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ome of the greatest difficulties in
S uncovering the internal workings of

biological systems by way of experi-
mental biochemistry come from the intri-
cate and context-dependent behavior of the
molecules involved. Studying pairwise inter-
actions between the relevant molecules
may not reveal all the information needed
to explain the behavior in context, where
one interaction may be modulated or pre-
cluded by another, or even become indistin-
guishable from a parallel interaction medi-
ated by a separate set of molecules.
Moreover, molecules assemble into dy-
namic structures with complex architec-
tures, causing new behaviors to emerge in
the system as a whole.

Actin-based motility is one system in
which such complex molecular assemblies
have continued to perplex scientists trying
to elucidate the underlying molecular mech-
anisms. In organismal development, wound
healing, cancer metastasis, and other pro-
cesses, migrating cells extend projections
known as lamellipodia or filopodia, which
contain branched networks or cross-linked
bundles of actin, respectively. In the case of
the lamellipodium, filament branching is
mediated by the Arp2/3 complex (1), which,
when activated, binds to the side of an ex-
isting (“mother”) filament and nucleates the
polymerization of a new (“daughter”) fila-
ment (2). Continuous extension of the lamel-
lipodium is thought to occur through fila-
ment nucleation at the leading edge,
balanced by depolymerization at a poste-
rior zone (3), although measurable actin fila-
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ment assembly and disassembly occur
throughout the entire structure (4). Enhance-
ment of nucleation at the leading edge is
achieved through specific nucleation-
promoting factors (NPFs), such as proteins
of the WASP/WAVE family, which are ca-
pable of activating Arp2/3 and reside on
the leading-edge membrane (5) (Figure 1).

The biochemical dissection of the actin-
based protrusion machinery has been
greatly facilitated by the existence of motile
intracellular pathogens that highjack the
host-cell actin system to propel themselves,
by mechanisms that share important com-
ponents with the leading-edge machinery
(6). Shigella flexneri, a Gram-negative bacte-
rium that causes epidemic dysentery, re-
cruits the NPF N-WASP to its surface, caus-
ing the formation of an actin “comet tail”
that pushes it through the host-cell cyto-
plasm and facilitates its transmission to
neighboring cells. The Gram-positive List-
eria monocytogenes, which causes a rare
but serious form of food poisoning, uses its
own protein, ActA (Figure 1), to activate the
Arp2/3 complex in a roughly analogous
manner. Bacterial motility can be reconsti-
tuted in an in vitro system where the cytosol
is replaced by a defined mixture of purified
components (7). Furthermore, artificial ob-
jects such as plastic beads (8) or lipid
vesicles (9, 10) coated with the bacterial
protein ActA or with another NPF such as
N-WASP (11) are also able to form actin
comet tails and move in a remarkably life-
like manner in cytoplasmic extracts or recon-
stituted systems.

ABSTRACT Actin filament polymerization pro-
vides the driving force for several kinds of actin-
based motility, propelling loads such as the
plasma membrane at the leading edge of a crawl-
ing cell, an endosomal vesicle, or an intracellular
bacterial pathogen. In these systems, branched
filament networks continuously grow while simul-
taneously remaining attached to the load. Previ-
ous experiments have suggested an important
role in both actin filament nucleation and filament
attachment for a family of proteins called nucle-
ation-promoting factors (NPFs) that stimulate ac-
tin branch formation and nucleation by the Arp2/3
complex. A recent report demonstrates that
N-WASP, an NPF, uses distinct domains to medi-
ate nucleation and attachment during motility. The
surprising details of the biochemical mechanism
necessitate reconsideration of the biophysical
models proposed for actin-based motility.
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Figure 1. Multidomain proteins controlling polymerization in actin-based motility. N-WASP (top)
is a WASP-family protein (5). The N-terminal portion carries domains that interact with factors
responsible for regulation and localization (WH1, WASP-homology 1; B, basic segment; GBD,
GTPase binding domain; PRD, proline-rich domain). The proline-rich domain also binds profilin,
an actin monomer binding protein. The WH2 (WASP-homology 2) domains bind actin monomers
and enhance Arp2/3 stimulation. The C (central or cofilin-homology) and A (acidic) regions bind
the Arp2/3 complex. VASP (middle) is a member of the Ena/VASP family (22). The EVH1 (Ena/
VASP-homology 1) domain has sequence similarity with WH1 domains but binds a different set
of factors, including ActA and possibly WASP, a paralog of N-WASP. The proline-rich domain, as
in N-WASP, binds profilin and other factors. The EVH2 (Ena/VASP-homology 2) domain binds
actin monomers and filaments at distinct subdomains and includes a coiled-coil segment in-
volved in homotetramerization. ActA (bottom) is the L. monocytogenes surface motility factor.
The N-terminal domain contains acidic (A) and cofilin-homology (C) segments with sequence
similarity to the corresponding domains in WASPs, as well as an actin monomer binding region
(AB) (23). The proline-rich repeat (PRR) domain differs from the proline-rich domains of WASPs
and VASP and recruits Ena/VASP proteins via their EVH1 domain (22).

The growth of an actin network at the sur-
face of an intracellular bacterium or at the
leading edge of a cell is coordinated over the
spatial scale of thousands of molecules
and can persist for a time scale of hours.
For an actin network to grow in such a man-
ner, the growth of filaments must be strictly
limited to the bacterial surface or to specific
and consistent regions of the plasma mem-
brane, coinciding with localized NPF activity.
One conceivable way in which the cell might
accomplish this is through a mechanical link
between actin filaments and the leading-
edge membrane (or bacterial surface) that
can keep the growing barbed ends posi-
tioned close to the NPFs, thereby allowing
continuous and coordinated network growth.

Such an attachment has indeed been
shown to exist. Kuo and McGrath (12)
showed that the diffusion coefficient of
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L. monocytogenes undergoing intracellular
motility is much smaller than expected for a
freely diffusing object of the same size.
Gerbal et al. (13) used optical trapping to
directly demonstrate the firm attachment of
the actin tail to an ActA-coated plastic bead.
Marcy et al. (14) found that pulling gently
on the load object with a micromanipulator
did not induce detachment and, intriguingly,
slightly accelerated actin network growth.
Using electron microscopy, Cameron et al.
(15) found individual filaments that ap-
peared to be attached to the motile beads.
These observations raise a puzzling con-
ceptual question: how can the network of
actin filaments remain attached to the load
while simultaneously polymerizing and
pushing on the load? Two broad categories
of physical models have been proposed.
First, because force-generating actin net-
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works typically contain hundreds or thou-
sands of filaments, it is possible that some
of the filaments in the network might be at-
tached to the surface (perhaps via a ternary
binding complex consisting of the surface-
attached NPF, the Arp2/3 complex, and the
actin filament; Figure 2, panel a) while other
filaments in the network are free to polymer-
ize and push (16). Alternatively, specialized
filament end-tracking proteins may be able
to maintain a binding interaction with the tip
of a growing filament while still permitting
polymerization (17). The molecular identity
of the filament-surface attachment, how-
ever, remained poorly understood, with lim-
ited and indirect experimental evidence
supporting each model of attachment. A
particularly tricky complication has been
the fact that the NPFs, including N-WASP
and ActA, as well as several of their binding
partners such as Ena/VASP, are highly com-
plex multidomain proteins that harbor mul-
tiple distinct binding sites for filamentous
actin, monomeric actin, various other actin
binding proteins, and one another (Figure 1).
A recent report by Co, Taunton, and cowork-
ers (18) uses a systematic mutagenesis
strategy with a well-designed in vitro assay
to provide fresh insight into this problem.
Co et al. (18) used an in vitro system con-
sisting of lipid vesicles, purified N-WASP,
and Xenopus egg cytoplasmic extract, in
which N-WASP binds to the vesicle surface
and causes the vesicle to undergo comet-
tail motility. Because N-WASP, able to dif-
fuse freely on the vesicle surface, was local-
ized asymmetrically to the region of the
vesicle where the tail was attached, differ-
ent fluorescently labeled fragments of
N-WASP were introduced into the system to
see whether they would also localize to the
same zone, as would be expected for a frag-
ment capable of binding to actin filaments
in the tail. Interestingly, the authors ob-
served that fragments lacking the CA do-
main, which is known to bind Arp2/3, were
able to localize asymmetrically, whereas
those lacking the WH2 domains, known to

www.acschemicalbiology.org



Membrane
% % }?
G C
CTTT  N-WASP W
g Actin monomer

& Arp2/3 complex
8  Cdc42

Figure 2. Models for actin network attachment via
membrane-tethered N-WASP. N-WASP is tethered to the
membrane through its activator, Cdc42 (cell division cycle
42), and through phosphatidylinositol binding via its ba-
sic domain. a) The Arp2/3-mediated attachment model. If
N-WASP-bound Arp2/3 could simultaneously bind to an
existing filament, then the ternary complex could me-
diate attachment. No direct evidence exists that such a
ternary complex is formed, and Co et al. (18) demon-
strate that this mode of attachment is neither necessary
nor sufficient for gross actin network attachment. b)

The filament barbed-end attachment model, suggested
by Co et al. (18). AWH2 domain on N-WASP binds to

an actin monomer, which can capture a filament

barbed end by monomer addition. Whether the

Arp2/3 stimulation activity of N-WASP is coupled to

of activated N-WASP, Arp2/3
complex, actin, capping protein,
and profilin. When the N-WASP
was substituted with one of
the two mutants, however, the
beads would dissociate from the
tails at near-100% frequency in
<1 h, even though the tails ap-
peared normal. This suggested a
correlation of tail attachment to
actin monomer binding, rather
than to Arp2/3 binding. In fact,
when Arp2/3 was competitively
inhibited during motility, the
beads remained attached to the
tails even after halting.

Co and colleagues (18) further
investigated the requirement for
the N-WASP WH2 domain to bind
actin filaments. N-WASP-coated
beads could capture fluores-
cently labeled actin filaments if,
and only if, actin monomers were
present and the N-WASP bore
an intact WH2 domain. The cap-
ture was antagonized by capping
protein, an indication that WH2
was binding to the barbed end of

this interaction remains unknown.

bind actin monomers, were uniformly dis-
tributed on the vesicle surface, an indica-
tion of an attachment defect. In fact, when
one of the two WH2 domains was deleted,
two single-residue mutations in the other
were each sufficient to cause the loss of
asymmetric localization.

Both point mutations were also associ-
ated with decreased binding affinity for ac-
tin monomers. Yet, the mutations did not
detectably alter N-WASP’s activity to stimu-
late actin nucleation via Arp2/3. This made
it possible for Co and coworkers to elegantly
separate the tail-construction and tail-
attachment activities of N-WASP in a recon-
stituted system consisting of purified pro-
teins and lipid-bilayer-coated glass beads.
In the assay, the lipid-coated beads formed
actin comet tails and moved in the precence
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the filaments. By means of a
carefully designed N-WASP replacement ex-
periment, the authors showed that a WH2
domain is not only necessary but also suffi-
cient to mediate attachment to the tail: an
N-WASP fragment with only the WH2 and CA
domains could replace wild-type N-WASP
without loss of attachment, whereas the
CA domain alone was insufficient. Thus,
N-WASP-mediated attachment of a mem-
brane to a growing actin network does not
have to be bridged by Arp2/3 (as in Figure 2,
panel a) but occurs through the capture of
filament barbed ends, possibly bridged
by a prebound actin monomer (Figure 2,
panel b). This specific mechanism had not
been previously predicted by any of the
physical models for this system.

The success of Co et al. (18) depended
on the ability to isolate the effect of one

function of a protein (attachment to fila-
ments) from others (polymerization and mo-
tility) without completely dismantling the ar-
chitecture of molecules that generates large-
scale behavior. That enabled them to rule
out proposed models that were based on
knowledge of pairwise interactions of the
components. The known interaction of
Arp2/3 with both N-WASP and actin fila-
ments had tempted the speculative extrapo-
lation that Arp2/3 may mediate attach-
ment, although this is not consistent with
structural evidence that the NPF does not re-
main associated after branch formation (19).

The dispensability of Arp2/3 for maintain-
ing attachment is particularly interesting in
light of an earlier observation by Brieher
et al. (20) that under certain conditions,

L. monocytogenes could continue to move
(and remain attached to a structurally al-
tered comet tail) after Arp2/3 was inhibited.
Because it is also known that VASP, an-
other protein recruited by ActA, is not essen-
tial for motility (or attachment) (21), ActA’s
own capacity to bind actin filaments may be
responsible for tail attachment in this case.
Curiously, though, Co et al. (18) observed a
slight increase in speed when barbed-end
attachment was compromised, whereas
Brieher et al. (20) found that speed was
greatly increased and dependent on actin
concentration when Arp2/3 was inhibited.
This may be due to differences between
N-WASP- and ActA-mediated motility and
leads to the question: how general is the
mechanism of attachment described by Co
and coworkers?

Slight differences exist among WASP/
WAVE-family proteins in domain organiza-
tion and function, and they appear to be in-
volved in different processes within the cell.
WAVEs are essential at the leading edge,
whereas WASP and N-WASP seem to be in-
volved in endocytosis and vesicle motility
(5). In addition, proteins of the Ena/VASP
family, which share some similar domains
with WASPs (but with slightly different prop-
erties) (Figure 1), also reside at the leading
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edge as well as the surface of L. monoc-
ytogenes, are capable of binding mono-
meric and filamentous actin, colocalize
with WASP/WAVE proteins, and bind to
WASP (22). A full understanding of fila-
ment-surface interaction will require fur-
ther investigation of the role played by these
and other proteins, including possible alter-
native or redundant mechanisms for
attachment.

In the particular case of N-WASP-
mediated motility, the architecture of the
tail created behind beads appears to
be highly regular. Is this a result of
some precise balance that N-WASP main-
tains between filament elongation and
branching/nucleation, or is it simply a re-
sult of individual rate constants? Binding
of barbed ends is likely to have some
effect on filament elongation, but what
that effect is and whether there is com-
munication between the barbed-end
binding activity and the Arp2/3 stimulat-
ing activity remain interesting mechanistic
questions.

In the last decade or so, tremendous
progress has been made in the biochemi-
cal reconstitution of spatially organized pro-
cesses at an increasingly complex scale,
without giving up the exquisite control af-
forded by the use of well-defined compo-
nents. Actin-based motility, as described
here, is just one of the many important cell
biological processes, including signal trans-
duction, chromosome segregation, cell ad-
hesion, and tissue formation, that are cur-
rently being dissected in this way. Decoup-
ling subprocesses within such complex sys-
tems will continue to be an important chal-
lenge for biochemists and, in many cases, is
likely to alter our conceptual understanding
of the fundamental mechanisms of their be-
havior and function.
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