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Poly-Basic Motifs Act as Switch-like Sensors of PIP2 Density to Regulate

Protein Activation

Venizelos Papayannopoulos

ABSTRACT

Cellular processes are regulated through complex signaling networks.

Lipid molecules have been emerging as key signaling intermediates of many such

processes. In particular a specific class of molecules known as phosphoinositides,

These phospholipids have been shown to regulate cellular responses by

interacting with proteins through specialized phosphoinositide binding motifs.

Although much has been done to understand the interaction of phosphoinositides

with protein modules, two problems persist and have been overlooked. First, only

a handful of phosphoinositides exist, with hundreds of proteins known to have

domains that recognize them. Additional mechanisms must exist to introduce

specificity. Second, the cellular level of PIP2, a key signaling molecule and most

abundant phosphoinositide, remains high under basal conditions and undergoes

relatively small fluctuations between resting and activation states. It is therefore

puzzling how downstream protein targets remain suppressed but can respond to

such small changes upon activation.

In order to address these problems we studied the role of a previously

uncharacterized poly-basic motif in N-WASP using a variety of biochemical
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approaches, extract based assays and cell culture techniques. Here we show that

cells can target specific proteins by using a combination of protein and lipid

inputs. In addition, we show that unlike canonical lipid binding modules, such as

PH domains, the polybasic motif of N-WASP binds PIP2 in a multivalent,

cooperative manner. As a result, PIP2 activation of N-WASP mediated actin

polymerization is ultrasensitive: above a certain threshold, N-WASP responds in a

switch-like manner to a small increase in the density of PIP2 (Hill coefficient nh

=~20). We show that the sharpness of the PIP2 activation threshold can be tuned

by varying the length of the polybasic motif. We also characterized the interaction

of the B motif with the Arp2/3 complex, which we show to modulate the

sharpness of the PIP2 activation threshold. Our studies of N-WASP suggest that

the multivalent properties of poly-basic motifs can introduce an additional density

dependent degree of signaling selectivity. Moreover, these threshold properties

allow protein activity to be suppressed under high basal levels of PIP2, yet leave

them poised for activation upon subtle perturbations in PIP2 distribution.

Wendell A. Lim (PhD)(Chair)
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Chapter 1

Introduction:

Structure, Function, and Recognition of Phosphoinositides

Venizelos Papayannopoulos



Cellular processes are regulated through complex signaling networks.

Although specialized proteins play a major role in cellular signaling, a variety of

other types of molecules a re used to transmit cellular information. Lipid

molecules have been increasingly implicated in the regulation of cellular

processes. In particular a specific class of molecules known as phosphoinositides,

although estimated to constitute less than 10% of cellular membranes. have been

shown to regulate membrane trafficking, membrane channel activity, and

cytoskeletal dynamics (Fig. 1)(Cantley, 2002; Czech, 2000; De Camilli et al.,

1996; Lemmon and Ferguson, 2000; Martin, 2001; McLaughlin et al., 2002;

Simonsen et al., 2001; Srinivasan et al., 1997; Yin and Janmey, 2003). The fact

that these molecules reside mostly in membrane bilayers renders them as

excellent membrane markers and makes them a very useful tool when cells want

to restrict certain processes to membrane locations.

These lipids have been shown to regulate cellular responses by interacting

with proteins through specialized phosphoinositide binding motifs. These

domains recognize and bind the lipid headgroups with varying specificity. Only a

handful of phosphoinositides exist, with hundreds of proteins known to have

domains that recognize them. Obviously cells must employ mechanisms to

introduce specificity to this system. Moreover, whereas the levels of most

phosphoinositides fluctuate dramatically upon stimulation, one of the most

important members of this family, phosphatidyl-inositol-(4,5)-bis-phosphate

(PI(4,5)P2), is very abundant, and undergoes small global fluctuations. These

observations raise the additional problem of how can the respective target proteins
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remain inactive under high levels of PI(4,5)P2, while still being able to respond to

its small fluctuations. In this body of work we demonstrate how two such

mechanisms can be used in combination to introduce specificity and complex

responses to phosphoinositide signaling (Cantley, 2002; Czech, 2000; De Camilli

et al., 1996; Lemmon and Ferguson, 2000; Martin, 2001; McLaughlin et al., 2002;

Simonsen et al., 2001; Srinivasan et al., 1997; Yin and Janmey, 2003).

The players

Phosphoinositides are regular lipids with specialized headgroups

consisting of an Inositol ring that is variably phosphorylated at different carbon

positions (Fig. 2). The phosphorylation state of Inositol determines the properties

of the lipid and is tightly regulated by a host of specialized kinase and

phosphatase enzymes. In addition phosphoinositides are substrates for

phospholipase C type enzymes that cleave the headgroup to give rise to soluble

signaling molecules (Fig. 3).

A short glance at Figure 2 reveals that there are seven possible

phosphoinositide variants: three bearing a single phosphate, phosphatidyl

pnositol-3-phosphate (PI(3)P), phosphatidyl-inositol-4-phosphate (PI(4)P),

phosphatidyl-inositol-5-phosphate (PI(5)P); three bearing two phosphates:

phosphatidyl-inositol-(3,4)-bis-phosphate (PI(3,4)P2), phosphatidyl-inositol-(3,5)

)-bis-phosphate (PI(3,5)P2), phosphatidyl-inositol-(4,5))-bis-phosphate

(PI(4,5)P2, or commonly referred to as PIP2), and one fully phosphorylated

phosphatidyl-inositol-3-tris-phosphate (PI(3,4,5)P3) molecule (Fig. 2). With the
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exception of PI(3,4)P2, all of the above phosphoinositides have been identified in

cellular membranes and play distinct cellular roles (Fig. 1).

Regulating the levels of phosphoinositides

The levels and sub-cellular localization of the most abundant divalent

phosphoinositide PIP2, have been shown to be important for a number of

membrane related processes in cells ranging from regulation of membrane

trafficking to plasma membrane-cytoskeletal adhesion (Hurley and Meyer, 2001;

Sato et al., 2001). The levels of phosphoinositides can be regulated by specific

kinase and phosphatase enzymes which modify the phosphorylation state of the

Inositol head-group. Specific enzymatic pathways exist, that give rise to the

phosphoinositides encountered in vivo (Fig. 3) (Cantley, 2002; Chang et al., 2004;

Czech, 2000; Ishihara et al., 1998). For example, PI(4)P, the most abundant

phosphoinositide, is relatively inert, but can be converted to the active PI(4,5)P2

by Phosphatidyl Inositol-4-Phosphate -5-Kinase (PIP5K) (Ishihara et al., 1998;

Tolias et al., 1998). Various pathways can stimulate PIP5K activity through

activating its upstream regulator ADP-ribosylation factor 6 (Arf6) (Aikawa and

Martin, 2003; Brown et al., 2001; Wong and Isberg, 2003). Arf6 is a GTPase that

can regulate non-clathrin mediated endocytosis and regulated exocytosis

(Caumont et al., 1998; Cockcroft et al., 2002; Matsukawa et al., 2003; Vitale et

al., 2002; Wong and Isberg, 2003; Zhang et al., 1999; Zhang et al., 1998). Arf6

activity is in turn stimulated by Exchange factor for Arf6 (EFA6), a GTPase

exchange factor (GEF) factor, and switched off by elevated levels of a dedicated
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GTPase activating protein (GAP) (Chavrier and Franco, 2001; Franco et al., 1999;

Luton et al., 2004). Arf6 activity is required for phagocytosis, macropinocytosis,

and yeast vacuolar fusion (Radhakrishna and Donaldson, 1997).

Different Arf proteins can activate distinct PIP kinases, and regulate

different processes(Macia et al., 2001). For example, PIP2 is required by Golgi to

PM transport but it is regulated through the activity of PIP4K rather PIP5K. In

this case, cells utilize a specific Arf GTPase, Arfl (Balch et al., 1992). In another

example, Phosphatidic acid, the by product of Phospholipase D (PLD) can affect

cell morphology through the stimulation of Raf-1 which activates PIP5K. PLD

activation is dependent on Protein Kinase C(PKC) activity. All these pathways

converge on PI(4,5)P2 as a signaling intermediate. How is it then that different

responses are associated with the same intermediate molecule?

Moreover, other phosphoinositides are linked to PIP2 signaling and

synthesis.

A distinct pathway centered around Phosphatidyl-Inositol-Phosphate-3 Kinase

(PIP3K) exists to generate phosphoinositides that are phosphorylated at the third

inositol carbon (the PI(3)Ps) (Cantley, 2002). The significance of this kinase is

highlighted by the observation that increased PI3K activity is observed in many

types of ovarian tumors (Shih Ie and Kurman, 2004). The PIP5K products PIP3,

PI(3)P, and PI(3,5)P2 have been shown to play distinct roles than PI(4,5)P2 (Fig.

1) (Cantley, 2002).

Interestingly, PIP3 has been recently implicated upstream in the regulation

of PIP2 mediated processes (Fig. 3). Many PIP3-specific PH domains have been
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discovered in factors that regulate Arf GTPases. Cytohesin 1-3 Arf GEFs have

been shown to be recruited to the PM by binding to PIP3, and subsequently

activating Arf6 (Venkateswarlu et al., 1999; Venkateswarlu et al., 1998). Arf

GAP factors such as centaurin-al, Anticoagulant peptide (ACAP) and Arf-GAP,

Rho-GAP, Ankyrin repeat, and Plecstrin homology domains-containing protein-3

(ARAP3) also contain PIP3 binding PH domains (Jackson et al., 2000; Krugmann

et al., 2002; Krugmann et al., 2004; Santy and Casanova, 2002; Venkateswarlu et

al., 2004). In agonist stimulated cells these proteins get recruited to the plasma

membrane (PM) and regulate Arf6. PIP2 can recruit PIP3K to the PM, further

increasing the local levels of PIP3. PI3PK isoforms IA ans IB are heterodimers

comprised of catalytic and regulatory domains. In brief, they are regulated by

tyrosince kinases such as Src ans Btk (Saito et al., 2003). Upon stimulation, this

mechanism can therefore create a positive or negative feedback loop that can

result in high localized phospoinositide activity.

The action of PIP-kinases is countered by the action of PIP-phosphatases

(Fig. 3). PIP phosphatases have been shown to regulate important cellular

functions. Recent studies revealed how the levels of PI(3,5)P2 in yeast can

regulate the number and size of vacuoles (Rudge et al., 2004). A proper balance

between the phosphatidylinositol-3-phosphate 5-kinase Fab1, and Fig4, a

PI(3,5)P2-selective phosphoinositide phosphatase. Furthermore, Fab1 activity is

stimulated by the vacuolar 7 protein (Vac7) and vacuolar 14 protein (Vac14).

However, Vac14 has been discovered to bind to and localize the phosphatase

subunit to the vacuolar organelles, suggesting that both kinase and phosphatase
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enzymes act in concert to maintain the appropriate levels of PI(3,5)P2 (DeWald,

2002; Dove et al., 2002).

Although PM localization seems to be of great significance

phosphoinositides can also function as soluble factors. Upon activation, G-protein

coupled receptors can stimulate Phospholipase C-B which cleaves PIP2, giving

rise to membrane associated di-acyl glycerol and the soluble inositol-tri

phosphate (IP3) (Fig. 3). Both of these molecules act as second messengers. Di

acyl glycerol can then activate protein kinase-C (PKC), while IP3 diffuses through

the cytoplasm to activate Ca2+-releasing channels in the endoplasmic reticulum

(Madani e al., 2001). This process closely regulates cardiac cells autonomic

activity (Bony et al., 2001). Alternatively, this is also a mechanism that is thought

to mediate the release of PIP2 bound proteins from the membrane into the

cytoplasm.

Lipid rafts

A relatively new and controversial concept in membrane function is

compartmentalization. Growing evidence suggests that there exist specialized

membrane regions that perform distinct functions. These regions are often being

referred to as lipid microdomains, or lipid rafts (Dietrich et al., 2001; Oh and

Schnitzer, 2001; Simons and Ikonen, 1997). These rafts were first discovered as

detergent insoluble membrane fraction, enriched in cholesterol and sphingomyelin

(Mayor et al., 1998; Naslavsky et al., 1999; Wang and Silvius, 2000; Zager,

2000). Moreover, rafts are thought to be rich in PIP2, and when disrupted by
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cholesterol depletion, PIP2 mediated processes can be disrupted (Lusa et al., 2001;

Pike and Miller, 1998). It is thought that most membrane functions take place at

these specialized micro-domains, where the relevant factors can be highly

concentrated and co-localized (Dietrich et al., 2001; Moffett et al., 2000; Oh and

Schnitzer, 2001; Simons and Gruenberg, 2000). For example, it has been

suggested that Arfl mediated spectrin recruitment to the Golgi complex is

mediated by the formation of enriched PIP2 microdomains (Balch et al., 1992;

Memon, 2004). It is therefore evident that PIPs are present at dramatically

different densities in cellular membranes. It would be of great advantage to cells

to have an arsenal of protein motifs that would enable them to sense fluctuations

in PIP density, as an additional layer of specificity.

Lipid interaction motifs

All interactions at the interface between lipid and protein involve protein

modules with varying specificities for different phosphoinositides. There are three

major classes of phosphoinositide interacting motifs: small basic peptides,

medium length unstructured domains which adopt alpha helical structure upon

binding to phosphoinositides and much larger well-folded binding modules (Fig

4). The larger, folded domains are highly selective for specific PIPs. FYVE finger

domains bind preferentially to PI3P, while PH domains which have been found in

more than 100 proteins exhibit a variety of specificities mainly for PI(4,5)P2 and

PI3,4,5)P3. PhoX domains (PX), first discovered in phagocyte oxidase (Phox)

complex, a multi-subunit complex that functions to kill microorganisms with a
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lethal mixture of reactive oxygen metabolites, and the PIP binding domains of

adaptor protein 180 (AP180) and the tubby proteins comprise new PI(4,5)P2

binding modules (Hurley and Meyer, 2001; Johnson et al., 1998; Lemmon, 2003;

Lopes et al., 2004; McLaughlin et al., 2002; Sato et al., 2001; Simonsen and

Stenmark, 2001). The structures of several of these domains have revealed that a

few key basic residues are positioned in such a way as to interact directly with the

inositol-phosphate head group of the lipid and thus can select for

phosphoinositides bearing phosphates at specific positions.

Small basic peptides are found in a number of proteins known to be

associated with membranes such as, PKC, A-Kinase anchoring proteins (AKAP),

calcineurin, and the viral Gag protein (Dell'Acqua et al., 1998; Hermida

Matsumoto and Resh, 2000; Murray et al., 1998; Wong and Scott, 2004). They

have also been well studied in Src, Ras, and Myristoylated alanine rich CAM

kinase substrate (MARCKS) where they often participate in membrane

association in conjunction with a myristate or a prenyl group, or in conjunction to

PH domains as in the case of the guanine exchange factor Arf nucleotide-binding

site opener (ARNO) (Arbuzova et al., 2000; He et al., 1998; Jefferson et al., 1998;

Laux et al., 2000; Macia et al., 2000; McLaughlin and Aderem, 1995; Murray et

al., 1998; Vergeres et al., 1995).

These relatively short sequences interact by simple electrostatics with

monovalent acidic Phospholipids PS and PE (Murray et al., 1997; Seykora et al.,

1996). However, it has been demonstrated that the basic peptides from MARCKS,

AKAP7 and, can bind PIPs with a much higher affinity that cannot be attributed
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solely to electrostatic interactions (Lu and Chen, 1997; Wang et al., 2001; Zhang

et al., 2003). The basis for PIP recognition is not known. The MARCKS basic

peptide has been shown by CD and EPR to be in a non-helical extended

conformation (Rauch et al., 2002). In contrast, PIP2 and PIP3 binding to peptides

containing basic residues, from gelsolin, profilin and the bacterial protein Act.A,

induces the formation of alpha-helical structure (Lambrechts et al., 2002; Steffen

et al., 2000; Xian and Janmey, 2002). Interestingly, the N-terminal domain of

ActA exhibits significant selectivity amongst phosphoinositides for the PI

products of PI3K, suggesting that smaller basic motifs may bind selectively, with

biological significance (Steffen et al., 2000).

The Specificity problem: the Dual input and density sensitivity approaches

The specificity involving these interactions is greatly restricted by the

limitations of lipid design. Only five types of phosphoinositides have been

discovered in cells, while phosphoinositide interacting motifs have been found in

hundreds of proteins. How can therefore be specific activation of downstream

targets with such small number of input molecules. Here we provide two possible

mechanisms that may allow different downstream proteins to be differentially

regulated although they may share common input nodes such as PIP2. One

approach is to use combinatorial signal integration using multiple cooperative

signals (Fig. 5). Target proteins are stimulated only in the presence of multiple

spatial and temporally synchronous activators, using a combination of protein and

lipid upstream inputs. Recently the enzyme Phospholipase D (PLD) has been
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shown to be regulated by PIP2, PKC, and purine nucleotides (Huang et al., 2000;

Sciorra et al., 2002). Dual input integration can combine protein binding to

covalent modifications such as phosphorylation events, prenylation, and

carbohydrate modification. A well know example is the cell cycle regulatory

kinase Cyclin depended kinase 2 (Cdk2). Cdk2 activity is stimulated by binding

to Cyclin/A and through phosphorylation of its T-loop by upstream kinases. These

two events act synergistically to activate Cdk2 (Hagopian et al., 2001; Jeffrey et

al., 1995; Morgan, 1997). In addition, lipid and calcium signals are well know to

synergize in order to activate Protein Kinas C(PKC).

A second approach would be to employ a way for proteins to be

differentially activated by different local densities of phosphoinositides (Fig. 6).

Thus far, only the motor protein UnclO4 has been shown to have its activity be

sensitive to the density of PIP2 (Klopfenstein et al., 2002). The motor is in a

dimeric form, enabling its dual PH domains to provide a double PIP2 ligand

binding site. While the binding of each Ph domain alone is non-cooperative, the

activity of the motor is cooperative and is sensitive to changes in the density of

the lipid. Therefore, Uncl()4 activity may be significantly enhanced at sites of

high PIP2 density, but stay relatively inactive when PIP2 is presented at low

membrane densities. In this work we discovered that a similar approach can be

used using a slightly different mechanism.

It has also been shown that while the cellular levels of certain

phosphoinositides (PI3P, PI(3,4)P2, PI(3,4,5)P3) fluctuate dramatically to trigger

all or non type responses on their downstream targets, the most commonly used
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PI(4,5)P2 variant is always present at high concentrations, with fluctuations of

only two to three fold signaling (Cantley, 2002; Czech, 2000; Lemmon, 2003;

McLaughlin et al., 2002). These small fluctuations would only yield small

changes in the activity of the downstream proteins they regulate. Mechanisms

must therefore exist to allow proteins to respond in a switch-like manner to small

changes in the levels of PIP2.

One approach could be that downstream proteins are either sequestered

away from PIP2, but once released in the cytoplasm, would always be found

bound to PIP2. An alternative approach would be to keep proteins locked in a

conformation where they are not able to interact with PIP2. Stimulation by an

additional molecule would expose the PIP2 interacting module, which would

recruit the protein to PIP2 sites. Due to significantly high resting levels of PIP2

this model would work best when the equilibrium greatly favors the repressed

state over the PIP2 bound state, unless the co-activator is present. On the other

hand, it is thought that most of the PIP2 in cells is constantly bound to proteins,

and therefore the levels of free available PIP2 are much lower than the estimated

total (Hurley and Meyer, 2001; McLaughlin et al., 2002). In this scenario, large

fluctuations in the levels of available PIP2 can be achieved by freeing up some of

the “masked” PIP2. PH domains and penta-Lysine are used regularly as tools to

lower the level of PIP2 in cell culture experiments. Furthermore, proteins such as

MARCKS, bearing large poly-basic motifs, are thought to function either as PIP

clustering, or PIP masking agents (McLaughlin et al., 2002; Myat et al., 1997).
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In both models, PIP2 mediated regulation is not triggered by fluctuations

in the levels of PIP2 but is rather depended on parallel or upstream pathways. Is

there however an alternative approach which would allow PIP2 to be the trigger of

a signal even with small fluctuations in its cellular concentration? Such a model

would require a mechanism which would allow the protein to remain inactive

under high resting levels of PIP2, but able to sense small changes over a certain

PIP2 threshold, that would trigger a nearly maximal response. These are

trademarks of highly cooperative systems.

Most cooperative systems involve either signal networks organized in

feedback loops, or a single layer of signaling incorporating multiple input sites at

a single signaling “node” (Bagowski and Ferrell, 2001; Ferrell and Machleder,

1998). The parallel architecture of the multiple input systems renders them

attractive to study since they are easier to reconstitute and study in vitro.

However, due to the complex architecture of such proteins, analysis of a

combination of in vivo, biochemical, and structural data is required in order to

obtain a complete picture. Here we demonstrate that such cooperative behavior

can be observed for lipid signals as well. One such example has been previously

reported in the regulation of UnclO4 motor activity by PIP2. As noted earlier, the

motor’s dimerization links together two PH domain molecules, thereby forming a

protein molecule bearing two PIP2 binding sites. Similarly, we show that the

ability of polybasic motifs to interact with multiple phosphoinositide molecules,

confer to proteins the ability to sense phosphoinositide density and respond to

small fluctuations in phosphoinositide levels in a switch like manner. Moreover,
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cooperativity can be tuned by varying the number of basic residues. Interestingly,

the ability of such peptides to engage in protein-protein interactions which

compete with PIP2 binding, can dramatically sharpen the response, while it allows

for parallel proteins inputs to adjust the degree of cooperatvity to PIP2.
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Introduction Fig. 1
The Biological roles of phosphoinositide signaling

Figure 1. Cartoon of the various biological function of phosphoinositide signaling
and the proteins they regulate.
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Introduction Fig. 2
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Introduction Fig. 3 Biosynthesis and Regulation of PIP2
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Figure 3. Schematic of the biosynthesis of PIP2.
Distinct Kinase and phosphatase enzymes convert between PI(4)P and PI(4,5)P2.
PI(4,5)P2 cleaved by Phospholipase C isoforms into IP3 and Diacyl glycerol.
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Introduction Fig.4 Phosphoinositide interacting motifs
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Introduction Fig. 5 Dual Input Sigh
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Introduction Fig. 6 Cooperative PIP2 Binding, confers switch-lik
response to changes in PIP2 density

********
W!!!!"Sº!"
******

—e-ºe-toº-º-o-te”-9

Density
-

- /? +
Sensitivity º

*
.2
t;
<

Density Density Density

Figure 6. A PIP2 binding module that is able to interact with multiple ligands
will be sensitive to the density of PIP2 and thus will respond in a
cooperative manner to ligand density as shown in the Activation diagram
in the far right. As a result, such proteins will remain repressed even under
high PIP2 resting levels (denoted by the blue area box).
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Chapter 2

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

Spatial Distribution

Venizelos Papayannopoulos, Carl Co, Ken E. Prehoda, Scott Snapper, Jack

Taunton and Wendell Lim.
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Abstract

Phosphatidyl-inositol-(4,5)-bis-bisphosphate (PIP2) activates the actin

regulatory protein N-WASP by binding to a short polybasic region involved in N

WASP autoinhibition. Here we show that unlike canonical lipid binding modules,

such as PH domains, this polybasic motif binds PIP2 in a multivalent, cooperative

manner. As a result, PIP2 activation of N-WASP mediated actin polymerization is

ultrasensitive: above a certain threshold, N-WASP responds in a switch-like

manner to a small increase in the density of PIP2 (Hill coefficient nh =~20). We

show that the sharpness of the PIP2 activation threshold can be tuned by varying

the length of the polybasic motif. Because PIP2, unlike other signaling

phosphoinositides, is relatively abundant even under quiescent conditions and

undergoes only subtle changes upon activation, the ability to sense PIP2 density

changes with a sharp threshold may be critical for effectors like N-WASP.

Threshold properties may suppress N-WASP activity under basal conditions, yet

leave it poised for activation upon subtle perturbations in PIP2 distribution.
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Introduction

Phosphoinositides are employed as secondary signaling molecules in a

diverse array of cellular pathways including those regulating cytoskeletal

dynamics and vesicular trafficking (Cantley, 2002; Czech, 2000; Lemmon and

Ferguson, 2000; Martin, 2001; McLaughlin et al., 2002; Simonsen et al., 2001;

Yin and Janmey, 2003). The importance of these lipids is highlighted by the large

number of specialized phosphoinositide binding domains found in signaling

molecules, including Pleckstrin Homology (PH), FYVE, and Phox (PX) domains

(Hurley and Meyer, 2001; Lemmon, 2003; McLaughlin et al., 2002; Sato et al.,

2001). Such lipid interaction domains often direct the membrane recruitment of

proteins in response to the synthesis of their target phosphoinositides.

Despite the importance of phosphoinositides, many questions remain

concerning their mechanism as second messengers. First, little is known about

how they can activate specific downstream signaling cascades given that there are

only a handful of unique phosphoinositide species involved in controlling so

many distinct responses. Second, while some phosphoinositides such as

phosphatidyl-inositol-(3,4,5)-tris-phosphate (PIP3) are ideal second messengers

because they are only produced under stimulatory conditions, others such as

phosphatidyl-inositol-(4,5)-bis-phosphate (PIP2) are present at fairly high

concentrations even under quiescent conditions and undergo relatively subtle

changes upon signaling (Cantley, 2002; Czech, 2000; Lemmon, 2003;

McLaughlin et al., 2002). How then could a molecule like PIP2 act as a regulatory

input to control protein localization and activation?
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One model system for exploring the mechanism of phosphoinositide

signaling, particularly by PIP2, is the neuronal Wiskott-Aldrich Syndrome Protein

(N-WASP). N-WASP is a key signaling molecule which stimulates actin

nucleation by the Actin related protein 2/3 (Arp2/3) complex in response to

upstream inputs (Higgs and Pollard, 2001; Welch and Mullins, 2002). The two

best studied inputs controlling N-WASP activity are the small GTPase Cdc42 and

PIP2. Previous studies have shown that N-WASP is under combinatorial control

by Cdc42 and PIP2: although both are independent activators, they are far more

potent when present together (Higgs and Pollard, 2000; Prehoda et al., 2000;

Rohatgiet al., 2000; Rohatgiet al., 1999). A recently discovered protein, Toca-1,

is also thought to indirectly mediate PIP2 control of actin polymerization, acting at

a second point upstream from N-WASP (Ho et al., 2004). Thus, N-WASP

exemplifies a class of signaling molecules that use combinatorial control by

protein and lipid signals to achieve specificity. Combinatorial control yields

strongest activation at sites where both Cdc42 and PIP2 are present, and is

therefore thought to optimize spatial and temporal regulation of actin

polymerization.

Recent studies have begun to uncover the molecular mechanism by which

N-WASP achieves this regulation (Fig.1). The C-terminal region of N-WASP,

known as VCA, serves as the core activity output domain: it can bind and

stimulate the de novo actin filament nucleation activity of the Arp2/3 complex

(Higgs and Pollard, 2001; Rohatgiet al., 1999; Welch and Mullins, 2002).

However, in the context of the intact protein, N-WASP function is repressed
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through a set of autoinihibitory interactions (Kim et al., 2000; Prehoda et al.,

2000; Rohatgiet al., 2000; Rohatgiet al., 1999). Two N-terminal regions are

required for autoinhibition, a short polybasic (B) motif and an adjacent GTPase

binding domain (GBD). In the repressed state, the B motif is postulated to provide

a second Arp2/3 complex binding site (Prehoda et al., 2000), while the GBD can

bind a peptide motif within the VCA output domain (Kim et al., 2000). The

composite B-GBD module is necessary and sufficient to inhibit VCA activity,

presumably because this set of interactions locks the complex in an inactive state

(Prehoda et al., 2000).

During activation of N-WASP, PIP2 binds to the B motif, while activated

Cdc42 (GTP loaded) binds to the GBD. These interactions result in activation by

disrupting the autoinhibitory interactions and thus destabilizing the inactive state.

The two inputs activate synergistically because they function cooperatively to

compete against the autoinhibitory interactions (Prehoda et al., 2000). Although

other regions of N-WASP may be important for other aspects of N-WASP

function, a mini-N-WASP (mn-WASP) protein containing only the B, GBD and

VCA modules is sufficient to display cooperative PIP2 and Cdc42 dependent

activation (Fig. 1B)(Prehoda et al., 2000). Moreover, mN-WASP is sufficient to

drive stimulus-dependent endosome motility in Xenopus egg extracts (see

Results).

Although much is now known about how the GBD from N-WASP

participates in both autoinhibitory interactions with VCA and activating

interactions with Cdc42, relatively little is known about the mechanism of the B
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motif. This motif contains 9 lysine residues and 1 arginine residue within a span

of 15 amino acids. What is the affinity of the B region for PIP2 and what is its

selectivity among phosphoinositides? What is its mechanism of recognition?

Finally, why does N.-WASP employ this type of motif instead of larger canonical

PIP2 binding modules such as a PH domain?

Here we show that unlike canonical PIP2 binding modules, the Basic

region of N-WASP binds PIP2 in a multivalent manner. Thus, its binding to

membranes is highly dependent on PIP2 spatial density. Moreover, activation of

N-WASP shows an even sharper dependence on PIP2 density: N-WASP is

activated in an all-or-none fashion over a very small range of increasing PIP2

density (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 motif participates in competing autoinhibitory interactions. We

demonstrate that the sensitivity and the sharpness of the PIP2 dependent activation

profile of N-WASP can be easily tuned by varying the number of lysine residues

in the B motif.

Thus, the B motif appears to confer upon N-WASP an additional level of

phosphoinositide signaling specificity – sensitivity to a threshold density of PIP2.

Such a mechanism provides two potential biological advantages. First, it may

suppress basal N-WASP activation even under the relatively high quiescent

concentrations of PIP2. Second, it may leave N-WASP sensitively poised for

strong activation in response to subtle reorganization of PIP2 in membrane

domains, rather than requiring a gross change in the overall PIP2 concentration.
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Materials and Methods

Protein expression, and purification.

N-WASP fragments were amplified by polymerase chain reaction (PCR)

from a rat dorsal root ganglia cDNA library and inserted into pGEX4T-1

(Pharmacia), for glutathione-S-transferase (GST) fusions, pBH4 for Hisó-fusions

(Hillier et al., 1999), or p\{AL (New England Biolabs) for maltose binding

protein (MBP) fusions. Proteins were expressed in E. coli strain BL21 (DE3).

Cultures were grown at 37°C, harvested and lysed by sonciation in 20mM Tris pH

8.0, 300mM NaCl, 20mM imidazole. Hisó-tagged N-WASP fragments were

purified by chromatography on Ni-NTA resin (Qiagen), and treated with TEV

protease in 20mM Hepes, 100mM NaCl, 1mM DTT. Proteins were subsequently

purified over ion exchange using either Resource Q or S columns (Pharmacia).

GST fusion proteins were purified over glutathione agarose in 20mm

Hepes pH 7.5, 10mM NaCl, 1mM DTT, and eluted with 10mM glutathione,

followed by anion exchange purification as described above.

Mutagenesis.

Amino acid replacements in the Basic Region were introduced in a one

step polymerase chain reaction method using mutagenic 5’ oligos. The reversed B

region B-GBD mutant was cloned by a two-step polymerase chain reaction

method using overlapping 3’ and 5’ mutagenic oligos. Mutations were confirmed

by sequencing.
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Lipid preparation.

Phoshpatidyl Choline (egg yolk), Phosphatidyl Serine (brain), PI4P (brain)

and PI(4,5)P2 (brain), were purchased from Avanti lipids (>99% pure). All other

phosphoinositides (synthetic) were purchased from Echelon and Matreya (<99%

pure).

Large unilamellar vesicles (LUV) were generated by mixing

di(dibromostrearoyl) phospatidyl Choline (Avanti), dipalmitoyl phosphatidyl-L-

Serine (Avanti), dissolved in chloroform, in a 4:1 molar ratio. Addition of

phosphoinositides was counteracted by reduction of equal moles of PC. Mixed

lipids were dried over an argon stream, placed under vacuum for 30min, and re

suspended in 20 mM Hepes pH 7.4, 100mM NaCl at 2.5m.M. Hydrated lipids

were subjected to at least 10 cycles of freeze thawing in liquid nitrogen, followed

1 min bath sonication and extrusion through a 0.1 pum filter, using a lipid extruder

(Avanti).

Co-sendimentation lipid vesicle binding assays.

Co-sedimentation lipid vesicle binding assays (Kavran et al., 1998) were

performed by mixing 5 p.m. protein and vesicles at a 20 puM final phosphoinositide

concentration in 20 mM Hepes pH 7.4, 100mM NaCl, 1 mM DTT (total volume =

65pul). Reactions were incubated at 25°C for 15 min, and centrifuged at 100,000g

for 1 hour. Vesicle pellets were rinsed and re-suspended in SDS-PAGE buffer of

volume equal to the supernatant. Supernatant (unbound) and pellet (bound) were

identified by SDS-PAGE.
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Quantitative fluorescence vesicle binding assay.

Purified recombinant B-GBD was labeled with a coumarin derivative, 7

Diethylamino-3-(4-maleimidylphenyl)-4-methylcoumarin (CPM) (Molecular

Probes Cat. No. D-346) at a unique Cys residue (C236). The fluorescent label was

added in 10-fold molar excess in 20mM Hepes pH 7.5, 100mM NaCl, and

incubated O/N at 4°C, cleared by centrifugation, 2x dialysis and gel filtration over

a PD-10 column (Amersham Pharmacia).

For constant density PIP2 titrations, lipid vesicles were titrated into a

1.5ml solution containing 0.2puM labeled B-GBD-CMP in 20 mM Hepes pH 7.4,

100mM NaCl, 1 mM DTT with constant mixing. The sample was excited at 386

nm and emission was detected at 457 nm (See Supplemental Fig. 1).

Variable PIP2 density binding experiments were performed by using

individual lipid vesicle samples for each point of the titration. 100 pull samples

were prepared by adding 10 pull of lipid to 90 pull of a 0.2 puM protein solution

with a final concentration of 200 puM total lipid. Data were collected on a PTI

fluorometer and a Gemini XS plate reader. For mol % =0, PC/PS vesicles were

used. Experiments were done in triplicate.

Data from binding experiments were fit by nonlinear least squares

methods using Profit software to the following equation:

I = [Io + (Imax*X^(nH /Kd)]/[1+X^(nH/Kd)]

where: X – mole % PIP2, I — the measured fluorescence intensity for that mole

% PIP2; Io — fluorescence intensity of the unbound protein, Imax — fluorescence

i
º
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intensity of the bound protein at saturation, nh — Hill coefficient, and K —

apparent binding constant. 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.

For mini-N-WASP binding experiments, endogenous Cys residues were

mutated to Ser, and a single Cys followed by a 5 residue linker was introduced at

the N-terminus of the protein (Supplemental Fig. 1). Purified protein was labeled

with CPM and binding assays were carried as described for B-GBD proteins. For

these assays, 0.3 puM mini-N-WASP and Arp2/3 complex were used.

To measure PLC-6 PH domain binding we added a single Cys to the N

terminus of the PLC-6 residues (1-140). The construct was expressed as a His

tagged protein, purified over a Ni-NTA resin, and labeled with CPM as described

above.

In vitro pyrene actin polymerization assays.

Experiments were performed using 2.4 p.m. purified rabbit skeletal muscle

actin (Pardee and Spudich, 1982), 50 nM bovine Arp2/3 complex purified as

described (Egile et al., 1999), and 50 nM N-WASP construct (mN-WASP,

AEVH1 N-WASP, or VCA) in 100 pull total volume. Actin was doped with pyrene

labeled actin at 10% as described in (MacLean-Fletcher and Pollard, 1980) to

monitor the kinetics of actin polymerization (Machesky et al., 1999). Reactions

were initiated by mixing an actin mix with a premixed cocktail of Arp2/3

complex, switch, and vesicles. Final assay conditions were 11.5m Mimidazole

-m-m
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(pH 7.0), 50 mM KCl, 1 mM MgSO4, 1 mM EGTA, 0.2 mM ATP, 1mM DTT,

3mM MgCl2. Pyrene fluorescence change upon polymerization was monitored

using a PTI fluorometer and a SpectraMax Gemini XS (Molecular Devices)

fluorescence plate reader.

Variable PIP2 density activation experiments were performed at a total

lipid concentration of 200 puM, as in comparable binding experiments. The time

required for half maximal actin polymerization (t1/2) was used as a metric for N

WASP activity (see Supplemental Fig.2).

Endosomal vesicle motility assays.

Experiments were performed using high speed Xenopus egg extract and

purified endosomal vesicles from cultured Hela cells, prepared as previously

described (Taunton et al., 2000). Extracts were depleted using anti-N-WASP .
antibodies and the absence of N-WASP was confirmed by western blot. Rabbit

antisera were raised (Cocalico Biologicals, Inc.) against full-length rat N-WASP

purified from baculovirus-infected Sf9 cells (Rohatgi, 1999), purified over an N

WASPAffigel-10 collumn (Bio-Rad, Inc.), eluted with 0.2 M glycine (pH 2.0),

0.15 M NaCl and dialyzed against TBS/50% glycerol. N-WASP was

immunodepleted from high speed Xenopus egg extracts (200 pul) by treating with

2 pig affinity purified antibodies for 1 h followed by 15 pil of Protein A

conjugated agarose for 2 h, all at 4°C. Control depletion with an irrelevant rabbit

IgG had no effect on vesicle motility.

Purified mN-WASP proteins were labeled with rhodamine as described
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for CPM. Actin was labeled with Alexa(488) as previously described in (Taunton

et al., 2000). Samples were prepared by mixing 1 pull GLB Buffer (50mM Tris

HCl pH 7.5, 5mm MgCl2, 50mM NaCl), 3.5 pull extract, 0.25 pull endosomes, 0.25

HL PMA in DMSO(4HM final concentration), 0.5 mL mN-WASP (100nM final

concentration), and 0.25 pull labeled actin. Reactions were incubated for 20 min at

RT and examined under 600X magnification (Olympus IX70 microscope;

Olympus PlanApo 60X Oil Ph3 objective lens). Data were collected 25-28 min

post induction using a Photometrics Cool Snap HQ CCD camera. For each

measurement, velocity data were obtained from six vesicle tracks from 2 min

movies of 13 still-image frames.

Synthetic vesicle motility assays.

Synthetic vesicles were prepared as described above with variable mole %

PIP2. 0.25 pull of un-extruded vesicles (extrusion reduces vesicle motility as

vesicle size is decreased) were mixed with a 5.5 pil of reaction mix as described

above to a final lipid concentration of 100 puM. No PMA was added. All actin tails

in one half of the coverslip were captured under 600X magnification, 25-30 min

post reaction initiation, and images were used to determine the number of tails

and tail length. For tail length measurements, data were obtained for at least 30

tails for each mol % from random images. To ensure against a bias in tail

selection, all tails from a given image were measured (N=30-50).
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In vivo endosomal rocketing assays

Immortalized N-WASP-/- fibroblasts obtained from Snapper S. (Snapper

et al., 2001), were cultured in DMEM at 37°C and 5% CO2 in 24 well plates.

Cells were transfected with 0.5pg DNA using Lipofectamine 2000 following

standard protocols. Full length rat N-WASP and mouse PIP5K-o were expressed

using a pCDNA 3.1 vector. 48 hrs post transfection, cells were permeabilized

with 0.1% Triton-X100, fixed with 5% paraformaldehyde and stained with Alexa

488-phaloidin (Molecular Probes), anti-N-WASP antibody(1:200 dilution) and

HRP-goat anti rabbit secondary(1:1000 dilution. Statistical data were obtained

from images (1000X) of transfected cells obtained in 3 individual experiments.

For live cell imaging, cells were cultured in 35mm glass bottom microwell

dishes (Mattek Corp.) transfected with 0.5pg DNA of each construct tested in

addition to 0.5pg GFP actin (Clonetech) and 24hrs later were imaged using an

inverted microscope in DMEM media at room temperature. Motility rates were

calculated from time-lapse movies (5 sec intervals for 5-10 min) at 600X

magnification. The averaged rates from 15-22 actin each comet tails were

averaged to obtain the mean rate value.

Results

Binding Specificity of the N-WASP Basic Region

We measured binding of a region encompassing the B motif and the GBD,

referred to as B-GBD (residues 178–274), to various phosphoinositide species

using two assays (Fig.2). First, a vesicle co-sedimentation assay was used to
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qualitatively assess binding (Kavran et al., 1998). Second, we developed a

fluorescence perturbation assay to measure affinity quantitatively. In this assay

(see Supplemental Fig. 1), a single Cys residue in this region of the protein was

labeled with a coumarin derivative, 7-Diethylamino-3-(4-maleimidylphenyl)-4-

methylcoumarin (CPM) a fluorophore whose fluorescence is perturbed upon

association with membranes (Wang et al., 1999). Coumarin does not insert into

the bilayer and therefore does not perturb vesicle affinity (Kachel et al., 1998).

Binding isotherms were measured by monitoring the change in fluorescence upon

addition of vesicles containing phosphatidyl-choline (PC), phosphatidyl-serine

(PS) and the relevant phosphoinositide species at ratios of 70:20:10.

In both assays, no detectable binding of the B-GBD fragment is observed

to vesicles containing only PC/PS (80:20), or to vesicles containing PC/PS and

phosphatidylinositol-4-phosphate (PI4P). Strong binding is observed to vesicles

containing 10% PIP2 (apparent Ka ~ 1 mM). Detectable, but weak binding (~10

fold lower affinity than PIP2) is observed for vesicles containing

phosphatidylinositol-3-phosphate (PI3P). Vesicles containing

phosphatidylinositol-3,4-bisphosphate (PI(3,4)P2) and phosphatidylinositol-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 interaction is relatively low. However, given

that PIP2 is estimated to be present in biological membranes at concentrations 20

100-fold higher than these other bis- and tris-phosphoinositide species, PIP2 is

-
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likely to be the relevant ligand in vivo (Cantley, 2002; Czech, 2000; Fruman et al.,

1999; McLaughlin et al., 2002).

Sequence requirements for PIP2 binding: A polybasic motif

We used deletion mapping to identify smaller sequences sufficient for

PIP2 recognition (Fig. 2B). Using the co-sedimentation vesicle binding assay, we

found that a 15 amino acid sequence from N-WASP (residues 183-197)

containing ten basic residues was sufficient for binding to PIP2 containing

vesicles. This fragment displayed the lipid preferences described above for the

larger 178-274 fragment (V.P., data not shown).

To more finely map recognition requirements, we performed alanine

scanning mutagenesis (Fig. 2C). Surprisingly, none of the alanine point mutations

had a significant impact on PIP2 binding in the qualitative vesicle co

sedimentation assay. The observation that no single residue is absolutely essential

for binding indicates that the determinants of binding are well distributed

throughout the motif. Significant loss of PIP2 binding was only observed when

three or more basic residues were mutated to alanine.

We also generated a variant of the B motif in which the amino acid

sequence was reversed (identical composition), as well as poly-lysine sequences

of 7 or 10 residues. Similar binding to PIP2 was observed for the reverse sequence

motif as for the 10-lysine motif (Fig. 2C) whereas no binding was observed for

the 7-lysine motif. Thus, the high positive charge density of the motif, rather than

any precise structure, appears to be most critical for binding. The PIP2 binding
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motif from N-WASP appears to be similar to previously characterized polybasic

PIP2 binding motifs such as the basic effector domain of the myristoylated

alanine-rich C kinase substrate (MARCKS) (McLaughlin et al., 2002), and

distinct from larger, well-structured PIP2 binding modules.

Affinity of the Basic Region is highly dependent on PIP2 density

Binding of the MARCKS peptide to PIP2 is multivalent – each peptide

binds several PIP2 molecules (Wang et al., 2001). We therefore tested whether

binding of the B motif of N-WASP to PIP2 was also multivalent. Multivalent

interaction would typically show a cooperative dependence on PIP2 density. We

repeated our quantitative binding experiments, but used vesicle preparations

containing either 10 or 2% PIP2 (Fig. 3A). The observed apparent binding

affinity is highly dependent on PIP2 density; it is ~10-fold higher when PIP2 is

present at 10% vs. 2% of total lipid (Ki = 1.2 pm vs 10 mM).

A direct way to examine PIP2 density dependence of binding is to measure

extent of binding as a function of mol % of PIP2, a metric for lipid surface density

within a membrane (Fig. 3B). This type of assay differs from our previous ones in

that total lipid concentration is now held constant, and only the mole fraction of

PIP2 is varied. When assayed in this way, binding of a PIP2 binding PH domain –

the domain from PLC-6 – still shows a typical hyperbolic binding isotherm,

indicative of non-cooperative binding in a 1:1 stochiometry (Fig. 3C, bottom

panel). However, a fragment of N-WASP containing the B region shows a

sigmoidal binding isotherm indicative of cooperative binding (Fig. 3C, top
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panel). This curve can be fit to an apparent Hill coefficient (nH) of ~3, which is

consistent with the binding stoichiometry observed in studies of the MARCKS

basic effector domain (McLaughlin et al., 2002).

Another way to assess the effect of PIP2 density is to alter lipid clustering

properties. Cholesterol, is thought to promote the formation of lipid membrane

subdomains (Sandhoff et al., 1999). In principle, such partitioning should increase

the local PIP2 density (Pike and Miller, 1998; Simons and Ikonen, 1997). Vesicles

doped with 40% cholesterol bound tighter to the B region (Fig 3C, open circles).

Vesicles doped with 40% cholesterol/20% sphingomyelin, also showed a higher

apparent affinity (V.P., data not shown).

This multivalent mode of PIP2 binding helps to clarify previous

unexplained observations concerning N-WASP activation by lipids. PH domains

that bind PIP2 can also bind soluble short acyl chain (C3 or CA) versions of PIP2,

or the PIP2 headgroup, inositol-tris-phosphate (IP3) (Cantley, 2002; Lemmon,

2003). We had previously observed that soluble PIP2 or IP3 did not activate N

WASP, even when present at extremely high molar concentrations (K.E.P.,

unpublished results). Only PIP2 presented in the context of vesicles could activate.

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.
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N-WASP actin polymerization activity shows a threshold dependence on

PIP2 density

The density dependence of the B motif binding to PIP2 containing

membranes suggested that N-WASP activation might also be highly sensitive to

the density of PIP2. We therefore measured the in vitro activity of N-WASP

(ability to stimulate Arp2/3 complex-mediated actin polymerization) as a function

of mol % PIP2 (constant total lipid), by monitoring Arp2/3 complex nucleation in

a pyrene actin polymerization assay. Assays were performed using mN-WASP

(Prehoda et al., 2000), as well as a near-full length version of N-WASP lacking

only the N-terminal EVH1 domain. PIP2 alone can fully activate these N-WASP

constructs, although this requires considerably higher concentrations than in the

presence of Cdc42 co-stimulation. The time required for half maximal actin

polymerization (t1/2) was used as a metric for N-WASP activity (Supplemental

Fig.2).

Activation of mN-WASP (Fig. 3D) showed a dependence on PIP2 density

that was even sharper than that observed for binding (Fig. 3C; see also

Supplemental Fig. 3). The apparent Hill coefficient for this activation transition

is nh = ~18 (compared to nh = ~3 for B motif binding to PIP2). This sharp,

sigmoidal activation curve is distinct from the standard hyperbolic activation

curve observed when the identical mM-WASP constructs are activated by Cdc42

alone (Fig. 3D, bottom panel). Thus activation of mN-WASP activity, in vitro,

occurs only above a sharp PIP2 density threshold. The addition of cholesterol,

leads to a lower PIP2 density threshold for activation, but has a similar apparent
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activation cooperativity (nH = ~19) (Fig. 3D, open circles). N-WASP displays a

similar cooperative activation upon addition of PIP3 vesicles (Supplemental Fig.

4). However, because of the vast excess of PIP2 in vivo, PIP3 is unlikely to be a

relevant activator in most circumstances.

Autoinhibitory interactions amplify sharpness of PIP2 binding/activation

threshold

The above results reveal that both B motif membrane binding and mN

WASP activation show a highly cooperative dependence on PIP2 density.

However, the sharpness of the mN-WASP activation profile is considerably

higher than that of the B region binding profile (binding nh = ~3; activation nh =

~ 20). Moreover, the midpoint of the activation curve occurs at higher mol % of

PIP2 for mM-WASP activation than for B motif binding. These differences in PIP2

binding and activation can perhaps be explained by the fact that in regulated N

WASP constructs the B motif is occluded by competing autoinhibitory

interactions, causing the apparent affinity of PIP2 binding to be lower. Moreover,

if the autoinhibitory interactions occlude multiple adjacent PIP2 binding sites then

the cooperativity of PIP2 binding might be higher — binding of one PIP2 molecule

to the basic motif would disrupt competing autoinhibitory interactions, thereby

increasing the apparent affinity of subsequent PIP2 molecules to adjacent sites.

Thus, cooperativity due to the intrinsic multivalent nature of the B motif

interaction with PIP2 would be enhanced by a second level of cooperativity — the

cooperative displacement of autoinhibitory interactions by multiple PIP2
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molecules.

A simple way to test this hypothesis is to directly measure PIP2 binding in

the presence of competing autoinhibitory interactions — those of the B-GBD

fragment with the VCA fragment and the Arp2/3 complex. We measured binding

of mN-WASP (containing both B-GBD and VCA fragments) to PIP2 vesicles,

both in the presence and absence of the Arp2/3 complex (Fig. 4A, B). The

observed cooperativity of PIP2 binding by mN-WASP was only slightly higher

(nH =3.8) than that observed for binding by the B-GBD fragment alone (nH =3.1).

However, if the Arp2/3 complex is also added in stoichiometric amounts, then the

cooperativity of PIP2 binding (nH = 17) increases to nearly match the

cooperativity of PIP2 mediated activation (nH = 18). Thus, the autoinhibitory

interactions, particularly the interaction of the B motif with the Arp2/3 complex,

appear to sharpen the overall PIP2 binding and activation thresholds, consistent

with the above model. These competing autoinhibitory interactions also shift the

midpoint of the binding/activation threshold to higher mol % PIP2.

Co-stimulation with Cdc42 lowers PIP2 activation threshold point.

We also examined how the presence of low levels of Cdc42 affects PIP2

activation (Fig. 4C). We used 0.3 puM Cdc42, which by itself only yields <0.05

fractional activation of mM-WASP (see Fig. 3D). The PIP2 activation profile in

the presence of this constant low amount of Cdc42 shows both a decrease in the

midpoint of activation and a decrease in threshold sharpness. These observations

are consistent with a model in which Cdc42 relieves the autoinhibitory
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interactions — Cdc42 competes against the GBD-VCA interaction and the B

Arp2/3 complex interaction (Kim et al., 2000; Prehoda et al., 2000) and thereby

shifts the PIP2 activation profile more towards the PIP2 binding profile observed

for the B region alone. These results indicate that small amounts of Cdc42 can

reduce the PIP2 density threshold midpoint for N-WASP activation. Additional

activation curves with both Cdc42 and PIP2 are shown in Supplemental Fig. 5.

Changing number of basic residues can tune N-WASP sensitivity to PIP2

In principle such threshold activation behavior could be re-tuned by

simply altering the multivalent nature of the core PIP2 binding motif. An increase

in the number of basic residues may allow it to bind more PIP2 molecules, while a

decrease would have the opposite effect (Wang et al., 2002).

We therefore constructed a mM-WASP variant, referred to as “14K,” that

contained 5 additional lysine residues inserted just N-terminal to the basic motif

(compared to the wild-type “9K”) (Fig. 5). We also constructed a mN-WASP

variant in which one lysine residue in the B motif was removed (K183->A), a

construct referred to as “8K”. Both of these mutant constructs remained repressed

in the absence of activators. We then examined the effect of these mutations on

sensitivity and cooperativity of N-WASP activation by PIP2.

The 8K variant of N-WASP was less sensitive to PIP2 density than wild

type, while the 14K variant was more sensitive. 14K showed a remarkably steep

activation threshold, with an apparent Hill coefficient nº = 50 (Fig. 5A). It is

possible that these additional lysine residues exert their effect, not by changing
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the multivalency of PIP2 binding, but by weakening the overall degree of

repression of the mN-WASP/Arp2/3 complex. Two observations argue against

this alternative explanation. First, under basal conditions both variant proteins

were as well repressed as wild-type mN-WASP. Second, the wt and 14K mutant

proteins have identical activation profiles when stimulated by Cdc42 alone (Fig.

5A). The fact that for 14K, a modified activation profile is only observed in

response to one activator, PIP2, and not another, Cdc42, strongly indicates that the

effect of the mutations is mediated by a specific change in mode of interaction

with PIP2 and not by a global effect on autoinhibition. These results are consistent

with the model that the number of basic residues determines the multivalency of

PIP2 binding sites in N-WASP, which in turn can modulate the activation

threshold sharpness.

Correlation between PIP2 sensitivity and N-WASP mediated vesicle motility.

N-WASP has been shown to drive endosomal vesicle motility in Xenopus

egg extracts (Taunton, 2001; Taunton et al., 2000). To determine if the observed

threshold activation properties are relevant to the more complex process of actin

based vesicle motility, we investigated whether N-WASP mutations that alter

PIP2 sensitivity of in vitro actin polymerization would have similar effects on N

WASP mediated motility. We examined the motility rates of partially purified

endosomal vesicles in Xenopus egg extracts. In these assays, native N-WASP was

immunodepleted from the extract and substituted with purified variants of mN

WASP (wt, 14K, 6K), or GBD-VCA. Extracts were supplemented with
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Alexa(488)-labeled actin and rhodamine labeled mN-WASP constructs. Motility

was induced by stimulation with phorbol ester (PMA) which has been shown to

induce Cdc42 activation (J.T., unpublished results). Wild-type mN-WASP is

recruited to vesicles and is competent to reconstitute vesicle motility (Fig. 5B, C).

However, constructs in which the B region was deleted, or constructs containings

6 lysines residues in the B motif, did not reconstitute motility and were not even

recruited to vesicles, with or without PMA stimulation (Fig. 5B, C).

Most significantly, motility was strongly enhanced by increasing the

number of lysine residues. 14K mN-WASP is recruited to vesicles, and yields

motile vesicles with actin comet tails that are several-fold longer than those

generated by wt mN-WASP (Fig. 5B). The average velocity of 14K driven

vesicles is ~5-fold greater than that of the 9K driven vesicles (Fig. 5D). Thus,

increasing mN-WASP sensitivity to PIP2 by adding few additional basic residues

also results in a corresponding increase in mN-WASP mediated vesicle motility.

To more rigorously show that the enhanced motility properties of this

mutant are due to changes in PIP2 sensitivity, we examined the motility of

synthetic vesicles in which we systematically varied the mole % PIP2. Synthetic

vesicles were added to N-WASP depleted Xenopus oocyte extracts substituted

with either wt or 14K mN-WASP. At sufficiently high mole % PIP2, PMA

independent motility was observed.

Using median vesicle tail length as a metric for motility, 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
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motility activation with the 14K protein was sharper and occurred at lower mol%

PIP2 (Fig. 5E). 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 number of motile

vesicles as a metric for activity, although, at PIP2 densities 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.

N-WASP hypersensitivity to PIP2 in vitro results in increased N-WASP

activity in resting cells.

Previously, overexpression of the enzyme phosphatidyl-inositol-5-

phosphate kinase (PIP5K), which catalyzes the conversion 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 completely 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 N-WASP localized to the vesicles.

We therefore 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. In addition, we

determined the effects of co-transfecting these cells with PIP5K.

3

44



Cells transfected with PIP5K and either wt (Fig. 6C) or 14K N-WASP

(Fig. 6) exhibited N-WASP associated comet tails at 66.0% and 74.6% occurrence

rate respectively (Fig. 6E). However, a notable difference was observed between

cells transfected with either wt or 14K N-WASP in the absence of PIP5K

overexpression. Whereas cells expressing exogenous wt N-WASP displayed no

detectable N-WASP associated actin comet tails (Fig. 6A), 43.6% of cells

expressing 14K N-WASP exhibited N-WASP associated actin tails (Fig. 6B). A

movie of these rocketing vesicles in cells transfected with 14K N-WASP and

GFP-actin is shown in Supplemental Movie 1 (Papaya_supp_movie.avi). More

than 50% of GFP expressing cells had motile vesicles. The rates of vesicle

rocketing were obtained from time-lapse movies (Fig. 6E). Thus, at native levels

of PIP2, only the 14K N-WASP variant and not wild-type showed a high degree

of activation in vivo. These results strongly corroborate our in vitro results,

suggesting that hypersensitivity of N-WASP to PIP2 can result in spontaneous

activation at resting PIP2 levels in vivo.

Discussion

N-WASP Polybasic region confers switch-like sensitivity to PIP2

These results reveal that the actin regulatory switch N-WASP responds to

changes in PIP2 density in switch-like manner: the transition from the fully

repressed state to the fully activated state occurs above a sharp threshold. This

threshold behavior appears to be the result of two key features of N-WASP. First,

the polybasic region of N-WASP recognizes PIP2 in a multivalent manner. Thus

i
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the N-WASP peptide belongs to a growing class of short, highly basic PIP2

binding motifs which bind multiple PIP2 molecules in a membrane through

largely electrostatic interactions (Wang et al., 2002). Second, because the basic

motif in N-WASP is also involved in regulatory autoinhibitory interactions, in the

context of the repressed state, the sharpness of the PIP2 dependent activation

transition is strongly amplified. Multiple PIP2 molecules must cooperate to disrupt

the autoinhibitory interactions and yield activation. Together these two levels of

cooperativity yield a PIP2 activation profile with an apparent Hill coefficient of

~18.

Switch-like activation profiles are found in 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 several 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 PIP2 densities.

Noise filtration: possible role of PIP2 activation threshold

One function of such switch-like activation profiles is to act as a filter: an

extremely sharp dose-response curve acts to suppress “leaky” activation at input

doses below the threshold value. This property could be particularly important for

detection of PIP2 as an activating signal. Unlike other key signaling

46

3



phosphoinositides, PIP2 is always present in the plasma membrane at relatively

high concentrations, even under quiescent conditions. It has been estimated that

PIP2 levels are normally at ~5-10 puM, 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 contrast, the levels of PIP3 and

PI(3,4)P2 change significantly from virtually undetectable in quiescent cells to

~0.3 p.m. (Cantley, 2002; Carpenter et al., 1990). The change in PIP3

concentration upon signaling are estimated to be >50-fold (Lemmon and

Ferguson, 2000). Therefore, effector proteins that bind PIP3 by simple hyperbolic

binding can still exhibit a sharp signal dependent recruitment and activation

because of the dramatic increase in levels of their upstream ligands. In contrast, if

a PIP2 effector protein binds its ligand with a simple hyperbolic activation profile,

then significant “noise” levels of activity would be observed even under quiescent

conditions. To shift from 10% to 90% fractional binding or activity, a hyperbolic

response curve requires an ~80-fold increase in input dose (Koshland et al.,

1982), a range that is not spanned by physiologically observed fluctuations in the

levels of PIP2 at the plasma membrane.

The sharp threshold observed in N-WASP activation overcomes these

problems: below the threshold, noise due to quiescent levels of PIP2 could be

suppressed, while high sensitivity to PIP2 could be maintained at or above the

threshold (Fig. 7A). The activation profile that we observe for mN-WASP

requires only a ~1.3-fold change in mol % PIP2 to transition from 10% to 90%

activation. This small transition range is compatible with the small changes in
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PIP2 density (0.5- to 1.5-fold) that are thought to occur upon signaling. It is also

possible that sequestration of PIP2 by other factors also contributes to noise

filtration.

It is difficult to determine precisely how the activation properties observed

from in vitro actin polymerization assays correlate with behavior in vivo. Our in

vitro assays are performed at a standard total lipid concentration and composition,

quantities difficult to measure in vivo. Consequently, it is difficult to determine

the threshold setpoint in vivo. Nonetheless, our assays of vesicle motility in

cytoplasmic extracts, which reflect a significantly more complex actin-based

signaling process, are consistent with a sharp PIP2 activation threshold. Synthetic

vesicle motility shows a threshold dependence on mol % PIP2, and the position

and sharpness of this transition is dependent on the charge density of the B region.

Finally, in vivo endosome rocketing assays show that 14K N-WASP, which has

an abnormally low PIP2 activation threshold in vitro, can now be activated even

by basal levels of PIP2. This observation strongly supports a model in which the

wild-type activation threshold is normally set just above quiescent PIP2 levels.

Multiple modes of N-WASP activation

The sharp activation profile of wild-type N-WASP would suppress

activation under conditions of basal PIP2 density. Nonetheless, this profile would

also leave N-WASP sensitively poised for activation by several possible upstream

events. First, it is possible that a small increase in PIP2 density alone could trigger

activation (Fig. 7B). Increases in PIP2 density could occur through an increase in
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local PIP2 synthesis, a decrease in its breakdown, or clustering/segregation of PIP2

into spatial domains. This potential mode of activation may explain why

overexpression of PIP5 kinase, the enzyme that synthesizes PIP2, results in the

spontaneous formation of numerous N.-WASP mediated actin comet tails

(Benesch et al., 2002; Rozelle et al., 2000). Although it remains unclear whether

this mode of N-WASP activation occurs under normal physiological conditions,

redistribution of PIP2 on this scale is observed during several actin-based

cytoskeletal rearrangements (Botelho et al., 2000; Marshall et al., 2001; Mayer et

al., 2000).

A second possible mode of N-WASP activation is through an increase in

activated Cdc42. As shown in Fig. 7C, even small amounts of activated Cdc42

can relieve the sharp PIP2 response threshold. Sufficient Cdc42 could therefore

yield significant activation even at quiescent PIP2 concentrations without a

significant increase in PIP2 concentration or density. Under those circumstances,

PIP2 may function as a simple spatial rather than temporal signal, perhaps acting

to specify localization to the plasma membrane. It is likely that many of the

physiological events that trigger N-WASP activation may actually involve a

combination of both Cdc42 activation and an increase in PIP2 density.

Comparison to other lipid interaction domains

Many signaling proteins that respond to lipid signals have been observed

to do so through well-folded lipid binding domains, such as PH and FYVE

domains. These domains have defined structures and recognize their cognate lipid
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headgroups through a geometrically defined set of hydrogen bonds (Hurley and

Meyer, 2001; Lemmon, 2003). Why then do molecules like N-WASP utilize a

distinct class of poorly structured polybasic motifs to detect PIP2? These results

suggest a simple answer – given the subtle changes in PIP2 concentration and

density that occur in intracellular signaling, it would be difficult to generate a

strong switch-like localization or activation response with such folded domains

because they bind lipids in a simple hyperbolic fashion. In contrast, polybasic

motifs, which bind to lipid headgroups in a multivalent manner, can show a sharp

activation threshold, more compatible with the subtle observed changes in PIP2

density. Folded lipid binding domains can, in rare cases, be used to generate

ultrasensitive activation thresholds, but only if their activity and localization is

tightly coupled to oligomerization (Klopfenstein et al., 2002; Lemmon and

Ferguson, 2000; Tomishige et al., 2002). Individual folded lipid binding domains

simply cannot yield sharp threshold activation. A polybasic motif, however,

appears to provide a compact and simple solution to the problem of responding to

subtle changes in PIP2 distribution.

Polybasic motifs also allow PIP2 sensitivity to be easily tuned over the

course of evolution. By changing the charge density in this element we show that

we can titrate both activation threshold position and sharpness. This mechanism

of PIP2 response also explains key functional differences between the molecule

N-WASP and its close homolog, WASP. Although these two proteins share a high

degree of sequence similarity, WASP shows far weaker activation by PIP2 (Higgs

and Pollard, 2000). Examination of the WASP sequence shows that this region
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has a charge density of +5 compared to a charge density of +8 in N-WASP. Such

a reduction in charge density would drastically decrease PIP2 binding and

therefore would be expected to severely reduce sensitivity to PIP2 activation.

WASP therefore appears to have evolved to be considerably less sensitive to PIP2

than N-WASP, a property that may be required for its specific set of functions.

Thus, this type of basic motif, and its use as a regulatory module in signaling

proteins, appears to provide a simple and tunable mechanism of PIP2

responsiveness.

Finally, another advantage of a polybasic motif is that it will only bind

with high affinity to PIP2 presented at membranes and not soluble IP3. In contrast,

PH domains that bind PIP2, generally also bind with high affinity to IP3 (Hirose

et al., 1999; Lemmon, 2003). Thus, PH domains can be driven off the membrane

with increasing generation of soluble IP3. A polybasic motif, in contrast, would be

relatively oblivious to changes in IP3 levels. This distinction might be important

for particular types of signaling cascades.

Given the unique properties of basic motifs, it is not surprising that other

signaling proteins may utilize this type of motif to mediate phosphoinositide

responses. For example, a polybasic motif in phospholipase D (PLD2) has

recently been identified as the region that mediates PIP2 activation of the enzyme

(Sciorra et al., 2002). PLD2 also contains a separate PH domain that recognizes

PIP2. Deletion studies, however, show that this PH domain plays a simple

targeting role, while the polybasic motif plays an allosteric regulatory role.

Protein kinase C also shows a highly cooperative phospholipid activation profile

3
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(Mosior and Newton, 1998).

This work demonstrates how a simple polybasic region has been used by

nature to generate a protein switch that is activated by PIP2 with sharp threshold

properties. These properties are well suited to respond to the subtle perturbations

in PIP2 that occur upon cell signaling, explaining why such a motif may be used

in N-WASP instead of a folded lipid binding module. It is likely that other

signaling enzymes with similar input response requirements may use similar input

motifs.
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Mechanism of N-WASP regulation.
A. Domain Structure of N-WASP. Arrows indicate the respective
interactions of each domain with PIP2, Coc42 and Arp2/3 complex.
The following abbreviations are used: (B) Basic Region, Proline-rich
sequence (Pro), Verprolin Homology domain (V), Connecting region
(C), Acidic Region (A). The composite VCA domain is referred to as
the output domain.
B. Model for cooperative activation of N-WASP by PIP2 and Coc42. In
the absence of activators, N-WASP and Arp2/3 complex are in an
autoinhibited (OFF) conformation. The "OFF" state is stabilized by
interaction of the GBD with the VCA domain, the Basic region with the
Arp2/3 complex. PIP2 and Coc42 act cooperatively to disrupt the
autoinhibitory interactions.
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Fig. 2
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Figure 2. Specificity and
sequence requirements of N
WASP basic region binding to
PI(4,5)P.
A.Indicated lipids doped at 5% in
PC/PS(75:20) vesicles were tested for
binding to the B-GBD fragment (178
274) by two assays, a co
sedimentation vesicle spindown
assay, and a quantitative fluorescence
binding assay (Supplemental Fig.1).S
indicates supernatant (unbound), P
indicates pellet (bound).The adjacent
column lists the apparent Kö (LM)
measured by fluorescence, using
vesicles containing PC/PS(70:20) and
10% phosphoinositide.The far right

abundance of each species as a % of
total phosphoinositide (Cantley,
2002).
B.Deletion analysis of B-GBD
fragment in vesicle co-sedimentation
binding assay shows that fragment
corresponding to residues 183-197 is
sufficient to selectively bind to
PI(4,5)P2. Deletion constructs were
generated as fusions to maltose
binding protein (MBP).
C. Alanine-scanning analysis, in
background of B-GBD fragment (178
274).The inset shows a representative
gel from the vesicle spindown assay
(S:supernatant; P:pellet). None of the
single residues between 183-197 are
absolutely essential for PIP2 binding.
Mutation of 3-4 basic residues results
in loss of binding. AB-GBD construct
containing an N-to C-terminally
reversed sequence basic region can
still bind PIP2. A Lys10 (K10) polybasic
motif (fused to MBP) was able to bind
PIP2 vesicles, whereas an analogous
Lys7 (K7) motif was not.Substituted
residues are indicated in red.
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Fig. 3

A B–GBD B increasing uM PIP 2
B}(GBE (increasing total lipid)

10% PIP2
KG = ~ 1.21 0: 0 5

2% PIP 2
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(constant total lipid)

0 5 10 15 20 i. § §[PIP2) HM wº *zºº-m■(increasing total lipid)

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, 9% PIP2 is held constant, but total lipid
ConCentration is increased.
B. Schematic of the two different vesicle binding experiments. PIP2 concentration is
increased by increasing the total concentration of lipid but keeping mole % of PIP2
constant (top). Total lipid is kept constant, but mole % PIP2 is increased (bottom).
The latter approach detects effects of increasing PIP2 surface density on
membranes. All curves below use this latter method to perform binding or activation
analysis.
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Fig. 3
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Figure 3. N-WASP binding and activation is sensitive to the density of PIP2 in
membranes.
C. Comparison of PIP2 binding isotherms for B-GBD and the PLC -PH domain measured
using a fluorescence perturbation assay. For these assays, total lipid (PC/PS/PIP2) is held
constant at 2001M while PIP2 is varied from 0-10 mole %. Assays performed in the absence
of cholesterol are shown with closed circles, assays performed with 40% cholesterol are
shown with open circles. Data were fit as described in Methods. Bars show standard
deviation from three repeats. Hill coefficients (nH) from fits are shown if they are greater than
1.
D. m.N-WASP activity as a function of PIP2 or Coca 2. Relative activity was measured by
using t1/2 values obtained in pyrene actin polymerization assays (see Methods; raw data
shown in Supplemental Fig.2). Upper curve shows activity as a function of mol % PIP2.
Closed circles are in the absence of cholesterol, open circles are in the presence of 40%
cholesterol. Lower curve shows activity as a function of Coc42.
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Fig. 4
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Figure 4. The autoinhibitory interactions in the mn-WASP-Arp213 complex
amplify the intrinsic PIP2 binding cooperativity of the B region.
A. Cartoons of the various constructs used in this figure. The B-GBD (178-274)
lacks any of the autoinhibitory interactions, mN-WASP has the GBD-VCA inhibitory
interaction, and mN-WASP + Arp2/3 complex has both the GBD-VCA and the B
A■ p2/3 complex inhibitory interactions.
B. PIP2 binding isotherms (fluorescence binding assay) for the constructs shown
above. For simplicity only the fitted binding isotherm is shown for B-GBD (data
points are shown in Fig. 4C). Data were fit as described in Methods, and calculated
Hill coefficients (nH) are indicated. Addition of the autoinhibitory interactions
increases the cooperativity of PIP2 binding and shifts the curves to more closely
resemble the cooperativity observed formN-WASP activation (performed with
A■ p2/3 complex), shown in red for comparison (data points shown in Fig. 4D).
C. Addition of Coc42-GTP--S reduces the threshold midpoint and cooperativity for
PIP2 activation of mN-WASP Activated Coc42 was added at 0.3 pN.
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Fig. 5
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Figure 5. 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 sharpness. Sequence
changes introduced for the 8K and 14K mutants are shown at top, compared
towt (9K). In vitro pyrene actin polymerization activation curves as a function
of Mol % PIP2 were generated as described in Methods and Fig. 4, and are
shown in left panel. Right panel shows activation of identical mutants by
Coc42. 14K, wit, and 8K (not shown) display virtually identical Coc42
activation curves, despite their differences in sensitivity to PIP2.
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Figure 5. N-WASP sensitivity to PIP2 density can be tuned by varying charge
density in Basic region.
B. Fluorescence micrographs of GBD-VCA (204-274-(Gly-Serj9-392-501), 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 depicted in green. 2 m white bars are placed for reference.
C. Qualitative endosome motility (assessed by comet tail length) observed in the above
assay with different mM-WASP constructs. GBD-VCA does not localize to endosomal
vesicles, even in the presence of absence of PMA stimulation, and no actin comets are
observed.
D. Comparison of endosome motility rates driven by wi and 14K mN-WASP
E. Analysis of synthetic vesicle motility as a function of Mol % PIP2. Assays were
performed with extract immunodepleted of native N-WASP but supplemented with 100nM
of wt (filled circles) or 14K mN-WASP(open circles) (no PMA stimulation). Motility was
followed by assaying average actin tail length of motile vesicles under each condition.
Circles represent the mean tail length, while bars map the 10th to 90th percentile range of
the tail length distribution.

:
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N-Wasp 9K
PIP5K

N-Wasp 1.4K
PIP5K.

E % Transfected cells Motility Rate
with tails (■ ºm/sec)

N-Wasp 9K < 5
-

- PIP5K | N-Wasp 14K 43.6 °. 8.1 0.12 * 0.035
N-Wasp 9K 65.9 °. 9.0 0.19% 0.080+

PIP5K | N-Wasp 14K 74.6%. 6.0 0.32 * 0.093

Figure 6. N-WASP
hypersensitivity to
PIP2 in vitro
correlates with
increased N-WASP
activity in resting
cells.
Fixed N-WASP-/-
Cells transfected with
the following
Constructs: A. wit N
WASP (9K); B. 14K
N-WASP; C. wit N
WASP and PIP5K,
D. 14KN-WASP and
PIP5K. Cells were
stained with
antibodies against N
WASP (red) and
Alexa-488-phalloidin
(green) to visualize
actin. White arrows
point to vesicles.
Enlarged images are
depicted on the right
side of each panel.
1pm bars are placed
for reference.
E. Number of cells
With N-WASP
asSociated actin
Comet tails. The bars
represent the mean
from three individual
experiments in which
at least 60
transfected cells
were examined.
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Figure 7. Steep activation profile of N-WASP may balance dampening of
activity under quiescent conditions with sensitive activation upon subtle
input perturbations.
Under quiescent conditions (no activated Coc42 but basal density of PIP2), the
threshold behavior of N-WASP could suppress activation. However, if quiescent
densities of PIP2 are set sufficiently close to the activation threshold, then N
WASP would be highly sensitive to activation by several possible mechanisms:
Small increases in PIP2 density (<2-fold) due to increase in synthesis, decrease
in decay, or membrane reorganization, could lead to full activation of N-WASP
(left). Alternatively, a small increase in Coc42 could activate by shifting the
activation threshold to lower mole % PIP2. If this shift is below normal levels of
PlP2, then full activation would occur. Activation, in this case, would still be
targeted specifically to the PIP2-rich plasma membrane. Activation could also
occur through a combination of increase in PIP2 density and activated Coc42
levels.
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A. Counarin fluorescence º, assay.

Two different Coumarin labeled B-GBD and mini-N-WASP constructs used for
binding study: 1) B-GBD” (178-274) is labeled at an endogenous Cys (res. 236)
located in the middle of the GBD domain (this construct is used for all the Basic
Region quantitative lipid binding studies) 2) *-(Gly-Ser]5-Mini-N-WASP(178-274
[Gly-Ser]9-392-501) has both endogenous Cys236 and Cys427 residues replaced
with Ser, and an exogenous Cys is added at the N-terminus, separated from the Basic

7 - !

Region by a 5 residue GS linker (GSGSG.) 3. K."
Both labeled proteins were evaluated for fluorescence perturbation upon

- --r-

addition of different ligands.The table summarizes the sensitivity of fluorescence of } [ _
each of these constructs to PIP2 loaded vesicles, Arp2/3 and VCA binding.The > *
fluorescence of the mN-WASP construct is only perturbed by PIP2 and not by VCA, > -º, s
Cac42 or Arp2/3 and therefore used for mini-N-WASP quantitative lipid binding º
studies. *"

Shown below are actual emission scans (400-560mm) of 0.3 MB-GBD", T *-

alone(black), in the presence of 30 M PIP2 (PC/PS/10% PIP2) (70:20:10) (red), or in r
-the presence of PC/PS (80:20) vesicles alone (blue).
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B. B-GBD” binding isotherms L
Examples of raw data curves from individual B-GBD*/lipid binding

-

experiements used to calculate the apparent affinities listed in Fig. 2. Relative 7. //
fluorescence (F/Fo where F= expt. fluorescence, Fo = fluorescence in absence of tº
vesicles) is plotted as a function of lipid concentration. PI(4,5)P2 (squares), f -, */PI(3,4)P2 (open circles), PI(3,4,5)P3 (filled circles) binding experiments. * :
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Supplemental Figure 1
PIP2 binding assays

C
D competition

to I º I

# 1.0 KC= 410 nM 3 1.0
-># Ka=5.13nM 8 O 9K Ko- 0.62 HAM

S 0. -# 05 [20%PIP2] = 500 nM # 0.5 © 8K Koji= 0.97 pum
O S
co u

# 00 à 6K
o 2 4 6 8 Q

[unlabeled B-GBD] pum dh 0.0

C. Competition binding of 0 4 8 10
unlabeled B-GBD to PIP2 [unlabeled B-GBD) plm
Prior to adding unlabeled B-GBD,
coumarin, labeled B-GBD” was bound 1.2
to 500nM of vesicles doped with 20%
PIP2. The concentration of labeled B

direct

to

GBD” is 300nM. Under these 5 0
conditions B-GBD* is 50% bound. §
Competition was then carried out by É 0.4
titrating unlabeled B-GBD.The §
Competition data were fitted as
described in Harris BZ. Hillier BJ, Lim 0.0

WA.(Biochemistry. 2001,40:5921-30).
The apparent Kd for the competitor
(Kc) is nearly identical to that of the
labeled ligand (Ka).

D.Quantitative binding of B-GBD mutants [9K-wt;8K-K183A;6K
K(183,185,186)A from Fig.2) measured in two ways

0 5 10 15 20

Mol % PIP2

TOP Binding of unlabeled mutant proteins measured by competition against B
GBD". Prior to adding unlabeled B-GBD, 100 nM B-GBD* was added to 200nM of
vesicles doped with 20% PIP2. The apparent Kd of B-GBD-CPM for PC/PS/20% PIP2
vsicles was previously calculated to be 0.51+/-.05pm. This value and the data from the
competition experiment were fit as described in panel C.The aparrent affinities for
unlabeled 9Kand 8KB-GBD were calculated to be 0.62+/- 0.04 puM and 0.97+/- 0.08
puM respectively.

BOTTOM. Binding isotherm as a function of mol% PIP2. These curves were carried
out as described in Fig. 3C and materials and methods. In brief, each data point is the
average from three individual experiments.2001M extruded PC/PS vesicles doped
with varrying mol % PIP2 were mixed with 0.3puM Coumarin labeled B-GBD protein,
and Coumarin fluorescence pertubation was measured on a Molecular Devices Genie
Max plate reader. Although not detectable by vesicle spin downs substitution of a
single Lys residue (K184A) to Ala, slightly decreases the affinity to PIP2 doped vesicles
in a cooperative PIP2 binding experiment.The cooperativity coefficient was
measured at 3.1 and 2.6 for the wt (filled cirlces) and K184A (8K)(open circles) mutant
respectively. Substitution of the first three N-terminal Lysine residues with Ala (6K),
decrease the affinity for PIP2 dramatically (triangles).
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Supplemental Figure 2
Actin polymerization assays A. Example of raw pyrene actin
A polymerization assays used for

generating mM-WASP activation
mo: *** curves shown in Fig.4D.
- % For a each individual sample,o - -m 16% normalized Fluorescence (Y) is
- 18% plotted as a function of time from
- #: initiation of the reaction. On the" right, the numbers listed specify the

0 500 tood 1500 mol % content of PIP2 in the vesicles
Time (s) added to each of the corresponding

samples. The time required to reach
max one half total actin polymerized

K------------------------------------i (t1/2: denoted by the dotted line)

T
*A*- rel activity = ** used to obtain relative mN

10- | -- * -
Wasp activity as a function of mol %

05]- CVCAD ...” A tirz PIP2 (figure 3D solid circles - see
-

ºt-To atº" panel B) For these assays, 50nM
00 mN-Wasp, 50nM Arp2/3, 2001M

total lipid and 2.4m.NM actin (10%
pyrene labeled) were used.

1 0

| | 0 5

0. 0

B A ti 12

i |
C

B. Method for calculating relative
activity of N-WASP constructs
Using pyrene actin polymerization
assay, t1/2 for spontaneous actin
polymerzation (no switch) was
subtracted from ti/2 measured for a
specific construct or condition
(dotted line). To obtain activity

0.0 - 1 _ _l __ l relative to the constituitvely active
0 200 400 600 VCA domain, the number obtained

above was divided by a similar
[VCA] nM number obtained for the VCA.

C. Linearity of pyrene actin polymerization assay
The dependence of relative activity (as calculated in panel B) on the
concentration of VCA was determined. Here, we plot Atl/2 from pyrene actin
polymerization reactions performed with 50nM Arp2/3, and 2.41M actin, and
VCA at concentrations of OnM, 5nM, 10nM, 50nM, 100nM, and 500 nM
(normalized relative to Atl/2 with 500 nM).
All pyrene actin experiments in this manuscript were performed under the
ame conditions with N-WASP constructs at 50 nM (at maximum activation,
this would be equivalent to 50 nM VCA; 30 nM if repressed). Thus all
experimental points in the paper (grey shaded area) fall within the linear
range of the assay (red line).

1 0

0. 5|
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Supplemental Figure 3

|
0 5 10 15 20 25

Mol % PIP2

PIP2 activation curve for AEVH1-N-WASP.

Curves were generated as described in Fig. 3 and Methods. For
reference, activation curve for mM-WASP is also shown. The curves are
virtually identical. Experiments were performed with 50nM mN-Wasp,
50nM Arp2/3, 2001M total lipid and 2.4HM actin (10% pyrene labeled.)
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Activation of N-WASP by PIP3 - *
(Phosphatidyl-inositol-[3,4,5)-tris-phosphate)
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A. Raw pyrene actin polymerization assays showing mM-WASP activation by
PIP3 vesicles.
PC/PS vesicles were loaded with PIP3 at varying densities and their ability to
stimulate mM-Wasp was tested in pyrene actin polymerization assays under

-

identical conditions as used for experiments with PIP2 (constant 2001M total lipid !
concentration, 0-20% phosphoinositide, 2.4 plM actin, 50nM Arp2/3, 50nM mN- |
Wasp.) 201M Coc42 or VCA was used as reference for the fully activated state.
The curves were normalized and fit as described in Methods and in Supp. Fig. 2.

>
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B. Plot of mM-WASP relative activity as function of Mol % PIP3.

The curve was fitted as described in the Methods. Apparent Hill coefficient was L.
calculated to be nh = 25.8. The activation curve is nealry identical to results

obtained using PIP2 as an activator (Fig 3d). Thus PIP3 does not appear to be a ~ !
better activator than PIP2.
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Supplemental Figure 5
Co-activation by Colc42

A mN-WASP activity as a 1000
function of variable mol% 1.0

-

PIP2 and different fixed
-

º 100

concentrations of activated 0 >
soluble Colc42 1.0 :
Plots are: [Cdc42-GTP-Y-S]= #
0 nM - black, 100 nM - red, 0.0 3.
500 nM-orange, 750 nM- s
green, 1puM-purple. Pyrene 10 % F
actin polymerization assays &\, 500 0.0 E
were carried out and %, ** 0.
analyzed as described in º, 0 6 10 20

methods. % mol % PIP2
B

GO - no activator

É
§ - soluble Colc42 500nM, 6% PIP2
@
*
O

É – prenyl-Colc42 500nM, 6% PIP2
g
† - soluble Colc42 500nM, 20% PIP2
& "o T500TTooo 1500T2000

time (sec)
Prenylated Cdc42 is a more potent coactivator (with PIP2) of mRN-WASP than
soluble Colc42
Two different types of Cdc42 protein were used: (1) soluble recombinant Cac42 lacking
the C-terminal prenylation site, or (2)prenylated Cdc42 purified from SF9 cells in
complex with Rho-GDI (complex is required for solubility of prenyl group). Both forms of
Cac42 were used as activators in combination with PIP2 vesicles by preincubating with
vesicles and 100-fold excess GTP-Y-S, for 30min at 30 C, prior to experiments.This mix
was then added to the pyrene reaction cocktail at a final concentration of 2001M total
lipid, and 500nM total prenyl-Coc42. Pyrene actin polymerization assays were
performed with 2.4 pm actin, 50nM Arp2/3, and 50nM mN-WASP alone (black curve), in
the presence of 500nM soluble Cac42 and PC/PS vesicles doped with 6% PIP2 (green
curve) or 20% PIP2 (orange curve), or with PC/PS/6%PIP2 vesicles loaded with 500nM
prenylated Cdc42 (purple curve).The concentration estimate for prenylated Cdc42
(active and incorporated into the vesicle) represents an upper bound estimate since
incorporation of prenyl-CacA2 into vesicles is not necessarily quantitative. A significant
fraction, however, is incorporated, based on western blotting of vesicles after
centrifugation and washing, so estimates are probably accurate to within several fold.
Clearly, however, a much higher degree of activation is observed with the prenylated
Cac42, during co-stimulation with equivalent PIP2 vesicle preparations. This finding is
consistent with a higher cooperativity of activation when the two activators are
localized to the membrane.
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Chapter 3

The autoinhibitory interaction of the N-WASP basic motif with Arp2/3

Venizelos Papayannopoulos
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Abstract

N-WASP is a regulator of the Arp2/3 complex. It has previously been

shown that the B motif of N-WASP can bind to Arp2/3. This interaction is

thought to be important for N-WASP autoinhibition. Here we characterize what

elements in the B motif are required for interactions with Arp2/3, what the affinity

of the interaction is, and what parts of Arp2/3 are involved in the interaction via

crosslinking studies. We found that the interaction occurs with an affinity of 1.2

puM, and that it is mediated through 7 basic residues. Croslinking studies indicate

that the B motif of N-WASP may contact a patch of acidic residues in the Arp3

molecule. The B motifs role in N-WASP regulation suggests that other

polypeptides in this class may share similar functions.
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Introduction

Previous studies have suggested that the basic region of N-WASP may be

required for the maintenance of the integrity of the closed complex. The B region

was shown to bind to the Arp2/3 complex. Deletion of the B Region in severely

reduces level of repression observed for mN-WASP in the absence of upstream

activators, and when in trans, unlike B-GBD, the GBD domain alone cannot

repress the activity of VCA in in vitro actin polymerization assays (Higgs and

Pollard, 2000; Prehoda et al., 2000; Rohatgiet al., 2000; Rohatgiet al., 1999).

Moreover, GST fusion constructs bearing the B region and approximately 30

residues into the adjacent CBD domain were sufficient to pull down Arp2/3 in

vitro (Higgs and Pollard, 2000; Prehoda et al., 2000; Rohatgiet al., 2000; Rohatgi

et al., 1999). Therefore, it was postulated that the mechanism by which the B

region enhances the stability of the closed complex is mediated through the

interaction with N-WASP. However, from earlier experiments it was perceived

that the B motif was only part of a larger sequence comprising a second Arp2/3

interacting domain in N-WASP.

Here we show that this seems not to be the case. Using minimization

studies and structure-function analysis we discovered that the B motif alone is

sufficient for the interaction and displays the same binding affinity for Arp2/3 as

larger constructs. More specifically, we wanted to determine whether the

interaction is mediated solely through the basic residues in the B region, or

whether there were other non-basic residues within the B-region or the GBD

domain that are involved in the interaction. Furthermore we wanted to determine
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what is the affinity of interaction? Finally, in order to obtain further insight into

the structural mechanism of repression of VCA mediated Arp2/3 actin nucleation

activity, we were interested in mapping out which Arp2/3 subunits are implicated

in the interaction. Here we show that the basic residues play a central role in the

interaction between the basic region and the Arp2/3 complex.

Materials and Methods

Arp2/3 Fluorescence binding assay

This is a fluorescence assay similar to the Coumarin assay employed in

chapter 2. A protein comprised of the B motif and the adjacent GBD domain was

labeled with Coumarin as described in chapter 2. Arp2/3 was titrated into a

solution containing 0.3p M labeled B-GBD and 20mM Hepes, 100mM NaCL, pH

7.4. Fluorescence change was detected using a PTI fluoremeter, at 25 °C.

Pull down binding assays

Constructs bearing the B motif were expressed as GST fusions and

immobilized on to Glutathione conjugated resin. Soluble Arp2/3 was used as bait

at 3p M concentration in 20 mM Hepes pH 7.4, 100mM NaCl, 1mM DTT.

Following a 20 min incubation at RT the resin was isolated from the supernatant

by a short centrifugation on a small table top centrifuge. The resin was rinsed

three times and resuspended in 60 pull SDS buffer. The samples were analyzed by

SDS page electrophoresis, followed by Western Blotting using anti-Arp2 and

anti-Arp3 antibodies.
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Actin polymerization assays

See chapter 2.

Cross-linking assays

Purified His tagged B-GBD protein was labeled with bis-maleimide by

O/N incubation in 20 mM Hepes, 100mM NaCl at 4°C. Labeled protein was

purified away from free bis-maleimide by two rounds of dialysis and over a PD10

size exclusion resin. Cross-linking was performed by incubation with 3p M

Arp2/3 O/N. Samples were analyzed by SDS page electrophoresis followed by

Western blotting with anti-His, antibodies, and antibodies against the different

Arp2/3 subunits (Santa Cruz Biolabs) at 1:2000 dilutions.

Results

The Basic Region is sufficient to interact with the Arp2/3 complex

We have previously shown that a fragment comprised by the Basic motif

and the GBD domain requires the B motif to pull down the Arp2/3 complex in

pull down assays. However, the exact residues required for Arp2/3 remained

unclear. Results obtained from prior experiments suggested that the Arp2/3

binding activity involved a segment of the CRIB domain as well as the Basic

motif.

In order to identify the N-WASP residues involved in this interaction, we

performed a series of binding experiments using two assays: First, a pull down
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assay, where minimized B-GBD fragments were fused to GST pulling down

soluble Arp2/3. Second, a fluorescence perturbation binding assay where B region

constructs were labeled with a CPM fluorophore. In this assay, Arp2/3 binding

perturbs the fluorescence of the CPM probe. Results from both assays confirmed

that contrary to previous data, the 15 residues comprising the B region were

necessary and sufficient to interact with the Arp2/3 (Fig. 1A, B). Furthermore, a

sequence where the three outermost N-terminal basic residues were replaced with

Alanine could still bind to the Arp2/3 complex. In contrast similar triplet

mutations further into the C-terminus of the B region completely abolished

binding (Fig. 2A). These results suggest that the Arp2/3 interaction module

consists of the seven most C-terminally positioned basic residues.

The affinity of the interaction

We took advantage of our fluorescence binding assay to determine the

affinity of the interaction. We tested both B-GBD and a peptide comprising just

the B region (183-197). The B-GBD was labeled at a single native Cys in the

GBD domain, while for the peptide we added a Cys residue at the N-terminus

followed by a linker. As a technical note, we found that using a short Gly-Ser

linker (<5residues) rendered the CPM fluorescence of either B-GBD, or the

peptide insensitive to addition of Arp2/3 or Cdc42-GTP-Y-S (results not shown).

We took significant advantage of this property in Chapter I (Fig. 5). We found the

affinity for Arp2/3 of both B-GBD and the peptide to be 1pm. (Fig. 1C) These
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results further establish that no other residues outside the B region contribute to

the interaction.

The B-Arp2/3 interaction is mediated by 7 basic residues only

Further binding experiments were conducted in order to identify which

residues with the B motif are important for the interaction. As described above,

some Basic residues are clearly required. What of the non-basic residues? This

question was of interest of us since it could help direct the design of N-WASP

mutants with specific predicted properties: N-WASP constructs that would be in

the open conformation but maintain their ability to bind to PIP2. Such construct

could provide valuable information about the role of each domain in the activation

of N-WASP in vivo.

We tested several point mutants and construct where the order of the B

motif sequence has been reversed in their ability to bind to Arp2/3 in GST pull

down experiments (Fig. 2C). We found that mutations in the non-basic residues

with the B motif did not affect Arp2/3 binding in these assays, suggesting that the

interaction most likely involves strictly Basic N-WASP residues binding to Acidic

patches on Arp2/3 subunits.

The B motif locks the N-WASP-Arp2/3 complex in a repressed conformation

by binding to Arp2/3

It has been proposed that the B region locks the N-WASP-Arp/23 complex

in an inactive state through its interaction with Arp2/3. One way to test this model
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was by examining whether our mutations that knock Arp2/3 binding down affect

the level of repression of the N-WASP-Arp2/3 complex in the absence of

activators. Examination of our mutants in in vitro pyrene actin polymerization

assays revealed that our m-N-WASP mutants that abolished binding to Arp2/3,

were approximately 80% active as compared to wt N-WASP in the absence of

Cdc42 or PIP2 (Fig 2C). As a control, the mutant that did not affect binding to

Arp2/3 was well repressed. These results confirm that the B region-Arp2/3

interaction plays a direct role in locking down N-WASP in a closed complex with

Arp2/3.

Identifying which Arp2/3 subunits participate in the interaction with the B

motif

In order to map out which Arp2/3 subunits were involved in contacts with

the B region, we performed a series of crosslinking experiments. These studies in

conjuction with the available Arp2/3 crystal structure should aid in assessing the

mechanism by which binding of the B region and C-terminal acidic tail of N

WASP to Arp2/3 regulate N-WASP function. This assay works by labeling one of

the two binding partners with a covalent reactive species that upon binding would

covalently link that protein to any proximal subunits. The proteins are then

denatured and the individual subunits are separated on SDS-PAGE and identified

by Western blotting hybridization. Cross-linked subunits are identified by the
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presence of higher molecular weight species on the gel (Fig. 3A) (Zalevsky et al.,

2001).

We examined two crosslinkers: a zero length NHS- EDC that crosslinks

primary amines to carboxyl groups and a bis-maleimide linker that cross-links

Cys residues. Cross-linking was first assessed by detection band shifts

corresponding to specific Arp2/3 subunits by Western hybridization (Fig 3. B).

Although both approaches showed cross-linking the first approach displayed

extremely high background cross-linking under various conditions. Therefore, we

chose to work with the bis-maleimide linker. We used a His-tagged B-GBD

construct and purified bovine Arp2/3. In order to avoid Arp2/3 subunits cross

linking to each other, we employed a strategy of labeling B-GBD first and

purifying away the free crosslinker prior to addition of the Arp2/3 complex.

Although still under way, our preliminary results suggest that the B region

interacts with the Arp3 subunit of the the Arp2/3 complex (Fig. 3B). Western

hybridization analysis reveals that upon crosslinking an additional band was

identified using the anti Arp2 antibody (Fig. 3). This shift matches in size with the

additional band identified using the anti His-antibodies. No shift was observed

when detecting using the Arp2 antibody. We are in the process of examining

contact of the B region with the other Arp2/3 subunits using the corresponding

antibodies.

Discussion

Specific interaction and WASP
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Unlike what is observed for binding to phosphoinositides, the interaction

between the Basic motif and the Arp2/3 complex seems to be specific in nature: It

involves specifically the seven most C-terminal basic residues. In contrast,

binding to PIP2 can be disrupted by mutation of any three or more residues in any

random order. This was not the case when Arp2/3 binding was assessed since

mutation of the second triplet or the most C-terminal set of basic residues

abolished Arp2/3 binding. This attribute of the B motif ensures that the mutations

that were tested in the first chapter of this work did not indirectly affect the ability

of N-WASP to bind to PIP2 by altering binding to Arp2/3. Furthermore, this

property of the B motif may allow the design of mutations in N-WASP that

disrupt the Arp2/3 binding activity while preserving its PIP2 binding activity.

Here we showed that only the seven most C-terminal Basic residues are

required for binding to Arp2/3 and autoinhibition. The sequence of the B motif of

the related WASP bears only seven mainly Lysine basic residues. From an

evolutionary point of view, although WASP may have lost its ability to bind to

phosphoinositides with tight affinity, maintaining these seven basic amino acids

seemed important for preserving the protein mechanism of autoinhibition.

Putative binding site for the B motif on Arp2/3.

Our structure function analysis reveals that the interaction is mediated

through 7 basic residues in N-WASP and at least the Arp3 subunit. Examination

of the available crystal structure of Arp2/3 reveals that possible binding sites for

the B region may lie in and around a small pocket of positive residues shared by
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the Arp3 and p34 subunits, shown in (Fig. 4) (Robinson et al., 2001). Generally,

there are a number of exposed acidic residues that on the surface of the Arp3, p.34

and p20 subunits.

The Acidic tail of N-WASP has been shown to crosslink to the Arp2 Arp3

and p40 subunits of the Arp2/3 complex (Zalevsky et al., 2001). It is assumed that

binding to the N-WASP acidic tail to Arp2/3 triggers a conformational change

that may rearrange the Arp2 and Arp3 subunits in such a way to resemble an actin

dimmer (Mullins and Machesky, 2000; Pollard et al., 2000; Pollard et al., 2001).

Subsequently actin monomers can rapidly bind to Arp2/3 nucleating seed and

form actin filaments. How is it however that the B motif can regulate such

function.

Mechanism of autoinhibition

It has been postulated that the catalytic activity of Arp2/3 is greatly

enhanced by the function of the Wiscott-Aldrich Homology-2(WH2) domains in

VCA, which are thought to bind to actin monomers as well and “feed” them to the

growing actin filament. Deletion of the WH2 domains severely reduces the

activity of the VCA domain. In order to understand the mechanism by which the

activity of the complex is repressed in the “closed” state, we must take into

account the following observation. Previous studies from our group have shown

that the VCA domain can be regulated by modular domains flanging its N- and C

termini. These constructs are regulated in much the same fashion as the m-N-

WASP protein, but obviously respond to different activator ligands. However, in
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contrast to N-WASP which involves both intra and intermolecular interactions,

these constructs are repressed solely through intramolecular interactions (Dueber

et al., 2003). If the parallel between this artificially regulated system and native

N-WASP holds, then it is very likely that the key rate limiting step in the

regulation of Arp2/3 activity involves changes in the structure of VCA rather than

global changes in Arp2/3: in the repressed state, the GBD-C and B-Arp2/3

interactions may be occluding or/and introducing strain in the WH2, resulting in

inhibiting its interaction with actin monomers. It is still not clear however whether

the binding of the Acidic tail alone may introduce some structural rearrangements,

or whether that interaction is a mere tethering purpose for the recruitment of the

WH2 domain. Further experimentation is also required to determine whether the

B-Arp2/3 interaction may affect the activity of the WH2 domains directly or

indirectly through stabilizing the GBD-C repressive interaction.

The Acidic tail binds to Arp2 Arp3 and p40 subunits. Examination of what

we label as putative binding sites for the VCA and B motif, suggests that when

bound to Arp2/3, N-WASP may be able to fold onto itself, therefore resembling

what it is thought to be a “closed” complex. It is likely that in this conformation

the VCA domain is either occluded or forced into a low activity conformation

possibly by disrupting its ability to recruit actin monomers and feed the growing

actin filament. The B motif may be only one of a growing number of basic poly

peptides that may serve a dual function as lipid and protein binding modules.

Promising leads may lie in the role in membrane ion channel transport and

activity, as well as implicated in a host of other biological processes.
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Chapter 3 Fig. 1
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Figure 1. A. Schematic summary of the binding of B-GBD truncation products to
Arp2/3. Fluorescence perturbation experiments were performed with 0.3 pm CPM
labeled N-WASP fragments and 10 pm Arp2/3. Results were confirmed three times.
Subsequently the affinity of the largest and minimal fragments were determnined
using a titration in the same fluorescence assay. Fragments 178-274 (B-GBD) and
183-197 (B) were found to have the same affinity.
B. Minimization studies using pull down assays. GST labeled N-WASP fragments

shown in panel A were immobilized on Glutathione Agarose and tested for their
ability to bind to Arp/23 at 2pm concentration. Bound Arp2/3 ws detected by Western
hybridization using antibodies against the Arp2 and Arp3 subunits.
C. Left panel. Emission scan of CPM labeled B-GBD in the presence of increasing
concentrations of Arp 2/3 (0 yellow, dark blue 0.5, light blue 1, red 3 HM).
Right panel. Titration of Arp2/3 into a 0.3 pm B-GBD-CPM solution. For more details
on this assay see Supplemental Fig. 1A.
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Chapter 3 Fig. 2
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Chapter 3 Fig. 3
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Figure 3.
A. Representation of the Crosslinking assay. Under native conditions B-GBD binds and
cross-links to the Arp2/3 complex. Upon denaturation the Arp3 subunit exist in two
populations: alone (lower band) and a higher molecular weight species (upper band).
B. Western Blot Hybridization Analysis of the B-GBD:Arp2/3 cross-linking experiments.
The first lane in every gel depicts His-B-GBD alone, while the adjacent lane shows
His-B-GBD+Arp2/3. The two samples were analysed using ant-His, and Arp2 and
anti Arp3 antibodies as indicated. The ladder markers indicate the 50kd, 60kd and
70 kg marks. Note that due to the high B-GB to Arp2/3 ratio in the reaction, a B–GBD
dimer appears as is indicated by the anti His hybridization blot on the left. Cross-linked
species are noted by asterisks.
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Chapter 3 Fig. 4

Putative region
for B motif binding

Putative region
For VCA binding

Figure 4
Left panel. Structure of the Arp2/3 complex from (Robinson et al., 2001). Right
panel. Electrostatic model of the Arp2/3 complex. Putative binding sites for
binding to the B motif (Blue dotted circle), and the VCA domain (Red dotted
circle) are shown.
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Chapter 4

Discussion and future directions
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Surprisingly a short, unstructured simple sequence can coordinate

complex regulatory functions in the context of a multi-domain signaling system.

Here we demonstrate that despite the simple design and non-specific mode of the

interactions involved, the dual functions of the B motif can integrate to produce

an ultra-sensitive switch-like pattern. The intrinsic cooperativity by which the B

motif interacts with PIP2 is greatly enhanced by its ability to bind to the Arp2/3

complex as part of the repressive group of interactions. We have discovered that

the B motif has two major roles in the regulation of N-WASP:

- Confer PIP2 sensitivity to N-WASP in a switch like density dependent

Inanner.

- Stabilize the repressed state of N-WASP and prevent basal activation

Although the design and mode of interaction is relatively simple, it is the

simplicity and modular design of the B motif sequence that allows it display the

dual activities observed here. Placed in the proper modular context this domain

confers a highly complex pattern of behavior, allowing N-WASP to act as a

Cdc42-modulated, switch like sensor of PIP2 density. Moreover this modular

design offers the advantage that what we learned here may prove useful in

deciphering the function of other proteins bearing similar domain components.

We have characterized the phosphoinositide binding properties of the B

motif in great detail in vitro. However, many questions still remain unanswered

with regards to the role of the B motif— PIP2 interaction in N-WASP activation in

vivo. Conflicting reports suggest that the B motif is not as significant in N-WASP

signaling (Benesch et al., 2002; Ho et al., 2004). Bensh et al proposes that the B
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motif is not required for N-WASP rescue of the PIP5K overexpression rocketing

phenotype in vivo, but their data suggest that B-VCA can fully rescue the

phenotype. When taken in full their data suggest that a at least amongst the four

know input domains of N-WASP (Enabled Vasp Homology Domain 1 (EVH1),

poly-proline, B motif and GBD), the presence of any two is both required and

sufficient for rescue. Moreover deletion of the B motif may disrupt the

autoinhibition state of those mutants. In another turn of events, a recently

characterized protein Toca-1, is also thought to indirectly mediate PIP2 control of

actin polymerization, acting at a second point upstream from N-WASP (Ho et al.,

2004). The authors however provide no in vivo evidence for their model, and most

of their experimentation centers around Cdc42.

Our understanding of the B motif in an in vitro context provides valuable

insight into the design of in vivo experiments. The immediate questions that we

would like to address are: Whether the B motif is required for in vivo activity in

the absence of one or more of the additional input domains, particularly the EVH1

domain, by assessing the activity of B motif mutants in N-WASP constructs

lacking the EVH1 under over-expression of PIP5K. The role of Toca-1 and

WASP interacting protein (WIP) in PIP2 mediated N-WASP activation should

also be addressed and may provide some interesting mechanistic insights. Finally

microinjection of synthetic vesicles in cells may help answer many questions

revolving around the role of phosphoinositide density in regulation in vivo.
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