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ABSTRACT The WAVE complex is the main activator of the Arp2/3 complex for actin fila-
ment nucleation and assembly in the lamellipodia of moving cells. Other important players in
lamellipodial protrusion are Ena/VASP proteins, which enhance actin filament elongation.
Here we examine the molecular coordination between the nucleating activity of the Arp2/3
complex and the elongating activity of Ena/VASP proteins for the formation of actin net-
works. Using an in vitro bead motility assay, we show that WAVE directly binds VASP, result-
ing in an increase in Arp2/3 complex-based actin assembly. We show that this interaction is
important in vivo as well, for the formation of lamellipodia during the ventral enclosure event
of Caenorhabditis elegans embryogenesis. Ena/VASP’s ability to bind F-actin and profilin-
complexed G-actin are important for its effect, whereas Ena/VASP tetramerization is not
necessary. Our data are consistent with the idea that binding of Ena/VASP to WAVE potenti-
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ates Arp2/3 complex activity and lamellipodial actin assembly.

INTRODUCTION

The assembly of branched actin networks, nucleated by the Arp2/3
complex, is the driving force behind the protrusion of lamellipodia
structures at the leading edge of many types of moving cells
(Blanchoin et al., 2014). In lamellipodia, the Arp2/3 complex is acti-
vated by the WAVE regulatory complex (WRC) downstream of activa-
tion by Rac GTPase and acidic phospholipids, whereas the WASP
family of Arp2/3 complex activators is implicated in the formation of
filopodia and invadopodia downstream of activation by Cdc42
(Yamaguchi et al., 2005; Sarmiento et al., 2008; Derivery et al., 2009;
Lebensohn and Kirschner, 2009; Campellone and Welch, 2010).
Another important player in actin dynamics and cell migration is Ena/
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VASP (Krause et al., 2003). Ena/VASP proteins are correlated with
increased actin assembly and lamellipodia-based motility in vivo
(Grevengoed et al., 2001, 2003; Gates et al., 2007; Kwiatkowski et al.,
2007; Tucker et al., 2011) and increased leading edge protrusion of
cells in culture (Rottner et al., 1999; Bear et al., 2002; Lacayo et al.,
2007). In keeping with this, the various members of the family (Mena,
VASP, and EVL) are part of the invasive signature of human cancers,
including those of breast and lung, as well as being associated with
other pathologies (Dertsiz et al., 2005; Hu et al., 2008; Philippar et al.,
2008; Pula and Krause, 2008). However, these proteins are not actin
polymerization nucleators/activators at physiological salt concentra-
tions but instead have anticapping and barbed-end elongation en-
hancement activity (Barzik et al., 2005; Breitsprecher et al., 2008,
2011; Hansen and Mullins, 2010; Winkleman et al., 2014).

It is not entirely clear how Ena/VASP exercises its effect on actin
assembly. In addition to an N-terminal EVH1 domain that binds
proline-rich repeats, Ena/VASP proteins possess a central polypro-
line domain that binds profilin and a C-terminal EVH2 domain that
harbors G- and F-actin binding sites and a tetramerization domain
(Krause et al., 2003). Several studies of various developmental pro-
cesses in Drosophila and Caenorhabditis elegans indicated that re-
moval of the tetramerization domain reduced but did not eliminate
activity, whereas mutations in the EVH1 domain interfered with lo-
calization and gave reduced activity (Shakir et al., 2006; Gates et al.,
2007, 2009; Homem and Peifer, 2009; Fleming et al., 2010). On the
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other hand, removal of the entire EVH2 domain was equivalent to
complete lack of protein. However, the EVH2 domain has not been
dissected in vivo in model organisms to evaluate the relative contri-
butions of the F- and G-actin binding domains and the importance
of the profilin-binding site to Ena/VASP activity. In cells in culture, a
study of cell protrusion and Listeria motility in the presence of differ-
ent VASP deletion mutants gave conflicting results. For example,
the form of VASP lacking its F-actin binding site impeded cell pro-
trusion, whereas it enhanced Listeria motility (Geese et al., 2002;
Loureiro et al., 2002).

It is also not known how Ena/VASP activity is coordinated with
that of the bona fide actin polymerization nucleator, the Arp2/3
complex, at the leading edge of moving cells. Speaking to this point,
two Arp2/3 complex activators, ActA protein from the Listeria bacte-
ria and human WASP, bind Ena/VASP's EVH1 domain, leading to
enhanced motility (Niebuhr et al., 1997; Castellano et al., 2001; Lin
et al., 2010). Regarding WAVE, several studies point to possible in-
teractions between the WAVE complex and Ena/VASP proteins (Tani
et al., 2003; Hirao et al., 2006; Dittrich et al., 2010; Maruoka et al.,
2012; Okada et al., 2012). Most of these studies identify the Abi
subunit of the complex as the site of interaction between Ena/VASP
and the WAVE complex, including one recent work that defines the
exact amino acids involved in the Abi-Ena/VASP interaction (Chen
et al., 2014). However, another study shows that a proline-rich do-
main (PRD) from the WAVE polypeptide itself pulls down Ena/VASP
from cell extracts (Okada et al., 2012). A WAVE-Ena/VASP interac-
tion might explain how Ena/VASP is targeted to the leading edge of
moving cells. Lamellipodin was previously believed to fill this role,
but in a recent study, removing lamellipodin’s Ena/VASP- binding
sites did not affect lamellipodia formation (Law et al., 2013).

Here we investigate the idea that there is a conserved mecha-
nism by which Arp2/3 complex activators additionally bind Ena/
VASP to maximize actin assembly. We show that this is true for WAVE
and test the functional significance of the Ena/VASP-WAVE poly-
peptide interaction. We further define what functional domains of
Ena/VASP proteins are necessary for its effect on WAVE-based actin
polymerization. For this study, we use a dual in vitro bead system/in
vivo embryogenesis approach. In the in vitro system, cellular actin
polymerization is reproduced on the surface of a bead in the form of
an actin comet tail capable of propelling the bead forward, similar
to the pushing out of the plasma membrane at the front of a moving
cell (Wiesner et al., 2002; Plastino and Sykes, 2005). By changing
what form of WAVE we absorb to the bead surface and what form of
VASP we add to the motility mix, we address the functional conse-
quences of the putative WAVE-VASP interaction and, in addition,
which domains of VASP are required for its activity. In parallel, we
ask the same questions in the ventral enclosure event of the devel-
oping C. elegans embryo. Enclosure involves the formation of actin-
filled protrusions by the ventral epidermal cells and their migration
to the ventral midline of the embryo to seal the epithelial monolayer
(Williams-Masson et al., 1997). As for lamellipodium formation in
mammalian cells, WAVE and VASP (WVE-1 and UNC-34, respec-
tively, in C. elegans vocabulary) are major players in ventral enclo-
sure, with WAVE being the essential factor: when WAVE is removed,
enclosure fails due to lack of migration of the epidermal cells (Patel
et al., 2008).

In both the C. elegans embryo and using the comet assay, we
show evidence for a direct interaction between WAVE and VASP,
observe that VASP reinforces Arp2/3 complex—based actin assem-
bly when recruited by WAVE, and determine that the G- and F-actin
and profilin-binding domains are critical for VASP function but not
its tetramerization domain. We propose that WAVE brings the
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Arp2/3 complex and VASP together for cooperative enhancement
of actin assembly.

RESULTS

Ena/VASP interacts with the proline-rich domain of WAVE
to enhance actin-based motility in vitro

We first looked for a direct WAVE-VASP interaction using pure pro-
teins, since the previous studies mentioned in the Introduction were
done with cell extracts. We coated polystyrene beads with PRD-
VCA-WAVE, a form of WAVE comprising both the proline-rich do-
main and the VCA domain, which is the part that activates the
Arp2/3 complex (Figure 1a). When these beads were incubated in
purified VASP (Supplemental Figure S1) and then immunostained
for VASP, they showed bright staining (Figure 1b). As a positive con-
trol for VASP binding, we coated beads with the PRD-VCA construct
of human WASP, previously shown to bind VASP (Castellano et al.,
2001). These beads showed bright staining, comparable to PRD-
VCA-WAVE beads. On the other hand, VCA-coated beads showed
dim VASP staining, comparable to that observed when all three
types of beads were incubated in AEVH1-VASP, a form of VASP lack-
ing the capacity to bind proline-rich domains (Figure 1b). Overall
this experiment showed that there was a direct interaction between
the EVH1 domain of VASP and the PRD of WAVE.

We next sought to determine whether and how this interaction
affected WAVE-based motility. To evaluate this, we turned to the
actin comet assay. Beads were coated with PRD-VCA-WAVE and
incubated in a reconstituted motility mix containing the Arp2/3
complex, capping protein, and profilin/G-actin (Achard et al., 2010).
This mix mimicked the high concentration of monomeric actin com-
plexed with profilin in cellular cytosol and also minimized F-actin
formation in the bulk solution, targeting actin assembly to the bead
surface.

Addition of VASP to the motility mix containing PRD-VCA-WAVE-
coated beads gave bead displacement that was 1.7-fold that pro-
duced in the presence of AEVH1-VASP or with no addition, indicat-
ing that surface recruitment of VASP by WAVE had an enhancing
effect on motility (Figure 1c). In fact, adding AEVH1-VASP gave
identical speeds to the control, no-addition case, meaning that
VASP in the bulk had no effect on PRD-VCA-WAVE bead motility. As
an additional negative control, we prepared VCA-WAVE-coated
beads, but they did not form comets, probably due to low Arp2/3
complex activation in the profilin-actin motility mix without the PRD
to recruit profilin—actin. Overall these results suggested that VASP
was exercising its enhancing effect on motility via direct binding to
the PRD domain of WAVE.

Assessing WAVE and Ena/VASP interaction in vivo

Our tests on beads were done with the recombinant WAVE poly-
peptide in isolation, not taking into account the fact that this poly-
peptide is part of the WRC in vivo, regulated by Rac GTPase,
phospholipids, and phosphorylation. Indeed, although the native
WRC has been successfully recruited to membrane-coated glass
beads to form actin comets in cell extract, this approach is not
adaptable to our pure-protein mix conditions (Koronakis et al.,
2011). However, the PRD of WAVE is a disordered domain that is
exposed on the surface of the WAVE complex, so access of VASP
to this site should not be hampered in vivo (Chen et al., 2010).
Given this, we turned to a cell motility event that was known to
depend on the WAVE complex—ventral enclosure during C. ele-
gans embryogenesis—and tested whether the PRD of WAVE in the
WRC interacted with VASP and increased actin dynamics in vivo as
we saw on beads.

Molecular Biology of the Cell
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FIGURE 1: WAVE binds Ena/VASP for increased motility in vitro.

(a) Scheme of general Ena/VASP and WAVE domain organization, with
the putative interaction between the two marked by a double arrow.
(b) Immunolabeling of beads coated with different PRD-VCA and VCA
constructs incubated in either full-length VASP or AEVH1-VASP (lacking
the putative site for interaction with WAVE). Only beads carrying the
PRD domain light up and only when incubated in VASP possessing its
EVH1 domain; p < 0.0001. PRD-VCA-WAVE and PRD-VCA-WASP
beads in VASP are also significantly higher than VCA in VASP,

p < 0.0001, not marked on the graph for clarity. Left, fluorescence
intensity measurements; right, representative images. From 20 to 50
beads were analyzed per condition. Epifluorescence microscopy.

(c) Comets on PRD-VCA-WAVE beads in the presence of wild-type
VASP and AEVH1-VASP and with no addition. Actin comets appear as
darker streaks behind the beads, which appear white. All pictures were
taken at ~10- to 15-min reaction time. In the graph, speeds for
PRD-VCA-WAVE beads are represented normalized to wild-type VASP
addition to account for day-to-day variations. No addition and addition
of AEVH1-VASP give speeds that are 60% that of wild type, p = 0.004
and 0.003, respectively. PRD-VCA-WAVE beads moved at speeds of
0.3-1.4 pm/min, depending on the day and the additive. Phase
contrast microscopy. All data are represented as averages + SD.

p values calculated with the Student’s t test. Bars, 1 pym.

To evaluate actin dynamics during ventral closure, we expressed
Lifeact-green fluorescent protein (GFP) under an epidermal-specific
promoter. We observed the presence of dynamic F-actin structures
at the protruding edge of the epidermal cells, especially in the an-
teriormost “leader cells” (Figure 2, a and b, and Supplemental
Video S1), as previously reported using a fluorescently tagged actin-
binding domain from VAB-10 (Patel et al., 2008; Gally et al., 2009;
Bernadskaya et al., 2012). Also as previously observed, in a VASP-
null strain, ventral enclosure still occurred, but the lamellipodia
of the leader cells were blunted and less dynamic (Figure 2a and
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Supplemental Video S2; Sheffield et al., 2007). Somewhat counter-
intuitively, we observed that the pocket area at the moment of con-
tact of the leader cells in the VASP-null worms was half that of wild
type, largely due to the fact that the VASP-null pocket was smaller
along its vertical axis, as evidenced by a larger aspect ratio (Figure
2,aandb).

To understand this difference in pocket area, we quantified the
speeds of leader cells as compared with pocket cells for wild-type
and VASP-null embryos using kymograph analysis. The leader cells
in the wild-type embryos migrated almost 1.7-fold faster than those
of the VASP-null embryo, whereas the speeds of pocket cell move-
ment were identical (Figure 2c). The difference in pocket area upon
leader cell contact in the VASP-null mutant versus the wild type
therefore seemed to result from the fact that leader cells and pocket
cells moved with similar slow speeds in the VASP-null case, whereas
in the wild-type case, leader cells were more dynamic and ran ahead
of the sheet. Pocket area at the moment of leader cell touch pro-
vided a robust visual readout of the dynamics of the leader cells,
and we therefore use this measurement, along with cell migration
speeds, to quantify the effects of our different mutants.

Mimicking what we had done on beads, we removed the puta-
tive Ena/VASP binding site, the PRD of WAVE. This deletion form of
WAVE had been studied in vitro and shown to be correctly incorpo-
rated into the mammalian and Drosophila WAVE complex (Ismail
et al., 2009). We introduced APRD-WAVE and wild-type WAVE as a
positive control into a WAVE-null, Lifeact-GFP-positive background,
and filmed ventral enclosure events. We observed that reintroduced
wild-type WAVE restored leader cell speeds and pocket areas to
normal levels, whereas APRD-WAVE gave results that were identical
to the VASP-null case shown in Figure 2, even though wild-type
VASP was still present in these embryos (Figure 3, a—c, and Supple-
mental Videos S3 and S4). Other ligands for the PRD domain of
WAVE in C. elegans are not known. In vertebrates, the PRD of
WAVE2 strongly binds IRSp53, a protein implicated in enhancing
WAVE activity (Miki et al., 2000). However C. elegans WAVE is a
WAVE1-type protein, and vertebrate WAVE1 proteins have been
shown to have a very weak interaction with IRSp53 (Miki et al., 2000;
Kurisu and Takenawa, 2009).

We also performed the converse experiment, removing the pu-
tative WAVE binding site, the EVH1 domain, of C. elegans VASP.
This AEVH1-VASP construct was introduced as a GFP fusion into a
VASP-null background, and a wild-type, GFP-tagged VASP trans-
genic was also prepared as a control. Wild-type VASP-GFP and
AEVH1-VASP-GFP were localized at cell borders, although cytoplas-
mic diffuse staining was present for AEVH1-VASP-GFP (Supplemen-
tal Figure S2a). The bright puncta throughout the cells may have
resulted from GFP labeling, since these were not apparent for native
VASP observed by immunostaining (Sheffield et al., 2007). Puncta
had also been observed upon GFP-Ena expression during dorsal
closure in Drosophila, so this seemed to be a general observation
for Ena/VASP-GFP overexpression in vivo and did not appear to dis-
rupt cell function (Gates et al., 2007).

The GFP-tagged strains were additionally crossed with a Lifeact-
mCherry strain in order to visualize leader cell dynamics and pocket
morphology. The double labeling made it clear that VASP was very
faint at the leading edge of leader cells, although bright at cell-cell
borders, as also observed in Drosophila dorsal closure (Gates et al.,
2007; Supplemental Video S5). It seemed probable that the lamel-
lipodia were too thin and dynamic to reliably observe VASP at the
leading edge of leader cells. However, observation of F-actin dy-
namics in the red channel for reintroduced WT-VASP-GFP and
AEVH1-VASP-GFP embryos revealed blunted leader cells with

WAVE binds Ena/VASP | 57



a) Leader cell touch
LCT - 20 min (LCT) LCT + 20 min

LCT - 10 min LCT + 10 min

VASP
null

b) 25 Examples 25 *
® * pocket measurement
o
o 5 4 o 20
Upper % g 20 =
% 2 = E
ST 15 8815
o% a<
o2 10} =8 10
NE 23
P2 &l e 05
5 a ’
“Lower” 2
O WT vasp WT  VASP
null null
C) First First
Kymograph Kymograph
L First LC First PC ib
’ *
~ 08
£
£
£ 0.6
2
B 04
1)
Q
(%)
0.2

0 [ [|
WT VASP WT VASP

null null

First LC First PC
speed speed

VASP affects lamellipodial actin dynamics during ventral enclosure. (a) Imaging of Lifeact-GFP expressed
exclusively in epidermal cells during ventral enclosure for wild-type embryos and for embryos lacking VASP. Times are
indicated in minutes in relation to leader cell touch (LCT). The lamellipodia of the lower leader cells are indicated by
arrows, and zooms of the boxed red area are shown on the right. In the absence of VASP, leader cell protrusions are
blunted and only slightly in advance of adjacent pocket cells. z-stack projections over several micrometers. Spinning disk
fluorescence microscopy; ventral view, anterior is to the left. See also Supplemental Videos S1 and S2. (b) Cartoon of
the embryo and measurement of the size of the ventral pocket at the moment of leader cell touching. Pocket sizes are
represented as percentages: area of pocket/total area of embryo visible by fluorescence. The pocket in the VASP null
case is significantly smaller than in the wild-type case (left, p < 0.0001). This is largely due to the fact that the height (h)
of the VASP-null pocket is smaller, whereas pocket widths (w) are identical for wild-type and VASP-null embryos, giving a
higher pocket aspect ratio for VASP-null embryos (right, p < 0.001). Between 5 and 10 embryos/condition. (c) Migration
speeds of leader cells and pocket cells during ventral enclosure. Kymographs are taken as indicated (left) to measure
the speed of the first leader cell (LC) and the first pocket cell (PC). Middle, representative kymographs of wild-type and
VASP-null embryos (slopes of kymograph in blue; lower cells only for clarity; for PC speeds, only the first, fast phase of
enclosure was quantified). Right, LC and PC speeds from several kymographs (6-14). VASP-null leader cells move
significantly more slowly than wild type (p = 0.0006). The first LCs in VASP-null embryos move essentially at the same
speed as pocket cells in both wild-type and VASP-null conditions. All data are represented as averages + SD. p values
calculated with the Student’s t test. Bars, (a) 15 pm, zoom 7.5 pm; (c) 15 pm; kymographs: horizontal bars, 10 min;
vertical bar, 15 ym.

reduced protrusion speeds and reduced pocket areas in the latter
case, meaning that this form of VASP was unable to rescue leader
cell dynamics (Figure 3, a—c, and Supplemental Videos S5 and Sé).
Taken together these results showed that interfering with do-
mains that ensure the WAVE-VASP interaction gave ventral enclosure
events that resembled the VASP-null case. To confirm this result for a
whole population of worms, we turned to a synthetic lethal assay
consisting of RNA interference (RNAI) against WASP (WSP-1). WASP
knockdown is known to sensitize the embryo, making the absence of
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VASP embryonic lethal due to ventral enclosure failure (Withee et al.,
2004; Sheffield et al., 2007), even though WASP removal on its own
has no effect on ventral enclosure (Supplemental Figure S3 and Sup-
plemental Video S7). In the following, we use WASP RNA| as a tool
to expose deficiencies in VASP activity. The advantage of using this
assay is the ability to evaluate hundreds of embryos by a high-
throughput visual assessment of embryonic survival.

We first reproduced previous results showing ~0% survival
upon RNAI against WASP in a VASP-null scenario (Figure 3d).

Molecular Biology of the Cell
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zoom, 7.5 pym.

Reintroduced wild-type VASP increased survival to 74%, <100%,
perhaps due to less efficient expression from extrachromosomal
arrays (Stinchcomb et al., 1985). On the other hand, reintroduced
AEVH1-VASP rescued embryo survival to only 29%, confirming
what we had observed concerning leader cell dynamics, that this
mutant was much attenuated in its ability to play the role of VASP
in ventral enclosure. Its residual activity (not 0% survival like VASP
null) indicated that AEVH1-VASP was still performing some of its
functions. Similarly, we subjected APRD-WAVE transgenic worms
to WASP RNAI. As a positive control, we did the same experiment
with worms carrying reintroduced wild-type WAVE. Embryonic sur-
vival was 25% in the positive control, again perhaps due to ineffi-
cient expression from extrachromosomal arrays. However, when
APRD-WAVE worms were treated with RNAi against WASP, survival
was a solid 0%, phenocopying a Ena/VASP-null phenotype and
confirming what we had observed concerning leader cell dynam-
ics and pocket morphology.

Volume 26 January 1, 2015

Overall these results taken together indicated that when Ena/
VASP was present in the cells but not recruited by WAVE, it was inac-
tive to enhance motility, which is what we had also observed with
pure proteins in vitro.

Ena/VASP’s binding to F-actin and profilin/G-actin

are important for its function in vivo

We next wanted to define which domain(s) of VASP, in addition to its
WAVE-binding site, were essential to its function of increasing
WAVE-based actin dynamics. Into the VASP-null background, we
introduced GFP-tagged C. elegans VASP constructs lacking indi-
vidually the F-actin binding site, the G-actin binding site, the te-
tramerization site, and the profilin-binding region, AFAB-VASP,
AGAB-VASP, ATET-VASP, and APP-VASP, respectively (Figure 1a). We
also introduced a mutant composed of just the EVH1 domain and
thus lacking both the PP and EVH2 regions, called EVH1-VASP.
The GAB site is ill defined in C. elegans VASP, but by sequence
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survival like wild-type (Figure 3d), whereas AGAB was reduced (p = 0.04 as compared with
reintroduced wild type), although not as much as AFAB and APP, which were identical to the
negative control EVH1 (p = 0.97 and 0.12, respectively). (d) PRD-VCA-WAVE-coated beads
incubated in the motility mix with different forms of VASP. Left, representative comets at 10- to
15-min reaction time. See Figure 1 for pictures of wild-type, AEVH1-VASP, and no-addition
comets. Phase contrast microscopy. Right, bead speeds normalized to the wild-type speed for
each day, which was on average ~0.8 pm/min. Two to four independent experiments were
averaged for each condition. Wild type and no addition are replotted from Figure 1c for
comparison. ATET-VASP addition is the same as wild type (p = 0.3), whereas AFAB-VASP gives
identical speeds to no addition (p = 0.12). AGAB-VASP and APP-VASP inhibit motility. All data
are represented as averages * SD. p values calculated with the Student’s t test. Bars, 15 pm (a),
1 pm (d).

alignments, we identified a site that contained a Leu residue adja-
cent to basic amino acids, which we mutated to acidic amino acids
to make our AGAB-VASP construct as per Walders-Harbeck et al.
(2002) and Barzik et al. (2005). All constructs localized to cell borders
as observed for wild type, whereas ATET-VASP displayed additional
cytoplasmic staining, and EVH1-VASP was also present in the cyto-
plasm and the nucleus as previously observed in fibroblasts for
EVH1-EGFP of Mena (Bear et al., 2000; Supplemental Figure S2b).
APP-VASP, AFAB-VASP, AGAB-VASP, and ATET-VASP GFP-
tagged mutant strains were crossed with a Lifeact-mCherry strain,
and we observed that leader cell dynamics and the pocket area at
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the moment of leader cell touch were re-
duced for APP-VASP and AFAB-VASP, iden-
tical to that of VASP-null embryos shown
earlier, indicating that VASP required its F-
actin and profilin-binding sites to exert its
function in vivo (Figure 4, a and b, and Sup-
plemental Video S8). On the other hand,
ATET-VASP and AGAB-VASP embryos had
dynamic leader cell lamellipodia and re-
sembled the wild-type situation, with
pocket areas similar to wild type, indicating
that these domains were not essential for
VASP function in vivo (Figure 4, a and b,
and Supplemental Video S9). In all mutants,
pocket cell speeds were identical to each
other, so differences in pocket area resulted
from differences in leader cell dynamics
only (Supplemental Figure S4).

However, the synthetic lethality assay of
these mutants revealed a slight difference
between ATET-VASP and AGAB-VASP. In-
deed, when the ATET-VASP worms were
subjected to WASP RNA|, the lethality was
low, identical to wild type shown in Figure
3d, whereas AGAB-VASP was mid way be-
tween wild type and AFAB-VASP (Figure 4c).
We performed the synthetic lethality assay
on two additional constructs—EVH1-VASP
as a negative control, lacking all VASP func-
tional domains for interaction with actin, and
APP-VASP. Embryonic lethality of 50-70%
was observed in worms carrying APP-VASP,
statistically identical to AFAB-VASP and to
the negative control EVH1-VASP (Figure 4c).
We concluded from this that the necessary
domains for VASP function in vivo were the
F-actin  and profilin-binding  domains,
whereas the tetramerization domain was
dispensable. In addition, it appeared that
we had correctly identified the G-actin bind-
ing domain, and although its removal was
not blatantly deleterious to leader cell dy-
namics, it did appear to play a minor role, as
evidenced by the enhanced mortality ob-
served in the RNAI assay.

Ena/VASP’s binding to F-actin

and profilin/G-actin is important

for its function in vitro

In parallel with the ventral enclosure study
of the VASP mutants, we used the bead as-

say to determine which VASP domains were essential for its en-
hancement of WAVE-based movement in vitro. We applied the dif-
ferent mutants to PRD-VCA-WAVE—-coated beads. Addition of VASP
lacking the F-actin binding site (AFAB-VASP) gave speeds that were
60% that of wild-type protein addition and identical to no addition
(Figure 4d). The addition of monomeric VASP (ATET-VASP), on the
other hand, gave speeds identical to wild type (Figure 4d). Addition
of VASP mutants lacking the capacity to interact with G-actin and
G-actin/profilin complexes (AGAB-VASP and APP-VASP) decreased
bead motility, giving split and deformed comets that propelled
beads at reduced speeds as compared with no addition (Figure 4d).
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FIGURE 5: Teamwork between the Arp2/3 complex and VASP via mutual binding to WAVE.
Membrane/bead-bound WAVE activates the Arp2/3 complex with its VCA domain, which then
dissociates from the activated Arp2/3 complex to allow the new branch to grow, giving the
scenario at the top, where the nascent branch could diffuse away from the surface. When WAVE
recruits VASP in addition to binding and activating the Arp2/3 complex, a hand-off of the
nascent branch could happen (bottom). VASP provides the link between the surface and the
network at the same time that it enhances growth of new barbed ends. This could not only
increase surface-directed polymerization on its own, but it could also contribute to providing
new filament primers for subsequent rounds of Arp2/3 complex-based branching (bottom, right
vignette).

These results confirmed our in vivo results showing that monomeric
VASP was active for motility enhancement and the importance of
F-actin and profilin—actin binding. The bead assay further confirmed
that the G-actin binding site was important, although it was less es-
sential in vivo.

ing site to the barbed end (Chereau and
Dominguez, 2006; Ferron et al, 2007;
Breitsprecher et al., 2008, 2011; Hansen and
Mullins, 2010). The lesser effect observed in
vivo for the G-actin binding site deletion
may reflect the fact that at in vivo salt con-
centrations, the main polymerization entity
is profilin—actin. This has been shown by in
vitro measurements of single filament elon-
gation, where it was hypothesized that the
mainly electrostatic interaction of the G-ac-
tin binding site with G-actin is not favorable
under physiological conditions, whereas the
hydrophobic interaction of profilin-actin to
proline-rich domains is favored (Hansen and
Mullins, 2010).

Our results are consistent with a team-
work mechanism between two different ac-
tin polymerization machineries, the Arp2/3
complex and VASP, facilitated by mutual
binding to WAVE (Figure 5). The WAVE-acti-
vated Arp2/3 complex creates a new branch
on the side of an existing filament, and this
branch is handed off directly to a molecule
of VASP, localized at the bead or membrane
surface by its association with the proline-
rich domain of WAVE. This point is particu-
larly important in light of recent results
showing that Arp2/3 complex activators
must dissociate from the Arp2/3 complex in
order to allow the new branch to grow
(Smith et al., 2013). Another candidate for
barbed-end capturing at the surface is the
WH2 domain of WASP/WAVE, which binds

barbed ends (Co et al., 2007). However, this interaction depends on
an intervening molecule of monomeric actin, and WH2 domains are
not able to bind profilin-actin (Ferron et al., 2007), so the relevance
of this barbed-end capture mechanism is not clear in the high-profi-
lin conditions of in vivo polymerization. We propose therefore that

WAVE-bound VASP may act as the link between the surface and the

DISCUSSION

Taken together, our in vivo and in vitro results indicate that the pro-
line-rich domain of WAVE in both C. elegans and human protein
interacts with VASP and that this association leads to enhanced actin
assembly dynamics and increased motility. When VASP is present in
the cytosol/in solution but not recruited to the leading edge/bead
surface because WAVE is lacking the proline-rich domain or because
VASP lacks its EVH1 domain, actin dynamics resembles that of the
no-VASP case. Motility enhancement is only observed when VASP is
recruited by WAVE to the membrane or bead surface where Arp2/3
complex branches are being formed.

In both embryo and bead systems, monomeric VASP is just as
effective in increasing motility as tetrameric (wild-type) protein, so
tetramerization appears to be dispensable for lamellipodial-type
actin-based protrusion. Tetramerization may be important for other
situations, such as in filopodia formation, where bundling is required
(Applewhite et al., 2007). On the other hand, interfering with VASP’s
F-actin or profilin/G-actin binding abolishes the enhancing effect on
actin assembly. This result extends to actin networks in vivo and on
beads what has already been observed in single filament in vitro
assays: Ena/VASP protein binds filaments via its F-actin binding site

and delivers monomers from the G-actin and/or profilin-actin bind-  filament.
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actin network at the same time that it enhances barbed-end growth
via the profilin-actin loading mechanism. Together this would en-
hance polymerization at the surface, which not only would increase
protrusion on its own, but also provide more filament primers for
further Arp2/3 branching events (Figure 5; Achard et al., 2010).

In the bead system, eliminating VASP’s ability to interact with
either G-actin or profilin/G-actin inhibits bead motility: movement
is slower than with no addition. This implies that when VASP is lo-
calized at the barbed end via its FAB domain but unable to add
actin monomers via its G-actin or profilin-actin binding sites, it
slows barbed-end elongation. This result is surprising because for
single filaments, interfering with VASP’s G-actin binding or with the
VASP-profilin/G-actin interaction does not reduce polymerization
below that observed for virgin filaments, although it does decrease
VASP's capacity to enhance barbed-end elongation (Breitsprecher
et al., 2008; Hansen and Mullins, 2010). However, in single-filament
assays, VASP does not continue to localize to the barbed end when
G-actin binding is abrogated (Hansen and Mullins, 2010). Our
observation of motility inhibition may be a reflection of the more
complex dynamics of actin network growth confined at a surface
where components do not diffuse away as they do from a single
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Overall our in vivo and in vitro results allow us to propose a team-
work-type mechanism between the Arp2/3 complex and VASP that
leads to enhanced protrusion and motility probably as a result of
localized barbed-end elongation enhancement and/or anticapping
activity via VASP's capacity to bind profilin, G-actin, and F-actin. Our
results ride the wave of similar studies that have brought to light the
collaboration of other actin machineries that were previously consid-
ered as distinct and independent—for example, the Arp2/3 com-
plex and the formin FMNL2, and the nucleator APC and the formin
mDia1 (Block et al., 2012; Breitsprecher et al., 2012). In the light of
recent results concerning the direct interaction of the WAVE com-
plex subunit Abi and Ena/VASP proteins (Chen et al., 2014), it seems
probable that WAVE coordinates this molecular collaboration be-
tween the Arp2/3 complex and Ena/VASP via multiple, perhaps
complementary interactions. This mechanism explains why VASP is
present in dynamic WAVE-based protrusions in moving cells and
gives a first characterization of how VASP activity synergizes with
Arp2/3 complex nucleation.

MATERIALS AND METHODS

Worm strains and handling

Worms were maintained and handled using standard techniques
(Brenner, 1974). The VASP-null strain unc-34(gm104) was isolated
from PE159 strain [unc-34(gm104) hmp-1 (fed)/mls10 V] (a gift of
Jonathon  Pettitt, University of Aberdeen, Aberdeen, United
Kingdom). OX308 strain carrying wve-1(ne350) I/hT2[bli-4(e937)
let-2(q782) qls48](l;!ll) was a gift of Martha Soto (Rutgers University,
Piscataway, NJ). NG324 wsp-1(gm324) and DP38 unc119(ed3) were
from the Caenorhabditis Genetics Center (University of Minnesota,
Minneapolis, MN). The following strains were generated in the pres-
ent study: JUP30 unc119(ed3); Is[Plin-26::Lifeact::GFP::unc54 3'UTR;
Cb-unc119], JUP38 unc119(ed3); Is[Plin-26::Lifeact::mCherry::unc54
3'UTR; Cb-unc119], JUP22 unc34(gm104); Ex[Plin-26::unc-
34(WT(full-length cDNA))::GFP::unc54 3'UTR; pRF4; pCFJ90], JUP24
unc34(gm104);  Ex[Plin-26::unc-34(ATET(A415-468aa))::GFP::unc54
3'UTR; pRF4; pCFJ90], JUP26 unc34(gm104); Ex[Plin-26::unc-
34(AFAB(A301-318aa))::GFP::unc54 3'UTR; pRF4; pCFJ90], JUP29
unc34(gm104); Ex[Plin-26::unc-34(APP(A196-256aa))::GFP::unc54
J'UTR; pRF4; pCFJ90], JUP32 unc34(gm104); Ex[Plin-26::unc-
34(AEVH1(A3-195aa))::GFP::unc54  3'UTR;  pRF4; pCFJ90],
JUP34  unc34(gm104);  Ex[Plin-26::unc-34AGAB(LK73MRy75-
>LEME)))::GFP::unc54 3'UTR; pRF4; pCFJ90], JUP36
unc34(gm104);  Ex[Plin-26::unc-34(EVH1(1-195aa))::GFP::unc54
3'UTR; pRF4; pCFJ90], JUP40 wve-1(ne350); Ex[wve-1; pRF4;
pCFJ90], JUP44 wve-1(ne350); Ex[wve-1(APRD(A200-390aa));
pRF4; pCFJ90]. pRF4 encodes the dominant rol-6(su1006)
cotransformation marker. pCFJ90 encodes Pmyo-2:mCherry
cotransformation marker. Crossing of JUP30 with unc34(gm104)
and NG324 gave JUP46 and JUP47, respectively. JUP48-JUP53
were issued from crossing of JUP38 with JUP22, JUP24, JUP26,
JUP29, JUP32, and JUP34, respectively. JUP54 and JUP55 were is-
sued from crossing of JUP30 with JUP40 and JUP44, respectively.

Constructions

C. elegans expression vectors generated in this study and primers
used for their construction are summarized in Supplemental Tables
S1 and S2. The pAWS5 plasmid, carrying nucleotide sequences for
C. elegans lin-26 promoter, unc-34 cDNA (VASP), and unc-54 3’'UTR,
was a gift of J. Pettitt (Sheffield et al., 2007). Domain boundaries for
C. elegans VASP (UNC-34) were predicted by alignment with human
and mouse VASP. Constructs coding for APP-VASP (lacking residues
196-256, inclusive numbering), AEVH1-VASP (lacking residues
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3-195), AFAB-VASP (lacking residues 301-318), ATET-VASP (lacking
residues 415-468) mutants of VASP, or its EVH1 domain (first 195
residues only) were prepared by Splicing by Overlapping Extension
PCR (SOEing) using oligonucleotides 1-15 (see Supplemental
Tables S2 and S3 for details), followed by digestion/ligation into
Kasl-BstZ171 fragment of pAWS5. Constructs coding for AEVH1-VASP
and AGAB-VASP (K273E, R275E; primers 16-19) were prepared
similarly, except that SgrAl-Notl or Kasl-Notl sites were used for
religation, respectively.

The wve-1 rescuing fragment was prepared as described previ-
ously (Patel et al., 2008). Briefly, the wve-1 gene was amplified from
genomic DNA using attB-tailed oligonucleotides 20 and 21 and re-
combined with pDONR201 via Gateway BP reaction (Invitrogen),
giving pENTR201/wve-1. The APRD mutant (lacking amino acids
201-390) was prepared by SOEing mutagenesis using primers
20-25 and religation after Bglll/EcoRl double digestion into
PENTR201/wve-1. As for previous studies (Ismail et al., 2009; Chen
et al., 2010), a (Gly-Gly-Ser)q linker was inserted in place of the PRD
to link the N- and C-terminal parts of the molecule.

Sequence for Lifeact and linker was taken as in Ried| et al. (2008)
but with C. elegans codon usage and used to amplify GFP from the
vector plD3.01B (gift of Geraldine Seydoux, Johns Hopkins Univer-
sity, Baltimore, MD) with attB-tailed oligonucleotides 26 and 27. The
product was recombined into pPDONR221 and then fused with lin-26
promoter sequence (from pAWS5) and the unc-54 3'UTR (gift of
G. Seydoux; Addgene plasmid 17253: pCM5.37) in the destination
vector pCFJ210 (gift of Erik Jorgensen; Addgene plasmid 30538)
using the Multisite Gateway System (Invitrogen). pCFJ210/Plin-
26::Lifeact:mCherry::unc543’'UTR was prepared in the same way,
except that Lifeact::mCherry was prepared by amplifying mCherry
from pGH8 (gift of Erik Jorgensen; Addgene plasmid 19359) and
fusing it by PCR to the Lifeact sequence of pENTR[1,2]Lifeact-GFP
to avoid integrating the long Lifeact sequence on a single oligo
(primers 28-33).

Human WAVE-2 cDNA was a gift of Alexis Gautreau (Laboratoire
d'Enzymologie et Biochimie Structurales, Gif-sur-Yvette, France).
The PRD-VCA domain of WAVE-2, Lys195- Asp498 (full-length
protein numbering), was equipped with an N-terminal glutathione
S-transferase tag by inserting it between the BamHI and Notl sites
of pGEX-4T1 (GE Healthcare). A C-terminal Gly linker and octahisti-
dine tag were added before the stop codon. The VCA domain was
prepared in the same way and consisted of Thr4d24-Asp498. All
mouse VASP constructs were from Dorothy Schafer (University of
Virginia, Charlottesville, VA) and carried an N-terminal hexahistidine
tag (Barzik et al., 2005).

Protein purification

The Arp2/3 complex was purified from bovine thymus using the
method described for human leukocytes (Higgs et al., 1999). Bovine
brain Arp2/3 complex purchased from Cytoskeleton was not used,
as it was found to give very fast PRD-VCA-WAVE bead motility (2-3
pm/min) as compared with home-made Arp2/3 complex, and VASP
addition in this situation gave motility inhibition (speeds <1 pm/
min). VCA protein (from human N-WASP) and rabbit muscle actin
were purchased from Cytoskeleton. The mouse 012 capping pro-
tein construct was a gift of D. Schafer and was purified as in Palmgren
et al. (2001). Untagged human profilin was expressed in Escherichia
coli strain Rosetta 2(DE3) plysS (Novagen) and purified as in
Carvalho et al. (2013). Mouse VASP protein and mutants were puri-
fied as previously described (Barzik et al., 2005). VASP proteins were
further purified via fast protein liquid chromatography using a
Superdex 200 10/300GL column (GE Healthcare). Mouse VASP
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constructs were the following: AEVH1-VASP, lacking residues 1-114;
APP-VASP, lacking residues 156-207; AGAB-VASP double point mu-
tation R232E, K233E; AFAB-VASP, lacking residues 255-273; and
ATET-VASP, lacking residues 331-375.

PRD-VCA-WAVE was expressed in BL21-CodonPlus(DE3)-
RIPL (Stratagene) overnight at 30°C with 1 mM isopropyl-B-p-
thiogalactoside (IPTG) in 2YT medium containing 50 pg/pl ampicillin
and 17 pg/pl chloramphenicol. Cells were lysed in 20 mM Tris,
pH 8.0, 200 mM NaCl, 1 mM ETDA, 0.1% Triton X-100, and 1 mM
dithiothreitol (DTT) supplemented with complete EDTA-free pro-
tease inhibitor cocktail (Roche) then purified using glutathione Sep-
harose (GE Healthcare). Proteins were eluted with 20 mM Tris, pH
8.0, 200 mM NaCl, 1 mM ETDA, 1 mM DTT, and 25 mM reduced
glutathione and then supplemented to 20 mM imidazole. Proteins
were then bound to Ni Sepharose High Performance column (GE
Healthcare) and eluted in 20 mM Tris, pH 8.0, 200 mM NaCl, 1 mM
DTT, and 300 mM imidazole. Proteins were further purified over the
Superdex 200 10/300GL column (GE Healthcare) in 20 mM Tris, pH
8.0, 200 mM NaCl, 0.5 mM ETDA, and 1 mM DTT. Protein was dia-
lyzed into 20 mM Tris, pH 8.0, 200 mM NaCl, 0.5 mM ETDA, 1 mM
DTT, and 5% glycerol and stored at —80°C. VCA-WAVE was purified
essentially in the same way, except that Rosetta 2(DE3) pLysS (Nova-
gen) were used and the Superdex step was omitted. The PRD-VCA-
WASP protein was likewise expressed in Rosetta 2(DE3) plysS but
with an overnight expression at 20°C instead of 30°C with 1 mM
IPTG. In addition, eluate from the glutathione Sepharose was sup-
plemented to 40 mM imidazole instead of 20 mM before applica-
tion to the Ni column.

C. elegans transgenesis and imaging
To create wve-1 transgenics, wve-1(ne350) I/hT2[bli-4(e937) let-
2q782) qls48](l;1ll) heterozygous animals were injected with DNA
coding for either wild-type or APRD mutant versions of wve-1 and the
injection markers pRF4 (Mello et al., 1991) and pCFJ?0 (Pmyo-
2::mCherry; Frokjaer-Jensen et al., 2008). Noninjected homozygous
wve-T animals show Egl (egg-laying defective) and Mel (maternal
embryonic lethal) phenotypes. Homozygous wve-T animals from es-
tablished transgenic lines, identified as GFP(-) mCherry (+) rollers,
were assayed for rescue of these phenotypes. Wild-type (WT) and
APRD mutants of wve-1 effectively restored laying of eggs (brood size
278 £ 19 for WT vs. 210 + 26 for APRD) and abated embryonic lethal-
ity of their progeny (72 and 82% eggs dead for WT vs. APRD). The
assay was done in triplicate, and 12 animals/strain were assayed.
Lifeact-GFP and Lifeact-mCherry animals were generated by mi-
croparticle bombardment (Bio-Rad) as described previously (Praitis
etal., 2001). To create VASP transgenic animals, VASP-null hermaph-
rodites were injected with pAWS5 (coding for WT-VASP-GFP) or de-
rived plasmids (coding for GFP-tagged forms of AEVH1-VASP,
AFAB-VASP, AGAB-VASP, ATET-VASP, APP-VASP, or EVH1 domain)
along with pCFJ90 (Pmyo-2::mCherry) and pRF4 injection markers.
For ventral enclosure imaging, embryos were extruded from trans-
genic adults by cutting them in a drop of M9 solution and mounted
on a 2% agarose pad. Image acquisition was performed at 22°C.
Spinning disk confocal fluorescence images were acquired at a
Nikon Eclipse TE2000-E microscope equipped with an oil immersion
objective, 100x/1.40 numerical aperture, a piezo stage (Nanoscan
Prior), a Yokogawa CSU22 confocal head, a HQ2 charge-coupled
device camera (Roper Scientific), and a 491-nm diode laser con-
trolled by MetaMorph software 7.5 (Molecular Devices). The 10- to
20-pm z-stacks were acquired with 0.5-pm distance between planes.
For time-lapse imaging of Lifeact-GFP and Lifeact-mCherry during
ventral enclosure, z-stacks were acquired at 60- to 90-s intervals
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on the spinning disk. Owing to low signal, Lifeact-mCherry single-
channel images were denoised with the program Safir (Boulanger
etal., 2010).

C. elegans RNAi and analysis

Standard RNAi feeding techniques were used (Kamath and
Ahringer, 2003). To create wsp-1 RNAI feeding vector, a full-length
wsp-Ta cDNA was PCR amplified from yk184g1 cDNA clone (gift
of Yuji Kohara, National Institute of Genetics, Mishima, Japan)
using 5-GGGCCATGGATGTCGGTATATCCTCCCACGCCGAC and
5-GGGCTCGAGCTAATCTGACCATTCATTTTTGTCA  oligonucle-
otides and cloned into Xhol-Ncol sites of L4440 plasmid. C. elegans
animals were synchronized by hypochlorite treatment. Feeding was
carried out at 20°C. A triplicate of Pmyo-2:mCherry(+) embryos
issued from 10-20 Pmyo-2::mCherry(+) adult hermaphrodites/con-
dition was assayed for ability to complete embryonic development.
Embryos unable to hatch 24 h postlaying were scored as dead. In
case of transgenic lines, only mCherry(+) progeny were taken into
account. Data are the average of two experiments.

Bead preparation

Carboxylated polystyrene beads of both 1- and 4.5-um diameter
(Polysciences) were coated in Xb (10 mM 4-(2-hydroxyethyl)-1-pip-
erazineethanesulfonic acid [HEPES], pH 7.5, 0.1 M KCI, 1 mM MgCl,,
and 0.1 mM CaCly) with 4.5 uM coating protein at 20 min in a ther-
momixer (Eppendorf) at 18°C, 1000 rpm. The amount of beads in
40 pl of protein solution was adjusted to a total surface area of
3 cm?. After coating, the beads were washed twice in 1% bovine
serum albumin (BSA)/Xb, resuspended in 120 ul 1% BSA/Xb, and
stored on ice for 1 d for bead motility assays.

Immunolabeling of beads

A 0.2-pl amount of coated beads was mixed with 4 pl of 500 nM
VASP or AEVH1-VASP in Xb/1% BSA, and the reaction was sand-
wiched between two 12-mm-round coverslips separated by a Para-
film spacer. The reactions were incubated 1 h in a moist chamber at
room temperature, and then the sandwiches were floated apart and
simultaneously fixed by submersion in a 2% glutaraldehyde/phos-
phate-buffered saline (PBS) solution. Fixation was continued for 1 h
at room temperature, and then the coverslips were neutralized for
10 min in 2 mg/ml NaBH, in PBS. Coverslips were labeled with a
VASP antibody that recognized the C-terminus to detect both wild-
type and AEVH1-VASP protein (Thermo Scientific) and counter-
stained with a secondary antibody (goat anti-rabbit) coupled to
Alexa 488 (Invitrogen).

Motility assay

The motility medium contained 95 nM Arp2/3 complex, 50 nM cap-
ping protein, 5.5 pM profilin, and 5.5 pM G-actin. Actin was diluted
to 23 pM in G-buffer (2 mM Tris, 0.2 mM CaCly, 0.2 mM DTT, pH 8.0)
and allowed to depolymerize at 4°C for at least 2 d and used for
several weeks. Proteins were diluted in MB13 (10 mM HEPES,
1.5 mM ATP, 3 mM DTT, 1.5 mM MgCl,, 1 mM ethylene glycol tet-
raacetic acid [EGTA], 1% BSA, and 50 mM KClI, pH 7.5, with 0.1-
0.2% methylcellulose [M0512, 4000 cP; Sigma-Aldrich]). We added
150 nM VASP proteins (calculated using the tetramer molecular
weight, even for the ATET mutant) or the equivalent in VASP buffer
(20 mM imidazole, 200 mM KCI, 1T mM EGTA, 2 mM MgCl,, and
1 mM DTT, pH 7.0). The final KCI concentration was brought up to
86 mM by addition of KCl in MB13. Owing to dilution by VASP buffer
and G-actin solution, final reaction conditions were ~1 mM ATP,
2 mM DTT, 0.7 mM EGTA, 0.6% BSA, and 0.6-1.2% methylcellulose.
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For a final reaction volume of 8.4 ul, 0.2 pl of coated beads was
added, and the entire volume was placed between a glass slide and
coverslip (18 x 18 mm) and sealed with Vaseline/lanolin/paraffin
(1:1:1).

Bead observation and data processing

Phase contrast (for motility assay) and epifluorescence (for immunola-
beling) microscopy were performed on an Olympus BX51 upright
microscope or an Olympus IX70 inverted microscope with a 100x oil-
immersion objective and CoolSnap charge-coupled device camera
(Photometrics). Phase contrast and fluorescence quantification was
done using MetaMorph software (Universal Imaging). Bead velocities
were calculated by measuring lengths of the whole population of
comets (pictures taken at random over the entire sample) over time.
The slope of comet length versus time gave the average velocity of
the entire population. This approach meant that at least 50 comets
went into each measurement. The measurement was repeated on
different days, and reported speeds are the average 2-4 different
days, representing the measurement of hundreds of comets.
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