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Abstract

The spontaneous and unregulated polymerization of actin filaments is inhibited in cells by actin monomer-
binding proteins such as profilin and TB4. Eukaryotic cells and certain pathogens use filament nucleators to
stabilize actin polymerization nuclei, whose formation is rate-limiting. Known filament nucleators include
the Arp2/3 complex and its large family of nucleation promoting factors (NPFs), formins, Spire, Cobl, VopL/
VopF, TARP and Lmod. These molecules control the time and location for polymerization, and additionally
influence the structures of the actin networks that they generate. Filament nucleators are generally unre-
lated, but with the exception of formins they all use the WASP-Homology 2 domain (WH2 or W), a small
and versatile actin-binding motif, for interaction with actin. A common architecture, found in Spire, Cobl
and VopL/VopF, consists of tandem W domains that bind three to four actin subunits to form a nucleus.
Structural considerations suggest that NPFs—Arp2/3 complex can also be viewed as a specialized form of
tandem W-based nucleator. Formins are unique in that they use the formin-homology 2 (FH2) domain for
interaction with actin and promote not only nucleation, but also processive barbed end elongation. In
contrast, the elongation function among W-based nucleators has been “outsourced” to a dedicated family
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of proteins, Eva/VASP, which are related to WASP-family NPFs.
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Eva/VASP

Introduction

The actin cytoskeleton is intimately involved in most
cellular functions, including cell motility, cell adhe-
sion, endo/exocytosis, intracellular trafficking and the
maintenance of cell shape and polarity (Pollard and
Borisy, 2003; Chhabra and Higgs, 2007; Le Clainche
and Carlier, 2008; Galletta and Cooper, 2009). In addi-
tion, many pathogens disrupt or hijack the host cell
actin cytoskeleton during infection (Gouin et al., 2005;
Bhavsar et al., 2007; Cossart and Toledo-Arana, 2008).
These processes are characterized by rapid oscillations
of actin polymerization/depolymerization under tight
temporal and spatial regulation. At its most basic level,
the assembly of actin cytoskeletal networks depends
on the regulated transition of cellular actin between
its monomeric (G-actin) and filamentous (F-actin)
states (Figure 1). Actin is an ATPase, and nucleotide

hydrolysis by actin is a critical factor regulating the
transition between the G- and F-actin states. Actin
monomers join the fast growing barbed (or +) end of
the filament primarily in the ATP state. Hydrolysis takes
place in the filament, and ADP-actin monomers disso-
ciate mainly from the pointed (or -) end. However, this
simple steady state polymerization/depolymerization
mechanism, known as actin filament treadmilling,
cannot account for the vast variety of actin processes
and actin networks observed in cells. Hundreds of G-
and F-actin-binding proteins, along with signaling and
scaffolding proteins, become involved in the regulation
of actin dynamics (Pollard and Borisy, 2003). Actin-
binding proteins (ABPs) have diverse functions, includ-
ing actin monomer sequestration, filament barbed and
pointed end capping, filament severing, and filament
crosslinking. An important group of ABPs are those
that regulate the de novo formation of actin filaments,
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Figure 1. The actin filament is structurally and kinetically asymmetric. (A) Structurally, the actin filament can be described as either a single
left-handed short-pitch helix, with consecutive lateral subunits staggered with respect to one another by half a monomer length, or two right-
handed long-pitch helices of head-to-tail bound actin subunits (Holmes et al., 1990). (B) Kinetically, ATP-actin monomers add faster at the
barbed (or +) end, nucleotide hydrolysis takes place in the filament, and dissociation of ADP-actin monomers takes place mainly at the pointed
(or -) end. In cells, the transition between monomeric and filamentous actin is controlled by numerous factors, including nucleotide hydrolysis
by actin itself and proteins known as actin filament nucleators. Nucleation, i.e. the formation of small actin oligomers (dimers, trimes and tetram-
ers), is rate limiting and is additionally inhibited by actin monomer-binding proteins. Therefore, the role of filament nucleators is to stabilize the
formation of small actin oligomers, so that they can mature into actin filaments.

which include actin filament nucleation and elonga-
tion factors. A number of excellent reviews have been
written recently about these proteins (Higgs, 2005; Faix
and Grosse, 2006; Goley and Welch, 2006; Goode and
Eck, 2007; Pollard, 2007; Renault et al., 2008; Chesarone
and Goode, 2009; Paul and Pollard, 2009; Qualmann
and Kessels, 2009). This review differs in that it focuses
on general structure-function principles of filament
nucleation and elongation.

Actin filament nucleators

Actin is the most abundant protein in most eukaryo-
tic cells, where its concentration (ranging from 100 to
500 uM in non-muscle cells) is much higher than the
critical concentration for monomer addition at both
the barbed end (0.1 uM) and the pointed end (0.7 uM)
of the actin filament (Pollard and Borisy, 2003). Yet,
actin monomer-binding proteins such as profilin and
TB4 inhibit the spontaneous polymerization of actin
filaments. Cells use filament nucleators to stabilize
actin polymerization nuclei, whose formation is rate-
limiting during actin assembly (Sept and McCammon,
2001) (Figure 1). Filament nucleators constitute a rap-
idly evolving and relatively recent field of investiga-
tion. The Arp2/3 complex was first purified more than

10 years ago (Machesky et al., 1994), but it was not until
the discovery of ActA as a nucleation promoting fac-
tor (NPF) at the surface of Listeria monocytogenes that
the nucleation capacity of NPFs-Arp2/3 complex was
fully recognized (Welch et al., 1998; Goley and Welch,
2006). Almost simultaneously, eukaryotic NPFs belong-
ing to the WASP/WAVE-family of proteins were identi-
fied (Machesky and Insall, 1998; Machesky et al., 1999;
Rohatgi et al., 1999; Winter et al., 1999; Yarar et al., 1999).
Subsequently, formins were shown to catalyze not only
nucleation but also processive barbed end elongation
(Pruyne et al., 2002; Zigmond et al., 2003; Higgs, 2005;
Goode and Eck, 2007; Pollard, 2007). Recently, a series
of new filament nucleators have been discovered, both
in eukaryotic cells and bacterial pathogens, includ-
ing Spire (Quinlan et al., 2005), Cobl (Ahuja et al,
2007), VopL (Liverman et al., 2007), VopF (Tam et al.,
2007), TARP (Jewett et al., 2006) and Lmod (Chereau
et al., 2008). These proteins control not only the time
and location for actin polymerization, but also the spe-
cific type of actin filament networks that they generate.

The actin filament (Figure 1A) can be described as
either a single left-handed short-pitch helix, where
consecutive lateral subunits are staggered with respect
to one another by half a monomer length, or two right-
handed long-pitch helices of head-to-tail bound actin
subunits (Holmes et al., 1990; Holmes, 2009; Oda et al.,
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2009). As discussed below, different actin filament
nucleators work by different mechanisms, stabilizing
small actin oligomers (dimers, trimers and tetramers)
along either the long- or the short-pitch helices of the
actin filament.

The W domain and actin filament
nucleation

With the exception of formins, all known actin fila-
ment nucleation and elongation factors use the WASP-
Homology 2 (WH2 or W) domain for interaction with
actin, though in Lmod and the Arp2/3 complex other
domains contribute as well. The W domain has a short
size (17-27 aa) and is generally poorly conserved, mak-
ing it difficult to identify based on sequence analysis
alone (Dominguez, 2007). Other distinctive features of
the W domain include its abundance and functional
versatility. The N-terminal portion of the W domain
forms a helix that binds in the hydrophobic cleft, or
target-binding cleft (Dominguez, 2004), between
subdomains 1 and 3 at the barbed end of the actin
monomer (Hertzog et al., 2004; Chereau et al., 2005)
(Figure 2). After this helix, the W domain presents an
extended region that climbs toward the pointed end of
the actin monomer. This region has variable length and
sequence but comprises the conserved four-residue
motif LKKT(V). The N-terminal helix and LKKT(V)
motif constitute the conserved core of the W domain.

? -
vw 'n
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F

A

Figure 2. Structure of the W domain of the NPF protein WAVE2
(red) bound to actin (blue). Actin subdomains 1-4 are labeled. The
W domain consists of an N-terminal amphiphilic helix that binds
in the so-called hydrophobic or target-binding cleft (Dominguez,
2004) between actin subdomains 1 and 3, followed by a C-terminal
extended region, featuring the conserved LKKT(V) motif (**LRRV*?
in WAVEZ2). This and other W-actin structures were determined as
ternary complexes with DNase I, which prevents polymerization
(Chereau et al., 2005). For simplicity, DNase I is not shown.
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However, the W domain displays remarkable plasticity.
For example, the actin monomer sequestering pro-
tein TPB4 is a unique member of the W domain family
(Paunola et al., 2002), featuring an additional helix
C-terminal to the LKKT(V) motif that binds atop actin
subdomains 2 and 4 and caps the pointed end of the
actin monomer (Irobi et al., 2004).

The W domain often occurs in tandem repeats, which
is a common architecture among filament nuclea-
tors, found in Spire (Quinlan et al., 2005), Cobl (Ahuja
et al., 2007) and VopL/VopF (Liverman et al., 2007;
Tam et al., 2007). The protein TARP (translocated actin
recruiting phosphoprotein) contains a single W domain,
but forms large oligomers (Jewett et al., 2006). The W
domain also participates in filament nucleation by the
Arp2/3 complex through NPFs, which can have between
one and three W domains (Goley and Welch, 2006;
Pollard, 2007; Zuchero et al., 2009). Finally, one of the
three actin-binding sites of Lmod is also a W domain
(Chereau et al., 2008).

It is important to note, however, that the presence of
multiple copies of the W domain does not automatically
mean that a protein is a filament nucleator. For example,
amoeba actobindin (Hertzog et al., 2002), Drosophila
ciboulot (Hertzog et al., 2004) and C. elegans tetrathy-
mosin (Van Troys et al., 2004) present two-and-a-half,
three and four copies of the W fold, respectively, but do
not nucleate actin filaments. Evolutionarily, these three
proteins share more in common with T4, in particu-
larly the presence of TB4-related sequences C-terminal
to the LKKT(V) motif, than with classical W domains
of the kind found in WASP family proteins (Chereau
et al., 2005). However, ciboulot and actobindin do not
sequester actin monomers like T34, but rather promote
filament barbed end growth in a way analogous to pro-
filin (Hertzog et al., 2002; Carlier et al., 2007). These two
proteins form 1:1 complexes with actin, suggesting that
only one of their actin-binding sites is fully functional
(Hertzog et al., 2002; Hertzog et al., 2004). In contrast,
tetrathymosin appears to bind multiple actin monomers
and has both monomer sequestering and filament-
binding properties (Van Troys et al., 2004). T4, acto-
bindin, ciboulot and tetrathymosin are thus examples
of how changes in the sequence of the W domain and
modular structure of the proteins in which it is found
give rise to diverse functions in the regulation of actin
cytoskeleton dynamics (Dominguez, 2007).

The Arp2/3 complex and nucleation
promoting factors (NPFs)

The Arp2/3 complex consists of seven proteins,
including two actin-related proteins, Arp2 and Arp3,
and subunits ARPC1 to 5 (Figure 3). By itself, Arp2/3
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Figure 3. Actin filament nucleation by the Arp2/3 complex and NPFs. (A) The Arp2/3 complex consists of seven proteins, including the actin
related proteins Arp2 and Arp3, and subunits ARPCI to 5 (labeled 1 to 5). By itself, the complex has low nucleation activity, but it is activated
by nucleation promoting factors (NPFs) (Goley and Welch, 2006; Pollard, 2007). NPFs are large multi-domain proteins. The figure illustrates a
prototypical NPF protein, characterized by the presence of regulatory/localization domains, a Pro-rich region, and a WCA region that can have
between one and three W domains. Two of the W domains are colored red/gray (striped) to indicate that their presence is not absolutely neces-
sary for Arp2/3 complex activation. WCA is the smallest fragment capable of catalyzing the formation of a polymerization nucleus, consisting of
the two Arps and one to three actin subunits, as well as a conformational change within Arp2/3 complex that allows for monomer addition to
the branch and binding of the nucleus to the side of a preexisting actin filament (mother filament). The new filament (or branch) grows from the
barbed ends of the Arps at a 70° angle with respect to the mother filament. (B) Structure of inactive Arp2/3 complex (Robinson ef al., 2001; Nolen
and Pollard, 2007). Subdomains 1 and 2 of Arp2 are disordered in the structures, but were added here by analogy with actin. The Arp2/3 complex
subunits are colored according to the diagram of part A. (C) SAXS-derived model of WCA-actin-Arp2/3 complex (Boczkowska et al., 2008). The
orientation is the same as in part B. The mother and branch filaments are shown for reference, although this work did not address branch assem-
bly. Note that Arp2 moved up compared to its location in part B. This study placed the first actin subunit of the branch (bound to the W domain)
at the barbed end of Arp2. The position of the crosslinked W domain, which is known precisely from its crystal structure with actin (Chereau et al.,
2005) (see Figure 2), imposes constraints on the location of the C motif. Thus, the hydrophobic cleft of Arp2 is in the path of the CA polypeptide as
it progresses toward the Arp2/3 complex. The helical portion of the C motif may thus bind in this cleft, as supported by sequence similarity with
W (see Figure 4C). The position of the A motif (pink) is less well constrained, but this model would be consisting with it binding at the interface
between Arp3 and ARPC3, as suggested by biochemical studies (Zalevsky ef al., 2001; Weaver et al., 2002; Pan et al., 2004; Kreishman-Deitrick
et al., 2005; Kelly et al., 2006).

complex has very low nucleation activity (Mullins 2007; Chesarone and Goode, 2009). These proteins
et al., 1998). Nucleation is activated by NPFs, the best recruit one to three actin subunits and promote a
known of which are members of the WASP/WAVE conformational change within the Arp2/3 complex.
family of proteins (Goley and Welch, 2006; Pollard, NPFs are themselves regulated by various factors,
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in particular Rho-family GTPases. Thus, WASP and
N-WASP function under the control of Cdc42, whereas
WAVE forms part of a large complex that is regulated
by Rac (Ma et al., 1998; Kim et al., 2000; Eden et al.,
2002; Bompard and Caron, 2004; Hall, 2005; Goley
and Welch, 2006). Classical NPFs such as WASP/WAVE
(Goley and Welch, 2006), WASH (Linardopoulou
et al., 2007), WHAMM (Campellone et al., 2008) and
JMY (Zuchero et al., 2009) present a C-terminal WCA
region, which constitutes the shortest polypeptide
necessary for activation of nucleation with the Arp2/3
complex (Machesky et al., 1999). This region consists
of three distinct segments: W, C and A. W binds the
first actin subunit of the new filament (Figure 2). The C
(central or connecting) and A (acidic) motifs interact
with various subunits of the Arp2/3 complex, help-
ing to stabilize the activated conformation. However,
the mechanism by which CA participates in Arp2/3
complex activation, and the specific interactions with
subunits of the complex remain a mystery. The actin
monomer bound to the W domain, together with Arp2
and Arp3, are thought to form a trimeric seed for the
nucleation of a filament branch that emerges at a 70°
angle from the side of a preexisting filament (Figure 3).
According to this model (Robinson et al., 2001), Arp2
and Arp3 are the first two subunits at the pointed end
of the new filament branch, and are expected to adopt
a short-pitch filament-like conformation.

The crystal structure of Arp2/3 complex was first
determined in the absence of nucleotide and NPF
(Robinson et al., 2001) (Figure 3B). In the structure,
Arp2 and Arp3 are separated (i.e. not in a filament-
like conformation) and the nucleotide cleft of Arp3 is
wide open, whereas subdomains 1 and 2 of Arp2 are
disordered. Thus, this structure was described as the
inactive conformation of the complex (Robinson et al.,
2001). Subsequently, Arp2/3 complex was crystallized
in the presence of ATP or nucleotide analogs (Nolen
and Pollard, 2007). Nucleotide binding favors closure
of the nucleotide cleft of Arp3 and marginally stabilizes
subdomains 1 and 2 of Arp2. However, the relative
position of Arp2 and Arp3 was unchanged, indicating
that, although necessary, ATP binding alone is insuffi-
cient to activate Arp2/3 complex. Itis believed that the
binding of nucleotide and WCA are thermodynami-
cally coupled and that these two factors contribute
together to activating Arp2/3 complex (Dayel et al.,
2001; Le Clainche et al., 2001; Goley et al., 2004). Pre-
existing filaments may help shift the equilibrium in
favor of an activated complex (Pollard, 2007). However,
Arp2/3 complex can bind to and cap filament pointed
ends with high affinity outside the branch (Mullins
et al., 1998). Because pointed end binding requires
an activated conformation (Robinson et al, 2001;
Boczkowska et al., 2008; Rouiller et al., 2008), side
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binding may not be necessary for activation, although
it is probably favored by activation. Considering the
high concentration of actin monomers in cells and
typical affinities of the W-actin interaction ranging
from ~0.05 to ~0.25 uM (Marchand et al., 2001; Mattila
et al., 2003; Chereau et al., 2005), it is likely that NPFs
are actin-loaded prior to encountering the Arp2/3
complex. Thus, actin-loaded NPFs and nucleotide are
probably the most important factors shifting the equi-
librium in favor of an activated complex in vivo.

The structure of Arp2/3 complex in the branch
and with bound WASP has been studied using elec-
tron microscopy (Egile et al., 2005; Rodal et al., 2005;
Rouiller et al., 2008). These studies agree that a major
conformational change takes place upon activation,
bringing Arp2 and Arp3 into a filament-like arrange-
ment at the pointed end of the branch. Additionally,
electron tomography of the branch junction reveals
conformational changes in the mother filament at the
interface with the Arp2/3 complex and suggests that
all seven subunits of the Arp2/3 complex contact the
mother filament (Rouiller et al., 2008). None of the
existing structures, however, resolves the location
and interactions of the CA activator region of NPFs
with subunits of the Arp2/3 complex. This question
has mainly been addressed by crosslinking and NMR
solution studies, showing that CA can be crosslinked
to Arp2, ARPCI1, Arp3 and ARPC3 (Zalevsky et al.,
2001; Weaver et al., 2002; Kreishman-Deitrick et al.,
2005; Kelly et al., 2006). Because of the short length of
the WCA polypeptide (~73 aa), and considering that
both the C (Panchal et al., 2003) and W (Chereau et al.,
2005) motifs comprise regions of helical structure, it
is difficult to rationalize how CA can span these four
subunits in the complex. A recent study attempts a dif-
ferent approach to address this question.

Actin has a highly reactive cysteine residue at
position 374. The structures of W-actin complexes
(Figure 2) revealed that the N-terminal portion of
the W domain faces directly actin Cys-374 (Chereau
et al., 2005). Based on this observation, a Cys residue
was introduced by mutagenesis at the N-terminus
of WCA, which was then crosslinked to actin Cys-
374 (Boczkowska et al., 2008). [In support of this
approach, a crystal structure of crosslinked W-actin
is now available and is nearly undistinguishable from
the uncrosslinked structures (Rebowski et al., in prep-
aration).] Contrary to WCA alone, crosslinked WCA-
actin forms a stable high affinity complex with the
Arp2/3 complex, while also capping its barbed end so
that the nucleus cannot elongate by addition of actin
monomers. Importantly, the stoichiometry of this
complex determined by various methods is precisely
1:1, and not 2:1 as it may be inferred from a recent
study (Padrick et al., 2008). This approach produced
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a stable WCA-actin-Arp2/3 complex particle, whose
structure in solution was analyzed by Small Angle
X-ray Scattering (SAXS). The SAXS study indicated
that the first actin subunit binds at the barbed end
of Arp2, which additionally constrains the binding
site of the C motif to subunit Arp2, near the interface
with ARPC1 (Figure 3C). Less can be said about the
location and interactions of the A region, except that
it probably lies near the interface between subunits
Arp3 and ARPC3, which is consistent with most of the
biochemical evidence (Zalevsky et al., 2001; Weaver
et al., 2002; Kreishman-Deitrick et al., 2005; Kelly
et al., 2006). This study offers testable hypotheses and
a new way to address the problem of activation, but
because of its limited resolution it leaves unresolved
the exact nature of the conformational change lead-
ing to activation and the precise role of WCA in this
process.

Tandem W domain-based filament
nucleators

The W domain often occurs in tandem repeats, which
is the most common architecture found among known
actin filament nucleators, observed in Spire (Quinlan
et al., 2005), Cobl (Ahuja et al., 2007), and VopL/VopF
(Liverman et al., 2007; Tam et al., 2007) (Figure 4).
The actin monomers bound to the W repeats of these
proteins are thought to come together to form an actin
filament-like nucleus for polymer assembly. However,
the specific nucleation mechanism of each protein
appears to be different, as reflected by dramatic differ-
ences in their nucleation activities. For instance, Spire
with the largest number of W domains (four) has rela-
tively weak nucleation activity (Quinlan et al., 2005),
whereas VopL/VopF with just three W domains are
even more efficient nucleators than the NPFs-Arp2/3
complex (our own observation). At least in part, the
explanation may lie in the variable linkers between
W domains, in particular linker-2 between the second
and third W domains. Differences in the linkers may
dictate the relative arrangement of actin subunits in
the polymerization nucleus, and thereby the nuclea-
tion activities of each protein. When the linkers are
short, as in Spire, only actin subunits along the long-
pitch helix can be connected (Rebowski ef al., 2008).
However, the brain-specific nucleator Cobl has strong
nucleation activity and presents a long, Pro-rich
linker-2 (Ahuja et al., 2007). Shortening Cobl’s linker-2
reduces dramatically its nucleation activity, whereas
replacing this linker with an unrelated sequence
of similar length restores most of the endogenous
activity. Therefore, the length of the linker, but not
necessarily its specific sequence, appears to be

crucial for Cobl’s activity. Because a longer linker
may allow successive W domains to connect actin
subunits laterally, it has been proposed that Cobl sta-
bilizes a short-pitch actin nucleus (Ahuja et al., 2007)
(Figure 4B). However, the exact arrangement of
actin subunits in Cobl’s nucleus is unknown and
two possibilities must be considered, with the actin
subunit bound to either the first or the second W
domain staggered forward at the pointed end. In any
case, the examples of Cobl, the Arp2/3 complex and
Lmod (discussed below) suggest that stabilization
of a short-pitch actin trimer is a more effective way
to promote nucleation than stabilization of a larger
nucleus of four actin subunits along the long-pitch
helix.

Arecentstudyadditionally suggests that some inter-W
linkers present actin monomer-binding activity, and
can as a result boost the nucleation activity of tandem
W constructs (Zuchero ef al., 2009). Thus, for example,
a fragment consisting of the two W domains of N-WASP
had no nucleation activity, but a modest increase in
nucleation was observed when the naturally occurring
inter-W linker was replaced by Spire’s linker-3 (Zuchero
etal., 2009).

Microbial pathogens often disrupt or hijack the
host cell cytoskeleton for infection (Gouin et al., 2005;
Bhavsar et al., 2007). A well known example is Listeria
monocytogenes, whose surface protein ActA mimics
eukaryotic NPFs and recruits both the filament elonga-
tion factor VASP and the Arp2/3 complex polymeriza-
tion machineries at the surface of the parasite to propel
its movement within and between cells (Cossart and
Toledo-Arana, 2008). Vibrios are Gram-negative rod-
shaped bacteria, comprising human pathogens that
cause wound infections, gastro-intestinal disease and
diarrhea, and are often associated with infection from
consumption of raw seafood. Vibrio parahaemolyticus
and Vibrio cholerae were nearly simultaneously shown
to produce the type III secretion system (T3SS) viru-
lence factors VopL (Liverman et al., 2007), and VopF
(Tam et al., 2007), respectively. VopL and VopF display
~57% overall sequence identity. Similar proteins are
also found among other Vibrio species. VopL/VopF
disrupt actin homeostasis, and appear to be required
for infection (Liverman et al., 2007; Tam et al., 2007).
Both proteins present three W domains and Pro-rich
sequences, and like Cobl, both are strong filament
nucleators. It is, therefore, tempting to propose that
like Cobl these two proteins stabilize a short-pitch
polymerization nucleus. However, linker-2 in VopL/
VopF is significantly shorter than in Cobl (Figure 4C),
and because the length of the linker is such a critical
factor for Cobl’s activity (4), the reasons for the strong
nucleation activities of VopL/VopF remain a mystery.
A potential explanation is given next.
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Figure 4. Relationship between tandem W-based filament nucleators, NPFs and Ena/VASP elongation factors. (A) Domain diagram. W and C
are both colored red to highlight their relationship. Pro-rich regions (magenta) abound among these proteins, and bind regulatory proteins and
profilin-actin complexes, which is the main source of polymerization-competent actin in cells. Coiled coils and other oligomerization domains
(both known and predicted from sequence analysis) are also common (green). In Ena/VASP, the WASP-Homology domain 1 (WH1), W and C
regions are respectively known as EVH1 (Ena/VASP homology 1), GAB and FAB (G- and F-actin binding) domains, but despite their different
names these domains are related to their N-WASP counterparts. Ena/VASP also has an acidic region after the C motif, albeit less acidic than in
NPFs and lacking the key tryptophan residue. An ubiquitin-like segment in Cobl (a potential Ras-binding site), a snare-like helix in WAVE2 (a
potential multi-protein association site), a spectrin-like antiparallel dimerization motif in JMY and a globular dimerization domain in VopL/
VopF are all predicted by bioinformatics analysis, but had not been previously reported. The third W domain of Spire (red/magenta) is non-
canonical; it contains various Pro residues and, interestingly, occupies the position of the Pro-rich linker-2 of Cobl and VopL/VopF. (B) Proposed
nucleation mechanisms of Spire (Quinlan ef al., 2005) and Cobl (Ahuja ef al., 2007). The lengths of the linkers determine whether neighboring
W domains bridge actin subunits along a single strand (Spire) or across strands (Cobl) of the actin filament (i.e. long- versus short-pitch nuclei),
which may in turn determine the nucleation activities of these proteins. Intriguingly, VopL has three W domains and strong nucleation activ-
ity like Cobl, but its shorter linker-2 would be inconsistent with stabilization of a short-pitch nucleus. (C) Sequence alignment of the W and CA
regions of the proteins shown in part A. Conserved residues are colored according to their chemical properties. Uniprot codes: Spire (Drosophila
melanogaster, Q9U1K1); Cobl (mouse, Q5NBX1); VopL (Vibrio parahaemolyticus, Q87GE5); JMY (mouse, Q9QXM1); N-WASP (mouse, Q91YD9);
WAVE2 (human, Q9Y6WS5); VASP (human, P50552); Evl (human, Q9UI08).
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Role of oligomerization on the nucleation
activities of W-based nucleators

In addition to the inter-W linkers, oligomerization may
influence the nucleation activities of tandem W-based
filament nucleators. For instance, Spire interacts with
the formin Cappuccino (Rosales-Nieves et al., 2006;
Quinlan et al.,, 2007; Quinlan and Kerkhoff, 2008;
Renault e al., 2008), and the two proteins appear to syn-
ergize to assemble actin filaments both in vitro (Bosch
et al., 2007) and in vivo (Rosales-Nieves et al., 2006),
where they may be involved in maintaining microtu-
bule organization (Dahlgaard et al., 2007). The interac-
tion, which involves the kinase non-catalytic C-lobe
domain (KIND) of Spire (Figure 4A) and the formin
homology 2 (FH2) domain of Cappuccino, enhances
the nucleation activity of Spire (Quinlan et al., 2007).
It is likely that the increased activity results from Spire
dimerization mediated by the FH2 dimer. Another
possibility for Spire to function as a dimer is through
its C-terminal FYVE zinc-finger domain (Figure 4A),
which in some proteins have been shown to dimerize
(Dumas et al., 2001). A recent report additionally finds
that WASH, a WASP-family NPF (Linardopoulou et al.,
2007), interacts directly with Spire and synergizes with
both Spire and Cappuccino to control actin and micro-
tubule dynamics during Drosophila oogenesis (Liu
et al., 2009). WASH also appears to dimerize through
its N-terminal WASH homology domain 1 (WHD1) (Liu
et al., 2009), providing yet another potential mecha-
nism for Spire dimerization. Whether Spire dimerizes
directly through its FYVE zinc-finger domain or indi-
rectly through interaction with Cappuccino or WASH,
dimerization is likely a contributing factor in Spire’s
nucleation activity. Indeed, an optimally assembled
Spire dimer could stabilize the formation of a nucleus
consisting of eight actin subunits, four on each side of
the filament (or long-pitch helix), potentially resulting
in a very powerful nucleator.

Another example is the T3SS protein TARP from
Chlamydia trachomatis. Despite having a single W
domain, TARP nucleates actin filaments, but this activity
depends on the presence of the central Pro-rich domain,
which in this protein appears to mediate oligomeriza-
tion (Jewett et al., 2006).

The existing relationship between NPFs-Arp2/3
complex and W-based nucleators is discussed below.
In this regard, it is interesting to note that a recent study
finds that the dimerization of WASP by external fac-
tors increases its affinity for the Arp2/3 complex and
enhances its nucleation activity (Padrick et al., 2008). It
is still unknown whether WASP dimerization plays arole
invivo. However, as pointed out above, the WASP-related
protein WASH appears to dimerize by itself. Although
dimerization in this case does not seem to enhance

Arp2/3 complex-mediated nucleation, it is likely to play
a critical role in vivo, notably by mediating the bundling
and crosslinking of F-actin and microtubules under the
control of the GTPase Rhol (Liu et al, 2009). Finally,
sequence analysis identifies potential oligomerization
domains among other nucleators and NPFs (Figure 4A).
Oligomerization is thus emerging as an important fac-
tor modulating the activities of W-based nucleators,
which is analogous to formins (Copeland et al., 2004).
Whether oligomerization also contributes to the nuclea-
tion activities of Cobl and VopL/VopF remains to be
demonstrated.

The Arp2/3 complex and NPFs as a
specialized form of tandem W nucleator

Structural considerations suggest that NPFs-
Arp2/3 complex can be conceptually viewed as
a specialized form of tandem W-based nucleator
(Boczkowska et al., 2008). According to this view, the
actual nucleators are the NPFs, and not the Arp2/3
complex asithas been traditionally described. The dis-
tinction is not merely semantic, but rather stems from
a different structure-function understanding of how
these proteins work. In isolation, neither the Arp2/3
complex nor the NPFs nucleate; they need each other
for this activity. There is only one known exception to
this rule, which actually reinforces the proposed rela-
tionship between NPFs and tandem W-based nuclea-
tors. Itis the newly discovered NPF protein JMY, which
presents three W domains N-terminal to its CA region
and, in addition to activating the Arp2/3 complex, has
some nucleation activity of its own (Zuchero et al.,
2009). More importantly, there is the undisputable
fact that the newly discovered filament nucleators
(Spire, Cobl, TARP and VopL/VopF) share far more
in common with NPFs than they do with the Arp2/3
complex (Figure 4), including the presence of tandem
W repeats and Pro-rich regions. The number of bona
fide W domains in NPFs varies from 1 to 3, whereas
the newly discovered nucleators contain between
1 and 4W domains. However, as it has been pointed
out by various investigators (Hertzog et al., 2004;
Aguda et al., 2005; Chereau et al., 2005; Boczkowska
et al., 2008), the C motif of NPFs is also related to the
W domain, a relationship that can be further extended
to the F-actin-binding (FAB) motif of Ena/VASP pro-
teins (Ferron et al., 2007) (Figure 4). Based on the loca-
tion of the first actin subunit in the SAXS structure of
WCA-actin-Arp2/3 complex, itwas proposed thatthe C
motif binds Arp2 (Boczkowska et al., 2008). Like the W
domain, the N-terminal portion of the C motif consists
of an amphiphilic helix (Panchal et al., 2003), which
according to this proposal binds in the hydrophobic
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cleft of Arp2 (Figure 3C), somewhat analogous to the
binding of W to actin (Figure 2). As for the Arp2/3 com-
plex itself, it can be thought of as an actin dimer that
upon activation adopts a short-pitch conformation.
The association of the Arps with five other proteins in
the Arp2/3 complex probably emerged from a need
to integrate nucleation and branching within a single
system. Based on these considerations, NPFs can be
described as tandem W-based filament nucleators,
whose function is to recruit and realign the Arp2-Arp3
short-pitch heterodimer and one to three actin mono-
mers to form a polymerization nucleus.

Certain proteins interact with the Arp2/3 complex
and modulate its activity, but have only a modest effect
(if any) on its nucleation activity. These proteins also
have markedly different domain organization com-
pared to classical NPFs such as WASP/WAVE (Goley
and Welch, 2006), WHAMM (Campellone et al., 2008),
WASH (Linardopoulou et al., 2007), and JMY (Zuchero
et al., 2009), and should probably not be considered as
fully-fledged NPFs. In a recent review, some of these
molecules were grouped into a separate category, iden-
tified as class II NPFs (Goley and Welch, 2006). A well-
studied example is the protein cortactin (Ammer and
Weed, 2008). Cortactin has only a limited effect on the
nucleation activity of the Arp2/3 complex, but it plays a
critical role by binding to the Arp2/3 complex at branch
points, which stabilizes branch junctions and inhibits
filament de-branching and network breakdown (Weaver
etal., 2001).

Model of nucleation by NPFs-Arp2/3
complex

The model of filament nucleation by NPFs-Arp2/3
complex proposed here takes into account the pur-
ported relationship with tandem W-based filament
nucleators. With the determination of the structure
of inactive Arp2/3 complex it was proposed that
the complex must undergo a major conformational
change during activation that would bring Arp2 and
Arp3 into a short-pitch filament-like arrangement,
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with Arp3 staggered toward the pointed end by half
a monomer length relative to Arp2 (Robinson et al.,
2001). Nucleotide, the WCA region of NPFs and actin
are all necessary ingredients of this conformational
change (Pollard, 2007). However, the details of the
activation mechanism remain a mystery, and one of
the most pressing challenges in the field concerns the
determination of a high-resolution structure of the
activated complex. Part of the challenge is to make
adequate guesses about the mechanism of activa-
tion so as to formulate strategies toward obtaining a
structure of the activated complex. With this in mind,
a model is proposed in Figure 5.

According to this model, the conserved Trp in
the A region of NPFs, which contributes the most to
the binding affinity of WCA to the Arp2/3 complex
(Marchand et al., 2001; Weaver et al., 2002), works as a
“hook’, linking actin-loaded NPFs to the Arp2/3 com-
plex. The SAXS study of WCA-actin-Arp2/3 complex
suggests that after this initial encounter the first actin
subunit binds at the barbed end of Arp2 (Boczkowska
et al., 2008). Arp2, which is partially disordered in the
inactive structure (Robinson et al., 2001; Nolen and
Pollard, 2007), may transition between active/inactive
states, but is stabilized in the activated structure by
interaction with the C motif and the first actin subunit
of the branch (bound to the W domain of NPFs). This
model predicts that Arp2 moves mostly alone during
activation, with minimal energetic cost, such as to
occupy a filament-like position next to Arp3 (Aguda
et al., 2005; Boczkowska et al., 2008). This is sup-
ported by flexibility of Arp2 in the inactive structure
and the fact that it can be moved with minimal steric
clashes. A different model had been initially proposed
(Robinson et al., 2001), predicting a more dramatic
rearrangement of the complex, involving a rotation
of Arp2, ARPC1, ARPC4, and ARPCS5 relative to Arp3,
ARPC2, and ARPC3. Although the latter model can-
not be completely ruled out based on the available
data, it appears less likely, because it would involve
a large structural change and breakage of hydropho-
bic contacts along a large interface between the two
halves of the complex. Yet, it is reasonable to expect

NPF-actin

Arp2/3 complex

transition complex

activated complex branch

Figure 5. Model of nucleation by NPFs-Arp2/3 complex (see text for details).
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that, in addition to movement of Arp2, other changes
will occur in the complex during activation. Activation
and branching (i.e. binding to the side of pre-existing
filaments) may occur nearly simultaneously. Steric
hindrance (discussed below) of the W domain with
the actin subunits that begin joining the branch after
activation (and possibly of the A motif with the mother
filament) may help release NPFs after activation.

Leiomodin (Lmod) and the nucleation of
actin filaments in muscle cells

The actin “thin” filaments in cardiac and striated mus-
cle sarcomeres display regular length and spacing and
are uniformly decorated with muscle-specific proteins
such as the troponin complex, tropomyosin (TM) and
the barbed and pointed end capping proteins CapZ and
tropomodulin, respectively. Toward the center of sar-
comeres, the actin filaments overlap with the myosin
“thick” filaments, forming a tight hexagonal lattice. The
appearance is that of a rigid structure, and it is not sur-
prising that it has been traditionally thought that the
actin filaments in sarcomeres are less dynamic than
in non-muscle cells. This view is evolving (Wang et al.,
2005; Gunst and Zhang, 2008; Sanger and Sanger, 2008;
Skwarek-Maruszewska et al., 2009). The sarcomere may
undergo constant dynamic remodeling (or repair), and
actin filament nucleators may play a critical role in this
process.

Leiomodin (Lmod) is a tropomodulin (Tmod)-
related protein expressed almost exclusively in muscle
cells. mRNA expression analysis indicates that there
are three Lmod isoforms (Conley et al., 2001): Lmod1
expressed at low levels in most tissues and at high lev-
els in smooth muscle, Lmod2 expressed exclusively
in heart and skeletal muscles and the fetal isoform
Lmod3. The first ~340 amino acids of Lmod are ~40%
identical to Tmod, a pointed end capping protein in
muscles (Fischer and Fowler, 2003; Fowler et al., 2003;
Kostyukova et al., 2007). In Tmod, the N-terminal por-
tion is unstructured, except for three helical segments
involved in binding TM and actin. Tmod has a second
actin-binding site within the C-terminal Leu-rich repeat
(LRR) domain (Krieger et al., 2002; Fowler ef al., 2003).
Lmod shares this domain organization, except for one
important difference: only one of the two TM-binding
sites of Tmod appears to be conserved in Lmod. More
importantly, Lmod has a ~150 amino acid C-terminal
extension featuring a third actin-binding site in the
form of a W domain. With three actin-binding sites,
Lmod could hypothetically recruit three actin mono-
mers to form a trimeric polymerization nucleus, which
led to the identification of Lmod as a potential filament
nucleator (Chereau et al., 2008). Consistent with this

idea, the study of Lmod revealed a powerful nucleator,
whose over- or down-expression had dramatic effects
on sarcomeric structure and organization (Chereau
etal., 2008).

Compared to other nucleators, Lmod has one dis-
tinctive and important property: it directly interacts
with TM. TM is a coiled coil dimer that associates
end-to-end to form long helical strands that wind
symmetrically along the two long-pitch helices of the
actin filament (Holmes and Lehman, 2008). At the
pointed end of the actin filament in muscle sarcom-
eres TM interacts with Tmod via two helical segments
located within the N-terminal flexible domain of Tmod
(Kostyukova et al., 2007). As mentioned above, only one
of these helices is conserved in Lmod. Yet, TM not only
modulates the nucleation activity of Lmod, but more
importantly it appears to determine Lmod’s localiza-
tion to filament pointed ends. Thus, Lmod,, ,.., lacking
the N-terminal flexible domain, retains approximately
one third of the nucleation activity of full-length Lmod
in vitro, but displays nuclear localization. A basic patch
located within the long (and probably flexible) linker
connecting the second and third actin-binding sites of
Lmod is a predicted nuclear localization signal (NLS)
and may be responsible for the nuclear localization of
Lmod,, ,... While it is unknown whether trafficking
through the nucleus forms part of Lmod’s endogenous
function, such an activity has been reported for Tmod
(Kong and Kedes, 2004).

Perhaps reflecting its uniqueness as a muscle cell
specific nucleator, Lmod shares little resemblance with
other filament nucleators. With the presence of three
actin-binding sites, Lmod is predicted to stabilize a
trimeric actin seed for nucleation (Figure 6). However,
the actual organization of actin subunits in the Lmod
nucleus is a mystery. The W domain in Lmod seems
to play an auxiliary role, somewhat analogous to its
role in NPFs where the W domain contributes an actin
subunit to complete a trimeric nucleus with the Arps.
However, it is unknown which of the two actin subunits
of the pointed end dimer in the Lmod nucleus is stag-
gered forward. In other words, it is unknown whether
the actin subunit bound to the N-terminal flexible
domain of Lmod is staggered forward with respect to
the one bound to the LRR domain or vise versa. This
question also applies to Tmod, whose pointed end
arrangement is still unknown. Lmod’s linker-2 is also
much longer than Cobl’s linker-2, conferring signifi-
cant freedom with respect to the relative positioning
of the third actin subunit. Thus, the third actin subu-
nit could be at the barbed end of either the first or
the second subunit. Because Lmod contains a single
TM-binding site, it can be predicted that in cells the
Lmod nucleus is associated with a single TM dimer,
but this has not been formally demonstrated. Finally,
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A TM-h1 Ad TM-h2 _ .
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—_— Y LRR
24 65 126 160 344 359
TM-h A-h Pro-richh1 B h2 W
27 67 162 342 389 407 427440 470 495
B G-actin Lmod nucleus F-actin

Figure 6. Domain organization of Lmod and proposed nucleation mechanism. (A) Domain organization of Lmod compared to Tmod. The first
~340 aa of Lmod are ~40% identical to Tmod, a pointed end capping protein in muscles. The N-terminal portion of Tmod is unstructured, except
for three helical segments involved in binding tropomyosin (TM) and actin. Tmod has a second actin-binding site within the C-terminal Leu-rich
repeat (LRR) domain (Krieger et al., 2002; Fowler et al., 2003). Lmod shares this domain organization, but has only one of the two TM-binding
sites. More importantly, Lmod has a ~150 aa C-terminal extension featuring a third actin-binding site, a W domain, a basic patch and other pre-
dicted motifs. (B) Proposed nucleation mechanism; Lmod stabilizes a trimeric actin seed that grows from the barbed end. Importantly, Lmod’s
nucleation activity and localization are both modulated by interaction with TM (Chereau et al., 2008).

one of the most intriguing questions about Lmod con-
cerns the interplay with Tmod. The two proteins are
clearly related and appear to have similar localization,
but despite this similarity Lmod and Tmod probably
have well-separated roles.

Ena/VASP proteins as dedicated elongation
factors among W-based filament nucleators

A convenient way to introduce the Ena/VASP family of
filament elongation factors (Drees and Gertler, 2008)
is in contrast to formins. Formins have been reviewed
extensively (Higgs, 2005; Faix and Grosse, 2006; Goode
and Eck, 2007; Pollard, 2007; Chesarone and Goode,
2009; Paul and Pollard, 2009) and are only discussed
briefly herein. Formins are the only proteins that do
not use the W domain for nucleation or elongation,
although there is at least one formin, INF2 (Chhabra
and Higgs, 2006), that contains a W domain, but uses
it for filament depolymerization and as a diaphanous
autoregulatory domain (DAD) (Chhabra et al., 2009).
Formins use the dimeric formin-homology 2 (FH2)
domain for interaction with actin, and like W-based

nucleators, formins contain Pro-rich regions posi-
tioned N-terminal to the actin-binding domain (Higgs,
2005; Goode and Eck, 2007; Pollard, 2007; Paul and
Pollard, 2009). But probably the most interesting prop-
erty of formins is that in addition to nucleation they
also promote processive barbed end elongation (or
depolymerization).

So, the obvious question to ask is why do W-based
nucleators not sustain processive barbed end elonga-
tion? The answer appears to be simple; because of steric
hindrance of the W domain with intersubunit contacts
in the actin filament. Indeed the crystal structure of a
long-pitch actin dimer stabilized by a tandem repeat
of two W domains has just been determined in our lab
(Rebowski ef al., in preparation). The structure shows
that although the two actins adopt a filament-like
arrangement, they are somewhat more separated than
in the actin filament. The separation occurs because the
second W domain, bound in the hydrophobic cleft of
the second actin subunit, interferes with filament-like
contacts between the two actins. The implication is
that tandem W-based nucleators cannot stay bound to
filaments after nucleation, and therefore are unlikely to
influence elongation. This is also likely to explain why

RIGHTS LI N Kdx



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

362 Roberto Dominguez

NPFs are ejected from the Arp2/3 complex once the
branch filament begins to grow.

Part of the binding interface of the W-domain
remains exposed in F-actin. So, tandem W domains
may weakly (and non-specifically) co-sediment with
F-actin and bind to (or cap) filament barbed ends, as
discussed in a recent review (Renault ef al., 2008). But
this also means that minor changes in the sequence
of the W domain may give rise to an F-actin-binding
domain. This appears to be the solution that nature
has found to produce a filament elongation fac-
tor that is compatible with the W domain. Indeed,
while formins participate in both nucleation and
elongation, the elongation function among W-based
filament nucleators has been “outsourced” to a
dedicated family of proteins, Eva/VASP, which have
a similar domain organization and may be evolution-
arily related to WASP-family NPFs (see Figure 4 and
legend for details). Eva/VASP and WASP/N-WASP
both contain an N-terminal EVH1 (or WH1) domain,
a central Pro-rich region and W-related sequences.
A trace of their relationship can still be found in the
acidic region C-terminal to the W-related sequences
(albeit in Ena/VASP this region is less acidic than in
NPFs and lacks the important tryptophan involved in
binding to the Arp2/3 complex). The G-actin-binding
(GAB) domain of Ena/VASP is not only related to the
W domain of NPFs, but has also been shown to inter-
act with actin in a similar manner (Ferron et al., 2007)
(compare Figures 2 and 7). Immediately C-terminal to

the GAB domain is the F-actin-binding (FAB) domain,
which is also related to the W domain. However, the
FAB domain is more closely related to the C region of
NPFs (Figure 4). Indeed, the FAB domain has evolved
minor differences compared to the W domain, which
probably reflect adaptation to bind F-actin in a way
compatible with intersubunit contacts in the filament.
A similar necessity may have arisen at the interface
between Arp2 and the first actin subunit of the branch
(Figure 3C), which probably explains the resemblance
between the C and FAB domains. Another event in
Ena/VASP’s adaptation for processive barbed end
elongation is tetramerization, which is mediated by
the C-terminal coiled-coil domain (Bachmann et al.,
1999; Kuhnel et al., 2004). Tetramerization may allow
Ena/VASP to work cooperatively, by sequentially
allowing each subunit of the tetramer to release and
advance during monomer addition to the barbed end
while the other subunits remain attached to the grow-
ing filament.

Profilin and the Pro-rich regions of
nucleation and elongation factors

As mentioned above, two proteins, profilin and Tp4,
contribute to maintaining a large fraction (~50%) of
the cellular actin in the unpolymerized pool. T34
(Figure 7A) is a short 43-aa polypetide related to the W
domain (Paunola et al., 2002; Dominguez, 2007), but

actin

flexible

fili
profilin linker

Figure 7. TR4 and profilin help maintain the pool of monomeric actin in cells. (A) Model of the structure of the complex of TR4-actin. This model
was generated by combining the structures of W-actin (Chereau et al., 2005) with that of a complex of actin with the C-terminal half of T4 crys-
tallized as a hybrid protein with gelsolin segment 1 (Irobi et al., 2004). (B) Structure of the ternary complex of profilin-actin with human VASP
fragment Gly-202 to Ser-244 (Ferron ef al., 2007). This fragment of VASP includes the last Pro-rich profilin-binding site and the G-actin-binding
(GAB) domain, which is related to the W domain (see Figures 2 and 4). The Gly-rich linker between these two domains (**QGPGGGGAG**) was
not visualized in the electron density map and is shown as a discontinuous line.
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contains an additional C-terminal helix that binds atop
actin subdomains 2 and 4 (Irobi ef al., 2004), making it
an effective actin monomer sequestering protein (Safer
et al., 1990). As a result, TR4-actin complexes cannot
participate in actin filament nucleation or elongation.
Instead, TR4 is though to function as an actin buffer,
losing actin in competitive equilibrium to profilin,
which has higher affinity for actin monomers (Pollard
and Borisy, 2003).

Multiple properties make profilin a crucial player
in filament assembly (Pollard and Borisy, 2003;
Witke, 2004; Paul and Pollard, 2009). Thus, profilin
catalyzes the exchange of ADP for ATP on actin (which
replenishes the pool of polymerization-competent
ATP-actin), and inhibits nucleation and pointed
end elongation, while having almost no effect on
steady-state barbed end elongation. But probably
the most interesting property of profilin is that it can
bind simultaneously to Pro-rich sequences and actin
(Figure 7B), and it binds both with higher affinity as
a ternary complex than either one separately (Ferron
et al., 2007). This probably provides selectivity, so as
to avoid non-productive interactions of profilin with
Pro-rich regions in cells.

Indeed, a common feature of actin filament
nucleation and elongation proteins is that they typi-
cally contain Pro-rich regions (magenta regions in
Figure 4A). Pro-rich regions are most commonly
positioned immediately N-terminal to the actin bind-
ing sites. These regions bind signaling and regulatory
proteins, whose interactions are mediated by any
of the existing Pro-rich binding modules, including
SH3, WW, and EVH1 domains (Zarrinpar ef al., 2003).
In addition, these regions frequently bind profilin-
actin complexes, and could serve to increase the local
concentration of actin monomers ready for assembly.
As discussed above, W-based nucleators and NPFs
are not expected to remain bound to newly formed
filaments. So, any gain resulting from the initial
recruitment of profilin-actin will be short-lived and
probably difficult to detect using classical polymeriza-
tion assays. The situation is far more interesting with
processive barbed end elongation factors. The clearest
evidence so far is for formins, whose elongation rates
are increased by recruitment of profilin-actin (Kovar
et al., 2006). Perhaps not surprisingly the situation
remains confusing with Ena/VASP. Various groups have
demonstrated that profilin-actin stimulates Ena/VASP-
dependent Listeria motility (Kang et al., 1997; Geese
et al., 2000; Machner et al., 2001; Dickinson et al., 2002;
Auerbuch et al., 2003; Grenklo et al., 2003). But, while
a recent study established that Ena/VASP proteins
accelerate barbed end elongation in a processive man-
ner, it also concluded that profilin had no effect in this
process (Breitsprecher ef al., 2008). This contrasts with

Actin filament nucleation and elongation 363

the results of another group, which found that VASP
accelerates filament elongation from a profilin-actin
pool (Pasic et al., 2008). Given the presence of various
profilin-binding sites in Ena/VASP proteins, and the
stimulatory effect that profilin has on formin-mediated
assembly (Kovar et al., 2006), this question deserves
to be revisited. At least based on their domain archi-
tecture, Ena/VASP proteins appear to have evolved all
the necessary adaptations to “process” profilin-actin
complexes from the cellular pool onto the barbed ends
of elongating filaments. Thus, the ternary structure of
profilin-actin with a fragment of Ena/VASP consist-
ing of the last Pro-rich segment and the GAB domain
(Figure 7B) suggests that profilin-actin complexes
may be delivered directly from the Pro-rich region
to the barbed end of the growing filament (Ferron
et al., 2007). A similar monomer transfer mechanism
may exist in formins, although this remains to be
demonstrated.

Perspectives

Despite notable progress, many questions remain
about filament nucleation and elongation. New Arp2/3
complex NPFs are being continuously discovered and
each NPF redirects the Arp2/3 complex polymerization
machinery into a different subcellular location and func-
tion. The exact function of Cobl and its role in neuronal
morphologyis still poorly understood and much remains
to be learned about the Spire-Cappuccino-WASH
connection. Concerning Lmod, an important question
is the interplay with Tmod: which filaments are associ-
ated with Tmod in muscle cells and which are associated
with Lmod? An issue that is catching attention is the
crosstalk between different nucleation and elongation
factors in the assembly of different actin cytoskeletal
structures (Schirenbeck et al., 2005; Chesarone and
Goode, 2009). However, more directly connected with
this review is the substantial gap of understanding of
the structural aspects of filament nucleation/elongation,
including the lack of a structure of activated Arp2/3
complex, and complexes of tandem W-based nucleators
and Lmod with actin. Some of these questions are likely
to dominate research within the actin cytoskeleton com-
munity during the following few years.
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