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ABSTRACT The Ras-related small GTPases Rac, Rho,
Cdc42, and RalA bind filamin, an actin filament-crosslinking
protein that also links membrane and other intracellular
proteins to actin. Of these GTPases only RalA binds filamin
in a GTP-specific manner, and GTP-RalA elicits actin-rich
filopods on surfaces of Swiss 3T3 cells and recruits filamin
into the filopodial cytoskeleton. Either a dominant negative
RalA construct or the RalA-binding domain of filamin 1
specifically block Cdc42-induced filopod formation, but a
Cdc42 inhibitor does not impair RalA’s effects, which, unlike
Cdc42, are Rac independent. RalA does not generate filopodia
in filamin-deficient human melanoma cells, whereas trans-
fection of filamin 1 restores the functional response. RalA
therefore is a downstream intermediate in Cdc42-mediated
filopod production and uses filamin in this pathway.

Activation of the Rho family of Ras-related small GTPases
causes the construction of particular actin-rich surface struc-
tures in cells. For example, forced expression of constitutively
active forms of RhoA, Rac1, and Cdc42 in serum-starved Swiss
3T3 cells induces actin stress fibers, membrane ruffles, and
filopodia, respectively (1). These GTPases do not appear to
affect actin dynamics directly, but rather engage downstream
intermediates. Such targets include the Rho-activated phos-
phorylation of myosin, which leads to cellular contractile
activity (2), and the phosphorylation of proteins of the ezrin-
moesin-radixin group to promote their ability to link actin
filaments to cell membranes (3). Rac1-induced polyphospho-
inositide synthesis causes cellular actin assembly by uncapping
actin filament ends (4), and the actin filament severing and
barbed end capping protein gelsolin participates in this process
(5). N-WASP, a profilin-binding protein, is an intermediate in
filopodial extension, possibly by acquiring actin filament de-
polymerizing activity when ligated by Cdc42 (6, 7).

We report two related connections in the pathway between
Cdc42 and filopodial formation. One part of this connection
involves the Ras-related small GTPase RalA (8). Expression of
dominant negative RalA delays border cell migration in Dro-
sophila oogenesis (9), and transfection of the guanine nucle-
otide releasing stimulator of RalA affects cell morphology
(10), suggesting a linkage between RalA and the actin cy-
toskeleton. The second part of this connection is the actin
filament crosslinking protein filamin. Three distinct filamin
cDNAs have been reported, which originate from three dif-
ferent chromosomes, with additional variants ascribable to
alternative mRNA splicing (11–14). Of these protein isoforms,
filamin 1 (also called ABP-280) is the founding and most
widely distributed (11, 15). Filamin efficiently crosslinks actin
filaments and is a docking site for various cell surface receptors
and certain intracellular proteins involved in signal transduc-

tion or endocytosis (16–22). Genetic evidence shows that
filamin 1 in particular is an essential component for stabiliza-
tion of the cell surface and for efficient translocational motility
of melanocytic, neuronal, and other cells (23, 24). Although
phosphorylation of filamin occurs in vitro and in cells and may
affect its actin-binding properties (25), little information is
available about filamin’s cellular regulation. Filamin was found
previously to associate with unidentified GTP-binding pro-
teins in human platelets (26, 27). We report here that filamin
binds Rac, Rho, and Cdc42. We present evidence for the
functional importance of the RalA-filamin interaction in vivo.

MATERIALS AND METHODS

Proteins and Plasmids. Small GTPase proteins were ex-
pressed in Escherichia coli fused with glutathione S-transferase
(GST) and incubated with glutathione-Sepharose beads. The
GST fusion proteins were eluted from the beads with 5 mM
reduced glutathione and dialyzed against 20 mM TriszHCl, pH
7.5y150 mM NaCl (buffer A) containing 10% glycerol. For
microinjection, the recombinant GTPases were released from
the glutathione-Sepharose beads by cleavage with thrombin.
Thrombin was removed by incubation with benzamidine-
Sepharose 6B, and the proteins were dialyzed against a solu-
tion of buffer A with 5 mM MgCl2. Filamin (ABP-280) was
purified from human uterine leiomyomas or from platelets as
described (25). Filamin 1 is the predominant isotype of human
platelets (12), and the actin filament gelation activities of
platelet and leiomyoma filamins are equivalent (28). Never-
theless, isotype-specific antibodies have not been validated,
and we cannot conclude that filamin 1 is the only isotype
present in our binding experiments or reacting with the
antibodies used. Therefore, we use the general term filamin
unless genetic transfection studies permit specification of the
filamin 1 isotype. The RalA-binding domain of filamin 1
(amino acids 2554–2647) was expressed in bacteria as a
GST-fusion protein (GST-filamin 1–2554–2647), purified on
glutathione-Sepharose beads, and dialyzed against a solution
of buffer A with 0.5 mM phenylmethylsulfonyl f luoride. Wild-
type RalA (subcloned into the pEFBos mammalian expression
vector), PGEX2T-RalA, PGEX2T-V23RalA, PGEX2T-
N28RalA, and Flag-tagged RalA constructs subcloned into
pCMV5 vectors were gifts from Hiroshi Koide (Tokyo Insti-
tute of Technology, Yokohama) and Yoshito Kaziro (Tokyo
Institute of Technology), and pCMV5-V12Cdc42 and
pCMV5-N17Cdc42 were from Takaya Satoh, Tokyo Institute
of Technology and Yoshito Kaziro. PGEX2T-Cdc42 and
PGEX2T-Rac constructs were provided by Alan Hall (Uni-
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versity College, London). The Cdc42 mutant cDNAs were
subcloned into PGEX2T vectors.

Association of Filamin with Small GTPases. GST-GTP-
binding proteins (12 mg) were loaded with nucleotides by
incubation with 1 mM EDTA and 200 mM gluanosine 59-b-
thiodiphosphate (GDPbS) or guanosine 59-g-thiotriphosphate
(GTPgS) for 5 min at 30°C, mixed with 5 mM MgCl2 and
placed on ice. The GST-GTP binding proteins (20 ml) were
mixed with 20 ml of purified filamin (20 mg). Glutathione-
Sepharose beads (50 ml, 50% volyvol) were added, and the
immobilized GST-fusion proteins were incubated in 0.4 ml of
a solution containing 50 mM b-glycerophosphate (pH 7.5), 5
mM EGTA, 1 mM DTT, 0.1% Triton X-100, 5 mM MgCl2, and
0.1 mM Na3VO4 (buffer B) for 60 min at 4°C. The reacted
beads were washed four times with buffer B, suspended in 60
ml of 1% SDS, boiled, and centrifuged. The supernatants were
collected and subjected to PAGE. Bound filamin 1 was de-
tected either by staining the gels with Coomassie brilliant blue
or Western blotting probed with an antiplatelet filamin mAb
(Chemicon).

The plasmids pCMV-myc-filamin 1 and pCMV-Flag-
V23RalA or pCMV-Flag-N28RalA were transfected into Cos7
cells to express filamin 1 and Flag-tagged V23RalA and
N28RalA. Forty-eight hours later, the cells were washed twice
with 10 ml of PBS, suspended in 0.5 ml of buffer B with 10
mgyml of leupeptin and antipain, and 0.5 mM phenylmethyl-
sulfonyl f luoride (PMSF) and homogenized in a Dounce
homogenizer. The cell lysates were centrifuged at 100,000 3 g
for 15 min at 4°C by using Beckman TL-100 centrifuge. The
supernatant fluid was subjected to immunoprecipitation by
antibody to Flag (Eastman Kodak). Bound protein was de-
tected by Western blotting probed with the antifilamin anti-
body for filamin or anti-Flag antibody for RalA. Subfragments
derived from filamin 1 were constructed by using restriction
enzyme digestion of filamin 1 cDNA (fragment 1, ScaI and
BglII; fragment 2, BglII and NcoI; and fragment 3, NcoI and
NotI) or the PCR (fragment 4), expressed in E. coli as GST
fusion proteins by using the PGEX4T vector. Bacterial extracts
were incubated with glutathione-Sepharose beads and eluted
with 5 mM reduced glutathione. The purified proteins were
dialyzed against buffer A with 0.5 mM PMSF. V23RalA was
tagged with the recognition sequence (RRASV) for the cat-
alytic subunit of cAMP-dependent protein kinase (cAMP
kinase) by using the PGEX-2TK vector, expressed in E. coli
and purified by glutathione-Sepharose affinity chromatogra-
phy. The purified RalA proteins were phosphorylated by
cAMP kinase in the presence of [g32P]ATP for 5 min at 30°C,
and the reaction was terminated by adding 10 mM of cAMP
kinase inhibitor (PKI-tide). 32P-labeled RalA protein was
loaded with either GTPgS or GDPbS (200 mM) and incubated
with subfragments of filamin 1 (30 mgyml) in buffer C con-
taining 20 mM TriszHCl (pH 7.5), 0.5% Nonidet P-40, 150 mM
NaCl, and 10 mM MgCl2 for 1 h at 4°C and further incubated
with glutathione-Sepharose beads (50 ml, 50% volyvol) for 15
min at 4°C. The beads were washed four times with buffer C,
and bound protein was released from the beads by boiling for
2 min in 30 ml of electrophoresis sample buffer and resolved
by PAGE (15%) (29). The relative intensity of the 32P-labeled
RalA band was determined by a Bioimage Analyzer BAS2000
(Fuji).

Cell Culture and Microinjection. Swiss 3T3 cells were grown
at 37°C in DMEM supplemented with 10% fetal calf serum.
For microinjection, cells were cultured in 35-mm dishes con-
taining 15-mm glass coverslips coated with poly-L-lysine (50
mgyml). Confluent cells were cultured for 16 h in serum-free
DMEM. Proteins were microinjected into the cytoplasm with
fluorescein isothiocyanate (FITC)-coupled dextran (5 mgyml)
to localize microinjected cells. A filamin 1 cDNA, which lacks
the carboxyl-terminal last 333 nt (filamin 1dCT112), was
ligated to the mammalian expression vector pME18SNeo,

which contains the neomycin resistance gene. The plasmid was
transfected into M2 cells with liposomes (Lipofectamine,
GibcoyBRL). After 1 day, the culture medium was replaced
with medium containing G418 (1 mgyml). Resistant colonies
of cells [M2(dCT112)] were serially diluted into multiwell
plates and cultured separately. The human melanoma cell lines
M2, M2(dCT112), and A7 were grown in minimum essential
medium (MEM) supplemented with 8% newborn calf serum
and 2% fetal calf serum. Cells were allowed to spread for 4 days
and serum-starved in MEM for 48 h. After microinjection,
cells were rinsed in PBS and fixed in 3.7% paraformaldehyde
at room temperature and permeabilized in 0.5% Triton X-100.
Cells were rinsed and incubated with PBS containing 5% horse
serum. For actin localization, cells were rinsed and incubated
with 1 unit of Texas red-X phalloidin (Molecular Probes). For
localization of filamin, cells were incubated with monoclonal
antifilamin antibodies, rinsed in PBS, and further incubated
with Texas red-conjugated sheep anti-mouse antibody (Am-
ersham Pharmacia). Cells were rinsed, and the coverslips were
mounted on slide glass with 10 ml of Perma Fluor. Cells were
examined on a confocal scanning laser-beam microscope
(Molecular Dynamics). Images were recorded and imported
into Adobe Photoshop program for compilation.

Subcellular Fractionation. Subconfluent COS7 cells were
transfected by the DEAE-dextran method using 10 mg of
plasmids per 10-cm Petri dish. The cells were grown in DMEM
with 10% fetal calf serum. Forty-eight hours later, transfected
cells were serum-starved in DMEM for 16 h. Triton-insoluble
cytoskeletons were prepared at room temperature. Cells were
washed twice with 10 ml of PBS and subjected to 1 ml of lysis
buffer containing 20 mM Pipes (pH 6.8), 2 mM MgCl2, 50 mM
KCl, 5 mM EGTA, 5 mM DTT, 1 mM ATP, 0.5% Triton
X-100, 42 mM leupeptin, 1.0 mM benzamidine HCl, 12 mM
aprotinin, and 1.0 mM phenylmethylsulfonyl f luoride. Cell
suspensions were collected with a rubber policeman and
centrifuged for 3 min at 8,730 3 g in a microfuge. Supernatant
fluids were removed, and the pellets were suspended in 1 ml
of a solution containing 1% SDS. Fractions were subjected to
PAGE, transferred to poly(vinylidine fluoride) PVF mem-
branes, and probed with monoclonal antifilamin antibody or
anti-RalA antibody (Transduction Laboratories, Lexington,
KY). The relative amounts of filamin and RalA proteins in the
cytoskeleton and membrane fractions were quantitated from
digitized images of autoradiograms of immunoblots by using
the National Institutes of Health IMAGE analysis program.
Protein concentrations were determined by the method of
Bradford (30) using BSA as the standard.

RESULTS

Filamin Binds Small GTPases and Preferentially to Acti-
vated RalA. To identify the filamin-binding small GTPase(s),
we used the GTPgS-bound form of a panel of GST-small
GTPases as an affinity reagent. Human filamin precipitated
with glutathione Sepharose-bound RhoA, Rac1, and Cdc42,
although these associations were unaffected by whether the
nucleotide bound was GTP or GDP. Filamin did not bind to
H-Ras or R-Ras (Fig. 1A). On the other hand, filamin bound
the GST-RalA containing GTPgS but not GDPbS (Fig. 1B).
The association of filamin with GTP-ligated RalA is stable
when the ionic strength is made physiologic (0.15 M) with NaCl
and occurs rapidly, reaching saturation within 10 min at 4°C
(data not shown). Purified filamin bound to the glutathione
Sepharose-bound GST-RalA-GTPgS complex in a concentra-
tion-dependent manner with an apparent Kd of 12 nM (Fig.
1C). This affinity is equivalent to the interaction between
GTP-bound Ras with the N-terminal region of Raf kinase (50
nM) and stronger than that between Ras and neurofibromin
(250 nM) (31, 32). We confirmed qualitatively that activated
RalA and filamin can form a stable complex in intact cells.
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Filamin bound activated RalA (V23RalA) immunoprecipi-
tated from Cos7 cells transfected with DNAs encoding these
proteins (Fig. 1D). Filamin did not associate with N28RalA, a
mutant protein with preferential affinity for GDP. Little RalA
precipitated with filamin from Cos7 transfectants (data not
shown). This result suggests that only a small fraction of filamin
binds RalA in vivo, a finding reminiscent of other filamin 1
binding partners with the exception of actin (20).

Filamin 1 is an elongated dimer composed of identical
280-kDA subunits, each containing extended rod domains
formed from 24 Ig-like b-sheet motifs that connect an amino-
terminal actin-binding domain to a carboxyl-terminal self-
association site. Sequence insertions of 23 and 35 aa, desig-
nated as hinges, precede repeats 16 and 24, and these hinges
contain calpain cleavage sites (11). We localized the specific
binding of RalA in vitro to the carboxyl-terminal calpain-
cleaved fragment of filamin (data not shown) and then pursued
this analysis by generating GST fusion constructs containing
carboxyl-terminal residues of filamin 1. The RalA binding
activity resided in filamin 1 fragments encompassing amino
acid residues 2254–2647, which correspond to the carboxyl-
terminal last repeat (repeat 24), the subunit dimerization
domain, and part of the second hinge (Fig. 1E).

RalA Induces Filopodia in Serum-Starved Swiss 3T3 Cells.
Having documented binding of filamin to RalA in vitro, we
then microinjected RalA protein into Swiss 3T3 cells, which
have the best characterized responses to small GTPases (1).
RalA induced filopodia around the cell periphery, and the
filopodia stained with phalloidin, indicating that RalA reor-
ganized the actin cytoskeleton (Fig. 2). Constitutively active
recombinant V23RalA also stimulated the formation of filop-
odia, whereas the dominant negative RalA inhibitor N28RalA
did not. Observations with time-lapse differential interference
contrast microscopy revealed that the filopodia induced by
RalA resulted from protrusive activity of the cells and not cell
retraction (Fig. 3). The induction of filopodia occurs within 5
min after the microinjection of RalA, reaches a maximal level
at around 15 min, and declines to a basal level within 90 min
(Fig. 3 and Table 1).

The morphology of filopodia induced by RalA protein
resembles the hairlike protrusions induced by Cdc42 or by
treatment of cells with bradykinin (1). We therefore deter-
mined whether RalA’s effects involve Cdc42. The dominant
negative Cdc42 inhibitor (N17Cdc42) not only failed to sup-
press filopodial formation induced by RalA but even enhanced
it (Fig. 2). Microinjection of constitutively active Cdc42
(V12Cdc42) into serum-starved Swiss 3T3 cells induced the
expected filopodia within 5 min (1) (Fig. 2 and Table 1), but
microinjection of the dominant negative RalA inhibitor
(N28RalA) blocked the Cdc42-dependent formation of filop-
odia (Fig. 2 and Table 1). Cdc42 also elicits ruff ling lamelli-
podia because of a secondary activation of Rac (1). We
occasionally observed small lamellipodia at the roots of RalA-
induced filopodia, but the lamellipodia did not grow into
ruffles up to 90 min after the injection of RalA protein (Fig.
3 and Table 1). Microinjection of the dominant negative RalA

N28RalA and filamin 1. The washed immunoprecipitates were immu-
noblotted for the presence of filamin and RalA. (E) Schematic
diagram of truncated filamin 1 constructs and mapping of the RalA
binding domain of filamin 1. Fragments of filamin 1 were engineered,
expressed in E. coli, and purified as GST fusion proteins. The GST
fusion filamin 1 fragments shown in the diagram (lanes 1–4) or GST
alone (lane 5) were incubated with the 32P-labeled V23RalA protein
and precipitated with glutathione-Sepharose beads. Bound RalA
proteins were resolved by PAGE and analyzed by a Bioimage Analyzer
BAS2000. The N-terminal amino acid and carboxyl-terminal amino
acid of each construct is 1, 1524–2283; 2, 2283–2490; 3, 2495–2647, and
4, 2554–2647.

FIG. 1. Binding of filamin to RalA. (A) Various GST-small GT-
Pase fusion proteins or GST protein were loaded with GTPgS and
mixed with purified filamin. Bound filamin was visualized by immu-
noblot. (B) GTPgS, GDPbS RalA-GST, or GST were loaded with and
mixed with purified human filamin, precipitated by using glutathione-
Sepharose beads, washed, eluted in 1% SDS, and displayed by
SDSyPAGE. (C) Dose-dependent binding of filamin to GTPgS-
coupled RalA-GST. GTPgS-loaded RalA-GST protein was coupled to
glutathione-Sepharose beads, and protein conjugates were mixed with
increasing amounts of filamin for 30 min and washed, and bound
filamin was visualized by SDSyPAGE and silver staining of the gel.
Bound filamin was quantitated by using the National Institutes of
Health IMAGE software program. Each value represents the mean 6
SE from triplicate measurements. (D) V23RalA and N28RalA was
immunoprecipitated from Cos7 cells overexpressing V23RalA or
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inhibitor (N28RalA) did not block the Cdc42-dependent for-
mation of lamellipodia (Fig. 2 and Table 1).

Filamin 1 Is Required for the Formation of Filopodia
Induced by RalA. We examined the functional importance of
RalA’s binding to filamin 1 in filopod protrusion with three

Table 1. Percentages of phenotypes observed after microinjection
of small GTPase proteins into Swiss 3T3 cells

Treatment Time, min Filopodia Lamellipodia

Control 15 13.8 6 2.5 0.7 6 0.7
RalA (1.4 mg/ml) 5 54.8 6 1.6 0.0 6 0.0
RalA 15 68.6 6 3.2 0.3 6 0.3
RalA 60 46.1 6 4.0 1.3 6 1.3
RalA 90 27.3 6 1.0 4.3 6 1.1
V23RalA (0.4 mg/ml) 15 62.2 6 8.2 1.1 6 1.1
V12Cdc42 (1.0 mg/ml) 5 60.0 6 2.6 1.4 6 1.4
V12Cdc42 15 32.9 6 7.3 29.2 6 4.6
V12Cdc42 60 26.3 6 1.2 39.3 6 6.0
V12Cdc42 90 3.6 6 2.6 64.7 6 7.5
N28RalA (1.4 mg/ml) 5 16.4 6 0.4 0.0 6 0.0
N17Cdc42 (2.0 mg/ml) 15 16.7 6 0.0 0.0 6 0.0
V23RalA (0.4 mg/ml) 1

N17Cdc42 (2.0 mg/ml) 15 60.5 6 1.4 2.4 6 0.9
V12Cdc42 (0.46 mg/ml) 1

N28RalA (1.6 mg/ml) 5 15.2 6 4.9 1.3 6 1.3
V12Cdc42 1 N28RalA 90 15.3 6 2.1 62.9 6 6.5
V23RalA (0.7 mg/ml) 1

GST (0.82 mg/ml) 15 51.0 6 1.8 11.4 6 2.3
V23RalA (0.7 mg/ml) 1

GST-filamin 1 15 24.1 6 6.4 8.0 6 3.1
(2554–2647) (1.2 mg/ml)

The percentages of filopod- or lamellipod-positive cells were cal-
culated and data are expressed as the mean 6 SE. The GST-filamin
1 fragment did not affect the actions of 0.8 mg/ml Rac or 0.8 mg/ml
RhoA, which produced respectively lamellipodia or stress fibers in
60–70% of injected cells.

FIG. 2. RalA induces filopodia in serum-starved Swiss 3T3 cells.
Serum-starved, conf luent Swiss 3T3 fibroblasts were fixed 15 min
after injection with FITC-dextran alone (a), together with RalA (1.4
mgyml) (b), V23RalA (0.4 mgyml) (c), or coinjection with V23RalA
(0.4 mgyml) and N17Cdc42 (2.0 mgyml) (d), V23RalA (0.7 mgyml)
and GST (0.8 mgyml) (i), V23RalA (0.7 mgyml) and GST-filamin 1
(2554–2647) (1.2 mgyml) (j). Cells were fixed 5 min (e and f ) or 90
min (g and h) after injection with V12 Cdc42 (0.46 mgyml) (e and
g), or coinjection with V12Cdc42 (0.46 mgyml) and N28RalA (1.6
mgyml) ( f and h). Actin was localized by Texas red-X phalloidin.
Injected cells were marked by FITC-labeled Dextran and indicated
by arrows. (Scale bar represents 10 mm.)

FIG. 3. Time-lapse images of a cell injected with V23RalA.
V23RalA protein (1.6 mgyml) was microinjected into serum-starved
subconfluent fibroblasts, which were recorded under differential
interference contrast microscopy (Nikon TE300). Images were col-
lected with a charge-coupled device camera and time-lapse controller
(ARGUS-20, Hamamatsu Photonics, Hamamatsu City, Japan), trans-
ferred to a Macintosh computer with a frame grabber (Scion, Fred-
erick, MD), and processed by using National Institutes of Health
IMAGE analysis. Frames at selected times after injection were shown.
(Scale bar represents 10 mm.)
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sets of experiments. First, we expressed the RalA-binding
domain of filamin 1 containing amino acids 2554–2647 in
bacteria as a GST-fusion protein, purified it on glutathione
beads, and injected it along with V23RalA into confluent
serum-starved Swiss 3T3 cells. The fragment markedly inhib-
ited filopod formation induced by RalA (Fig. 2 and Table 1).
However, the fragment neither affected the baseline morphol-
ogy of the injected cells nor impaired the customary induction
of stress fibers or ruffling lamellae, respectively, by microin-
jection of RhoA or Rac (1). The fragment does not appear to
cause dissociation of filamin’s dimeric subunits, because a
65-molar excess of the fragment did not change the actin
gelling activity of filamin 1 in vitro.

Second, we took advantage of a human melanoma cell line
that does not transcribe filamin mRNA (M2 cells) to test the

role of filamin in RalA-induced filopod formation. M2 cells
exhibit prolonged membrane blebbing after plating and almost
no translocational cell movement (23). Stable transfection of
recombinant human filamin 1 in these cells, such that the molar
ratio of filamin to actin (1:160) is comparable to that found in
cells normally expressing filamin, corrects these defects (A7
cells). Blebbing M2 cells and cortically more stable A7 cells
have abundant filopodia, and bradykinin increased the filopod
density in both cell lines. However, filamin-deficient cells stop
blebbing 3 days after plating because of a compensatory
increase in their content of actin filaments compared with A7
cells (33). We therefore analyzed the regulation of filopod
formation in the filamin-null and filamin-repleted cell lines at
6 days after plating when both cell lines more closely resemble
Swiss 3T3 cells in morphology. The appearance of phalloidin-
stainable actin filaments is similar between these two cell lines
after serum depletion, and cortical filamentous actin is visible
in the fluorescence microscope as a thick rim around the cell
periphery. Filamin staining distributes with the actin filaments
and concentrates at the cell periphery. As in Swiss 3T3 cells,
microinjection of RhoA and Rac1 produced stress fibers and
confluent peripheral actin collections, respectively in filamin-
deficient M2 and filamin-1-transfected A7 cells (Fig. 4 and
Table 2). On the other hand, microinjection of constitutively
active Cdc42 (V12Cdc42) caused no significant change in the
surface morphology of the filamin-deficient M2 cells whereas
filamin-1-repleted cells formed numerous filopodia after
Cdc42 microinjection (Fig. 4a and Table 2). In accordance with
the above results, microinjection of constitutively active RalA
(V23RalA) did not cause any change in surface morphology of
the filamin-deficient M2 cells but filamin-1-transfected A7
cells produced abundant filopodia after RalA microinjection
(Fig. 5 and Table 2). Microinjection of A7 melanoma cells with
constitutively active RalA (V23RalA) caused filamin to con-
centrate at the roots of filopodia (Fig. 5).

Third, we stably transfected filamin-deficient M2 cells with
an filamin 1 truncate construct (filamin-1-dCT112) that fails to
encode the carboxyl-terminal 112 aa encompassing the RalA
binding and dimerization domain of filamin 1. This mutant
filamin 1 binds but does not crosslink actin filaments (34). Cells
expressing this construct exhibited numerous filopodia even 6
days after plating, but microinjection of constitutively active
RalA (V23RalA) did not cause any change in surface mor-
phology of this cell line (Fig. 5 and Table 2). Unlike A7 cells,
these cells initially bleb like M2 cells and even after spreading,
they have a comparatively thin cortical actin network (Fig. 5).

We did not detect an effect of RalA protein on the actin
filament binding or crosslinking activity of purified filamin in

FIG. 4. Distribution of actin in human melanoma cells. Serum-
starved subconfluent filamin21-deficient M2 (a–c) or filamin21-
repleted A7 (d) cells were injected with RhoA (1.0 mgyml) (a), Rac1
(1.8 mgyml) (b), or V12Cdc42 (1.8 mgyml) (c and d). Cells were fixed
at 180 (a), 150 (b), or 70 (c and d) min after injection and stained for
actin filaments by using Texas red-X phalloidin. Injected cells were
marked by FITC-labeled Dextran and indicated by arrows. (Scale bar
represents 10 mm.)

Table 2. Percentages of phenotypes observed after microinjection of small GTPase proteins into human melanoma cells

Cells Treatment Time, min F‡ L SF

M2 Control 60 4.8 6 2.0 5.7 6 1.2 10.3 6 0.3
V23RalA 90 5.8 6 3.9 0.0 6 0.0 0.0 6 0.0
V23RalA 1 N17Cdc42 60 0.0 6 0.0 N.D. N.D.
RhoA 180 3.6 6 1.8 7.8 6 4.3 52.7 6 6.4
Rac 150 6.5 6 4.1 31.2 6 5.1 1.8 6 1.8
V12Cdc42 70 8.1 6 4.6 2.7 6 1.3 1.3 6 1.3

A7 Control 60 11.8 6 2.5 9.0 6 1.2 2.0 6 0.3
V23RalA 90 52.7 6 8.2 9.0 6 4.3 0.0 6 0.0
V23RalA 1 N17Cdc42 60 67.2 6 4.5 N.D. N.D.
RhoA 180 5.9 6 0.8 4.8 6 2.1 64.6 6 7.8
Rac 150 9.1 6 1.7 40.7 6 9.4 0.0 6 0.0
V12Cdc42 70 48.8 6 6.1 3.2 6 1.1 0.0 6 0.0

M2 (dCT112)
Control 90 60.0 6 7.0 4.0 6 1.0 0.0 6 0.0
V23RalA 90 57.9 6 4.9 0.0 6 0.0 0.0 6 0.0

Experimental conditions are described and the data are expressed as in Table 1. The concentration of microinjected RhoA
and Racl are RhoA (1.0 mg/ml) and Racl (1.8 mg/ml), respectively. F, filopodia; L, lamellipodia, SF, stress fibers; N.D., not
determined.
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vitro. However, active RalA changed the distribution of filamin
among cellular compartments. Most of the filamin protein in
serum-starved Cos7 cells was in a detergent-soluble fraction
(Fig. 6A). Transfection of wild type, as well as constitutively
active RalA (V23RalA), increased the fraction of cytoskele-
ton-associated filamin by 1.4- to 1.8-fold, whereas the domi-
nant negative inhibitor of RalA (N28RalA) decreased the
incorporation of filamin into the cytoskeleton (Fig. 6A). Both

endogenous as well as forcibly expressed RalA reside in the
Triton-insoluble cytoskeletal fractions (Fig. 6B). The amount
of cytoskeletal actin in resting cells was about 34% and did not
change after transfection of RalA (Fig. 6B).

DISCUSSION

Our findings add RalA to the repertoire of signal transduction
intermediates that regulate the actin cytoskeletal remodeling
and identify filamin, a protein with known actin modulating,
membrane binding, and intracellular adaptor functions as its
target. Our results further suggest that Cdc42 acts through
RalA to induce filopodia, because a dominant negative inhib-
itor of RalA (N28RalA) blocked the formation of filopodia
induced by Cdc42. Some additional evidence is consistent with
communication between Cdc42 and RalA. A proposed effec-
tor protein factor for RalA called Ral-binding protein 1
(RalBP1) or Ral-interacting protein 1 (RLIP1 or RIP1) binds
specifically to GTP-RalA and has GTPase-activating protein
activity in vitro for Rac and Cdc42 but not for RhoA (35–37).
However, our results imply that RalA does not activate Rac.
First, RalA elicited filopodia but not lamellipodia, whereas

FIG. 5. Distribution of actin and filamin 1 in human melanoma
cells. Serum-starved subconfluent filamin-deficient M2 (a and b),
filamin21-repleted A7 (c–f ), or M2 cells transfected with RalA-binding
site deletion mutant filamin 1 [M2(d CT112)] (g and h) were injected
with V23RalA (1.6 mgyml). Cells were fixed 90 min after injection and
stained for actin filaments by using Texas red-X phalloidin (b, d, and
h) or filamin 1 by using antifilamin antibody ( f). Injected cells were
marked by FITC-labeled Dextran (a, c, e, and g). ( f) Accumulation of
filamin 1 at the roots of filopods is indicated by arrows. (Scale bar
represents 10 mm.)

FIG. 6. Fractionation of filamin, RalA, and actin proteins. (A)
Cos7 cells were transfected with vector (control), wild-type RalA
(WT), V23RalA (V23), or N28RalA (N28). Cells were serum-starved
and Triton-solubilized, and insoluble cytoskeletal fractions were pre-
pared after cell lysis. Samples of each fraction were immunoblotted
with antifilamin antibody. The relative amounts of filamin in the
cytoskeletons were quantitated from digitized images of autoradio-
grams of immunoblots by using a National Institutes of Health IMAGE
analysis program. Total filamin protein represents the sum of the
amounts of filamin in Triton-soluble and insoluble fractions. Each
value represents the percentage of total and the mean 6 SE (n 5 5).
Statistical significance was determined by the one-factor ANOVA
(P , 0.05). (Inset) The representative autoradiograph of the cytoskel-
eton-associated filamin in cells transfected with control (a), wild-type
RalA (b), V23RalA (c), and N28RalA (d) probed with antifilamin
antibody. (B) Samples of Triton-soluble and insoluble fractions from
RalA transfectants were immunoblotted with anti-RalA antibody. The
relative amounts of RalA proteins were analyzed as in A and are
presented as filled bars. The relative content of actin was determined
by scanning of Coomassie brilliant blue-stained gel and National
Institutes of Health IMAGE analysis program and are presented as open
bars. Each value represents the mean 6 SE (n 5 4).
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Cdc42 stimulated the formation of lamellipodia as a result of
Rac activation (1). Second, microinjection of N28RalA did not
suppress the formation of lamellipodia induced by Cdc42.

Filamin appears to participate in the formation of filopodia
as a downstream target of RalA. First, filamin binds RalA in
a GTP-dependent manner in vitro. Second, expression of the
RalA-binding domain of filamin 1 in Swiss 3T3 cells specifically
inhibited the formation of filopodia induced by RalA. Third,
RalA did not induce filopodia in a human melanoma cell line
that lacks expression of filamin, but an filamin 1-expressing
subline of this line made filopodia in response to active RalA.
We observed these phenomena reproducibly at a time when
the two cell lines had been cultured long enough for filamin-
deficient cells to polymerize sufficient actin to develop a stable
plasma membrane (33). Under these conditions, filamin is
necessary for Cdc42 and RalA to induce filopodia. Finally,
human melanoma cells expressing mutant filamin 1, which
lacks the RalA-binding domain, failed to respond to active
RalA, although this construct gains the function of constitu-
tively inducing filopodia.

The molecular mechanism of how RalA regulates filamin 1
deserves further analysis. Our results suggest that active RalA
may recruit filamin into the cytoskeleton before filopodial
protrusion. First, transfection of active RalA increased the
amount of cytoskeletal filamin, whereas the dominant negative
inhibitor of RalA decreased it. Second, filamin concentrates at
the root of filopodia in cells microinjected with active RalA. In
vitro low concentrations of filamin promote high angle branch-
ing of actin filaments, whereas higher amounts organize par-
allel bundles of actin filaments as exist in filopodia (38, 39).
The fact that the RalA protein increased the cytoskeletal
filamin, but not the total amount of crosslinked cytoskeletal
actin filaments, suggests one possible mechanism for filopod
formation in which active RalA increases the concentration of
filamin at cellular sites where Cdc42 and N-WASP recruit actin
filament fragments (6, 7) for the filamin to crosslink into
bundles. The ability of M2 cells to make filopodia at certain
times in the absence of RalA stimulation or filamin expression
supports the growing appreciation that the same cells can use
more than one set of actin regulating machinery to change
shape and move (5). Although binding of other small GTPases
to filamin was not GTP dependent, they also may participate
in the regulation of filamin’s interactions with actin and other
binding partners.
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