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Proteins of the Wiskott—Aldrich syndrome and Ena/
VASP families both play essential functions in the
regulation of actin dynamics at the cell leading edge.
However, possibilities of functional interplay between
members of these two families have not been
addressed. Here we show that, in hemopoietic cells,
recruitment of the C-terminal VCA (Verprolin hom-
ology, Cofilin homology, Acidic) domain of WASp at
the plasma membrane by a ligand technique using
rapamycin as an intermediate is not sufficient to elicit
efficient Arp2/3 complex-mediated actin polymeriz-
ation. Other domains of WASp, in particular the pro-
line-rich domain, are required for the formation of
actin-rich structures. An in vifro analysis demon-
strates that the proline-rich domain of WASp binds
VASP with an affinity of ~10° M-, In addition, WASp
and VASP both accumulate in actin-rich phagocytic
cups. Finally, in a reconstituted motility medium,
VASP enhances actin-based propulsion of WASp-
coated beads in a fashion reminiscent of its effect on
Listeria movement. We propose that VASP and WASp
cooperation is essential in stimulating actin assembly
and membrane protrusion at the leading edge.
Keywords: actin/motility/VASP/WASp

Introduction

Actin polymerization is essential for lamellipodial and
filopodial protrusion in diverse cellular processes includ-
ing phagocytosis, cell locomotion, cell polarity and also in
intracellular bacterial motility (for review see Borisy and
Svitkina, 2000). Nucleation of new actin filaments is
spatially controlled by the Arp2/3 complex, a complex of
seven evolutionarily conserved proteins (Welch et al.,
1997; Machesky and Gould, 1999). Arp2/3 complex
activity is stimulated by phosphoinositides and the Rho
GTPases Cdc42 and Rac through WASp family proteins
that interact with the Arp2/3 complex (Machesky and
Insall, 1998; Machesky et al., 1999; Rohatgi et al.,
2000). WASp, the product of a hemopoietic specific gene,
mutated in the immune-deficiency disorder Wiskott—
Aldrich syndrome, and the related more ubiquitous
N-WASp protein, bind to and are activated by the
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GTP-bound form of Cdc42 and by phosphoinositide 4,5-
bisphosphate (PIP,). Cdc42-GTP interacts with the
GTPase-binding domain (GBD) of WASp/N-WASp,
while PIP, binds a basic region in N-WASp located
N-terminally to the GBD domain (Aspenstrom et al.,
1996; Kolluri et al., 1996; Symons et al., 1996; Miki et al.,
1998a; Prehoda et al., 2000; Rohatgi et al., 2000).
Cdc42—-GTP and PIP, act synergically to relieve an auto-
inhibitory interaction between the C-terminal VCA
(Verproline homology, Cofilin homology, Acidic) domain
and residues overlapping the GBD (Higgs and Pollard,
2000; Kim et al., 2000; Rohatgi et al., 2000). Once
unmasked, VCA binds simultaneously to G-actin and to
the Arp2/3 complex, resulting in Arp2/3 complex activ-
ation and nucleation of actin filaments (Marchand et al.,
2001; for a review see Machesky and Gould, 1999).
Altogether, these results indicate that one function of
WASD is to regulate actin assembly downstream of Cdc42
and PIP, signalling pathways. Moreover, other structural
domains of WASp/N-WASp have been shown to interact
with various partners involved in the modulation of actin
dynamics. The N-terminal EVH1 homology domain binds
polyproline sequences in WASp Interacting Protein
(WIP), a protein involved in actin reorganization
(Ramesh et al., 1997). In addition, a central proline-rich
domain (PRD) interacts with profilin and SH3 adaptor
proteins, including Grb2 and Nck (Rivero-Lezcano et al.,
1995; Miki et al., 1996), which have been shown to
enhance N-WASp-Arp2/3 complex-mediated actin
assembly (Carlier et al., 2000; Rohatgi et al., 2001).
Because of its modular structure, WASp is thus thought to
play an essential role in coordinating different signaling
routes leading to actin dynamics at the cell leading edge.
This assumption is supported by the severe defects in
actin-dependent cellular functions including motility,
chemotaxis, adhesion and phagocytosis in hemopoietic
cells of WAS patients (Zicha et al., 1998; Linder et al.,
1999, 2000; Leverrier et al., 2001).

Ena/VASP proteins are members of another protein
family implicated in actin dynamics (Gertler et al., 1996).
They localize to sites of actin assembly in focal adhesions,
to actin-based protrusions at cell-cell contacts, and at the
edge of lamellipodia (Reinhard ef al., 1992; Rottner et al.,
1999; Vasioukhin et al., 2000). VASP is also recruited to
the surface of Listeria monocytogenes and is required for
optimal bacterial motility in vivo and in vitro (Chakraborty
et al., 1995; Niebuhr et al., 1997; Laurent et al., 1999;
Loisel et al., 1999). The N-terminal EVH1 domain of
VASP targets the protein to specific sites, characterized by
F/Y/LPPPP consensus repeats found in the Listeria protein
ActA (Niebuhr et al., 1997), the focal adhesion proteins
zyxin and vinculin (Niebuhr er al., 1997; Drees et al.,
2000), Fyb/SLAP protein (Krause et al., 2000) and the
guidance factor Robo (Bashaw et al., 2000). However, the
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targets of Ena/VASP proteins in lamellipodia and their
function in actin dynamics at the leading edge are not
precisely known (for review see Machesky, 2000). Some
studies (Gertler et al., 1996; Rottner et al., 1999) suggest
that Ena/VASP proteins promote actin assembly and cell
protrusion at the leading edge. Other recent work indicates
that overexpression of VASP results in lowered cell
motility while depletion of both VASP and the related
protein Mena enhances motility (Bashaw er al., 2000; Bear
et al., 2000). Moreover, it is possible that the localization
of VASP at the leading edge and at focal adhesions
involves different mechanisms (Rottner et al., 1999; Bear
et al., 2000; Drees et al., 2000).

The fact that both WASp and VASP control the
assembly and organization of actin filaments at the leading
edge brought us to investigate the possibility of their
coordinated function in actin assembly and motility
processes by means of in vivo and in vitro assay systems.
All our data converge to show that VASP cooperates with
WASp-Arp2/3 complex to enhance actin-based cellular
protrusion.

Results

The C-terminal VCA domain is not sufficient for
WASp-mediated actin assembly at the plasma
membrane: requirement for the PRD

Various biochemical studies have led to the conclusion
that the minimal actin nucleation machinery consists of the
Arp2/3 complex interacting with and activated by the
conserved C-terminal VCA domain of WASp/Scar
proteins, in the presence of G-actin (Higgs et al., 1999;
Machesky et al., 1999; Rohatgi et al., 1999; Marchand
et al., 2001). It is not known, however, whether this
minimal machinery could be sufficient to promote actin
assembly at the plasma membrane in living cells. We have
addressed this point by targeting the isolated VCA domain
of WASp to the plasma membrane using a system that
allows for the inducible recruitment of proteins at the
cytoplasmic face of the plasma membrane (Castellano
et al., 1999). This system, which uses rapamycin as a
protein dimerizer in vivo, relies on rat basophilic
leukemia mast cells (RBL-2H3) that express a chimeric
surface receptor. This receptor comprises two copies of a
rapamycin-binding FKBP domain as a cytoplasmic region
fused with the extracellular/transmembrane region of
CD25 (CD25-FKBP,) (Castellano et al., 1999). CD25-
FKBP,-expressing cells are further transfected with con-
structs consisting of the FRB domain (a region of the
human protein FRAP that binds the FKBP-rapamycin
complex) fused with the protein (or portion of the protein)
of interest. Upon rapamycin treatment, FRB domain-
containing chimeras are induced to associate with the
cytoplasmic region of CD25-FKBP, with rapamycin
acting as a bridge. We recently showed that rapamycin-
mediated membrane recruitment of a constitutively acti-
vated mutant form of Cdc42 or its downstream effector,
WASp, stimulates actin-based membrane protrusion form-
ation (Castellano et al., 1999).

When RBL-2H3 cells expressing the CD25-FKBP,
receptor and FRB-WASp105-502 (WASp deleted of its
first 105 amino acid residues, see Figure 1A for a
schematic representation of the constructs used for this
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Fig. 1. Schematic representation of the FRB-WASp constructs.

(A) Domain structure of WASp and schematic representation of FRB
domain-containing constructs used in this study (the myc tag and the
11 kDa FRB domain fused at the N-terminus of the WASp constructs
are not represented). The N-terminus of WASp contains a WH1
domain with similarity to the EVHI domain of Ena/VASP family
proteins. Adjacent to the GBD is a basic region (+), which binds PIP,
in the case of N-WASp (Rohatgi ef al., 2000) and an auto-inhibitory
region (auto) that interacts and masks the C-terminal VCA domain.
The PRD binds profilin as well as several SH3 domain-containing
proteins. The position of three LPPPP motifs (LP1-3) is indicated by
arrows. The VCA domain binds actin monomers and the Arp2/3
complex, resulting in stimulation of actin nucleation. (B) Expression
levels of FRB chimeras in RBL-2H3 cell lines. Total cell lysates were
analyzed by immunoblotting with anti-myc tag antibody.

study) were plated on anti-CD25 antibody-coated glass
coverslips to enrich for the receptor at the cell/substratum,
and were labeled with fluorescent phalloidin, F-actin was
found at the cell periphery and in sparse dots at the ventral
surface (Figure 2A). Strikingly, treatment of these cells
with rapamycin triggered a strong actin polymerization
response localized to the ventral cell surface (Figure 2B).
Cells became irregular in shape with numerous actin-rich
membrane protrusions. Actin polymerized in the form of
short rod-shaped bundles, some of which appeared to
connect in a network at the ventral cell surface (Figure 2B,
arrows and see inset), and some extending within periph-
eral protrusions (Figure 2B, arrowheads). Rapamycin-
mediated recruitment of activated Cdc42 resulted in a very
similar effect (data not shown). A cell line expressing the
VCA domain of WASp (position 418-502, see Figure 1A)
N-terminally fused to the FRB domain was then examined.
Immunoblotting analysis showed that FRB-WASp105-
502 and —~-WASp418-502 were expressed to similar levels
in RBL-2H3 cell lines (Figure 1B, compare lanes 1 and 6).
In the absence of rapamycin, the distribution of F-actin
in these cells did not differ significantly from that in
WASp105-502-expressing cells (compare Figure 2C with
A); however, in contrast to WASp105-502-expressing
cells, treatment of cells expressing WASp418-502 with
rapamycin did not result in detectable actin polymerization
(Figure 2D). To rule out the possibility that fusion with the



rapamycin

Fig. 2. Requirement for N-terminal regions of WASp in actin
assembly. F-actin distribution in stable cell lines expressing the surface
receptor CD25-FKBP, in combination with various FRB-WASp
constructs. Control cells cultured in the absence of rapamycin (A, C, E
and G). Membrane translocation of FRB-WASp constructs to the
cytoplasmic region of CD25-FKBP, receptors was induced by
rapamycin treatment (B, D, F and H). Images shown are confocal
sections of the ventral cell surface. (A and B) Wasp105-502,

(C and D) WASp418-502, (E and F) WASp238-502,

(G and H) WASp196-502. Bar: 10 um.

FRB domain could have impaired the ability of the VCA
domain to trigger Arp2/3-mediated actin assembly, FRB—
WASp418-502 was transiently overexpressed in BHK-21
cells and compared with the related WA domain of Scar
(Machesky and Insall, 1998) for its effect on actin
nucleation. When overexpressed to a level 50-fold higher
than in the stably transformed RBL-2H3 cell line (see
Figure 3A), FRB-WASp418-502 and Scar-WA accumu-
lated as cytoplasmic clusters that were strongly positive
for F-actin (Figure 3, compare B-D and E-G), indicating
that VCA had retained its capacity to induce actin
polymerization when fused with the FRB domain.

A possible explanation for the absence of actin
polymerization upon recruitment of the isolated VCA
domain to the plasma membrane in RBL-2H3 cells could
be that other region(s) of WASp are necessary for
stimulating actin assembly at the cell cortex. RBL-2H3
cells expressing CD25-FKBP, were therefore transfected
with several FRB-tagged constructs extending further
toward the N-terminus of WASp (see Figure 1A), and
tested for their ability to induce actin polymerization upon
rapamycin treatment. Western blotting of cell extracts
with anti-myc tag antibodies confirmed that all proteins

WASpP-VASP complex regulates actin polymerization

migrated at their expected size during SDS-PAGE, and
importantly, that they were all expressed to similar levels
(Figure 1B). Rapamycin treatment of cells expressing
WASp266-502, comprising the PRD and the auto-
inhibitory region (Figure 1A; Kim et al., 2000), or
WASp238-502, also including the GBD domain, did not
induce actin assembly (data not shown and Figure 2E
and F, respectively). In contrast, a strong actin polymeriza-
tion response was induced upon rapamycin treatment of
cells expressing WASp196-502 (Figure 2G and H) or
WASp155-502 (data not shown), which both include a
conserved basic region N-terminal to the GBD domain.

The involvement of the Arp2/3 complex in the
rapamycin-induced actin polymerization response was
tested by immunofluorescence staining of FRB-WAS
p418-502- and —-WASp105-502-expressing cells with an
antibody directed against p41-Arc, a subunit of the Arp2/3
complex (Stewart er al., 1996). In control non-treated
cells, the Arp2/3 complex was found in punctate structures
that did not coincide with F-actin dots at the ventral
surface (Figure 4A, B, E and F). Puncta of Arp2/3 complex
were also visible in the entire cell volume (not shown).
Rapamycin treatment of cells expressing WASp105-502
triggered a massive accumulation of Arp2/3 complex at
the ventral cell surface where it colocalized with F-actin-
rich structures (Figure 4G and H). Therefore, actin
polymerization in response to WASp recruitment correl-
ated with an accumulation of Arp2/3 complex in actin-rich
structures. In contrast, the distribution of Arp2/3 complex
remained unchanged upon rapamycin treatment of cells
expressing WASp418-502 (Figure 4C and D).

Altogether, these data demonstrated that the VCA
domain was not sufficient to activate actin assembly at
the plasma membrane, and pointed at a critical role of the
central part of WASp comprising regions flanking and
including the GBD domain, as well as the PRD.
Contribution of the PRD region of WASp in actin
assembly was assessed by expressing a truncated form
of WASp carrying a deletion of the entire PRD
(WASpAPRD, see Figure 1A). As shown in Figure 5,
rapamycin treatment of WASpAPRD-expressing cells did
not induce actin polymerization, demonstrating the essen-
tial role of the PRD region in WASp-mediated actin
assembly.

The PRD of WASp interacts with VASP
Examination of the amino acid sequence of the central
region of WASp revealed the presence of three LPPPP
motifs at position 159-163 (LP1), 313-319 (LP2) and
381-387 (LP3). The Ena/VASP homology 1 (EVHI)
domain of Ena/VASP family members involved in the
regulation of actin dynamics binds to proteins containing
proline-rich sequences with a consensus motif F/W/Y/
LPPPP (Niebuhr et al., 1997). In addition, a sequence in
the cytoplasmic domain of the Drosophila receptor Robo
with a core LPPPP motif has recently been shown to
mediate a direct interaction with Ena (Bashaw er al.,
2000). Therefore, we have tested the possibility that the
WASp PRD region could be involved in an interaction
with VASP.

Pulldown assays first showed that glutathione S-trans-
ferase (GST) fusion proteins of WASp comprising the
PRD region immobilized on glutathione—Sepharose were
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Fig. 3. Overexpressed FRB-WASp418-502 induces F-actin clusters in BHK-21 cells. (A) Lysates of RBL-2H3 cell line expressing FRB-WASp418—

502, or BHK-21 cells overexpressing FRB—-WASp418-502 or Scar-WA

were run on 12% SDS-PAGE (9 ug total protein per lane) and blotted on to

PVDF. Blots were revealed using mouse anti-myc tag antibody (clone 9E10) and the ECL procedure. The signal in RBL-2H3 cells is ~5-fold less than
in BHK-21 cells (compare lanes 1 and 3). Taking into consideration that ~10% of BHK-21 cells expressed the FRB-WASp418-502 protein, we
estimate that the level of expression of FRB-WASp418-502 is ~50-fold lower in the RBL-2H3 stable cell line compared with that in BHK-21 cells.
(B-D) BHK-21 cells expressing the Scar-WA domain. (E-G) BHK-21 cells expressing the FRB—-WASp418-502 construct. (B and E) Localization

of myc-tagged constructs as revealed using anti-myc tag antibody. (C and F) Distribution of F-actin. Arrows point at clusters of WASp or Scar
C-terminal domains and F-actin. Arrowheads show non-transfected cells. (D and G) Superimposition of anti-myc and F-actin images. Bar: 10 pm.

able to bind VASP present in RBL-2H3 cells (Figure 6A,
WASp155-502 and 155-429, lanes 5-6). In contrast,
VASP did not interact with a construct lacking residues
310418 corresponding to the PRD (WASpAPRD, lane 8),
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nor did it bind to the isolated VCA domain or GST control
(lanes 7 and 4, respectively). Binding of VASP was not
modified when extracts of RBL-2H3 cells activated by
cross-linking of the IgE receptor (FceRI) were used
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WASP-VASP complex regulates actin polymerization

WASp418-502

Fig. 4. Inmunofluorescence localization of the Arp2/3 complex in cell lines expressing the isolated VCA domain (WASp418-502) or WASp105-502.
RBL-2H3 cell lines expressing FRB-WASp418-502 (A-D) or FRB-WASp105-502 (E-H) were plated on to glass coverslips coated with anti-CD25
antibodies and treated with DMSO as control (A, B, E and F) or rapamycin (C, D, G and H), fixed, and stained with phalloidin (A, C, E and G) and
anti-p41Arc, a subunit of the Arp2/3 complex (B, D, F and H). Confocal sections were recorded at the level of the ventral surface. Bar: 5 um.

(lanes 9-13), indicating that interaction of VASP with
WASp does not require cell activation. Binding of VASP
to immobilized WASp was also observed when lysates of
non-hemopoietic Baby Hamster Kidney (BHK-21) cells
were used (data not shown).

To examine whether WASp and VASP interact directly,
purified polyhistidine-tagged VASP (Laurent et al., 1999)
was incubated with the various GST-WASp constructs
bound to gluthatione—Sepharose beads. Figure 6B shows
that recombinant Hisc—VASP bound to GST-WASp155-

502 and WASp155-429 (lane 12-13), but did not interact
with the construct lacking the PRD region (WASpAPRD,
lane 10), nor to the VCA domain (lane 11). These results,
confirming the pulldown experiments, indicate that VASP
interacts directly with WASp, and that this interaction
requires an intact PRD region. A GST construct compris-
ing residues 155-390 of WASp was sufficient for the
interaction with recombinant VASP, further confirming
the implication of most of the PRD region to the
interaction with VASP (Figure 6C, lanes 3-8, Bound).
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WASpAPRD

Fig. 5. Deletion of the PRD region of WASp abolishes actin assembly.
F-actin distribution in RBL-2H3 cells expressing FRB-WASpAPRD
with a deletion of the PRD (position 155-390, see Figure 1A).

(A) Control cells in the absence of rapamycin. (B) Cells treated with
rapamycin. Confocal sections were recorded at the level of the ventral
surface. Bar: 10 pm.

This construct was used to estimate the affinity of the
WASp-VASP complex. Purified recombinant VASP
(50 nM) was incubated in the presence of increasing
concentrations of WASp155-390 and a fixed amount of
glutathione—Sepharose beads, and uncomplexed VASP
remaining in the supernatant was quantified by immuno-
blotting analysis (Figure 6C, lanes 3-8, Unbound). The
binding of WASp155-390 to VASP reached 90% satur-
ation at a concentration of WASp of 6 uM, and half-
maximal binding was observed at 1 UM WASp. From
these data we evaluated the equilibrium dissociation
constant for binding of VASP to WASp155-390 at
~1 uM (see Materials and methods).

Presence of VASP in WASp-mediated

actin-rich structures

The distribution of VASP was investigated in FRB-
WASP105-502-expressing cells. In the absence of
rapamycin, VASP was clearly enriched in F-actin-rich
membrane ruffles at the cell periphery (Figure 7A and B,
arrows), and in structures located inside the cells at the
level of the ventral surface (arrowheads). Rapamycin
addition triggered a dramatic redistribution of VASP in
F-actin bundles that formed as a consequence of mem-
brane recruitment of FRB-WASp105-502 (Figure 7C
and D, arrowheads depict internal structures labelled for
F-actin and VASP, while arrows point at protrusions). In
contrast, the distribution of VASP was not affected upon
rapamycin treatment of FRB-WASp418-502-expressing
cells (data not shown). Therefore, rapamycin-mediated
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Fig. 6. The PRD of WASp mediates direct interaction with VASP.

(A) VASP pulldown from RBL-2H3 cell lysates using the GST-WASp
fusion proteins indicated. GST, GST-WASp155-502, ~-WASp155-429,
-WASp418-502 (VCA domain) or -WASpAPRD (WASp155-502
deleted of the PRD, position 310-390) immobilized on glutathione—
Sepharose beads was incubated with cell lysates prepared from
unstimulated RBL-2H3 cells, or cells stimulated by cross-linking of
FceRI (x Fc). Bound material was subjected to western blotting with
anti-VASP antibodies. Lanes 1-3: total cell lysates; lanes 4-8: GST
pulldown from RBL-2H3 cell lysate; lanes 9-13: GST pulldown from
lysate of RBL-2H3 cells activated by FceRI cross-linking. (B) The
central PRD of WASp mediates direct binding to VASP. GST or
GST-WASp fusion proteins (1 ng) bound to glutathione—Sepharose
beads were incubated with recombinant Hise—VASP (250 nM) and
bound material was subjected to western blotting with anti-VASP
antibodies. Lanes 1-4: the indicated amount of His¢—VASP; lanes 5-9:
unbound material (2% of total); lanes 10—14: bound material (50% of
total). (C) Estimation of the equilibrium binding constant of VASP
with WASp155-390. Hisq—VASP or GST-WASp(155-390)Hise (1 pg
each) was visualized by Coomassie Blue staining of the gel (lanes 1
and 2). VASP (50 nM) was incubated in the presence of increasing
concentrations of WASp155-390 as indicated, in the presence of a
fixed amount of glutathione—Sepharose beads. Bound and unbound
proteins were subjected to SDS-PAGE followed by western blotting
with anti-VASP antibody (lanes 3-8). A value of ~1 uM was derived
for the equilibrium binding constant for VASP with WASp155-390.
The results shown are representative of four independent experiments
with two different preparations of recombinant proteins.

recruitment of WASp to CD25-FKBP, receptors induces
the accumulation of VASP at sites of actin assembly.
Then, the presence of WASp and VASP was assessed
during phagocytosis, a physiological process requiring
actin filament assembly (Chimini and Chavrier, 2000).
Phagocytosis of antibody-coated particles bound to Fc
receptors is regulated by Cdc42 and Rac and involves the
Arp2/3 complex (Caron and Hall, 1998; Massol et al.,
1998; May et al., 2000). Overexpressed WASp/N-WASp,
as well as the p34-Arc subunit of the Arp2/3 complex
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Fig. 7. Inmunofluorescence localization of VASP in WASp105-502-expressing cell line. RBL-2H3 cells expressing FRB-WASp105-502 were plated
on to glass coverslips coated with anti-CD25 antibodies and treated with DMSO as control (A and B) or rapamycin (C and D), fixed, and stained with
phalloidin (A and C) and anti-VASP antibodies (B and D). Lower magnification fields are shown in the insets. Arrows point at peripheral structures

positive for F-actin and VASP, while arrowheads depict internal structures. Confocal sectioning was performed at the ventral cell surface. Bar: 10 um.

co-localize with F-actin in phagocytic cups (Lorenzi et al.,
2000; May et al., 2000). As we previously reported
(Massol et al., 1998), incubation of RBL-2H3 cells in the
presence of IgE-coated particles triggered the formation of
actin-rich phagocytic cups surrounding the particles
(Figure 8A and B). Immunofluorescence staining demon-
strated that endogenous WASp (Figure 8C and D) and
VASP (Figure 8E and F) were both enriched in phagocytic
cups.

Actin-based motility of WASp-coated beads is
enhanced by VASP

To examine whether the complex of WASp and VASP
affects cellular protrusion, we analyzed the effect of VASP
on the propulsion of WASp-coated beads in a minimal
motility medium reconstituted from pure proteins (Loisel
et al., 1999). In this medium, the ActA—Arp2/3 complex-
induced movement of Listeria was strongly enhanced by
VASP (Loisel et al., 1999). On the other hand, WASp-
coated microspheres have been demonstrated to undergo
actin-based propulsion in cell extracts (Yarar et al., 1999).
To obtain WASp-coated beads, extracts of transfected

BHK-21 cells overexpressing myc-tagged FRB-WAS
p155-502 were first treated with poly-L-proline—
Sepharose to deplete endogenous VASP, then incubated
with 2.8 um diameter Dynabeads coated with anti-myc
antibodies. Successful removal of VASP from the extracts,
and adsorption of WASp on the beads was confirmed by
immunoblotting (data not shown and Figure 9A). The
WASp-coated beads were placed in the motility medium,
in the absence or presence of VASP. Short, irregular,
dense comet tails were seen in the absence of VASP
(Figure 9C-F), but the rate of movement was lower than
0.1 um/min (Table I). Addition of VASP (0.5 uM)
enhanced the rate of movement to 0.93 um/min
(Table I). Increased motility correlated with an 8-fold
increase in the length of actin tails (Table I and
Figure 9G-I). Addition of a 1.6 uM GST fusion of the
proline-rich region of ActA (ActAPro241-323), which
binds to the EVH1 domain of VASP, induced a 3-fold
decrease in the rate of movement and length of the actin
tails (Table I and Figure 9J-M). These data establish that
the interaction of VASP, probably mediated by the EVH1
domain, with the PRD of WASp stimulates actin-based
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RBL-2H3 (FcR-mediated phagocytosis)

F-actin

Fig. 8. Accumulation of WASp and VASP in actin-rich phagocytic
cups during FcR-mediated phagocytosis. RBL-2H3 cells that express
the high affinity IgE receptor (FceRI) were incubated with IgE-
opsonized zymosan particles. After 30 min at 37°C, cells were fixed
and labeled with Texas Red—phalloidin to visualize F-actin (A and B),
with anti-WASp antibodies (C and D) or antibodies specific for
VASP (E and F). Zymosan particles, visualized in the FITC channel,
are shown in green in (B), (D) and (F). Confocal optical sections were
recorded in the dorsal plane of the cells. Bar, 10 um.

motility in vitro as well as actin assembly at the plasma
membrane in vivo.

Discussion

The present work provides new insights into the mechan-
ism of regulation of WASp as well as the function of
VASP in actin-based membrane protrusion and motility
processes. We first show that although the C-terminal
VCA domain of WASp triggers the formation of
cytoplasmic F-actin clusters when overexpressed to a
high level in vivo, in agreement with its effect on Arp2/3-
induced actin polymerization in vitro, WASp-mediated
actin assembly at the plasma membrane requires, in
addition to the VCA, domains spanning the basic region,

5610

the GBD and the proline-rich region. The latter turned out
to be essential. Secondly, we demonstrate that VASP
interacts directly with WASp both in vivo and in vitro with
an estimated binding constant of ~1 uM, and that this
interaction is mediated by the WASp PRD region. The
association of VASP with WASp accounts for the
observed localization of the two proteins in WASp-
induced actin-based structures in the rapamycin assay and
for their accumulation in the phagocytic cup. Thirdly,
VASP binding to WASp immobilized on beads greatly
enhances actin-based propulsion of the beads in a minimal
motility medium, an effect reminiscent of the enhance-
ment of Listeria movement by VASP.

The recent dissection of the WASp/N-WASp structure—
function relationship (Higgs and Pollard, 2000; Kim ef al.,
2000; Prehoda et al., 2000; Rohatgi et al., 2000) has shown
that the transition from a ‘closed’ auto-inhibited to an
‘open’ active conformation requires several domains of
WASp/N-WASp including the basic region, the GBD and
the VCA domain. Furthermore, cooperative binding of
PIP, and Cdc42 to the basic region and to the GBD,
respectively, activates WASp/N-WASp. Our results pro-
vide evidence for the significance of the regulatory process
in a membrane-linked context in vivo. WASp constructs
starting at position 266 and 238 contain the auto-inhibitory
region C-terminally adjacent to the GBD and are defective
in the rapamycin system. In contrast, WASp chimeras
starting at a more N-terminal position (105, 155 or 196)
are competent for promoting actin assembly upon
rapamycin-induced targeting to the plasma membrane.
These constructs comprise a basic region N-terminal to the
GBD (position 225-235, including five lysine residues),
which is conserved in the related N-WASp protein where it
mediates PIP, binding (Rohatgi er al., 2000). It is
reasonable to assume that the basic region of WASp
may similarly bind PIP,. Therefore, our data strongly
support the view that in a cellular context, in the actual
membrane environment, exposure to PIP, leads to the
activation of WASp by relieving the auto-inhibition.

Paradoxically, clustering of VCA at the plasma mem-
brane fails to stimulate actin assembly and protrusion. This
result suggests that in this targeting system, VCA,
although being constitutively active, may not be pos-
itioned in a productive fashion. In addition, the PRD of
WASp appears to be critical since its deletion abolishes
WASp-mediated actin assembly in the rapamycin system.
This domain is known to bind SH3 domain effectors of
WASp such as Grb2 or Nck, which cooperate with PIP,
(Carlier et al., 2000; Rohatgi et al., 2001) and Cdc42
(Carlier et al., 2000) to recruit and activate WASp (i.e.
relieve the ‘closed’ auto-inhibited conformation), and in
turn to promote Arp2/3-mediated actin assembly. Here, we
document a direct interaction between the WASp PRD
region, which contains LPPPP motifs, and VASP with a
binding constant of ~1 uM. This interaction is 20- to
60-fold stronger than that of the VASP EVH1 domain with
peptides derived from either the third tandem repeat of
Listeria ActA or the fourth FPPPP repeat of zyxin (Ball
et al., 2000). The value of 1 uM found for the K, indicates
that the WASp—VASP complex must form in relevant
amounts in hemopoietic cells, since physiological con-
centrations of 10 UM VASP (in neutrophils; Higgs and
Pollard, 2000) and 4 uM VASP (in platelets; Laurent ez al.,
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Fig. 9. Effect of VASP on reconstituted actin-based motility of WASp-coated beads. (A) Extract of BHK-21 cells overexpressing mycFRB—
WASp105-502 or control mock-transfected cell extract were incubated with anti-myc tag antibody-coated beads. Unbound proteins (U) or proteins
bound to anti-myc beads (B) were subjected to western blot analysis with anti-myc tag antibody. (B—M) Typical phase-contrast images of beads after
90 min of incubation in the reconstituted motility medium. (B) Control bead. (C-F) MycFRB-WASp105-502-coated beads in the motility medium in
the absence of VASP. (G-I) Motility medium supplemented with 0.5 uM VASP or (J-M) supplemented with 0.5 uM VASP and 1.6 uM

GST-ActAPro241-323. Bar, 10 um.

Table I. Rate of movement of WASp105-502-coated beads in the reconstituted motility assay

Maximal rate of movement (lm/min)

Tail length at # = 90 min (Um)

WASp105-502 <0.1
WASp105-502 + VASP
WASp105-502 + VASP + GST-ActAPro241-323

0.93 = 0.11 (n = 10)
0.35 £ 0.08 (n = 11)

443 + 178 (n=4)
36.88 + 6.11 (n = 10)
12.13 = 1.76 (n = 8)

1999) have been reported. In addition, the hemopoietic
protein Fyb/SLAP has been shown recently to associate
with Ena/VASP family proteins (through a FPPPPDDDI
sequence), and to be part of a complex including also
WASp, Nck and SLP-76 (Krause et al., 2000). Together
with these data, the evidence in the present study indicates
that the interactions linking WASp- and VASP-mediated
pathways in modulating actin assembly could be both
direct and indirect. Remarkably, LPPPP motifs are absent
from the PRD of N-WASp. Moreover, we have found that
N-WASpD is unable to compete the binding of WASp to
VASP (data not shown). These findings suggest that
N-WASp and VASP function independently, an assump-
tion supported by the observation that N-WASp-mediated
actin-based movement of Shigella does not require VASP
(Egile et al., 1999). In contrast, L/TPPPP motifs are found
in the related proteins Scar/WAVE-1 and -2 (Miki et al.,

1998b; Suetsugu et al., 1999). WAVE-1 and the Ena/
VASP family protein, Mena, colocalize at the lamellipo-
dium edge (Nakagawa et al., 2001). In addition, Scar/
WAVE proteins interact with and recruit the Abelson
tyrosine kinase (c-Abl) to lamellipodia (Westphal ef al.,
2000), while protein partners of Abl (Abis) colocalize with
VASP to sites of actin assembly at the tips of lamellipodia
and filopodia (Stradal et al., 2001). Therefore, our findings
concerning the role of VASP in WASp function may apply
to Scar/WAVE proteins, and suggest a potential mechan-
ism for targeting VASP at the cell leading edge.
Actin-based motility assays of WASp-coated beads in a
biochemically defined medium leave no doubt about the
positive effect of VASP on actin-based motility. The effect
of VASP on the propulsion of WASp-coated beads is
remarkably similar to its effect on actin-based movement
of Listeria (Chakraborty et al., 1995; Smith et al., 1996;

5611



F.Castellano et al.

Niebuhr et al., 1997; Laurent et al., 1999; Loisel et al.,
1999) or ActA-coated beads (Boujemaa et al., 2001). In
both cases, the effect of VASP is mediated by interaction
of the EVH1 domain with a PRD adjacent to an Arp2/3
activating domain, suggesting a common mechanism. The
effect of VASP on WASp- or ActA-associated motility
processes contrasts with the absence of effect of VASP on
Cdc42-induced actin assembly in neutrophil extracts,
which is also mediated by WASp (Yang et al., 2000).
Notably, in the aforementioned study the amount of
assembled F-actin was quantified, but the actin-based
movement of particles or foci on which actin was
assembled was not monitored. Similarly, in vitro, VASP
does not affect the process of actin assembly and filament
branching induced by ActA-Arp2/3, while it enhances the
movement of ActA-coated beads (Boujemaa et al., 2001).
Hence VASP may act in a manner different from other
regulators of WASp such as PIP,, Cdc42, the Shigella
protein IcsA or Grb-2.

Our results support a coordinated role for WASp and
VASP in actin-based cell protrusion specific to hemo-
poietic cells. A role for VASP in actin dynamics at the
lamellipodia was first suggested by Rottner and colleagues
who observed a correlation between the amount of VASP
at the leading edge and the rate of lamellipodium extension
in motile cells (Rottner et al., 1999). Similarly, over-
expressed Mena, an Ena/VASP family member, triggers
the formation of actin-rich protuberances in fibroblasts
(Gertler et al., 1996). In addition, WASp, the Arp2/3
complex and VASP are present in protruding regions of
the plasma membrane in hemopoietic cells in actin-rich
phagocytic cups and at contact sites of T lymphocytes with
their targets (Chimini and Chavrier, 2000; Krause et al.,
2000; Lorenzi et al., 2000; May et al., 2000; this study).
On the other hand, our results are difficult to reconcile with
recent work, indicating that overexpression of VASP
slows down cells while depletion of both VASP and Mena
enhances motility (Bashaw et al., 2000; Bear et al., 2000).
These contradictory findings may be due to the different
experimental systems used, and/or the different cellular
functions of VASP in motility and adhesion. Elucidation
of this puzzle will require further experimentation.

Materials and methods

FRB chimera construction and stable transfection in
RBL-2H3 cells

CD25-FKBP,, Cdc42V12-FRB and FRB-WASp105-502 have been
described previously (Castellano et al., 1999). The mycFRB domain
fused constructs: FRB-WASp155-502, -WASp196-502, ~-WASp238—
502, ~-WASp266-502, ~-WASp418-502 and ~-WASpAPRD (fragment
105-310 in-frame with fragment 418-502) were obtained by PCR using
PWO polymerase (Roche). The PCR products were cloned into pPGEM1-
mycFRB (Castellano et al., 1999) and verified by sequencing. The
different FRB-containing chimeras were subcloned in the mammalian
expression vector pSro-Puro and stably transfected into the RBL-2H3-
derived cell line (15B), expressing the chimeric membrane protein
CD25-FKBP, (Castellano et al., 1999). Cells were selected with
puromycin (Sigma-Aldrich Co.) as described (Castellano et al., 1999).

Transient transfection in BHK-21 cells

BHK-21 cells were transfected with Fugene 6 (Roche) according to the
manufacturer’s instructions. Cells were fixed 40 h post-transfection and
processed for immunofluorescence labelling with 9E10 anti-myc tag
monoclonal antibody to recognize epitope-tagged FRB—WASp418-502
and Scar-WA (Machesky and Insall, 1998) constructs and with Texas
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Red-conjugated phalloidin (Molecular Probes, Eugene, OR) to label actin
structures.

Confocal immunofluorescence microscopy

For Texas Red-labelled phalloidin and anti-VASP (rabbit polyclonal M4
antibody, ImmunoGlobe Gmbh, Grossostheim, Germany) staining, cells
were fixed in 3% paraformaldehyde followed by permeabilization in
0.1% Triton X-100 for 4 min. For Arp2/3 complex labeling with anti-
p41Arc antibody (a kind gift from Dr H.Higgs), cells were permeabilized
for 2 min in 3.5% formaldehyde, 5% sucrose, 0.1% Triton X-100 and
then fixed for 1 h in the same buffer without Triton X-100. For WASp
labelling (Ab 3D8.HS; Stewart et al., 1996), cells were fixed in 3.7%
formaldehyde followed by permeabilization in acetone. Fluorescent
secondary antibodies were obtained from Jackson Immunoresearch.
Optical sections were taken with Leica TCS 4D and TCS SP2 confocal
microscopes.

GST fusion proteins and purification

Different domains of human WASp: WASp155-502, —-418-502 (VCA),
—155-429, —~APRD (fragment 105-310 in-frame with fragment 418-502)
have been expressed as GST fusion proteins by inserting the correspond-
ing DNA fragments from pSRo-Puro in a modified version of
pGEX-4T-1 with an extra Spel site. GST-WASp(155-390)Hiss was
obtained by a PCR-based approach by addition of a Hise tag in the 3’-end
oligonucleotide and insertion in pPGEX-4T-1. All constructs were verified
by sequencing. Plasmids were introduced into the bacterial strain
BL21-(DE3) by transformation and protein expression was induced by
the addition of 0.5 mM isopropyl-B-D-thiogalactopyranoside (IPTG).
Bacteria were lysed in 50 mM Tris—HCI pH 7.5, 1 mM DTT, 0.5 mM
EDTA, 150 mM NaCl, 0.2 mg/ml hen egg lysozyme, 5 mM MgCl,,
3 unit/ml DNase I and protease inhibitors (Complete Protease Inhibitor
Cocktail, Roche). After clearing the bacterial lysate by centrifugation at
10 000 g for 15 min, GST fusion proteins were bound to glutathione—
Sepharose beads (Amersham Pharmacia Biotech) following the manu-
facturer’s instructions. Purified proteins were analyzed by SDS-PAGE
and quantified by comparison with bovine serum albumin (BSA) as
standard. WASp155-390 was expressed as a fusion protein with both a
C-terminal polyhistidine tag, and an N-terminal GST tag. After IPTG
induction as above, the bacterial lysate was submitted to a first step of
purification on Ni-NTA-agarose (Qiagen). After extensive washing of the
resin, bound material was eluted in phosphate-buffered saline (PBS)
supplemented with 0.2 M imidazole. The protein in the eluate was
subsequently purified by binding to glutathione-Sepharose beads as
described above. This two-step/two-tag procedure ensured purification of
full-length WASp155-390 without contamination by truncated products.
Production and purification of polyhistidine-tagged VASP from
baculovirus-infected insect cells has been described previously (Laurent
et al., 1999).

GST pulldown assay

GST pulldown were performed by incubating 5 ng GST fusion proteins
bound to glutathione—Sepharose beads (50 pul bed volume) in the
presence of 200 pg of total proteins from RBL-2H3 cell lysate in lysis
buffer (10 mM Tris—HCI pH 7.5, 150 mM NaCl, 1% NP-40, 1 mM
NaVO,, 10 mM NaF supplemented with protease inhibitors). When
indicated, RBL-2H3 cells were activated by 15 min cross-linking of
FceRI with 1 pug/ml anti-rat FceRIow chain (clone BC4, a gift from
Dr R.P.Siraganian, NIH, Bethesda, MD). Incubations were performed
with rotation at 4°C for 2 h. Beads were washed in lysis buffer and bound
proteins were eluted by boiling the beads in SDS sample buffer. Proteins
were separated by 10% SDS-PAGE and blotted on to polyvinylidene
fluoride (PVDF). Blots were stained using rabbit M4 anti-VASP
antibodies and the ECL procedure (Amersham Pharmacia Biotech).

VASP-WASp interaction

Direct binding of WASp to VASP was assessed by incubating 1 ug
GST-WASp constructs bound to glutathione—Sepharose beads (10 ul)
with 250 nM purified Hise—VASP in K buffer (50 mM Tris—HCI pH 7.5,
200 mM NaCl, 1 mM EDTA) supplemented with 0.5% Triton X-100 and
1% BSA (KTB buffer) for 2 h. After three washes in K buffer, bound
material was analyzed by western blotting using anti-VASP M4
antibodies. Determination of the affinity of the WASp—VASP complex
was measured by incubating 50 nM Hisg—VASP in KTB buffer in the
presence of increasing concentrations of GST-WASp155-390 (0, 0.1,
0.3, 1, 3 and 6 uM) bound to glutathione—Sepharose beads (bead bed
volume was kept constant at 10 ul). Unbound Hiss—VASP in supernatants
was quantified by immunoblotting with anti-VASP M4 antibodies,



followed by ECF procedure (Amersham Pharmacia Biotech). Ky was
calculated according to the formula: Ky = [VASP]gee X [WASPPRDJfee/
[WASp:VASP], taking the value of 45 kDa for the molecular mass of
VASP (i.e. monomeric form).

Anti-CD25 antibody coating experiments

Glass coverslips 12 mm in diameter in 24-well plates were coated with
2.5 ug of anti-human CD25 mouse monoclonal antibody (clone B1.49.9,
Immunotech, Marseille, France) in 250 pl of PBS for 4 h at 37°C. After
washing in PBS, 2 X 10 cells were seeded per well. After 2 h, cells were
treated overnight with 100 nM rapamycin (Sigma-Aldrich Co.) in
dimethylsulfoxide (DMSO) or the equivalent volume of DMSO for
control.

Assay for FceRI-mediated phagocytosis

RBL-2H3 cells grown on glass coverslips were incubated for 30 min at
37°C in the presence of fluoresceinated DNP-conjugated zymozan
particles coated with rat anti-DNP IgE (clone LO-DNP30, LO-IMEX,
Brussels, Belgium) as described previously (Massol et al., 1998). Cells
were then fixed and processed for analysis by confocal immunofluores-
cence microscopy.

In vitro actin-based motility assay

Preparation of WASp-coated beads. Total proteins were extracted from
mock transfected BHK-21 cells as a control or from BHK-21 cells
overexpressing mycFRB-WASp105-502 in 50 mM Tris-HCI pH 7.5,
150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.25% sodium deoxycholate,
1 mM phenylmethylsulfonyl fluoride supplemented with Complete
protease inhibitors. Extracts were incubated twice with poly-L-proline
(Sigma-Aldrich) bound to CNBr-activated Sepharose 4B (Amersham
Pharmacia Biotech) in order to deplete endogenous VASP. Goat anti-
mouse IgG-coated magnetic dynabeads (100 ul of 1% 2.8 um diameter
beads, Dynal) were incubated with 20 g of 9E10 anti-myc antibody and
20 pug of irrelevant mouse IgG in XB buffer (10 mM HEPES pH 7.5,
100 mM KCI, I mM MgCl,, 0.1 mM CaCl,, 0.5% BSA) for 1 h at 4°C
on a rotating wheel and washed twice with XB buffer. Beads were then
incubated with 250 pl of mycFRB-WASp105-502 containing extract or
control extract for 1 h at 4°C on a rotating wheel and washed twice with
XB buffer.

Motility assay. Actin-based motility of WASp-coated beads was
reconstituted in vitro as in Loisel et al. (1999). The motility medium
consisted of 10 mM Tris—HCI pH 7.5, 1.5 mM Mg-ATP, 5 mM DTT,
100 mM KCI, 6.5 uM F-actin, 0.1 uM Arp2/3, 0.05 uM capping
protein, 4 UM actin-depolymerizing factor (ADF), 2 uM profilin,
0.2 UM o-actinin, 0.3% methylcellulose, 4 mg/ml BSA and 4 X 10%ml
mycFRB-WASP105-502-coated beads or control beads were added to
this medium. When indicated, medium was supplemented with 0.5 uM
Hisg-tagged VASP (Laurent et al., 1999) and 1.3 uM ActA241-323
(corresponding to the proline-rich VASP-binding domain of ActA) as
indicated. Samples were prepared for phase contrast optical microscopy
as described previously (Egile ef al., 1999; Laurent et al., 1999) and rates
of movement were determined by measuring the bead displacement over
a period of 4 min.
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