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The Interaction between N-WASP and the Arp2/3
Complex Links Cdc42-Dependent Signals
to Actin Assembly

1999). Because of their central role in signal transduc-
tion, a great deal of interest has focused on the identifi-
cation of downstream pathways that link these G pro-
teins to the actin cytoskeleton (Hall, 1998).

Progress has also been made in identifying compo-
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Harvard Medical School nents closer to the process of actin polymerization at

the plasma membrane. Actin polymerization can be reg-Boston, Massachusetts 02115
‡Department of Biochemistry ulated by uncapping filament barbed ends (Hartwig et

al., 1995), by severing filaments (Arber et al., 1998; YangInstitute of Medical Science
University of Tokyo et al., 1998), or by de novo nucleation (Zigmond, 1998).

The Arp2/3 complex is the best candidate to generateTokyo 108
Japan new barbed ends by stimulating nucleation (Bi and Zig-

mond, 1999; Machesky and Gould, 1999). The complex
is composed of seven polypeptides and has been puri-
fied from Acanthamoeba castellanii (Machesky et al.,Summary
1994), Saccharomyces cerevisiae (Winter et al., 1997),
humans (Welch et al., 1997b), and Xenopus laevis (MaAlthough small GTP-binding proteins of the Rho family
et al., 1998b). The Arp2/3 complex is required for actinhave been implicated in signaling to the actin cytoskel-
assembly stimulated by the motile pathogen Listeriaeton, the exact nature of the linkage has remained
monocytogenes (Welch et al., 1997b), implicated in theobscure. We describe a novel mechanism that links
polarized organization and motility of actin patches ofone Rho family member, Cdc42, to actin polymeriza-
yeast (Winter et al., 1997) and required for Cdc42-inducedtion. N-WASP, a ubiquitously expressed Cdc42-inter-
actin assembly in Xenopus egg extracts (Ma et al.,acting protein, is required for Cdc42-stimulated actin
1998b). The complex nucleates filaments in vitro (Mullinspolymerization in Xenopus egg extracts. The C terminus
et al., 1998) and is localized to actin-rich structures (Kel-of N-WASP binds to the Arp2/3 complex and dramati-
leher et al., 1995; Welch et al., 1997a; Winter et al., 1997).cally stimulates its ability to nucleate actin polymeriza-

Although the actin nucleation activity of the Arp2/3tion. Although full-length N-WASP is less effective, its
complex is weak (Mullins et al., 1998), it can be stimu-activity can be greatly enhanced by Cdc42 and phos-
lated by the Listeria protein ActA (Welch et al., 1998).phatidylinositol (4,5) bisphosphate. Therefore, N-WASP
This result points to the presence of analogous cellularand the Arp2/3 complex comprise a core mechanism
mechanisms, presumably tied to signal transductionthat directly connects signal transduction pathways
pathways, for regulating the complex (Beckerle, 1998).to the stimulation of actin polymerization.
Our demonstration that the Arp2/3 complex is required
for Cdc42-induced actin assembly in Xenopus extracts

Introduction suggests that the Cdc42 signaling pathway might be
such a cellular mechanism (Ma et al., 1998b). However,

The actin cytoskeleton is a dynamic filament network intermediate components between Cdc42 and Arp2/3
that is essential for cell movement, polarization, mor- are clearly required because the complex does not di-
phogenesis, and cell division (Drubin and Nelson, 1996; rectly bind to Cdc42, and it is not sufficient to mediate
Mitchison and Cramer, 1996; Field et al., 1999). To en- Cdc42-induced actin polymerization (Ma et al., 1998b).
gage in these complex behaviors, cells must direct actin Among all the Cdc42-interacting proteins identified to
assembly with a high degree of spatial and temporal date, the WASP family proteins, especially WASP and
resolution in response to extracellular signals. Over the N-WASP, are the best candidates for mediating the
last 10 years, extensive research using genetic, cell bio- effects of Cdc42 on the actin cytoskeleton. WASP
logical, and biochemical approaches has focused on (Wiskott-Aldrich syndrome protein), which is only ex-
the signal transduction pathways that link cell surface pressed in hematopoietic cells, was originally identified
receptors to actin assembly at the plasma membrane. as a protein mutated in patients with Wiskott-Aldrich

In the early 1990s, members of the Rho family of small syndrome (WAS). N-WASP, which is ubiquitously ex-
GTP-binding proteins (G proteins), including Rac, Rho,

pressed, shares z50% homology with WASP (Fukuoka
and Cdc42, were found to cause distinct morphological

et al., 1997). Both proteins possess several domains: a
changes in the actin cytoskeleton upon injection into

pleckstrin homology (PH) domain that binds phosphati-
cultured cells (Ridley and Hall, 1992; Ridley et al., 1992;

dylinositol (4,5) bisphosphate (PI(4,5)P2), a Cdc42-bind-
Nobes et al., 1995). Since then, Rho family G proteins

ing (GBD) domain, a proline-rich region, a G-actin-bind-
have been shown to regulate actin-dependent pro-

ing verprolin homology (V) domain, a domain (C) with
cesses in many different systems (Hall, 1998; Johnson,

homology to the actin-depolymerizing protein cofilin,
and finally a C-terminal acidic segment (A) (Figure 1A)
(Miki et al., 1996). Both WASP and N-WASP induce actin§ To whom correspondence should be addressed (e-mail: marc@
polymerization when overexpressed in fibroblasts (Mikihms.harvard.edu).
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Figure 1. N-WASP Is Required for Cdc42-
Induced Actin Assembly in High-Speed Su-
pernatants of Xenopus Egg Extracts

(A) Schematic diagram of N-WASP showing
its domain structure. Abbreviations for the
domains used throughout the text are indi-
cated inside the boxes. Numbers refer to
amino acid residues. The H208D and Dcof
mutants are shown below along with the sites
of the mutations.
(B) Immunodepletion of N-WASP from Xeno-
pus HSS. Affinity-purified a-N-WASP anti-
body or antibody buffer (mock) was used to
immunodeplete N-WASP, and the material
left in the supernatant or captured on the
beads was analyzed by immunoblotting using
the affinity-purified a-N-WASP antibody.
0.6% of the input material (HSS), 0.7% of the
supernatant material, and 2% of the material
captured on beads was loaded on the gel.
(C) Comparison of actin assembly stimulated
by 250 nM GTPgS-charged GST-Cdc42 in un-
treated HSS, mock-depleted HSS, a-N-WASP
depleted HSS, and in depleted HSS reconsti-
tuted with 50 nM recombinant N-WASP. Poly-
merization kinetics were monitored in the
HSS using the pyrene actin assay in which
fluorescence increase indicates filament for-
mation.
(D) Comparison of actin assembly stimulated
by 250 nM GTPgS-charged GST-Cdc42 in a-N-
WASP depleted HSS to which the indicated
concentrations of recombinant N-WASP were
added. The initial rate of actin assembly and
the maximum level of F-actin attained were
quantitated from curves of the type shown
in (C).
(E) Relative ability of wild-type N-WASP, the
H208D mutant, and the Dcof mutant to re-
store actin assembly activity to HSS depleted
of endogenous N-WASP. In all cases, actin
assembly was initiated by the addition of 250
nM GTPgS-charged GST-Cdc42.

N-WASP is a particularly good candidate for mediat- Results
ing the effects of Cdc42 on the cytoskeleton because
it can interact with a Cdc42 mutant (Y40C) that still N-WASP Is Required for Cdc42-Induced Actin

Polymerization in Xenopus Egg Extractsinduces filopodia but which cannot bind to a variety of
other targets, including WASP (Miki et al., 1998a). In We have previously described the reconstitution of

Cdc42-stimulated actin assembly in high-speed super-addition, dominant-negative mutations in N-WASP block
Cdc42-induced filopodium formation, and wild-type natants from Xenopus egg extracts (“Xenopus HSS” or

“Xenopus extract” in the rest of the text) (Ma et al.,N-WASP potentiates Cdc42-induced microspike forma-
tion (Miki et al., 1998a). Finally, in search for other com- 1998a). The kinetics of actin polymerization can be moni-

tored by supplementing the extracts with pyrene actin, aponents (Ma et al., 1998b) required for Cdc42-induced
actin assembly in vitro, we found that N-WASP partially fluorescent derivative of actin that exhibits much higher

fluorescence intensity when actin is assembled into fila-copurified with MCAP2 (mediator of Cdc42-induced
actin polymerization; unpublished observation). ments. Using this cell-free system, we have demon-

strated a requirement for the Arp2/3 complex in Cdc42-We show here that N-WASP can activate the Arp2/3
complex to stimulate actin polymerization in vitro using induced actin polymerization (Ma et al., 1998b).

In order to test the requirement for N-WASP in thispurified components. This N-WASP–Arp2/3 interaction
is also required for Cdc42-stimulated actin assembly in system, we raised a polyclonal rabbit antiserum against

a full-length, recombinant rat N-WASP protein that isXenopus egg extracts. Although full-length N-WASP is
only weakly active, a C-terminal fragment confers a dra- .90% identical to the bovine and human forms. After

affinity purification, the antibody detected a single z65matic 30-fold acceleration of actin assembly kinetics.
The activity of full-length N-WASP can be increased to kDa band in Xenopus extracts on immunoblots and also

immunoprecipitated it (Figure 1B). Using this affinity-levels similar to the C-terminal fragment in the presence
of two putative regulators of N-WASP, Cdc42 and purified antibody, we immunodepleted .95% of N-WASP

from Xenopus HSS (Figure 1B). The depletion of N-WASPPI(4,5)P2. Thus, the N-WASP–Arp2/3 interaction seems
to be a critical link in Cdc42-dependant signaling path- eliminates the ability of the extract to support Cdc42-

stimulated actin polymerization (Figure 1C). The activityways that control actin assembly.
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Figure 2. Full-Length N-WASP Cooperates
with the Arp2/3 Complex to Accelerate Actin
Polymerization In Vitro

(A) The composition of the Arp2/3 complex
purified from bovine brain is shown on a 12%
polyacrylamide gel stained with Gelcode Blue
(Coomassie G-250). The thin, unlabeled lines
on the right indicate the seven subunits of
the complex. Listed in descending order of
molecular weight, the subunits are Arp3,
Arp2, p41-ARC, p34-ARC, p21-ARC, p20-
ARC, and p16-ARC.
(B) The pyrene actin assay was used to moni-
tor the polymerization of 2.5 mM G-actin (1.5
mM unlabeled actin 1 1 mM pyrene actin) in
the presence of 250 nM Arp2/3 complex
alone, 400 nM N-WASP alone, or both com-
ponents added together. In all the curves
shown here and in the remainder of the fig-
ures, polymerization was initiated at time 5 0.
(C) Comparison of the abilities of wild-type
N-WASP (400 nM) and the Dcof mutant (400
nM or 800 nM) to stimulate actin polymeriza-
tion in the presence of 60 nM Arp2/3 complex
under conditions described in (B). The control
curve depicts actin polymerization in the
presence of Arp2/3 alone.

can be rescued by adding back purified recombinant Full-Length N-WASP Cooperates with the Arp2/3
Complex to Produce a Modest AccelerationN-WASP protein at approximately physiological con-
of Actin Polymerization with Purifiedcentrations (z20–50 nM) (Suzuki et al., 1998). Adding
Components In Vitroback increasing amounts of N-WASP leads to a dose-
Since we had identified requirements for both N-WASPdependant increase both in the initial rate and in the
and the Arp2/3 complex in Cdc42-induced actin assem-final level of actin polymerization induced by a fixed
bly, we wanted to determine whether N-WASP couldamount of Cdc42 (Figure 1D).
synergize with the Arp2/3 complex to accelerate actinThe specificity of the add-back experiment was tested
polymerization as observed for the ActA protein of Liste-using two previously characterized mutants of N-WASP,
ria (Welch et al., 1998). For these assays, we used theH208D and Dcof (Figure 1A). H208D cannot bind to
Arp2/3 complex purified from bovine brain extracts (Fig-Cdc42 due to a point mutation in its Cdc42-binding
ure 2A). When we used pyrene actin fluorescence todomain and does not potentiate Cdc42-induced filo-
monitor actin assembly in the presence of either purepodia formation when introduced into cells (Miki et al.,
N-WASP or pure Arp2/3 complex, the kinetics of assem-1998a). Dcof, containing a four–amino acid deletion in
bly were not significantly different from those of actinthe C domain of N-WASP, does not induce actin reorga-
alone (Figure 2B). Actin assembly kinetics demonstrate

nization when overexpressed in Cos-7 cells and acts in
an initial lag phase, reflecting the kinetic barrier to nucle-

a dominant-negative fashion to block Cdc42-induced ation, followed by a rapid, linear phase during which
filopodium formation (Miki et al., 1998a). In Xenopus filaments elongate by monomer addition. In the pres-
HSS depleted of N-WASP, these mutants cannot rescue ence of both Arp2/3 and N-WASP, the slope of the elon-
Cdc42-induced actin assembly even when added back gation phase is increased by z4-fold and the lag phase
at concentrations 20-fold above the wild-type protein is shortened, although not completely eliminated (Figure
(Figure 1E). These results show that regions of N-WASP 2B). Addition of increasing amounts of N-WASP to a
implicated in interactions with both upstream regulators fixed concentration of Arp2/3 caused a dose-dependant
(Cdc42) and downstream targets are necessary for its acceleration of actin polymerization (Figure 5C).
ability to support Cdc42-induced actin assembly in The Dcof mutant described above does not accelerate

actin assembly in the presence of the Arp2/3 complexXenopus HSS.
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Figure 3. N-WASP Binds to and Activates the Arp2/3 Complex via Its C Terminus

(A) Schematic showing the domain structure of full-length N-WASP and the various C-terminal fragments of N-WASP constructed as GST
fusion proteins. All fusion proteins are named according to the C-terminal segments (V, C, or A) of N-WASP that they contain.
(B) The GST fusion proteins shown in (A) were immobilized on glutathione-Sepharose beads and tested for their abilities to pull down either
the Arp2/3 complex or G-actin from solution. The presence of the Arp2/3 complex or G-actin bound to the beads was assayed by immunoblotting
with a-Arp2 or a-actin, respectively.
(C) Actin polymerization (2.5 mM actin and 60 nM Arp2/3 complex) was followed in the presence of GST-VCA (50 nM), GST-V (200 nM), GST-
VC (200 nM), GST-CA (200 nM), or in the absence of any additions (control).
(D) The initial phases of actin polymerization (2.5 mM actin and 60 nM Arp2/3 complex), including the lag phase, are shown in the presence
of indicated concentrations of GST-VCA.
(E) Summary of the G-actin binding, Arp2/3 binding, and Arp2/3 activation properties of full-length N-WASP and the fragments shown in (A).
Binding of full-length N-WASP to Arp2/3 was determined by coimmunoprecipitation rather than GST pull down. Binding of GST-V and GST-
VCA was determined by both methods.

(Figure 2C), suggesting a biochemical mechanism for its the p21ARC subunit of the Arp2/3 complex (Machesky
and Insall, 1998).phenotypes in tissue culture cells as well as in Xenopus

extracts (Figure 1E). Unexpectedly, the H208D mutant, We expressed and purified GST fusion proteins con-
taining various portions of this VCA region (diagrammedwhich has only one point mutation in the GBD domain,

does not accelerate actin assembly (data not shown), in Figure 3A) and tested their abilities to interact with the
Arp2/3 complex in a GST pull-down assay. The complexsuggesting that this mutation leads to defects in func-

tions other than just Cdc42 binding. bound to GST-CA and GST-VCA but not to GST, GST-V,
and GST-VC (Figure 3B). As a control, the fragments
were tested for binding to G-actin and, as expected, theThe C Terminus of N-WASP Strongly Accelerates

Arp2/3-Mediated Actin Assembly presence of the V domain perfectly correlated with this
property (Figure 3B). We conclude that the C-terminalTo define the region of N-WASP required for activity,

we concentrated on a C-terminal region of N-WASP 55 amino acids of N-WASP (450–505) are necessary and
sufficient to bind to the Arp2/3 complex and that the(amino acids 392–505), which contains a G-actin-bind-

ing V domain, a cofilin homology sequence (C), and an ability to bind G-actin through the V domain is not re-
quired. We were unable to detect any interaction be-acidic segment (A) (Figures 1A and 3A). The VCA region

is thought to mediate interactions of N-WASP with tween full-length N-WASP and Arp2/3 by coimmuno-
precipitation under conditions where the binding ofdownstream effectors because mutations in this region

abrogate its ability to induce actin rearrangements upon GST-VCA to Arp2/3 is readily detectable (data not
shown).injection into cells and often function as dominant-nega-

tive mutations (Miki et al., 1998a). In addition, a homolo- Since the C-terminal region of N-WASP could bind to
the Arp2/3 complex and actin, we wanted to determinegous region from other WASP family proteins (Scar1/

WAVE and WASP) was recently found to interact with whether it could confer the activity of the full-length
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Figure 4. The GST-CA Fragment Can Inhibit the Interaction between N-WASP and the Arp2/3 Complex

(A) Stimulation of actin polymerization (2.5 mM actin and 60 nM Arp2/3 complex) by N-WASP (200 nM) is inhibited by GST-CA but not GST-V.
(B) Stimulation of actin polymerization (2.5 mM actin and 60 nM Arp2/3 complex) by GST-VCA (1 nM) is inhibited by GST-CA in a dose-
dependent manner.
(C) Cdc42-stimulated actin polymerization in Xenopus HSS is inhibited by GST-CA, but not GST-V or GST-VC (200 nM each).
(D) Dose-dependent inhibition of Cdc42-stimulated actin polymerization in Xenopus HSS by GST-CA as compared using the initial rate and
maximal level of F-actin assembly. The control depicts assembly in the absence of any GST-CA.

protein to accelerate actin polymerization. When the N-WASP–Arp2/3 interaction (Figure 3E). When this
model was tested using purified components, GST-CApurified fragments were mixed with pure Arp2/3 com-

plex, only the GST-VCA fusion protein accelerated as- (but not GST-V, GST-VC, or GST) inhibits the ability of
both full-length N-WASP and the GST-VCA fragment tosembly kinetics, shortening the lag phase and increasing

the elongation rate by 30-fold (Figure 3C). Figure 3D stimulate actin polymerization in the presence of the
Arp2/3 complex (Figures 4A and 4B).clearly shows that the GST-VCA fragment shortens the

lag phase to polymerization in a dose-dependent man- The efficacy of the GST-CA fragment as a dominant
negative was tested in Xenopus HSS for its effects onner, suggesting that it can lower the kinetic barrier to

nucleation. These effects are dependent on the pres- Cdc42-induced actin assembly. When used in extracts
at concentrations roughly equivalent to the estimatedence of the Arp2/3 complex and can be inhibited by

cytochalasin D (data not shown). The GST-V, GST-VC, endogenous Arp2/3 concentration (z100–300 nM), GST-
CA specifically inhibited Cdc42-induced actin assemblyand GST-CA fragments have no effect, even when used

at 4-fold higher concentrations (Figure 3C). The GST- (Figures 4C and 4D). This result strongly suggests that
the kind of interaction between N-WASP and the Arp2/3VCA fragment is both much more potent and effective

in stimulating actin polymerization when compared to complex that we have observed using purified compo-
nents in vitro is also required for Cdc42-induced actinthe full-length N-WASP, a point we will return to later.

Thus, the requirements for binding to the Arp2/3 com- polymerization in a more complete and physiological
system.plex are different from the requirements for activation,

as summarized in Figure 3E.
The C-Terminal Domain of N-WASP Is at Least
100-Fold More Potent ThanA C-Terminal Fragment of N-WASP Can Act as a

Dominant Inhibitor and Block the Function the Full-Length Protein
Using purified components, N-WASP (200 nM) can stim-of N-WASP and the Arp2/3 Complex

The observation that the GST-CA fragment can bind to ulate actin polymerization in the presence of only the
Arp2/3 complex and G-actin (Figure 2). However, whenthe Arp2/3 complex but cannot activate it suggests that

it can be used as a competitive inhibitor to block the added to Xenopus HSS at concentrations (400 nM) as



Cell
226

Figure 5. Full-Length N-WASP and the GST-VCA Fragment Activate Actin Polymerization with Different Potencies

(A) Comparion of spontaneous (Cdc42-independent) actin polymerization in Xenopus HSS treated with the indicated concentrations of full-
length N-WASP, GST-CA, or GST-VCA.
(B) Actin polymerization (2.5 mM actin and 60 nM Arp2/3 complex) stimulated by full-length N-WASP (200 nM) or GST-VCA (10 nM).
(C) Dose–response curves showing the variation in the maximum rate of filament elongation as a function of increasing concentrations of
either GST-VCA or full-length N-WASP in the presence of 60 nM Arp2/3 complex. The elongation rate was calculated from the linear phase
of polymerization curves of the type shown in (B). The main graph depicts the concentrations (abscissa) on a log scale, whereas the inset
depicts them on a linear scale. At higher concentrations of GST-VCA, the elongation rate saturates and is no longer a good indicator of
activity. Instead, the shortening of the lag phase becomes more dramatic (Figure 3D).

high as 8-fold above the estimated endogenous N-WASP difference between the full-length protein and the GST-
VCA fragment in their ability to stimulate actin polymer-concentration (50 nM), full-length N-WASP did not stim-

ulate spontaneous actin assembly in the absence of ization in the presence of the Arp2/3 complex. When
full-length N-WASP was directly compared to the GST-activated Cdc42 (Figure 5A). To test whether this differ-

ence in the behavior of N-WASP in the purified system VCA fragment, a large difference in activity was observed:
10 nM GST-VCA stimulates polymerization in vitro farcompared to the extract is due to inhibitory factors that

interact with its N terminus, we added the GST-VCA more effectively than 200 nM N-WASP (Figure 5B).
To obtain a more quantitative measure of the activityfragment to Xenopus HSS. We reasoned that GST-VCA

would bypass the Cdc42 requirement and act in a domi- difference between full-length N-WASP and the GST-
VCA fragment, we generated dose–response curves fornant active fashion in the extract. Indeed, when GST-

VCA was added to the HSS (in the absence of any acti- both proteins, using elongation rates as an indicator of
activation (Figure 5C). The concentration required forvated Cdc42) even at very low concentrations, actin

polymerization was dramatically stimulated: the effect half maximal activation is z250 nM for the full-length
protein and z2 nM for GST-VCA (Figure 5C). Based onof 1 nM GST-VCA was comparable to that of 800 nM

N-WASP (Figure 5A). This observation suggests that elongation rates, the C-terminal VCA domain is at least
100 times more potent than full-length N-WASP. ThisN-WASP is regulated in extracts, a property that is con-

ferred by the N terminus of the molecule. potency difference is also demonstrated by the z20-
fold higher molar ratio of GST-CA needed to inhibit GST-How might the activity of N-WASP be regulated? It

has been proposed that N-WASP is intrinsically inhibited VCA compared to the full-length protein (Figures 4A and
4B). The efficacy of GST-VCA at inducing actin polymer-and is activated when the VCA region is unmasked,

perhaps by the binding of upstream regulators to the N ization is also about 5-fold higher than that of N-WASP
(Figure 5C). The difference in activity between GST-VCAterminus (Miki et al., 1998a). This model predicts a large
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Figure 6. Cdc42 and PI(4,5)P2 Coordinately Activate Full-Length N-WASP In Vitro

(A) The effect of GTPgS-Cdc42 (500 nM), PI(4,5)P2-containing vesicles (100 mM, PC:PI:PI(4,5)P2, 48:48:4), or both on actin polymerization (2.5
mM actin and 60 nM Arp2/3 complex) stimulated by N-WASP (200 nM). The solid line shows stimulation of actin polymerization under the
same conditions by GST-VCA (200 nM) alone.
(B) Dose–response curves showing the maximum elongation rate of actin polymerization (2.5 mM actin and 60 nM Arp2/3 complex) as a
function of the following molecules added: GST-VCA, full-length N-WASP, and full-length N-WASP stimulated with GTPgS-Cdc42 (50 nM) and
PI(4,5)P2-containing vesicles (100 mM, PC:PI:PI(4,5)P2, 48:48:4). Note that the curve of N-WASP activated by PI(4,5)P2 and GTPgS-Cdc42 starts
to taper off between 8 and 80 nM because the Cdc42 is at a relatively low concentration in the experiment (50 nM); addition of higher
concentrations of Cdc42 will drive activation to higher levels approaching those of GST-VCA (Figure 6A).
(C) Effects of Cdc42 bound to different nucleotides on N-WASP. Actin polymerization (2.5 mM actin and 60 nM Arp2/3 complex) was stimulated
by N-WASP at the indicated concentrations in the presence of Cdc42 (50 nM, GTPgS or GDPbS charged) and PI(4,5)P2-containing vesicles
(10 mM, PC:PI:PI(4,5)P2,48:48:4).
(D) Actin polymerization (2.5 mM actin and 60 nM Arp2/3 complex) was stimulated by N-WASP (5 nM) in the presence of Cdc42 (50 nM, GTPgS
charged) and the indicated concentrations of lipid vesicles containing PC/PI (50:50) or PC/PI/PI(4,5)P2 (48:48:4).

and full-length N-WASP is not due to the presence of and PH domains of N-WASP, respectively (Figure 1A).
Both domains are necessary for N-WASP to induce actinthe GST domain fused to VCA. In the presence of 60

nM Arp2/3 and 2.5 mM actin, 50 nM GST-VCA and 50 reorganization in fibroblasts (Miki et al., 1996, 1998a).
Addition of GTPgS-charged Cdc42 had only a smallnM VCA (when cleaved from the GST moiety) stimulated

the elongation rate by 35-fold and 25-fold, respectively, effect on the activity of full-length N-WASP, increasing
the elongation rate by z2-fold and having no effect oncompared to the 2.5-fold stimulation obtained with a

4-fold higher concentration (200 nM) of full-length the duration of the lag phase (Figure 6A). Likewise, lipid
vesicles containing phosphatidylcholine (PC), phospha-N-WASP.
tidylinositol (PI), and PI(4,5)P2 in a 48:48:4 ratio failed to
activate N-WASP (Figure 6A). However, the addition ofCdc42 and Phosphatidylinositol (4,5) Bisphosphate

Can Synergistically Activate N-WASP In Vitro both PI(4,5)P2 and GTPgS-Cdc42 dramatically stimu-
lated actin assembly (Figure 6A), an effect that de-The above data strongly support the hypothesis that full-

length N-WASP is inhibited both in vitro and in Xenopus pended on N-WASP and the Arp2/3 complex (data not
shown). In fact, the ability of 200 nM N-WASP to activateextracts (Miki et al., 1998a). To identify potential up-

stream regulators that may activate N-WASP in vitro, actin assembly in the presence of PI(4,5)P2 and GTPgS-
Cdc42 was equal to that achieved by 200 nM GST-VCAwe focused on Cdc42 and PI(4,5)P2, which have been

implicated in actin assembly in Xenopus extracts (Ma (Figure 6A). To more precisely determine the activation
potency of PI(4,5)P2 and GTPgS-Cdc42, we comparedet al., 1998a). Cdc42 and PI(4,5)P2 interact with the GBD
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Figure 7. Signal-Dependent Actin Nucleation

A speculative model for the mechanism by
which signals, such as Cdc42 and lipids, may
regulate actin assembly at membrane-proxi-
mal sites by recruitment and activation of the
Arp2/3 complex via N-WASP-like proteins.

the elongation rate as a function of the concentration N-WASP and Actin Nucleation
Although N-WASP has been implicated in many actin-of N-WASP, GST-VCA, or N-WASP activated by GTPgS-

Cdc42 and PI(4,5)P2 (Figure 6B). In the presence of dependent processes, such as filopodium formation
(Miki et al., 1998a) and the actin-based motility of Shi-Cdc42 and PI(4,5)P2, the potency of N-WASP was in-

creased to a level approaching that of GST-VCA, sug- gella (Suzuki et al., 1998), the mechanism by which it
mediates actin polymerization has remained elusive. Ingesting that N-WASP was fully activated by the two

molecules. this report, we provide evidence that N-WASP stimu-
lates actin nucleation, a kinetically unfavored step ofThe coordinate stimulation by Cdc42 and PI(4,5)P2

favors GTPgS- over GDPbS-charged Cdc42, but it is actin polymerization, by interacting with the Arp2/3
complex.not completely specific for the GTP form (Figure 6C).

Selectivity is most apparent under conditions where the An N-WASP fragment consisting of the C-terminal 55
amino acids (CA region) directly binds to the Arp2/3concentration of N-WASP is below that of Cdc42 (Figure

6C). At these low concentrations of N-WASP, the po- complex in vitro (Figure 3). This association is consistent
with the observation that C-terminal segments of Scar1/tency difference of GTPgS- over GDPbS-charged Cdc42

is z5-fold. Since the PH domain of N-WASP has been WAVE and WASP, both of which share homology with
the corresponding region in N-WASP, can bind to thereported to bind specifically to PI(4,5)P2, we tested
Arp2/3 complex (Machesky and Insall, 1998). However,whether the stimulation seen above is specific for
a longer segment of N-WASP, including both the Arp2/PI(4,5)P2-containing vesicles (Miki et al., 1996). While
3-binding CA region and the actin-binding V region, iscontrol lipid vesicles containing only PC and PI (50:50)
required for the activation of the Arp2/3 complex. Thegave only an z2-fold activation above the no lipid con-
homologous VCA region of Scar1/WAVE has recentlytrol, similar vesicles containing 4% PI(4,5)P2 can activate
been shown to disrupt Arp2/3 localization and actin as-by .10-fold (Figure 6D). Finally, GTPgS-charged Rho is
sembly at the cell periphery when overexpressed inineffective at mediating stimulation (data not shown).
Swiss 3T3 cells (Machesky and Insall, 1998). The authorsThus, the coordinate activation of N-WASP is Cdc42 and
also observed an increase in diffuse perinuclear phalloi-PI(4,5)P2 specific and selective for the GTP form of Cdc42.
din staining, consistent with our observation that the
VCA region should both bind to and stimulate the Arp2/3

Discussion complex (Machesky and Insall, 1998). Disruption of pe-
ripheral actin assembly is likely to be a consequence of

The study of complex signal transduction networks competition for the Arp2/3 complex or actin or both.
comprising many direct and indirect pathways requires The Listeria protein ActA can dramatically stimulate
an integrated use of biochemical, genetic, and cell bio- the actin nucleation activity of the Arp2/3 complex, as
logical approaches. Biochemical reconstitution experi- evidenced by a shortening of the lag phase and an in-
ments can isolate the minimal set of components essen- crease in the elongation rate (Welch et al., 1998). The
tial for biological function and help elucidate the detailed VCA region of N-WASP has a very similar effect on actin
mechanism by which these components interact. Be- polymerization kinetics in the presence of the Arp2/3
cause small G proteins and phosphoinositides have complex, suggesting that N-WASP-like proteins might
many targets in the cell (Toker and Cantley, 1997; Van be the cellular counterparts of ActA (Figures 2 and 3).
and D’Souza, 1997), the pathways that connect them to Other than activation of nucleation, these kinetic changes
actin polymerization have been difficult to delineate. In in actin assembly could be produced by filament sev-
this paper, we have demonstrated one such pathway in ering or an increased rate of elongation. We can essen-
vitro, using both a cell-free system and purified compo- tially rule out both these alternative explanations be-
nents. We have shown that the Arp2/3 complex, required cause we failed to detect any significant severing activity
for actin nucleation in a variety of systems, is regulated or any change in the elongation rate of actin filaments
by N-WASP. This interaction mediates Cdc42-induced in the presence of N-WASP, the Arp2/3 complex, or both
actin polymerization in extracts and can be modulated (data not shown). Although ActA and N-WASP share no

significant sequence homology, they do share a shortby both PI(4,5)P2 and Cdc42.
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segment of similarity in the cofilin homology domain, N-WASP (Miki et al., 1996). We have previously demon-
strated that both Cdc42 and PI(4,5)P2 can stimulate actinwhich is also present in WASP, Scar1/WAVE, and Bee1

(Bi and Zigmond, 1999). The Dcof mutant, which is de- polymerization in Xenopus egg extracts (Ma et al.,
1998a). Our in vitro data suggests that PI(4,5)P2 mayfective in Arp2/3 activation (Figure 2C), contains a four–

amino acid deletion (D473KRSK476) within this segment. play an important role in N-WASP activation.
How is N-WASP regulated by both Cdc42 and PI(4,5)P2?How do N-WASP and the Arp2/3 complex act together

to stimulate actin nucleation? Since the entire VCA do- Miki et al. have suggested that N-WASP is regulated by
an allosteric mechanism (1998a). Full-length N-WASPmain of N-WASP is required for its ability to stimulate

actin polymerization, we favor a model (Machesky and may exist in two conformations that are in equilibrium:
an inactive conformation, in which the VCA domain isInsall, 1998) in which actin monomers and the Arp2/3

complex could be brought into proximity as a result of masked, and an active one in which the VCA domain is
exposed and able to interact with the Arp2/3 complex.their interactions with the V and CA regions, respectively

(Figure 7). In fact, the V domain is required for the ability At rest, N-WASP largely populates the inactive confor-
mation. This is supported by two observations: (1) full-of N-WASP to remodel the actin cytoskeleton when

overexpressed in cells (Miki and Takenawa, 1998). length N-WASP only modestly activates the Arp2/3 com-
plex (in comparison to the isolated VCA fragment); and
(2) the full-length protein does not bind to the Arp2/3Cdc42 Signaling and the N-WASP–Arp2/3
complex under conditions where the association be-Complex Interaction
tween its VCA fragment and Arp2/3 is readily detectable.Our results also shed light on the detailed mechanism
However, since full-length N-WASP is completely inac-by which Cdc42 regulates actin polymerization. We pre-
tive when added to extracts, we believe that other trans-viously demonstrated a requirement for the Arp2/3 com-
acting factors may further suppress even the modestplex in Cdc42-induced actin assembly (Ma et al., 1998b).
activity we have observed with the purified protein inHere, we extend this work to show that N-WASP relays
vitro. Indeed, the majority of N-WASP from bovine brainCdc42 signals and directly activates the Arp2/3 complex
extracts is present in high molecular weight complexesin Xenopus extracts and in vitro with purified compo-
(unpublished observation). In any case, binding of up-nents. Most importantly, using purified N-WASP and
stream regulators, such as Cdc42 and PI(4,5)P2, to thepurified Arp2/3 complex, we find that actin polymeriza-
N terminus would activate N-WASP by stabilizing thetion can be coordinately stimulated by Cdc42 and
active conformation of the molecule (Figure 7). In addi-PI(4,5)P2 (Figure 6).
tion to Cdc42 and PI(4,5)P2, the N-WASP protein bindsThis novel finding strongly suggests that the Cdc42
to calmodulin and to SH3 domain–containing proteinssignaling pathway represents one cellular mechanism
and may be regulated in other ways (Miki et al., 1996).that stimulates actin polymerization by regulating the
Unmasked in this active conformation, the VCA domainnucleation activity of the Arp2/3 complex (Ma et al.,
would promote nucleation by recruiting Arp2/3 via its1998b). The intracellular bacteria Shigella and Listeria
CA region and G-actin via its V region. These speculativeappear to hijack the cellular machinery for actin assem-
models of N-WASP activation and filament nucleationbly by intersecting this pathway at different points. The
(summarized in Figure 7) await rigorous testing usingActA protein of Listeria bypasses N-WASP and interacts
kinetic analysis as well as by higher resolution mutagen-with the Arp2/3 complex directly (Welch et al., 1998),
esis. However, the results presented here establishwhereas the VirG protein of Shigella functions by re-
N-WASP and the Arp2/3 complex as a core for signal-cruiting N-WASP (Suzuki et al., 1998). However, the
regulated actin assembly.Cdc42–N-WASP pathway probably represents only one

of several cellular mechanisms that control actin assem-
bly via the Arp2/3 complex. N-WASP belongs to a family Experimental Procedures
of proteins, including WASP, Scar1/WAVE (Bear et al.,

Preparation of Xenopus Egg Extracts1998; Miki et al., 1998b), and Bee1 (Li, 1997), which
and Phospholipid Vesiclesshare sequence homology at their C termini. Since the
Xenopus HSS was prepared as described previously (Ma et al., 1998b).

N termini of these proteins are quite different (Scar1/ Phospholipid vesicles containing PC:PI (50:50) or PC:PI:PI(4,5)P2
WAVE and Bee1 do not have the GBD or PH domains), (48:48:4) were prepared as described previously (Ma et al., 1998a)
they may transduce diverse upstream signals to a com- with the following modifications. Chloroform-dissolved phospholip-

ids (PC, PI from Avanti Polar Lipids [Alabaster, AL]; PI[4,5]P2 frommon effector, the Arp2/3 complex, through their homolo-
Calbiochem) were mixed in the appropriate ratios and dried undergous C termini. More generally, our results firmly estab-
nitrogen. The dried lipid mixture was resuspended in lipid buffer (10lish that de novo actin nucleation is a step at which
mM HEPES [pH 7.7], 100 mM NaCl, 5 mM EGTA, and 50 mM sucrose)

signaling pathways can regulate the actin cytoskeleton. to a final concentration of 10 mM and then extruded through a 100
nm pore polycarbonate filter (Avanti) using the Mini-Extruder.

Signal-Dependent Actin Polymerization In Vitro
The difference in potency between the full-length Preparation of Recombinant Proteins

The GST-Cdc42 and GST-Rho fusion proteins were prepared andN-WASP and its C-terminal VCA fragment both in vitro
loaded with different nucleotides (GTPgS or GDPbS) while stilland in extracts suggests that N-WASP’s activity is sup-
bound to glutathione-Sepharose beads according to establishedpressed by 2–3 orders of magnitude. However, using
procedures (Ma et al., 1998a). All excess unbound nucleotide waspurified components, we can maximally activate full-
washed away, and the G proteins were eluted in 20 mM HEPES (pH

length N-WASP in the presence of two signaling mole- 7.6), 5 mM MgCl2, 100 mM NaCl, 0.1% sodium cholate, and 10 mM
cules, Cdc42 and PI(4,5)P2, that have previously been glutathione.

Recombinant forms of full-length rat N-WASP, the H208D mutant,shown to interact with the GBD and PH domains in
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and the Dcof mutant (deletion of amino acids 473–476) were pre- were eluted with SDS sample buffer. G-actin pull downs were per-
formed in the same manner except that G-actin was used at apared according to a published protocol, with modifications (Miki

et al., 1998a). Proteins were expressed in insect (Sf9) cells and concentration of 0.05 mM, below the barbed end critical concen-
tration.purified sequentially over heparin, Q-Sepharose, and Superdex 200

columns. GST fusion proteins containing various C-terminal regions
of bovine N-WASP (shown in Figure 3) were prepared as described

Actin Polymerization Assays
previously (Miki et al., 1996). The VCA fragment was cleaved from

Pyrene actin was used to follow actin polymerization in Xenopus
GST-VCA on glutathione-Sepharose beads using Factor Xa (Phar-

extracts as described previously (Ma et al., 1998b). Polymerization
macia), and the Factor Xa was separated from VCA using Benzami-

was initiated by adding GTPgS-charged GST-Cdc42 at a concentra-
dine Sepharose (Pharmacia).

tion of 250 nM (unless otherwise noted).
All proteins were quantitated by the Bradford assay (Bio-Rad,

To follow actin polymerization using purified components, pyrene
Hercules, CA) or by scanning densitometry of Gelcode Blue (Coo-

G-actin or unlabeled G-actin was isolated by incubating freshly
massie G-250) stained gels, using BSA as a standard in both cases.

thawed proteins in G buffer (5 mM Tris-HCl [pH 8.0], 0.2 mM CaCl2,Proteins were stored at concentrations $1 mg/ml at 2808C and
0.2 mM ATP, 0.2 mM DTT) for z10 hr at 48C and then removing

thawed and diluted immediately before use.
residual F-actin by centrifugation at 400,000 3 g for 1 hr. Polymeriza-
tion reactions contained 1.5 mM unlabeled actin, 1 mM pyrene actin

Preparation and Purification of Antibodies (50% labeled), 0.2 mM ATP, and various proteins in 80 ml of XB. All
Affinity-purified peptide antibodies against Arp3 and p34ARC were reaction components except the actin were first mixed together in
kindly provided by Matt Welch (University of California, San Fran- XB and preincubated for 5 min. The reaction was started by adding
cisco, CA). The anti-actin monoclonal antibody was purchased a mixture of actin and pyrene actin to the preincubated protein mix,
from Amersham (Arlington Heights, IL) and the anti-Glutathione and fluorescence changes were measured in a fluorometer. In all
S-Transferase polyclonal antibody from Santa Cruz Biotech (Santa the curves shown in the figures, actin polymerization was initiated
Cruz, CA). at time 5 0; the curves are shifted along the abscissa to account

Full-length, Sf9-expressed rat N-WASP purified according to the for the delay time between the addition of actin and the first fluores-
procedures given above was used to raise antisera in rabbits (Zymed cence reading.
Labs, South San Francisco, CA). The antibodies were affinity purified The curves shown in Figure 2B indicate an increase in the steady-
essentially as described (Harlow and Lane, 1988). state pyrene fluorescence in the presence of both Arp2/3 and

Anti-Arp2 serum was generated by injecting rabbits (Zymed) with N-WASP. This is not due to a change in filaments mass at steady
a Maltose-binding protein (MBP) fusion of human Arp2, which was state because the addition of phalloidin after the steady state is
expressed in E. coli and purified on an amylose affinity column (New reached did not change the signal (data not shown). In cases where
England Biolabs, Beverly, MA). The specificity of the antiserum was a clear steady state was attained, steady-state signals have been
confirmed by its ability to recognize (when used for immunoblotting) normalized to avoid underestimating the slopes of the control
the Arp2 subunit from the purified bovine Arp2/3 described below. curves.

Purification of the Arp2/3 Complex from Bovine Brain Extracts
Data AnalysisThe Arp2/3 complex was purified from bovine brain extracts by
All kinetic analyses were performed using either the software pro-modifying a previously described protocol for the purification of
vided with the fluorescence spectrometer (SLM-Aminco) or usingArp2/3 from Xenopus egg extracts (Ma et al., 1998b). High-speed
Origin (Microcal Software, Northampton, MA). Maximum elongationextracts from calf brain were sequentially fractionated on Butyl
rates from the polymerization curves using the purified system haveSepharose, DEAE Sepharose, S Sepharose, Phenyl Sepharose, and
been calculated by performing a linear regression on the linear,Superdex 200 columns, and the Arp2/3 complex was followed by
elongation phase of the actin assembly curve. For pyrene assaysimmunoblotting with anti-Arp3 or anti-p34ARC. The bovine complex
in extracts, the initial rate and the maximum F-actin were calculatedruns as a symmetric peak at the expected (z200 kDa) molecular
as described previously (Ma et al., 1998a). In all the curves shownweight on a gel filtration column and contains all seven polypeptide
in the figures, solid lines are drawn through all the data pointssubunits (Figure 2A). The identities of four of these polypeptides
collected; a symbol is only placed on every fifth or tenth point for(Arp2, Arp3, p41-ARC, and p34-ARC) were confirmed by immu-
clarity. All data shown in the figures were taken from experimentsnoblotting. The bovine complex is also functional because it can
performed at least twice. When normalized to controls, data variedsupport Cdc42-induced actin assembly when substituted for a Xen-
by #20% between independent experiments.opus Arp2/3-containing fraction (Ma et al., 1998b).
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