs. At
24 h after transfection, cells were subjected to serum starvation and EGF
stimulation. Treated cells were fixed and then examined under a fluores-
cence microscope. (Scale bar, 10 μm.) (B) Quantitative data are presented as
the fractions of cells forming protrusions, normalized to the fraction of cells
expressing ARF6 alone (n = 3). (C) HeLa cells expressing ACAP4-FLAG were
serum starved and treated with 5 μM lapatinib or DMSO before EGF stim-
ulation. Clarified cell lysates were immunoprecipitated followed by Western
analyses. (D) The ACAP4-FLAG proteins were expressed in HeLa cells. Serum-
deprived cells were stimulated by EGF before being lysed in ice-cold lysis
buffer. ACAP4-FLAG proteins were isolated and subjected to Western blot-
ting with the pY34 antibody and FLAG antibody. (E) HeLa cells were serum
starved for 8 h followed by treatment with lapatinib or DMSO before
stimulation with EGF. Treated cells were collected for Western blotting with
the anti-pY34 antibody. (F) Tyr34 is a substrate of EGFR. Recombinant his-
tidine-ACAP4 proteins were phosphorylated with [γ-32P]-ATP and EGFR as
described in Materials and Methods. Samples were separated by SDS/PAGE
followed by Coomassie blue staining of ACAP4 proteins (Upper). The gel was
then dried and incubated with X-ray film (Lower).

Fig. 4. Tyr34 phosphorylation is required for recruitment of ACAP4 to
plasma membranes. (A) HepG2 cells expressing FLAG-ACAP4WT or FLAG-
ACAP4Y34F were stimulatedwith EGF for 5min. Cells were permeabilizedwith
0.1% digitonin in K buffer and pelleted as described in Materials and
Methods. The cytosolic components and the pellets were subjected to anal-
yses by anti-FLAG blotting. (B) ACAP4 association with the membrane cyto-
skeleton as a function of pY34. Data were quantified from the band densities
of ACAP4 immunoreactivity in membrane and cytosolic fractions and pre-
sented as percentages of the total (mean ± SE; n = 3; *P < 0.01 compared with
control and Y34F-expressing cells). (C) WT BAR domain and the BARY34F

mutant were cosedimented with LUVs made from total brain lipids. The
pellet (P) and supernatant (S) components were subjected to SDS/PAGE and
Coomassie blue staining. The ratios of BAR and BARY34F on liposome binding
activity are presented as means ± SE (P < 0.05; n = 3). (D) Y34F mutant (b)
shows a more diffuse distribution than the WT (a) and the Y34E mutant (c) in
HepG2 cells. (Scale bar, 10 μm.) (E) ACAP4WT-FLAG was cotransfected with
GFP-ACAP4 (WT or Y34F) in 293T cells and immunoprecipitated followed by
Western blotting. (F) HeLa cell homogenates were subjected to differential
centrifugation after EGF stimulation. Western blotting analyses show that
ACAP4 retention on the plasma membrane is a function of EGF stimulation.
(G) Data from F were quantified and presented as relative enrichment (fold)
over those of PBS-treated samples. Levels of endogenous ACAP4 and pY34
were elevated in response to EGF stimulation (*P < 0.01, **P < 0.001; n = 3).
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with the liposomes (Fig. 4C). To determine whether pY34 modu-
lated membrane tubulation, HepG2 cells were transiently trans-
fected to express BAR-GFP and the phospho-mimicking (Y34E)
or Y34F mutants. The WT BAR domain was readily apparent at
intracellular tubular structures (Fig. 4 D, a; WT). Only limited
membrane tubulation was observed in HepG2 cells expressing
BARY34F-GFP, suggesting that the phosphorylation of Tyr34 also
regulated the membrane tubulation (Fig. S4). In fact, expression of
BARY34E promoted a green spot-like distribution of ACAP4 in the
cytoplasm of HepG2 cells (Fig. 4 D, c). To rule out the possibility
that pY34 disturbed the dimerization of the BAR domain, coim-
munoprecipitation was accomplished with lysates from 293T cells
transiently transfected to express ACAP4-FLAG with ACAP-GFP
or ACAPY34F-GFP. As shown in Fig. 4E, the inhibition of Tyr34
phosphorylation did not disrupt ACAP4 dimerization.
To assess the physiological relevance of Tyr34 phosphorylation

in EGF stimulation, the extent of pY34 together with ACAP4
level in plasma membrane fraction was quantified. Quantitative
Western blotting of membrane proteins, such as Na,K-ATPase,
a plasma membrane marker; EGFR; and β-actin, was accom-
plished. As shown in Fig. 4F, EGF stimulation did not cause
appreciable retention of Na,K-ATPase or β-actin in the plasma
membrane fraction. However, the ACAP4 protein and pY34
signal were significantly enriched in this fraction (Fig. 4G; P <
0.05). In addition, ACAP4Y34E-FLAG exhibited a greater ability
to associate with plasma membrane (Fig. S5). These results sug-
gest that pY34 is essential for recruitment of ACAP4 to the
plasma membrane on stimulation of cells with EGF.

Phosphorylation of Tyr34 Orchestrates EGF-Elicited Cell Motility. We
next sought to examine the function of pY34 in regulating ACAP4
activity in EGF-elicited cell migration. HepG2 cells were tran-
siently transfected to express ARF6-mCherry along with ACAP4-
GFP, ACAP4Y34F-GFP, or GFP. Membrane ruffles were readily
apparent in cells expressing ACAP4Y34F-GFP but not in cells with
WT ACAP4 (Fig. 5A). Quantitative analyses showed that in-
hibition of pY34 promoted formation of membrane ruffles (P <
0.01; n = 30). To examine whether pY34 modulates the GAP ac-
tivity toward ARF6, aliquots of 293T cells were transiently trans-
fected to express WT and constitutively active ARF6Q67L tagged
with FLAGwithACAP4-GFP constructs followed byGGAaffinity
pull-down assays. As shown in Fig. 5C, the level of GTP-bound
ARF6 was elevated in cells expressing the Y34F mutant compared
with that in cells expressing ACAP4-GFP (Top, lanes 3 and 4),
suggesting that pY34 promotes ARF6 GTP hydrolysis. Consistent
with this concept, ACAP4Y34E reduced the level of GTP-bound
ARF6 (lane 5), showing that pY34 is essential for ACAP4 GAP
activity. Statistical analyses supported the function of pY34 in
regulation of ARF6 GTPase activity. In fact, overexpression of
ACAP4Y34F failed to inhibit the formation of protrusions in re-
sponse to AlF3 treatment (Fig. S6). Thus, we conclude that pY34
regulates GAP activity of ACAP4 at the cell cortex.
To examine the role of pY34 in cell migration, we monitored

the real-time migration velocity of MDA-MB-231 cells seeded on
fibronectin-coated Petri dishes (Fig. 5E). As shown in Fig. 5E, cells
expressing ACAP4Y34F displayed slower velocities in migration
relative to that of cells expressing WT ACAP4 (22.7 ± 1.5 vs.
25.0 ± 1.1 μm/h, respectively). Cells expressing ACAP4Y34E ex-
hibited faster speeds (31.5 ± 0.9 μm/h; P < 0.001, n = 20;
Fig. 5F). Active ARF6 (both WT and the Q67L mutant) coop-
erated with ACAP4Y34E in enhancing HeLa cell migration (41.7 ±
2.3 μm/h) relative to cells expressing ARF6Q67L (27.1 ± 3.3 μm/h;
n = 20). These results indicate that phosphorylation of Tyr34
facilitates cell migration.

Discussion
This study establishes that ACAP4 contains a functional BAR
domain involved the dimerization of ACAP4 membrane tubula-
tion of the BAR domain that is responsible for localizing ACAP4
to curved membranes and regulating membrane-cytoskeleton
dynamics. Interestingly, the BAR is phosphorylated by EGFR at

Tyr34, which alters its membrane-binding capacity. Phosphoryla-
tion of Tyr34 provides a link between EGF stimulation and
membrane dynamics in cell migration. These results establish
a previously uncharacterized regulatory mechanism governing
ACAP4-associated membrane dynamics through phosphoryla-
tion-mediated regulation of the BAR domain.
The function of the phosphorylation site in the BAR domain

has not been well understood because there is little conservation
in its structure. To date, there are only three proteins, APPL1,
Cdc15, and syndapin I, known to contain phosphorylatable sites in
their BAR domains (32–34). Phosphorylation of the F-BAR do-
main in syndapin I is the only characterized example. The two sites
for syndapin I phosphorylation, Ser76 and Thr181, are located at
the N-terminal helix-capping motifs (N-Cap) of different α-helices
that provide hydrogen-bonding partners to stabilize homodimer
structures. Ser76 phosphorylation of syndapin I regulates F-BAR
homodimer curvature by changing the hinge angle of the dimer. As
determined by our computational modeling of the ACAP4 struc-
ture, the Tyr34 site is located at the beginning of the ACAP4 BAR
domain helix1. Thus, we reason that the phosphorylation-elicited

Fig. 5. Phosphorylation of ACAP4 at Tyr34 regulates cell motility. (A) HepG2
cells transfected with ARF6-mCherry or cotransfected with ACAP4-GFP var-
iants with and without EGF stimulation. Cells were either stained with FITC-
phalloidin for visualization of actin (a–c) or directly subjected to ACAP4 and
ARF6 imaging (d–l). (Scale bar, 10 μm.) (B) Quantitative data are presented as
the fractions of cells forming protrusions when coexpressing the indicated
protein, normalized to the fraction of cells expressing ARF6 alone (P < 0.05; n = 3).
(C) Exogenous ARF6 activities in cotransfected 293T cells were measured by
GST-GGA pull-down. Active forms of ARF6 were precipitated followed by anti-
FLAG immunoblotting. (D) Quantitative analyses of GST-GGA pull-down de-
scribed in C. Ratios of ARF6-GTP/total ARF6 were determined by Western
blotting. (**P< 0.01;n= 3). (E) Aliquots ofMDA-MB-231 cellswere transfected
with ACAP4-GFP or Tyr-34 mutants followed by serum starvation and EGF
stimulation. Paths of themigrating cells were traced by time-lapsemicroscopy.
(F) Quantitative analyses of the velocities. The migration speeds of cells are
shown in the bar charts as means ± SE (**P < 0.001, *<0.05; n > 20 cells).
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conformational change and destabilization of the BAR domain
homodimer would be a common structural feature and regulatory
mechanism underlying both ACAP4 and Syndapin I because both
Y34 of ACAP4 and S76 of Syndapin I are oriented to the center of
the six-helix bundle away from the lipid interacting surface.
In our simulation model, the side chain of residue Tyr34 ori-

ents to the side closed to the helix α5 and, in this region, forms
multiple contacts, which may contribute to stabilizing the helix
α5 in the homodimer (Fig. S9D). Because helix α5 is located at
the center of the six-helix bundle, phosphorylation of Tyr34 may
cause a destabilization of this region, resulting in a change in
structure of the BAR domain. Because modification of the Tyr34
site apparently serves as a regulatory signal to alter the curvature
of the BAR domain homodimer, it would be appropriate to
validate this model by crystallographic investigations.
It has been reported that the Pleckstrin Homology (PH) or Phox

Homology (PX) domain functions together with the adjacent BAR
domain (19, 35). A plausible hypothesis is that the BAR+PH do-
main functions synergistically as a sensor to select the membrane
domains based on their lipid composition and to execute spatial
regulation in curvature of themembrane (Fig. S7). Thismechanism,
observed frequently in signaling pathways, gives rise to precise
spatial regulation in localizing binding partners and enzymatic ac-
tivities (18). The experimental results of AlF3-elicited membrane
ruffles in this study suggest that the membrane association of
ACAP4 regulates intracellular ARF6 activity and thereby regu-
lates actin polymerization and signaling pathways. Perhaps
ACAP4 is preferentially enriched within membrane microdomains
with high curvature in the presence of components such as PI
(4,5)P2. Currently, we are using pair correlation analysis com-
bined with photo-activation localization microscopy, pio-
neered by Lippincott-Schwartz and colleagues, to annotate

a nanoscale organization of the ACAP4 BAR domain with dif-
ferent lipid partition profiles and to determine whether phos-
phorylation of Tyr34 alters its spatial localization (36). With this
approach, we will assess whether phosphorylation of pY34, on
association with membrane domains, promotes the recruitment
of ARF6 to the membrane in addition to enhancing GAP activity.
The present results demonstrate that phosphorylation at the

Tyr34 site in the N-terminal BAR domain of ACAP4 regulates
the recruitment of ACAP4 to the plasma membrane. During cell
migration, this membrane recruitment by the ACAP4 BAR do-
main regulates ARF6 GTPase activity and dynamics in EGF-
stimulated membrane-cytoskeleton remodeling. Further, Tyr34
phosphorylation promotes the motility of MDA-MB-231 cells.
Thus, the results provide insights on the regulation of ARF6
activity by ACAP4 in the EGF signaling pathway.

Materials and Methods
LUVs consisting of total brain lipids (Folch fraction 1; Sigma Chemicals) were
analyzed by dynamic light scattering. The sedimentation and tubulation
assays were performed as described (19).

Other materials andmethods are detailed in the SI Materials andMethods.
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