
There are many recent experimental data that help

better understanding of molecular mechanisms underly�

ing actin�based cell motility. However, one of the major

problems of cell biology is understanding how a cell inte�

grates external signals from various receptors and

responds to them by directed actin polymerization at a

certain time and at a particular site. The solution of this

problem requires identification of all components of the

signaling chain from cell receptors to particular protein

effectors localized in sites of active actin dynamics.

Significant success has been achieved in understanding

the regulatory mechanism of actin polymerization by

WASP (Wiskott–Aldrich syndrome protein) family pro�

teins. This mechanism is universal for all eukaryotic cells.

The WASP family proteins integrate various signals

accepted from receptor tyrosine kinases and GTPases

such as Cdc42 (cell division cycle 42) and Rac (ras�relat�

ed C3 botulinum toxin substrate) and initiate directed

actin polymerization due to local activation of Arp2/3

complex.

ACTIN�BASED CELL MOTILITY

Locomotion is an ultimate precondition for normal

functioning of most eukaryotic cells. Accepting various

external signals (e.g., light, nutrients, growth factors,

chemoattractants, repellents, etc.), a cell responds to

them by directed locomotion. How does the cell move?

Good evidence now exists that cell movement is

mainly determined by directed and regulated actin poly�

merization at the cell cortex [1]. Data of electron

microscopy demonstrate that a narrow zone (about 1 µm)

of leading edge of the moving cell is filled with actin fila�

ments oriented by their rapidly growing plus�ends

towards the cytoplasmic membrane and organized into

mechanically rigid, dichotomous branched structures [2].

The protein complex Arp2/3 plays the structure�forming

role in this actin network [3]. Two subunits of this com�

plex referred to as Arp2 and Arp3 (actin�related protein 2

and 3, respectively) share high structural homology with

actin subunit. Due to this homology Arp2/3 complex

inserts between actin filaments attaching minus�end of

one filament to the other filament at the angle of 70° [2].

Growth of such filaments at the plus�end pushes the cell

membrane forward [4], thus forming characteristic

pseudopodia known as filopodia and lamellipodia.

Pseudopodia attached to substrate determine subsequent

direction of cell movement, and the migrating cell

acquires extended polarized shape with flat leading edge

and stable posterior margin (Fig. 1b).

How does a cell accept various external signals,

transduce them, and begin assembly of actin filaments at

the cell cortex at a particular requested place?

Recent studies revealed that Arp2/3 complex is the

protein component regulating initial assembly of actin fil�

aments; in response to interaction with protein activators

the Arp2/3 complex induces actin polymerization by
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binding with pre�existing actin filaments and creating

new active filaments as branches of the initial ones [5, 6].

In such a way, Arp2/3 complex forms a branched actin

network (Fig. 1). In eukaryotic cells, the role of activators

of the Arp2/3 complex belongs to proteins of the WASP

family. These are universal cell messengers linking Arp2/3

complex to various signaling systems of the cell.

PROTEINS OF THE WASP FAMILY

Human representatives of the WASP protein family

include WASP, several isoforms of N�WASP, and

Scar/WAVE. The Wiskott–Aldrich syndrome protein

(WASP) is expressed in hemopoietic cells only; however,

its closest relative, N�WASP, is widely distributed [7�9].

The suppressor of cAMP receptor (Scar) was identified by

means of genetic screening directed to the search of

mutation suppressors of Dictyostelium cAMP receptors

[7]. Four Scar homologs denominated as Hs�Scar1,

Hs�Scar2, Hs�Scar3, and Hs�Scar4 have been identified

in man [7]. One nucleotide sequence, denominated as

WAVE (WASP family Verprolin�homologous protein),

has been found in the human genome [8]. In yeast there

is a WASP homolog known as Bee1 or Las17 [10].

The Wiskott–Aldrich syndrome protein (WASP) was

denominated by the name of a gene carrying a mutation

that causes a disease known as the Wiskott–Aldrich syn�

drome. This pathological state is referred as the primary

X�linked immunodeficiency characterized by impair�

ments of cytoskeleton in T�cells, platelets, and phago�

cytes followed by impairments in functioning of T�cells,

platelet damage, and defects in chemotaxis of neutrophils

and macrophages. This explains such major symptoms of

the Wiskott–Aldrich syndrome as thrombocytopenia,

eczema, and recurrent infection caused by attenuation of

the immune response to polysaccharide antigens [11�13].

Data on cellular localization of these proteins seem

to underline the important role of the WASP family pro�

teins in the regulation of actin based cell motility. For

example, immunofluorescent analysis revealed that the

WASP family proteins are positioned in the places of

active actin dynamics, preferentially within the protrud�

ing margin of the moving cell. Scar1 is located in the

anterior extremity of cellular lamellipodia [14], whereas

N�WASP is detected in the anterior extremity, cytoplasm,

and nucleus [15].

STRUCTURE OF WASP FAMILY PROTEINS

The N�terminal site of all members of the WASP

family consists of EVH1 (WH1) (Ena/VASP homology 1

or WASP homology 1) domain followed by a short site (B)

enriched with basic amino acids; the latter can bind phos�

phatidylinositol�4,5�bisphosphate (PIP2) [16�18]. WASP

and N�WASP contain an amino acid sequence of 14

residues that follows the site enriched with basic amino

Fig. 1. Scheme of regulation of actin�based cell motility by N�

WASP. a) In the absence of protein activators N�WASP exists in

folded conformation in which Arp2/3 cannot interact with actin

filaments. Cooperative binding of PIP2 and Cdc42 leads to

unfolding of the molecule and release of active actin–N�

WASP–Arp2/3 complex, which interacts with existing actin fila�

ments and forms new filaments as the branches from the existing

filaments. b) This results in formation of a branched network of

actin filaments oriented at an angle of 70° versus each other under

the cell cortex. This network is stabilized by Arp2/3 complex posi�

tioned at branching nodes. Subsequent growth of active filaments

at plus�ends oriented toward the cell plasma membrane pushes the

cell membrane forward and forms flat lamellipodia and hair�like

filopodia. Plus (+) and minus (–) designate rapidly growing (plus�

end) and slowly growing (minus�end) actin filament ends.
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Fig. 2. Domain organization of WASP family proteins and their

ligands (see explanations in the text).
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acid residues. It is denominated as GBD or CRIB domain

(abbreviations of G�protein binding domain or Cdc42/

Rac interactive binding). This is responsible for binding

of Rho family GTPases (Rac�homologous). In contrast to

WASP and N�WASP, the Scar1/WAVE and Bee1/Las17

proteins lack the GBD/CRIB domain [19] (Fig. 2).

The presence of a central proline�rich site interact�

ing with profilin and with SH3�domain (Src homology 3

domains) containing proteins such as signaling proteins

Grb2 (growth factor receptor binding protein 2) [20] and

Nck (non�catalytic region of tyrosine kinase adaptor pro�

tein) [21] is a common feature of all members of the

WASP family.

The C�terminus of WASP family proteins contains a

conservative VCA domain (also defined as WA domain);

this domain consists of veprolin (V) homology domain,

cofilin (C) homology domain, and a negatively charged

site (A) [16]. In contrast to other members of this family,

N�WASP contains two veprolin homology domains.

The V�site interacts with monomeric actin [22] and CA

site binds Arp2/3 complex [23] (Fig. 2).

WASP FAMILY PROTEINS

ARE UNIVERSAL CELL MESSENGERS

WASP family proteins can interact with various mol�

ecules and due to this feature they represent a universal

tool integrating various intracellular signals and initiating

actin polymerization in response to such signal in a par�

ticular place and at a requested time. For example, simul�

taneous binding of Arp2/3 complex and monomeric actin

at the VCA site of WASP causes activation of Arp2/3

complex followed by production of new actin filaments in

vitro. These data were confirmed by experiments where

Arp2/3 complex was depleted from lamellipodia of mam�

malian cells by overexpression of WASP VCA fragment.

Such delocalization of Arp2/3 complex results in loss of

lamellipodia and stress fibers [23].

Comparison of Arp2/3 complex activation by N�

WASP and its VCA fragment revealed that the presence of

VCA�domain is the ultimate (and sufficient) precondition

for activation of Arp2/3 complex. Under these conditions

full length N�WASP was two orders of magnitude less

active with respect to Arp2/3 complex [24]. Functional

activity of the wild type N�WASP molecule is blocked due

to cooperative interaction of the GBD/CRIB domain at

the N�end with the C�terminal VCA domain [9].

According to a complex model of allosteric regulation of

N�WASP activity proposed by Prehoda et al. [18],

GBD/CRIB domain and the basic domain B maintain

VCA–Arp2/3 complex in inactive (“closed”) state. This

state is characterized by poor binding of Rho GTPases

and PIP2 with GBD/CRIB and B sites, respectively.

Binding of either GTPase or PIP2 thermodynamically

destabilizes the folded (“closed”) conformation of the N�

WASP molecule and facilitates cooperative binding of the

second activator resulting in full unfolding of N�WASP

and susceptibility of VCA–Arp2/3 complex [18]. Thus,

VCA–Arp2/3 complex becomes available for interaction

with actin and so promotes assembly of new actin fila�

ments (Fig. 1a).

Experimental data obtained in vitro confirm the

hypothesis of Prehoda et al. [18]. For example, it was

shown that independent action of Cdc42 and PIP2

insignificantly increased activity of WASP and N�WASP,

whereas their concerted effect completely restored pro�

tein activity up to the level of VCA [24, 25]. Interestingly,

synergistic effect of Cdc42 and PIP2 requires the presence

of both activators on the surface of lipid membrane. Full

activation of WASP on the surface of PIP2 micelles or

PIP2 containing vesicles was only possible in the case of

prenylated Cdc42 (i.e., Cdc42 contained a hydrophobic

tail) [25].

The family of Rho GTPases plays a key role in intra�

cellular signal transduction by coupling various external

signals with actin dynamics in various organisms and cell

types [26]. The Rho family proteins as other Ras�like

GTPases can exist in inactive GDP�bound and active

GTP�bound forms. Many various molecules are involved

in regulation of Rho family proteins. These include gua�

nine nucleotide exchange factors (GEF), which catalyze

exchange of GDP for GTP and thus activate Rho pro�

teins. Proteins increasing GTPase activity of Rho pro�

teins (GAPs; GTPase�activating proteins) cause their

transition into inactive GDP�bound form. Finally, gua�

nine nucleotide dissociation inhibitors (GDIs) maintain

Rho family proteins in inactive GDP�bound state [27,

28].

The N�WASP GBD/CRIB�domain preferentially

interacts with GTP�Cdc42, and it also binds GTP�Rac

(although with lower affinity) but not Rho [19, 29, 30]. In

vivo data also suggest direct involvement of Rho proteins

into initiation of actin polymerization in cells. For exam�

ple, activation of Cdc42 in COS7 cells results in filopodia

formation [9], and injection of Cdc42 or Rac into

macrophages induces formation of filopodia and lamel�

lipodia, respectively [31]. GTP�Cdc42 initiated actin

polymerization in neutrophil supernatants [32].

Immobilization of activated Cdc42 (GTP�Cdc42) on

membrane receptors of intact cells induced actin poly�

merization leading to plasma membrane protrusion [33].

Rho proteins can be activated in response to chemoat�

tractant with cell membrane receptors. For example,

interaction of N�formyl�L�methionyl�L�leucyl�L�

phenylalanine (FMLP) with serpentine membrane

receptors leads to Rac2 activation in intact neutrophils

[34, 35], whereas Rac2 knockout mice are characterized

by weak chemotaxis response to FMLP, interleukin�8,

and leukotriene B4 [36].

Activation of WASP family proteins may involve

interaction of their central site containing polyproline
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sequences with SH3 domain proteins such as Src and Src�

like tyrosine kinases, phospholipase Cγ (PLCγ), Nck, and

Grb2 [37]. For example, binding of Grb2 (SH3�SH2�

SH3 adaptor protein) with N�WASP increased activation

of Arp2/3 complex in vitro in dose dependent manner.

Grb2 activated N�WASP in synergic manner with

GTP�Cdc42 [38]. Grb2 specifically interacts via its SH2

domain with phosphorylated tyrosine residue, and this is

important for signal transduction from receptor tyrosine

kinases such as epidermal growth factor receptor (EGFR)

to WASP family proteins [20]. Similar data have also been

obtained for Nck; this protein containing three SH3

domains and one SH2 domain binds to activated platelet�

derived growth factor receptor (PDGFR) and represents

an important protein adaptor involved in signal transduc�

tion from this receptor [39]. It was demonstrated that

Nck can directly activate WASP in synergic manner with

PIP2 in vitro [40].

ACTIN POLYMERIZATION AND MOTILITY

OF SOME BACTERIA

Transmembrane protein IcsA (VirG) [41] of the

Gram�negative bacterium Shigella flexneri [42] is another

ligand of N�WASP [43]. Being a facultative intracellular

parasite, Sh. flexneri employs directed actin polymeriza�

tion for motility inside the infected cell. IcsA interacts

with N�WASP GBD�domain [44] (see also Fig. 2) of the

host cells and activates it. This results in N�WASP�medi�

ated initiation of Arp2/3�based polymerization of cell

actin on the surface of bacteria similarly to that in cell

lamellipodia under normal conditions. Growing actin fil�

aments form a characteristic bacterial “tail” pushing Sh.

flexneri forward [41].

The gram�positive bacterium Listeria monocytogenes

is another parasite using host cell actin machinery for its

movement [45]. In contrast to IcsA, its membrane ActA

protein [46] is a functional homolog of WASP [47], so it

can directly activate Arp2/3 complex of the infected cell

and therefore polymerization of cell actin on the surface

of the bacterial cell as occurs in the case of motility of Sh.

flexneri [48, 49]. Thus, both Sh. flexneri and L. monocyto�

genes use cytoskeleton proteins of the host cell, bypassing

cell signaling pathways which involve N�WASP activa�

tion. This feature of both bacteria is successfully

employed by researchers as a convenient model for stud�

ies of actin�based cell motility. Interestingly, polystyrene

microspheres with adsorbed N�WASP [50, 51] or ActA

[52, 53] can move in cell extracts and artificial media that

contain purified cytoskeleton proteins, like Shigella and

Listeria.

The activity of WASP family proteins can be regulat�

ed by various molecules followed by activation of Arp2/3

complex representing the universal response to these dif�

ferent stimuli. Consequently, WASP family proteins act as

“instruments” accepting various input signals and pre�

cisely localizing initiation of actin polymerization in

response to these signals in requested sites of the cell

membrane. However, in spite of evident progress, com�

plete understanding of the molecular mechanisms

responsible for WASP family protein functioning requires

solution of many problems. For example, the molecular

mechanism of activation of Arp2/3 complex by WASP

family proteins still remains unclear. The mechanism

underlying transition of active N�WASP conformation

into inactive (folded) form is unknown. The hypothesis of

Prehoda et al. [18] requires more specifications and

experimental confirmations. It remains unclear whether

WH1�domain of N�WASP binds actin filaments [44] in

vivo, and if it does what is the purpose of such interaction.

The mechanism of Scar activation remains unknown (in

contrast to WASP and N�WASP this protein lacks GBD�

domain). Several highly qualified laboratories in Europe,

USA, and Japan are now trying to solve these problems,

and it is possible that a comprehensive picture will be

drawn in the foreseeable future.
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