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ABSTRACT Lamellipodia are sheet-like protrusions formed during migration or phagocytosis 
and comprise a network of actin filaments. Filament formation in this network is initiated by 
nucleation/branching through the actin-related protein 2/3 (Arp2/3) complex downstream of 
its activator, suppressor of cAMP receptor/WASP-family verprolin homologous (Scar/WAVE), 
but the relative relevance of Arp2/3-mediated branching versus actin filament elongation is 
unknown. Here we use instantaneous interference with Arp2/3 complex function in live fibro-
blasts with established lamellipodia. This allows direct examination of both the fate of elon-
gating filaments upon instantaneous suppression of Arp2/3 complex activity and the conse-
quences of this treatment on the dynamics of other lamellipodial regulators. We show that 
Arp2/3 complex is an essential organizer of treadmilling actin filament arrays but has little 
effect on the net rate of actin filament turnover at the cell periphery. In addition, Arp2/3 
complex serves as key upstream factor for the recruitment of modulators of lamellipodia 
formation such as capping protein or cofilin. Arp2/3 complex is thus decisive for filament or-
ganization and geometry within the network not only by generating branches and novel fila-
ment ends, but also by directing capping or severing activities to the lamellipodium. Arp2/3 
complex is also crucial to lamellipodia-based migration of keratocytes.

INTRODUCTION
The actin cytoskeleton is fundamental for establishment and main-
tenance of forces in both individual cells and cell sheets or tissues 
and organizes into various structural arrays optimized for exerting 
specific functions. Migration is commonly initiated by the protrusion 
of sheets of cytoplasm, so-called lamellipodia, which are filled with 
networks of actin filaments, the structure, dynamics, and turnover of 
which have been extensively studied over decades (Pollard and 
Borisy, 2003; Ridley, 2011; Rottner and Stradal, 2011; Svitkina, 2013). 
Lamellipodia and the structurally related membrane ruffles are com-
mon to a variety of migrating cell types, ranging from epithelial cells 
to neurons, but are also used, for example, as structures mediating 
the engulfment of extracellular material as in professional phago-
cytes (Hall, 2012).
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RESULTS
Injection of C -terminus of WAVE proteins harboring WH2, 
connector, and acidic domains causes instantaneous 
lamellipodia disruption and Arp2/3 complex delocalization
Lamellipodia formation was previously suppressed by transient 
(Steffen et al., 2006; Nicholson-Dykstra and Higgs, 2008) or stable 
(Wu et al., 2012) knockdown of Arp2/3 complex subunits or Arp2/3 
sequestration in the cytosol expressing C-terminal Arp2/3-interact-
ing fragments of WAVE1 (formerly called Scar1; Machesky and 
Insall, 1998). In addition, analysis of fibroblasts lacking the Arp2/3 
complex subunit ArpC3 has recently proved the crucial function of 
the complex in lamellipodia formation (Suraneni et al., 2012). These 
studies, however, could not determine whether Arp2/3 complex is 
required solely for lamellipodia initiation or also their maintenance. 
Moreover, such long-term treatments might cause changes in ex-
pression patterns or signaling status of treated cells that could also 
indirectly affect protrusion, exemplified by increased RhoA levels 
observed upon Arp2/3 complex knockdown in neuronal cells 
(Korobova and Svitkina, 2008).

To directly probe the potential function of Arp2/3 complex in 
continuous protrusion of established lamellipodia in fibroblasts, we 
performed video microscopy of cells expressing constitutively active 
Rac1, before and after microinjection with Rac1 alone or mixtures of 
Rac1 and the C-terminus of WAVE proteins harboring WH2, connec-
tor, and acidic domains (WCA) of WAVE1 (see experimental strategy 
in Figure 1A). Based on long-term expression of the same fragment 
upon transfection (Machesky and Insall, 1998), it was expected to 
potently sequester Arp2/3 complex in the cytoplasm and thus cause 
its instantaneous, competitive removal from its physiological sites of 
action. Coinjection of constitutively active Rac1 was used to ensure 
continuous signaling required for lamellipodia protrusion (Figure 
1B) and exclude loss of peripheral protrusions due to Rac signaling 
defects or nonspecific injection artifacts.

WCA/Rac injections robustly and reproducibly transformed pe-
ripheral lamellipodia into multiple, filopodia-like protrusions within 
minutes (Figure 1B; see also Supplemental Movie S1), and loss of 
lamellipodia was stable in these cells up to several hours (data not 
shown). These data confirm that Arp2/3 complex activity is required 
for lamellipodia maintenance, as indicated previously by its continu-
ous incorporation from the lamellipodium tip (Iwasa and Mullins, 
2007; Lai et al., 2008). To confirm that WCA/Rac affected Arp2/3 
complex accumulation at the cell periphery, we injected cells coex-
pressing enhanced green fluorescent protein (EGFP)–tagged ArpC5, 
also known as p16B (Millard et al., 2003). WCA/Rac diminished 
Arp2/3 complex accumulation at the cell periphery, whereas control 
injections with Rac alone did not (Figure 1C). To test whether WCA 
injections might cause less specific interference with actin assembly 
than originally intended, for instance, through actin monomer se-
questration effected by the W domain present in the WCA frag-
ment, we used ectopic actin polymerization activated on the surface 
of microtubules, allowing comparison of the actin assembly capa-
bilities of distinct nucleation mechanisms (Oelkers et al., 2011). 
WCA injections interfered with Arp2/3-dependent actin accumula-
tion on microtubules but not with actin assembly induced by the 
nucleation domain of Spir (Spir-NT; Supplemental Figure S1).

To exclude that phenotypes observed were solely due to ectopic 
Arp2/3 activation instead of sequestration, we explored the effect of 
the C-terminus lacking the WH2 domain (CA), as the WH2 domain 
is considered essential for delivering actin monomer to Arp2 and 
Arp3 during nucleation (Campellone and Welch, 2010). Although 
one study detected a weak, additional actin-binding activity in the C 
domain of Scar1 (Kelly et al., 2006), previous data indicated 

Recent progress indicates that actin filaments that build lamelli-
podial networks are mostly generated through nucleation or branch-
ing effected by actin-related protein 2/3 (Arp2/3) complex (Steffen 
et al., 2006; Nicholson-Dykstra and Higgs, 2008; Suraneni et al., 
2012; Wu et al., 2012), but other potential actin filament nucleators, 
such as formins or WH2-domain–containing proteins, have also 
been implicated in regulating different aspects of protrusion (Ahuja 
et al., 2007; Yang et al., 2007; Zuchero et al., 2009).

Arp2/3 complex activation in lamellipodia is believed to be 
mediated by pentameric WASP-family verprolin homologous 
(WAVE) complex, harboring interaction surfaces for both ras-
related C3 botulinum toxin substrate (Rac; Sra-1/PIR121) and 
Arp2/3 complex. Consistent with this view, RNA interference 
(RNAi)–mediated knockdown of individual WAVE complex sub-
units suppressed lamellipodia formation and membrane ruffling in 
various systems, including mammalian and Drosophila cells (Kunda 
et al., 2003; Rogers et al., 2003; Innocenti et al., 2004; Steffen 
et al., 2004). The critical function of WAVE complex in lamellipodia 
formation downstream of Rac also fits the lack of phenotype in 
lamellipodia formation upon genetic removal of the prominent 
Arp2/3 activator and Cdc42 effector neural Wiskott–Aldrich syn-
drome protein (N-WASP; Lommel et al., 2001; Snapper et al., 
2001) or the association of related Arp2/3 activators, WHAMM 
and WASH complex, with other subcellular structures (Campel-
lone et al., 2008; Rottner et al., 2010; Carnell et al., 2011; Duleh 
and Welch, 2012; Gomez et al., 2012). That Dictyostelium WASP 
can compensate for suppressor of cAMP receptor (Scar)/WAVE 
loss of function might indicate less strict functional separation in 
this distant eukaryote between Scar/WAVE and WASP proteins 
(Veltman et al., 2012).

Although all these data speak for a linear pathway of lamellipo-
dia formation, at least in mammalian cells, from activation of Rac to 
Arp2/3-mediated branching via WAVE complex, it has been unclear 
whether WAVE complex contributes to lamellipodia protrusion 
solely through WAVE-mediated Arp2/3 activation or through poten-
tial additional mechanisms, due—last but not least—to the lack of a 
genetic model system to eliminate the entire WAVE complex in 
mammalian tissue culture cells. Thus the recently described Arp2/3-
knockout phenotype cannot currently be compared with cells lack-
ing WAVE complex (Suraneni et al., 2012).

Furthermore, dissection of the relative contributions of all of 
these factors to lamellipodium protrusion is even more challenging 
if we distinguish between their roles in initiation versus maintenance 
of lamellipodia (Rottner and Stradal, 2011). For instance, we are just 
beginning to understand the precise consequences for actin fila-
ment generation and turnover of abrupt Arp2/3 complex inhibition 
in lamellipodia: in neuronal growth cones, an exciting study showed 
that treatment with the small-molecule inhibitor CK666 (Nolen et al., 
2009) causes increased rearward flow rates that depended on myo-
sin II (Yang et al., 2012). It remained unclear, however, whether the 
inverse relationship between myosin II and Arp2/3 activities in pro-
trusion is specific to growth cones or is a more common phenome-
non in actin-based protrusion.

Here we use various experimental protocols to dissect Arp2/3 
complex function in fibroblasts harboring established lamellipodia, 
allowing direct analysis of changes in actin dynamics independent 
of lamellipodia initiation by Rac and thus uncoupled from upstream 
regulatory inputs, for instance, through growth factor or integrin re-
ceptor signaling. We also explore the consequences of interference 
with Arp2/3 complex function for targeting and kinetics of other 
lamellipodial regulators and during the lamellipodia-mediated mi-
gration of melanoma cells and keratocytes.
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WCA-induced actin assembly in pyrene as-
says (see later discussion of Figure 7B). It is 
conceivable that establishment of multiple 
interactions with Arp2/3 complex, through 
CA and indirectly through interaction of W 
with actin, will increase the potency of se-
questration by WCA, so for further experi-
ments, we focused on the entire C-terminus 
(WCA).

Arp2/3 complex sequestration does 
not eliminate actin assembly but 
reduces rearward flow
To explore the consequences of Arp2/3 
complex sequestration on dynamics of the 
peripheral actin cytoskeleton, we performed 
live-cell imaging of cells transiently coex-
pressing active Rac and Lifeact-EGFP (Figure 
2 and Supplemental Movie S2). As shown, 
the bright rim of lamellipodial actin network 
rapidly vanished upon Rac/WCA injection 
and was replaced by filopodial bundles em-
bedded in actin meshworks of lower inten-
sity. Kymograph analysis allowed determi-
nation of flow rates of actin networks before 
and after injection of respective protein mix-
ture, as indicated (Figure 2B). Flow rates in 
the absence of net protrusion can be 
equated with actin assembly rates in lamel-
lipodial networks (Watanabe and Mitchison, 
2002), but it is unclear to what extent actin 
branching by Arp2/3 complex affects actin 
assembly and thus flow rates of the network 
in fibroblast lamellipodia. Of interest, injec-
tion of Rac alone slightly reduced rearward 
flow of the actin network, for reasons that 
remain to be established, but upon WCA/
Rac injections, flow rates were diminished 
down to roughly one-fourth of the levels be-
fore injections. Of note, these rates were 
identical to those seen in lamella regions 
proximal to the lamellipodium of nonin-
jected cells (no mi lamella, Figure 2C). These 
data emphasize the relative importance of 
Arp2/3-mediated actin branching for main-
taining rapid actin network flow in the 
lamellipodium.

Arp2/3 complex is essential for actin 
treadmilling at the cell periphery
In spite of a reduction of flow rate and loss 
of canonical lamellipodia upon Rac/WCA 
injection, the actin network seemed to be 
fueled by continuous polymerization from 

the membrane, suggesting that actin turnover is still governed by 
treadmilling from the tip, as seen in lamellipodia networks (Wang, 
1985; Iwasa and Mullins, 2007; Lai et al., 2008).

To test this directly, we performed fluorescence recovery after 
photobleaching (FRAP) analysis upon injections in cells coexpress-
ing EGFP-actin (Figure 3). Rac-alone control–injected cells displayed 
actin assembly from their tips in a treadmilling regime, as previously 
seen in fibroblasts coexpressing active Rac1 and EGFP-actin 

negligible activity concerning Arp2/3 activation of CA fragments us-
ing pyrene-actin assays (Hufner et al., 2001; Marchand et al., 2001), 
as confirmed in our experiments (see later discussion of Figure 7A). 
When injecting mixtures of Rac with the CA fragment of WAVE1, we 
observed a similar transformation of the cell periphery from lamelli-
podia to filopodia (Figure 1D). CA was less potent than WCA, how-
ever, and required higher protein concentrations, fully consistent 
with the partial and concentration-dependent competition with 

FIGURE 1: Microinjection of WCA/Rac causes Arp2/3 complex sequestration and a shift from 
lamellipodia to filopodia formation. (A) The strategy used in this study. 1) Expression of 
constitutively active Rac1 leads to lamellipodia formation, presumably via activation of WAVE- 
and Arp2/3 complexes. 2) On microinjection, WCA of WAVE1 binds and sequesters the Arp2/3 
complex in the cytoplasm. (B) Frames of phase contrast microscopy videos of NIH3T3 cells 
expressing constitutively active Rac1 and microinjected with active Rac1 as control (top) or a 
mixture of WCA and active Rac1 (bottom). Time is given in minutes and seconds. Bars, 5 μm. 
See also Supplemental Movie S1. (C) Fluorescence (left) and phase contrast (right) video frames 
of NIH3T3 cells transfected with constitutively active Rac1 and pEGFP-p16B before and after 
Rac1 (top) or WCA/Rac1 (bottom) microinjection (5 min, 29 s, and 5 min, 32 s, for Rac1 and 
WCA/Rac1, respectively). Bar, 3 μm. Right, graphs showing line scans of fluorescence intensities 
in regions as indicated. (D) Frames of phase contrast movie of NIH3T3 cells coexpressing 
constitutively active Rac1 and EGFP-actin (see also Figure 7D later in the paper) before and after 
microinjection with a mixture of CA and active Rac1. Time in minutes and seconds. Bar, 5 μm.
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Our data also suggest that Arp2/3 com-
plex inhibition is sufficient to transform 
lamellipodia into lamella-like networks, sup-
ported by the notion, for instance, that mi-
crospike bundles turn over actin filaments in 
a nontreadmilling regime as soon as they 
are uncoupled from the lamellipodium tip 
and enter the lamella (Koestler et al., 2008). 
This view is also consistent with identical 
flow rates observed in the lamella of nonin-
jected cells and peripheral actin networks 
after WCA/Rac injection (Figure 2C).

Acute Arp2/3 complex inhibition 
reduces filament and branching 
density
The presence of actin filament branches in 
lamellipodia was first described using metal 
shadowing electron microscopy (Svitkina 
et al., 1997; Svitkina and Borisy, 1999). Elec-
tron tomography of negatively stained 
lamellipodia has more recently shown that 
branches connect subsets of actin filaments 
within the three-dimensional network, with 
variable distances between branches and an 
average branching frequency—at least in 
the front part of 3T3 cell lamellipodia—of 
approximately one branch/0.8 μm of actin 
filament (Vinzenz et al., 2012). Branching 
frequency, however, had not been directly 
correlated with Arp2/3 complex activity. We 
injected cells with Rac alone or WCA/Rac 
during video microscopy (not shown) and 
fixed and subjected them to electron to-
mography. Figure 4A shows a representa-
tive example (right) of the actin network re-
organization caused by Arp2/3 complex 
inhibition as compared to control (left) (see 

also Supplemental Movie S4). Most apparent at first glance is a 
strong increase in filaments running approximately parallel to the 
cell edge at the expense of more-diagonal filaments, a distribution 
roughly inverse to the control cell situation (left; insets in Figure 4A). 
Manual as well as automated tracking of the trajectories of individ-
ual filaments (Winkler et al., 2012) in these tomograms indicated a 
modest decrease in average filament density (Figure 4A and data 
not shown). More important, branch quantitation in tomograms (red 
dots in tomogram projections in Figure 4A) upon Rac/WCA injection 
revealed branch numbers per lamellipodial area to be reduced to 
almost one-third of the numbers obtained in controls (Figure 4B). 
Considering the decrease in rearward flow rates by a factor of three 
to four (Figure 2C), we estimate a residual branching frequency in 
these conditions at the lamellipodium tip of ∼10% of that in control 
cells. We also sought to explain the absence of actin network tread-
milling upon Arp2/3 inhibition (Figure 3), which in theory could be 
caused by increased nucleation throughout the lamellipodium or 
loss of filament polarization to the front routinely observed in con-
trol lamellipodia (Small et al., 1978; Narita et al., 2012). Owing to 
detailed structural information available for branch junctions, for in-
stance, obtained by electron microscopy both in vitro (Mullins et al., 
1998; Rouiller et al., 2008) and in vivo (Svitkina and Borisy, 1999; 
Vinzenz et al., 2012), it is possible to determine the polarities of both 
daughter and mother filaments from the angular orientation of the 

(Lai et al., 2009). Unexpectedly, and in spite of continuous flow from 
the front, network treadmilling was lost upon Arp2/3 complex se-
questration (Figure 3 and Supplemental Movie S3). We previously 
showed (Lai et al., 2008) that fluorescence recovery times in control 
cells are typically doubled in the rear part of the lamellipodium com-
pared with the front (Figure 3B). This feature was virtually lost upon 
Arp2/3 complex inhibition (Figure 3C), and fluorescence recovery 
times in both front and rear regions of the zone previously occupied 
by a lamellipodium were similar to those of the front half of control 
lamellipodia (Figure 3, B and C). This indicated that the average 
actin polymerization rate (assumed to be key determinant of actin 
fluorescence recovery in these experiments) was mostly unchanged 
in the region corresponding to the lamellipodium front before injec-
tion and even increased (roughly by a factor of two) in that corre-
sponding to the lamellipodium rear. In other words, net actin polym-
erization appeared not reduced, in spite of inhibition of a decisive 
actin filament nucleator at the cell periphery. These data indicate 
that Arp2/3 complex activity at the tip membrane of established, 
continuously protruding lamellipodia is less relevant for maintaining 
the number of growing filament ends than previously believed but 
is essential instead for biasing filament growth to the front. This ac-
tivity can be equalized to inhibition of nucleation and polymeriza-
tion in rear parts of canonical lamellipodia, constituting an essential 
prerequisite of lamellipodial actin network treadmilling (Figure 3).

FIGURE 2: Sequestration of Arp2/3 complex diminishes lamellipodial actin networks and 
reduces peripheral actin flow to lamella levels. (A) NIH3T3 cell transfected with constitutively 
active Rac1 and EGFP-Lifeact to visualize actin before and after microinjection of WCA/Rac1. 
Bar, 3 μm. See also Supplemental Movie S2. (B) Examples of kymograph measurements of 
peripheral regions of NIH3T3 cells transfected with constitutively active Rac1 and EGFP-tagged 
Lifeact or actin before and after injection of Rac1 (top) or WCA/Rac1 (bottom). Numbered black 
lines are examples of individual measurements; arrows indicate time points of injection. 
(C) Results of kymograph analysis of rearward flow at the cell edge or lamella of uninjected (no 
mi lamella), Rac1-injected, and WCA/Rac1-injected cells. Error bars, SEM. n, number of individual 
measurements from 12 (no mi), 7 (+ Rac), 13 (+WCA/Rac), and 8 (no mi lamella) independent 
cells. Flow rates in WCA/Rac-injected cells (cell edge) were confirmed not to be statistically 
different from those in the lamella of noninjected cells (no mi lamella; p < 0.57).
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with WCA/Rac, EGFP-tagged myosin light 
chain accumulated exclusively in patches 
along stress fibers and in the lamella but not 
in the lamellipodium (Figure 5A and Supple-
mental Movie S5). Soon after Arp2/3 com-
plex sequestration, however, nascent myo-
sin patches started to form at the cell edge, 
distal to the lamellipodium–lamella bound-
ary before injection (Figure 5B), indicating 
that the ultrastructural rearrangements of 
the actin network by this treatment was suf-
ficient to allow myosin incorporation. Quan-
tifications revealed a >10-fold increase in 
the presence of myosin spots upon Arp2/3 
complex inhibition in regions classified as 
lamellipodia before injections (Figure 5C). 
These data, together with recently pub-
lished work (Reymann et al., 2012), suggest 
that Arp2/3 complex might counteract myo-
sin II function, as established recently for 
neuronal growth cones (Yang et al., 2012), 
through generation of actin networks lack-
ing filaments of opposite polarity.

Protrusion regulators show specific 
and distinct dependence on Arp2/3 
complex activity
We next explored the molecular conse-
quences of Arp2/3 complex loss of function 
for a panel of lamellipodial or filopodial reg-
ulators (Figure 6 and Supplemental Movie 
S6). As expected, we found a strong associ-
ation with filopodia of the actin-bundling 
protein fascin both before and after interfer-
ence with Arp2/3 complex function, con-
firming that the bundled protrusions in-

duced upon Arp2/3 complex sequestration were filopodia and 
consistent with the view that Arp2/3 complex can be functionally 
separated from filopodia formation (Steffen et al., 2006; Nicholson-
Dykstra and Higgs, 2008; Suraneni et al., 2012; Wu et al., 2012).

In contrast, the lamellipodial marker protein cortactin rapidly 
vanished after Arp2/3 complex sequestration, consistent with the 
idea that lamellipodial targeting required both its actin filament and 
Arp2/3 complex–binding activities (Weed et al., 2000) and with re-
cruitment of cortactin to ectopic actin filament assemblies nucle-
ated by Arp2/3 complex (Oelkers et al., 2011). Of interest, Arp2/3 
complex inhibition also rapidly removed cofilin from the cell periph-
ery, providing the first experimental evidence that cofilin specifically 
requires Arp2/3 to associate with the lamellipodium (Figure 6). The 
underlying mechanistic reasons are unclear (see also later discus-
sion), but based on these data it is tempting to hypothesize that the 
absence of cofilin from the lamella or stress fibers is caused by inde-
pendence of their generation of Arp2/3 complex. The fact that the 
lamellipodial network components cortactin and cofilin displayed 
similar and relatively rapid turnover rates within the lamellipodium, 
with half-time of recovery rates of ∼6 s (Lai et al., 2008), explains 
their comparable kinetics of disappearance upon Arp2/3 complex 
inhibition (Supplemental Movie S6).

As opposed to cortactin, the loss of cofilin upon Arp2/3 inhibi-
tion is puzzling. A potential explanation includes competitive dis-
placement from the lamellipodium by an actin-binding protein ac-
tively recruited upon Arp2/3 inhibition. Indeed, tropomyosin (Tm) 

branch junction (Narita et al., 2012). Of note, filaments oriented par-
allel to the cell front after Rac/WCA injection exhibited branch junc-
tions with opposite polarities (Figure 4C), uncovering potential re-
orientation into antiparallel arrays (see also later discussion), as in 
the lamella (Koestler et al., 2008). In addition, some mother fila-
ments were apparently oriented in the wrong direction (Figure 4C), 
with their barbed ends pointing away from the membrane, unlike 
controls. These data suggest that the loss of network treadmilling in 
these conditions results from the loss of orientation of rapidly po-
lymerizing barbed ends toward the front.

Arp2/3 complex inhibition triggers myosin II incorporation
Aside from incorporation of nascent spots of myosin II into actin arcs 
initiated in the lamellipodium (Burnette et al., 2011) or into minor 
foci in the large lamellipodia of keratocytes (Svitkina et al., 1997), 
the majority of myosin II remains excluded from lamellipodial net-
works (McKenna et al., 1989), due presumably to the lack of bundles 
of opposite polarity, as observed in contractile arrays such as stress 
fibers (Langanger et al., 1986). A recent study established filaments 
with opposite polarities to be sufficient for spatial and specific re-
cruitment of myosin motors in vitro (Reymann et al., 2012), but 
whether filaments of opposite polarity constitute a prerequisite of 
myosin II incorporation at the cell periphery is unclear. Because 
Arp2/3 inhibition induced alterations of filament angle distributions 
and polarities (Figure 4), we tested whether these features coincided 
with changes in myosin II dynamics. Indeed, before microinjection 

FIGURE 3: Arp2/3 complex is essential for actin treadmilling. (A) Examples of FRAP 
experiments of EGFP-actin at the cell periphery of NIH3T3 cells expressing constitutively active 
Rac1 and injected with Rac1 (top) or WCA/Rac1 (bottom). White rectangle indicates bleach 
region; blue and red rectangles indicate front and rear regions, respectively, as used for 
treadmilling factor (TMF) analysis. Time in seconds; bars, 5 μm. See also Supplemental Movie S3. 
(B, C) Graphs displaying curve fits of normalized mean recovery of fluorescence after photo-
bleaching in front (blue) and rear (red) regions in Rac1-injected (B) or WCA/Rac1-injected 
(C) cells, which were used for TMF analysis. n, number of cells used for analysis.
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was previously shown to antagonize actin 
filament severing by members of the ADF/
cofilin family (Bernstein and Bamburg, 1982; 
Ono and Ono, 2002). Moreover, suppres-
sion of lamellipodia formation by microin-
jection of skeletal muscle Tm was reported 
to coincide with a decrease at the cell pe-
riphery not only of Arp2/3 complex, but also 
of cofilin (Gupton et al., 2005). Because Tm 
was previously also shown to inhibit Arp2/3-
mediated branching in vitro, Tm members 
are thus believed to antagonize lamellipo-
dia formation by counteracting Arp2/3 and 
cofilin activities (DesMarais et al., 2002; 
Bugyi et al., 2010). To test whether cofilin 
delocalization upon Arp2/3 complex se-
questration is mediated by a potential 
Tm member, we first assessed expression of 
different tropomyosins in our NIH3T3 fibro-
blasts (Schevzov et al., 2005). Western blot-
ting revealed expression of the high–mole-
cular weight isoforms 1–3, as well as the 
low–molecular weight isoforms Tm4 and 
Tm5NM1/2 (Supplemental Figure S2). 
EGFP- or enhanced yellow fluorescent pro-
tein (EYFP)–tagged variants of these iso-
forms could also be readily expressed, and 
none of these convincingly localized to the 
lamellipodium when coexpressed with con-
stitutively active Rac1 (Supplemental Figures 
S3 and S4 and data not shown). EGFP-Tm3 
nicely accumulated in stress fibers and actin 
filament arrays in the lamella but stayed ex-
cluded from the cell periphery upon Arp2/3 
complex sequestration. Furthermore, the 
low–molecular weight isoform Tm5NM1 
also failed to target to the cell periphery 
upon Rac/WCA injection (Supplemental 
Figure S3). Similar results were obtained 
with EGFP-Tm2 (data not shown), which ap-
peared more abundant endogenously than 
Tm3 (Supplemental Figure S2). Finally, 
coexpression of EGFP-Tm2 with mCherry-
cofilin confirmed that Arp2/3 inhibition–
mediated cofilin displacement was not ac-
companied by Tm2 targeting to the cell 
periphery (Supplemental Figure S4). We 
conclude that loss of cofilin from the cell pe-
riphery cannot be explained by tropomyo-
sin-mediated displacement.

We then turned to heterodimeric cap-
ping protein, specific interactor of the rap-
idly growing barbed ends of actin filaments 
and considered essential for both lamellipo-
dia formation (Mejillano et al., 2004) and 
reconstitution of Arp2/3-dependent actin 
assembly in vitro (Loisel et al., 1999). Cap-
ping protein accumulation in lamellipodia is 
frequently more restricted to their tips 
(Svitkina et al., 2003; Mejillano et al., 2004; 
Lai et al., 2008), presumably consistent with 
the accumulation of barbed ends at the 

FIGURE 4: Arp2/3 inhibition reduces branching frequency and causes network rearrangements 
resulting in antiparallel actin filament arrays. (A) Electron tomograms of negatively stained 
NIH3T3 cells expressing constitutively active Rac1 and injected with Rac1 (left) or WCA/Rac1 
(right). Projections of 20 central slices of 0.746-nm thickness. Identified branches are marked 
with red dots. Insets display the angular distribution of filaments in the tomogram to the cell 
edge. Bars, 200 nm. See also Supplemental Movie S4. (B) Number of branches/μm2 in 
tomograms upon Rac1 and WCA/Rac1 injection, as indicated. Bars correspond to arithmetic 
means (n = 5) and SEM. Differences were confirmed to be statistically significant (p ≤ 0.0049). 
(C) Tomogram of the edge of a WCA/Rac-injected NIH3T3 cell transfected with constitutively 
active Rac1. Red circles indicate branch points of daughter filaments pointing in opposite 
directions. Cell edge is oriented toward the top of the image. Bar, 200 nm.

FIGURE 5: Arp2/3 sequestration attracts myosin II incorporation at the cell edge. 
(A) Fluorescence (top) and merge of fluorescence (green) and phase contrast (red) overview 
images of NIH3T3 cell coexpressing constitutively active Rac1 and EGFP-tagged myosin light 
chain. (B) Magnification of the region depicted in A before and after injection of WCA/Rac1, as 
indicated. Time, minutes and seconds. White lines in fluorescence images indicate cell edge as 
deduced from phase contrast images. See also Supplemental Movie S5. (C) Numbers of myosin 
light chain spots/μm2 before and after injection of WCA/Rac, as indicated. Data are arithmetic 
means ± SEM determined from 21 lamellipodial regions (11 cells).
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plasma membrane and actin network (Figure 6, A and B, and Sup-
plemental Movie S6), although VASP appeared slightly more sensi-
tive to WCA/Rac injections on average than WAVE2 and FMNL2 
(Figure 6C).

WAVE complex should operate upstream and thus be indepen-
dent of Arp2/3 incorporation into the lamellipodium. Its turnover in 
the lamellipodium tip upon Arp2/3 complex inhibition, however, has 
never been explored. Indeed, a potential feedback of regulation of 
WAVE turnover by Arp2/3 complex could in theory be deduced 
from vaccinia actin tail formation, in which N-WASP operates as es-
sential Arp2/3 activator at the viral surface (Snapper et al., 2001). 
This is because failure of Arp2/3 activation by N-WASP completely 
abolishes its exchange at the viral surface (Weisswange et al., 2009), 
indicating functional coupling between Arp2/3 activation and turn-
over of its activators. To test whether this conclusion would hold for 
lamellipodial WAVE subunits, we compared WAVE2 turnover at the 
lamellipodium tip by FRAP in cells injected with Rac alone or WCA/
Rac. Although WAVE turnover was slower on average in these Rac-
expressing fibroblasts compared with nontreated melanoma cells 
migrating on laminin (Lai et al., 2008), no significant difference was 

membrane (Lai et al., 2008; Vinzenz et al., 2012). Although capping 
protein is capable of promoting Arp2/3-dependent filament gener-
ation in vitro (Akin and Mullins, 2008), such functional coupling re-
mains to be revealed in vivo. Capping protein is usually considered 
to stochastically block barbed-end assembly at the lamellipodium 
tip, but the reason for its specificity for lamellipodial barbed ends 
versus those located in filopodia or the lamella has not been firmly 
established. Surprisingly, our data show that capping protein accu-
mulation in the lamellipodium is downstream and not independent 
of Arp2/3 complex activity (Figure 6 and Supplemental Movie S6), 
so functional coupling between the two in vivo is more direct than 
previously appreciated.

We also explored the consequences of Arp2/3 inhibition on fate 
and dynamics of its upstream regulatory complex (WAVE complex, 
exemplified by EGFP-tagged WAVE2), as well as actin filament poly-
merases like VASP and the novel lamellipodial tip component 
FMNL2 (Block et al., 2012). In spite of loss of bias of actin polymer-
ization to the tip (Figure 3), caused at least in part by network reor-
ganizations or reorientations of filament polarities (Figure 4), all 
these tip components remained associated with the interface of 

FIGURE 6: Differential requirement of Arp2/3 complex for incorporation of various protrusion regulators. 
(A) Fluorescence images of cells transfected with constitutively active Rac1 and EGPF-tagged fusion proteins as 
indicated before (top) and after injection of WCA/Rac1 (bottom). Bar, 3 μm. See also Supplemental Movie S6 and 
Supplemental Figure S2A. (B) Line scans of fluorescence intensities as indicated. (C) Quantification of lamellipodial tip 
intensities of respective components after Rac/WCA injections expressed in percentage before injections. Error bars, 
SEM. Components confirmed to be statistically different from 100%: cofilin (n = 6), capping protein (CP; n = 7), cortactin 
(Cttn; n = 6), each p < 0.00001, VASP (n = 13, p < 0.0001). WAVE (n = 7, p < 0.74) and FMNL2∆DAD (n = 8, p < 0.53) 
were not statistically different from 100%.
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polymerization on the surface of microtubules (Oelkers et al., 2011) 
caused a marked accumulation of both cofilin and capping protein 
at these sites (Figure 8). In contrast, a corresponding construct har-
boring the N-terminus of the independent actin nucleator Spir and 
equally potent in actin filament accumulation on microtubules failed 
to recruit either Arp2/3 complex (Oelkers et al., 2011) or cofilin 
(Figure 8). Although recruited with low frequency to Spir-induced 
actin filaments, capping protein also showed a strong preference for 
Arp2/3-dependent actin filaments polymerized on microtubules 
(Figure 8). Pull-down experiments using purified Arp2/3 complex, 
cofilin, and capping protein indicated the absence of direct interac-
tion surfaces for cofilin or capping protein on Arp2/3 complex 
(Supplemental Figure S5C).

Together these data suggest that both cofilin and capping pro-
tein are targeted indirectly to Arp2/3-dependent actin structures 
such as the lamellipodium in vivo, likely contributing to the specific-
ity of function exerted by each factor at the cell periphery.

Arp2/3 complex inhibition arrests migration of epidermal 
fish keratocytes
Stable, RNAi-mediated knockdown of Arp2/3 complex expression 
in fibroblasts was recently found to reduce but not abolish migration 
(Wu et al., 2012). In contrast, genetic removal of an Arp2/3 complex 
subunit in embryonic stem cell–derived fibroblastoid cells estab-
lished defects in directionality of migration rather than rate (Suraneni 
et al., 2012). Although the reason for this discrepancy is unclear, it 
might indicate differential capabilities of different cell types to adapt 
to Arp2/3 removal and switch to lamellipodia-independent migra-
tion. To test this hypothesis, we explored the consequences of our 
treatment in cells expressing prominent lamellipodia. Fish epider-
mal keratocytes are very efficient movers, which form a fan-shaped 
lamellipodium covering a large area at the cell front and dragging 
forward a rolling cell body (Anderson et al., 1996). Owing to the 
small size of these cells compared with fibroblasts, successful injec-
tion is more challenging and was documented by coinjection of an 
inert fluorescent marker (insets in Figure 9). Injection of Rac alone 
had little effect on migration rates besides occasional, modest ex-
tension of lamellipodial protrusions to cell flanks and rear (Figure 9 
and Supplemental Movie S7). In contrast, WCA/Rac injections not 
only transformed the front edge of the protruding lamellipodium 
from a smooth into a jagged appearance, but they also arrested 
migration. This phenotype again coincided with strong transforma-
tion of the ultrastructural organization of WCA/Rac-injected cells 
versus controls (Supplemental Figure S8) in a manner highly reminis-
cent of the data obtained with injected fibroblasts (Figure 4). We 
conclude that continuous Arp2/3 complex activity is essential not 
just for the initiation but also for the maintenance of protrusion in 
cells, like keratocytes, the migration of which relies on lamellipodia.

DISCUSSION
There has been major progress in recent years concerning the mole-
cular regulation of lamellipodia protrusion derived from the precise 
determination of biochemical activities of key regulators in vitro, 
including the discovery of Arp2/3 complex and characterization of 
its nucleation and branching activity (reviewed in Campellone and 
Welch, 2010), recognition of Scar/WAVE proteins as its activators at 
the lamellipodium tip (Stradal et al., 2004), and conformational 
changes accompanying WAVE complex activation through coinci-
dent signals including phospholipids and Rac (Lebensohn and 
Kirschner, 2009; Chen et al., 2010).

All components of the pathway have been probed for their 
relevance by RNA interference, and recent highlights include the 

observed after Arp2/3 inhibition, with half-times of recovery of 14.5 
and 16.6 s for Rac and WCA/Rac-injected cells, respectively 
(Supplemental Figure S2A). These data are also consistent with un-
changed WAVE2 turnover upon freezing of actin network turnover 
by an inhibitor cocktail (Millius et al., 2012). Distinct from observa-
tions with the vaccinia virus system (Weisswange et al., 2009), posi-
tioning and turnover of lamellipodial WAVE can thus be uncoupled 
from Arp2/3 complex activation.

Cofilin and capping protein preferentially incorporate into 
Arp2/3-dependent actin structures
Delocalization of cofilin and capping protein caused by WCA injec-
tion could have also been effected formally by WCA-mediated acti-
vation of Arp2/3 complex in the cytosol by competing away cofilin 
and capping protein into the cytoplasm instead of specific loss of 
fluorescence at the cell periphery due to inhibition of Arp2/3 com-
plex incorporation. To address this experimentally, we studied 
Arp2/3 complex, cofilin, and capping protein dynamics before and 
after injection with the mixture of Rac and the truncated CA domain 
shown in Figure 1D. Although the CA fragment is inactive concern-
ing Arp2/3 activation (Figure 7A) or Arp2/3-independent actin as-
sembly (Supplemental Figure S5B), its injection caused a partial but 
significant loss not only of Arp2/3 incorporation (Figure 7, C and G), 
but also of cofilin and capping protein association with the cell pe-
riphery (Figure 7, E–G). Actin filament intensities at the cell periph-
ery upon Rac/CA injections were also reduced (Figure 7, D and G), 
comparable to effects seen after WCA/Rac injections (Figures 2 and 
3). Incomplete, CA-mediated Arp2/3 inhibition in vivo perfectly fits 
the competitive interference with WCA-induced Arp2/3 activation in 
vitro (Figure 7B). These results demonstrate that loss of cofilin and 
capping protein accumulation at the cell periphery are a result of 
Arp2/3 complex delocalization but not ectopic activation of the lat-
ter. In complementary experiments, we used the small-molecule in-
hibitor CK666, which at a concentration >420 μM apparently pre-
cipitated in our growth medium. Of interest, although CK666 at 
420 μM failed to delocalize Arp2/3 complex in our fibroblasts ex-
pressing constitutively active Rac1, it markedly reduced network 
flow compared with the inactive compound CK689 (data not shown). 
B16-F1 melanoma cells spontaneously migrating on laminin in a 
lamellipodia-dependent manner, however, were more sensitive to 
CK666. Treatment at a concentration of 210 μM allowed acute and 
reversible inhibition of lamellipodia formation and exploration of the 
consequences of CK666 treatment for Arp2/3 complex, cofilin, and 
capping protein accumulation. Of interest, CK666 caused a signifi-
cant and reversible reduction of Arp2/3 complex, cofilin, or capping 
protein accumulation. Consistently Arp2/3 complex maintenance at 
the cell periphery was more sensitive to CK666 treatment than that 
of actin (Supplemental Figure S6), and cofilin and capping protein 
behaved in a manner comparable to Arp2/3 complex (Supplemen-
tal Figure S7). Collectively these data strongly suggest that cofilin 
and capping protein targeting to lamellipodia is sensitive to the ac-
tivity of Arp2/3 complex, irrespective of the method of inhibition.

Because all of these data suggested that the targeting of cofilin 
and capping protein to a given actin structure is determined, at 
least in part, by the mechanism of its generation, we sought to test 
this conclusion using an additional, gain-of-function approach, 
complementary to the loss-of-function experiments described ear-
lier. We used in vivo actin assembly induced by distinct, ectopic 
nucleators on the surface of microtubules (Oelkers et al., 2011). Of 
interest, the C-terminus of N-WASP harboring two WH2 domains 
followed by connector and acidic domains (WWCA) fused to the 
microtubule-binding domain of MAP4 known to induce strong actin 
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FIGURE 7: CA partially inhibits Arp2/3 complex function in vitro and in vivo. (A) CA does not stimulate Arp2/3 
complex–mediated actin polymerization. A total of 2 μM G-actin (10% pyrene labeled) was polymerized in 1× KMEI 
buffer in the presence of 1 nM Arp2/3 complex and CA at the concentrations indicated. Note that even a 1000-fold 
molar excess of CA compared with Arp2/3 complex did not affect Arp2/3-dependent actin polymerization. (B) WCA-
stimulated activation of Arp2/3 complex–mediated actin polymerization is suppressed, but not fully inhibited, by CA in a 
concentration-dependent manner. A total of 2 μM G-actin (10% pyrene labeled) was polymerized in 1× KMEI buffer in 
the presence of 1 nM Arp2/3 complex, WCA, and CA at concentrations as indicated. (C–F) Fluorescence (top) and phase 
contrast (bottom) video frames of NIH3T3 cells expressing EGFP-tagged p16B (C), actin (D), cofilin (E), and capping 
protein (F) before and 5 min after injection with Rac/CA. Bar, 3 μm. (G) Line scans of fluorescence intensities as indicated 
in C–F.
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activity. What can we learn from this? Cofilin family members bind 
and sever actin filaments in vitro (Bernstein and Bamburg, 2010). In 
addition, they are relevant for lamellipodia protrusion (Hotulainen 
et al., 2005) and are believed to accumulate in these structures by 
directly interacting with actin filaments, but how specificity is estab-
lished is usually not addressed. Surprisingly, loss of cofilin upon 
Arp2/3 inhibition did not coincide with accumulation of its potential 
antagonist tropomyosin, so how specificity for the lamellipodium is 
achieved remains elusive. Notwithstanding this, our data demon-
strate that subcellular cofilin targeting is highly sensitive to Arp2/3 
complex activity and cannot be solely mediated by interaction with 
actin filaments. Of interest, similar considerations apply to heterodi-
meric capping protein. Given that we failed to detect direct interac-
tion of cofilin or capping protein with Arp2/3 complex, their ob-
served preference for Arp2/3-dependent actin structures must 
derive from additional factors operating downstream of Arp2/3. Fu-
ture work will aim at identifying these factors and/or mechanisms.

The lamellipodium was recently proposed to spatially overlap 
with the lamella. Although the latter had originally been defined as 
the region proximal to the lamellipodium (Small et al., 2002), more 
recent studies, for instance, using speckle fluorescence microscopy 
suggested that lamella filaments polymerize up to the front edge of 
the cell (for review see Chhabra and Higgs, 2007), thereby contrib-
uting to protrusion, or even form a separable layer below the lamel-
lipodium (Giannone et al., 2007). Because actin assembly rates and 
flow in this model are considered to be distinct between lamellipo-
dial and lamella filaments (Ponti et al., 2004), with lamella filaments 
moving much more slowly than lamellipodial filaments, this would 
imply that actin regulators at the protrusion tip membrane control 
polymerization of different filament “categories” at different rates. 
Such a scenario, however, is hardly compatible with the homoge-
neous lamellipodial treadmilling observed by FRAP (Wang, 1985; 
Lai et al., 2008). Moreover, actin bundles in the lamella turn over in 
a nontreadmilling manner (Koestler et al., 2008), a feature not nor-
mally seen in lamellipodial protrusions. Our experiments help to 
resolve this controversy, as interference with Arp2/3 complex func-
tion was sufficient to transform lamellipodia into a network sharing 
many features with the lamella, such as speed of rearward flow, loss 
of network treadmilling, and attraction of myosin II. Although our 
data are compatible with the view that the lamellipodium spatiotem-
porally evolves into the lamella (Small and Resch, 2005; Burnette 
et al., 2011) as opposed to significant spatial overlaps of the two 
structures, it is evident that they do not depend on each other. In 
other words, lamellipodial filaments likely do not constitute essen-
tial prerequisites for filament generation in the lamella. If they did, 
lamella network intensities, as well as lamella flow rates, should sig-
nificantly go down upon suppression of lamellipodia formation, but 
no evidence for this was found. Aside from the residual actin-branch-
ing activity seen upon WCA-mediated Arp2/3 complex sequestra-
tion, the mechanism of actin filament generation and maintenance 
at the cell periphery upon Arp2/3 inhibition remains to be estab-
lished. Whatever the outcome, these mechanisms will likely share 
features with the ones operating in the lamella. Of interest, filopodia 
were previously shown to translate from the cell periphery into the 
lamella (Nemethova et al., 2008), and their formation appears en-
hanced upon Arp2/3 complex inhibition (the present study). Further 
investigations will thus also have to establish the relative contribu-
tion of filopodia to the maintenance of actin networks both in the 
lamella and after Arp2/3 complex inhibition.

In conclusion, the approach used here enabled us to confirm 
that the Arp2/3 complex is crucial not only to lamellipodia initia-
tion, but also to their maintenance. Our experiments showed for 

development of cells genetically deficient for the first nonredundant 
component of the pathway, the Arp2/3 complex subunit ArpC3 
(Suraneni et al., 2012). Such permanent genetic deletions in combi-
nation with reintroduction of the missing complex subunit could 
help to define the earliest phases of lamellipodia protrusion, but 
here we used the opposite approach, allowing acute functional in-
terference with Arp2/3 complex and thus maintenance of actin 
structures requiring its continuous activity. The latter is essential for 
the unidirectional assembly of the lamellipodial actin network from 
the tip and thus treadmilling during lamellipodia formation.

Our approach also enabled us to dissect the ultrastructural mod-
ifications accompanying suppression of Arp2/3 complex activity at 
the single-cell level and discern components and thus associated 
biochemical activities to be positioned upstream or downstream of 
Arp2/3 complex. For example, cofilin localization depends on how 
peripheral actin networks are nucleated and maintained; otherwise 
it would target to the cell periphery irrespective of Arp2/3 complex 

FIGURE 8: Preferential targeting of cofilin and capping protein to 
Arp2/3-stimulated actin structures. Fluorescence images of B16-F1 
cells coexpressing mCherry-tagged cofilin (A) or capping protein (B) 
each with EGFP-tagged microtubule binding domain (MBD)–WWCA 
(top) or MBD-Spir-NT (bottom). Merged images show cofilin or 
capping protein in red and the respective MBD-fusion protein in 
green. Bar, 10 μm. (C) Quantification of cofilin and capping protein 
accumulation on microtubules in cells coexpressing MBD-fusion 
proteins as indicated. Data are means ± SEM from three independent 
experiments. n, total number of cells analyzed. Specificity of cofilin 
and capping protein recruitment to Arp2/3-induced actin structures 
was confirmed to be statistically significant (cofilin, p < 0.0004; 
capping protein, p < 0.029).
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FIGURE 9: Sequestration of Arp2/3 complex leads to migration arrest of fish keratocytes. Phase contrast images of video 
sequences of fish keratocytes injected with Rac1 (top) or WCA/Rac1 (bottom). Insets show fluorescence of Texas red–
labeled dextran indicating successful injection. Red lines mark position of the protruding cell front in consecutive frames. 
Time after injection, minutes and seconds; bars, 10 μm. See also Supplemental Movie S7 and Supplemental Figure S5.

For the pull down shown in Supplemental Figure S2B, GST-WCA 
was bound to glutathione Sepharose–coated beads by incubation 
of 100 μl of bead slurry with 1 ml GST-WCA (2 μM) in incubation 
buffer (20 mM Tris, pH 7.5, 50 mM NaCl, 2 mM DTT, 0.1 mM ATP, 
2 mM MgCl2, 5 mM benzamidine, 5 mM phenylmethylsulfonyl fluo-
ride) for 1 h. The beads were subsequently washed twice with incu-
bation buffer and incubated for another hour with 1 ml of Arp2/3 
complex (1 μM) in the presence or absence of 1 ml of capping pro-
tein (5 μM) or cofilin-1 (5 μM). Bead incubation with capping protein 
and cofilin-1 alone served as additional control. Beads were then 
washed four times with 1 ml of incubation buffer. Bound proteins 
were eluted from the beads with 3× SDS sample buffer and resolved 
using 15% SDS–PAGE, followed by Coomassie blue staining.

Western blotting was done according to standard procedures and 
using primary tropomyosin antibodies as follows: mouse monoclonal 
α/9d recognizing Tm6, 1, 2, 3, 5a, and 5b (Schevzov et al., 2011); rab-
bit polyclonal δ/9d recognizing mainly Tm4 but also Tm1, 2, and 3 
and mouse monoclonal γ/9d recognizing mainly Tm5NM1 and 
TM5NM2 (Schevzov et al., 2005). Monoclonal GFP antibody clone 
101G4 was purchased from Synaptic Systems (Göttingen, Germany).

Pyrene-actin assays
Proteins to be assayed were diluted in 2× KMEI buffer (100 mM KCl, 
2 mM MgCl2, 2 mM ethylene glycol tetraacetic acid, 20 mM imida-
zole, pH 7.0) to reach a final concentration of 1.18× KMEI. Antifoam-
ing solution Extran AP33 (Merck, Darmstadt, Germany) was added 
to the mixture to reach a final concentration of 0.05%. We placed 
170-μl aliquots of the protein mixtures in nontreated 96-well micro-
titer plates (Nalge Nunc International, Rochester, NY). The assembly 
reaction was initiated by injection of 30 μl of a 13.33 μM solution of 
10% pyrene-labeled G-actin in G buffer (2 mM Tris-HCl, pH 8.0, 
0.2 mM ATP, 0.2 mM CaCl2, 0.5 mM DTT) into the protein mixture 
to reach a final concentration of 2 μM actin in 1× KMEI by the auto-
mated dispenser of a Synergy 4 fluorescence microplate reader 

the first time that Arp2/3 activity in fibroblast lamellipodia corre-
lates with the rate of actin network flow, as well as with filament 
geometries and branching frequency. The observed reduction of 
branching frequency below a certain threshold level, however, 
had dramatic consequences not only on network organization and 
ultrastructure, but also on the dynamics of other lamellipodial 
regulators. In addition, Arp2/3 inhibition instantaneously arrested 
the motility of fish keratocytes, which is largely dependent on a 
lamellipodium.

Considering the results together, we suggest that the Arp2/3 
complex, aside from amplifying filament numbers via branching, or-
chestrates the formation of lamellipodial actin networks by at least 
two additional mechanisms: 1) by focusing actin polymerization to 
the lamellipodium tip, essential for actin network treadmilling, and 
2) by determining the recruitment of additional lamellipodial regula-
tors, including cortactin, cofilin, and capping protein.

MATERIALS AND METHODS
Protein purification, pull downs, and Western blotting
Recombinant Rac1L61 was purified and dialyzed into microinjection 
buffer essentially as described (Rottner et al., 1999). Additional, his-
tidine- or glutathione S-transferase (GST)–tagged fusion proteins 
were purified from bacterial lysates using standard procedures. For 
cofilin-1 purification, GST was removed by proteolytic cleavage and 
size exclusion chromatography as described (Breitsprecher et al., 
2011). Arp2/3 complex was purified from pig brain as described 
(Block et al., 2012). Ca2+-ATP–actin was purified from rabbit skeletal 
muscle according to the method of Spudich and Watt (1971), stored 
in G buffer (2 mM Tris-HCl, pH 8.0, 0.2 mM CaCl2, 0.5 mM dithiothre-
itol [DTT], 0.2 mM ATP), and prepared for pyrene assays as described 
(Block et al., 2012). Protein concentrations were determined by ab-
sorption spectroscopy using extinction coefficients predicted from 
the amino acid sequences using Vector NTI software (Invitrogen, 
Carlsbad, CA).



2872 | S. A. Koestler et al. Molecular Biology of the Cell

tor CK666. The inhibitor was purchased from Calbiochem (La Jolla, 
CA), prepared as stock solution as recommended by the manufac-
turer, and used at a final concentration of 210 μM.

For FRAP, fluorescent molecules in selected regions were 
bleached with the 2D-VisiFRAP Realtime Scanner (Visitron Systems, 
Puchheim, Germany) using a 120-mW, 405-nm diode laser. Micro-
scopes were controlled with VisiView (Visitron, Puchheim, Germany) 
or MetaMorph software (Molecular Devices, Sunnyvale, CA). Image 
analysis was carried out on MetaMorph.

Microinjections were performed with sterile Femtotips 
(Eppendorf, Hamburg, Germany) held in a micromanipulator 
(Narishige [Nikon, Tokyo, Japan] or Leitz [Leica Microsystems, 
Vienna, Austria]) with a pressure supply from an Eppendorf micro-
injector 5242 or Femtojet (Eppendorf). Cells were injected with 
1 mg/ml L61Rac or 1 mg/ml L61Rac mixed with WCA (1.7 mg/ml) 
or 1 mg/ml L61Rac mixed with 17.3 mg/ml CA supplemented with 
0.25 mg/ml Texas red–labeled dextran (70 kDa; Molecular Probes, 
Eugene, OR) in microinjection buffer (15 mM Tris-HCl, pH 7.5, 
150 mM NaCl, 5 mM MgCl2), with a continuous outflow mode 
from the needle under a constant pressure of between 20 and 
80 hPa (Rottner et al., 1999).

Kymography, quantitation of myosin accumulation, 
and fluorescence intensity measurements
For kymography (Figure 2), line regions with a length of 6 μm, cor-
responding to the y-axis of kymographs, were drawn from inside the 
lamella across the lamellipodium beyond the cell edge. Regions 
from each time point of a time-lapse series were pasted next to each 
other along the x-axis. Lines in kymographs were used to measure 
rearward flow rates in peripheral regions and the lamella.

Quantitation of accumulation of myosin spots upon Arp2/3 inhi-
bition (Figure 5B) was done as follows. Regions classified as lamel-
lipodia in phase contrast images before injection were outlined and 
the presence of myosin spots in these regions counted manually 
before and upon Rac/WCA injection over time (up to 20 min after 
injection).

Fluorescence intensities of lamellipodial components in Figures 
1, 6, and 7 and Supplemental Figures S6 and S7 were measured by 
drawing a 1- to 5-μm-wide line in an ∼90° angle across the cell edge. 
In injected fibroblasts, average intensities across the width of the 
line were measured along the length of the line before and 5 min 
after injection (between 5 and 50 min for VASP to correct for time-
dependent variations) using ImageJ (National Institutes of Health, 
Bethesda, MD) or MetaMorph. Measurements in B16-F1 cells (Sup-
plemental Figures S6 and S7) were carried out for time points before 
and after inhibitor treatments as indicated. Background intensities 
outside the cell were subtracted, and values were normalized to the 
lamellipodium tip before injection or inhibitor treatment and plotted 
over the entire line distance.

FRAP analysis
FRAP data were analyzed essentially as described (Rabut and 
Ellenberg, 2005). Intensity values in bleached regions were mea-
sured over time and background levels outside the cell subtracted. 
Acquisition photobleaching was corrected as recommended (Rabut 
and Ellenberg, 2005) and resulting values normalized to mean val-
ues of the last three frames before photobleaching using Excel 2010 
(Microsoft, Redmond, WA). Curves were fitted with SigmaPlot 12.0 
(Scientific Solutions SA, Pully-Lausanne, Switzerland) using dynamic 
curve fits for exponential rise to maximum (f(x) = y0 + a(1 − e−bx)) 
except for rear lamellipodia regions of Rac-injected cells, which best 
fitted sigmoidal curves (f x y

a
e x x b( ) ( )/= +

+ −0 1 0
), and the means from 

(BioTek, Winooski, VT). After a 2-s mixing step, actin polymerization 
was monitored by measuring the increase of fluorescence of pyrene-
actin at 364-nm excitation and 407-nm emission wavelengths for 
90 min. The kinetic data were normalized.

Cell culture, transfection, and constructs
NIH3T3 murine embryonic fibroblasts (CRL-1658; American Type 
Culture Collection, Manassas, VA) were cultured in high-glucose 
(4.5 g/l) DMEM with 10% fetal bovine serum (Sigma-Aldrich, St. 
Louis, MO), 2 mM l-glutamine, 1 mM sodium pyruvate, and 1% 
nonessential amino acids at 37°C in the presence of 5 or 7% CO2. 
Transfections were carried out with FuGENE HD (Roche, Mannheim, 
Germany) according to manufacturer’s protocols. Cells were plated 
on glass coverslips coated with 25 μg/ml fibronectin (Roche). 
B16-F1 mouse melanoma cells were cultured and transfected as 
described (Lai et al., 2008). Fish keratocytes were prepared from 
freshly killed brook trout (Salvelinus fontinalis) as previously de-
scribed (Urban et al., 2010).

pGEX-GST-WCA for protein purification was constructed by clon-
ing WCA of WAVE1 (Machesky and Insall, 1998) into pGEX-6P1 (GE 
Healthcare, Piscataway, NJ). The WAVE1-CA fragment encoding 
residues 514–559 and a flexible GS-rich linker at its N-terminus was 
amplified from human brain cDNA (Invitrogen) using primers 5′- 
CGCGGATCCGGAGGTTCTGGTTCATCTGTAGAAGAGCAGCGT-
GAACAGCGCGGATCCCCTGTAATCAGTGATGCCAGGAGT-3′ and 
5′-CGCGTCGACTTACTCCAACCAATCTACTTCATC-3′ and ligated 
into the BamHI and SalI sites of pGEX-6-P1 (GE Healthcare). The 
constructs for recombinant expression of human heterodimeric cap-
ping protein (CapZ), murine cofilin-1 (n-cofilin), and human WAVE1-
WCA fragment encoding residues 491–559 were used as previously 
described (Breitsprecher et al., 2008; Lai et al., 2008; Block et al., 
2012). Plasmids expressed in mammalian cells were previously de-
scribed: mCherry-actin and EGFP-tagged actin, p16B, VASP, WAVE2, 
capping protein β2, and cofilin (Lai et al., 2008); EGFP-Lifeact (Riedl 
et al., 2008); EGFP-fascin (Adams and Schwartz, 2000); EGFP-tagged 
cortactin, MBD-WWCA, and MBD-Spir-NT (Oelkers et al., 2011); 
and pRK5mycRac1L61 and FMNL2∆DAD (Block et al., 2012). Con-
structs that drive expression of EYFP-tagged Tm1 and Tm4 as well 
as EGFP-Tm2 were described in Tojkander et al. (2011), and EYFP-
Tm5NM1 was as in Percival et al. (2004). To create EGFP-Tm3, rat 
Tm3 cDNA was subcloned into BspEI and BamHI sites of pEGFP-C1 
(Clontech, Mountain View, CA). mCherry-cofilin was generated by 
replacing EGFP in an EGFP-cofilin construct (Mannherz et al., 2005) 
for mCherry. EGFP-tagged myosin light chain was kindly provided 
by Rex Chisholm (Northwestern University, Chicago, IL).

Video microscopy, FRAP, and microinjection
Cells were observed in an open, heated chamber (Warner Instru-
ments, Reading, United Kingdom) at 37°C (NIH3T3 and B16-F1) or 
room temperature (fish keratocytes) on inverted microscopes 
(Axioscope or Axio Observer) equipped with either a DG-4 epifluo-
rescence illumination system (Sutter Instruments, Novato, CA) and 
VIS-LED illumination for phase-contrast microscopy or with halogen 
lamps for both epifluorescence and phase contrast imaging and 
using 63× or 100×/1.4 numerical aperture (NA) plan-apochromatic 
objectives or a 100×/1.3 NA Neofluar lens (Carl Zeiss, Jena, 
Germany). Time-lapse images were acquired using back-illuminated, 
cooled charge-coupled-device cameras (Roper Micromax or Cool-
snapHQ2; Photometrics, Tucson, AZ). B16-F1 cells were imaged on 
coverslips coated with 25 μg/ml laminin (Sigma-Aldrich) and using 
Ham’s F12–containing microscopy medium (Sigma-Aldrich) supple-
mented with or without the small-molecule Arp2/3-complex inhibi-
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different cells were calculated for each time point. Half-times of re-
covery were calculated from the parameters describing the fitted 
mean curve using t1/2 = −(1/b) ln 0.5 for exponential and 
t b1 2 2/ ln= ex b0/( )+  for sigmoidal curves. The treadmilling factor (TMF) 
describes the difference in fluorescence recovery for front and rear 
halves of the lamellipodium, as described (Lai et al., 2008), or for 
corresponding regions upon WCA injections. TMFs were deter-
mined as described (Lai et al., 2008), except that the front region 
corresponded to the region within the first 1 μm measured from tip 
membrane and the rear one to the region between 1 and 2 μm from 
the edge. In addition, the gradient in F-actin intensity from lamelli-
podium front to rear (Watanabe and Mitchison, 2002; Vinzenz et al., 
2012) was corrected for by normalization of front and rear regions to 
their respective maxima.

Statistics
All data sets were confirmed to be normally distributed using the 
Anderson–Darling test, allowing data sets to be compared with 
each other using two-sided, two-sample t tests. Data sets in Figure 
6 and cofilin recruitment to WWCA-induced actin filaments on mi-
crotubules shown in Figure 8 were tested by one-sample t test to be 
statistically different from 100 and 0%, respectively.

Correlated live-cell imaging, electron tomography, 
and analysis
Correlated live-cell imaging, electron tomography, and analysis of 
tomograms were performed essentially as described (Vinzenz et al., 
2012). To correlate responses after injection with structure in the 
electron microscope, cells were cultured on Formvar-coated cover-
slips embossed with a grid pattern in gold for cell relocalization 
(Auinger and Small, 2008).

Tilt series of negatively stained cytoskeletons on Formvar-coated 
Cu/Pd grids (Maxtaform) were acquired on a FEI Tecnai F30 (Polara; 
FEI, Hillsboro, OR) microscope, operated at 300 kV and cooled to 
∼80 K. Tomograms were generated from two tilt series obtained 
around orthogonal axes, and images were recorded on a Gatan 
UltraScan 4000 CCD camera. The primary on-screen magnifications 
used for image acquisition were 27,500×.

Tracking of filaments in the tomograms was performed manually 
using IMOD (Kremer et al., 1996), essentially as described (Urban 
et al., 2010). Orientation analysis and actin branch identification and 
labeling were performed as reported (Vinzenz et al., 2012). For 
quantitation, branches from five tomograms for each experimental 
group were counted manually, followed by statistical analysis.
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Figure S1: WCA/Rac-injection specifically blocks Arp2/3-, but not Spir-mediated actin 

polymerization.  

(A) Fluorescence images of an NIH3T3 cell expressing EGFP-MBD-WWCA (left), targeting 

to and driving Arp2/3-dependent actin assembly at microtubules (highlighted as yellow 

structures before injection on the right; Oelkers et al., 2011), and mCherry-actin (middle) 

before (top) and 15 minutes after microinjection of WCA/Rac (bottom). Right panels show 

merges of EGFP and mCherry channels. Note loss of actin accumulation on microtubules 

upon microinjection (middle), also highlighted as green tubules lacking actin on the right. 

Bar, 5 µm. 

(B) Fluorescence images of an NIH3T3 cell expressing EGFP-MBD-SpirNT (left), driving 

robust actin assembly on the surface of microtubules (Oelkers et al., 2011), and mCherry-

actin (middle) before and 15 minutes after microinjection of WCA/Rac1. Right panels show 

merges of EGFP and mCherry channels, and confirm absence of interference with Spir-driven 

actin assembly through Arp2/3 complex sequestration. Bar, 5 µm. 

 

Figure S2: Expression of tropomyosin isoforms.  

Western blots of extracts prepared from NIH3T3 cells transfected with EGFP/EYFP-tagged 

Tm constructs as indicated, and incubated with primary Tm or GFP antibodies.  

 

Figure S3: Arp2/3 complex inhibition does not affect localization of high (Tm3) or low 

(Tm5NM1) molecular weight tropomyosins. 
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Fluorescence (green in merges) and phase contrast (red in merges) images of cells transfected 

with constitutively active Rac1 and EGPF-tagged Tm3 or Tm5NM1 before and after injection 

of WCA/Rac1 as indicated. Time is in minutes and seconds. Cell peripheries are devoid of 

Tm isoforms before and after Arp2/3 complex inhibition.  

 

Figure S4: Loss of lamellipodial cofilin is not accompanied by Tm2 accumulation: 

Dual-color fluorescence and phase contrast images of NIH3T3 cell co-expressing mCherry-

cofilin and EGFP-Tm2 before and at different time points after injection with WCA/Rac1, as 

indicated. Right column shows merges of EGFP-Tm2 (green) and phase contrast (red). Time, 

minutes and seconds.  

 

Figure S5:  

(A) WAVE2 turnover in the lamellipodium is independent of Arp2/3-complex.  

FRAP experiments of EGFP-WAVE2 at the cell periphery in NIH3T3 cells expressing 

constitutively active Rac1, and injected with Rac1 (top) or WCA/Rac1 (bottom). White 

rectangles indicate bleach regions. Time is given in seconds, bars represent 5 µm. Right: 

Graphs displaying mean curves of individually fitted recovery of fluorescence after 

photobleaching. Red lines indicate half times of recovery (t1/2). Error bars are SEM, n 

corresponds to cell number analyzed.  

(B) CA does not interfere with spontaneous, Arp2/3-independent actin polymerization.  

A total of 2 µM G-actin (10% pyrene-labeled) was polymerized in 1 x KMEI buffer in 

presence of CA at concentrations as indicated. Note that not even a 10 times molar excess of 

CA over actin affected actin polymerization significantly.  

(C) Cofilin and capping protein (CP) do not co-precipitate with Arp2/3 complex.  
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Pull-downs with GST-WCA of Arp2/3-complex in the presence or absence or cofilin or 

capping protein (CP), as indicated. GST-WCA-coupled beads were incubated with 5 µM CP 

or 5 µM cofilin-1 as additional controls. Purified proteins are shown on the left (input). Note 

that in spite of significant pull-down of Arp2/3 complex, no interaction was detected for either 

CP or cofilin-1. In addition, neither protein showed direct interaction with WCA alone. 

Coomassie-blue staining of 15% SDS-PAGE gel.  

 

Figure S6: Reversible inhibition of Arp2/3 accumulation by transient CK666 treatment.  

Fluorescence and phase contrast video frames of B16-F1 cells expressing EGFP-p16B (upper 

panel) or EGFP-actin (lower panel) before and after CK666 treatment followed by inhibitor 

washout. Time is given in minutes and seconds before and after inhibitor addition or washout, 

as indicated. Inset diagrams depict line scans of fluorescence signal intensities of respective 

proteins. Measured regions are boxed in images. Black and red lines show intensities before 

and after CK666 treatments, respectively. Note marked and reversible reduction of Arp2/3 

complex accumulation during CK666 treatment. CK666 also reduces actin filament intensity 

at the cell periphery, as expected, but less prominently than that of Arp2/3 complex. Bars, 3 

µm.  

 

Figure S7: Transient Arp2/3 inhibition by CK666 reversibly reduces cofilin and capping 

protein accumulation.  

Selected frames of fluorescence and phase contrast movies of B16-F1 cells expressing EGFP-

cofilin (upper panel) or EGFP-tagged capping protein β2 (CP, lower panel) and transiently 

treated with CK666 as indicated. Time is in minutes and seconds before and after inhibitor 

addition or washout. Inset diagrams show line scans of fluorescence signal intensities of 

respective proteins measured from respective regions boxed in images. Black and red lines 

show intensities before and after CK666 treatments, respectively. Note significant, reversible 
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reduction of cofilin and CP localization at the cell periphery during Arp2/3 inhibition. Bars, 3 

µm.  

 

Figure S8: Ultrastructural rearrangements following Rac1- or WCA/Rac1-injections in 

fish keratocytes.  

Electron tomograms of leading edges of Rac1- (top) or WCA/Rac1- (bottom) injected, 

negatively-stained fish keratocytes. Bars represent 200 nm.  
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Movie legends 

 

Movie S1: Phase contrast movies of NIH3T3 cells transfected with constitutively active Rac1 

and recorded before and after microinjection with WCA/Rac1 (right) or Rac1 alone (left) as 

control. Time is in minutes and seconds, bar: 10 µm.  

 

Movie S2: Fluorescence time lapse microscopy of NIH3T3 cells co-transfected with 

constitutively active Rac1 and EGFP-Lifeact (labels actin filaments). The cell on the left is 

shown before and after microinjection with WCA/Rac1, as indicated.  Time is in minutes and 

seconds.  

 

Movie S3: FRAP of EGFP-actin at edges of Rac1- and WCA/Rac1-injected NIH3T3 cells 

(left and right panels, respectively) co-expressing constitutively active Rac1. Time is in 

seconds, bar: 3 µm. 

 

Movie S4: Electron tomograms through edges of Rac1- and WCA/Rac1-injected NIH3T3 

cells transfected with constitutively active Rac1. Bar: 100 nm. 

 

Movie S5: Fluorescence (left) and phase contrast (right) time-lapse microscopy of NIH3T3 

cell co-transfected with constitutively active Rac1 and EGFP-tagged myosin light chain 

before and after microinjection WCA/Rac1, as indicated. White arrowheads mark appearance 

of myosin spots distal to the lamellipodium-lamella boundary shortly after WCA/Rac1 

injection. Time is in minutes and seconds, bar: 5 µm. 
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Movie S6: Fluorescence movies of EGFP-tagged proteins as indicated, before and after 

microinjection of WCA/Rac1. Time equals minutes and seconds, and bars in each case 

correspond to 10 µm. 

 

Movie S7: Phase contrast movies of fish keratocytes injected with Rac1 or WCA/Rac1, as 

indicated. Time is in minutes and seconds, bar: 10 µm.  
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