Processive acceleration of actin barbed-end
assembly by N-WASP
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ABSTRACT Neuronal Wiskott-Aldrich syndrome protein (N-WASP)-activated actin polymer-
ization drives extension of invadopodia and podosomes into the basement layer. In addition
to activating Arp2/3, N-WASP binds actin-filament barbed ends, and both N-WASP and
barbed ends are tightly clustered in these invasive structures. We use nanofibers coated with
N-WASP WWCA domains as model cell surfaces and single-actin-filament imaging to deter-
mine how clustered N-WASP affects Arp2/3-independent barbed-end assembly. Individual
barbed ends captured by WWCA domains grow at or below their diffusion-limited assembly
rate. At high filament densities, however, overlapping filaments form buckles between their
nanofiber tethers and myosin attachment points. These buckles grew ~3.4-fold faster than
the diffusion-limited rate of unattached barbed ends. N-WASP constructs with and without
the native polyproline (PP) region show similar rate enhancements in the absence of profilin,
but profilin slows barbed-end acceleration from constructs containing the PP region. Increas-
ing Mg?* to enhance filament bundling increases the frequency of filament buckle formation,
consistent with a requirement of accelerated assembly on barbed-end bundling. We propose
that this novel N-WASP assembly activity provides an Arp2/3-independent force that drives
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nascent filament bundles into the basement layer during cell invasion.

INTRODUCTION

Invadopodia (Mueller and Chen, 1991) and related podosomes
(Tarone et al., 1985) are specialized ventral cellular projections that
can degrade the extracellular matrix via localized activity of matrix
metalloproteases. Both structures contain tightly-packed actin fila-
ments that depend on neuronal Wiskott-Aldrich syndrome protein
(N-WASP) for their generation (Linder et al., 1999; Mizutani et al.,
2002; Lorenz et al., 2004; Co et al., 2007). N-WASP is believed to
organize invadopodia primarily through its Arp2/3-activating activity
(Linder et al., 2000; Lorenz et al., 2004; Li et al., 2010), which gener-
ates a branched actin network (Baldassarre et al., 2006) reminiscent
of dendritic nucleation in a moving cell’s lamellipodium (Pollard
et al., 2000; Pollard and Borisy, 2003; Pollard and Cooper, 2009).
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Despite the presence of Arp2/3, both invadopodia and podosomes
contain a mix of bundled and branched actin (Gavazzi et al., 1989;
Schoumacher et al., 2010). Invadopodia are rich in actin cross-link-
ing proteins (Schoumacher et al., 2010), and the actin-bundling pro-
tein fascin stabilizes invadopodia and enhances substrate degrada-
tion (Li et al., 2010). Ultrastructure studies of podosomes show tight
clusters of actin filaments (Luxenburg et al., 2007). Thus actin clus-
ters or bundles may play an important role in the extension of both
structures into the substrate.

In addition to activating Arp2/3, the C-terminal WWCA region of
N-WASP binds to fast-growing actin-filament barbed ends (Egile
et al., 1999; Laurent et al., 1999; Co et al., 2007; Hu and Kuhn,
2012). For Arp2/3 activation, the central (C) and acidic (A) regions
stabilize the short-pitch helix conformation of arp2 and arp3 sub-
units (Padrick et al., 2011; Xu et al., 2011), while the two verprolin/
WASP homology 2 domains (V, W, or WH2) bind to actin monomers
(Marchand et al., 2001; Chereau et al., 2005) and actin barbed ends
(Rebowski et al., 2008; Gaucher et al., 2012). Thus N-WASP may
also organize actin barbed ends in podosomes and invadopodia
independent of its role in Arp2/3 activation.

We recently showed that in the presence of Arp2/3 complex,
nanofibers coated with glutathione S-transferase (GST)-WWCA
domains from N-WASP generated both branched and bundled
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actin networks (Hu and Kuhn, 2012). This one-dimensional analogue
of a two-dimensional cell membrane formed actin networks reminis-
cent of those produced at the leading edge of an invasive cell. In
this reconstruction, filament bundles arose spontaneously from the
dendritic network and appeared to attach processively to WWCA
tethers. This attachment generated enough force to buckle fila-
ments within the bundle. Because N-WASP generated a mix of
branched and bundled protruding actin, N-WASP's barbed-end
binding activity may play an important role in the extension of inva-
dopodia or podosomes into the basement layer. However, it was
unclear whether N-WASP attached to barbed ends directly or indi-
rectly through Arp2/3.

Given our observation of bundle tethering to N-WASP—coated
nanofibers, we sought to determine whether actin filaments could
bind processively to tethered WWCA domains in the absence of
Arp2/3 and how WWCA binding affects barbed-end polymerization
rates. Here we show that N-WASP coated nanofibers bind to de
novo-nucleated actin-filament barbed ends in two regimes. Indi-
vidual barbed ends bound to N-WASP-coated nanofibers grew at
or below the diffusion-limited polymerization rate, depending
on whether the nanofiber acted as a barrier to filament growth.
However, clustered barbed ends bound to nanofibers could grow
substantially faster than the diffusion-limited polymerization rate.
Thus, like Ena/vasodilator-stimulated phosphoprotein (VASP) and
formin proteins, N-WASP WWCA domains can processively attach
to growing barbed-end bundles and increase their diffusion-limited
elongation rate. This new activity for N-WASP provides an important
new mechanism for cell invasion into the substrate.

RESULTS
Individual barbed-end capture is nonprocessive
We used total internal reflection fluorescence (TIRF) microscopy of
single actin filaments (Amann and Pollard, 2001; Kuhn and Pollard,
2005, 2007) to dissect actin barbed-end capture by the C-terminus
of N-WASP in the absence of Arp2/3 complex. Glass nanofibers
were coated with GST-tagged constructs of the WWCA domain of
N-WASP having both native WH2 domains. The first construct
tested contained the native polyproline region (PP) of bovine N-
WASP followed by the native WWCA C-terminal Arp2/3 activator
domain (Figure 1A). Addition of fluorescently labeled bovine serum
albumin (BSA) to coated nanofibers blocked nonspecific binding
and highlighted nanofibers for microscopy. Coated nanofibers and
fluorescently labeled actin monomers were added to chambers
coated with a low concentration of rigor myosin to tether filaments
along their length. Myosin attachments appeared as inflection
points that served as fiduciary marks to separate barbed- and
pointed-end measurements (Kuhn and Pollard, 2005).

GST-PP-WWCA-coated nanofibers captured growing barbed
ends of individual, de novo-nucleated actin filaments. At low fila-
ment densities, we identified two types of barbed-end capture with
unique behaviors: end capture parallel to the long axis of the nano-
fiber and end capture perpendicular to the long axis. Filament
barbed ends that encountered the nanofiber at a shallow angle
(Figure 1B; Supplemental Movie 1) continued to grow along the
nanofiber long axis after attachment and were designated as paral-
lel captures. A small fraction of barbed ends (13 + 24%, N = 24 fila-
ments, mean + SD) encountered the nanofiber at right angles and
remained attached to the same location (Figure 1B). These interac-
tions were designated as perpendicular captures.

We measured filament length over time to assay barbed-end
growth before and after capture. Parallel captured barbed ends
grew along the nanofiber at the same rate before and after binding
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(Figure 1C), whereas perpendicular captured barbed ends grew at a
substantially reduced rate while attached to the same location on
the nanofiber (Figure 1D). To quantify the slow, saltatory growth
of perpendicular-bound barbed ends over time, we determined
the smoothed, instantaneous growth rates at each time point.
Parallel captured barbed ends in 1.5 uM actin monomers grew at
10.1+2.3 5" (N = 6 filaments) before capture and at 10.4 + 1.8 s~
(N = 6) after capture (Figure 1, E, F, and 1), consistent with theo-
retical rates for labeled actin (Pollard, 1986; Kuhn and Pollard,
2005). In contrast, filaments captured perpendicular to the nano-
fiber slowed from 11.5+2.5s " (N=6)to 3.1 £2.3 s (N=6) after
capture (Figure 1, G-I). In control experiments, filament barbed
ends did not interact with BSA-coated nanofibers (Supplementary
Figure S1; Supplemental Movie 6). Thus the parallel growth
along N-WASP-coated nanofibers and the substantial reduction
in growth of perpendicular capture filaments was due to N-WASP
binding rather than nonspecific interaction of barbed ends with
nanofibers.

Rapid processive elongation of N-WASP-bound

barbed ends

At high filament densities, some nanofiber-associated filaments
grew faster than their neighbors to form prominent buckles and
loops (Figure 2A; Supplemental Movie 2). We measured the elon-
gation rates of both nanofiber-associated buckling filaments and
unattached background filaments in the same experiment (Table 1).
Strikingly, buckling barbed ends grew 3.3-fold faster than back-
ground filaments. Background barbed ends grew at the theoretical
rate (Pollard, 1986; Kuhn and Pollard, 2005) of 6.89 + 0.13 s
(Figure 2B), whereas buckling barbed ends grew at an average rate
of 22.42 +0.39 s (Figure 2C).

Filament buckling was rare in 1 mM Mg?* but more frequent
when Mg?* was raised to induce filament side-to-side association
(bundling). Based on previous evidence that filament bundling by
divalent cations may mediate processive barbed-end attachments
to N-WASP (Hu and Kuhn, 2012), we increased buffer Mg?* concen-
tration to 10 mM to generate actin bundles (Tang and Janmey,
1996; Hu and Kuhn, 2012). In 10 mM Mg?*, nanofibers mediated
more frequent rapid filament growth and buckling (Figure 2D;
Supplemental Movie 3). However, high Mg?* did not change speed
of accelerated barbed-end growth once it began. As with lower
Mg?*, nanofiber-associated barbed ends grew 3.4-fold faster than
unattached barbed ends in 10 mM Mg?*.

Accelerated filaments did not remain bundled along their entire
length as they grew. Instead, their barbed ends were frequently ori-
ented parallel to the long nanofiber axis and its parallel captured
filaments. In some cases, we found accelerated barbed ends that
were directly bundled to other filaments (Figure 2, A and D, black
arrowheads; Supplemental Movie 4). Thus parallel association of
barbed ends (end bundling) likely plays a role in accelerated barbed-
end growth.

Profilin bound to the proline-rich region slows

barbed-end processivity

The proline-rich region of PP-WWCA might recruit profilin-actin het-
erodimers (Mullins et al., 1998; Suetsugu et al., 1998) for insertion at
the barbed end, similar to formin proteins (Romero et al., 2004). To
test whether profilin modulated processivity, we repeated the
barbed-end capture experiments with profilin-actin, high Mg?*, and
short actin seed filaments to overcome the suppression of de novo
filament nucleation by profilin. Nanofibers generated filament buck-
les (Figure 3A; Supplemental Movie 5), but the acceleration was
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FIGURE 1: Nonbundled-filament barbed-end capture is not processive. Conditions as follows: 1.5 pM (33-40% labeled)
Mg-ATP actin, nanofibers coated with 10-20 uM GST-PP-WWCA, 1 mM MgCl, 10 mM imidazole, pH 7, 50 mM KCl,

1 mM EGTA, 100 mM DTT, 0.2 mM ATP, 0.25% methyl cellulose, 15 mM glucose, 20 pg/ml catalase, and 100 pg/ml
glucose oxidase. Slides coated with NEM-inactivated myosin Il. (A) The NWASP constructs used in the study.

(B) Elongating barbed ends (arrows) attached to a GST-PP-WWCA~-coated, fluorescein isothiocyanate-labeled BSA
blocked nanofiber (dashed outline), polymerizing either perpendicularly (white arrow) or in parallel (black arrow).

(C) Growth of barbed ends parallel to the nanofiber before and after capture. (D) Growth of barbed ends attached
perpendicular to the nanofiber before and after capture. (E-H) Histogram of smoothed growth rates before (E) and
after (F) parallel capture of barbed ends or before (G) and after (H) perpendicular capture. (I) Box-and-whisker plot of
growth rates of parallel and perpendicular captured filaments. Scale bar, 10 ym.

reduced by profilin. Buckling filament barbed ends grew at an
average rate of 14.28 + 0.18 s (Figure 3C), compared with 7.4 +
0.11 s7" for unattached barbed ends (Figure 3B). This 1.9-fold ac-
celeration was significantly lower (p < 0.001) than the 3.4-fold ac-
celeration seen in the absence of profilin (Table 1).

The proline-rich domain is not required for processivity

The decrease in profilin—actin assembly rates could be due either to
slower incorporation of profilin—actin dimers at the barbed end or
through direct interaction between profilin and the proline-rich re-
gion of N-WASP. We therefore designed a GST N-WASP construct
(Figure 1A) lacking the polyproline domains to determine its effect
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on accelerated processivity. We found that GST-WWCA—coated
nanofibers generated filament buckles in both high (10 mM) and
low (1 mM) Mg?* (Figure 4). GST-WWCA-tethered ends grew
3.14-fold faster than untethered ends in low Mg?* and 3.45-fold
faster in high Mg?*. These acceleration rates were not significantly
different (p = 0.1083) in the two Mg?* concentrations tested. The
polyproline region thus does not have a major role in processive
barbed-end acceleration of actin alone.

To determine whether profilin affected barbed-end processivity
of GST-WWCA constructs, we repeated the foregoing experiments
in the presence of profilin-actin and actin seeds. As with GST-PP-
WWCA constructs, GST-WWCA constructs accelerated barbed-end
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FIGURE 2: Filament bundling enhances rate of processive elongation. Conditions as in Figure 1,
except 1 or 1.2 pM actin as indicated and total MgCl; concentration of 1 mM (A-C) or 10 mM
(D-F). (A) Processive association of actin filaments to GST-PP-WWCA-coated nanofibers (dotted
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assembly in the presence of profilin-actin
(Table 1). However, the 3.45-fold rate en-
hancement was equal to the rate enhance-
ment seen in the absence of profilin. Thus
the slower barbed-end acceleration rate
seen with construct containing the polypro-
line region was due to specific interactions
between the proline-rich region of N-WASP
and profilin-actin.

Rare processive elongation events
were not evident in bulk assays

Given the rarity of these processive elonga-
tion events, we sought to determine whether
processive elongation would be evident or
hidden in bulk actin polymerization assays
under typical conditions (1 mM Mg?).
Moderate concentrations of GST-WWCA
(200 nM) enhanced the initial polymerization
rate of 2.5 uM pyrenyl-actin (Figure 5, A
and B). However, this enhancement was
likely due to GST-WWCA-mediated nucle-
ation rather than barbed-end acceleration.
Although isolated N-WASP WWCA pep-
tides do not nucleate filaments (Gaucher
etal., 2012), dimerization contributed by the
GST tag (Lim et al., 1994) effectively doubles
the number of WH2 domains available for
nucleation. Like the actin nucleators Spire
with four WH2 domains (Quinlan et al., 2007)
or Cobl's three WH2 domains (Ahuja et al.,
2007), GST dimerization could contribute to
the weak nucleation activity we found at
moderate GST-WWCA concentrations.

In support of a nucleation-based in-
crease in initial rate seen at moderate
GST-WWCA concentrations, high concen-
trations of GST-WWCA (500 nM) abolished
the initial rate enhancement, consistent
with WWCA sequestration of actin mono-
mers (Gaucher et al., 2012). Furthermore,
when GST-WWCA nucleation was over-
whelmed with prepolymerized actin seeds,
we found no concentration-dependent

outlines) in 1.2 yM Mg-ATP-actin and 1 mM
Mg?*, showing buckling of rapidly elongating
filaments (white arrowheads) from
compression between barbed ends (black
arrowheads) and NEM-myosin attachment
points. (B, C) Elongation of barbed (black)
and pointed (gray) ends of untethered
filaments (B) or tethered buckles (C) in 1 mM
Mg?*. (D) Buckling filament (white
arrowheads) with barbed end (black
arrowheads) overlapping a nonbuckling
filament (white arrow) attached to the end of
a nanofiber (dotted outlines) in 10 mM Mg?*.
(E, F) Elongation of untethered filaments (E)
or tethered filaments (F) in 10 mM Mg?*.
Barbed-end growth rates shown in Table 1.
Scale bars, 10 pm.
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Actin Mg?* Seeds Profilin Barbed-end rate  Number of Rate of

Barbed ends Tether (uM) (mM) (nM) (uM) (subunits/s) filaments enhancement
Tethered PP-WWCA 1.2 1 — — 22.42 £0.39 10 3.25
Free PP-WWCA 1.2 1 — — 6.89+£0.13 10

Tethered PP-WWCA 1 10 — — 21.05+0.39 10 3.44
Free PP-WWCA 1 10 — — 6.12+0.08 10

Tethered PP-WWCA 1 10 75 1 14.28 +0.18 7 1.93
Free PP-WWCA 1 10 75 1 7.40£0.11 13

Tethered WWCA 1 1 — — 21.45+0.52 10 3.14
Free WWCA 1 1 — — 6.83+0.09 10

Tethered WWCA 1 10 — — 21.74+£0.70 10 3.45
Free WWCA 1 10 — — 6.29 £0.11 10

Tethered WWCA 1 10 75 1 25.45+£1.09 10 3.45
Free WWCA 1 10 75 1 7.37+£0.28 10

TABLE 1: Average filament elongation rate.

rate enhancement (Figure 5, C and D). Instead, high concentra-
tion of GST-WWCA decreased the actin assembly rate.

This decrease in actin polymerization at high GST-WWCA concen-
trations could come from monomer sequestration or N-WASP-medi-
ated changes to actin barbed-end kinetics. We therefore tested the
effects of GST'WWCA on actin depolymerization. A 20-fold dilution
of actin filaments prepolymerized from 5 uM ATP-pyrenyl-actin re-
duced overall filament concentration to 0.24 uM, and free monomer
concentration to <10 nM was used. Under these conditions, mono-
mer binding by GSTWWCA would have little effect on the initial
depolymerization rate. Nevertheless, GST-WWCA decreased the ac-
tin depolymerization rate (Figure 5, E and F), consistent with previous
studies of uncomplexed WWCA peptides (Gaucher et al., 2012). The
decreased depolymerization was thus likely mediated by GST-WWCA
interaction with filament ends rather than by further depleting actin
monomers. In support, GST-WWCA also produced a concentration-
dependent increase in the final monomer critical concentration
(Figure 5@), consistent with its binding to actin barbed ends.

Taken together, bulk assays support binding of N-WASP to barbed
ends but cannot unequivocally show barbed-end acceleration. Bulk
pyrene-actin assays are often difficult to interpret, as they only mea-
sure the average total filamentous actin content over time. Rare
barbed-end acceleration events would only contribute a small frac-
tion to total pyrene-actin filament mass. Thus the crucial but rare ac-
celeration activity of N-WASP would be discernible only through TIRF
microscopy and could have easily been missed in previous studies.

Filament bundling increases frequency of N-WASP-
mediated barbed-end acceleration

Although Mg?* did not significantly alter barbed-end acceleration
rates, nanofiber-mediated buckles appeared earlier in reactions with
high (10 mM) Mg?*. We therefore scored the buckle initiation time
and normalized against the total nanofiber length in each experi-
ment (Figure 6). Buckles appeared at significantly higher frequen-
cies in 10 mM Mg?* than they did in 1 mM Mg?* for both N-WASP
constructs (Table 2). Furthermore, the N-WASP construct containing
the polyproline region (PP-WWCA) was less efficient than the shorter
construct (WWCA) at initiation barbed-end acceleration in all cases.
Once initiated, both constructs accelerated polymerization to the
same extent. This difference in initiation efficiency may lie in the
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difference between tether lengths. Thus the range of motion of
nearby clustered WWCA domains may play a key role in finding and
maintaining contact with bundled filament barbed ends. Because
both PP-WWCA and WWCA constructs were nonspecifically ad-
hered to glass nanofibers, we cannot rule out differences in the way
each construct adhered.

The primary effect of Mg?* on N-WASP processivity was likely
due to barbed-end bundling. We previously showed that actin fila-
ments form bundles at cellular (1 mM) Mg?* levels under the same
buffer conditions used in the present study (Hu and Kuhn, 2012).
However, the fraction of bundled filaments and the speed of bundle
initiation increase significantly in 10 mM Mg?*. Furthermore, GST-
WWCA-coated particles capture significantly more bundled barbed
ends than unbundled barbed ends in higher Mg?* or when bundling
factors are added.

In the present study, N-WASP-generated accelerated filament
buckles only appeared when filament density increased and fila-
ments were highly clustered (Figures 2, A and D, and 3A). Adding
Mg?* increased the frequency of initiation of processive WWCA-
mediated barbed-end assembly twofold to threefold without signifi-
cantly modifying the overall rate of this accelerated assembly. In
contrast, increased Mg?* does not increase de novo filament nucle-
ation (Hu and Kuhn, 2012). Barbed ends were generated at the
same rate in both high and low Mg?*, and the increased rate of
buckle initiation in high Mg?* was due to increased availability of
bundled barbed ends rather than increase in total barbed ends.
Taken together, the results indicate that polycations influenced the
acceleration of barbed ends by bundling negatively charged fila-
ments and limiting the diffusion of barbed ends away from N-WASP
rather than by increasing the number of available barbed ends or
enhancing the binding of N-WASP to barbed ends. Bundle-medi-
ated cooperativity of barbed ends thus appears to be a key factor in
the transition from diffusion-limited elongation to fast processive
assembly.

DISCUSSION

Here we showed that N-WASP—-coated nanofibers captured and
assembled actin filament barbed ends in two distinct regimes.
1) Individual barbed ends bound to N-WASP assembled at their
normal rate when growing along the nanofiber or at a slower rate
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N-WASP-mediated growth of individual
barbed ends at or below the diffusion-lim-
ited polymerization rate fits well with current
models of WH2-domain association at the
barbed end. WASP-family WH2 domains
bind to the hydrophobic cleft of actin mono-
mers (Chereau et al., 2005). This binding site
is exposed at the barbed end of a filament,
allowing WH2-bound actin monomers to
add to the barbed end. Once assembled,
WH2 domains must dissociate from the hy-
drophobic cleft to allow further longitudinal
actin assembly. Like profilin (Pollard and
Cooper, 1984; Kang et al., 1999), soluble N-
WASP WWCA (VCA) activator domains do
not prevent barbed-end assembly (Egile
et al., 1999), implying that WH2 dissociates
somewhere in the assembly process.

In contrast to profilin-actin, it is unclear
whether WH2 domains dissociate from the
terminal barbed-end subunit immediately
after WH2-actin addition or after some de-
lay. Our data demonstrated that N-WASP-
associated actin assembly was much slower
than the diffusion-limited rate if the nanofi-
ber acted as a barrier to monomer addition
(perpendicular attachments). Continuous at-
tachment of filaments to N-WASP during
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periods of slow barbed-end growth implies
that WH2 dissociation from the barbed end
may be linked to subsequent monomer ad-
dition. When further monomer addition was
restricted, N-WASP remained attached to
the barbed end.

Slow growth of barbed ends against a
barrier (perpendicular capture) implies a
thermal ratchet model of nonprocessive
barbed-end assembly by N-WASP. Here
some of the free energy from polymeriza-
tion goes toward buckling the filament
(Dogterom and Yurke, 1997), leading to a
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Time, sec

FIGURE 3: Profilin reduces rate of bundle-mediated processive elongation. Conditions as in
Figure 2 with 1 pM actin, 10 mM total Mg?*, 1 pM profilin, and 75 nM actin seeds. (A) Time-lapse
image of sustained processive association of actin filaments on GST-PP-WWCA-coated glass
nanofibers in presence of profilin. White arrowheads indicate buckling of a rapidly growing
filament. Black arrowheads indicate approximate position of barbed-end attachment point.

(B, C) Elongation of untethered (B) or tethered filaments (C) in 10 mM Mg?*. Barbed-end growth

rates shown in Table 1. Scale bar, 10 um.

when growing against the nanofiber. 2) At high filament densities,
N-WASP binding promoted rapid, processive barbed-end growth.
Processive barbed-end assembly was rare at low filament densities
and could not be discerned with traditional bulk pyrene-actin as-
sembly assays. Processive assembly was relatively rare in the 1 mM
Mg?* concentrations used in most actin assays, even at high fila-
ment densities. Thus this novel behavior of N-WASP likely es-
caped notice, as the actin field focused primarily on the Arp2/3-
binding activity of N-WASP rather than its interaction with actin
filaments.
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50 100 150 200 250 300
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decrease in the diffusion-limited assembly
rate. In the "tethered ratchet” model of
motility (Mogilner and Oster, 2003a,b) and
the related “cooperative thermal break-
age” model (Alberts and Odell, 2004; Soo
and Theriot, 2005), nonpolymerizing actin
barbed ends are transiently attached to the
leading edge, while polymerizing barbed
ends push against the leading edge. Tran-
sient filament-to-membrane attachments
are broken as the compressive force of po-
lymerization against the membrane is translated through the cross-
linked network to the membrane-bound filaments. As we showed,
N-WASP can provide this transient attachment to filament barbed
ends. Cycles of attachment and detachment were rapid when
monomer addition was unrestricted (growth along the nanofiber),
whereas N-WASP detachment was slower when monomer addi-
tion was restricted (growth against the nanofiber).

In the second assembly regime, buckling filaments remained
processively attached to the same location on the nanofiber.
Rapid and processive barbed-end assembly fits closely with the

Molecular Biology of the Cell



branches (Suetsugu et al., 1998; Mullins,
2000; Yang et al., 2000). More likely, GPPPP
binding to profilin reduces dissociation of
profilin from the barbed end required for
subsequent longitudinal actin monomer ad-
dition. Further experiments with N-WASP
constructs lacking one or more GPPPP do-
mains or with different lengths of linker be-
tween the N-terminal GPPPP binding site
and the first WH2 domain of N-WASP may
shed light on the mechanism of N-WASP-
mediated profilin—actin insertion at the
barbed end.

How is this transition from diffusion-lim-
ited elongation to fast processive assembly

driven? The active barbed-end-binding do-
mains of VASP and WASP proteins are
highly homologous (Ferron et al., 2007;
Dominguez, 2009), and VASP requires its
tetramerization domain to accelerate
barbed ends (Bachmann et al., 1999;
Breitsprecher et al., 2008; Hansen and
Mullins, 2010). Similarly, formin requires
dimerization to processively walk along
growing barbed ends (Moseley et al., 2004),
and clustered WH2 domains from VopL can
assembly barbed ends (Namgoong et al.,

5_""]""I""""I""I""_ 5_""""""I""""""_
A i ,IB z
4L 1 af 3
[S) - i - i
e I ] C ]
= 5 3f 1 3F =
€ 2 b - ]
- o I ] - .
—_— S 2L 3 o h
o 2 L ] 2: ]
= & ] - 1
= % 1L 1 1L 3
o 1r . C ]
s F . r ]
| r ] ]
<0_ — 0 - —
_1:u|..]...|I|||.I.|||I||||I.|||: -1 ||||I....I....I....l.:nl....:
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time, sec Time, sec

5 5
(ALBLELELEN LR BLELL LN DR BRI BLELRLEL (ALELELELEN LR BLELL LN BLELELLEN BRI DAL
tC ] D ]
04_— 7 4F 7
s 8 1 - 1
E S 3t 1 3F .
o 2 ] r §
T8 2¢ 1 9F E
o) - C ] C ]
= £ - - .
— %5 1L ] 1L ]
C - N L i
21’0: ] C 3
P e — Oz- """"""""""""""" -
AF ] _1:....|....|....|....|....|....:
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Time, sec

FIGURE 4: N-WASP proline-rich domains are not required for processive elongation.

(A-D) Conditions as in Figure 2, except nanofibers coated with GST-WWCA. (A, B) Elongation of
untethered (A) or tethered filaments (B) in 1 uM actin and 1 mM Mg?*. (C, D) Elongation of
untethered (C) or tethered filaments (D) in 1 uM actin 10 mM Mg?*. Growth rates shown in Table 1.

"actoclampin” model of Dickinson and Purich (Dickinson and
Purich, 2002; Dickinson et al., 2004; Dickinson, 2008), which
posits that a hypothetical membrane-bound “actoclampin” mole-
cule maintains constant, processive attachment to the growing
barbed end.

The barbed-end assembly rate of buckling filaments can be used
to distinguish between processive and nonprocessive polymeriza-
tion. In the fast-elongation regime, acceleration of barbed ends be-
yond their natural diffusion-limited rate unequivocally shows proces-
sive barbed-end assembly by WWCA domains. Like Ena/VASP
(Kovar and Pollard, 2004; Breitsprecher et al., 2008; Hansen and
Mullins, 2010) and formin-family proteins (Kovar and Pollard, 2004;
Romero et al., 2004; Otomo et al., 2005; Paul and Pollard, 2009),
N-WASP WWCA domains can processively attach to growing
barbed ends and increase their diffusion-limited elongation rate, as
originally postulated by Chereau et al. (2005).

Polyproline regions of WASP-family proteins recruit profilin-actin
(Suetsugu et al., 1998). We found that N-WASP construct containing
this region accelerated profilin—actin polymerization to a lesser ex-
tent (1.9-fold) than it did actin alone (3.4-fold). This reduction was
likely due to profilin binding to the polyproline region, as N-WASP
constructs lacking this region accelerated barbed-end assembly to
the same extent with or without profilin. Reduced acceleration could
stem from misaligned insertional assembly of profilin-actin at the
barbed end. However, profilin—actin binds to the loading site con-
taining a GPPPP consensus sequence (Mahoney et al., 1997), and
the first WH2 domain is a major factor in stabilizing Arp2/3 daughter
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2011). Membrane-clustered WWCA do-
mains could similarly walk along bundled
barbed ends and insert actin subunits, as
we previously proposed (Figure 8 in Hu and
Kuhn, 2012). Although our GST-tagged N-
WASP constructs likely formed dimers at
the nanofiber surface (Padrick et al., 2008),
lending a pseudomultimerization to our N-
WASP, we did not see fast processive elongation until barbed ends
clustered as well. In contrast to VASP and formin, which rely on
multimerization for processive actin assembly, N-WASP relies on
both clustering and bundling provided by extrinsic factors such as
polycations. Although N-WASP is less likely to initiate processive
assembly than VASP, it is efficient once started. We propose that
filament bundling limits diffusion of a barbed end away from WWCA
after WWCA dissociation. WWCA is then free to bind additional
actin monomers and efficiently refind the same barbed end for sub-
sequent monomer addition.

Alternatively, the two tandem WH2 domains of N-WASP could
provide the two actin-binding sites required for processive step-
ping. While the C-terminal WH2 domain binds to a filament barbed
end, the upstream WH2 domain would bind and add a new mono-
mer. Both WH2 domains bind actin monomers (Rebowski et al.,
2008; Gaucher et al., 2012), but structures of tandem WH2 domains
from N-WASP show that orientation of the tandem actin monomers
is incompatible with longitudinal dimer formation (Rebowski et al.,
2008). We do not preclude an intermediate, low-affinity binding
state in which longitudinal dimer formation ejects the second WH2
from the hydrophobic cleft at the longitudinal dimer interface. How-
ever, it is unclear how the short linker between WH2 domains in N-
WASP could provide enough flexibility for stepping toward a new
binding site during elongation (Dominguez, 2010). Further studies
with extended WH2 linkers, N-WASP constructs lacking one WH2
domain, or WASP's single WH2 domain should elucidate the mech-
anism of processive elongation.
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FIGURE 5: Bulk assays of N-WASP barbed-end binding. Conditions are as follows: 1.5-5 uM (30-97% labeled) Mg-ATP
actin, 50 mM KCI, T mM MgCl,, 1 mM EGTA, and 10 mM imidazole, pH 7.0. (A) Representative de novo polymerization
of 2.5 pM pyrenyl-actin in the indicated nanomolar concentration of GST-WWCA. Gray band indicates period for initial
slope estimation. (B) Average (N = 6) de novo initial polymerization rates in a range of GST-WWCA concentrations.

(C) Polymerization of 1.5 pM pyrenyl-actin from 0.4 pM seeds. Gray band indicates period for initial slope estimation.
(D) Average (N = 8) initial seeded polymerization rates over a range of nanomolar GST-WWCA concentrations.

(E) Pyrenyl-actin depolymerization in the presence of indicated nanomolar GST-WWCA. Pyrenyl-actin, 5 pM, was
polymerized and then diluted 20-fold in the indicated final nanomolar concentration of GST-WWCA. Gray band indicates
period for initial slope estimation. (F) Average (N = é) initial seeded polymerization rates over a range of GSTFWWCA
concentrations. (G) Average (N = 6) final free actin concentrations over a range of GSTFWWCA concentrations.

We demonstrated a novel Arp2/3-independent barbed-end as-
sembly mechanism by the C-terminal of N-WASP. This new activity
provides new insight into the formation of cellular structures by
N-WASP. Although actin microspikes are enriched with N-WASP
(Nakagawa et al., 2001) and N-WASP overexpression can generate
filopodia (Miki et al., 1998), the involvement of N-WASP in filopodia
generation remains controversial (Snapper et al., 2001; Steffen et al.,
2006; Sarmiento et al., 2008). However, N-WASP appears to be re-
quired for invadopodia and podosome formation (Linder et al.,
1999; Mizutani et al., 2002; Lorenz et al., 2004; Co et al., 2007). We
propose that N-WASP promotes transient actin bundles to invasive
structures by accelerating their assembly. The simultaneous require-
ment of both a high density of free barbed ends and their parallel
association means that the transition from passive to processive as-
sembly is rare throughout the actin cortex, where free barbed end
densities are relatively low. The probability of buckle initiation
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increases substantially in regions of active barbed-end nucleation
where barbed ends are also densely packed, such as within podo-
somes or nascent invadopodia. Once initiated, the force from this
accelerated assembly provides an initial push or “spear tip” for inva-
dopodia to wedge into the basement layer. N-WASP-accelerated
bundles that do not rapidly dissipate into the dendritic network are
then stabilized by cross-linking proteins such as a-actinin and fascin.
VASP and formin are then recruited to these sites to extend invado-
podia into the basement layer.

MATERIALS AND METHODS

Protein expression and purification

Actin was purified from rabbit skeletal muscle actin acetone powder
through one round of polymerization and depolymerization followed
by gel filtration (Spudich and Watt, 1971). Actin was labeled with
Oregon Green 488 iodoacetamide (Invitrogen, Grand Island, NY) as
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FIGURE 6: Bundling by Mg?* increases frequency of buckle initiation.
Buckle initiation times were normalized against total nanofiber length
in each experiment. Cumulative initiation times over several
experiments with the indicated N-WASP construct and Mg?* levels
were fit to a delayed exponential to yield an initiation rate (Table 2).

Buckle formation rates increased with polycation concentration for
both constructs. WWCA initiation buckles faster than PP-WWCA.

described (Kuhn and Pollard, 2005). Actin and labeled actin were
stored for 1 mo at 4°C. Both labeled and unlabeled actins were dia-
lyzed overnight against fresh buffer G (2 mM Tris-Cl, pH 8, 0.2 mM
ATP, 1T mM NaN3, 0.1 mM CaCl,, 0.5 mM dithiothreitol [DTT])
and centrifuged at 38,000 x g for 2 h at 4°C. Actin concentrations
were estimated from extinction coefficients as follows: actin, Eygg =
26,600 M~' cm™" (Kuhn and Pollard, 2005); Oregon Green actin,
Exoo = 26,600 M" cm™ using the correction A*ygp = Aygy —
0.16991A491; Oregon Green, Ez91=77,800 M~" cm™.

Bovine N-WASP WWCA (A403-D505) was purified as a GST fu-
sion protein as described (Hu and Kuhn, 2012). Bovine N-WASP PP-
WWCA (A244-D505) starting at the end of the CRIB domain was
cloned into the vector pET-41a (Novagen, Madison, WI) containing
N-terminal GST, histidine, and S tags, and the sequence was veri-
fied. GST-PP-WWCA was expressed in Rosetta DE3pLysS (Novagen)
bacteria grown at 37°C to an Aggg of 0.8 and induced with 0.5 mM
isopropyl B-p-thiogalactopyranoside overnight at 16°C. Bacteria
were pelleted, resuspended in TBSE (20 mM Tris, 200 mM NaCl,
1 mM EDTA, 10 mM 2-mercaptoethanol) supplemented with com-
plete EDTA-free protease inhibitors (Roche, South San Francisco,
CA), and pulse sonicated on ice for a total of 150 s. Bacteria were
pelleted for 30 min at 46,000 x g, the supernatant was added to
glutathione resin (Thermo Scientific, Waltham, MA), and the resin
was washed with five volumes of wash buffer (TBSE with 0.1%
Thesit). Protein was eluted using 100 mM reduced glutathione,
pH 8.0, and gel filtered on a Superdex 200 column (GE Healthcare,
Pittsburgh, PA). GST-PP-WWCA concentration was determined us-
ing an extinction coefficient Eygg = 53080 M~ cm~". Both N-WASP
constructs were flash frozen in liquid nitrogen and stored at —80°C.

Construct Actin (uM) Mg?* (mM) Rate (s! pm ")

PP-WWCA 1.2 1 (3.9+£1.8)x 10°®
PP-WWCA 1 10 (13.8+0.6) x 10°¢
WWCA 1 1 (73.6 £6.7)x 107
WWCA 1 10 (134.4 £5.6) x 10

TABLE 2: Rate of buckle occurrence.
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Nanofiber preparation and coating

Glass nanofibers (200-nm nominal diameter; Johns Mansville,
Denver, CO) were broken into smaller fragments in chloroform in a
Dounce homogenizer as previously described (Hu and Kuhn,
2012). Nanofibers were centrifuged at 3750 rpm for 10 min, excess
chloroform drained, and the remaining chloroform evaporated.
Nanofibers were washed with deionized water by low-speed cen-
trifugation and sonicated for 1 hin 1 M KOH in a bath sonicator to
remove contaminants. Nanofibers were washed briefly in deion-
ized water, resuspended in 1 M HCI, sonicated for 1 h, and incu-
bated overnight in HCl. Cleaned nanofibers were subsequently
pelleted by centrifugation and sonicated for 30 min each in deion-
ized water, 1 mM EDTA, 70% ethanol, and absolute ethanol to dry,
with pelleting between each step. Cleaned nanofibers were stored
in glass containers in absolute ethanol for up to 6 mo. For coating,
ethanol was removed after centrifugation and the remaining etha-
nol evaporated. Nanofibers were incubated with 20 pM N-WASP
in coating buffer (10 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid, pH 7.3, 0.1 M KCI, 1 mM MgCl,, T mM ATP, 0.1 mM
CaCly, 1 mM NaNg, final pH 7.56) overnight. Fluorescein isothio-
cyanate-labeled BSA (Invitrogen) was added to a final concentra-
tion of 0.02 mg/ml to aid visibility, and nanofibers were incubated
an additional 5 min. Nanofibers were washed three times with
coating buffer and resuspended in coating buffer supplemented
with 1 mg/ml low-grade BSA (Sigma-Aldrich, St. Louis, MO) to
block subsequent protein addition. Nanofibers were stored in BSA
at 4°C for up to 5 d before use.

TIRF microscopy

Clean glass slides, coverslips, and flow cells were constructed as
previously described (Kuhn and Pollard, 2005). For filament teth-
ering, flow cells were coated with 100 nM N-ethylmaleimide
(NEM)—inactivated myosin Il for 2 min. To prevent nonspecific
binding, flow cells were blocked with 1% (wt/vol) BSA for 2 min
as described (Kuhn and Pollard, 2005). Unlabeled Mg-ATP-actin
and Mg-ATP-actin labeled with Oregon Green 488 were mixed
with nanofibers and 2x TIRF buffer (2x: 20 mM imidazole, pH 7,
100 mM KCI, 2 mM MgCl,, 2 mM ethylene glycol tetraacetic acid
[EGTA], 200 mM DTT, 0.4 mM ATP, 30 mM glucose, 0.5% methyl
cellulose 1500 cP, 40 ug/ml catalase, 0.2 mg/ml glucose oxidase)
or 2x high-Mg TIRF buffer (2x: TIRF buffer with 20 mM total
MgCly) to start spontaneous actin assembly. For each experiment
16 pl of reaction mixture was added to the chamber, and the
entry and exit ports of flow cell were sealed with warm VALAP
(1:1:1 Vaseline/lanolin/paraffin).

Actin seeds

Short actin seeds were created as described (Kuhn and Pollard,
2007) by polymerizing 6 uM unlabeled Mg-ATP-actin at room tem-
perature for 10 min in buffer F (buffer G with 10 mM imidazole, pH 7,
50 mM KCl, 0.105 mM MgCl,, 1 mM EGTA). Seeds were diluted
1:20 in buffer F and vortexed immediately at high speed for 60 s
to shear filaments. Seeds were added to a final concentration of
75 nM.

Image acquisition and analysis

TIRF images were collected on an Olympus (Center Valley, PA) up-
right microscope (BX51WI) using prism-based excitation from a
488-nm solid-state laser (Sapphire; Coherent, Santa Clara, CA) and
custom optics. Images were captured by a Rolera-MGI EMCCD
camera (Qlmaging, Surrey, Canada) at 10-s intervals using Micro-
Manager open source acquisition software (Edelstein et al., 2010).
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Images were analyzed using ImageJ software (National Institutes of
Health, Bethesda, MD; Schneider and Rasband, 2012). Actin fila-
ment barbed- and pointed-end lengths were measured against fi-
duciary marks provided by NEM-myosin Il attachment points as
previously described (Kuhn and Pollard, 2005). We measured the
lengths of an average of 10 filaments per experiment and at least
three experiments per condition unless otherwise indicated.

Pyrenyl-actin assembly assays

Pyrene-actin fluorescence was measured using a fluorescence plate
reader (Gemini XPS; Molecular Devices, Sunnyvale, CA). Polymer-
ization was monitored by continuous pyrene fluorescence mea-
surements (Agye = 364 nm, A, = 407 nm) at 22-24°C. All reactions
were carried out in a Corning 96-well, half-area, flat-bottom plate.
Unseeded actin polymerization assays were monitored over a range
of nanomolar concentrations of GSTWWCA. The reaction well was
prepared by addition of with 1.5 pl of 100x Antifoam (100x: 0.005%
Antifoam-204; Sigma-Aldrich), 2x initial concentration of Mg KMEI
(10x: 500 mM KCl, 10 mM MgCl,, 10 mM EGTA, 100 mM imidazole,
pH 7.0), and buffer G and GST-WWCA. In the preparatory well, 5 uM
Ca-ATP actin (30% pyrene labeled) was mixed 9:1 with ME exchange
buffer (10x ME: 10 mM EGTA, 1 mM MgCl,) and incubated on ice
for 2 min to form 2x final concentrations of Mg-ATP actin. The reac-
tion was initiated by transferring 75 pl of actin monomer mixture
from the preparatory well to the corresponding row in reaction well
for a final concentration of 2.5 uM monomeric actin in a 150-pl reac-
tion. The delay from the reaction start until the first data read was
recorded manually and added before analysis of kinetic data.
Seeded polymerization reactions were similarly produced with
1.5 pM actin (30% pyrene labeled), varying GST-WWCA, and prepo-
lymerized, unlabeled actin seeds. To create actin seeds, 6 pM
Mg-ATP actin was polymerized in F buffer (buffer G with 10 mM imi-
dazole, pH 7, 50 mM KCI, 1.1 mM MgCl,, 2 mM EGTA) for 1 h at
room temperature. Seeds were vortexed (Vortex Genie 2; VWR
Scientific Products, West Chester, PA) at maximum speed for 60 s to
break longer filaments. Short seeds were added to the reaction well
to give a final concentration of 0.4 pM actin seeds in a 150-pl reac-
tion. For depolymerization assays, actin (5 pM, 88-97% pyrene
labeled) was polymerized overnight. The reaction well was prepared
by addition of 7.5 pl incubated with varying concentrations of GST-
WWCA for 10 min. A 1.5-ul drop of 100x Antifoam was carefully
added along the side of each well. The reaction was diluted 20-fold
in F-buffer with 2x slow mixing strokes and wide-bore pipette tips to
minimize filament breakage. After dilution, fluorescence of pyrene—
actin was monitored every 15 s. Initial rates of actin assembly were
determined from linear fits of the initial 400 s of depolymerization
data.

Buckle occurrence timing

The nanofiber density varied between experiments and therefore
influenced the number of nucleation-competent sites in each cap-
tured movie. To quantify the frequency of buckle occurrence, we
recorded the time after the start of the reaction at which each buckle
became visible (buckle initiation). To correct for variations in the
number of nucleation sites between experiments, we multiplied the
initiation time by the total length of nanofibers in each experiment
and divided by the weighted mean of total nanofiber length across
all experiments. Normalized initiation times for each condition were
combined and sorted to give a cumulative count of the number of
buckles. Buckle counts, C, were fit to an exponential growth curve,
1 — exp[=(t - tp)/1]}, to find the initiation rate, T, and delay, tp, for de
novo filament nucleation.
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