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The Abl interactor 1 (Abi-1) protein has been implicated in the regulation of actin dynamics and localizes
to the tips of lamellipodia and filopodia. Here, we show that Abi-1 binds the actin nucleator protein Wave-1
through an amino-terminal Wave-binding (WAB) domain and that disruption of the Abi-1–Wave-1 interaction
prevents Abi-1 from reaching the tip of the lamellipodium. Abi-1 binds to the Wave homology domain of
Wave-1, a region that is required for translocation of Wave-1 to the lamellipodium. Mouse embryo fibroblasts
that lack one allele of Abi-1 and are homozygous null for the related Abi-2 protein exhibit decreased Wave-1
protein levels. This phenotype is rescued by Abi-1 proteins that retain Wave-1 binding but not by Abi-1 mutants
that cannot bind to Wave-1. Moreover, we uncovered an overlapping SNARE domain in the amino terminus of
Abi-1 that interacts with Syntaxin-1, a SNARE family member. Further, we demonstrated that Abi-1 shuttles
in and out of the nucleus in a leptomycin B (LMB)-dependent manner and that complete nuclear translocation
of Abi-1 in the absence of LMB requires the combined inactivation of the SNARE, WAB, and SH3 domains of
Abi-1. Thus, Abi-1 undergoes nucleocytoplasmic shuttling and functions at the leading edge to regulate Wave-1
localization and protein levels.

Actin polymerization at the leading edge of a moving cell is
a highly regulated process that provides the force required for
cell movement. Actin polymerization occurs in response to a
variety of stimuli at multiple subcellular sites, including the
leading edge of the lamellipodium and sites adjacent to moving
vesicles (28, 38). Much progress has been achieved over the
last few years regarding the identification of signaling com-
plexes that link extracellular stimuli to actin reorganization
(38, 60). However, the mechanisms that regulate the spatial
and temporal localization of actin-regulatory proteins remain
to be defined.

Regulation of actin dynamics in response to extracellular
stimuli is mediated in part by the Rac and Cdc42 GTPases
(14). Among multiple Rac and Cdc42 effectors are the Wasp/
Wave family of proteins that link GTPase activation to Arp2/3
complex-mediated actin nucleation (52). Wave subfamily
members (Wave-1, Wave-2, and Wave-3) function to regulate
actin dynamics in response to Rac activation (52). Unlike the
related Wasp family proteins that are activated directly by
binding to activated Cdc42, Wave proteins lack binding sites
for activated Rac and are thought to be under tight negative
regulation in cells (7, 38). In vitro, purified Wave-1 can stim-
ulate the actin nucleation activity of the Arp2/3 complex (26).
The activity of Wave-1 has been shown to be regulated in vitro
by a multiprotein complex (12). This complex includes Nap-1,
Pir121, HSPC300, and Abl interactor 2 (Abi-2) (12). Studies
with purified proteins showed that in response to Rac activa-
tion, this complex dissociates, relieving Wave-1 inhibition,

which results in Wave-1-dependent actin polymerization
through the Arp2/3 complex (12). However, recent studies with
cultured cells showed that the association of Nap-1, Pir121,
Abi-1, and Wave-2 is insensitive to activated Rac (45).

A role for Wave proteins in the regulation of actin dynamics
in vivo has been demonstrated in several organisms. Genetic
elimination of Scar/Wave in Dictyostelium discoideum affects
macropynocitosis, exocytosis, and endosome traffic (41). Dis-
ruption of Wave-2 in mice results in embryonic lethality, cell
motility defects, malformation of the ventricles in the devel-
oping brain (65), and aberrant lamellipodium formation and
sprouting of endothelial cells (64). Genetic elimination of
Wave-1 in mice induced sensorimotor and cognitive deficits in
one study (44). In a second study, a retroviral gene trap ap-
proach produced a disruption of Wave-1 that yielded postnatal
lethality, severe limb weakness, a resting tremor, and neuro-
anatomical malformations (10). Wave-1 deficiency inhibits
dorsal ruffle formation in response to platelet-derived growth
factor stimulation of mouse embryo fibroblasts (MEFs), while
Wave-2 deficiency impairs peripheral ruffle formation under
the same conditions (49).

Wave proteins have been reported to localize to the lamel-
lipodium, filopodia, and focal adhesions (20, 32, 61). The car-
boxy-terminal half of Wave-1 binds to actin, and the Arp2/3
complex and is conserved in the related Wasp/N-Wasp pro-
teins. In contrast, the amino-terminal region contains the
Wave homology domain (WHD) that is specific for the Wave
subfamily (29, 52). The WHD of Wave-1 was shown to be
sufficient for translocation of Wave-1 to the leading edge of the
lamellipodium (32). In a similar study, Wave-2 amino acids 1 to
83 were sufficient for translocating this protein to the tip of the
filopodia (33). No binding partner for the WHD has been
identified to date.
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The Abi proteins were originally identified as substrates and
binding partners for the Abl tyrosine kinases (11, 42, 57), a
family of proteins that bind actin and regulate actin dynamics
(36). Subsequently, Abi proteins were shown to interact with
the adaptor protein Eps8, Spectrin, the Sos guanine nucleotide
exchange factor, and Grb4 (2, 9, 15, 40, 67). Abi proteins are
conserved throughout evolution. One Abi gene has been iden-
tified in Drosophila melanogaster, Caenorhabditis elegans, and
D. discoideum, and three Abi-related genes, Abi-1, Abi-2, and
NESH (11, 31, 42), are present in humans and mice. Abi-2 was
found in a multiprotein complex regulated by the Rac GTPase;
this complex includes the Abi binding protein Nap-1 (63),
HSPC300, Pir121, and Wave-1 (12). Abi-1 and Abi-2 were also
shown to copurify in a protein complex containing SNIP
(SNAP-25 interacting protein), �-tubulin, spectrins �II and
�III, WRP, and Wave-1 (43). Recent studies have shown that
downregulation of Abi in Drosophila S2R� cells by RNA in-
terference (RNAi) treatment induces morphological changes
that are similar to those induced by downregulation of Wave/
Scar (24). This phenotype is due in part to the reduced Scar/
Wave levels in cells treated with RNAi for Abi (24, 39). Al-
though these data link Abi and Wave genetically and biochem-
ically, it is not known whether these proteins interact directly
or whether they colocalize in cells. Other studies have shown
that Abi-1 regulates Rac in a complex with Eps8 and Sos-1 and
that the formation of this complex stimulates the RacGEF
activity of Sos-1 (40). Thus, Abi proteins play a role in actin
reorganization through regulation of Rac-dependent path-
ways.

We have previously shown that Abi-1 and Abi-2 localize to
the leading edge of the lamellipodium and filopodia in the
highly motile B16 melanoma cell line (46). The localization
pattern of Abi-1 is different from those of other actin-regula-
tory proteins such as Vasp or profilin, but it is very similar to
that of Wave proteins (20, 46). The localization of Abi-1 to the
leading edge of the lamellipodium is dependent on its amino-
terminal 145 amino acids (46). The proteins that bind to this
conserved Abi region remain to be identified. Analysis of the
amino acid sequences of Abi proteins across species revealed
that the middle portion of the molecule is highly variable
among Abi family members, while the amino- and carboxy-
terminal regions are highly conserved. The carboxy terminus of
Abi-1 contains an SH3 domain, and the amino terminus con-
tains a homeodomain homologous region (HHR) and a puta-
tive SNARE domain (11, 46). SNARE domains were first
characterized in SNARE (soluble N-ethylmaleimide-sensitive
fusion protein attachment protein receptor) proteins such as
Syntaxin-1, SNAP-25, and VAMP-2 (6). SNARE proteins are
involved in the fusion of a vesicle with its target membrane (6).
Syntaxin-1 plays a role in the fusion between neurotransmitter-
filled exocytic vesicles and the presynaptic membrane by en-
tering in a complex with SNAP-25 and VAMP-2 (6). These
three molecules form the neuronal SNARE complex (50). Syn-
taxin-1 may regulate additional cellular processes as it interacts
with actin (53), Munc18 (21), Tomosyn (19), ion channels (66),
and CDCRel (1).

Here we show that two proteins, Wave-1 and Syntaxin-1,
interact with the conserved amino terminus of Abi-1 and bind
to different but overlapping regions in the Abi-1 amino termi-
nus. Localization of Abi-1 to the tip of the lamellipodium is

dependent on an intact Wave-binding (WAB) domain in the
Abi-1 amino terminus. Wave-1 binds to Abi-1 through a region
within the Wave-1 WHD, and mutation of this region prevents
Wave-1 from reaching the tip of the lamellipodium. Cells de-
ficient in Abi-2 and expressing only one allele of Abi-1 have
decreased Wave-1 protein levels that can be rescued by Abi-1
proteins that interact with Wave-1 and localize to the tip of the
lamellipodium. We show that Abi-1 not only localizes to sites
of actin polymerization but also shuttles in and out of the
nucleus in a leptomycin B (LMB)-dependent manner. Nuclear
accumulation of Abi-1 is regulated by multiple Abi-1 protein
interaction domains that include the SNARE, WAB, and SH3
domains. These results show that the localization and function
of Abi-1 are controlled by interactions with distinct proteins
that bind to amino- and carboxy-terminal domains conserved
among Abi family members.

MATERIALS AND METHODS

Cells and reagents. 293T cells and MEFs were cultured in Dulbecco modified
Eagle medium supplemented with 10% fetal bovine serum. MEFs were derived
from wild-type mice and mice that were homozygous null for Abi-2 and het-
erozygous for Abi-1 (M. Grove and A. M. Pendergast, unpublished results). The
generation and characterization of the Abi knockout mice will be reported in a
separate paper. NIH 3T3 cells were cultured in Dulbecco modified Eagle me-
dium with 10% calf serum. Monoclonal antibodies used were anti-Myc 9E10
(Santa Cruz Biotechnology, Santa Cruz, Calif.), anti-Flag M2 (Sigma, St. Louis,
Mo.), anti-green fluorescent protein (GFP) (Roche, Indianapolis, Ind.), �-tubu-
lin (Sigma), and Wave-1 (Transduction Laboratories, Lexington, Ky.). Polyclonal
antibodies used were anti-Abi-1 6987 (8) and Sin3A (Santa Cruz Biotechnology).
Monoclonal antibodies against Syntaxin-1, SNAP-25, and VAMP-2 were a gift
from G. J. Augustine (Duke University Medical Center, Durham, N.C.) (54).
Wave-1 polyclonal antibody was a gift from J. D. Scott (Oregon Health Sciences
University, Portland, Oreg.) (61). Leptomycin B (kindly provided by M. Yoshida,
Chemical Genetics Laboratory, RIKEN, Saitama, Japan) was used at 20 nM for
6 h.

Plasmids. Flag-tagged Abi-1 wild-type and mutant cDNAs were amplified by
PCR and cloned into the pCMV2Flag vector as follows. Human Abi-1 (8) was
cloned into NotI-KpnI sites. Abi-1-1-145 and Abi-1�SH3 (amino acids 1 to 379)
were introduced into the EcoRI site. Abi-1�1-145, Abi-1SNARE (amino acids
41 to 117), Abi-1�SNARE (lacking amino acids 44 to 111), and Abi-1�1-55 were
inserted into EcoRI-KpnI. Abi-1�56-65 was introduced into EcoRI-KpnI, and
the BglII site was introduced into the deleted region, which added one amino
acid (serine). Abi-1�65-79 was cloned into EcoRI-KpnI, and the BglII site was
introduced in the deleted region, which added two amino acids (serine and
threonine). Abi-1�2-17, Abi-1�3-32, and Abi-1�18-32 were introduced into Bg-
lII-KpnI sites. All Flag-tagged Abi-1 mutants were also subcloned into pEYFP
EcoRI-KpnI sites. The constructs pEYFPAbi-1, pEYFPAbi-1�pro, pEYFPAbi-
1�HHR, and pEGFPAbi-1�SH3 have previously been described (46). pEYF-
PAbi-1�361-383, pEYFPAbi-1�275-330, pEYFPAbi-1�212-276, pEYFPAbi-
1�145-210, pEYFPAbi-1�277-446, pEYFPAbi-1WP (W421K and P434L point
mutations were introduced into the 3� oligonucleotide), and pEYFPAbi-1�65-
79WP were cloned into EcoRI-KpnI sites. PEYFPAbi-1�1-276 was cloned into
SpeI-XbaI. PEYFPAbi-1�SNARE/�SH3 was cloned into EcoRI-BamHI, and a
random tail of amino acids (PDLDN) was added at the C terminus. Flag-Abi-1
was cloned into the MIGR1 EcoRI site. Abi-1, Abi-1�SNARE, Abi-1�3-32,
Abi-1�18-32, Abi-1�56-65, and Abi-1�65-79 were also subcloned into retro-
viral vector pLEGFPC1 in frame with EGFP with BglII (Abi-1) or XhoI-
ApaI. Abi-1-1-276 was subcloned into pLEGFPC1 XhoI-ApaI sites.
PCDNA3.1Abi-1 and pCDNA3.1Abi-1�SNARE (both under T7 RNA poly-
merase and cytomegalovirus [CMV] promoters) were cloned into EcoRI and
EcoRI-XbaI sites, respectively. The cDNAs for wild-type mouse Wave-1 and
mutant forms were amplified by PCR and inserted into the pCMV/Myc vector
(Clontech.com) digested with EcoRI-BglII (mutant forms) or EcoRI (wild type).
Wave-1�V lacks amino acids 498 to 513, and Wave-1�ProR lacks amino acids
275 to 435. Myc-Wave and Myc-Wave�34-92 were cloned into the MIGR1
blunted EcoR1 site. Wave-1NT (amino acids 1 to 277) was subcloned in frame
with the glutathione S-transferase (GST) sequence into pGEXKG EcoRI-XhoI
sites. Myc-tagged full-length VAMP-2 was cloned into pCMV/Myc EcoRI sites.
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All PCR products were sequenced to confirm the absence of unwanted muta-
tions. Partial VAMP-2 cDNA was a gift of R. H. Scheller (Stanford University,
Stanford, Calif.). PCDNA3.1 Syntaxin-1A was a gift of Z. H. Sheng (National
Institutes of Health, Bethesda, Md.) (25). PGEXKG-Syntaxin-1 (lacking the
transmembrane region) was a gift of G. Augustine (Duke University Medical
Center). PCDNA3 SNAP-25 was a gift of H. Y. Gaisano (University of Toronto,
Toronto, Canada) (22).

Infection and transfection of cells. Retroviral supernatants were used to infect
NIH 3T3 cells or MEFs and were generated in 293T cells cotransfected with
bicistronic and GFP-expressing MIGR1- or pLEGFPC1-based vectors and
pSV�2 (37). GFP-positive cells were sorted by fluorescence-activated cell sort-
ing. NIH 3T3 cells were transfected with Lipofectamine 2000 (Invitrogene).

Immunoprecipitation and cell fractionation. Immunoprecipitations were car-
ried out with kinase lysis buffer (KLB) containing 150 mM NaCl, 10 mM sodium
phosphate (pH 7), and 1% Triton X-100 plus protease and phosphatase inhib-
itors. For immunoprecipitation of endogenous proteins from NG108-15 cells,
900 �g of total lysate in KLB was used, and 350 �g of total lysate was used for
immunoprecipitation of overexpressed proteins. Immunoprecipitations with
mouse brain extract (900 �g) were performed as described previously (34). For
nuclear and cytoplasmic fractionation, cells were lysed in CE buffer (10 mM
HEPES [pH 7.6], 60 mM KCl, 1 mM EDTA, 0.3% NP-40, 1 mM dithiothreitol)
plus protease and phosphatase inhibitors and centrifuged at 400 � g for 5 min.
Supernatant was centrifuged at 16,000 � g for 10 min to obtain the cytoplasmic
fraction. The nuclei were washed extensively with CE buffer without detergent,
lysed by vortexing for 10 min in NE buffer (20 mM Tris-HCl [pH 8], 420 mM
NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 25% glycerol) plus protease and phos-
phatase inhibitors, and centrifuged at 16,000 � g for 10 min.

Immunofluorescence. Cells were fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 10 min, permeabilized in 0.2% Triton X-100 in PBS for
5 min, blocked with 10% normal donkey serum in PBS, and incubated with
primary antibodies (overnight at 4°C) and fluorescein isothiocyanate- or rho-
damine-conjugated secondary antibodies (1 h at room temperature). Fibronectin
was used at 30 �g/ml for wild-type or Abi-2	/	 Abi-1	/� MEFs, and poly-L-
lysine at 10 �g/ml for NIH 3T3 cells. Nuclei were stained with DAPI (4�,6�-
diamidino-2-phenylindole) at 0.0008% (wt/vol) for 2 min, and actin was stained
with Alexa fluor 633 Phalloidin as indicated by the manufacturer (Molecular
Probes, Eugene, Oreg.). Cells were visualized with an epifluorescence or confo-
cal microscope (Carl Zeiss).

GST pull-down. pGEXKGWave-1NT was introduced into Escherichia coli
BL21-Codonplus (DE3)-RIL (Stratagene.com), and pGEXKGSyntaxin-1 and
pGEXKG were introduced into E. coli BL21. Protein induction and purification
were performed as described previously (5) except that the cell extracts were
solubilized in 1% Triton X-100 and centrifuged once for 12 min. Abi-1 and
Abi-1�SNARE were synthesized in vitro and labeled with [35S]methionine by
using TNT wheat germ extract as indicated by the manufacturer (Promega.com).
Abi-1 proteins were diluted 1:4 in incubation buffer (20 mM HEPES [pH 7], 150
mM NaCl, 0.1% [vol/vol] Triton X-100, 10% [vol/vol] glycerol) plus protease and
phosphatase inhibitors and incubated for 1.5 h at 4°C with 6 �g of GST fusion
proteins. Beads were washed extensively, and bound proteins were resolved with
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

RESULTS

The amino terminus of Abi-1 binds to Syntaxin-1. We pre-
viously identified a region within the amino terminus of Abi
proteins that shares significant homology with the SNARE
domain (46). The crystal structure of the neuronal SNARE
complex reveals that four SNARE domains contributed by
Syntaxin-1, SNAP-25 (contributing two domains), and VAMP-
2 form a parallel four-helix bundle with conserved hydrophobic
amino acids making contacts in the interior of the bundle and
an ionic layer in the center of the complex formed by three
glutamines and one arginine (17, 50). SNARE proteins can be
classified into Q-SNAREs and R-SNAREs. Q-SNAREs are
present in the target membrane and contain a glutamine in the
central, ionic layer of the SNARE motif, while R-SNAREs con-
tain an arginine and localize to vesicles (17). The Q-SNARE
motif of Syntaxin and SNAP-25 family proteins contains con-
served layers of interacting amino acid side chains. Interest-

ingly, 13 out of the conserved 15 amino acids are conserved in
Abi family proteins (Fig. 1). The glutamine in the central, ionic
layer is the most conserved amino acid in the Q-SNARE family
and is also conserved in all Abi family members.

To test whether the putative SNARE motif in Abi-1 is func-
tional for binding other SNARE-containing proteins, we ex-
amined whether Abi-1 could interact with representative
SNARE family members. Abi-1 interacts strongly with Syn-
taxin-1 and weakly with SNAP-25 and VAMP-2 proteins
(Fig. 2A). Interestingly, Syntaxin-4, which is highly similar to
Syntaxin-1, and SNAP-23, which displays strong homology to
SNAP-25, failed to interact with Abi-1 under these conditions
(data not shown). The SNARE proteins SNAP-29, VAMP-4,
and Syntaxin-7 did not interact with Abi-1 (data not shown).
This finding suggests that Abi-1 has a functional SNARE do-
main that interacts preferentially with Syntaxin-1.

Next, we tested whether endogenous Abi-1 and Syntaxin-1
could form a complex. As shown in Fig. 2B, Abi-1 interacts
strongly with Syntaxin-1 in cell lysates prepared from mouse
brain. Endogenous SNAP-25, but not VAMP-2, also coimmu-
noprecipitated with Abi-1 under the same conditions (Fig. 2B).
Because we did not detect significant interaction between
SNAP-25 and Abi-1 following overexpression of the two pro-
teins in transfected 293T cells, we hypothesized that this inter-
action may be indirect, possibly requiring a bridging protein
absent from 293T cells. Syntaxin-1 interacts with SNAP-25 (50)
and may serve to bridge the binding of SNAP-25 to Abi-1. In
order to test this hypothesis, we examined the interaction be-
tween Abi-1 and SNAP-25 following coexpression in 293T cells
in the absence or presence of Syntaxin-1. As shown in Fig. 2C,
coexpression of Syntaxin-1 significantly enhanced the interac-
tion between Abi-1 and SNAP-25. This finding suggests that
Syntaxin-1 binds to Abi-1 and recruits SNAP-25 to the com-
plex. In order to map the Abi-1 region that is involved in the
interaction with Syntaxin-1, we made various Abi-1 deletion
mutants and tested them for interaction with Syntaxin-1. As
expected, the SNARE domain of Abi-1 was necessary for the
interaction (Fig. 2D). In contrast, deletion of the SH3 domain
(Fig. 2D) or the proline-rich region (data not shown) did not
affect Syntaxin-1 binding. Moreover, the Abi-1 SNARE do-
main alone was sufficient to bind Syntaxin-1 (Fig. 2D, lane 4).
Additionally, mutations in the region encompassing Abi-1
amino acids 65 to 79 abolished the interaction between Abi-1
and Syntaxin-1, and the deletion of the region corresponding
to amino acids 56 to 65 greatly impaired Syntaxin-1 binding
(Fig. 2E). In contrast, the deletion of the region upstream of
amino acid 55 or downstream of amino acid 100 in Abi-1 did
not affect Syntaxin-1 binding (Fig. 2E and data not shown). In
order to determine whether Abi-1 interacts directly with Syn-
taxin-1, we used a GST pull-down assay. In Fig. 2F, we show
that in vitro-synthesized Abi-1, but not Abi-1�SNARE, inter-
acted with GST-Syntaxin-1. Taken together, these results indi-
cate that Abi-1 specifically interacts with Syntaxin-1 and that
the region spanning amino acids 56 to 79 within the SNARE
domain on Abi-1 is critical for this interaction (Fig. 2G).

Abi-1 binds to Wave-1 via a conserved amino-terminal do-
main. The amino terminus of the Abi family proteins is highly
conserved. In addition to the residues involved in binding to
Syntaxin-1, residues upstream and downstream of the Abi-1
SNARE domain are also conserved and may be involved in
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functionally conserved interactions. Recent reports have
shown that Abi-1 and Abi-2 are present in a multiprotein
complex that includes Wave-1 (12, 43, 45). Moreover, like Abi
proteins, Wave-1 localizes to the leading edge of the lamelli-
podium (20, 33). We observed that Wave-1 coimmunoprecipi-
tated with endogenous Abi-1 from mouse brain lysates when
an anti-Abi-1-specific antibody was used (Fig. 3A). Similar
results were observed for lysates from NG108-15 cells (data
not shown). To identify the Abi-1 sites involved in Wave-1
binding, Flag-tagged Abi-1 full-length proteins or the indicated
Abi-1 mutant proteins were coexpressed with GFP-tagged
Wave-1 in 293T cells. Abi-1 interacted with GFP-tagged
Wave-1 but not with GFP alone (Fig. 3B, lanes 3 and 2). Both
Abi-1 and Wave-1 are phosphorylated by the c-Abl tyrosine
kinase (42, 61). However, phosphorylation of Abi-1 and
Wave-1 by c-Abl did not affect the interaction between the two
proteins (data not shown). Wave-1 interacts with other SH3
domain-containing proteins, such as c-Abl and IRSp53, that
bind to the proline-rich region of Wave-1 (30, 61). However,
deletion of the entire Abi-1 SH3 domain did not affect binding
to Wave-1 (Fig. 3B, lane 4). In contrast, deletion of Abi-1
amino acids 1 to 145 or of the entire Abi-1 SNARE domain
completely eliminated the interaction with Wave-1 (Fig. 3B,
lanes 5 and 6). Therefore, the amino terminus of Abi-1 is
necessary for the interaction between Abi-1 and Wave-1.
Moreover, Abi-1 amino acids 1 to 145 and 1 to 111 were
sufficient for Wave-1 binding (Fig. 3B, lanes 7 and 10). In
contrast, the Abi-1 SNARE domain alone did not bind to

Wave-1 (Fig. 3B, lane 8). The region comprising Abi-1 amino
acids 1 to 145 includes the SNARE motif and a portion of the
HHR (11). Deletion of the HHR (amino acids 100 to 163) did
not significantly reduce Abi-1 binding to Wave-1 (Fig. 3C).
These results indicate that the first 100 amino acids of Abi-1
are important for its interaction with Wave-1. To further de-
fine the Wave-1 binding domain, we carried out mutagenesis of
this Abi-1 region. The deletion of amino acids 56 to 79 com-
pletely abolished the interaction with Wave-1 (Fig. 3D, lanes 6
and 7). The deletion of Abi-1 amino acids 18 to 55 markedly
reduced Wave-1 binding (Fig. 3D, lanes 3 to 5), but an Abi-1
mutant lacking amino acids 2 to 17 retained strong Wave-1
binding (Fig. 3D, lane 2). In order to determine whether the
interaction between Abi-1 and Wave-1 was direct, we carried
out a GST pull-down assay with purified GST-Wave-1NT
(amino acids 1 to 277) or a GST control and in vitro-synthe-
sized Abi-1 or Abi-1�SNARE produced in wheat germ ex-
tracts. GST-Wave-1NT, but not GST, interacted strongly with
the Abi-1 wild type but not with Abi-1 lacking the SNARE
domain. Taken together, these results show that the Abi-1
region encompassing amino acids 18 to 79 is required for
Wave-1 binding and that Wave-1 and Syntaxin-1 have distinct
but overlapping binding sites on Abi-1. We propose that the
region between Abi-1 amino acids 18 to 79 be designated the
WAB domain (Fig. 3F).

Next, we defined the region of Wave-1 involved in binding to
Abi-1. Deletion of the Wave-1 V domain, which is required for
G-actin binding, had no effect on Abi-1 binding (Fig. 4A).

FIG. 1. The Abi amino-terminal region exhibits homology to the SNARE motif. Shown is the alignment of Abi family proteins and Q-SNARE
family members in the SNARE motif region. Black and gray backgrounds indicate amino acid identity and similarity, respectively. The SNAP-25
family contains two SNARE motifs and the carboxy-terminal motif is indicated by “-c.” Sx, Syntaxin; hu, human; r, rat; m, mouse; d, D.
melanogaster; ce, C. elegans. GenBank accession numbers: Sx1a, P32851; Sx3, Q08849; Sx4, Q08850; Sso1, P32867; Sed5, Q01590; Sx5, Q08851;
Vam3, Q12241; SNAP-25B, P13795; SNAP-23, U73143; SNAP-25, U81153; Sec9, L34336. NCBI protein accession numbers for the Abi family:
mAbi-1, 16225952; hAbi-1, 7839526; rE3B1, 5882255; huAbi2B, 7839524; HuNESH, 14043609; dAbi, 5051971; ceAbi, 17551826. Numbers at the
bottom indicate the amino acid positions in hAbi-1.
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FIG. 2. Abi-1 binds Syntaxin-1 through the SNARE motif. (A) Abi-1 specifically interacts with Syntaxin-1. Flag-Abi-1 was transfected into 293T
cells with Syntaxin-1 (left panel), SNAP-25 (middle panel), or Myc-VAMP-2 (right panel). Abi-1 was immunoprecipitated (IP) with anti-Flag
antibodies, and the coprecipitating SNARE proteins were detected by immunoblotting (IB) with the indicated specific antibodies. A DNA ratio
of 6:1 was used for Flag-Abi-1 and SNARE proteins. (B) Endogenous Abi-1 interacts with Syntaxin-1. Endogenous Abi-1 was immunoprecipitated
from brain extracts with anti-Abi-1 antibody, and the immunopurified complex was immunoblotted with Syntaxin-1, VAMP-2, and SNAP-25
antibodies. Preimmune serum was used as a negative control. (C) Syntaxin-1 bridges the interaction between Abi-1 and SNAP-25. The interaction
between SNAP-25 and Abi-1 was detected as described for panel A in the absence or in the presence of Syntaxin-1. (D) The SNARE motif of Abi-1
is necessary and sufficient for interaction with Syntaxin-1 in cells. Flag-tagged full-length Abi-1, Abi-1�SH3, Abi-1�SNARE, and Abi-1SNARE
were transfected with Syntaxin-1-expressing vector into 293T cells, and Abi-1 was immunoprecipitated with anti-Flag antibody. Syntaxin-1 that
copurified with Abi-1 is shown in the upper panel, and the levels of Syntaxin-1 and Abi-1 in the total lysates are shown below. (E) Abi-1 amino
acids 56 to 79 are critical for interaction with Syntaxin-1. The indicated Flag-Abi-1 deletion mutants were coexpressed with Syntaxin-1, cell lysates
were incubated with anti-Flag as described for panel A, and coprecipitating Syntaxin-1 was detected by immunoblotting with anti-Syntaxin-1
antibody. Total lysates were immunoblotted for Syntaxin-1 and Flag-Abi-1 forms. (F) Abi-1 and Syntaxin-1 interact directly. Abi-1 and Abi-
1�SNARE were synthesized in vitro by using wheat germ extracts and incubated with GST-Syntaxin-1 or GST alone; 
1% of the total input was
loaded in the first two lanes. (G) Schematic representation of the Syntaxin-1-binding region in Abi-1 and the different Abi-1 domains. SR, serine
rich; PP, polyproline; P, proline; x, any amino acid. The amino acids required for Syntaxin-1 binding are shown. Asterisks indicate 100%
conservation among all Abi-1 family members (human Abi-1, Abi-2, and NESH, as well as mouse Abi-1, D. melanogaster Abi, Anopheles gambiae
Abi, and C. elegans Abi).
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Similarly, mutation of the Wave-1 proline-rich region or mu-
tation of the entire Wave-1 carboxy-terminal half (amino acids
278 to 559) did not affect Abi-1 binding (Fig. 4A). In contrast,
deletion of the Wave-1 amino terminus (amino acids 1 to 277)
completely disrupted the interaction with Abi-1 (Fig. 4A, up-
per panel, lane 3). The region between Wave-1 amino acids 1
to 277 contains the WHD and a basic region (52). This region
is conserved among the Wave subfamily proteins, but it is

absent in the Wasp subfamily. The WHD of Wave-1 contains
a putative leucine-zipper motif that has been implicated in
localizing Wave-2 to the leading edge of filopodia, where Abi-1
also localizes (33, 46). As shown in Fig. 4B, deletion of the
entire putative leucine zipper (�55-92) eliminated binding to
Abi-1. Deletion of amino acids 34 to 55 and 34 to 92 in Wave-1
also abolished the interaction with Abi-1 (Fig. 4B). Moreover,
Wave-1 amino acids 1 to 96 are sufficient for interaction with

FIG. 3. Abi-1 interacts with Wave-1 through a conserved amino-terminal WAB domain. (A) Endogenous Abi-1 interacts with Wave-1.
Endogenous Abi-1 was immunoprecipitated from brain extracts by using anti-Abi-1 antibody (6987), and the immunopurified complex was
immunoblotted (IB) with polyclonal Wave-1 antibody. Preimmune serum was used as a negative control. (B) The region comprising amino acids
1 to 111 of Abi-1 is necessary and sufficient to bind Wave-1. Different Flag-tagged Abi-1 forms and GFP-Wave-1 were coexpressed in 293T cells,
and the Flag-Abi-1 forms were immunoprecipitated (IP) by using anti-Flag antibody. In lane 2, GFP was coexpressed with Flag-Abi-1 as a negative
control. The coprecipitating GFP-Wave-1 was detected with anti-GFP antibody. Due to low expression levels of Flag-Abi-1SNARE, the ratio of
Flag-tagged constructs to GFP-Wave-1 vector was 7:1 in all lanes. (C) EYFP-Abi-1 or EYFP-Abi-1�100-163 was cotransfected into 293T cells with
Myc-Wave-1, and the Abi-1 forms were immunoprecipitated with anti-GFP antibody. Purified immunocomplexes were immunoblotted with Myc
antibody to detect Wave-1 (upper panel). Whole-cell lysates were immunoblotted for Myc and GFP. (D) Abi-1 amino acids 18 to 79 are required
for interaction with Wave-1. The indicated Flag-Abi-1 deletion mutants were coexpressed with GFP-Wave-1 and immunoprecipitated with
anti-Flag. The coprecipitated GFP-Wave-1 protein was detected with anti-GFP antibodies (upper panel). GFP-Wave-1 protein levels in total cell
lysates (lower panel) and the immunoprecipitated Flag-Abi-1 forms (middle panel) were detected with the indicated antibodies. (E) Abi-1 and
Wave-1 interact directly. Abi-1 and Abi-1�SNARE were synthesized in vitro by using wheat germ extracts and incubated with GST-Wave-1NT or
GST alone; 
5% of the input was loaded in the first two lanes. (F) Schematic representation of the WAB domain in Abi-1. The Abi-1
nomenclature is given in the legend to Fig. 2G.
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Abi-1 (Fig. 4C). Taken together, these results show that
Wave-1 and Abi-1 interact inside the cell and that the amino-
terminal sequences of both proteins are required for this in-
teraction.

The WAB domain of Abi-1 determines its localization to the
leading edge of the lamellipodium and regulates Wave-1 pro-
tein levels. Next, we determined whether Abi-1 binding to
Wave-1 or Syntaxin-1 affected its localization to the lamellipo-
dium. It has been previously shown that Abi-1 localization to
the leading edge of the lamellipodium requires Abi-1 amino

acids 1 to 145 (46). The expression levels of GFP-Abi-1 wild-
type and mutant forms were similar to those of endogenous
Abi-1 in wild-type MEFs (data not shown). GFP-Abi-1 local-
ized to the leading edge of the lamellipodium (Fig. 5A and B).
In contrast, deletion of amino acids 44 to 111 (�SNARE)
prevented Abi-1 from reaching the leading edge of the lamel-
lipodium (Fig. 5A and B). Similarly, the Abi-1�65-79 mutant,
which is deficient in Wave-1 binding, did not localize to the
leading edge of the lamellipodium (Fig. 5A and B). Two Abi-1
mutants, Abi-1�3-32 and Abi-1�18-32, which contained small

FIG. 4. Wave-1 interacts with Abi-1 through a region overlapping the putative leucine zipper region. (A) The amino terminus of Wave-1 is
necessary for binding to Abi-1. Myc-tagged Wave-1 full-length and Flag-Abi-1 forms were coexpressed in 293T cells, and Flag-Abi-1 forms were
immunoprecipitated (IP) with anti-Flag antibodies. Coimmunoprecipitated Wave-1 forms were detected with anti-Myc antibody (upper panel).
Expression levels of the Myc-Wave forms are shown in the middle panel, and the levels of Flag-Abi-1 are shown in the lower panel. The asterisk
indicates the immunoglobulin G (IgG) heavy-chain band. IB, immunoblot. (B) The region between amino acids 34 to 92 of Wave-1 is necessary
to bind Abi-1. Coimmunoprecipitation was performed as described for panel A. The upper panel shows the binding between Flag-Abi-1 and the
wild-type and mutant forms of Myc-Wave-1. Wave-1 and Abi-1 levels were visualized by immunoblotting with Myc and Flag antibodies,
respectively. (C) Wave-1 amino acids 1 to 96 are sufficient to bind Abi-1. Myc-tagged Wave-1 and Wave-1-1-96 were coexpressed with Flag-Abi-1,
and Abi-1 was immunoprecipitated as described for panel A. IgG heavy and light chains are indicated. (D) Schematic representation of the
Abi-1-binding region of Wave-1. L-zipper, leucine zipper; ��, basic region; Pro, proline; V, verprolin homology domain; C, cofilin homology
domain; A, acidic region. The Wave-1 diagram is not to scale. Asterisks indicate 100% conservation among Wave family members (Wave-1,
Wave-2, Wave-3, D. melanogaster Scar, and Dictyostelium discoideum Scar).
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FIG. 5. Localization of Abi-1 and Wave-1 to the leading edge of the lamellipodium is dependent on the WAB domain of Abi-1 and the
Abi-binding region of Wave-1, respectively. (A) Wild-type MEFs were infected with retroviruses encoding GFP-tagged Abi-1 wild-type and mutant forms,
and the Abi-1 proteins were localized by direct observation of the GFP signal (left panels). Actin staining is shown in red (middle panels), and GFP and
actin signals are merged in the right panels. Cells were plated for 30 min on fibronectin-coated coverslips, fixed, and visualized by confocal microscopy.
(B) Percentages of cells expressing the indicated GFP-Abi-1 forms that exhibit (black bars) or lack (white bars) GFP signal at the leading edge of the
lamellipodium. (C) Abi-1 oligomerization depends on the Syntaxin-1-binding region. The indicated Flag-Abi-1 forms and GFP-Abi-1 were coexpressed
in 293T cells, and the Flag-Abi-1 proteins were immunoprecipitated (IP) with anti-Flag antibody. Coimmunoprecipitated GFP-Abi-1 was detected with
anti-GFP (upper panel). Whole-cell lysates were immunoblotted (IB) with GPF (middle panel) and Flag antibodies (lower panel). (D) Expression of
Myc-tagged wild-type Wave-1 and Wave-1�34-92 in MEFs. MEFs were infected with retroviruses encoding the indicated Wave-1 proteins, and cell lysates
were immunoblotted with anti-Myc antibody. (E) Localization of Wave-1 to the leading edge of the lamellipodium is dependent on the Abi-1-binding
region of Wave-1. Wild-type MEFs were infected with a retrovirus encoding Myc-tagged Wave-1 wild type or Wave-1�34-92. Cells were plated for 2 h
and 15 min on fibronectin-coated coverslips, fixed, and visualized by using anti-Myc antibody.
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deletions in the Abi-1 WAB domain which reduced Wave-1
binding but did not affect Syntaxin-1 binding, were partially
impaired in their ability to reach the tip of the lamellipodium
in wild-type MEFs (Fig. 5A and B). While 65% of the cells
expressing wild-type Abi-1 showed clear lamellipodium local-
ization, only 34 and 36% of the cells expressing Abi-1�3-32 or
Abi-1�18-32, respectively, showed lamellipodium localization
of these Abi-1 mutants (Fig. 5B). The Abi-1 amino terminus
alone (amino acids 1 to 276) is sufficient to translocate GFP to
the lamellipodium, although it is not as efficient as wild-type
Abi-1 (Fig. 5A and B).

We also examined the localization of Abi-1 in MEFs that
were null for Abi-2 and heterozygotes for Abi-1 (Grove and
Pendergast, unpublished) and observed that GFP-Abi-1�3-32
did not accumulate to a significant extent at the leading edges
of the lamellipodia in these cells. Similarly, the localization of
full-length GFP-Abi-1 to the leading edge of the lamellipo-
dium in the Abi-2	/	 Abi-1	/� MEFs was reduced compared
to that observed in wild-type MEFs (data not shown). How-
ever, the full-length Abi-1 protein exhibited greater accumu-
lation at the leading edge than did Abi-1�3-32 in the Abi-
deficient cells. The differential accumulation of the GFP-Abi-1
and GFP-Abi-1�3-32 proteins in wild-type and Abi-2	/	 Abi-
1	/� MEFs may be explained by oligomerization of the ectopi-
cally expressed GFP-Abi-1 and GFP-Abi-1�3-32 proteins with
the endogenous Abi proteins which may recruit the exogenous
Abi-1 proteins to the leading edge. Indeed, overexpressed
Abi-1 has been reported to oligomerize through its amino-
terminal domain (16). As shown in Fig. 5C, Flag-tagged forms
of Abi-1, Abi-1�3-32, Abi-1�18-32, and Abi-1�1-55 interacted
with GFP-tagged Abi-1 when overexpressed in 293T cells. In
contrast, Abi-1�56-65 and Abi-1�65-79 did not oligomerize
with GFP-Abi-1 (Fig. 5C). The oligomerization region in Abi-1
closely matched the Syntaxin-1-binding SNARE domain. This
finding is consistent with the reported ability of SNARE do-
mains to form dimers (62). Thus, Abi-1 proteins that do not
interact with Wave-1 cannot reach the leading edge of the
lamellipodium, and Abi-1 mutants that weakly interact with
Wave-1 exhibit decreased accumulation at this site.

The WHD domain of Wave-1 is required for proper local-
ization to the leading edge of the lamellipodium (32). We
observed that a small deletion of amino acids 34 to 92 within
the WHD domain disrupted the interaction of Wave-1 with
Abi-1 (Fig. 4B). Wild-type Wave-1 localized to the protruding
lamellipodia in MEFs spreading on a fibronectin-coated sur-
face (Fig. 5E). In contrast, the Wave-1�34-92 mutant protein
did not localize to the tips of these protrusive structures (Fig.
5E), even though its expression levels were comparable to
those of wild-type Wave-1 (Fig. 5D). This finding suggests that
Wave-1 binding to Abi-1 is required for proper Wave-1 local-
ization to the tip of the lamellipodium.

We observed that coexpression of Flag-Abi-1 with GFP-
Wave-1 or Myc-Wave-1 in 293T cells resulted in a consistent
increase in Wave-1 protein levels (Fig. 3B, third panel, com-
pare lanes 1 and 3; also data not shown). Therefore, we exam-
ined whether the levels of endogenous mouse Wave-1 could be
affected by genetic elimination of both alleles of Abi-2 and one
allele of Abi-1 (Grove and Pendergast, unpublished). As
shown in Fig. 6A, the levels of endogenous Wave-1 were re-
duced in Abi-2	/	 Abi-1	/� MEFs compared to those de-

tected in wild-type MEFs. Most importantly, this phenotype
was rescued by the expression of the Abi-1 wild type, Abi-1�3-
32, and Abi-1�18-32, all of which retained Wave-1 binding and
localized to the leading edge of the lamellipodia in wild-type
MEFs (Fig. 6B and data not shown). In contrast, Abi-1�65-79,
Abi-1�56-65, and Abi-1�SNARE did not rescue this pheno-
type (Fig. 6B). These three Abi-1 mutants cannot bind Wave-1
and are completely absent from the tip of the lamellipodium in
wild-type MEFs. Taken together, these results suggest that the
Abi-1 proteins that retain Wave-1 binding and localize to the
leading edges of lamellipodia stabilize Wave-1 protein levels by
binding to the Wave-1 amino terminus.

Abi-1 shuttles to the nucleus, and its nucleocytoplasmic
equilibrium is dependent on the Abi-1 SNARE, WAB, and SH3
domains. Unexpectedly, we observed that a significant fraction
of the cells expressing Abi-1�SNARE or Abi-1�1-145 dis-
played Abi-1 nuclear staining, while exogenous full-length
Abi-1 did not exhibit significant nuclear accumulation and was
largely cytoplasmic (Fig. 7 and 8). In order to determine
whether endogenous Abi-1 localized to the nucleus, cytoplas-
mic and nuclear fractions were prepared by using NIH-3T3
cells and the fractions were immunoblotted for endogenous
Abi-1. As shown in Fig. 7A, while the majority of Abi-1 was
present in the cytoplasmic fraction, a detectable amount of
endogenous Abi-1 was nuclear. This result is consistent with
our previous finding that a fraction of the related Abi-2 protein
localized to the nucleus (11). The presence of a small fraction
of Abi-1 in the nucleus under steady-state conditions suggested
that Abi-1 localization may be regulated by limited nuclear
import or active nuclear export. To examine these possibilities,
we inhibited nuclear export with LMB, an inhibitor of the
leucine-rich nuclear export signal (NES)- and Crm-1-depen-
dent pathway (23). As shown in Fig. 7B, full-length EYFP- or
Flag-tagged Abi-1 completely localized to the nucleus after
LMB treatment. This finding indicates that after import to the
nucleus, Abi-1 is actively exported from the nucleus. Approx-
imately 20% of the cells that expressed full-length Abi-1 at
high levels displayed large vesicular structures containing
Abi-1 that were partially resistant to LMB treatment (data not
shown).

Although there are no obvious nuclear localization signals
(NLS) in Abi-1, there is a putative NES within the Abi-1
SNARE domain. Abi-1 amino acids LANNVLQLLDI (amino
acids 68 to 78; underlining indicates the NES consensus se-
quence) conform to the NES consensus (4). In order to deter-
mine whether these Abi-1 amino acids contained a functional
NES, we analyzed the localization of Abi-1 mutants that lacked
the NES in the absence or presence of LMB. Approximately 30
to 40% of cells expressing Abi-1�SNARE or Abi-1�65-79 dis-
played nuclear localization of these Abi mutant proteins in the
absence of LMB (Fig. 8A). However, in the presence of LMB,
virtually 100% of the cells showed Abi-1 nuclear staining (Fig.
8A). The cytoplasmic pool of the Abi-1 mutant proteins lack-
ing the putative NES shuttled to the nucleus in a LMB-depen-
dent manner (Fig. 8A). Thus, this Abi-1 sequence is not likely
to be a functional NES. In the absence of LMB, some of the
Abi-1�65-79-expressing cells (39%) and Abi-1�56-65-express-
ing cells (22%) showed Abi-1 nuclear accumulation. Interest-
ingly, both of these Abi-1 mutants are deficient in binding to
Wave-1 and Syntaxin-1. In contrast, Abi-1�HHR, which binds
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to both Wave-1 (Fig. 3C) and Syntaxin-1 (data not shown),
showed a localization pattern indistinguishable from that of
wild-type Abi-1 (Fig. 8B). The Abi-1�3-32 and Abi-1�18-32
mutants that exhibited reduced Wave-1 binding but retained
binding to Syntaxin-1 displayed cytoplasmic localization similar
to that of wild-type Abi-1 (Fig. 8B and C). Thus, there appears
to be an inverse correlation between binding to Syntaxin-1 and
nuclear accumulation. Taken together, these data suggest that
Abi-1 may be anchored in the cytoplasm primarily by interac-
tions mediated by the Syntaxin-1-binding region, but Wave-1
binding may also contribute to cytoplasmic anchoring.

Deletions of Abi-1 amino acids 361 to 383, 330 to 359
(�pro), 275 to 330, 212 to 276, 145 to 210, and 100 to 163
(�HHR) and 277 to 446 had no effect on nuclear localization
in the absence of LMB, but these Abi-1 mutant proteins ac-
cumulated in the nucleus in response to LMB treatment (Fig.
8C). Abi-1�1-276 and Abi-1�277-446 mutant proteins contain-
ing the carboxy- and amino-terminal halves of the Abi-1 pro-
tein, respectively, can shuttle in and out of the nucleus, sug-
gesting that both the amino terminus and the carboxy terminus
harbor sequences that induce Abi-1 nucleocytoplasmic shut-
tling (Fig. 8C).

A significant number (
60%) of cells expressing the Abi-
1�65-79 mutant protein that is deficient in binding to both
Syntaxin-1 and Wave-1 showed cytoplasmic staining in the
absence of LMB (Fig. 8A). Thus, it is likely that additional
proteins that bind to Abi-1 sequences distinct from those re-
quired for Syntaxin-1 binding may anchor Abi-1 in the cyto-
plasm. We tested whether the Abi-1 SH3 domain contributed
to cytoplasmic retention of Abi-1. Deletion of the entire SH3
domain or mutation of two residues that inactivate SH3 do-
main binding to proline-rich targets (Abi-1WP) slightly in-
creased the percentages of cells showing Abi-1 nuclear staining
in the absence of LMB to 13 and 15%, respectively (Fig. 8B).
In contrast, deletion of the polyproline region that binds to
Spectrin and Eps8 (40, 67) did not induce nuclear accumula-
tion (Fig. 8B). However, simultaneous inactivation or deletion
of both the SH3 and the SNARE domains in Abi-1 (Abi-
1�SH3/�SNARE and Abi-1�65-79WP) produced proteins
that localized exclusively to the nucleus in all cells (Fig. 8B).
Because no single mutation completely affects Abi-1 import
and export in the absence of LMB, these results suggest that
the factor or factors involved in the nucleocytoplasmic shut-
tling of Abi-1 bind to different regions of the molecule. Taken

FIG. 6. Abi-1 and Abi-2 regulate Wave-1 protein levels. (A) Wild-type MEFs or Abi-2	/	 Abi-1	/� MEFs were lysed in KLB, and the lysate
was immunoblotted (IB) for Wave-1 and �-tubulin; 1.25 mg of the same lysate was used to immunoprecipitate Wave-1 with anti-Wave-1
monoclonal antibody. (B) Abi-2	/	 Abi-1	/� MEFs were infected with retroviruses expressing the indicated GFP-Abi-1 forms. Cells were lysed
as described for panel A and immunoblotted for Wave-1, �-tubulin, and Abi-1. An asterisk indicates a cross-reacting band not present in Wave-1
immunoprecipitates.
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together, our data suggest that the putative import factor for
Abi-1 does not bind to its SH3 or SNARE domains, that the
export factor uses the Crm-1 export pathway, and that disso-
ciation of Abi-1 from proteins that bind to the Abi-1 SNARE,
WAB, and SH3 domains is required for Abi-1 to enter the
nucleus (Fig. 9).

DISCUSSION

Our findings have uncovered an important role for the Abi
adaptor proteins in positive regulation of the stability and
localization of the actin regulatory protein Wave-1 in mamma-
lian fibroblasts. Abi-1 binds to Wave-1 through an amino-
terminal WAB domain that is conserved among Abi family
members. Like Wave-1 and Wave-2, Abi-1 and Abi-2 localize
to the tips of lamellipodia and filopodia (20, 32, 33, 46). Here,
we showed that the disruption of the Abi-1–Wave-1 interaction
blocks the proper localization of both proteins to the leading
edge of the lamellipodium. Previous studies have shown that a
GFP fusion protein containing Wave-2 amino acids 1 to 83
localizes to the tip of the lamellipodium (33). This Wave-1
region is required for Abi-1 binding, and amino acids 1 to 96
are sufficient to bind Abi-1 (Fig. 4). Moreover, the Abi-1-
binding-deficient Wave-1�34-92 protein cannot reach the lead-
ing edge of the lamellipodium (Fig. 5E). These findings suggest
that the region between Wave-1 amino acids 1 and 96 is suf-
ficient to bind Abi-1 and translocate Wave-1 to the lamellipo-
dium. In agreement with this finding, downregulation of Dro-
sophila Abi by RNAi treatment prevented Wave-1 from
reaching the leading edge of the lamellipodium (24).

Fibroblasts derived from Abi-2	/	 Abi-1	/� mice showed
reduced levels of Wave-1 protein that can be restored to nor-
mal levels by Abi-1 forms that can interact with Wave-1 and
localize to the leading edge of the lamellipodium. Our data
suggest that increased, normal Wave-1 protein levels require
the physical association of Wave-1 with Abi-1. Wave-1 activity
has been reported to be inhibited in vitro by a multiprotein
complex that includes HSPC300, Pir121, Nap-1, and Abi-2
(12), and activation of Wave-1 in vitro correlated with the
disruption of this complex (12). However, other studies have
shown that the expression of several components of the
Wave-1 protein complex are required for Wave-1 protein sta-
bility. Downregulation of amoeba Pir121 or its fruit fly ho-
molog (Sra-1), Drosophila Kette (Nap-1), and mammalian
Nap-1 resulted in unstable Wave/Scar proteins (3, 39, 45).
Moreover, downregulation of Abi-1, Nap-1, or Wave/Scar in
the Drosophila cells induces similar actin phenotypes, suggest-
ing that Abi-1 and Nap-1 may not antagonize Wave-1 function
but, rather, positively regulate Wave-1 stability and down-
stream signaling. Further studies will be required to determine
whether Abi proteins exert both positive and negative regula-
tory functions on Wave proteins.

The region of Abi-1 critical for Wave-1 binding overlaps the
SNARE domain that is conserved among Abi family members
(Fig. 3F). Here, we show that the Abi-1 SNARE domain is
necessary and sufficient to bind the Q-SNARE protein Syn-
taxin-1. We detected SNAP-25, but not VAMP-2, in the Abi-
1/Syntaxin-1 complex, suggesting that Abi-1 may not be part of
the neuronal SNARE complex formed by SNAP-25/Syntaxin-
1/VAMP-2. Several studies have suggested that the actin cy-

FIG. 7. Abi-1 undergoes nucleocytoplasmic shuttling. (A) Endog-
enous Abi-1 is present in the nucleus. NIH 3T3 cells were lysed, and
the lysates were separated into nuclear and cytoplasmic fractions,
followed by immunoblotting (IB) with Abi-1 antibody. The purities of
nuclear and cytoplasmic fractions were determined by immunoblotting
with Sin3A (a nuclear marker) and �-tubulin (a cytoplasmic marker),
respectively. (B) Abi-1 accumulates in the nucleus in an LMB-depen-
dent manner. An immunofluorescence signal (green) of EYFP-tagged
Abi-1 was observed in transfected NIH 3T3 cells before (	) and after
(�) LMB treatment. Flag-tagged Abi-1 in a bicistronic-GFP-express-
ing vector was expressed following retroviral transduction in NIH 3T3
cells, and Abi-1 localization was determined before and after LMB
treatment by immunostaining with Flag monoclonal antibody (red).
DAPI staining (DNA; blue) is also shown.
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toskeleton plays a role in membrane fusion, such as exocytosis
(13). Moreover, while Scar/Wave is required for endosome
traffic and exocytosis (41), very little is known regarding the
molecules that directly link membrane fusion and the actin
cytoskeleton. We propose that Abi proteins are good candi-
dates for the cross talk between the fusion machinery and the
actin cytoskeleton. We are currently testing this hypothesis.

The secondary structure of the SNARE motif is an �-helix
(50), and secondary-structure prediction analysis revealed that
Abi-1 amino acids 17 to 27 and 45 to 85 have a high probability
of forming an �-helix. Similarly, the majority of the Abi-1-
binding region on Wave-1 (amino acids 31 to 77) is predicted
to form an �-helix with high probability. Therefore, it is likely

that the interaction of Abi-1 with Wave-1 or Syntaxin-1 in-
volves �-helical structures. It was previously reported that
Abi-1 could oligomerize through its amino terminus (16). We
have confirmed that following overexpression, Abi-1 can oli-
gomerize (Fig. 5C). The interaction between Abi-1 proteins is
weaker than the interaction of Abi-1 with either Syntaxin-1 or
Wave-1 (A. Echarri and A. M. Pendergast, unpublished obser-
vations). However, it is possible that Abi-1 may interact with
Syntaxin-1 and/or Wave-1 as a dimer.

Interestingly, while we could detect endogenous Abi-1 in
Wave-1 immunoprecipitates from NG108-15 cell lysates, we
could not detect Syntaxin-1, which is expressed in these cells.
Moreover, increasing amounts of Wave-1 decreased the interac-

FIG. 9. Abi-1 localizes to the leading edge of the lamellipodium and undergoes nucleocytoplasmic shuttling. Distinct pools of Abi-1 bind to
Wave-1 or Syntaxin-1 in the cytosol, and localization of Abi-1 to the leading edge of the lamellipodium requires the SNARE and WAB domains
in the conserved Abi-1 amino terminus. Disruption of the Abi-1–Wave-1 interaction leads to a reduction of Wave-1 protein levels. Moreover, the
binding of Wave-1 to Abi-1 contributes to proper localization of Wave-1 to the leading edge of lamellipodia. Abi-1 undergoes nucleocytoplasmic
shuttling and accumulates in the nucleus in response to LMB treatment. Localization of Abi-1 to the nucleus in the absence of LMB requires the
simultaneous disruption of the SNARE, WAB, and SH3 domains of Abi-1. These findings suggest that multiple protein-protein interactions are
involved in retaining Abi-1 in the cytoplasm. The protein (X) that binds to the Abi-1 SH3 domain and contributes to Abi-1 cytoplasmic retention
has not yet been identified. While Wave-1 and Syntaxin-1 bind to the WAB and SNARE domains of Abi-1, respectively, other unknown proteins
may also bind to these domains and regulate the nucleocytoplasmic distribution of Abi-1. An unknown factor (Y) is required for the translocation
of Abi-1 into the nucleus, and another factor (Z) is required for the nuclear export of Abi-1 through the Crm-1-dependent pathway. YNLS,
NLS-containing protein; ZNES, NES-containing protein.

FIG. 8. The nucleocytoplasmic distribution of Abi-1 is regulated by the Wave-1- and Syntaxin-1-binding regions and the SH3 domain.
(A) Cellular localization of the indicated Abi-1 mutants before (	) and after (�) LMB treatment. The number on the bottom right in each panel
is the percentage of cells with Abi-1 nuclear staining. (B) Localization of the indicated EYFP-tagged Abi-1 mutants in NIH 3T3 cells in the absence
of LMB. The number on the bottom right in each panel is the percentage of cells with Abi-1 nuclear staining. (C) Schematic representation of the
Abi-1 mutants employed in this study; their localization is indicated. C, cytoplasmic localization; N, nuclear localization. The Abi-1 nomenclature
is given in the legend to Fig. 2G.
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tion between Abi-1 and Syntaxin-1 (data not shown). These ob-
servations suggest that the Abi-1/Syntaxin-1 complex and the Abi-
1/Wave-1 complex may be mutually exclusive and are consistent
with our finding that Abi-1 binds to Wave-1 and Syntaxin-1
through distinct but overlapping amino-terminal sequences (Fig.
3F). Our data indicate that the SNARE and WAB regions of
Abi-1 are required for binding to Syntaxin-1 and Wave-1, respec-
tively, but these data do not exclude the possibility that Abi-1
binds to other proteins through these domains. This finding is
particularly relevant for the Abi-1 SNARE domain, which is likely
to bind Syntaxin-1-like proteins in cell types such as fibroblasts, in
which Syntaxin-1 is not expressed.

We showed that endogenous Abi-1 localizes not only to the
lamellipodium but also to the nucleus. Interestingly, the se-
quences required for the localization of Abi-1 to the lamelli-
podium also regulate Abi-1 nuclear accumulation. The Abi-1
SNARE and WAB domains may function to anchor Abi-1 in
the cytoplasm, as both domains must be disrupted for Abi-1 to
completely enter the nucleus. However, partial disruption of
the WAB domain alone (Abi-1�3-32) does not influence Abi-1
nuclear accumulation (Fig. 8B and C), suggesting that protein
interactions mediated by both the SNARE and the WAB do-
mains must be simultaneously disrupted. Furthermore, the
Abi-1 SH3 domain also contributes to the nuclear transloca-
tion of Abi-1, as mutation of the SH3, SNARE, and WAB
domains is required to induce complete nuclear accumulation
of Abi-1 in the absence of LMB.

Abi-1 uses the NES- and Crm-1-dependent pathway to exit
the nucleus, suggesting that Abi-1 or an Abi-1-binding partner
contains a NES. Although Abi-1 contains a putative NES, it
appears to be nonfunctional, because deletion of this region
did not result in complete nuclear accumulation of Abi-1 in the
absence of LMB and the cytoplasmic pool of this mutant re-
tained sensitivity to LMB treatment. This finding suggests that
Abi-1 may use another NES-containing protein to exit the
nucleus. In this regard, Myopodin, an actin-bundling protein,
undergoes nucleocytoplasmic shuttling in an LMB-dependent
manner despite the absence of a leucine-rich NES (59).

The Abi-1 sequence does not contain amino acids with sim-
ilarity to any known NLS, suggesting that Abi-1 may contain an
uncharacterized NLS or binds to an NLS-containing protein to
enter the nucleus. Abi-1 binds to c-Abl, a protein that under-
goes nucleocytoplasmic shuttling and contains both NLS and
NES sequences (51). However, it is unlikely that Abl is respon-
sible for the nuclear entry or exit of Abi-1, because Abi-1
accumulates in the nucleus in c-Abl/Arg null cells after LMB
treatment (Echarri and Pendergast, unpublished).

It is intriguing that actin and several actin-binding and actin-
regulatory molecules undergo nucleocytoplasmic shuttling (35,
47, 51, 55, 56, 58, 59). The actin-regulatory protein WASP
enters the nucleus to regulate transcription (48). Similarly,
Wave-1 is found in the nucleus, but its nuclear role is unknown
(61). Zyxin, a regulator of actin polymerization (18), also un-
dergoes nucleocytoplasmic shuttling and, like Abi-1, lacks a
conventional NLS (58). Moreover, a number of proteins that
function at the plasma membrane to regulate signaling cas-
cades also undergo nucleocytoplasmic shuttling. Among these
is Sterile 5 (Ste5), a scaffold protein of the yeast mating path-
way that must shuttle to the nucleus before it can localize to
the plasma membrane and activate the MAPK cascade (27).

Nucleocytoplasmic shuttling of Abi-1 may serve to limit Abi-
1-dependent regulation of Wave-1 and actin-dependent pro-
cesses at the leading edge of the lamellipodium in the absence
of appropriate extracellular stimuli. Alternatively, nuclear ac-
cumulation may be required for yet-to-be-identified Abi-1-reg-
ulated processes in the nucleus.

Our work has shown that Abi-1 is one of a growing number
of molecules that undergo nucleocytoplasmic shuttling and
also function to regulate proteins involved in actin dynamics in
the cytosol. Analysis of the phenotypes induced by the loss of
Abi-1 and Abi-2 in mice and other species will reveal whether
the Abi protein family is required for the regulation of actin
dynamics in vivo.
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