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The Abl interactor proteins localize to sites of actin
polymerization at the tips of lamellipodia and filopodia
Theresia Stradal*$, Kevin D. Courtney'$, Klemens Rottner*,
Penelope Hahne*, J. Victor Small* and Ann Marie Pendergast?

Cell movement is mediated by the protrusion of
cytoplasm in the form of sheet- and rod-like
extensions, termed lamellipodia and filopodia.
Protrusion is driven by actin polymerization, a
process that is regulated by signaling complexes
that are, as yet, poorly defined. Since actin
assembly is controlled at the tips of lamellipodia
and filopodia [1], these juxtamembrane sites are
likely to harbor the protein complexes that control
actin polymerization dynamics underlying cell
motility. An understanding of the regulation of
protrusion therefore requires the characterization
of the molecular components recruited to these
sites. The Abl interactor (Abi) proteins, targets of
Abl tyrosine kinases [2-4], have been implicated in
Rac-dependent cytoskeletal reorganization in
response to growth factor stimulation [5]. Here, we
describe the unique localization of Abi proteins in
living, motile cells. We show that Abi-1 and Abi-2b
fused to enhanced yellow fluorescent protein
(EYFP) are recruited to the tips of lamellipodia and
filopodia. We identify the targeting domain as the
homologous N terminus of these two proteins. Our
findings are the first to suggest a direct
involvement of members of the Abi protein family
in the control of actin polymerization in protrusion
events, and establish the Abi proteins as potential
regulators of motility.
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Results and discussion

Characterization of constructs

Abi proteins are targets of the Abl kinases and have been
linked to Rac-dependent cytoskeletal reorganization [2-5].
Abi-1 (e3B1) associates with Sos-1 and the EGF-receptor
substrate Eps8 in a complex that exhibits Rac-GEF activ-
ity (Figure 1k) [5]. The depletion of Abi-1 by microin-
jection of antibodies into fibroblasts blocks membrane
ruffling in response to PDGF [5]. These observations
implicate Abi proteins in pathways signaling to the actin
cytoskeleton. To examine the subcellular localization and
live cell dynamics of Abi proteins, we generated EYFP
(or EGFP) fusion constructs of Abi-1, Abi-2a, and Abi-2b
(Figure 1k). Abi-1 and Abi-2 are the products of different
genes, while Abi-Za and Abi-2b are splice variants that
differ primarily in their N termini [2, 3, 6]. Deletion
constructs were also made of the N terminus (AN), the
SH3 domain (ASH3), the homeobox homology region
(AHHR), or the polyproline domain (APRO), as indicated
in Figure 1k. Further constructs included the N-terminal
region alone (N), the N terminus plus the first Abl binding
site (N+), and one of Abi-2b carrying a mutation that
abrogates binding to Abl through the SH3 domain
(P501L).

For in vivo analysis of these constructs, we used B16F1
murine melanoma cells, which are readily transfectable
and highly motile when plated on laminin. Western blot
analysis of lysates of transiently transfected B16F1 cells
confirmed the expression of EYFP-and EGFP-tagged Abi
proteins (see Supplementary Figure S1 in Supplementary
material published with this article on the Internet). Wild-
type and mutant forms of Abi-1, Abi-2a, and Abi-2b fusion
proteins migrated at the expected molecular weights
(Supplementary Figure S1). Both EYFP-Abi-1 and EYFP-
Abi-2b were shown to retain their ability to bind Abl in
vivo by immunoprecipitation with antibodies to either

GFP or Abl (Supplementary Figure S2).

Abi proteins dynamically localize to protruding
lamellipodia and filopodia tips

In motile cells, actin polymerization occurs at three mem-
brane-associated locations: at the tips of lamellipodia and
filopodia, and at focal adhesions [1]. The different func-
tions mediated at these locations must be reflected in a
molecular heterogeneity in signaling cascades, such as
signaling through specific Rho family members [7]. Focal
adhesions harbor a complex array of matrix receptors, ki-
nases, adaptors, and structural proteins to serve their func-
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Figure 1
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Abi localization in living cells. (a—j) Fluorescence (a,c,e,g,i) and phase
contrast images (b,d,f,h,j) of B16F1 melanoma cells expressing

the Abi constructs indicated. Only the region including the
lamellipodium is shown. Note the localization of only the full-length
(a,c) and N-terminal (e) constructs to the tips of lamellipodia. The
dynamic localization of these and other constructs is shown in the
supplementary movies. The inset in (a) presents a density scan across
the region boxed in white, showing only a single peak at the lamellipodium
tip. (k) All constructs were tagged with either EYFP or EGFP at the
N terminus (indicated by a circle). Abi-1 and Abi-2 derive from
separate genes. Abi-2a and Abi-2b arise from alternative splicing of
the same gene, and differ only at the N terminus and in a proline-
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rich insertion in Abi-2b (indicated by a star ). The N termini of Abi-1
and Abi-2b (regions blocked in gray) are identical. Major domains

are indicated: CC, coiled-coil region; HHR, homeobox homology
region; PRO, polyproline stretch; SH3, SH3 domain. N-terminal
constructs (Abi-N) include the coiled-coil region. YR/KTLE is a tyrosine-
based signal similar to that (YRSLE) implicated in sorting to the
axonal growth cone [25]. “Tip Localization” indicates the frequency
and intensity of labeling of the Abi constructs at lamellipodia tips
during protrusion: ++, strong signal; +, weak signal; +/—, weak
signal in a subset of transfected cells; —, no tip localization. The
cartoon at the bottom provides the sites of interaction for relevant Abi
binding proteins [2, 17, 18].

tions in signaling and anchorage [8]. Similarly, and in line
with results emerging on pathogen motility [9], we can
expect a complex of signaling and adaptor molecules to
be strategically concentrated at sites where actin polymer-
ization is transduced into protrusion. As shown in Figures
la and 1c¢, EYFP-Abi-1 dynamically localized to lamelli-
podia and filopodia tips, where new actin subunits add
to growing filament ends [1]. Abi-2b also showed this
localization and, like Abi-1, was specifically recruited to
the tips of lamellipodia and filopodia that were undergoing
protrusion. Significantly, the label was absent from re-
tracting processes (Figure 2; Supplementary Movies 1 and
5-7). This localization was observed in cells plated on
either laminin (Figures 1, 2, and 3) or fibronectin (Supple-
mentary Movie 11), demonstrating that it was indepen-

dent of substrate type. EYFP-Abi-2a, which lacks homol-
ogy with Abi-1 and Abi-2b in its N-terminal region,
showed no recruitment to lamellipodia tips (Supplemen-
tary Movie 10). In some cells, highly mobile dot-like struc-
tures, often in rosette-like arrays and reminiscent of small
surface ruffles [10], were observed; these harbored Abi
proteins as well as the components of the Arp2/3 complex
(Supplementary Figure S3; Supplementary Movies 12
and 13).

Comparison of lamellipodia in cells transfected with Abi
or Arp3 that were fixed and labeled with phalloidin clearly
demonstrates Abi localization to the tip of the lamellipod-
ium, in contrast to Arp3 localization across the breadth of
the lamellipodium (Figures 1a, 2a, and 3; Supplementary
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Abi proteins are recruited only to the tips of (a)
protruding, but not retracting, lamellipodia
and filopodia. Images show selected frames
of videos of B16F1 melanoma cells
transiently transfected with EYFP-Abi-2b. The
time scale is provided in minutes and
seconds. The scale bar represents 5 pm. (For
corresponding movies, see Supplementary
material.) (@) A region of a lamellipodium is
visualized in the fluorescence channel (left) and
in phase contrast (right). The phase-dense
lamellipodium region is indicated between

the arrows in the phase image. The white bar
with an arrowhead in the lower two frames

in the fluorescence channel indicates regions
of lamellipodia retraction. (b) A region
showing filopodia and including one
filopodium that protruded during the imaged
sequence (arrowhead) is provided.

material) [11]. The localization of Abi proteins solely to
the tips of protruding lamellipodia and filopodia contrasts
with that of VASP and Profilin, proteins that are both
additionally recruited to sites of substrate anchorage (Fig-
ure 3; Supplementary Movie 7) [12-14]. This unique lo-
calization of Abi proteins earmarks them as putative regu-
latory components engaged in protrusion phenomena.

The unique N terminus targets Abi-1 and Abi-2b
to the tips of lamellipodia

In order to delineate the domains responsible for the
recruitment of Abi-1 and Abi-2b to tips, we generated
mutations in a number of potential targeting regions. The
first 145 residues of the N terminus, containing a region
of homology to the coiled-coil domain of soluble N-ethyl-
maleimide-sensitive factor attachment protein receptors
(t-SNAREs) and a portion of the HHR, were essential
for localization to lamellipodia tips (Figure le; Supple-
mentary Movie 2). This region alone (Abi-2b-N) was capa-
ble of proper localization (Figure 1e), whereas the deletion
mutants Abi-1AN and Abi-2bAN were not localized to
the tips (Figure 1g; Supplementary Movies 3 and 9). The
deletion of the HHR, SH3, or polyproline domains in
Abi-2b or Abi-1 did not affect localization to lamellipodia
tips (data not shown).

Actin polymerization leading to lamellipodia protrusion
is signaled by events downstream of Rac, and involves
the activation of the Arp2/3 complex by members of the
WASP family, presumably WAVE [11, 15]. The demon-
stration of a complex between Abi-1, Eps8, and Sos-1 that
exhibits Rac-GEF activity places this complex upstream
of Rac [5]. Interestingly, the deletion of the polyproline-
containing Eps8 binding site in Abi proteins [16, 17] had
no effect on Abi localization. The N terminus of Abi-1

was also recently identified as the site responsible for
interaction with Sos1/2 in vivo [18]. However, this interac-
tion was mapped to the first 210 residues of Abi-1, and
the first 161 residues were insufficient to bind Sos [18].
We show here that the first 145 amino acids of Abi-2b,
which are highly conserved in Abi-1, are capable of localiz-
ing to tips (Figure le), suggesting that this localization
can occur independently of Sos binding. It remains to be
shown whether Eps8, Sos-1, and Abi are recruited to-
gether to lamellipodia tips.

The N terminus of Abi-1 and Abi-2b includes a portion
of the HHR and a region of homology with the coiled-
coil domain of t-SNARESs that are implicated in vesicle
fusion with target membranes [19]. Sequence comparison
of mammalian Abi family members, Abi-1/e3B1, Abi-2b,
NESH, and to a lesser extent Drosophila Abi (Dabi), re-
veals highest homology in the N-terminal region and the
SH3 domain [17, 20-22]. We speculate that the Abi
N-terminal domain constitutes a localization determinant
in this family of proteins and represents a novel targeting
domain for localization to the tips of lamellipodia and
filopodia.

Endogenous Abi proteins are present at the tips
of lamellipodia

Murine B16F1 melanoma cells express detectable levels
of endogenous Abi proteins as determined by Western
blot analysis using an antibody that recognizes Abi-1 and
Abi-2 (data not shown) [4, 6]. By employing fixation condi-
tions found suitable for preserving lamellipodia in B16F1
cells [12], the endogenous Abi proteins were localized
using the polyclonal anti-Abi-1/Abi-2 antibody. Immuno-
fluorescence microscopy revealed essentially the same
localization as obtained with the GFP- tagged constructs
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Figure 3

Figure 4

Differential localization of Abi-1, VASP, Profilin, and Arp3. Images of
live cells transfected with EYFP-Abi-1, EGFP-Profilin Il, EGFP-VASP,
or Arp3-EGFP show that all proteins except Arp3 are recruited to
lamellipodia tips (white arrows), while Arp3 localizes to the entire
lamellipodium. In addition to lamellipodia tips, VASP and Profilin also
localize to focal adhesions (black arrowheads). The additional, punctate
labeling of stress fibers by VASP is indicated by gray arrowheads.
The scale bar represents 10 um.

(Figure 4a,b). This characteristic localization has also been
observed in other cell types, including mouse embryo
fibroblasts (M. Grove and A.M.P., unpublished data). Im-
munoelectron microscopy performed with the same anti-
body and fixation conditions showed that the immunola-
bel was concentrated at the interface between the actin
meshwork and the leading membrane front (Figure 4c).

"T'he localization of Abi proteins shown here is consistent
with our recent findings that place Abi proteins in neu-
ronal growth cone particles, synaptosomes, and presump-
tive dendritic spines [6]. Increasing evidence points to a
critical role for actin filament dynamics in these structures
[23]. We predict that Abi proteins are involved in the

Endogenous Abi is localized at lamellipodia tips. Double labeling of a
B16F1 melanoma cell with fluorescent phalloidin (a) and a polyclonal
antibody to Abi proteins (b). (c) Electron micrograph of the anterior
region of a lamellipodium in a B16F1 melanoma cell labeled with

the Abi polyclonal antibody and a secondary antibody conjugated to
10 nm gold.

regulation of actin dynamics at the tips of neuronal pro-
cesses.

Conclusions

The protrusion of lamellipodia and filopodia is based on
the controlled polymerization of actin filaments via the
insertion of actin monomers at their tips. Our findings
provide evidence that Abi proteins are dynamically re-
cruited to these sites. We propose that Abi proteins con-
tribute to the regulation of actin assembly at sites of cell
membrane protrusion.

Materials and methods

Expression constructs

pEYFP-C1, pEGFP-C1, and pEGFP-N3 were purchased from Clontech.
EYFP-Abi-1 and EYFP-Abi-2b were described previously [6]. The cDNA
for human Arp3 was provided by L. Machesky. The vectors for EGFP-
VASP and Profilin II-EGFP were provided by U. Carl [24] and A. Sechi
[14], respectively. Remaining constructs are described in Supplementary
material.



Supplementary material
QuickTime videos of phase contrast and fluorescent images of live, motile
B16F1 melanoma cells expressing the EYFP/EGFP-tagged constructs
described in this paper are available at http://images.cellpress.com/
supmat/supmatin.htm. Additional materials and methods are provided
as supplementary material.

Acknowledgements

This work was supported by a grant from the Austrian Science Foundation
(to J.V.S.) and National Cancer Institute grant CA70940 (to AM.P.). K.D.C.
was supported by the Medical Scientist Training Program and the Department
of Defense Breast Cancer Research Program. K.R. was supported by an
EMBO fellowship. We thank Maria Schmittner for excellent technical assis-
tance and Gunter Resch for help with electron microscopy. We thank David
Sheeks for generating the web page. We thank Matthew Grove for technical
advice. We thank Asier Echarri Aguirre and Alison Meloni for construct gener-
ation. We also thank Asier Echarri Aguirre for identification of the coiled-coil
domain homology in Abi-1 and Abi-2b.

References

1. Wang YL: Exchange of actin subunits at the leading edge of
living fibroblasts: possible role of treadmilling. J Cell Bio/
1985, 101:597-602.

2. Dai Z, Pendergast AM: Abi-2, a novel SH3-containing protein
interacts with the c-Abl tyrosine kinase and modulates
c-Abl transforming activity. Genes Dev 1995, 9:2569-2582.

3. Shi Y, Alin K, Goff SP: Abl-interactor-1, a novel SH3 protein
binding to the carboxy-terminal portion of the Abl protein,
suppresses v-Abl transforming activity. Genes Dev 1995,
9:25883-2597.

4. Dai Z, Quackenbush RC, Courtney KD, Grove M, Cortez D, Reuther
GW, et al.: Oncogenic Abl and Src tyrosine kinases elicit
the ubiquitin-dependent degradation of target proteins
through a Ras-independent pathway. Genes Dev 1998,
12:1415-1424.

5. Scita G, Nordstrom J, Carbone R, Tenca P, Giardina G, Gutkind S,
et al.. EPS8 and E3B1 transduce signals from Ras to Rac.
Nature 1999, 401:290-293.

6. Courtney KD, Grove M, Vandongen H, Vandongen A, LaMantia A-S,
Pendergast AM: Localization and phosphorylation of Abl-
interactor proteins, Abi-1 and Abi-2, in the developing
nervous system. Mo/ Cell Neurosci 2000, 16:244-257.

7. Hall A: Rho GTPases and the actin cytoskeleton. Science 1998,
279:509-514.

8. Schoenwaelder SM, Burridge K: Evidence for a calpeptin-
sensitive protein-tyrosine phosphatase upstream of the small
GTPase Rho. A novel role for the calpain inhibitor calpeptin
in the inhibition of protein-tyrosine phosphatases. J Bio/
Chem 1999, 274:14359-14367.

9. Frischknecht F, Way M: Surfing pathogens and the lessons
learned for actin polymerization. Trends Cell Biol 2001,
11:30-38.

10. Ballestrem C, Wehrle-Haller B, Imhof BA: Actin dynamics in living
mammalian cells. J Cell Sci 1998, 111:649-658.

11. Welch MD: The world according to Arp: regulation of actin
nucleation by the Arp2/3 complex. Trends Cell Biol 1999,
9:423-427.

12. Rottner K, Behrendt B, Small JV, Wehland J: VASP dynamics
during lamellipodia protrusion. Nat Cell Biol 1999, 1:321-

322.

13. Bear JE, Loureiro JJ, Libova |, Fassler R, Wehland J, Gertler FB:
Negative regulation of fibroblast motility by Ena/VASP
proteins. Cell 2000, 101:717-728.

14. Geese M, Schluter K, Rothkegel M, Jockusch BM, Wehland J, Sechi
AS: Accumulation of profilin Il at the surface of Listeria is
concomitant with the onset of motility and correlates with
bacterial speed. J Cell Sci 2000, 113:1415-1426.

16. Machesky LM, Insall RH: Signaling to actin dynamics. J. Cell Biol
1999, 146:267-272.

16. Mongiovi AM, Romano PR, Panni S, Mendoza M, Wong WT,
Musacchio A, et al.: A novel peptide-SH3 interaction. EMBO
J 1999, 18:5300-5309.

17. Biesova Z, Piccoli C, Wong WT: Isolation and characterization
of e3B1, an eps8 binding protein that regulates cell growth.
Oncogene 1997, 14:233-241.

18. Fan PD, Goff SP: Abl interactor 1 binds to Sos and inhibits

20.

21.

22.

23.

24.

25.

Brief Communication 895

epidermal growth factor- and v-Abl-induced activation of
extracellular signal-regulated kinases. Mo/ Cell Biol 2000,
20:7591-7601.

Hanson PI, Heuser JE, Jahn R: Neurotransmitter release - four
years of SNARE complexes. Curr Opin Neurobiol 1997, 7:310-
315.

Taki T, Shibuya N, Taniwaki M, Hanada R, Morishita K, Bessho F, et
al.: ABI-1, a human homolog to mouse Abl-interactor 1,

fuses the MLL gene in acute myeloid leukemia with
t(10;11)(p11.2;q23). Blood 1998, 92:1125-1130.

Miyazaki K, Matsuda S, Ichigotani Y, Takenouchi Y, Hayashi K, Fukuda
Y, et al.: Isolation and characterization of a novel human

gene (NESH) which encodes a putative signaling molecule
similar to e3B1 protein. Biochim Biophys Acta 2000,
1493:237-241.

Juang JL, Hoffmann FM: Drosophila abelson interacting protein
(dAbi) is a positive regulator of abelson tyrosine kinase
activity. Oncogene 1999, 18:5138-5147.

Matus A: Actin-based plasticity in dendritic spines. Science
2000, 290:754-758.

Carl UD, Pollmann M, Orr E, Gertler FB, Chakraborty T, Wehland J:
Aromatic and basic residues within the EVH1 domain of VASP
specify its interaction with proline-rich ligands. Curr Biol 1999,
9:715-718.

Kamiguchi H, Lemmon V: A neuronal form of the cell adhesion
molecule L1 contains a tyrosine-based signal required for
sorting to the axonal growth cone. J Neurosci 1998, 18:3749-
3756.



