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The most important discovery in the field is that the Arp2/3
complex nucleates assembly of actin filaments with free barbed
ends. Arp2/3 also binds the sides of actin filaments to create a
branched network. Arp2/3’s nucleation activity is stimulated by
WASP family proteins, some of which mediate signaling from
small G-proteins. Listeria movement caused by actin
polymerization can be reconstituted in vitro using purified
proteins: Arp2/3 complex, capping protein, actin
depolymerizing factor/cofilin, and actin. actin depolymerizing
factor/cofilin increases the rate at which actin subunits leave
pointed ends, and capping protein caps barbed ends.
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Abbreviations
ADF actin depolymerizing factor
Aip1 actin-interacting protein-1

Introduction
Actin filaments grow or shrink by virtue of the addition or
loss, respectively, of actin subunits from either end of the
filament. The two ends, barbed and pointed, are both able
to add and lose subunits. Polymerization is favored at the
barbed end over the pointed end in terms of steady-state
binding affinity. Kinetic rate constants for both polymer-
ization and depolymerization are greater at the barbed end.

Proteins that bind filament ends control actin polymeriza-
tion. First, they cap filament ends, such that subunits
cannot be added or removed. Second, some can nucleate
the formation of new filaments, which is otherwise unfa-
vorable. A number of end-binding proteins have been
defined biochemically. How they function in vitro and in
vivo is a current focus of the field.

Proteins that bind the sides of actin filaments can also
influence how fast subunits leave the filament. Proteins,
such as tropomyosin, which bind to multiple subunits
along the side of a filament and proteins that crosslink fil-
aments decrease the rate of subunit loss from ends. An
exciting discovery is that ADF/cofilin proteins increase the
rate of subunit loss from pointed ends.

In vivo, these proteins work simultaneously to produce
motility. Understanding how their individual actions on
actin are coordinated is an essential goal, thus the field has
been investigating how combinations of actin-binding

proteins affect actin polymerization. One exciting exam-
ple is the discovery that three actin-binding proteins, plus
actin, are sufficient for Listeria to induce actin polymeriza-
tion and motility [1••].

This field has been the subject of a number of reviews in
recent years. We reviewed this topic in more depth sever-
al years ago [2]. More recent reviews have addressed
filament length in muscle [3], actin polymerization dynam-
ics and signaling [4], how WASP links small G proteins to
Arp2/3 complex [5], how Arp2/3 complex functions [6–8],
how ADF/cofilin proteins function [9,10] and how gelsolin
and its relatives function [11]. In this minireview, we focus
on the most recent advances in understanding how actin-
binding proteins control the addition and loss of subunits
at filament ends.

Barbed ends: capping protein (Cap Z)
When cells induce actin polymerization, especially to
cause movement at the cell periphery, free barbed ends are
created and add subunits. Over time, capping protein
binds barbed ends to stop filament growth. The cessation
of filament growth by capping protein may be necessary
for polymerization to occur at specific times and places in
vivo (i.e. free barbed ends probably exist only when they
are newly created or when capping protein is inhibited in
their vicinity). Since nearly all barbed ends are capped by
capping protein, polymerization will be confined or ‘fun-
neled’ to the free barbed ends. This hypothesis for
localized actin assembly, proposed by Carlier and Pantaloni
[12], has received experimental support with the discovery
that capping protein is necessary for actin polymerization
and motility of Listeria in a system comprising pure pro-
teins [1••]. In those experiments, as the concentration of
added capping protein was decreased to zero, Listeria
motility fell to zero, which is consistent with the idea of
‘funneling’. In support of this hypothesis in vivo, capping
protein is a component of the actin filament tails whose
polymerization drives the movement of Listeria [13]. The
model also can explain the observation in Dictyostelium that
loss of capping protein led to increased F-actin but
decreased motility [14].

Actin filaments with capping protein at their barbed ends
can be uncapped by polyphosphoinositides in vitro [15],
and this may occur during platelet activation [16].
However, uncapping appeared not to occur during
chemoattractant-induced actin assembly in Dictyostelium;
capping protein only terminated polymerization [17].

Some studies suggest that capping protein may be inhibit-
ed or may be unable to cap barbed ends under certain
conditions in vivo. Barbed ends of red cell membrane
preparations seemed to be resistant to capping protein
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[18]; barbed ends in red cells may be capped by adducin
instead [19]. Also, barbed ends induced in neutrophil
extracts by Cdc42 appeared to be protected from capping
protein [20•]. Perhaps some factor inhibits capping protein
or prevents it from binding in these cases.

In striated muscle, capping protein binds to barbed ends of
actin filaments at the Z line, the inspiration for the name
‘capZ.’ This topic was recently reviewed [3]. In new work
consistent with this view, expression of a mutant capping
protein unable to bind actin led to severe sarcomere dis-
ruption in hearts of transgenic mice [21]. In addition,
expression of a nonsarcomeric isoform of capping protein
(beta2) had the same severe effect on sarcomere assembly,
indicating that the nonsarcomeric isoform cannot substi-
tute for the sarcomeric isoform, beta1 [20•].

Gelsolin and its superfamily
Gelsolin, which was thoughtfully reviewed in Current
Opinion in Cell Biology last year [11], appears to play an
important role in certain situations where actin assembly
is induced. In most cells at rest, gelsolin is not bound to
actin. However, stimulation, especially with increased
Ca2+ or H+, can cause gelsolin to sever and cap actin fila-
ments. If gelsolin-capped filaments can be uncapped to
create free barbed ends, polymerization may be induced.
Activation of heterotrimeric and small G proteins dissoci-
ated gelsolin from barbed ends [22]. Fibroblasts from
gelsolin knockout mice were defective for formation of
lamellipodia in response to Rac signaling [23], which
depends on actin polymerization.

Depletion or inhibition of gelsolin in cultured cells led to
loss of stress fibers and contractility [24]; in contrast,
fibroblasts from gelsolin-knockout mice had increased F-
actin in stress fibers [23]. These observations confirm a
role for gelsolin in remodeling the actin cytoskeleton but
reveal the potential complexity of gelsolin’s effects on
actin assembly in vivo.

During apoptosis, gelsolin is proteolyzed by caspase-3 to a
form that no longer needs Ca2+ for activity. This active
fragment of gelsolin contributes to progression of apopto-
sis, presumably through severing actin filaments [11].

Villin, which is related to gelsolin, has a small headpiece
that bundles actin filaments in vitro, in addition to the sev-
ering and capping activities of the gelsolin-related portion
of the protein. This bundling activity of villin is clearly
able to function in vivo as seen in transfection experiments
in cultured cells [25] and overexpression in Drosophila
oocytes [26], but whether the bundling activity of endoge-
nous villin is an important element of its function in vivo
remains unclear. Notably, in a villin knockout mouse, the
assembly of actin bundles in microvilli of intestinal epithe-
lial cells, which normally contain villin, was normal
[27,28•]. However, microvilli also have other bundling pro-
teins, and the intestinal lining expresses a villin relative,

advillin, whose function may overlap with that of villin and
thereby mitigate the severity of the phenotype in the villin
knockout [29]. Another new relative, albeit more distant,
which also bundles actin filaments at the plasma mem-
brane of villin is supervillin [30].

On the other hand, the severing activity of villin may have
a more essential role in vivo. Brush borders from intestinal
epithelial cells of a villin knockout mouse did not disas-
semble their actin bundles in response to high Ca2+

concentrations [28•]. Moreover, in vivo, in an experimental
model for intestinal epithelial injury that includes loss of
filamentous actin from the brush border, a villin-knockout
mouse showed decreased loss of actin, increased severity
of epithelia injury and greater probability of death [28•].

Pointed ends: Arp2/3 complex
Several exciting discoveries about Arp2/3 complex have
now given it a central role in our view of how actin poly-
merization occurs in cells. Purified Arp2/3 complex
binds pointed ends and nucleates the formation of actin
filaments with free barbed ends [31••]. Creation of free
barbed ends has been up until now a poorly understood
feature of actin polymerization in cells. Arp2/3 simulta-
neously binds to the sides of actin filaments, creating a
branching network of filaments [31••]. The filament
network created in vitro is very similar to the actin fila-
ment network observed in vivo in the cortex of
migrating cells. In the cortex, Arp2/3 was localized to
branch points where pointed ends meet the sides of fil-
aments [32••]; this observation provides a major piece of
evidence that the biochemical model is correct in vivo.
In addition, in studies localizing actin polymerization in
living cells, Arp2/3 was localized at sites of actin poly-
merization and motility [33•]. Arp2/3 was also found in
the zone of actin polymerization and motility at the
leading edge of lamellopodia [32••,34,35].

Another exciting discovery is that the nucleating activity of
Arp2/3 is greatly stimulated by signaling proteins that are
implicated in inducing actin polymerization. WASP and its
relative Scar1 bind directly to Arp2/3 [36], which greatly
increases Arp2/3’s nucleation activity [37•]. WASP-coated
beads placed in a cell extract polymerized actin and
moved, which required Arp2/3 [38•]. In cell extracts, actin
polymerization can be stimulated by Cdc42, which also
required Arp2/3 complex [39,40]. N-WASP appeared to
mediate the interaction between Cdc42 and Arp2/3 [41•].

In Listeria-induced actin polymerization and movement,
the Listeria protein ActA interacts with Arp2/3 complex and
increases its actin nucleation activity [42•]. This interaction
is predicted to be necessary for the bacterial motility caused
by actin polymerization in host cell cytoplasm. The pres-
ence of Arp2/3 was necessary for Listeria motility [43]. Also,
Arp2/3 was one of a minimal set of three actin-binding pro-
teins sufficient to reconstitute the actin polymerization and
movement associated with Listeria [1••].
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In yeast, the WASP relative Bee1/Las17 also stimulates
Arp2/3 biochemically [44]; however, a truncated form of
Bee1 that lacks a region necessary for Arp2/3 binding func-
tions normally in vivo, showing that the Bee1–Arp2/3
interaction is not necessary in vivo [44]. Arp2/3 mutants
show loss of actin patch movement [45], but this move-
ment appears not to depend on actin assembly [46,47].
Therefore, the roles of Arp2/3 in yeast and animal cells
may be different.

Tropomodulin
Tropomodulin caps the pointed ends of the actin-based
thin filaments in striated muscle, playing an essential role
in the assembly of the sarcomere. Tropomodulin also binds
tropomyosin, which greatly increases its affinity as a point-
ed end cap [48]. This topic was recently reviewed [3]. In
newer work, the distribution of tropomodulin early in
myofibrillogenesis suggests that pointed ends of actin fila-
ments are capped early. Thus, whole actin filaments, with
both ends capped, may slide into place as the sarcomere
matures, as opposed to filaments polymerizing and depoly-
merizing at their ends [49].

The function of tropomodulin in nonmuscle cells is not
understood well. In Drosophila, the tropomodulin homo-
logue sanpodo is necessary for Notch-based signaling of
cell fate in the peripheral nervous system [50,51] and mus-
cle [52]. The affected cells have an altered actin
distribution. Most likely, actin is necessary for asymmetric
localization of cell fate determinants, and the loss of san-
podo/tropomodulin impairs the assembly and function of
the actin cytoskeleton. In vertebrates, tropomodulin has
been described as part of the actin cytoskeleton in ery-
throcyte membranes and eye lens cells [53].

Side-binding proteins
Many proteins that bind to the sides of actin filaments are
polyvalent and thus stabilize filaments by inhibiting the
loss of subunits from ends. Such proteins include
tropomyosin, filament bundlers and filament crosslinkers.

ADF/cofilin
The actin dynamics that underlie cell motility and mor-
phogenesis require the disassembly of actin filaments as
well as their assembly. Proteins of the ADF/cofilin family,
which includes ADF, cofilin, actophorin, depactin and
destrin, mediate actin filament disassembly [9,10]. Actin
filaments shorten in the presence of ADF/cofilin proteins,
which could occur in two ways: by severing, thereby creat-
ing more filament ends that disassemble; and by increasing
the rate of subunit loss from filament ends. 

Strong evidence for the existence of severing came from
films of fluorescent actin filaments treated with ADF/cofil-
in, in which single long filaments clearly broke into smaller
pieces [54]. Additional evidence supporting severing
includes analysis of the kinetics of actin assembly in the
presence of cofilin [55•,56,57]. These data were best fit by

a severing mechanism, based on kinetic modeling.
Severing is more likely to occur when filaments are long.
ADF/cofilin had little severing activity on short filaments
prepared by capping with gelsolin [55•,58,59]. 

On the other hand, Carlier et al. [58] observed a 25-fold
increase in the turnover of F-actin in the presence of
ADF/cofilin that could not be accounted for solely by sev-
ering. They proposed an alternative mechanism whereby
ADF/cofilin accelerates the rate-limiting step in filament
disassembly by increasing the off-rate of actin subunits
from pointed ends. This view was supported by analyses of
the effect of ADF/cofilin on actin disassembly when
barbed ends were capped [55•,58]. This ability of
ADF/cofilin to increase F-actin turnover can account for
the level of actin assembly/disassembly required for the
rates of cell motility observed in vivo [58]. As predicted
using this model, Arp2/3 complex binding to pointed ends
decreased but did not eliminate the effect of ADF/cofilin
on F-actin turnover [59].

One complexity in the field is that effects of ADF/cofilin
proteins on actin vary considerably depending on the
source of the ADF/cofilin protein, as well as on the source
of the actin and conditions of ionic strength and pH.
Despite these difficulties, the field is approaching a con-
sensus view that both filament severing and increased
pointed-end subunit loss occur [9,60]. A quantitative
understanding of the relative contributions of the two
mechanisms, especially in vivo, is a current challenge for
the field.

Structural analysis of ADF/cofilin binding to actin fila-
ments has provided important information about how it
affects filament dynamics [61]. ADF/cofilin bound cooper-
atively along the side of an actin filament, at a 1:1 ratio.
ADF/cofilin binding changed the orientation of actin sub-
units within the filament, resulting in a change in the twist
of the filament. This change in filament architecture may
alter subunit contacts and weaken the lateral and longitu-
dinal interactions between subunits, making the filament
more likely to break and subunits more likely to dissociate
from ends [62]. In addition, the altered filament structure
induced by ADF/cofilin may induce the dissociation of
pointed end-binding proteins, such as Arp 2/3 complex,
leading to filament disassembly.

Small GTPases induce actin dynamics in cells by stimulating
factors that promote actin assembly and by inhibiting factors
that promote its disassembly. Several new observations indi-
cate that ADF/cofilins are regulated downstream of the Rho
family of GTPases. It has long been appreciated that phos-
phorylation of ADF/cofilin at a specific serine residue
abolishes its actin-binding activity [10]. LIM kinase was
identified as the kinase that phosphorylated cofilin at this
serine residue in vitro and in vivo, where its ability to phos-
phorylate ADF/cofilin was linked to the activation of the
small GTPase, Rac [63,64]. The ability of LIM kinase to
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phosphorylate ADF/cofilin also is regulated by phosphoryla-
tion via Pak1 [65•], an effector of Rac, and via Rho-associated
kinase (ROCK) [66•], an effector of Rho. These multiple
pathways for ADF/cofilin regulation may contribute to the
spatial and temporal specificity of regulation of actin assem-
bly associated with various cells and signals.

Overexpression of LIM kinase, which should inhibit cofil-
in, blocked actin assembly and motility at the leading edge

of the cell and at sites within the lamella [33•]. This result
is consistent with the hypothesis that ADF/cofilin pro-
motes actin depolymerization globally, which is necessary
for localized polymerization. This view is also supported
by the observation that ADF/cofilin is found only in the
proximal portion of the cortex and not at the distal edge
where polymerization occurs [32••]. On the other hand, the
actin filaments in the ADF/cofilin-containing region of the
cortex were stable during a cell extraction procedure that
caused depolymerization in general [32••]. Therefore,
extracted factors may be necessary for ADF/cofilin to pro-
mote disassembly.

A second protein regulator of ADF/cofilin increases its
actin disassembly activity. In vitro, actin-interacting pro-
tein 1 (Aip1) from yeast and Xenopus increased the ability
of ADF/cofilin to sever filaments and increased the rate of
filament disassembly [67,68]. Injection of Xenopus Aip1
caused the disassembly of filamentous actin in the con-
tractile ring of cytokinesis [68]. In Dictyostelium, mutants
lacking Aip1 are defective in endocytosis, motility, cytoki-
nesis and growth, which involve actin assembly [69].

A synthetic system of actin-based motility
The combination of purified Arp2/3, capping protein and
ADF/cofilin was able to polymerize actin on the surface of
Listeria and caused the bacteria to move [1••]. This discov-
ery represents the first description of pure proteins
sufficient for motility based on actin polymerization. All
three actin-binding proteins were necessary for Listeria
motility; when the concentration of any one protein was
zero, the speed of Listeria movement was zero [1••]. As the
concentration of each protein increased, the speed of Listeria
movement increased to a maximum and then decreased.

Listeria is a good model for molecular analysis of actin
polymerization. The movement of Listeria in cytoplasm is
powered by actin polymerization, using host cell proteins.
The actin polymerization and motility induced by Listeria
are similar in many respects to the polymerization and
motility that occur during extension of the leading edge of
a cell. Furthermore, Arp2/3, capping protein and
ADF/cofilin have all been implicated as important for actin
polymerization and motility in cells.

Why is each protein necessary for motility? A proposed
model for localized actin polymerization is shown in
Figure 1. A localized stimulus activates Arp2/3 to nucleate
actin polymerization with free barbed ends. For Listeria,
the stimulus is the bacterial surface protein ActA. The free
barbed ends polymerize for a time and are then capped by
capping protein. The need for capping protein seems odd;
it should inhibit polymerization. One explanation is that
capping protein is bound mainly to the older barbed ends,
which are located away from the activation zone, based
simply on the fact that newly created barbed ends are free
and some time is required for capping protein to associate
with them. Therefore, in this situation, the presence of
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Figure 1

A current model for stimulation of actin polymerization, illustrating flux
through a system not at equilibrium. The polymerization of actin (black
chevrons) is activated within a zone of signals (yellow oval) that
activate Arp2/3 complex (green oval) and may also inhibit capping
protein (red circle). Arp2/3 complex binds to sides of actin filaments,
which also increases its nucleation activity. Filaments nucleated by
Arp2/3 have their pointed ends capped and their barbed ends free.
Filaments grow by addition of subunits to the free barbed ends. After
some time, the barbed ends become capped by capping protein,
which stops their growth. The lifetime of the free barbed ends depends
simply on the time of the association reaction with capping protein.
However, if capping protein is inhibited in the active zone, however,
barbed ends will only become capped when they leave the active zone,
perhaps moved by the force of polymerization. ADF/cofilin (blue circle)
binds cooperatively and preferentially to older actin filaments that
contain ADP. This increases the dissociation rate of actin subunits from
pointed ends. To lose subunits, pointed ends need to be uncapped,
losing Arp2/3 complex. Arp2/3 dissociates at its normal rate or at an
increased rate owing to the altered filament structure caused by
ADF/cofilin. The subunits lost from the pointed end diffuse and are
available to add to new free barbed ends. Thus, actin polymerization is
‘funneled’ to the active zone because free barbed ends are created
there and because older barbed ends are capped by capping protein.
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capping protein restricts, or ‘funnels’, polymerization to
the free barbed ends near the bacterium. ADF/cofilin is
proposed to increase the rate of loss of subunits from point-
ed ends, increasing flux into the pool of free subunits,
which then add to free barbed ends. This step requires
removal of Arp2/3 from the pointed ends. Arp2/3 may dis-
sociate spontaneously or in response to the change in
filament structure upon ADF/cofilin binding.

The synthetic system may not provide a valid representa-
tion of how actin polymerization provides for motility in
vivo. The system does reveal one way that this particular
set of proteins can work together to provide motility, how-
ever, the cell is more complex, so these proteins may
function differently and other proteins may play an impor-
tant role. For example, in cell extracts, altering the activity
of cofilin did not affect the speed of Listeria motility, only
the length of the tail [70]. Perhaps in the cell extract, pro-
teins other than ADF/cofilin, such as profilin and
thymosin, provide for increased flux of subunits to free
barbed ends [71]. In addition, Rickettsia in host cells dis-
plays actin-based motility with tails whose structure is
different from that of Listeria [72,73]. The actin filaments
in their tails are longer and less branched, resembling
those of filopodia rather than lamellae; Rickettsia tails also
do not contain Arp2/3 [73].

Conclusions
Actin assembly involves the addition and loss of subunits
at barbed and pointed ends of filaments. Actin-binding
proteins have specific effects on these reactions. We are
beginning to understand how these proteins, alone and in
combination, can provide spatial and temporal control of
actin polymerization in vitro and in vivo.

Acknowledgements
For critical discussions and unpublished work, the authors are grateful to
Velia Fowler, Pekka Lappaleinen, Laura Machesky, Marie-France Carlier,
Amy McGough, Laurent Blanchoin, Alan Weeds, Michael Way and Dyche
Mullins. The writing of this article was supported by National Institutes of
Health grant 38542. 

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

• of special interest
••of outstanding interest

1. Loisel T, Boujemaa R, Pantaloni D, Carlier M-F: Reconstitution of
•• actin-based motility of Listeria and Shigella using pure proteins.

Nature 1999, 401:613-616.
This is the first description of a synthetic system able to mediate actin poly-
merization and motility of bacteria. Actin and three actin binding proteins —
Arp2/3 complex, capping protein and cofilin — are sufficient.

2. Schafer DA, Cooper JA: Control of actin assembly at filament ends.
Annu Rev Cell Dev Biol 1995, 11:497-518.

3. Littlefield R, Fowler VM: Defining actin filament length in striated
muscle: rulers and caps or dynamic stability? Annu Rev Cell Dev
Biol 1998, 14:487-525.

4. Machesky LM, Insall RH: Signaling to actin dynamics. J Cell Biol
1999, 146:267-272.

5. Bi E, Zigmond SH: Actin polymerization: where the WASP stings.
Curr Biol 1999, 9:R160-R163.

6. Machesky LM, Way M: Cell motility — actin branches out. Nature
1998, 394:125-126.

7. Machesky LM, Gould KL: The Arp2/3 complex: a multifunctional
actin organizer. Curr Opin Cell Biol 1999, 11:117-121.

8. Mullins RD, Pollard TD: Structure and function of the Arp2/3
complex. Curr Opin Struct Biol 1999, 9:244-249.

9. Maciver SK: How ADF/cofilin depolymerizes actin filaments.
Curr Opin Cell Biol 1998, 10:140-4.

10. Bamburg JR, McGough A, Ono S: Putting a new twist on actin:
ADF/cofilins modulate actin dynamics. Trends Cell Biol 1999,
9:364-370.

11. Kwiatkowski DJ: Functions of gelsolin: motility, signaling,
apoptosis, cancer. Curr Opin Cell Biol 1999, 11:103-108.

12. Carlier MF, Pantaloni D: Control of actin dynamics in cell motility.
J Mol Biol 1997, 269:459-467.

13. David V, Gouin E, Troys MV, Grogan A, Segal AW, Ampe C,
Cossart P: Identification of cofilin, coronin, Rac and capZ in actin
tails using a Listeria affinity approach. J Cell Sci 1998,
111:2877-2884.

14. Hug C, Jay PY, Reddy I, McNally JG, Bridgman PC, Elson EL,
Cooper JA: Capping protein levels influence actin assembly and
cell motility in Dictyostelium. Cell 1995, 81:591-600.

15. Schafer DA, Jennings PB, Cooper JA: Dynamics of capping
protein and actin assembly in vitro: uncapping barbed ends by
polyphosphoinositides. J Cell Biol 1996, 135:169-79.

16. Barkalow K, Witke W, Kwiatkowski DJ, Hartwig JH: Coordinated
regulation of platelet actin filament barbed ends by gelsolin and
capping protein. J Cell Biol 1996, 134:389-399.

17. Eddy RJ, Han J, Condeelis JS: Capping protein terminates but does
not initiate chemoattractant-induced actin assembly in
Dictyostelium. J Cell Biol 1997, 139:1243-1253.

18. DiNubile MJ: Erythrocyte membrane fractions contain free barbed
filament ends despite sufficient concentrations of retained
capper(s) to prevent barbed end growth. Cell Motil Cytoskeleton
1999, 43:10-22.

19. Kuhlman PA, Fowler VM: Purification and characterization of an
alpha 1 beta 2 isoform of CapZ from human erythrocytes:
cytosolic location and inability to bind to Mg2+ ghosts suggest
that erythrocyte actin filaments are capped by adducin.
Biochemistry 1997, 36:13461-13472.

20. Huang M, Yang C, Schafer DA, Cooper JA, Higgs HN, Zigmond SH:
• Cdc42-induced actin filaments are protected from capping

protein. Curr Biol 1999, 9:979-982.
This paper describes evidence that capping protein is inhibited from bind-
ing to barbed ends that were induced by Cdc42 in a cell extract system of
actin polymerization.

21. Hart MC, Cooper JA: Verterbrate isoforms of actin capping protein
ββ have distinct functions in vivo. J Cell Biol 1999, 147:1287-1289.

22. Arcaro A: The small GTP-binding protein Rac promotes the
dissociation of gelsolin from actin filaments in neutrophils.
J Biol Chem 1998, 273:805-813.

23. Azuma T, Witke W, Stossel TP, Hartwig JH, Kwiatkowski DJ: Gelsolin
is a downstream effector of rac for fibroblast motility. EMBO J
1998, 17:1362-1370.

24. Arora PD, Janmey PA, McCulloch CA: A role for gelsolin in stress
fiber-dependent cell contraction. Exp Cell Res 1999, 250:155-167.

25. Friederich E, Vancompernolle K, Louvard D, Vandekerckhove J: Villin
function in the organization of the actin cytoskeleton. Correlation
of in vivo effects to its biochemical activities in vitro. J Biol Chem
1999, 274:26751-26760.

26. Cant K, Knowles BA, Mahajan-Miklos S, Heintzelman M, Cooley L:
Drosophila fascin mutants are rescued by overexpression of the
villin- like protein, quail. J Cell Sci 1998, 111:213-221.

27. Pinson KI, Dunbar L, Samuelson L, Gumucio DL: Targeted disruption
of the mouse villin gene does not impair the morphogenesis of
microvilli. Dev Dyn 1998, 211:109-121.

Control of actin assembly and disassembly at filament ends Cooper and Schafer    101

cbc108.qxd  02/16/2000  08:49  Page 101



28. Ferrary E, Cohen-Tannoudji M, Pehau-Arnaudet G, Lapillonne A,
• Athman R, Ruiz T, Boulouha L, EI Marjou F, Doye A, Fontaine JJ et al.:

In vivo, villin is required for Ca(2+)-dependent F-actin disruption
in intestinal brush borders. J Cell Biol 1999, 146:819-830.

The villin knockout mouse has normal actin bundles in microvilli of intestinal
epithelia. However, the response of the epithelium to an injury that involves
loss of actin is impaired in the villin knockout mouse. Thus, villin appears to
play a role in disassembling actin filaments of the microvilli.

29. Marks PW, Arai M, Bandura JL, Kwiatkowski DJ: Advillin (p92): a new
member of the gelsolin/villin family of actin regulatory proteins.
J Cell Sci 1998, 111:2129-2136.

30. Wulfkuhle JD, Donina IE, Stark NH, Pope RK, Pestonjamasp KN,
Niswonger ML, Luna EJ: Domain analysis of supervillin, an F-actin
bundling plasma membrane protein with functional nuclear
localization signals. J Cell Sci 1999, 112:2125-2136.

31. Mullins RD, Heuser JA, Pollard TD: The interaction of Arp2/3
•• complex with actin — nucleation, high affinity pointed end

capping, and formation of branching networks of filaments.
Proc Natl Acad Sci USA 1998, 95:6181-6186.

Arp2/3 complex nucleates actin polymerization and caps pointed ends. It simul-
taneously binds the sides of actin filaments, creating a branching network.

32. Svitkina TM, Borisy GG: Arp2/3 complex and actin depolymerizing
•• factor cofilin in dendritic organization and treadmilling of actin

filament array in lamellipodia. J Cell Biol 1999, 145:1009-1026.
This is an elegant morphologic study of the actin filament network in the cor-
tex of motile cells. Arp2/3 was found at branch points, similar to what was
found with pure proteins.

33. Schafer DA, Welch MD, Machesky LM, Bridgman PC, Meyer SM,
• Cooper JA: Visualization and molecular analysis of actin assembly

in living cells. J Cell Biol 1998, 143:1919-1930.
Actin polymerization and motility visualized in living cells is associated with
Arp2/3 and capping protein. The role of cofilin and signaling molecules is
demonstrated.

34. Machesky LM, Reeves E, Wientjes F, Mattheyse FJ, Grogan A,
Totty NF, Burlingame AL, Hsuan JJ, Segal AW: Mammalian actin-
related protein 2/3 complex localizes to regions of lamellipodial
protrusion and is composed of evolutionarily conserved proteins.
Biochem J 1997, 328:105-112.

35. Bailly M, Macaluso F, Cammer M, Chan A, Segall JE, Condeelis JS:
Relationship between Arp2/3 complex and the barbed ends of
actin filaments at the leading edge of carcinoma cells after
epidermal growth factor stimulation. J Cell Biol 1999, 145:331-345.

36. Machesky LM, Insall RH: Scar1 and the related Wiskott-Aldrich
syndrome protein, WASP, regulate the actin cytoskeleton through
the Arp2/3 complex. Curr Biol 1998, 8:1347-1356.

37. Machesky LM, Mullins RD, Higgs HN, Kaiser DA, Blanchoin L, 
• May RC, Hall ME, Pollard TB: Scar, a WASP-related protein,

activates nucleation of actin filaments by the Arp2/3 complex.
Proc Natl Acad Sci USA 1999, 96:3739-3744.

WASP family proteins stimulate the nucleation activity of Arp2/3 complex.

38. Yarar D, To W, Abo A, Welch MD: The Wiskott–Aldrich syndrome
• protein directs actin-based motility by stimulating actin nucleation

with the Arp2/3 complex. Curr Biol 1999, 9:555-558.
WASP-coated beads polymerize actin and move in a cell extract. This activ-
ity requires Arp2/3 complex.

39. Mullins RD, Pollard TD: Rho-family GTPases require the Arp2/3
complex to stimulate actin polymerizationin Acanthamoeba
extracts. Curr Biol 1999, 9:405-415.

40. Ma L, Rohatgi R, Kirschner MW: The Arp2/3 complex mediates
actin polymerization induced by the small GTP-binding protein
Cdc42. Proc Natl Acad Sci USA 1998, 95:15362-15377.

41. Rohatgi R, Ma L, Miki H, Lopez M, Kirchhausen T, Takenawa T,
• Kirschner MW: The interaction between N-WASP and the Arp2/3

complex links Cdc42- dependent signals to actin assembly. Cell
1999, 97:221-231.

N-WASP is necessary for the stimulation of actin polymerization by Cdc42
in a cell extract. N-WASP binds and stimulates Arp2/3 complex.

42. Welch MD, Rosenblatt J, Skoble J, Portnoy DA, Mitchison TJ:
• Interaction of human Arp2/3 complex and the Listeria

monocytogenes ActA protein in actin filament nucleation.
Science (Wash DC) 1998, 281:105-108.

The Listeria surface protein ActA stimulates the nucleation activity of
Arp2/3 complex.

43. May RC, Hall ME, Higgs HN, Pollard TD, Chakraborty T, Wehland J
et al.: The Arp2/3 complex is essential for the actin-based motility
of Listeria monocytogenes. Curr Biol 1999, 9:759-762.

44. Winter D, Lechler T, Li R: Activation of the yeast Arp2/3 complex by
Bee1p, a WASP-family protein. Curr Biol 1999, 9:501-504.

45. Winter D, Podtelejnikov AV, Mann M, Li R: The complex
containing actin-related proteins arp2 and arp3 is required for
the motility and integrity of yeast actin patches. Curr Biol 1997,
7:519-529.

46. Belmont LD, Drubin DG: The yeast V159N actin mutant reveals
roles for actin dynamics in vivo. J Cell Biol 1998,
142:1289-1299.

47. Lappalainen P, Drubin DG: Cofilin promotes rapid actin filament
turnover in vivo. Nature 1997, 388:78-82.

48. Weber A, Pennise C, Fowler V: Tropomodulin increases the critical
concentration of barbed-end-capped actin filaments by
converting ADP.Pi– actin to ADP–actin at all pointed filament
ends. J Biol Chem 1999, 274:34637-34645.

49. Almenar-Queralt A, Gregorio CC, Fowler VM: Tropomodulin
assembles early in myofibrillogenesis in chick skeletal muscle:
evidence that thin filaments rearrange to form striated myofibrils.
J Cell Sci 1999, 112:1111-1123.

50. Skeath JB, Doe CQ: Sanpodo and Notch act in opposition to
Numb to distinguish sibling neuron fates in the Drosophila CNS.
Development 1998, 125:1857-1865.

51. Dye CA, Lee JK, Atkinson RC, Brewster R, Han PL, Bellen HJ: The
Drosophila sanpodo gene controls sibling cell fate and encodes a
tropomodulin homolog, an actin/tropomyosin-associated protein.
Development 1998, 125:1845-1856.

52. Park M, Yaich LE, Bodmer R: Mesodermal cell fate decisions in
Drosophila are under the control of the lineage genes numb,
Notch, and sanpodo. Mech Dev 1998, 75:117-126.

53. Fischer R, Lee A, Fowler V: Tropomodulin and tropomyosin help to
reorganize the actin cytoskeleton during lens cell morphogenesis.
Invest Ophthalmol Vis Sci 2000, in press.

54. Maciver SK, Zot HG, Pollard TD: Characterization of actin filament
severing by actophorin from Acanthamoeba castellanii. J Cell Biol
1991, 115:1611-1620.

55. Maciver SK, Pope BJ, Whytock S, Weeds AG: The effect of two
• actin depolymerizing factors (ADF/cofilins) on actin filament

turnover: pH sensitivity of F-actin binding by human ADF, but not
of Acanthamoeba actophorin. Eur J Biochem 1998, 256:388-397.

Severing by ADF/cofilin is more likely with long filaments than short ones.
ADF/cofilin increases the dissociation of subunits from the pointed end.

56. Du J, Frieden C: Kinetic studies on the effect of yeast cofilin on
yeas actin polymerization. Biochemistry 1998, 37:13276-13284.

57. Blanchoin L, Pollard TD: Mechanism of interaction of
Acanthamoeba actophorin (ADF/Cofilin) with actin filaments.
J Biol Chem 1999, 274:15538-15546.

58. Carlier MF, Laurent V, Santolini J, Melki R, Didry D, Xia GX, Hong Y,
Chua NH, Pantaloni: Actin depolymerizing factor (ADF/cofilin)
enhances the rate of filament turnover — implication in actin-
based motility. J Cell Biol 1997, 136:1307-1322.

59. Ressad F, Didry D, Egile C, Pantaloni D, Carlier MF: Control of actin
filament length and turnover by actin depolymerizing factor
(ADF/cofilin) in the presence of capping proteins and ARP2/3
complex. J Biol Chem 1999, 274:20970-20976.

60. Theriot JA: Accelerating on a treadmill: ADF/cofilin promotes rapid
actin filament turnover in the dynamic cytoskeleton. J Cell Biol
1997, 136:1165-1168.

61. McGough A, Pope B, Chiu W, Weeds A: Cofilin changes the twist
of F-actin: implications for actin filament dynamics and cellular
function. J Cell Biol 1997, 138:771-781.

62. McGough A, Chiu W: ADF/cofilin weakens lateral contacts in the
actin filament . J Mol Biol 1999, 291:513-519.

63. Arber S, Barbayannis FA, Hanser H, Schneider C, Stanyon CA,
Bernard O, Caroni P: Regulation of actin dynamics through
phosphorylation of cofilin by LIM-kinase. Nature 1998,
393:805-809.

102 Cytoskeleton

cbc108.qxd  02/16/2000  08:49  Page 102



64. Yang N, Higuchi O, Ohashi K, Nagata K, Wada A, Kangawa K,
Nishida E, Mizuno K : Cofilin phosphorylation by LIM-kinase 1
and its role in Rac-mediated actin reorganization. Nature 1998,
393:809-812.

65. Edwards DC, Sanders LC, Bokoch GM, Gill GN: Activation of LIM
• kinase by Pak1 couples Rac/Cdc42 GTPase signalling to actin

cytoskeletal dynamics. Nat Cell Biol 1999, 1:253-259.
This paper shows that inhibition of cofilin by LIM kinase is linked to Rac
via Pak1.

66. Maekawa M, Ishizaki T, Boku S, Watanabe N, Fujita A, Iwamatsu A,
• Obinata T, Ohashi K, Mizuno K, Narumiya S: Signaling from Rho to

the actin cytoskeleton through protein kinases ROCK and
LIM-kinase. Science 1999, 285:895-898.

This paper shows that inhibition of cofilin by LIM kinase is linked to Rho
via ROCK.

67. Rodal AA, Tetreault JW, Lappalainen P, Drubin DG, Amberg DC:
Aip1p interacts with cofilin to disassemble actin filaments.
J Cell Biol 1999, 145:1251-1264.

68. Okada K, Obinata T, Abe H: XAIP1: a Xenopus homologue of yeast
actin interacting protein 1 (AIP1), which induces disassembly of

actin filaments cooperatively with ADF/cofilin family proteins.
J Cell Sci 1999, 112:1553-1565.

69. Konzok A, Weber I, Simmeth E, Hacker U, Maniak M, Muller-
Taubenberger A: DAip1, a Dictyostelium homologue of the yeast
actin-interacting protein 1, is involved in endocytosis, cytokinesis,
and motility. J Cell Biol 1999, 146:453-464.

70. Rosenblatt J, Agnew BJ, Abe H, Bamburg JR, Mitchison TJ: Xenopus
actin depolymerizing factor/cofilin (XAC) is responsible for the
turnover of actin filaments in Listeria monocytogenes tails.
J Cell Biol 1997, 136:1323-1332.

71. Didry D, Carlier MF, Pantaloni D: Synergy between actin
depolymerizing factor/cofilin and profilin in increasing actin
filament turnover. J Biol Chem 1998, 273:25602-25611.

72. Heinzen RA, Grieshaber SS, Van Kirk LS, Devin CJ: Dynamics of
actin-based movement by Rickettsia rickettsii in vero cells.
Infect Immun 1999, 67:4201-4207.

73. Gouin E, Gantelet H, Egile C, Lasa I, Ohayon H, Villiers V, Gounon P,
Sansonetti PS, Cossart P: A comparative study of the actin-based
motilities of the pathogenic bacteria Listeria monocytogenes, Shigella
flexneri and Rickettsia conorii. J Cell Sci 1999, 112:1697-1708.

Control of actin assembly and disassembly at filament ends Cooper and Schafer    103

cbc108.qxd  02/16/2000  08:49  Page 103


