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A Polybasic Motif Allows N-WASP to
Act as a Sensor of PIP2 Density

2002). The two best studied inputs are the small GTPase
Cdc42 and PIP2, which act in a combinatorial manner:
although both are independent activators, they are far
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more potent when present together (Higgs and Pollard,1Department of Cellular and Molecular Pharmacology
2000; Prehoda et al., 2000; Rohatgi et al., 1999, 2000).and Program in Biological Sciences
A recently discovered protein, Toca-1, is also thoughtUniversity of California, San Francisco
to indirectly mediate PIP2 control of actin polymerization,San Francisco, California 94143
acting at a second point upstream from N-WASP (Ho2 Department of Medicine
et al., 2004).Massachusetts General Hospital

Recent studies have begun to uncover the molecularBoston, Massachusetts 02114
mechanism of N-WASP regulation (Figure 1). The C-ter-
minal region of N-WASP, known as VCA, serves as the
core activity output domain: it can bind and stimulate theSummary
de novo actin filament nucleation activity of the Arp2/3
complex (Higgs and Pollard, 2001; Rohatgi et al., 1999;Phosphatidylinositol 4,5-bisphosphate (PIP2) activates
Welch and Mullins, 2002). However, in the context of thethe actin regulatory protein N-WASP by binding to a
intact protein, N-WASP function is repressed throughshort polybasic region involved in N-WASP autoinhibi-
a set of autoinihibitory interactions (Kim et al., 2000;tion. Here, we show that unlike canonical lipid binding
Prehoda et al., 2000; Rohatgi et al., 1999, 2000). Twomodules, such as PH domains, this polybasic motif
N-terminal regions are required for autoinhibition, abinds PIP2 in a multivalent, cooperative manner. As
short polybasic (B) motif and an adjacent GTPase bind-a result, PIP2 activation of N-WASP-mediated actin
ing domain (GBD). In the repressed state, the B motif ispolymerization in vitro and in extracts is ultrasensitive:
postulated to provide a second Arp2/3 complex bindingabove a certain threshold, N-WASP responds in a
site (Prehoda et al., 2000), whereas the GBD can bindswitch-like manner to a small increase in the density
a peptide motif within the VCA output domain (Kim etof PIP2 (Hill coefficient nH � �20). We show that the
al., 2000). The composite B-GBD module is necessarysharpness of the PIP2 activation threshold can be
and sufficient to inhibit VCA activity, presumably be-tuned by varying the length of the polybasic motif. This
cause this set of interactions locks the complex in ansharp activation threshold may help suppress N-WASP
inactive state (Prehoda et al., 2000).activation by quiescent PIP2 levels yet leave it poised

The input molecules PIP2 and Cdc42 (GTP loaded)for activation upon subtle, signaling-induced pertur-
bind to the B motif and GBD, respectively, disruptingbations in PIP2 distribution.
the autoinhibitory interactions and activating N-WASP.
The two inputs activate synergistically, because they

Introduction
cooperatively compete against the autoinhibitory inter-
actions (Prehoda et al., 2000). Although other regions of

Phosphoinositides are employed as secondary signal- N-WASP may be important for other aspects of N-WASP
ing molecules in a diverse array of cellular pathways function, a mini-N-WASP (mN-WASP) protein containing
including those regulating cytoskeletal dynamics and only the B, GBD, and VCA modules is sufficient to display
vesicular trafficking (Cantley, 2002; Czech, 2000; Lem- cooperative coactivation by PIP2 and Cdc42 (Figure 1B)
mon and Ferguson, 2000; Martin, 2001; McLaughlin et (Prehoda et al., 2000). Moreover, mN-WASP is sufficient
al., 2002; Simonsen et al., 2001; Yin and Janmey, 2003). to drive stimulus-dependent endosome motility in Xeno-
The importance of these lipids is highlighted by the many pus egg extracts (see Results).
specialized phosphoinositide binding domains found in Relatively little is known about the mechanism of the
signaling molecules, including Pleckstrin Homology B motif. What is the affinity of the B region for PIP2 and
(PH), FYVE, and Phox (PX) domains (Hurley and Meyer, what is its selectivity among phosphoinositides? What
2001; Lemmon, 2003; McLaughlin et al., 2002; Sato et is its mechanism of recognition? Finally, why does
al., 2001). Such lipid interaction domains often direct N-WASP employ this type of motif instead of larger ca-
the membrane recruitment of proteins in response to nonical PIP2 binding modules such as a PH domain?
the synthesis of their target phosphoinositides. Here, we show that unlike canonical PIP2 binding mod-

The neuronal Wiskott-Aldrich Syndrome Protein ules, the basic region of N-WASP binds PIP2 in a multiva-
(N-WASP) is a model system for exploring the mecha- lent manner. Thus, its binding to membranes is highly
nism of phosphatidylinositol 4,5-bisphosphate (PIP2) sensitive to PIP2 spatial density. Moreover, activation of
signaling. N-WASP is a key regulator of actin polymeriza- N-WASP shows an even sharper dependence on PIP2

tion: it stimulates actin nucleation by the actin related density: N-WASP is activated in an all-or-none fashion
protein 2/3 (Arp2/3) complex in response to upstream over a very small range of increasing PIP2 density in vitro
inputs (Higgs and Pollard, 2001; Welch and Mullins, (apparent Hill coefficient nH � 20), a behavior known as

ultrasensitivity (Koshland et al., 1982). The PIP2 density
dependence of activation is amplified because the B*Correspondence: wlim@itsa.ucsf.edu
motif participates in competing autoinhibitory interac-3 Present address: Department of Chemistry, Institute of Molecular

Biology, University of Oregon, Eugene, Oregon 97403. tions. We demonstrate that the midpoint and the sharp-
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vesicles containing PC/PS and phosphatidylinositol
4-phosphate (PI4P). Strong binding is observed to vesi-
cles containing 10% PIP2 (apparent Kd �1 �M). Detect-
able but weak binding (�10-fold lower affinity than PIP2)
is observed for vesicles containing phosphatidylinositol
3-phosphate (PI3P). Vesicles containing phosphatidyl-
inositol 3,4-bisphosphate (PI[3,4]P2) and phosphatidyl-
inositol 3,4,5-trisphosphate (PIP3) bind with affinities
2- to 5-fold lower than those containing PIP2.

Thus, although the B motif binds PIP2 with the highest
affinity of the lipids tested, the specificity of this interac-
tion is relatively low. Given that PIP2 is estimated to be
present in biological membranes at concentrations 20-
to 100-fold higher than these other bis- and tris-phos-
phoinositide species, PIP2 is likely to be the relevant
ligand in vivo (Cantley, 2002; Czech, 2000; Fruman et

Figure 1. Mechanism of N-WASP Regulation al., 1999; McLaughlin et al., 2002).
(A) Domain Structure of N-WASP. Arrows indicate the respective
interactions of each domain with PIP2, Cdc42, and Arp2/3 complex.

Sequence Requirements for PIP2 Binding:The following abbreviations are used: enabled-VASP homology do-
A Polybasic Motifmain 1, EVH1; basic region, B; proline-rich sequence, Pro; verprolin
We used deletion mapping to identify smaller sequenceshomology domain, V; connecting region, C; and acidic region, A.

The composite VCA domain is referred to as the output domain. sufficient for PIP2 recognition (Figure 2B). Using the
(B) Model for cooperative activation of N-WASP by PIP2 and Cdc42. cosedimentation vesicle binding assay, we found that
In the absence of activators, N-WASP and Arp2/3 complex are in a 15 amino acid sequence from N-WASP (residues 183–
an autoinhibited (OFF) conformation. The “OFF” state is stabilized

197) containing ten basic residues was sufficient forby interaction of the GBD with the VCA domain, the basic region with
binding to PIP2-containing vesicles. This fragment dis-the Arp2/3 complex. PIP2 and Cdc42 act cooperatively to disrupt the
played the lipid preferences described above for theautoinhibitory interactions.
larger 178–274 fragment (V.P., unpublished data).

To more finely map recognition requirements, we per-
formed alanine scanning mutagenesis (Figure 2C). Sur-ness of the PIP2-dependent activation profile of N-WASP
prisingly, none of the single alanine mutations had acan be easily tuned by varying the number of lysine
significant impact on PIP2 binding in the qualitative vesi-residues in the B motif.
cle cosedimentation assay. Significant loss of PIP2 bind-Thus, the B motif appears to confer upon N-WASP
ing was only observed when three or more basic resi-an additional level of phosphoinositide signaling speci-
dues were mutated to alanine.ficity—sensitivity to a threshold density of PIP2. Such

We generated a variant of the B motif in which thea mechanism may provide two functional advantages.
amino acid sequence was reversed (identical composi-First, it may suppress basal N-WASP activation even
tion) as well as polylysine sequences of 7 or 10 residues.under the relatively high quiescent concentrations of
Similar binding to PIP2 was observed for the reversePIP2. Second, it may leave N-WASP sensitively poised
sequence motif and the 10-lysine motif (Figure 2C),for strong activation in response to subtle reorganization
whereas no binding was observed for the 7-lysine motif.of PIP2 in membrane domains, rather than requiring a
Thus, the high positive charge density of the motif, rathergross change in the overall PIP2 concentration.
than any precise structure, appears to be most critical
for binding. The PIP2 binding motif from N-WASP ap-
pears to be similar to previously characterized polybasicResults
PIP2 binding motifs such as the basic effector domain
of the myristoylated alanine-rich C kinase substrateBinding Specificity of the N-WASP Basic Region
(MARCKS) (McLaughlin et al., 2002) and distinct fromWe measured binding of a region encompassing the B
larger, well-structured PIP2 binding modules.motif and the GBD (B-GBD: residues 178–274) to various

phosphoinositide species with two assays (Figure 2):
first, a vesicle cosedimentation assay to qualitatively Affinity of the Basic Region Is Highly Dependent

on PIP2 Densityassess binding (Kavran et al., 1998), and second, a fluo-
rescence perturbation assay to quantitatively measure The MARCKS peptide binds multiple PIP2 molecules

and shows a cooperative binding dependence on PIP2affinity (see Supplemental Figure S1 available online at
http://www.molecule.org/cgi/content/full/17/2/181/ density (Wang et al., 2001). We found that the binding

of the N-WASP B motif is also highly dependent on PIP2DC1/). Binding was monitored via fluorescence change
of a 7-diethylamino-3-(4’-maleimidylphenyl)-4-methyl- density. We repeated our quantitative binding experi-

ments but used vesicle preparations containing eithercoumarin (CPM) (Wang et al., 1999) fluorophore-labeled
protein upon addition of vesicles (phosphatidyl choline 10% or 2% PIP2 (Figure 3A). The observed apparent

affinity is �10-fold higher when PIP2 is present at 10%[PC], phosphatidyl serine [PS], and the relevant phos-
phoinositide species at ratios of 70:20:10). vs. 2% of total lipid (Kd � 1.2 �M versus 10 �M).

A direct way to examine PIP2 density dependence isNo detectable binding of the B-GBD fragment is ob-
served to vesicles containing only PC/PS (80:20) or to to measure binding as a function of mol% of PIP2, a
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metric for lipid surface density within a membrane (Fig-
ure 3B). This type of assay differs from our previous
ones in that total lipid concentration is held constant,
and only mole fraction of PIP2 is varied. When PIP2 bind-
ing is assayed in this way, binding of a PIP2-specific PH
domain—the domain from PLC-�—still shows a typical
hyperbolic binding isotherm indicative of noncoopera-
tive binding in a 1:1 stoichiometry. However, a fragment
of N-WASP containing the B region shows a sigmoidal
binding isotherm indicative of cooperative binding (Fig-
ure 3C). This curve can be fit to an apparent Hill coeffi-
cient (nH) of �3, similar to the binding stoichiometry
observed in studies of the MARCKS basic effector do-
main (McLaughlin et al., 2002).

Another way to assess the effect of PIP2 density is to
alter lipid clustering. Cholesterol is thought to promote
formation of lipid membrane subdomains (Sandhoff et
al., 1999) and should increase the local PIP2 density
(Pike and Miller, 1998; Simons and Ikonen, 1997). Vesi-
cles doped with 40% cholesterol bound tighter to the B
region (Figure 3C). Vesicles doped with 40% cholesterol/
20% sphingomyelin also showed a higher apparent af-
finity (V.P., unpublished data).

This multivalent mode of PIP2 binding helps to clarify
previous unexplained observations that soluble PIP2 or
IP3 headgroup did not activate N-WASP, even when
present at extremely high molar concentrations (K.E.P.,
unpublished data). The soluble PIP2 derivatives probably
cannot bind and activate N-WASP because they are not
presented in a multivalent manner as is the case with
PIP2 in a membrane.

N-WASP Actin Polymerization Activity Shows
a Threshold Dependence on PIP2 Density
The above binding studies suggested that N-WASP acti-
vation might also be highly sensitive to the density of
PIP2. We therefore measured the in vitro activity of
N-WASP (stimulation of Arp2/3-mediated actin polymer-
ization) as a function of mol% PIP2 in a pyrene actin
polymerization assay. Assays were performed with

Figure 2. Specificity and Sequence Requirements of N-WASP Basic mN-WASP (Prehoda et al., 2000), as well as a near full-
Region Binding to PI(4,5)P2 length version of N-WASP lacking only the N-terminal
(A) Indicated lipids were tested for binding to the B-GBD fragment

EVH1 domain. The time required for half maximal actin(178–274) by two assays, a cosedimentation vesicle spindown
polymerization (t1/2) was used as a metric for N-WASPassay, and a quantitative fluorescence binding assay (Supplemental
activity (Supplemental Figure S2).Figure S1). S indicates supernatant (unbound), and P indicates pellet

(bound). Kd (�M) was measured by fluorescence with vesicles con- Activation of mN-WASP showed a dependence on
taining PC/PS(70:20) and 10% phosphoinositide. Vesicles for spin- PIP2 density that was even sharper than that observed
down assay contain 5% phosphoinositide. The far right column lists for binding (Figure 3 and Supplemental Figure S3). The
the approximate cellular abundance of each species as a percent-

apparent Hill coefficient for this activation transition isage of total phosphoinositide (Cantley, 2002).
nH � �18 (compared to nH � �3 for B motif binding to(B) Deletion analysis of B-GBD fragment in vesicle cosedimentation

binding assay shows that fragment corresponding to residues 183– PIP2). This sharp, sigmoidal activation curve is distinct
197 is sufficient to selectively bind to PI(4,5)P2. Deletion constructs from the standard hyperbolic activation curve observed
were generated as fusions to maltose binding protein (MBP). when the identical mN-WASP constructs are activated
(C) Alanine-scanning analysis in background of B-GBD fragment

by Cdc42 alone (Figure 3D, bottom). Thus, activation of(178–274). The inset shows a representative gel from the vesicle
mN-WASP activity by PIP2 in vitro occurs only abovespindown assay (S, supernatant; P, pellet). None of the single resi-

dues between 183–197 are absolutely essential for PIP2 binding. a sharp density threshold. The addition of cholesterol
Mutation of three to four basic residues results in loss of binding. lowers the midpoint of this activation threshold.
A B-GBD construct containing an N- to C-terminally reversed se- N-WASP displays a similar cooperative activation upon
quence basic region can still bind PIP2. A Lys10 (K10) polybasic

addition of PIP3 vesicles (Supplemental Figure S4). How-motif (fused to MBP) was able to bind PIP2 vesicles, whereas an
ever, because of the vast excess of PIP2 in vivo, PIP3 isanalogous Lys7 (K7) motif was not. Substituted residues are indi-

cated in red. unlikely to be a relevant activator in most circumstances.
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Figure 3. N-WASP Binding and Activation Is
Sensitive to the Density of PIP2 in Membranes

(A) Binding isotherms measured for B-GBD
binding to PC/PS vesicles containing either
10% or 2% PIP2. For each isotherm, % PIP2

is held constant, but total lipid concentration
is increased.
(B) Schematic of the two different vesicle
binding experiments. PIP2 concentration is in-
creased by increasing the total concentration
of lipid but keeping mol% of PIP2 constant
(top). Total lipid is kept constant, but mol%
PIP2 is increased (bottom). The latter ap-
proach detects effects of increasing PIP2 sur-
face density on membranes. All curves below
use this latter method to perform binding or
activation analysis.
(C) Comparison of PIP2 binding isotherms for
B-GBD and the PLC�-PH domain measured
with a fluorescence perturbation assay. For
these assays, total lipid (PC/PS/PIP2) is held
constant at 200 �M, while PIP2 is varied from
0–10 mol%. Assays performed in the absence
of cholesterol are shown with closed circles,
and assays performed with 40% cholesterol
are shown with open circles. Data were fit as
described in Experimental Procedures. Bars
show standard deviation from three repeats.
Hill coefficients (nH) from fits are shown if they
are greater than one.
(D) mN-WASP activity as a function of PIP2

or Cdc42. Relative activity was measured by
using t1/2 values obtained in pyrene actin poly-
merization assays (see Experimental Proce-
dures; raw data shown in Supplemental Fig-
ure S2). Upper curve shows activity as a
function of mol% PIP2. Closed circles are in
the absence of cholesterol, and open circles
are in the presence of 40% cholesterol. Lower
curve shows activity as a function of Cdc42.

Autoinhibitory Interactions Amplify the Sharpness cooperativity of PIP2 binding by mN-WASP was only
slightly higher (nH � 3.8) than that observed for bindingof PIP2 Binding/Activation Threshold

The above results reveal that both B motif membrane by the B-GBD fragment alone (nH � 3.1). However, if the
Arp2/3 complex is also added in stoichiometricbinding and mN-WASP activation show a cooperative

dependence on PIP2 density. However, the sharpness amounts, then the cooperativity of PIP2 binding (nH �
17) increases to nearly match the cooperativity of PIP2-of the mN-WASP activation profile is considerably higher

than that of the B region binding profile (binding nH � mediated activation (nH � 18). Thus, the autoinhibitory
interactions, particularly the interaction of the B motif�3; activation nH � �20). Moreover, the midpoint of the

activation occurs at higher mol% of PIP2 for mN-WASP with the Arp2/3 complex, appear to sharpen the overall
PIP2 binding and activation thresholds, consistent withactivation than for B motif binding. These differences

may be explained by the fact that in regulated N-WASP the above model. These competing autoinhibitory inter-
actions also shift the midpoint of the binding/activationconstructs, the B motif is occluded by competing autoin-

hibitory interactions, causing the apparent affinity of threshold to higher mol% PIP2.
PIP2 binding to be lower. Moreover, if the autoinhibitory
interactions occlude multiple adjacent PIP2 binding Costimulation with Cdc42 Lowers PIP2

Activation Threshold Pointsites, then the cooperativity of PIP2 binding might be
higher—binding of one PIP2 molecule to the basic motif We also examined how the presence of low levels of

Cdc42 affects PIP2 activation (Figure 5). We used 0.3would disrupt competing autoinhibitory interactions,
thereby increasing the apparent affinity of subsequent �M Cdc42, which by itself only yields �0.05 fractional

activation of mN-WASP (see Figure 3D). The PIP2 activa-PIP2 molecules to adjacent sites.
A simple test of this hypothesis is to directly measure tion profile in the presence of this constant low amount

of Cdc42 shows both a decrease in the midpoint ofPIP2 binding in the presence of competing autoinhibitory
interactions—those of the B-GBD fragment with the VCA activation and a decrease in threshold sharpness. These

observations are consistent with a model in whichfragment and the Arp2/3 complex. We measured binding
of mN-WASP (containing both B-GBD and VCA frag- Cdc42 relieves the autoinhibitory interactions—Cdc42

competes against the GBD-VCA interaction and thements) to PIP2 vesicles both in the presence and ab-
sence of the Arp2/3 complex (Figure 4). The observed B-Arp2/3 complex interaction (Kim et al., 2000; Prehoda
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Figure 5. Soluble and Prenylated Cdc42 Can Modulate the PIP2-
Mediated Activation Profile of mN-WASP

(A) Addition of Cdc42-GTP-�-S reduces the threshold midpoint and
cooperativity for PIP2 activation of mN-WASP. Activated Cdc42 was
added at 0.3 �M.
(B) Prenylated Cdc42 is a more potent coactivator (with PIP2) ofFigure 4. The Autoinhibitory Interactions in the mN-WASP-Arp2/3
mN-WASP than soluble Cdc42. Pyrene actin polymerization assaysComplex Amplify the Intrinsic PIP2 Binding Cooperativity of the B
were performed with 2.4 �M actin, 50 nM Arp2/3, and 50 nMRegion
mN-WASP alone in the presence of 500 nM soluble Cdc42 and PC/

(A) PIP2 binding isotherm (fluorescence binding assay) for
PS vesicles doped with 6% PIP2 or 20% PIP2 or with PC/PS/6% PIP2mN-WASP. For simplicity, only the fitted binding isotherm is shown
vesicles loaded with 500 nM prenylated Cdc42. The concentration

for B-GBD (data points are shown in Figure 3C).
estimate for prenylated Cdc42 (active and incorporated into the

(B) Addition of Arp2/3 increases the cooperativity of PIP2 binding
vesicle) represents an upper bound estimate, because incorporation

and shifts the curves to more closely resemble the cooperativity
of prenyl-Cdc42 into vesicles is not necessarily quantitative. A signif-

observed for mN-WASP activation (performed with Arp2/3 complex)
icant fraction, however, is incorporated based on Western blotting

shown in red for comparison (data points shown in Figure 3D).
of vesicles after centrifugation and washing.

et al., 2000) and thereby shifts the PIP2 activation profile pared to the wild-type “9K”) (Figure 6). We also con-
more toward the PIP2 binding profile observed for the structed an mN-WASP variant in which one lysine resi-
B region alone. These results indicate that small amounts due in the B motif was removed (K183→A), a construct
of Cdc42 can reduce the PIP2 density threshold midpoint referred to as “8K.” Both of these mutant constructs
for N-WASP activation (additional activation curves with remained repressed in the absence of activators. The
Cdc42 and PIP2 are shown in Supplemental Figure S5). 8K variant of N-WASP, however, exhibited a higher acti-

Endogenous Cdc42 bears a prenyl group and, thus, vation midpoint and decreased sensitivity compared to
in vivo would be colocalized with PIP2 at the membrane the wild-type, whereas the activation midpoint for the
during activation. In order to better resemble physiologi- 14K variant was dramatically decreased. The 14K variant
cal conditions, we loaded PIP2-containing synthetic ves- also showed an enhanced ultrasensitive response with
icles with prenylated-Cdc42-GTP-�-S and tested the an apparent Hill coefficient nH � 50 (Figure 6).
ability of these vesicles to activate N-WASP in actin It is possible that these additional lysine residues exert
polymerization assays. We compared these curves to their effect not by changing the multivalency of PIP2

results from experiments performed with soluble Cdc42 binding but by weakening the overall degree of repres-
under the same conditions (Figure 5). The vesicles sion of the mN-WASP/Arp2/3 complex. Two observa-
loaded with prenylated-Cdc42 and PIP2 exhibited in- tions argue against this alternative explanation. First,
creased potency to activate N-WASP compared to simi- under basal conditions, both variant proteins were as
lar vesicles in the presence of soluble Cdc42, indicating well repressed as wild-type mN-WASP. Second, the wt
that colocalization of the two activators at the membrane and 14K mutant proteins have identical activation pro-
greatly increases their cooperativity. files when stimulated by Cdc42 alone (Figure 6A). These

results are consistent with the model that the number
of basic residues determines the multivalency of PIP2Changing Number of Basic Residues Can Tune

N-WASP Sensitivity to PIP2 binding sites in N-WASP, which, in turn, can modulate
the activation threshold sharpness.In principle, such threshold activation behavior could

be retuned by simply altering the multivalent nature of
the core PIP2 binding motif. An increase in the number of Correlation between PIP2 Sensitivity

and N-WASP-Mediated Vesicle Motilitybasic residues may allow it to bind more PIP2 molecules,
whereas a decrease would have the opposite effect N-WASP has been shown to drive endosomal vesicle

motility in Xenopus egg extracts (Taunton, 2001; Taun-(Wang et al., 2002).
We therefore constructed an mN-WASP variant, re- ton et al., 2000). To determine if the observed threshold

activation properties are relevant to the more complexferred to as “14K,” that contained five additional lysine
residues inserted just N-terminal to the basic motif (com- process of actin-based vesicle motility, we investigated
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Figure 6. N-WASP Sensitivity to PIP2 Density
Can Be Tuned by Varying Charge Density in
Basic Region

(A) Increasing number of basic residues in the
mN-WASP basic motif lowers the activation
threshold and increases threshold sharp-
ness. Sequence changes introduced for the
8K and 14K mutants (top) compared to wt
(9K). In vitro pyrene actin polymerization acti-
vation curves as a function of mol% PIP2 were
generated as described in Experimental Pro-
cedures and Figure 3 and are shown in left
panel. Right panel shows activation of identi-
cal mutants by Cdc42. 14K, wt, and 8K (not
shown) display virtually identical Cdc42 acti-
vation curves.
(B) Fluorescence micrographs of GBD-VCA
(204-274-[Gly-Ser]9-392-501), wt, and 14K mN-
WASP-driven endosome motility in Xenopus
oocyte extracts immunodepleted of native
N-WASP. No motility was observed for either
construct in the absence of PMA stimulation.
Rhodamine-labeled N-WASP constructs are
depicted in red, and FITC-labeled actin is de-
picted in green. 2 �m white bars are placed
for reference. Arrowheads indicated nonmo-
tile endosomes.
(C) Qualitative endosome motility (assessed
by comet tail length) observed in the above
assay with different mN-WASP constructs.
GBD-VCA does not localize to endosomal
vesicles even in the presence or absence of
PMA stimulation, and no actin comets are ob-
served.
(D) Comparison of endosome motility rates
driven by wt and 14K mN-WASP. Error bars
represent the standard deviation.
(E) Analysis of synthetic vesicle motility as a
function of mol% PIP2. Assays were per-
formed with extract immunodepleted of na-
tive N-WASP but supplemented with 100 nM
of wt (filled circles) or 14K mN-WASP(open
circles) (no PMA stimulation). Motility was fol-
lowed by assaying average actin tail length of
motile vesicles under each condition. Circles
represent the mean tail length, whereas bars
map the tenth to ninetieth percentile range of
the tail length distribution.

whether our N-WASP mutations would have similar ef- reconstitute motility and were not even recruited to vesi-
cles with or without PMA stimulation (Figures 6B and 6C).fects on N-WASP-mediated motility. We examined the

motility rates of partially purified endosomal vesicles in Most significantly, motility was strongly enhanced by
increasing the number of lysine residues. 14K mN-WASPXenopus egg extracts. In these assays, native N-WASP

was immunodepleted from the extract and substituted is recruited to vesicles and yields motile vesicles with
actin comet tails that are several fold longer than thosewith purified variants of mN-WASP (wt, 14K, 6K) or GBD-

VCA. Motility was induced by stimulation with phorbol generated by wt mN-WASP (Figure 6B). The average
velocity of 14K-driven vesicles is �5-fold greater thanester (PMA) which has been shown to induce Cdc42

activation (J.T., unpublished data). Wild-type mN-WASP that of the wt-driven vesicles (Figure 6D). Thus, increas-
ing mN-WASP sensitivity to PIP2 by adding few addi-is recruited to vesicles and is competent to reconstitute

vesicle motility (Figures 6B and 6C). However, con- tional basic residues also results in a corresponding
increase in mN-WASP-mediated vesicle motility.structs in which the B region was deleted or constructs

containing �6 lysine residues in the B motif did not To show that the enhanced motility properties of this
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mutant are due to changes in PIP2 sensitivity, we exam-
ined the motility of synthetic vesicles in which we sys-
tematically varied the mol% PIP2. Synthetic vesicles
were added to N-WASP-depleted Xenopus oocyte ex-
tracts substituted with either wt or 14K mN-WASP. At
sufficiently high mol% PIP2, PMA-independent motility
was observed.

Using median vesicle tail length as a metric for motil-
ity, we observed a sharp dependence of motility on PIP2

density for both the wt and 14K proteins. Moreover,
just as in the in vitro actin polymerization assays, the
threshold for motility activation with the 14K protein was
sharper and occurred at lower mol% PIP2 (Figure 6E).
In addition, at saturation (high PIP2), the median length
of vesicle tails was significantly longer for the 14K-driven
vesicles than the wt-driven vesicles. Similar threshold
behavior was observed when using the number of motile
vesicles as a metric for activity, although at PIP2 densi-
ties well above the activation threshold, the number of
motile vesicles was observed to decline slightly. Overall,
these data are consistent with the idea that B motif
mutations directly alter motility by altering sensitivity to
PIP2 activation.

Increasing the Number of Basic Residues Results
in Increased N-WASP Activity in Resting Cells
Overexpression of the enzyme phosphatidylinositol
5-phosphate kinase (PIP5K), which catalyzes the con-
version of PI(4)P to PI(4,5)P2, has been shown to induce
vesicle rocketing in vivo (Benesch et al., 2002; Rozelle
et al., 2000). This vesicle motility is dependent on
N-WASP—it is not observed in knockout cells—and is
consistent with a model in which an increase in steady-
state PIP2 level results in N-WASP activation. Rocketing
vesicles show actin comet tails associated with mem-
brane localized N-WASP.

We employed this assay to examine whether our PIP2

hypersensitive N-WASP mutant (14K), displayed altered
vesicle rocketing behavior. Cultured N-WASP�/� mouse
fibroblast cells (Snapper et al., 2001) were transiently
transfected with either wild-type or 14K N-WASP (full Figure 7. N-WASP Hypersensitivity to PIP2 In Vitro Correlates with

Increased N-WASP Activity in Resting Cellslength). In addition, we determined the effects of co-
Fixed N-WASP�/� cells transfected with the following constructs:transfecting these cells with PIP5K.
(A) wt N-WASP (9K); (B) 14K N-WASP; (C) wt N-WASP and PIP5K;Cells transfected with PIP5K and either wt or 14K
(D) 14K N-WASP and PIP5K. Cells were stained with antibodiesN-WASP exhibited N-WASP-associated comet tails at
against N-WASP (red) and Alexa-488-phalloidin (green) to visualize

66.0% and 74.6% occurrence rate, respectively (Figure actin. White arrows point to vesicles. Enlarged images are depicted
7). However, a notable difference was observed between on the right side of each panel. 1 �m bars are placed for reference.
cells transfected with either wt or 14K N-WASP in the (E) shows the number of cells with N-WASP-associated actin comet

tails. The bars represent the mean from three individual experimentsabsence of PIP5K overexpression. Whereas cells ex-
in which at least 60 transfected cells were examined. Rates of motilepressing exogenous wt N-WASP displayed no detect-
vesicles (average of 15–20) are also given in the table. See Supple-able N-WASP-associated actin comet tails (Figure 7A),
mental Movies 1 and 2.

43.6% of cells expressing 14K N-WASP exhibited
N-WASP-associated actin tails (Figure 7B). A movie of
these rocketing vesicles in cells transfected with 14K Discussion
N-WASP or wt N-WASP and GFP-actin is shown in sup-
plemental movies (Supplemental Movie 1 and Supple- N-WASP Polybasic Region Confers
mental Movie 2, respectively). These results suggest Switch-like Sensitivity to PIP2

that the 14K N-WASP activation profile is altered such These results reveal that, in vitro, the actin regulatory
that a significant amount of N-WASP activation now switch N-WASP responds to changes in PIP2 density in
occurs even at resting PIP2 levels in vivo. The higher a switch-like manner: the transition from the fully re-
threshold activation midpoint for wt N-WASP may effec- pressed state to the fully activated state occurs above

a sharp threshold. This threshold behavior appears totively suppress this basal activation.



Molecular Cell
188

be the result of two key features of N-WASP. First, the
polybasic region of N-WASP recognizes PIP2 in a
multivalent manner. Second, because the basic motif in
N-WASP is also involved in regulatory autoinhibitory
interactions in the repressed state, the sharpness of the
PIP2-dependent activation transition is strongly ampli-
fied. Together, these two levels of cooperativity yield a
PIP2 activation profile with an apparent Hill coefficient
of �18.

Cooperative activation has many examples in biology.
For example, hemoglobin uses a homotropic allosteric
mechanism to bind to O2 in a manner sharply dependent
of O2 partial pressure (nH � �3) (Perutz, 1978). MAP
kinase cascades in Xenopus oocytes appear to use sev-
eral mechanisms to yield an all-or-none dose response
curve (nH � 35) (Ferrell and Machleder, 1998). Such
mechanisms include successive steps of distributive
multisite phosphorylation and positive feedback. Here,
we have observed a different mechanism that allows
N-WASP to respond in an extremely sharp manner to Figure 8. Steep Activation Profile of N-WASP May Balance Damp-

ening of Activity under Quiescent Conditions with Sensitive Activa-PIP2 densities.
tion upon Subtle Input Perturbations

Under quiescent conditions (no activated Cdc42 but basal density ofNoise Filtration: Possible Role of PIP2
PIP2), the threshold behavior of N-WASP could suppress activation.Activation Threshold However, if quiescent densities of PIP2 are set sufficiently close to

One function of such cooperative activation profiles may the activation threshold, then N-WASP would be highly sensitive to
be to act as a signal filter that suppresses “leaky” activa- activation by several possible mechanisms: small increases in PIP2

density (�2-fold) from an increase in synthesis, decrease in decay,tion at input doses below the threshold. This property
or membrane reorganization could lead to full activation of N-WASPcould be particularly important for detection of PIP2 as
(left). Alternatively, a small increase in Cdc42 could activate by shift-an activating signal. Unlike other key signaling phospho-
ing the activation threshold to lower mol% PIP2. If this shift is below

inositides, PIP2 is always present in the plasma mem- normal levels of PIP2, then full activation would occur. Activation,
brane at relatively high concentrations, even under qui- in this case, would still be targeted specifically to the PIP2-rich
escent conditions. PIP2 levels are estimated to be �5–10 plasma membrane. Activation could also occur through a combina-

tion of increase in PIP2 density and activated Cdc42 levels.�M and may vary by only �50% (0.5- to 1.5-fold) upon
active signaling (Cantley, 2002; Lemmon and Ferguson,
2000; McLaughlin et al., 2002; Xu et al., 2003). In con-

properties observed from in vitro actin polymerizationtrast, the levels of PIP3 and PI(3,4)P2 change significantly
assays correlate with behavior in vivo, particularly thefrom virtually undetectable in quiescent cells to �0.3
threshold setpoint in vivo. Nonetheless, our assays of�M (Cantley, 2002; Carpenter et al., 1990). Given this
vesicle motility in cytoplasmic extracts, which reflect a	50-fold increase (Lemmon and Ferguson, 2000), ef-
significantly more complex actin-based signaling pro-fector proteins that bind PIP3 by simple hyperbolic bind-
cess, are consistent with a sharp PIP2 activation thresh-ing can still exhibit a sharp signal-dependent recruit-
old. Synthetic vesicle motility shows a threshold depen-ment and activation. In contrast, if a PIP2 effector protein
dence on mol% PIP2, and the midpoint and sharpnessbinds its ligand with a simple hyperbolic activation pro-
of this transition is dependent on the charge density offile, then significant “noise” levels of activity would be
the B region. Finally, in vivo endosome rocketing assaysobserved even under quiescent conditions. A hyperbolic
show that 14K N-WASP, which has an abnormally lowresponse curve requires an �80-fold increase in input
PIP2 activation threshold in vitro, can now be activateddose (Koshland et al., 1982), a range that is not spanned
even by basal levels of PIP2 (whereas wt remains inac-by physiologically observed fluctuations in the levels of
tive). This observation supports a model in which thePIP2 at the plasma membrane, to shift from 10% to 90%
wild-type activation threshold is normally set just abovefractional binding or activity.
quiescent PIP2 levels.The sharp threshold observed in N-WASP activation

overcomes these problems: below the threshold, noise
from quiescent levels of PIP2 could be suppressed, Multiple Modes of N-WASP Activation

The sharp activation profile of wild-type N-WASP wouldwhereas high sensitivity to PIP2 could be maintained at
or above the threshold (Figure 8). The activation profile suppress activation under conditions of basal PIP2 den-

sity. Nonetheless, this profile would also leave N-WASPthat we observe for mN-WASP requires only a �1.3-fold
change in mol% PIP2 to transition from 10% to 90% sensitively poised for activation by several possible up-

stream events. First, small increases in PIP2 densityactivation. This small transition range is compatible with
the small changes in PIP2 density (0.5- to 1.5-fold) that alone could trigger activation (Figure 8). Increases in

PIP2 density could occur through an increase in localare thought to occur upon signaling. It is also possible
that sequestration of PIP2 by other factors also contrib- PIP2 synthesis, a decrease in its breakdown, or cluster-

ing/segregation of PIP2 into spatial domains. This poten-utes to noise filtration.
It is difficult to determine precisely how the activation tial mode of activation may explain why overexpression
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Cosendimentation Lipid Vesicle Binding Assaysof PIP5 kinase, the enzyme that synthesizes PIP2, results
Cosedimentation lipid vesicle binding assays (Kavran et al., 1998)in the spontaneous formation of numerous N-WASP-
were performed by mixing 5 �M protein and vesicles at a 20 �Mmediated actin comet tails (Benesch et al., 2002; Rozelle
final phosphoinositide concentration in 20 mM Hepes (pH 7.4), 100

et al., 2000). Although it remains unclear whether this mM NaCl, and 1 mM DTT (total volume � 65 �L). Reactions were
mode of N-WASP activation occurs under normal physi- incubated at 25
C for 15 min and centrifuged at 100,000 � g for

1 hr. Vesicle pellets were rinsed and resuspended in SDS-PAGEological conditions, redistribution of PIP2 on this scale
buffer of volume equal to the supernatant. Supernatant (unbound)is observed during several actin-based cytoskeletal re-
and pellet (bound) were identified by SDS-PAGE.arrangements (Botelho et al., 2000; Marshall et al., 2001;

Mayer et al., 2000).
Quantitative Fluorescence Vesicle Binding AssayA second possible mode of N-WASP activation is
Purified recombinant B-GBD was labeled with a coumarin-deriva-through an increase in activated Cdc42. As shown in
tive, 7-diethylamino-3-(4’-maleimidylphenyl)-4-methylcoumarin

Figure 8, even small amounts of activated Cdc42 can (CPM) (Molecular Probes, catalogue number D-346) at a unique Cys
relieve the sharp PIP2 response threshold. Sufficient residue (C236). The fluorescent label was added in 10-fold molar

excess in 20 mM Hepes (pH 7.5) and 100 mM NaCl and incubatedCdc42 could therefore yield significant activation even
O/N at 4
C, cleared by centrifugation, 2� dialysis, and gel filtrationat quiescent PIP2 concentrations without a significant
over a PD-10 column (Amersham Pharmacia).increase in PIP2 concentration or density. Under those

For constant density PIP2 titrations, lipid vesicles were titratedcircumstances, PIP2 may function as a simple spatial
into a 1.5 ml solution containing 0.2 �M labeled B-GBD-CMP in 20

rather than temporal signal, perhaps acting to specify mM Hepes (pH 7.4), 100 mM NaCl, and 1 mM DTT with constant
localization to the plasma membrane. It is likely that mixing. The sample was excited at 386 nm, and emission was de-

tected at 457 nm (see Supplemental Figure S1).many of the physiological events that trigger N-WASP
Variable PIP2 density binding experiments were performed in tripli-activation may actually involve a combination of both

cate by using individual lipid vesicle 100 �l samples for each pointCdc42 activation and an increase in PIP2 density.
of the titration at 0.2 �M protein and 200 �M total lipid. Data wereThis work demonstrates how a simple polybasic re-
collected on a PTI fluorometer and a Gemini XS plate reader. For

gion has been used by nature to generate a protein mol% � 0, PC/PS vesicles were used.
switch that is activated by PIP2 with sharp threshold Data from binding experiments were fit by nonlinear least squares

methods with Profit software to the following equation:properties. These properties are particularly well suited
to respond to the subtle perturbations in PIP2 that occur

I � [Io � (Imax � X(nH/Kd)]/[1 � X(nH/Kd)]upon cell signaling, explaining why such a motif may be
used in N-WASP instead of a folded lipid binding module Where X is mol% PIP2, I is the measured fluorescence intensity for
such as a PH domain. It is likely that other signaling that mol% PIP2, Io is fluorescence intensity of the unbound protein,

Imax is the fluorescence intensity of the bound protein at saturation,enzymes with similar input response requirements may
nH is the Hill coefficient, and K is the apparent binding constant.use similar input motifs.
Data is plotted in figures as normalized fraction saturation Y where
Y � (I � Io)/(Imax � Io) � [X(nH/Kd)]/[1 � X(nH/Kd)]. Curves were repeated
three times, and standard deviations for each point are shown.Experimental Procedures

For mN-WASP binding experiments, endogenous Cys residues
were mutated to Ser, and a single Cys followed by a five residueProtein Expression and Purification
linker was introduced at the N terminus of the protein (SupplementalN-WASP fragments were amplified by polymerase chain reaction
Figure S1). Purified protein was labeled with CPM and binding(PCR) from a rat dorsal root ganglia cDNA library and inserted into
assays were carried as described for B-GBD proteins. For thesepGEX4T-1 (Pharmacia) for glutathione-S-transferase (GST) fusions,
assays, 0.3 �M mini-N-WASP and Arp2/3 complex were used.pBH4 for His6- fusions (Hillier et al., 1999), or pMAL (New England

To measure PLC-� PH domain binding, we added a single Cys toBiolabs) for maltose binding protein (MBP) fusions. Proteins were
the N terminus of the PLC-� residues (1–140). The construct wasexpressed in E. coli strain BL21 (DE3) as described (Prehoda et
expressed as a His-tagged protein, purified over a Ni-NTA resin,al., 2000).
and labeled with CPM as described above.

Mutagenesis Prenylated Cdc42-Vesicle Preparation
Amino acid replacements in the basic region were introduced in a Soluble prenylated Cdc42 bound to RhoGDI was purified as de-
one-step polymerase chain reaction method with mutagenic 5 scribed (Hoffman et al., 2000) and was incorporated into membranes
oligos. The reversed B region B-GBD mutant was cloned by a two- by incubation with vesicles and 100 �M GTP-�-S.
step polymerase chain reaction method with overlapping 3 and 5

mutagenic oligos.
In Vitro Pyrene Actin Polymerization Assays
Experiments were performed with 2.4 �M purified rabbit skeletal
muscle actin (Pardee and Spudich, 1982), 50 nM bovine Arp2/3Lipid Preparation

Phosphatidyl choline (egg yolk), phosphatidyl serine (brain), PI(4)P complex purified as described (Egile et al., 1999), and 50 nM
N-WASP construct (mN-WASP, �EVH1 N-WASP, or VCA) in 100 �l(brain), and PI(4,5)P2 (brain), were purchased from Avanti lipids

(	99% pure). All other phosphoinositides (synthetic) were pur- total volume. Actin was doped with pyrene-labeled actin at 10% as
described in MacLean-Fletcher and Pollard (1980) to monitor thechased from Echelon and Matreya (�99% pure).

Large unilamellar vesicles (LUV) were generated by mixing di(di- kinetics of actin polymerization (Machesky et al., 1999). Reactions
were initiated by mixing an actin mix with a premixed cocktail ofbromostearoyl) phospatidyl choline (Avanti) and dipalmitoyl phos-

phatidyl-L-serine (Avanti) dissolved in chloroform in a 4:1 molar Arp2/3 complex, switch, and vesicles. Final conditions were 11.5
mM imidazole (pH 7.0), 50 mM KCl, 1 mM MgSO4, 1 mM EGTA,ratio. Addition of phosphoinositides was counteracted by reduction

of equal moles of PC. Mixed lipids were dried over an argon stream, 0.2 mM ATP, 1 mM DTT, and 3 mM MgCl2. Pyrene fluorescence
change upon polymerization was monitored with a fluorescenceplaced under vacuum for 30 min, and resuspended in 20 mM Hepes

(pH 7.4) and 100 mM NaCl at 2.5 mM. Hydrated lipids were subjected plate reader (Molecular Devices).
Variable PIP2 density activation experiments were performed atto at least ten cycles of freeze thawing in liquid nitrogen followed

by 1 min bath sonication and extrusion through a 0.1 �m filter with a total lipid concentration of 200 �M as in comparable binding
experiments. The time required for half maximal actin polymerizationa lipid extruder (Avanti).
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(t1/2) was used as a metric for N-WASP activity (see Supplemental References
Figure S2).
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