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Summary

The serine/threonine kinase Akt (also called protein
kinase B) is well known as an important regulator of
cell survival and growth and has also been shown to
be required for cell migration in different organisms.
However, the mechanism by which Akt functions to
promote cell migration is not understood. Here, we
identify an Akt substrate, designated Girdin/APE (Akt-
phosphorylation enhancer), which is an actin binding
protein. Girdin expresses ubiquitously and plays a
crucial role in the formation of stress fibers and la-
mellipodia. Akt phosphorylates serine at position
1416 in Girdin, and phosphorylated Girdin accumu-
lates at the leading edge of migrating cells. Cells ex-
pressing mutant Girdin, in which serine 1416 was re-
placed with alanine, formed abnormal elongated
shapes and exhibited limited migration and lamelli-
podia formation. These findings suggest that Girdin
is essential for the integrity of the actin cytoskeleton
and cell migration and provide a direct link between
Akt and cell motility.

Introduction

In multicellular organisms, cell migration is a highly in-
tegrated process that orchestrates embryonic morpho-
genesis, contributes to tissue repair and regeneration,
and drives disease progression in cancer, atherosclero-
sis, and immune diseases (Lauffenburger and Horwitz,
1996; Ridley et al., 2003). Cell migration that is initiated
in response to multiple extracellular cues such as
growth factors and cell-extracellular matrix adhesions
requires dynamic and spatially regulated changes of
the actin cytoskeleton, microtubules, adhesion mole-
*Correspondence: mtakaha@med.nagoya-u.ac.jp
cules, and extracellular matrix. This function is medi-
ated and coordinated by many different intracellular
signaling molecules, including the Rho family of small
GTPases, Ca2+-regulated proteins, mitogen-activated
protein kinases (MAPKs), protein kinase C, phosphati-
dylinositide kinases, and tyrosine kinases (Etienne-
Manneville and Hall, 2002; Ridley, 2001).

Akt, also known as protein kinase B (PKB), is a ser-
ine/threonine kinase activated downstream of class I
phosphatidylinositol 3-kinase (PI3K) and various recep-
tors. It has emerged as the key regulator for many sig-
nal transduction pathways, modulating multiple pro-
cesses such as cell survival, proliferation, growth,
angiogenesis, and glucose metabolism (Brazil et al.,
2002; Datta et al., 1999; Vivanco and Sawyers, 2002).
Akt substrates include transcription factors, antiapo-
ptotic proteins, and protein kinases that regulate pro-
tein synthesis. In addition, Akt has also been shown to
be required for chemotaxis in mammalian leukocytes
and Dictyostelium cells (Chung et al., 2001; Meili et al.,
1999; Merlot and Firtel, 2003). A growing body of evi-
dence indicates that Akt promotes cell motility in mam-
malian fibroblasts and tumor cells (Higuchi et al., 2001;
Kim et al., 2001; Morales-Ruiz et al., 2000). PI3K and
the tumor suppressor protein PTEN, upstream regula-
tors of Akt activity, have been shown to be essential
for cell migration and the establishment of cell polarity
(Merlot and Firtel, 2003). Moreover, clinical studies have
revealed that cancer patients whose tumors have in-
creased Akt expression tend to have more invasive and
metastatic diseases, which are associated with a poor
prognosis (Scheid and Woodgett, 2001; Vivanco and
Sawyers, 2002). These findings indicate that Akt is in-
volved in cell migration and invasion in cells of many
different organisms. However, the molecular mecha-
nisms of how Akt regulates the cytoskeleton and
thereby modulates cell motility are largely unknown.
The localization of the pleckstrin-homology (PH) do-
main of Akt at the leading edge during chemotaxis in
neutrophils (Servant et al., 2000), Dictyostelium cells
(Meili et al., 1999), and mammalian fibroblasts (Higuchi
et al., 2001) suggests that this kinase phosphorylates
and regulates yet to be identified proteins that are in-
volved in remodeling of the leading edge (Merlot and
Firtel, 2003).

In eukaryotic cells, the integrity and dynamic reorga-
nization of the actin cytoskeleton are essential for cellu-
lar morphogenesis and generation of the forces needed
for motility. Actin bundles provide tensile strength,
whereas the crosslinked three-dimensional orthogonal
networks provide elasticity (Stossel et al., 2001). At the
leading edge, migrating cells create short-branched ac-
tin networks in order to sustain a pushing force (Pollard
and Borisy, 2003). These features of the actin cytoskel-
eton are regulated by multiple actin filament cross-
linking/bundling proteins that include the fimbrin/
α-actinin/filamin (also termed ABP-280), villin, scruin,
and fascin families (Pollard, 2002; Revenu et al., 2004).
Although each actin crosslinking protein has a distinct
function that is essential for normal physiology, appar-
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ent redundancy of these proteins has been suggested
(Pollard, 2002). Organisms or cells that lack some actin
crosslinking proteins still survive despite large defects
in cell behavior and growth rate. Dictyostelium cells
that lacked α-actinin showed no motility defects, with
deficiencies only in behavior and architecture (Pollard,
2002; Rivero et al., 1996; Stossel et al., 2001). A cell line
established from human malignant melanoma, which
expressed no filamin, could not undergo locomotion in
response to growth factors but was still able to survive
(Stossel et al., 2001). These findings suggest that these
crosslinking proteins share overlapping functions in the
actin system, and that the inventory of important actin
crosslinking proteins may still be incomplete (Pollard,
2002).

In this study, we identified a novel, to our knowledge,
substrate of Akt. We designate it Girdin (girders of actin
filaments), because RNA interference (RNAi)-mediated
depletion of Girdin gives rise to the disruption of stress
fibers and limited extension of lamellipodia in fibro-
blasts. A recently published paper also identified the
same protein designated APE (Akt-phosphorylation en-
hancer) as an Akt binding protein (Anai et al., 2005),
although a role in actin organization was not charac-
terized. We show that the phosphorylation of Girdin/
APE by Akt occurs at the leading edge of migrating
cells, which controls the association between Girdin
and the plasma membrane and subsequently facilitates
the formation of lamellipodium.

Results

Identification of an Akt-Interacting
Protein, Girdin/APE
To identify novel Akt substrates, we performed a yeast
two-hybrid screen with full-length human Akt1 as bait
and searched for interacting proteins by using a human
fetal brain cDNA library. Two independent and overlap-
ping clones (F-10 and F-12) encoding a novel gene
product were identified. When expressed in yeast, the
protein encoded by the F-10 and F-12 cDNAs was
shown to interact only with the carboxyl-terminal regu-
latory domain (RD) of Akt1 (Figures 1A and 1B). Use of
5#-rapid amplification of cDNA ends (5#-RACE) pro-
vided a clone comprising the entire coding region with
an additional 3.8 kb cDNA of contiguous 5# sequence.
The full-length cDNA included an open reading frame
of 5610 base pairs (bp) and was predicted to encode a
novel, to our knowledge, protein of 1870 amino acids,
which we designated Girdin, with a calculated molecu-
lar mass of 220 kilodaltons (kDa) (Figure S1; see the
Supplemental Data available with this article online).
Database searches revealed homologs in mouse, rat,
and Drosophila (not shown), but no apparent matches
in Caenorhabditis elegans and Dictyostelium. A mouse
ortholog of Girdin named APE was recently reported
(Anai et al., 2005).

The structure of Girdin predicted by the COILS algo-
rithm (Lupas et al., 1991) showed a tendency to assume
an α-helical coiled-coil conformation in its middle do-
main, between Ala-253 and Lys-1375, with a high
coiled-coil probability of 1.0 (Figure 1C). The predicted
coiled-coil domain contains 135 continuous heptad re-
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eats ([abcdefg]135) that are typical of α-helical coiled-
oils (Figure S1). The 9.5 kb Girdin transcript was found
o be expressed ubiquitously in various human tissues
y high-stringency Northern blot analysis (Figure 1D).
o facilitate further studies on Girdin, we generated a
olyclonal antibody (Ab) raised against its 19 C-ter-
inal amino acids. Western blot analysis revealed that

he anti-Girdin Ab recognizes a specific band of relative
olecular mass of 250 kDa in human brain and testis

ysates (Figure 1E).
Because of the existence of an α-helical coiled-coil

omain in the primary structure of Girdin, we investi-
ated the possibility of Girdin being an oligomeric
olecule. Cell lysates from COS7 cells were analyzed
y Western blot analysis with anti-Girdin Ab, either di-

ectly or after crosslinking with 100 �M Bis(sulfosuccin-
midyl) suberate (BS3) (Figure 1F). In the presence of
S3, Girdin was predominantly found in a complex of

arge molecular mass. To determine the molecular
ass of Girdin-containing protein complexes in intact

ells, we subjected the lysates from COS7 cells to gel
iltration (Figure S2). The data confirmed that Girdin
orms a large protein complex. We next tested whether
he NT and CT domains contribute to the oligomeriza-
ion of Girdin. When V5 epitope-tagged NT (NT-V5) and
yc epitope-tagged NT (NT-myc) were expressed in
OS7 cells, a complex of these two NT domains was
bserved (Figure 1G). This result implies that the NT
omain facilitates the oligomerization of Girdin. In con-
rast, the CT domain did not form an oligomer in cells
data not shown). Analysis of the lysates from COS7
ells expressing the NT domain by gel filtration sug-
ested that the NT domain forms a dimer (Figure S2).

kt Phosphorylates Girdin In Vitro and In Vivo
e initially used in vitro and in vivo assays to ascertain

f Girdin and Akt physically interact with each other.
either in vitro binding nor immunoprecipitation assays
ith various fragments of Girdin and Akt demonstrated

he formation of a stable complex of the two proteins
data not shown), suggesting that they may normally
ssociate in a very transient manner, as observed for
he interactions between protein kinases and their sub-
trates (Brazil et al., 2002). Although Anai et al. (2005)
bserved a weak association of the two proteins by im-
unoprecipitation, the difference may be due to the ex-
erimental conditions used.
It has been established that Akt preferentially phos-

horylates substrates that contain the sequence R-x-
-x-x-S/T (Alessi et al., 1996). The amino acid se-
uence adjacent to a serine at position 1416 (Ser-1416

ndicated by the underlined “S,” RERQKS) in the CT
omain of Girdin conforms to this consensus sequence

Figure 2Aa). This is the only consensus site in the pro-
ein. Since the CT domain with the putative phosphory-
ation site is conserved in different mammalian Girdin
omologs (data not shown), we asked whether Akt
hosphorylates Girdin. An in vitro kinase assay revealed

hat Girdin CT wild-type (WT), but not its Ser / Ala mu-
ant (SA), was phosphorylated by active Akt, indicating
hat Akt directly phosphorylates the Ser-1416 in vitro
Figure 2Ab). In contrast, neither the NT nor the coiled-
oil domain of Girdin was phosphorylated by Akt in vi-
ro (Figure 2B).
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Figure 1. Identification, Primary Structure, and Expression of Girdin

(A) Schematic illustration of bait constructs for yeast two-hybrid binding assays. The cDNA fragments corresponding to the indicated domains
of human Akt1 were fused in frame to the DNA binding domain of GAL4 transcription factor (GAL4DB) in the pAS2 vector. PH, pleckstrin
homology domain; KD, catalytic kinase domain; RD, regulatory domain.
(B) Interactions of clones F-10 and F-12 with human Akt1 in yeast two-hybrid binding assays. pAS, a negative control; pVA3-pTD1, a positive
control; His, histidine.
(C) Schematic presentation of Girdin and structure predictions provided by the COILS algorithm.
(D) Ubiquitous expression of Girdin mRNA in human adult tissues. A human multiple-tissue Northern (MTN) blot (Clontech) was hybridized
with a probe corresponding to the 3# region of Girdin cDNA.
(E) Endogenous Girdin in lysates from human brain and testis was detected with anti-Girdin polyclonal antibody, but not with rabbit IgG,
under reducing conditions.
(F) Detection of a large complex formation by endogenous Girdin. COS7 postnuclear supernatants were subjected to Western blot analysis
by using anti-Girdin antibody, either directly (−) or after crosslinking with 100 �M BS3 (+). The size of a band detected after crosslinking
(arrow) is extremely large compared with that without crosslinking (arrowhead).
(G) The NT domain of Girdin forms an oligomer. NT-V5 and NT-myc were transfected into COS7 cells and immunoprecipitated with anti-myc
antibody. NT-V5 was coimmunoprecipitated with NT-myc. The multiple bands in the lower panel may represent the degradation of NT-myc
in cells.
In order to confirm that Ser-1416 is the site of Akt-
catalyzed phosphorylation in vivo, we raised an anti-
body to a peptide that includes phosphorylated Ser-
1416 and used it for Western blotting (Figure 2C). The
anti-phospho Ser-1416 peptide antibody (anti-P-Girdin
Ab) recognized the Girdin CT (WT) that was coex-
pressed with wild-type (Akt WT) or constitutively active
Akt (Akt CA), but not with dominant-negative Akt (Akt
DN). The anti-P-Girdin Ab did not recognize the Girdin
CT (SA) mutant coexpressed with the Akt CA. These
findings indicate that the anti-P-Girdin Ab specifically
recognizes the Girdin CT phosphorylated at Ser-1416.

We next asked whether the anti-P-Girdin Ab can de-
tect the endogenous Girdin phosphorylated in re-
sponse to external stimuli that physiologically activate
endogenous Akt. As shown in Figure 2D, the addition
of epidermal growth factor (EGF) induced the phos-
phorylation of a protein that corresponds to immuno-
precipitated Girdin (250 kDa) with a time course similar
to that of Akt activation. In addition, the phosphoryla-
tion of Girdin was inhibited when cells were treated with
the PI3K inhibitors LY294002 and Wortmannin, but not
with the mitogen-activated protein kinase kinase 1
(MEK1) inhibitor PD98059. We therefore concluded that
the phosphorylation of Girdin is induced by EGF in a
PI3K-dependent manner. The expression of Akt WT and
Akt CA, but not Akt DN, induced significant phosphory-
lation of Girdin (Figure 2E), indicating that active Akt
alone is sufficient to induce its phosphorylation in cells.
Moreover, Girdin phosphorylation was undetectable in
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Figure 2. Akt Phosphorylates Girdin In Vitro and In Vivo

(A) (Aa) A potential Akt phosphorylation site at serine 1416 of the Girdin CT domain. (Ab) Girdin CT-V5, WT or SA (serine 1416 replaced with
alanine), was transfected into COS7 cells and immunoprecipitated with anti-V5 antibody, followed by incubation with recombinant active or
inactive Akt in the presence of [γ-32P]ATP. Phosphorylated Girdin CT was detected by autoradiography (upper panel). Immunoprecipitated
Girdin CTs were detected by Western blot analysis (lower panel).
(B) Various fragments of Girdin (Ba) tagged with V5 were transfected into COS7 cells and immunoprecipitated with anti-V5 antibody, followed
by (Bb) incubation with recombinant active Akt in the presence of [γ-32P]ATP. Phosphorylated Girdin CT was detected by autoradiography
(right panel). Immunoprecipitated fragments were detected by Western blot analysis (left panel).
(C) COS7 cells were cotransfected with Girdin CT-V5 (WT or SA) and Akt mutants. Immunoprecipitates with anti-V5 antibody were subjected
to Western blot analysis with anti-phospho Girdin (anti-P-Girdin) antibody (upper panel). Expression of Girdin CTs and Akt mutants was
monitored by Western blot analyses (middle and lower panels).
(D) COS7 cells were stimulated with EGF (50 ng/ml) for 15 min in the presence of DMSO (0.1%), PD98059 (50 �M), LY294002 (10 �M), and
Wortmannin (30 nM). Immunoprecipitates with anti-Girdin antibody were subjected to Western blot analyses with anti-P-Girdin and anti-Girdin
antibodies. Activation of Akt was monitored by Western blot analyses with anti-phospho Akt antibody.
(E) COS7 cells were transfected with Akt mutants. Endogenous Girdin was immunoprecipitated with anti-Girdin antibody, followed by Western
blot analyses with anti-P-Girdin (upper panel) and anti-Girdin (lower panel) antibodies.
(F) Effects of Akt knockdown on phosphorylation of endogenous Girdin. (Fa) COS7 cells were transfected with either control or Akt siRNAs
and were incubated for 48 hr. Cells were then stimulated with EGF (50 ng/ml) for 30 min, and the phosphorylation of Girdin was analyzed as
described in (E). (Fb) Depletion of Akt in COS7 cells by siRNA.
the cells transfected with Akt small interfering RNA (Akt
siRNA) (Figure 2F). These findings confirmed that Akt
activation is necessary for Girdin phosphorylation.

Girdin Associates with Actin Filaments
via Its C-Terminal Domain
To determine the subcellular localization of Girdin, we
immunofluorescently stained Vero fibroblasts with the
anti-Girdin Ab. The results showed that Girdin was co-
localized with the actin stress fibers in quiescent cells
(Figure 3Aa). When the cells were stimulated with EGF
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(50 ng/ml), they started to polarize, followed by direc-
ional extension of lamellipodia. In the EGF-stimulated
ells, Girdin localized not only on the actin stress fibers,
ut also on the lamellipodia at the leading edge, which
as illustrated upon staining for the Arp2/3 binding
rotein Cortactin (Figure 3Ab).
The localization of Girdin raises the possibility that
irdin is an F-actin (filamentous actin) binding protein.
o identify the actin binding domain of Girdin, we gen-
rated green fluorescence protein (GFP)-fused, trun-
ated versions encoding the NT (GFP-NT), the N-ter-
inal half (GFP-M1) and the C-terminal half (GFP-M2)
of the coiled-coil domain, and the N-terminal half (GFP-



Role of Girdin/APE in Cell Motility
393
Figure 3. Girdin Binds to Actin Filaments through Its C-Terminal Domain

(A) (Aa) Quiescent or (Ab) EGF (50 ng/ml)-stimulated Vero cells were doubly stained with either Alexa488-phalloidin (upper panel) or anti-
Cortactin antibody (lower panel) and anti-Girdin antibody. Arrowheads denote lamellipodia at the leading edge.
(B) Subcellular localization of Girdin fragments. Various fragments of Girdin (Ba) fused with GFP were expressed in Vero cells, fixed, and
stained with the (Bb–Bf) indicated probes. Arrows denote aggregates of the expressed proteins. CM-DiI, Chloromethylbenzamido.
(C) Girdin CT2 directly interacts with filamentous actin in vitro. Purified GST (1), GST-CT2 (2), and α-actinin (3) were incubated with (+) or
without (−) in vitro-prepared actin filaments (4). F-actin was subsequently pelletted by ultracentrifugation. Cosedimentation of the various
proteins with F-actin was analyzed by CBB staining of the gel.
(D) Direct plot of binding of GST-CT2 to F-actin. A fixed amount of GST-CT2 (1 �M) was mixed with various amounts of F-actin (0–2.5 �M),
followed by ultracentrifugation. Amounts of the free and bound GST-CT2 were quantified, and the (Da) percentage of bound GST-CT2 was
plotted against the concentration of F-actin, and the (Db) Kd value was calculated by Scatchard analysis.
(E) (Ea) Summary of the localization and functions of Girdin domains. (Eb) The proposed structure of Girdin.
CT1) and the C-terminal half (GFP-CT2) of the CT do-
main, and we examined their intracellular localization
(Figure 3Ba). When expressed in Vero cells, the GFP-
NT, GFP-M1, and GFP-M2 localized in the cytoplasm
(Figures 3Bb–3Bd). The GFP-CT1 localized in both the
nucleus and the plasma membrane, as shown by its
colocalization with CM-DiI, a carbocyanine membrane
probe (Figure 3Be), while GFP-CT2 apparently localized
on the stress fibers (Figure 3Bf). These findings suggest

that Girdin localizes on the actin filament via its CT2
domain, whereas it also associates with the plasma
membrane via its CT1 domain. The nuclear localization
of the GFP-CT1 seen here may be an artifact, because
no accumulation of endogenous Girdin was visible in
the nucleus (Figure 3A).

We next investigated the actin binding properties of
the CT2 domain by actin cosedimentation assays (Fig-
ures 3C and 3D). The purified glutathione S-transferase
(GST)-fused CT2 (GST-CT2) cosedimented with purified

F-actin, as did α-actinin, whereas GST alone did not
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(Figure 3C), indicating that GST-CT2 directly binds to
F-actin. As the amount of F-actin increased, the binding
of GST-CT2 with F-actin was saturated (Figure 3Da).
The estimated dissociation constant (Kd) for F-actin
was 1.03 �M, indicating that Girdin has relatively low
affinity for F-actin (Figure 3Db).

The domains of Girdin, their predicted functions, and
the speculated structure of Girdin are summarized and
illustrated in Figure 3E. Together, these findings allow
us to propose that Girdin may possess an actin cross-
linking property.

Girdin Is Required for the Formation of Actin
Stress Fibers and Cell Migration
To assess the function of Girdin, we employed RNA-
mediated interference (RNAi) to suppress (knockdown)
the expression of Girdin in Vero cells. We introduced
several Girdin small (21 nucleotide) interfering RNAs
(Girdin siRNA) and a 21 nucleotide irrelevant RNAs
(control siRNA) into Vero cells. Western blot analyses
showed that transfection with the Girdin siRNAs effec-
tively reduced the expression levels of Girdin by over
90% without affecting those of Akt and actin (Figure
4A). In order to verify the specificity of the knockdown
experiments, the two oligonucleotides, Girdin siRNAs A
and B, were utilized for Western blot analyses and
other functional assays described in this study.

To test whether Girdin functions to promote the
crosslinking of actin filaments, we examined the effects
of Girdin knockdown on the organization of the actin
cytoskeleton. Immunofluorescent staining with anti-
Girdin Ab showed that the expression of Girdin was
very low in the Girdin siRNA-transfected cells (Figure
4Bb). Staining of F-actin-rich structures with phalloidin
revealed that the stress fibers were disrupted in the Gir-
din siRNA-transfected cells (Figure 4Bb), indicating that
Girdin is essential for the formation of the stress fibers.
When observed under higher magnification, Girdin
siRNA-transfected cells contained markedly reduced
thin and short stress fibers. Moreover, they lost their
shape and formed with rugged boundaries that gave
rise to the formation of multiple protrusions (leading
edge) (Figure 4Bb, lower panel, and Figure 4C).

To further clarify the roles of Girdin in actin dynamics,
we observed the behavior of the Girdin-depleted cells
during migration in in vitro wound-healing assays (Fig-
ure 4D and Movies S1 and S2). We found that the Girdin
siRNA-transfected cells facing the wound failed to pro-
duce extended lamellipodia at the leading edge and
showed a migration defect that included multiple pro-
trusions that were repeatedly stretched and shortened
(Figure 4Db and Movie S2). These results suggest that
Girdin is essential for organization of actin filaments
during cell migration.

To test the specificity of the effect of the Girdin
knockdown, we also introduced the Girdin siRNA into
another cell line, SK-N-MC neuroblastoma cells, which
stably express the RET receptor tyrosine kinase (Taka-
hashi, 2001). Girdin siRNA-transfected SK-N-MC (RET)
cells exhibited disruption of the stress fibers and lim-
ited formation of lamellipodia in response to the RET
ligand, glial cell line-derived neurotrophic factor (GDNF)
(Figure S3).
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ocalization of Girdin on Actin Filaments
nd Ultrastructure of the Girdin-Depleted
ells by Electron Microscopy
o further confirm the direct interaction of Girdin with
ctin filaments in vivo and its roles in actin organization,
ltrastructural analysis was performed by deep-etch
lectron microscopy of “unroofed” Vero cells (Figure 5).

mmunogold labeling revealed that Girdin molecules
ocalize with actin filaments (Figure 5A). Higher-magnifi-
ation views showed extensive colocalization of Girdin
ith the junctions between the actin filaments (Figure 5B).
Consistent with the immunofluorescence analysis,

he density of the cortical actin filaments visible in
lectron micrographs of the cytoplasmic surface under
he plasma membrane of Girdin-depleted Vero cells is
ower than that in the control cells, where more tightly
rganized actin fibers predominate (Figure 5C). In the
ontrol siRNA-transfected cells, the filaments abut one
nother, run together without separating, and form
hick cables tightly crosslinked by many molecules.
ome filaments were oriented perpendicular to the
ther actin cables, resulting in interwoven and dense
ctin networks. In the Girdin siRNA-transfected cells,
owever, the actin bundles are sparse, and each actin
ilament is separated from another and is sometimes
isrupted en route.

hosphorylated Girdin Localizes to the Leading
dge of Migrating Cells
o gain insight into the role of Girdin phosphorylation
y Akt, we examined the location of phosphorylated
irdin in Vero cells by staining with the anti-P-Girdin Ab

Figure 6A). In serum-starved quiescent cells, phos-
horylation of Girdin was hardly detected throughout
he cells (Figure 6A, top panel), consistent with the re-
ults of Western blot analyses (Figure 2D). When cells
ere stimulated with EGF (50 ng/ml), the immuno-
taining showed that phosphorylated Girdin appeared
n the lamellipodia at the leading edge of migrating cells
Figure 6A, middle panel). The phosphorylated Girdin
as also colocalized with Cortactin that exists at the

eading edge (Figure 6B). Moreover, we observed that
he stimulation of Vero cells with EGF enhanced the
pecific accumulation and localization of active Akt
ith phosphorylated Girdin in lamellipodia at the lead-

ng edge (Figure S4). In the Girdin siRNA-transfected
ells, stimulation by EGF induced multiple leading
dges. At these leading edges, the signals of phos-
horylated Girdin were abolished as expected (Figure
A, bottom panel), further supporting the specificity of
he immunostaining. The nuclear signal seen in the
mmunostaining was still visible in the Girdin siRNA-
ransfected cells (Figure 6A, bottom panel), indicating
hat it was an artifact.

kt Regulates the Association of Girdin
ith the Plasma Membrane
hat is the mechanism that determines localization dif-

erences between the phosphorylated and nonphos-
horylated forms of Girdin? Because the CT1 domain
f Girdin localizes to the plasma membrane and con-
ains the phosphorylation site, we hypothesized that it
s the association of Girdin with the plasma membrane
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Figure 4. Girdin Is Essential for the Formation of Stress Fibers and Cell Migration

(A) Depletion of Girdin in Vero cells by siRNA. Total cell extracts from control siRNA- and Girdin siRNA-transfected Vero cells were subjected
to Western blot analyses with anti-Girdin, anti-Akt, and anti-actin antibodies.
(B) Vero cells were transfected with (Ba) control or (Bb) Girdin siRNAs and fixed 72 hr after transfection, followed by staining with Alexa488-
phalloidin and anti-Girdin antibody. Arrowheads denote lamellipodia at the tips of protrusions.
(C) After transfection of each siRNA, the number of cells with multiple protrusions was counted by staining with anti-Girdin antibody and
Alexa488-phalloidin. More than 100 transfected cells were counted in each group. The results represent the means ± SE.
(D) Vero cells were cotransfected with GFP-actin and either (Da) control or (Db) Girdin siRNA and incubated for 48 hr. Cells were plated on
fibronectin-coated glass coverslips and wounded to induce cell migration. Images were collected every 90 s for a period of 5–6 hr starting 2
hr after scraping. The arrows indicate the direction of cell migration into the wounds.
that is regulated by the phosphorylation. We found that
a positively charged sequence of 19 amino acid resi-
dues (Arg-1389 to Lys-1407) upstream of the phos-
phorylation site (Figure 6Ca) resembles a consensus
sequence for phosphatidylinositol 4,5-bisphosphate
(PI[4,5]P2) binding (Sechi and Wehland, 2000). When
the GFP-CT1 in which the phosphoinositide binding
site was deleted (termed GFP-CT1 �PB) was trans-
fected into Vero cells, localization of GFP-CT1 �PB to
the plasma membrane was not observed (Figure 6Cb).
This finding suggested that the CT1 domain is an-
chored at the plasma membrane through binding to
phosphoinositides.

To examine the phosphoinositide binding properties
of Girdin, we performed a protein-lipid binding assay
with purified GST fusion proteins containing the phos-
phoinositide binding site of Girdin (Figures 6D and 6E).
In the experiment, we utilized the CT domain fused with
GST instead of the CT1 domain (Figure 6Da), because
the GST-CT1 fusion protein was easily degraded during
expression and purification procedures. As shown in
Figure 6Ea, GST-CT bound selectively to PI(4)P and
weakly to PI(3)P, but to none of the other phosphoinosi-
tides or phospholipids. The binding property of GST-CT
to PI(4)P and PI(3)P was abrogated when the phospho-
inositide binding site was deleted (Figure 6Eb). We also
found that mutants of the CT1 domain, in which the
positively charged basic residues were replaced with
alanines (Girdin PBala mutant), failed to bind to the
phosphoinositides and were delocalized from the plasma
membrane (Figure S5), suggesting that the positive
electrostatic charge generated by the basic residues in
the phosphoinositide binding motif is required for the
association of Girdin with the plasma membrane.

Since the phosphoinositide binding site is located
near the Akt phosphorylation site (Figure 6Ca), the sup-
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Figure 5. Electron Microscopic Analysis of Girdin Localization and the Effect of Its Depletion on Actin Organization

(A) Immunogold electron microscopy with anti-Girdin antibody.
(B) Circles indicate the immunogold signals of Girdin molecules, shown here under higher magnification. Arrows denote the immunogold
signals.
(C) Ultrastructure of actin filaments in Vero cells transfected with either (Ca) control or (Cb) Girdin siRNA.
position was made that Akt might control the localiza-
tion of Girdin by regulation of its phosphoinositide bind-
ing property. To determine if this is the case, we
examined the phosphoinositide binding property of
phosphorylated GST-CT. Purified GST-CT was effec-
tively phosphorylated by Akt in vitro (Figure 6Db). GST-
CT was then subjected to the protein-lipid binding as-
say, in which binding was detected by anti-P-Girdin Ab.
As shown in Figure 6Ec, the phosphorylated GST-CT
bound to neither PI(4)P nor PI(3)P. In addition, actin
cosedimentation assays showed that the phosphoryla-
tion of GST-CT did not attenuate its affinity for F-actin
(Figure 6F), and that the binding kinetics was similar to
that of GST-CT2 (Figure 3D). These findings suggested
that the binding of Girdin to the phosphoinositides, but
not to F-actin, is attenuated by phosphorylation.

Moreover, we investigate whether the membrane as-
sociation of Girdin is regulated by EGF treatment, by
using COS7 cells expressing either the GFP-full-length
Girdin WT or SA mutant. The results supported the view
that phosphorylation at Ser-1416 by Akt is necessary
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or the delocalization of Girdin from the plasma mem-
rane. (Figure S6).

hosphorylation of Girdin by Akt Is
equired for Cell Migration
he localization of phosphorylated Girdin at the leading
dge prompted us to test whether the phosphorylation
f Girdin is involved in cell motility. After wounding a
onfluent monolayer of Vero cells, immunostaining with
nti-P-Girdin Ab showed that the level of Girdin phos-
horylation in cells at the wound edge increased soon
fter scratching, reached a maximum at 8 hr, and lasted
or at least 12 hr (Figure 7A). The implication is that the
hosphorylation of Girdin may play an important role in
ell motility. Thus, the role of Girdin in cell motility was
xamined with Boyden chamber assays. The Girdin
nockdown significantly retarded the ability of Vero
ells to migrate in response to EGF (50 ng/ml) added
o the lower chamber (Figure 7B). We also found that
xpression of the CT domain in Vero cells significantly
ttenuated cell migration (Figure 7B), supporting the
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Figure 6. Effects of Girdin Phosphorylation on Its Localization and Interaction with Phosphoinositides

(A) Quiescent (upper panel), EGF (50 ng/ml)-stimulated (middle panel), and Girdin siRNA-transfected (lower panel) Vero cells were fixed and
stained with Alexa488-phalloidin and anti-phospho Girdin (P-Girdin) antibody. Arrows denote the lamellipodia where the phosphorylated
Girdin accumulates.
(B) Migrating Vero cells were stained with anti-Cortactin and anti-P-Girdin antibody.
(C) (Ca) The putative phosphoinositide binding site (PB) upstream of the Akt phosphorylation site in Girdin is indicated. (Cb) Vero cells were
transfected with either GFP-CT1 (left) or GFP-CT1 in which the phosphoinositide binding site was deleted (GFP-CT1 �PB) (right). Arrows
denote GFP signals at the plasma membrane.
(D) Purification of GST-CT and protein-lipid overlay assays. (Da) Purified GST-CT and GST-CT �PB were analyzed by Western blotting with
anti-Girdin antibody. (Db) Phosphorylation of purified GST-CT by recombinant Akt in vitro. The phosphorylated GST-CT in an in vitro kinase
assay was detected with anti-P-Girdin antibody.
(E) Protein-lipid overlay assays with (Ea) GST-CT, (Eb) GST-CT �PB, and the (Ec) phosphorylated GST-CT. The lipid binding of both GST-CT
and GST-CT �PB was detected with anti-Girdin antibody, whereas that of phosphorylated GST-CT was detected with anti-P-Girdin antibody.
(Ed) The various lipids spotted on the membrane (100 pmol lipid per spot) are indicated. PA, phosphatidic acid; PC, phosphocholine; PI,
phosphatidylinositol; PE, phosphatidylethanolamine; PS, phosphatidylserine; S1P, sphingosine-1-phosphate.
(F) Binding of phosphorylated Girdin CT to F-actin. GST-CT was phosphorylated by Akt in vitro (Db) and subjected to an actin cosedimentation
assay. A fixed amount of GST-CT (1 �M) was phosphorylated in vitro and mixed with various amount of F-actin (0–4 �M), followed by
ultracentrifugation. The amount of phosphorylated GST-CT bound to F-actin in the pellet fraction (Ppt frc.) was monitored by Western blot
analyses with anti-P-Girdin antibody.
notion that the interaction of endogenous Girdin with
actin filaments is important for integral cell migration.
Consistent with previous studies (Higuchi et al., 2001;
Kim et al., 2001), the depletion of Akt by siRNA also
attenuated the migration (Figure 7B), which suggests
that intrinsic Akt activity is requisite for Vero cells to
migrate through the pores in this assay system.

To next examine whether adding Girdin exogenously
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Figure 7. Phosphorylation of Girdin Regulates Cell Migration

(A) Girdin is phosphorylated at the leading edge during cell migration. (Aa) After scratching a monolayer of Vero cells, the cells facing the
wound were fixed and stained with anti-P-Girdin antibody. Arrowheads denote the signals of the phosphorylated Girdin. (Ab) The phosphoryla-
tion of Girdin localizing at the leading edge increases in a time-dependent fashion.
(B) Vero cells were transfected with GFP (0.5 �g) and either siRNA (20 pmol) or Girdin CT (2.5 �g), incubated for 48 hr, and subjected to
Boyden chamber assays in the presence or absence of EGF (100 ng/ml) in the lower chamber. Asterisks indicate statistical significance
(Student’s t test; *p < 0.05) compared with control. The inset shows the depletion of Akt in Vero cells by siRNA. The results represent the
mean ± SE.
(C) Generation of an siRNA-resistant (siRNAr) mutant of Girdin. (Ca) The target sequence of Girdin siRNA (“B” in Figure 4A) and the nucleotide
substitution for the generation of the siRNAr version are indicated. (Cb) Cell lysates from COS7 cells cotransfected with indicated siRNAs
and constructs were analyzed by Western blotting with anti-V5 antibody.
(D) Vero cells were cotransfected with GFP (0.5 �g), siRNAs (20 pmol), and indicated constructs (2.5 �g), incubated for 48 hr, and subjected
to Boyden chamber assays. Expression levels of Girdin mutants in cells prior to plating for migration assays were monitored by Western blot
analysis with anti-V5 antibody and were found to be similar (data not shown). The results represent the mean ± SE.
(E) A proposed model for the regulation of cell motility by the phosphorylation of Girdin. In (Ea) quiescent cells, Girdin crosslinks actin
filaments and anchors cortical actin at the plasma membrane, whereas during (Eb) cell migration, Akt-mediated phosphorylation allows Girdin
to localize at the leading edge and contribute to the formation of short-branched filaments in the lamellipodium.
restores the defect in cell migration observed in the
knockdown cells, we constructed siRNA-resistant
(siRNAr) versions of Girdin harboring silent mutations
(Figure 7C). As shown in Figure 7D, the expression of
the siRNAr-Girdin WT fully restored migratory response
to EGF. In contrast, the expression of the siRNAr-Girdin
mutants in which the Ser-1416 was mutated to Ala
(siRNAr-Girdin SA), the phosphoinositide binding site
was deleted (siRNAr-Girdin �PB), or the basic residues
in the phosphoinositide binding site were replaced with
alanines (siRNAr-Girdin PBala) failed to complement
the migration defect (Figure 7D and Figure S5C). We
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lso confirmed these findings by performing migration
ssays with a human fibrosarcoma cell line, HT-1080
Figure S7).

Finally, we directly examined the movement of Vero
ells expressing the Girdin mutants by wound-healing
ssays (Figure S8 and Movies S3–S6). Cells expressing
irdin WT effectively and rapidly moved into the wound

Movie S3), but those expressing Girdin SA exhibited
longated shape. Moreover, the location of the nuclei
f the latter cells seemed to be fixed and motionless,
uggesting that the cells could not undergo detach-
ent from the matrix (Movie S4). Cells expressing Gir-
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din �PB and Girdin PBala were less locomotive com-
pared with those expressing Girdin WT (Movies S5 and
S6, respectively). These results demonstrate that ex-
pression of the Girdin mutants impairs proper direc-
tional cell migration. Considered with the findings
shown in Figure 6 and Figure S6, these data indicate
that the regulation of an interaction between Girdin and
the plasma membrane by Akt is crucial for cell mi-
gration.

Discussion

The Structure of Girdin/APE and Its Roles
in Actin Organization
In a search for molecules that interact with Akt, we have
identified a novel, to our knowledge, actin binding pro-
tein, designated Girdin/APE, that is essential for actin
organization. Four different regions can be distin-
guished in the Girdin molecule based on the sequences
of its subunits, subcellular localization, and functions:
an N-terminal region that seems to facilitate the forma-
tion of a dimer (NT), an extremely long coiled-coil re-
gion, a region that binds to the plasma membrane
through the interaction with phosphoinositides (CT1),
and a C-terminal region that encompasses an actin
binding site (CT2). The amino acid sequence of the CT2
domain shows no homology with the calponin homol-
ogy (CH) domain, a common actin binding domain that
is present in most actin binding proteins such as
α-actinin, filamins, fimbrin, spectrins, cortexillins, and
dystrophin (Gimona et al., 2002), suggesting that Girdin
represents a novel class of actin binding proteins.

Analysis of the sequence of Girdin reveals that it in-
cludes 135 heptad repeats, (abcdefg)135, between Leu-
253 and Lys-1375 that correspond to a central rod
domain. Within the repeats, positions a and d are pref-
erentially occupied by hydrophobic residues like Leu,
Ile, Met, or Val (Figure S1), which is consistent with the
signature of canonical coiled-coil structures that wind
around each other in a superhelix (Cohen and Parry,
1994). The oligomerization properties of coiled-coil se-
quences are determined by the distribution of β-branched
residues in the a or d positions (Harbury et al., 1993;
Faix et al., 1996). Val and Ile in a favor dimerization,
they favor tetramerization in d, and their presence in
both a and d facilitates the formation of trimers. In the
coiled-coil sequence of Girdin, 22 repeats have Val or
Ile in the a position, whereas they are present in the d
position of only 9 repeats, suggesting that the coiled-
coil domain of Girdin tends to form a dimer. This is con-
sistent with our findings suggested by gel filtration that
the NT domain of Girdin forms a dimer (Figure S2).

It has been established that the possession of two
actin binding sites enables crosslinking or bundling
proteins to link filaments and to stabilize higher-order
assemblies of actin filaments (Pollard, 2002). Possess-
ing two actin binding CT2 domains in juxtaposition, the
dimeric Girdin molecules seem to be designed to
gather actin filaments together into bundles or a mesh-
work. Consistent with this possibility are the findings of
immunofluorescent staining and electron microscopy
that the depletion of Girdin interfered with actin net-
works, leading to the disruption of stress fibers, cortical
actin filaments, and actin meshwork at the leading
edge. During migration, the Girdin knockdown cells
produced multiple protrusions, resulting in limited di-
rectional migration. These observations indicate that
Girdin fulfils an essential function in determining the
stability and integrity of actin bundles and meshwork
that mediates a variety of important biological pro-
cesses. Eukaryotic cells have a fail-safe mechanism in
the multiple actin crosslinking proteins that share over-
lapping functions (Pollard, 2002). The phenotypic con-
sequences of the depletion of Girdin indicate that the
presence of other proteins cannot completely compen-
sate for its loss. Because the speculated primary struc-
ture, molecular size, and putative function of Girdin are
reminiscent of those of filamin (Stossel et al., 2001), it
is important to clarify the functional difference and syn-
ergism between the two.

We found that the CT1 domain of Girdin associates
with the plasma membrane through the cluster of basic
amino acid residues Arg-1389 to Lys-1407. This posi-
tively charged sequence is related to a consensus se-
quence for PI(4,5)P2 binding, which has been found in
gelsolin, villin, profilin, vinculin, and other various cy-
toskeletal proteins (Janmey et al., 1992). Unexpectedly,
our experiment showed that the basic amino acid clus-
ter in Girdin does not bind to PI(4,5)P2, but binds to
PI(4)P and binds weakly to PI(3)P. Considering that
PI(4)P, but not PI(3)P, is abundant in mammalian cells
(Vanhaesebroeck et al., 2001), it is plausible to con-
clude that Girdin binds to PI(4)P, which resides in the
membranes of mammalian cells in an amount equal to
that of PI(4,5)P2. We speculate that it stabilizes the cor-
tical actin filaments by anchoring them at the plasma
membrane.

Roles of Girdin and Its Regulation in Cell Motility
Relatively little is known about how cells regulate actin
crosslinking proteins in response to external stimuli
(Pollard, 2002; Small et al., 2002). In the present study,
we found that Akt phosphorylates Girdin in vitro and in
intact cells. The phosphorylation of Girdin was induced
by EGF and during cell migration, suggesting a signifi-
cance for phosphorylation in physiological cellular
events. In migrating Vero fibroblasts, the phosphory-
lated Girdin preferentially localizes to lamellipodia at
the leading edge, which is in line with our and previous
observations that activated Akt is also localized at the
leading edge during migration in mammalian cells (Hi-
guchi et al., 2001; Kim et al., 2001; Figure S4). It is plau-
sible that Akt, activated downstream of PI3K, translo-
cates from the cytosol to the leading edge through its
PH domain, and subsequently phosphorylates Girdin
on the actin filaments at the front of the cells.

How does Akt regulate the function of Girdin by
phosphorylation? Insight into this issue comes from our
observation that the phosphorylation of the CT domain
of Girdin affects in vitro binding to PI(4)P. Because the
phosphorylation site is present in the neighborhood
of the phosphoinositide binding site, it is speculated
that phosphorylation induces a conformational change
around these sites, and this change in turn alters affin-
ity for the phosphoinositide. We further found that the
phosphorylated CT domain retains the property of actin
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binding, and its affinity for F-actin is comparable to that
of the nonphosphorylated form. Based on these obser-
vations, we speculate that phosphorylation by Akt re-
leases Girdin from PI(4)P and allows it to localize at the
leading edge in order to crosslink the newly generated
actin filaments in the lamellipodium network, as il-
lustrated in Figure 7E.

The leading lamellipodium of motile cells is a sheet-
like protrusion filled with actin filaments at high density
(Small et al., 2002). Because long and flexible actin fila-
ments cannot sustain a pushing force (Pollard and Bo-
risy, 2003), cells must create a dense array of short-
branched filaments by utilizing crosslinking proteins,
which allow nascent filaments to push against the
membrane at the leading edge. The major crosslinking
components at lamellipodium are filamin and α-actinin
(Small et al., 2002). Cells derived from human malignant
melanomas lacking filamin had unstable lamellipodia
and exhibited impaired locomotion (Stossel et al.,
2001). Dictyostelium cells lacking both α-actinin and
ABP-120 (the filamin homolog) showed motility defects
(Rivero et al., 1996). Both of these proteins have a rela-
tively low affinity for actin filaments, with Kd values in
the micromolar range. This low affinity enables their
rapid binding and dissociation with the filaments and
allows networks of actin filaments to passively change
shape when prolonged force is applied while resisting
rapid deformations (Pollard, 2002). This is also the case
with Girdin, which has a low affinity for F-actin, with a
Kd value of w1 �M. An important goal is to reveal func-
tional divergence and structural complementation be-
tween Girdin and other crosslinking proteins in the la-
mellipodium.

The role of Girdin in cell migration is supported by
the findings that Girdin knockdown cells migrated
poorly and exhibited insufficient lamellipodium forma-
tion at their leading edge. However, they revert to nor-
mal behavior when siRNAr-Girdin is added. In contrast,
cells expressing siRNAr-Girdin SA, �PB, and PBala mu-
tants exhibited limited migration (Figure 7, Figure S8,
and Movies S3–S6). As Girdin SA may be constantly
anchored at the plasma membrane without undergoing
phosphorylation, and Girdin �PB and PBala do not as-
sociate with the plasma membrane (Figure S6), our
findings suggest that spatially selective regulation of
Girdin phosphorylation by Akt at the cytoplasm-mem-
brane interface is essential for reorganization of the ac-
tin cytoskeleton.

Activation of Akt is correlated with an increase in cell
migration and invasion in several mammalian systems.
The overexpression of active Akt promotes cell motility
in mammalian cells such as fibroblasts, fibrosarcoma
cells, and vascular endothelial cells (Higuchi et al.,
2001; Kim et al., 2001; Morales-Ruiz et al., 2000). Rac
and Cdc42, small GTPases essential for lamellipodia
formation and establishment of cell polarity, activate
Akt at the leading edge of fibroblasts (Higuchi et al.,
2001). Akt is involved in the trafficking and recycling
of vitronectin and fibronectin receptors (αvβ3 and α5β1
integrins, respectively), which regulate cell spreading
and migration (Roberts et al., 2004). Finally, the associ-
ation of Pak1 (p21-activated protein kinase) with Nck,
an adaptor protein, is crucial for cell movement and is
modulated by Akt (Zhou et al., 2003). Along with our
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resent findings, these data indicate the involvement of
kt in cell motility. In addition, it was recently demon-
trated that Akt and its substrate glycogen synthase
inase-3β (GSK-3β) are essential proteins in the deter-
ination of axon-dendrite polarity of neurons (Yoshi-
ura et al., 2005; Jiang et al., 2005). Because the deple-

ion of Girdin results in the formation of multiple leading
dges and limited directional migration in Vero fibro-
lasts, the possible involvement of the Akt-Girdin path-
ay in the regulation of cell polarity should not be over-

ooked.
In conclusion, we demonstrated a novel, to our

nowledge, role of Girdin/APE in actin organization and
ell motility that is regulated by Akt. Anai et al. (2005)
eported that Girdin/APE also functions as an enhancer
f Akt and stimulates DNA synthesis. When Girdin/APE
nd Akt were overexpressed in cells, they found that
ell proliferation was inhibited and apoptosis was in-
uced. Thus, further investigation could shed light on

mportant roles of Girdin/APE in different cellular pro-
esses.

xperimental Procedures

east Two-Hybrid Assays
o identify proteins interacting with Akt, a full-length cDNA encod-
ng human Akt1 was inserted into the pAS2 vector (Clontech). The
esulting construct was used as bait to screen a human fetal brain
ATCHMAKER cDNA library as previously described (Murakami et

l., 2002). Two positive plasmids containing cDNA inserts were se-
ected and sequenced. They contained the cDNA fragments encod-
ng the C-terminal region of Girdin (residues 1217–1870). A full-
ength cDNA encoding Girdin was isolated from the human fetal
rain poly A+ RNA by 5# rapid amplification of cDNA ends (5#-RACE
ystem, Invitrogen). Additionally, we performed yeast two-hybrid
inding assays with purified pAS and pACT constructs containing

he fragments of human Akt1 and Girdin cDNAs.

lasmids
ild-type, constitutively active, and dominant-negative human
kt1 constructs were generously provided by Y. Gotoh (University
f Tokyo). The constructs of pcDNA3.1-, pGEX-, and pEGFP-Girdin

ragments were produced as described elsewhere (Murakami et al.,
002). EGFP was fused to the amino termini, and V5 and myc tags
ere fused to the carboxyl termini of the proteins. Girdin mutants
ere generated by using the QuikChange site-directed mutagene-
is kit (Stratagene) according to the manufacturer’s protocol. The
iRNA-resistant Girdin was created by introducing two silent muta-
ions into Girdin at nucleotides 780–800 (5#-AAGAAGGCTACGG
AGGAATT-3#) (underline indicates mutations).

ntibodies
abbit anti-Girdin polyclonal antibody was developed against the
9 carboxyl-terminal amino acids of Girdin and affinity-purified with
he immunized peptide. The anti-phospho Girdin polyclonal anti-
ody was supplied by Kumamoto Immunochemical Laboratory,
ransgenic, Inc. (Kumamoto, Japan). It was raised by immunizing
abbits with a keyhole limpet hemocyanin-conjugated phospho-
eptide corresponding to Girdin amino acid sequence 1408–1420

CDINRERQKpSLTLT). Antiserum was purified as a bound fraction
f the phosphopeptide-conjugated column.
Other antibodies used in this study include anti-Akt polyclonal

ntibody (Cell Signaling Technology), anti-phospho Akt polyclonal
ntibody (Cell Signaling Technology), and anti-Cortactin monoclo-
al antibody (Upstate).

inase Assays
mmunoprecipitates with anti-V5 antibody (Invitrogen) from COS7
ells expressing Girdin CT-V5 WT or SA or purified GST-CT were

ncubated with recombinant active or inactive Akt (500 ng) (Up-
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state) with 10 �Ci [γ-32P]ATP (3000 Ci/mmol, Amersham) in kinase
buffer (20 mM MOPS, 25 mM β-glycerophosphate, 5 mM EGTA, 15
mM MgCl2, 1 mM dithiothreitol, and 1 mM NaVO3). Mixtures were
incubated at 30°C for 30 min, and reactions were terminated by the
addition of Laemmli sodium dodecyl sulfate (SDS) sample dilution
buffer (20 mM Tris-HCl [pH 6.8], 2 mM EDTA, 2% SDS, 10% su-
crose, 20 �g/ml bromophenol blue, 80 mM dithiothreitol).

Immunofluorescent Staining
Vero cells were plated on fibronectin- (10 �g/ml, Sigma) and colla-
gen I (10 �g/ml, Upstate)-coated coverslips or glass base dishes,
fixed, and stained with the indicated antibodies. Fluorescence was
examined by using a confocal laser-scanning microscope (Fluo-
view FV500, Olympus).

Actin Cosedimentation Assays
F-actin cosedimentation assays were performed according to the
manufacturer’s protocol (Cytoskeleton). Briefly, purified GST fusion
proteins, GST alone, and α-actinin (Cytoskeleton) were incubated
for 30 min at room temperature with 40 �g pure actin filaments.
The final concentration of F-actin was 18 �M. Filaments were sub-
sequently pelleted by centrifugation (100,000 × g) (Beckman). The
cosedimented proteins were resolved by SDS-PAGE and detected
by either Coomassie Brilliant Blue (CBB) staining or Western blot
analyses with anti-GST antibody (Cell Signaling Technology) or
anti-phospho Girdin Ab.

For quantitative analyses, a fixed concentration of GST-Girdin
CT2 (1 �M) was mixed with increasing amounts of F-actin (0–2.5
�M) in polymerization buffer and incubated at room temperature
for 30 min. Proteins were centrifuged as described above, and total
pellets and supernatants were loaded separately on SDS-PAGE.
Protein bands were detected by CBB staining and scanned and
quantified with the software program WinROOF (Mitani Corp., Fu-
kui, Japan).

RNA Interference
The siRNA-mediated knockdown of Girdin and Akt was performed
by using previously described methods (Watanabe et al., 2004). The
targeted sequences that effectively mediated the silencing of the
expression of Girdin are as follows (only sense sequences are
shown): 5#-AACCAGGTCATGCTCCAAATT-3# (nucleotides 145–165,
Girdin siRNA [A]) and 5#-AAGAAGGCTTAGGCAGGAATT-3# (nucleo-
tides 780–800, Girdin siRNA [B]). The 21 nucleotide synthetic du-
plexes were prepared by Qiagen. The siRNA specific to human
Akt1 was purchased from Qiagen. Vero cells were transfected with
the siRNAs or a 21 nucleotide irrelevant RNA (Qiagen) as a control,
by using lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s protocol.

Freeze-Replica Electron Microscopy of the Cytoplasmic
Cell Surface
Electron microscopy for the cytoplasmic surface of the cell mem-
brane was carried out according to previously described methods
(Heuser, 1989, 2000; Usukura, 1993). Vero cells cultured on glass
coverslips (3 mm in diameter, standard #1 Matsunami, Osaka, Ja-
pan) were transfected with siRNAs. Immediately after being un-
roofed from the apical cell membrane, the cells were fixed for 30
min in 2.5% glutaraldehyde in buffer A (70 mM KCl, 5 mM MgCl2, 3
mM EGTA, 30 mM HEPES buffer adjusted at pH 7.4 with KOH).
After being washed with buffer A/distilled water, specimens were
quickly frozen with liquid helium by using the rapid-freezing device
(Eiko, Tokyo, Japan). Samples were then freeze etched and rotary
shadowed with platinum-carbon, in a newly developed freeze etch-
ing device (FR9000, HITACHI, Ibaraki, Japan). For immunolabeling
of Girdin molecules, the unroofed cells were fixed for 30 min in
4% paraformaldehyde/0.5% glutaraldehyde in buffer A. After being
washed three times with buffer B (100 mM NaCl, 30 mM HEPES, 2
mM CaCl2), the samples were quenched and blocked, and then
labeled for 1 hr at 37°C with primary and secondary 10 nm gold-
conjugated antibodies (Amersham) in buffer B containing 1% BSA.
Finally, specimens were rapidly frozen and freeze etched as de-
scribed above.
Scratch-Induced Cell Migration and Time-Lapse Imaging
Directional cell migration of Vero cells was stimulated in a mono-
layer by using an in vitro scratch wound assay (Watanabe et al.,
2004). Vero cells were seeded on fibronectin-precoated coverslips
or 35 mm glass base dishes and were transfected with indicated
siRNAs. A total of 48 hr after the transfection, the confluent Vero
cells were scratched with a 200 �l disposable plastic pipette tip
and were allowed to migrate toward the wound. The cells were
fixed at the indicated times for immunofluorescent staining. For
time-lapse observation, cells were cotransfected with siRNAs and
GFP-actin and were subjected to the scratch wound assays. The
cells at the wound edges were observed with a confocal laser
scanning microscope (Fluoview FV500, Olympus).

Three-Dimensional Cell Migration Assays
To assess the motility of cells transfected with various constructs
or siRNAs, we performed the modified Boyden chamber migration
assay, which enabled us to count GFP-labeled cells migrating
across a fluorescence-blocking planer micropore membrane by
using HTS FluoroBlok Insert (8.0 �m pores, 24-well format, Becton
Dickinson). Both sides of the membrane were coated with 10 �g/
ml fibronectin for 12 hr at 37°C and were washed with phosphate-
buffered saline (PBS). The chambers were then placed in 24-well
dishes filled with Dulbecco’s modified Eagle’s medium (DMEM)
containing 0.1% BSA with or without 20 ng/ml human recombinant
EGF. For migration assays of HT-1080 cells, DMEM with 10% fetal
bovine serum (FBS) was added to the lower chamber. Cells (1 ×
105) were transfected with GFP (0.5 �g, to identify transfected
cells), indicated constructs (2.5 �g), and siRNAs (20 pmol) in 24-
well plates, plated in the upper compartment, and allowed to mi-
grate through the pores of the membrane for 4 hr. Cell motility was
quantified by using a fluorescence microscope to count the GFP-
positive cells that had migrated through the membrane.

Protein-Lipid Overlay Assays
GST fusion proteins were expressed in DH5α or BL21-CodonPlus
(Stratagene) cells and purified by using conventional methods.
Binding of the purified GST-CT to phospholipids was examined at
4°C by using a PIP-Strip (Echelon Bioscience) according to the
manufacturer’s protocol. Bound GST-CT proteins were detected
with either anti-Girdin or anti-phospho Girdin antibodies.

Data Analysis
Data are presented as the mean ± SE. Statistical significance was
evaluated by Student’s t test.

Supplemental Data
Supplemental Data including eight figures, six movies, and Sup-
plemental Experimental Procedures are available at http://www.
developmentalcell.com/cgi/content/full/9/3/389/DC1/.
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