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The actin cytoskeleton is a dynamic network that is composed of a variety of F-actin structures. To understand how
these structures are produced, we tested the capacity of proteins to direct actin polymerization in a bead assay in
vitro and in a mitochondrial-targeting assay in cells. We found that human zyxin and the related protein ActA of
Listeria monocytogenes can generate new actin structures in a vasodilator-stimulated phosphoprotein-dependent
(VASP) manner, but independently of the Arp2/3 complex. These results are consistent with the concept that there
are multiple actin-polymerization machines in cells. With these simple tests it is possible to probe the specific func-
tion of proteins or identify novel molecules that act upon cellular actin polymerization.

The organization of the actin cytoskeleton in cells correlates
strongly with the spatial organization of actin interacting pro-
teins1–3. This indicates that actin polymerization in cells may

be controlled by distinct families of proteins, although the only cel-
lular actin-polymerization complex identified to date is the Arp2/3
complex. Studies of the actin-dependent movement of L. monocy-
togenes4 have been instrumental in dissecting the role of the Arp2/3
complex in actin polymerization. In cells, the Arp2/3 complex
cooperates with members of the family of Wiskott–Aldrich-syn-
drome protein (WASP) to nucleate actin filaments5,6 in Y-branched
structures7,8. This type of F-actin structure is present at the leading
edge of the lamellipodia of human cells8,9. As many F-actin struc-
tures in the cell are not organized into Y-shaped structures, it is rea-
sonable to propose that cells contain other F-actin-organizing sys-
tems, although their identity is not yet known.

Whereas the amino-terminal domain of ActA10,11 harbours sim-
ilar activity to the WA/VCA domain of WASP and related proteins,
the proline-rich domain of ActA, known as ActA-Pro, harbours
similar activity to the 380 amino acids at the amino terminus of
human zyxin12. Zyxin is the prototype of a family of proteins that is
located at actin-rich sites in cells of higher eucaryotes13,14. Members
of this family, including zyxin15,16, LPP (LIM-containing lipoma
preferred partner)17 and TRIP6 (thyroid receptor-interacting pro-
tein-6)18, contain a proline-rich N-terminal domain followed by
three LIM domains. Within the proline-rich domains of both ActA
and zyxin are a series of FPPPP amino-acid repeats that are neces-
sary for binding to vasodilator-stimulated phosphoprotein
(VASP)19, 20. Disruption of the interaction between ActA and VASP
causes L. monocytogenes to move more slowly21,22. Furthermore,
VASP is not essential for L. monocytogenes movement in vitro,
although when it is added to reconstituted extracts, it increases the
rate of bacterial movement23.

To identify new cellular actin-polymerization systems, we used
two different assays: a bead system, using recombinant proteins to

examine actin polymerization under controlled conditions in cell-
free extracts, and a permeabilized cell system, to examine actin
polymerization under cellular conditions. Here we show that beads
coated with either of the related proteins, ActA-Pro or zyxin, can
polymerize actin in cell-free extracts in vitro, and that human zyxin
harbours actin-polymerization activity under cellular conditions
by expressing zyxin at the surface of mitochondria. These activities
are distinct from the actin-polymerization activity of the
Arp2/3/WASP family of proteins, as shown by immunolocalization
and inhibitor studies. These findings lead us to propose that cells
harbour several distinct actin-polymerization complexes, which
together contribute to the dynamics of the actin cytoskeleton.
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Figure 1 Structural features of the ActA, WASP and zyxin proteins. The 234
amino acids at the N terminus of ActA have an Arp2/3-dependent nucleating activi-
ty which is similar to that found within the WA domain (100 amino acids) of WASP.
Similarly, the C-terminal ActA-Pro domain of ActA is reported to interact with the
actin cytoskeleton in a similar manner to the N-terminal proline-rich domain of
human zyxin. The function of ActA-Pro and zyxin were then tested in the bead and
mitochondria actin-polymerization assays. 
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Results
To identify new systems of cellular actin polymerization, we
focused on the proteins ActA-Pro and zyxin and compared their
function to WASP in a bead-based actin-polymerization assay. The
functional relationships between ActA, ActA-Pro, WA and zyxin are
shown in Fig. 1. We used an epitope-tagged WA protein24. WA pro-
tein or ActA-Pro proteins were absorbed to solid latex beads that
were added to cell-free extracts prepared from cultured HeLa cells.
The presence of each protein on the surface of beads was confirmed
by antibody staining and immunofluorescence microscopy (data

not shown). To detect actin polymerization, actin labelled with the
fluorochrome Alexa 568 was added to the extracts (ratio of unla-
belled to labelled actin, 19/1 µM). WA and ActA-Pro beads were
visible by fluorescence, indicating that both beads recruit G-actin
in these extracts (Fig. 2a). A weaker signal was observed with ActA-
Pro beads. This might be because ActA-Pro polymerizes actin more
slowy than WA (Fig. 4). In a related test, WA and ActA-Pro beads
were added to cell extracts without additional actin. Both WA and
ActA-Pro beads were labelled by phalloidin, revealing that they
were coated with F-actin at their surface (Fig. 2b). When tested
under similar conditions, beads coated with either bovine serum
albumin (BSA) or glutathione S-transferase (GST) did not recruit
either G-actin or F-actin (data not shown). To determine whether
the actin recruited by WA and ActA-Pro beads was from a dynam-
ic or a stable cellular pool, extracts containing actin labelled with
Alexa 568 were treated with either various concentrations of

b
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Figure 2 ActA-Pro-coated beads promote actin polymerization in cell-free
extracts. a, Beads (500 nm) coated with either WA or ActA-Pro proteins were incu-
bated in HeLa cell extracts that were supplemented with actin labelled with fluo-
rochrome (1 µM). Samples were removed for observation by phase-contrast (left
panels) and fluorescence (right panels) microscopy. Both WA and ActA-Pro beads
were labelled with actin, indicating that they support actin polymerization. b, Beads
(500 nm) coated with either WA or ActA-Pro proteins were incubated in HeLa cell
extracts for at least 30 min before addition of rhodamine-labelled phalloidin.
Samples were removed for observation by phase-contrast (left panels) and fluores-
cence (right panels) microscopy. Both WA and ActA-Pro beads were stained by
phalloidin, indicating that they were covered with F-actin.
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Figure 3 The Arp2/3 complex is not recruited to the surface of ActA-Pro
beads. a, b, Beads coated with either WA or ActA-Pro proteins were incubated in
HeLa cell extracts in the presence of latrunculin A, and then treated with either anti-
Arp3 antibodies (a) or anti-VASP antibodies (b). Antibody binding was detected by
fluorescently tagged secondary antibodies, and samples were removed for obser-
vation by phase-contrast (left panels) and fluorescence (right panels) microscopy.
The absence of staining by anti-Arp3 antibody indicated that ActA-Pro polymerizes
actin independently of the Arp2/3 complex.
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latrunculin A or 2 µM of cytochalasin D before the beads were
added. In the presence of either of these drugs, the recruitment of
actin at the bead surface of both bead types was highly reduced,
indicating that the recruitment of actin was a dynamic process.
The reduction in polymerization observed in the presence of
cytochalasin D was not due to increased ATPase activity of actin.
(see Supplementary Information). Latrunculin A reduced actin
polymerization at the bead surfaces in a dose-dependent manner,
as expected from a sequestering agent (100% inhibition with 4 µM
latrunculin A for both bead types).

Although the WA and ActA-Pro beads displayed a capacity to
recruit actin, it was not clear whether these processes use the same
molecular pathway. To test this, we probed the beads incubated in
extracts in the presence of latrunculin A with anti-Arp3 antibodies
to detect the Arp3 protein, a component of the Arp2/3 complex
that is necessary for WA-dependent actin polymerization. As expect-
ed, the WA beads were stained by anti-Arp3 antibody after incuba-
tion in cell-free extracts. However, ActA-Pro beads did not have any
Arp3 staining, even though these beads were capable of producing
actin filaments (Fig. 3a). In contrast, WA beads were not stained by
anti-VASP antibodies, a protein that binds to the proline-rich
domains of ActA and of human zyxin, whereas ActA-Pro beads were
readily stained by this antibody (Fig. 3b). These results indicate that
ActA-Pro beads recruit actin by a mechanism that is independent of
the Arp2/3 complex and may require VASP. We also tested Arp3 and
VASP staining in the absence of latrunculin A to investigate the indi-
rect recruitment of these proteins by actin filaments (see
Supplementary Information). Although an almost identical result
was obtained with Arp3 antibody, VASP staining was significantly
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Figure 4 ActA-Pro-directed actin polymerization is independent of the
Arp2/3 complex. a, b, Beads (10 µm) coated with either WA (a) or ActA-Pro (b)
proteins were incubated in HeLa cell extracts that were supplemented with actin
conjugated to Alexa 568 (1 µM). The fluorescence signal was monitored by video
microscopy. WA beads were incubated in the presence of buffer only (circles), ActA-
Pro (1 mg ml–1; squares) or exogenous WA protein (1 mg ml–1; triangles) and the
recruitment of actin was monitored (a, top panel). The average fluorescent signals
after 1 h incubation and error bars are shown from measurements of at least 33

beads in each case (a, lower panel). Acta-Pro beads were incubated in the pres-
ence of buffer only (circles), WA protein (1 mg ml; triangles) or exogenous ActA-Pro
(1 mg ml–1; squares), and the recruitment of actin was monitored (b, top panel).
The average fluorescent signals after 1 h incubation and error bars are shown from
measurements of at least 33 beads in each case (b, lower panel). Note that ActA-
pro-directed actin polymerization can continue in the presence of WA protein that
competes for Arp2/3-dependent actin polymerization.
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Figure 5 ActA-Pro reduces actin polymerization at cell-adhesion sites. a,
b, Vero cells were permeabilized and then incubated with rhodamine–actin (0.4
µM) for 5 min in the absence (a) or presence (b) of ActA-Pro–GST (0.25 mg ml–1).
After fixation, cells were stained with FITC–phalloidin to visualize F-actin struc-
tures. In control cells, rhodamine–actin incorporated at sites that correspond to
focal adhesions and stress fibres (a). When cells were incubated in the presence
of ActA-Pro protein (b), actin incorporation at these sites was highly reduced.
Scale bar, 20 µm.
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increased with WA beads. To confirm that actin polymerization by
ActA-Pro beads was not dependent on the Arp2/3 complex, we
inhibited Arp2/3-dependent polymerization on WA-coated beads
by adding WA protein in solution to the extracts to compete with
WA beads for this complex. The WA domain of Scar protein can

compete with ActA for binding to the Arp2/3 complex, thereby
inhibiting Arp2/3-dependent actin polymerization at the surface of
L. monocytogenes25. In the presence of exogenous WA protein, no
actin polymerization was detected on WA beads, indicating that
Arp2/3-dependent actin polymerization had been inhibited

a b

c

A
nt

i-z
yx

in
A

nt
i-H

sp
60

M
er

ge
d

A
nt

i-z
yx

in
R

ho
da

m
in

e–
ac

tin
M

er
ge

d

Anti-zyxin Rhodamine–actin

C
on

tr
ol

+
 C

yt
oc

ha
la

si
n 

D

ZyxNt–Mito

ActA membrane anchor
(mito)

Zyx–Mito Zyx–Mito ZyxNt–Mito LIM–Mito

Figure 6 The proline-rich domain of zyxin mediates actin polymerization in
cells. DNA constructs used for transfection are represented above the fluores-
cence-microscopy images. a, Permeabilized HeLa cells transiently transfected with
Zyx–Mito were stained with anti-zyxin antibodies (top panel, green) or anti-hsp60
antibodies as a probe for mitochondria (middle panel, red). Insets, higher magnifica-
tion of cell areas highlighted by squares to show co-distribution of anti-zyxin and
anti-hsp60 labels (arrows). The lower panel represents a merged image of top and
middle panels. b, HeLa cells, transiently transfected and permeabilized, were incu-

bated with actin coupled with rhodamine (0.4 µm) for 5 min, fixed and labelled with
anti-zyxin antibodies. Top panels, zyxin staining (green); middle panels,
rhodamine–actin incorporation (red); lower panels, merged images. Note that
ZyxNt–Mito but not LIM–Mito co-distributes with rhodamine–actin label (arrows). c,
Vero cells transiently transfected with ZyxNt–Mito were pretreated with permeabi-
lization buffer for 3 min in the presence of 100 nM cytochalasin D, and then incu-
bated for 4 min in the presence of 0.4 µM rhodamine–actin and 100 nM cytocha-
lasin D. Scale bars, 5 µm.
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(Fig. 4a). However, ActA-Pro beads continued to polymerize actin
in the presence of WA protein, albeit at a reduced rate (Fig. 4b).
This is probably because WA-mediated actin polymerization in
solution reduces the G-actin pool available for actin polymeriza-
tion. Similarly, we measured the capacity of WA and ActA-Pro beads
to polymerize actin in the presence of exogenous ActA-Pro protein.
Under these conditions, ActA-Pro beads no longer polymerized

actin, whereas WA beads continued to polymerize, but less exten-
sively than in samples without any added protein (Fig. 4a). These
results indicate that ActA-Pro beads may polymerize actin by a
mechanism that is independent of the Arp2/3 complex.

The ActA-Pro subdomain, which displays actin-polymerization
properties in the bead assay, shares sequence and functional prop-
erties with the human zyxin protein. Latex beads coated with a

NATURE CELL BIOLOGY VOL 3 AUGUST 2001 http://cellbio.nature.com
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Figure 7 Zyxin-mediated actin polymerization is independent of the Arp2/3
complex. Aa–d, HeLa cells were co-transfected either with ZyxNt–Mito and
GFP–Arp3 (a) or GFP–p21 (c), or with ActA and GFP–Arp3 (b) or GFP–p21 (d). The
cells were fixed and examined for co-localization. Left panels, immunofluorescence
staining of zyxin or ActA (red); middle panels, GFP fluorescence; right panels,
merged images of left and middle images. Although no localization was observed

with ZyxNt–Mito (a, c, merged images), ActA at the mitochondria co-localizes with
components of the Arp2/3 complex (b, d, merged images). Inserts, higher magnifi-
cations of cell areas highlighted by squares to show co-distribution of ActA label
and GFP–Arp3 (b) or GFP–p21 (d) fluorescence. Ba, b, HeLa cells transiently trans-
fected with ZyxNt–Mito were treated as for Fig. 6B but with the addition of either
WA protein (1 mg ml–1; a) or ActA-Pro (1 mg ml–1; b).
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series of zyxin peptide fragments, isolated from recombinant bac-
teria as previously described26, were positive for actin polymeriza-
tion in cell-free extracts (data not shown). This result prompted us
to examine the actin-polymerization properties of zyxin in cells.
Zyxin and zyxin-related proteins such as LPP are enriched at focal
contacts, which are sites that display actin-polymerization activity.
To examine the proteins required for actin polymerization at focal
contacts in cells, we incubated permeabilized cells with actin
labelled with rhodamine in the presence of ActA-Pro protein (Fig.
5). In control cells, rhodamine–actin was incorporated into focal
adhesions and stress fibres, as visualized by double-staining of cells
with fluorescein isothiocyanate (FITC)–phalloidin (Fig. 5a).
Addition of ActA-Pro protein to permeabilized cells very much
reduced actin incorporation at these sites in 90% of the analysed
cells, although some staining was still visible along the plasma

membrane (Fig. 5b). These results indicate that some forms of cel-
lular actin polymerization are dependent on a protein that resem-
bles the protein ActA-Pro, of which the human protein zyxin is a
likely candidate. We tested this hypothesis by examining the role of
zyxin in actin polymerization in permeabilized cells.

To test the properties associated with actin polymerization of
zyxin, the protein was placed at the surface of mitochondria, away
from typical actin-rich sites in cells; this approach had been used to
study the interaction of α-actinin and zyxin26. Cells transfected
with cDNAs-encoding zyxin variants were permeabilized with
saponin and incubated with rhodamine G-actin. The localization
of full-length zyxin with a membrane anchor (Zyx–Mito) was con-
firmed by co-localization studies with Hsp60 protein, a compo-
nent of the outer membrane of mitochondria (Fig. 6a). Cells that
expressed zyx–Mito incorporated G-actin at the mitochondrial
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Figure 8 Zyxin-mediated actin polymerization is dependent on VASP. a–c,

HeLa cells transiently transfected with zyxNt∆50–Mito (a), zyxNt4A–Mito (b) or

zyxNt∆50/4A–Mito (c) were treated as for Fig. 6B. Upper panels, zyxin staining

(green); middle panels, rhodamine–actin incorporation (red); lower panels, merged

images. Arrows point to distinct mitochondrial structures that are covered by zyxin

variants.
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surface (Fig. 6b), whereas control cells did not (data not shown).
To identify the subdomains of zyxin that were responsible for actin
recruitment, we then expressed zyxin variants containing the N-
terminal domain (ZyxNt–Mito) or the three LIM domains of zyxin
(LIM–Mito). Only the cells that produced ZyxNt–Mito had actin
structures at the mitochondrial surface, indicating that the proline-
rich domain of zyxin may have actin-recruiting activity, which is
consistent with what was identified with the Act-Pro beads in cell-
free extracts. In experiments in which permeabilized cells were
incubated with 100 nM cytochalasin D, the incorporation of rho-
damine-labelled G-actin at the mitochondria was markedly
reduced (Fig. 6c), indicating that the production of F-actin was due
to polymerization rather than the recruitment of actin filaments. In
each case, the mitochondria that incorporated actin at their surface
were also stained by rhodamine-labelled phalloidin (in the absence
of rhodamine-labelled G-actin; data not shown), revealing that F-
actin was produced.

We then tested whether the Arp2/3 complex participates in the
incorporation of actin by mitochondrial-targeted zyxin. HeLa cells
were co-transfected with cDNAs-encoding ZyxNt–Mito and green
fluorescent protein GFP–Arp3 or GFP–p21, which are components
of the Arp2/3 complex, to enable the detection of the Arp2/3 com-
plex in cells. Under these conditions, neither GFP–Arp3 nor
GFP–p21 co-localized with ZyxNt–Mito (Fig. 7Aa, c), whereas the
Arp2/3 complex was detected by this method in cells in which ActA
was directed to the mitochondria (Fig. 7Ab, d). To confirm that
zyxin-dependent actin structures do not require the Arp2/3 com-
plex, we incubated cells with WA protein in the presence of actin
labelled with rhodamine to inhibit actin polymerization stimulated
by Arp2/3, as has been shown for L. monocytogenes. The incorpora-
tion of actin at the mitochondrial surface was not sensitive to WA
protein (Fig. 7Ba), indicating that zyxin-dependent polymerization
does not require the Arp2/3 complex, whereas the addition of
exogenous ActA-Pro protein blocked zyxin-dependent actin poly-
merization (Fig. 7Bb).

When zyxin is directed to mitochondria, it retains its capacity to
recruit α-actinin and VASP20,26. Therefore, to identify the molecular
mechanism by which ZyxNt–Mito generates actin structures, we
prepared a mutant, zynNt∆50–Mito, that abrogates the interaction
of zyxin with α-actinin, and a mutant, ZyxNt4A–Mito, that abro-
gates the interaction of zyxin with VASP20,26. These mutants were
tested for their capacity to polymerize actin at the mitochondrial
surface. The ZyxNt∆50–Mito protein, in which the α-actinin-bind-
ing site is absent, did not recruit α-actinin but still retained its
capacity to polymerize actin (Fig. 8a). In contrast, the variant
ZyxNt4A–Mito, which does not recruit VASP, did not polymerize
actin, indicating that the interaction between zyxin and VASP is
necessary for actin-polymerization activity (Fig. 8b). The variant
ZyxNt4A–Mito recruited F-actin through its α-actinin activity but
this did not stimulate G-actin incorporation. In a subsequent test
with a zyxin variant, ZyxNt∆50/4A–Mito, in which both α actinin-
and VASP-binding sites are compromised, actin structures were not
found at mitochondrial surfaces after either phalloidin-staining
(data not shown) or incorporation of G-actin (Fig. 8c). These
results were consistent with a role for VASP and zyxin in cellular
actin polymerization.

Discussion
The 380 amino acids at the N-terminal domain of zyxin has sever-
al biochemical and cell biological properties in common with the
carboxy-terminal proline-rich domain of ActA, known as ActA-
Pro10,19. When placed on beads and added to cell-free extracts,
ActA-Pro creates new actin structures by a mechanism that is inde-
pendent of the Arp2/3 complex. Even though it is known that ActA
polymerizes actin on beads27,28, it has been assumed that all actin-
polymerization activity arises from the 234 amino acids at the N ter-
minus of ActA through its interaction with the Arp2/3 complex29,30,

presumably in a WASP-like manner25. On the basis of the data
described here, we propose that ActA-Pro polymerizes actin in a
manner that is distinct from the N terminus of ActA. Therefore,
ActA is composed of two rather than one actin-polymerization
systems.

We do not know how these two polymerization systems are
integrated; however, analysis of L. monocytogenes ActA mutants, in
which the ActA-Pro subdomain is eliminated or sequentially delet-
ed, reveals that both systems are required for maximum bacterial
movement and virulence21,22,28,31. There are other data that would fit
better with a model that predicts two actin-polymerization systems
present in ActA. The origin of long, unbranched filaments in L.
monocytogenes comets32, including comets present in cell protru-
sions33 might be better explained by a second polymerization sys-
tem operating in addition to the Arp2/3 complex that generates
highly branched filaments8,34. By analogy to the ActA system, such
filaments may originate from an ActA-Pro-like system of actin
polymerization.

The common polymerization properties found with ActA-Pro
or zyxin on beads strongly supports the prediction that a zyxin-
dependent actin polymerization might be present in eukaryotic
cells35. Furthermore, ActA-Pro disrupted actin recruitment at focal
adhesion plaques, which is consistent with a specific role for zyxin
in actin polymerization. Zyxin placed at the surface of mitochon-
dria polymerized actin in a VASP-dependent manner which was
not sensitive to the Arp2/3 complex. Although zyxin also recruited
actin filaments through its interaction with α-actinin, as was
reported elsewhere26, this type of recruitment did not account for
polymerization as the filaments were not marked by
rhodamine–actin during the time course of the assay36. Although it
has been reported that VASP binds to F-actin in vitro at very low
salt conditions37, it is improbable that the VASP-dependent actin
polymerization that we report here corresponds to binding of F-
actin. F-actin structures dependent upon VASP were marked by
rhodamine–actin, whereas F-actin structures dependent upon α-
actinin were not, showing that this assay can distinguish between
polymerization of F-actin (VASP-dependent) and recruitment of
F-actin (α-actinin dependent). In view of the capacity of zyxin to
organize preformed filaments26,36 and to polymerize new filaments
as shown here, it follows that zyxin is important for coordinating a
subset of F-actin structures in cells20. It remains to be determined
whether VASP-dependent actin polymerization occurs through
nucleation or uncapping of actin filaments.

We showed that WA-directed actin polymerization is distinct
from ActA-Pro- or zyxin-directed polymerization by using
immunolocalization and inhibition studies. In cells, however, these
two systems are probably coordinated through signalling pathways
or by the participation of associated proteins. One protein that is
common to both systems is profilin that interacts with actin38,
VASP39 and the Arp2/3 complex40. The two systems may also inter-
act in a structural manner, with one type of actin filament con-
tributing to the production of other types of actin filaments.
Although it has not been tested directly, Arp2/3-dependent actin
polymerization is enhanced by the addition of non-branched actin
filaments, which presumably originate from other F-actin-organiz-
ing systems41.

The identification of a zyxin system of actin polymerization
supports the concept of ‘cellular actin polymerization’, which is dis-
tinct from polymerization of pure actin in vitro. We propose that
cellular actin polymerization unlocks the molecular mechanisms
that block the inherent capacity of actin to polymerize in a concen-
tration-dependent manner. For proper cell function, cellular actin
polymerization is probably tightly regulated at four levels: location,
filament organization, timing and rate. One of the main cellular loca-
tions of zyxin is at focal contacts3, which do not stain positive for the
Arp2/3 complex1. The organization of F-actin at these sites is distinct
from that of the branched filaments at the leading edge of cells. We
would thus predict that zyxin-dependent actin polymerization
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would produce filaments in an arrangement similar to the parallel
filaments that have been identified in L. monocytogenes comets.
Unlike cytokinesis, or the production of a lamellipodia, the timing
of actin structures that require zyxin is not yet well defined.
However, in experiments in which new actin structures are pro-
duced, such as during cell spreading, zyxin/VASP interaction seems
to be important20. It has been observed that actin is recruited more
readily at the leading edge than at focal adhesion sites in cells.
Nonetheless, even if the rate of actin turnover with a zyxin-depend-
ent system is slow relative to the Arp2/3/WASP system, as zyxin is
present at 106–107 copies depending on the cell type, it is a major
actin polymerization unit42.

By examining ActA-pro and zyxin in cell-free and cell-based
assays, we were able to attribute a new cell-like actin-polymerizing
activity to these proteins. The identification of this system indicates
that cells might contain many actin-polymerization systems, each
being responsible for a particular type of actin structure. To under-
stand how the actin cytoskeleton functions in cells, it will be neces-
sary to identify the contribution of each system. Furthermore, the
simple assays described here can be used to study other candidate
proteins of the actin cytoskeleton, and to identify novel inhibitors
of each type of cellular actin polymerization.

Methods
Cell culture.
The human cervix carcinoma HeLa cell line (ATCC CCL-2) and the monkey kidney fibroblastic Vero

cell line were grown in DMEM supplemented with 2 mM glutamine and 10% fetal calf serum (with

10% CO2 at 37 °C) on plastic dishes or in suspension.

Plasmid constructs.
Zyxin constructs were inserted into the pUHD10–3 vector, placing zyxin sequences in frame with a

sequence encoding the 9E10 myc epitope tag (for Nter constructs) and a 3′-located sequence encoding

the membrane anchor of ActA (LILAMLAIGVFSLGAFIKIIQLRKNN; kindly provided by P. Cossart).

Zyx–Mito, ZyxNt–Mito, ZyxNt∆50–Mito and LIM–Mito encode the amino acids 1–572, 1–380, 51–380

and 332–572 of zyxin, respectively. ZyxNt4A–Mito and ZyxNt∆50/4A–Mito encode the same protein

as ZyxNt–Mito and ZyxNt∆50–Mito, respectively, with four codons changed from phenylalanine to

alanine in VASP-binding sites. ZyxNt–Mito and ZyxNt4A–Mito constructs have been described20. The

expression of all zyxin variants was confirmed by western blotting (data not shown). GST–WA was

prepared by amplifying by polymerase chain reaction a DNA fragment encoding the amino acids

404–502 of human WASP (kindly supplied by P. Chavrier), and subcloning into pGEX-2T plasmid.

The sequence encodes 226 amino acids of GST in frame with the amino acids 404–502 of WASP fol-

lowed by the sequence EQKLISEEDL, which is recognized by the anti-Myc antibody 9E10. GST–ActA-

Pro was prepared and purified as described12.

Actin-polymerization bead assays.
Polystyrene beads (Polysciences) of 0.5-, 1.0- and 10-µm diameters were coated with either GST–WA

or GST–ActA-Pro proteins to saturation according to the manufacturer’s protocol. Protein binding was

confirmed by staining the beads with anti-GST antibody or anti-Myc 9E10 antibody (data not shown).

Before use, the coated beads were washed, resuspended and stored in PBS on ice. For video-

microscopy experiments, beads were used within 12 h after preparation. Extracts were prepared from

HeLa cells in a manner similar to that described for platelet, although cells were lysed by shearing in a

cell cracker43. Typically, 1010 cells were used to make 12 ml of extract at 17 mg ml–1. The concentration

of total actin in extracts was measured by quantitative western blotting as described42. The primary

antibody was anti-human β-actin (Sigma) used in tenfold excess over manufacturer’s suggestion. The

secondary actin antibody was anti-mouse Cy5-coupled antibody (Jackson Laboratories) used also in

tenfold excess. Actin standards, which were loaded on the same gels as the extracts, were prepared from

human-platelet actin (Cytoskeleton) and were measured spectrophotometrically at 290 nm in G-actin

buffer, assuming an extinction coefficient of 0.63 ml mg–1 cm–1. The total amount of actin in the

extracts was 19.1 µM (0.8 mg ml–1 in extracts of 17.0 mg ml–1).

1% solid suspension (0.5 µl) was mixed to HeLa cell-free extracts (15 µl) supplemented with ATP

(1 mM), creatine phosphate (30 mM) and actin coupled to rhodamine or Alexa 568 on lysine residues

(1 µM (5% of total actin); Molecular Probes). 1.5 µl of PBS, GST–WA (1 mg ml–1) or GST–ActA-Pro

(1 mg ml–1) were added to the extracts. The final mixtures (6 µl) were squashed on coverslips, sealed

and observed by phase-contrast and fluorescence microscopy. In some experiments, cytochalasin D

(final concentration, 2 µM), latrunculin A (final concentrations, 0.1–12 µM), or rhodamine-labelled

phalloidin (final concentration, 1 µM) in the absence of fluorochrome-labelled actin were added.

Recruitment of specific proteins was detected by incubation of the beads in extracts. In some experi-

ments the extracts were supplemented with 2.5 µM latrunculin A to inhibit actin polymerization. Arp3

was detected by an affinity-purified anti-Arp3 antibody (a gift from E. Gouin and P. Cossart). Anti-

VASP antibody (V40620) was purchased from Transduction Laboratories. Beads were stained with var-

ious antibodies as follows: anti-Arp3 antibody (10 µg ml–1); anti-VASP antibody (1/50 dilution); anti-

myc 9E10 antibody (1/10 dilution). Beads were washed with 0.2% Triton-X100 and 0.1% BSA in PBS

(pH 7.0) before and after addition of secondary antibodies. For observation, 3 µl of suspension con-

taining beads were loaded onto glass slides, coated with a coverslip, sealed with vasoline and observed

by fluorescence microscopy. Identical exposure times were used to acquire images of beads stained

with the same antibodies. To observe actin recruitment over time, preparations were incubated in the

dark at 20 °C for 1 h. Samples were observed by fluorescence microscopy with an inverted video

microscope that provides linear signal (microscope, Leica DM IRBE, GmbH, BP 2040; lens, Leica

immersion oil, × 100; camera: micromax model RTE/CCD-1300-Y, Princeton Instruments), and were

analysed with MetaMorph version 3.51 software. Beads were illuminated for one second and signals

(rhodamine–actin) from the images integrated after subtraction of the background. For graphs of

actin dynamics, one bead was illuminated 1 s every 3 min; the first image was acquired 2 min after

adding beads to the extracts containing 1 mg ml–1 of either GST–WA or GST–ActA-Pro. At least 30

beads were observed for all experiments, and all the observed beads were chosen in the centre of the

slides.

Transfections.
DNAs encoding fusions of full-length zyxin or zyxin variants with the ActA membrane anchor were

transfected using the calcium phosphate DNA-precipitation method. pUHD 10-3 vector (2 µg), in

which expression of the cDNA is under the control of a minimal promoter, were co-transfected with

pUHD15–1 plasmid (2 µg) which encodes the tetracycline-dependent transactivator tTAs. Cells were

analysed 24–48 h after addition of DNA. GFP–p21 and GFP–Arp3 cDNAs were a gift from L.

Machesky.

Permeabilization assay.
Transfected HeLa or Vero cells were permeabilized for 2 min with 50 µl of permeabilization buffer (10

mM HEPES, pH 7.7, 100 mM KCl, 1 mM MgCl2, 0.1 mM CaC12, 50 mM sucrose, 0.6 mg ml–1 saponin,

1 mM ATP), and then for 5 min in the same buffer containing 0.4 µM rhodamine–actin labelled on

lysine residues44. Cytochalasin D (100 nM; Sigma) or proteins were added in the permeabilization

buffer as indicated.

Analysis of cells by epifluorescence and confocal laser-scanning
microscopy.
Permeabilized cells were processed for immunofluorescence as described45. Texas-red phalloidin was

used to visualize F-actin (Molecular Probes) and anti-Hsp60 (provided by C. Koehler) to visualize

mitochondria. The affinity-purified anti-zyxin antibody was raised against a peptide derived from

human zyxin (YAQQREKPRVEK). Cy2-coupled goat anti-rabbit and Texas-red-coupled goat anti-

mouse IgG antibodies were purchased from Jackson ImmunoResearch Laboratories. Labelled cells

were analysed by epifluorescence or by confocal laser-scanning microscopy (Leica TCS4D). To com-

pare incorporation of rhodamine–actin under various experimental conditions in cells, images were

acquired by using equal exposure times (0.4 s) and a linear CCD (charge-coupled device) camera

(Princeton Instruments).
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Figure S1 Effect of cytochalasin D on the ATPase activity of actin during
polymerization. The ATPase activity of actin (10 µM) was measured following a
modification (Melki et al. Biochemistry 35,12038–12045; 1996) of a procedure ini-
tially developed by Web (Proc. Natl Sci. USA 89, 4884; 1992). This method con-
sists in quantifying Pi release with an enzymatic reaction (EnzChek phosphate assay
kit, Molecular Probes). Monomeric actin in G-buffer (see Methods section) was
passed over a spin column (Biorad) to remove free nucleotides and then charged

with MgCl2. Cytochalasin D (CD, 2 µM) in ethanol (circles) or ethanol alone (squares)
was added immediately after addition of 1 mM MgCl2 and 100 mM KCl to induce
actin polymerisation. Absorbance was measured at 360 nm (A360) in function of
time. As determined with a Pi standard, the arbitrary value 100 corresponded to 6
nmoles of Pi per ml. Note that in the presence of KCl, cytochalasin D has very little
effect on the initial rate of actin ATPase activity.

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0
0 5 10 15 20

1.4

1.2

1

0.8

0.6

0.4

0.2

0
0 5 10 15 20

a b

LatA concentration in extract LatA concentration in cell extract

Figure S2 Inhibition of actin polymerization on the surface of WA or ActA-
Pro-beads by increasing concentrations of latrunculin A. Beads covered with
WA (a) or ActA-Pro (b) were incubated in HeLa cell extracts supplemented with 0.5
µM Alexa 568–actin in the presence of increasing concentrations of latrunculin A

(Lat A). Quantification of Alexa 568 fluorescence was performed from images
acquired with a linear CCD camera at equal exposure times (see Methods). 10
beads per latrunculin A concentration were analysed. Mean deviations are given.
The background fluorescence was not subtracted.
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Figure S3 Quantification of fluorescence associated with WA or ActA-Pro
beads immunostained for VASP or Arp3 in the absence of latrunculin A.
ActA-Pro or WA beads were incubated in HeLa cell extracts, and immunostained for
VASP or Arp3. Control, no primary antibody. Quantification of fluorescence was per-

formed from images acquired with a linear CCD camera at equal exposure times
(see Methods). 10 beads per experimental condition were analysed. Mean devia-
tions are given.
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