VASP localization to lipid bilayers induces
polymerization driven actin bundle formation
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ABSTRACT Actin bundles constitute important cytoskeleton structures and enable a scaffold
for force transmission inside cells. Actin bundles are formed by proteins, with multiple F-actin
binding domains cross-linking actin filaments to each other. Vasodilator-stimulated phospho-
protein (VASP) has mostly been reported as an actin elongator, but it has been shown to be
a bundling protein as well and is found in bundled actin structures at filopodia and adhesion
sites. Based on in vitro experiments, it remains unclear when and how VASP can act as an
actin bundler or elongator. Here we demonstrate that VASP bound to membranes facilitates
the formation of large actin bundles during polymerization. The alignment by polymerization
requires the fluidity of the lipid bilayers. The mobility within the bilayer enables VASP to bind
to filaments and capture and track growing barbed ends. VASP itself phase separates into a
protein-enriched phase on the bilayer. This VASP-rich phase nucleates and accumulates at
bundles during polymerization, which in turn leads to a reorganization of the underlying lipid
bilayer. Our findings demonstrate that the nature of VASP localization is decisive for its func-
tion. The up-concentration based on VASP’s affinity to actin during polymerization enables it
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to simultaneously fulfill the function of an elongator and a bundler.

INTRODUCTION

In a cell, a wide variety of different actin cytoskeleton structures are
necessary to uphold morphological shape, motility, or force trans-
mission (Blanchoin et al., 2014). Actin is predominantly organized
into branched mesh works or in aligned filament bundles (Blanchoin
etal., 2014). The latter can be found in filopodia, cilia, or stress fibers
(Bartles, 2000; Faix et al., 2009). Tight control over the polymeriza-
tion or bundling of actin by actin-binding proteins is necessary for
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enabling the cell to dynamically build or maintain actin bundles
(Rottner et al., 2017). Cross-linking proteins like a-actinin or fascin
can bind formed F-actin filaments into long and stable filament bun-
dles (Schmoller et al., 2011; Winkelman et al., 2016), whereas the
long filaments are formed by the continuous barbed-end polymer-
ization of actin (Chesarone and Goode, 2009; Siton-Mendelson and
Bernheim-Groswasser, 2017). The most prominent barbed-end
elongators are the formin and the Ena/VASP (vasodilator-stimulated
phosphoprotein) family of proteins.

VASP consists of a C-terminal coiled-coil domain which forms
homotetramers. The actin elongation is facilitated by an F-actin
binding domain (FAB) and a G-actin binding domain (GAB) (Krause
et al., 2003). Like the formin family, VASP is also able to incorporate
profilin bound actin with its proline-rich intrinsically disordered re-
gion (IDR) (Kursula et al., 2008; Winkelman et al., 2014). This enables
VASP to elongate filaments, whereas spontaneous polymerization
or branched actin structures are inhibited by profilin (Rotty et al.,
2015). The combination of GAB as well as binding of F-actin enables
VASP to both elongate actin filaments and bundle filaments
(Winkelman et al., 2014). Thus VASP can be found localized at mul-
tiple different cellular actin structures (Benz et al., 2009; Barzik et al.,
2014, Gateva et al., 2014; Tojkander et al., 2015). Control over the
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localization of VASP within cells relies on different proteins being
able to bind to the N-terminal EVH1 domain of VASP.

From a cytosolic distribution, VASP can be recruited toward the
membrane by the I-BAR protein IRSp53 (Vaggi et al., 2011; Disanza
etal., 2013) or lamellipodin (Barzik et al., 2014; Hansen and Mullins,
2015), which leads to enhanced lamellipodium speed and filopodia
formation. IRSp53 binds the VASP IDR via SH3 domain, and lamel-
lipodin binds to the EVH1 domain with FPPPP-motifs (Renfranz and
Beckerle, 2002). Apart from decorating stress fibers in the cell, VASP
plays a critical role in focal adhesions and adherens junctions as well
(Krause et al., 2003; Zaidel-Bar et al., 2007; Horton et al., 2015). It is
especially involved in the formation and maturation of the adhesion
complex (Horton et al., 2015; Tojkander et al., 2015; Livne and Gei-
ger, 2016; Damiano-Guercio et al., 2020). In these multiprotein com-
plexes, there are several proteins present with FPPPP-motifs to re-
cruit VASP (Renfranz and Beckerle, 2002). Zyxin (Hoffman et al.,
2006; Cheah et al., 2021), palladin (Gateva et al., 2014), and vinculin
(Reinhard et al., 1996) are all situated at the actin-regulating area in
the focal adhesion complex and can localize VASP to the forming
actin filaments at the adhesion sites (Kanchanawong et al., 2010).
Therefore VASP can in biological systems be recruited by multiple
different proteins from the cytosol toward the membrane to exert its
function on actin.

As a model for clustered barbed-end elongation in filopodia,
VASP bound to a solid support elongates nonbundled actin away
from the solid surface in a capping protein (CP), a barbed-end po-
lymerization inhibitor, resistant manner (Breitsprecher et al., 2008;
Siton and Bernheim-Groswasser, 2014; Winkelman et al., 2014;
Brihmann et al., 2017). This is in contrast with its behavior in solu-
tion, where it forms thin and unconnected bundles of actin filaments
(Huttelmaier et al., 1999; Barzik et al., 2005; Schirenbeck et al.,
2006). Additionally, VASP-mediated polymerization in solution is
mostly inhibited by the presence of CP (Schirenbeck et al., 2006;
Breitsprecher et al., 2008). VASP bound to a solid support is unable
to reconstitute the bundling effect or the mobility expected for
VASP in a cellular context. In a localization method incorporating
these properties, VASP anchored to fluid lipid bilayers induces the
formation of a network of curved and connected actin bundles
(Bleicher et al., 2021). It remains unresolved how the localization of
VASP on a bilayer determines this effect on the actin structure
formation.

Here we demonstrate that the attachment of VASP to a fluid
substrate enables the simultaneous elongation, capturing, and
alignment of growing barbed ends along existing filaments. Wide
bundles are formed by an alignment via polymerization with contin-
ued actin elongation at the bundle. The fluidity of the lipid bilayer is
crucial for VASP accumulation due to its affinity to actin filaments.
On a less mobile lipid monolayer, polymerization is hindered by the
slower mobility of VASP, so no bundling occurs. The accumulation of
a VASP-enriched phase on bilayers in turn leads to a reorganization
within the lipid bilayer by the exclusion of unbound lipids under-
neath the emerging actin bundles.

RESULTS

VASP forms bundles by capturing and aligning individual
filaments

Mobile anchoring of VASP to a surface was achieved by binding His-
tagged VASP to a supported lipid bilayer (SLB) via nickel-nitrilotriac-
etic acid (Ni-NTA) lipids. Using total internal reflection fluorescence
(TIRF) microscopy, we observed the formation of a connected bun-
dled meshwork during actin polymerization by using actin mono-
mers labeled with Atto488 (Figure 1A). To ensure polymerization
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only occurs localized to the bilayer, profilin and CP were added to
inhibit bulk actin polymerization (Diirre et al., 2018). Indeed, in ab-
sence of VASP on the bilayer, no polymerization was visible under
the experimental conditions (Supplemental Figure S1, A-C).

To unravel the mechanism of the formation of actin bundles on a
single filament level, we incubated the lipid bilayers with a low con-
centration of VASP (50 nM). Growing actin filaments converge on
existing filaments, align, and continue elongating. This can best be
seen by the subsequent increase in actin intensity on the prior fila-
ment after alignment of the growing filaments, as indicated by the
arrows in the direction of alignment (Figure 1B; Supplemental Video
S1). The arrows indicating the polymerization direction illustrate the
elongation of filaments in both directions on a bundle. This apolarity
is further demonstrated by a kymograph of the actin intensity on a
filament, where the slopes of the increase of actin intensity on the
bundle proceed both upward and downward on the filament (Figure
1C). Therefore there is no preferential orientation within the emerg-
ing bundles. By overlaying the initially bound filaments with their
direction of polymerization and the resulting network at 5 min, it can
be seen that the network geometry results from initial filament
seeds being elongated and converging upon collision with other
filaments. Subsequent elongation then proceeds on the existing ac-
tin network. This elongation on the existing filaments is further ex-
emplified by color coding the actin intensity increase over time
(Figure 1D). The minimal reorientation of the initial filaments com-
pared with the network at 5 min further indicates minimal force be-
ing exerted on the filaments during the alignment process. The ran-
dom orientation of seeds, followed by polymerization-induced
alignment along existing filaments, leads to a broad distribution of
filament numbers per bundle.

Bundle width increases with VASP concentration

A drastic increase in actin bundle diameter in two dimensions (2D)
proportional to the VASP concentration was observed when incu-
bating higher VASP concentrations (Figure 2A; Supplemental
Figures STF and S2, A-E). This result is in contrast with the bundles
formed in bulk at comparable VASP concentrations, as these are
sparse, thin, and less connected (Supplemental Figure S1D). At
0.25 uM VASP on the bilayer, the observation of the growth of the
bundle width is initially diffraction limited and only detectable as an
increase of intensity (0-80 s). Afterwards, the bundles grow signifi-
cantly in thickness up to 3 pm within minutes (Figure 2, B-D). The
diffraction limit leads to very small differences in bundle width be-
ing observable between 0.05 and 0.125 pM VASP, whereas changes
in the pore size through a more interconnected network are already
observable (Figure 2, A and D). However, at higher VASP concen-
trations, the width noticeably increases at 0.25 and 0.5 uM VASP,
up to almost complete decoration of the bilayer with actin at 1 uM
of VASP (Figure 2, A and D; Supplemental Figure S2, E and G). The
complete decoration at 1 uM VASP then prohibited reliable deter-
mination of individual bundle widths. The variance in bundle thick-
ness increases at higher VASP concentration as well, showing a
more heterogeneous width distribution, while the pore size of the
bundle network steadily decreases (Figure 2, A, D, and E). In con-
trast, varying the actin concentration has comparably little effect on
the bundle width (Supplemental Figure S3). Using actin at a con-
centration of 4 pM, which is double the amount compared with the
general conditions, actually leads to a decrease in median bundle
width. When a high actin concentration was used and the CP and
profilin concentration was kept constant, the actin polymerization
kinetics were enhanced (Supplemental Figure S3E). Presumably,
the faster polymerization and slightly lower CP to actin ratio leads
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Alignment during polymerization of actin elongated by VASP. (A) Experimental setup of actin polymerized
by VASP on supported lipid bilayers. Actin is visualized with 12.5% of actin labeled with Atto488. (B) TIRFM images
show actin filament alignment to bundles by 50 nM VASP (scale bar 2 pm). The triangles indicate the direction of
polymerization and the arrows display alignment events to a bundle. (C) Kymograph (right) of a newly formed bundle
marked by the dashed line at 5 min of polymerization in the left panel (scale bar 5 pm) shows mixed orientation of
filaments during polymerization. (D) The first frame (yellow) and the direction of polymerization indicated by the
triangles, overlaid over the network at 5 min (red) on the left and the temporal color-coded actin intensity increase on
the right, illustrate the bundle network formation from actin seeds and subsequent elongation at the existing filaments

(scale bar 5 pm).

to more VASP-independent polymerization and thus elongating
filaments, which are not bound to the bundles (Supplemental
Figure S3, D-F).

The anchoring of the filaments and the capture of the barbed
ends by VASP bound to the bundles leads to further processive
elongation (Pasic et al., 2008; Winkelman et al., 2014). Continued
polymerization supposedly is guided by the existing bundle and
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thus leads to the thickening of the bundles. This effect is slightly
enhanced by the presence of CP. Barbed ends growing upward or
away from VASP at the bundles can be capped by CP (Trichet et al.,
2008). Without CP, filaments can freely polymerize between VASP
processive elongation runs. The free polymerization is not bound
to the surface, so it does not contribute to the bundling mecha-
nism. Given that VASP is a potent actin polymerase and most of the
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FIGURE 2: Bundle thickening by elongation at the bundle borders. (A) On supported lipid bilayers, actin bundles
increase in size in a VASP concentration (0.125, 0.25, 0.5 pM)-dependent manner. Continuous growth of filaments at
existing bundles is visible, with swelling of bundles at 0.25 pM VASP (B) and the corresponding intensity profile

(C) indicated by the dashed line in (B). (D) Histogram of the bundle width distribution at different VASP concentration
with a log-normal fit of the distribution. (E) Box plot of bundle width and pore size showing the median, 25-75th
percentile range as boxes and 1-99th percentile range as whiskers. (F) At 1 pM VASP, the exchange of the actin-Atto488
to actin-Atto647 (0.5 pM) after 3 min exhibits the incorporation at the sides of big bundles (indicated by arrows).

All scale bars are 5 um.
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whiskers. All scale bars are 5 um.

polymerization is mediated by VASP, the network morphology only
marginally changes, with a slight increase of small filaments poly-
merizing away from the thick bundles (Supplemental Figure S4, A
and C).

This mechanism of continued polymerization at the bundles
causes a few larger bundles having enhanced growth at their sides
and a more heterogeneous width distribution. At 1 yM VASP con-
centration, it could be shown that the polymerizing filaments are
being incorporated at the bundle sides by exchanging the polymer-
ization mix to one with a differently labeled actin (0.5 uM actin-At-
t0647N) after 3 min. Filaments elongating from actin-Atto647N
preferentially grow at the external border of pre-existing bundles,
illustrating that the bundle width increases through extended actin
polymerization at the bundle edge (Figure 2F). This result further
highlights the fact of polymerization being limited in 2D to the sur-
face by way of VASP continuously polymerizing the filaments guided
to the sides of bundles.

Volume 33 September 1, 2022

Effect of tetramerization on bundles

This polymerization-mediated bundling stands in contrast with bun-
dling by traditional cross-linkers, which bind together filaments with
multiple FAB domains. Since tetrameric VASP can bind multiple actin
filaments, we wanted to determine if multimerization is required for
bundle formation. To this end, we use monomeric VASP (VASPATetra)
as a membrane anchor and elongator. In solution VASPATetra is un-
able to polymerize actin, whereas bound to a solid support it be-
haves like tetrameric VASP (Breitsprecher et al., 2008). On the fluid
membranes it was therefore unclear if VASPATetra can polymerize
actin or induce any bundling. However, the monomeric VASP was
still able to form thick actin bundles. This would be in accordance
with the purely polymerization-driven bundle formation model
(Figure 3A; Supplemental Video S2). The polymerization of actin by
surface bound VASP is solely dependent on the local concentration
of VASP-GAB and FAB domains (Brilhmann et al., 2017). In the case
of VASPATetra even without multimerization, it accumulates on the
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slowly forming actin filaments. Thus there are enough actin-binding
domains from unconnected VASP molecules next to each other to
enable elongation. Compared with tetrameric VASP, this is demon-
strated by slower polymerization kinetics but a similar bundle mor-
phology after polymerization (Figure 3, A and E). Although the me-
dian bundle width of 0.584 um is smaller than for tetrameric VASP
(0.942 pm), the resulting bundle thickness is more heterogeneous
with a larger variation in width and pore size. This leads to some
bundles even exhibiting a large bundle thickness of up to 3.2 ym
compared with 3 pm for tetrameric VASP (Figure 3F). However, the
thick bundle segments are limited to short lengths or vortices, which
also results in a larger pore size (Figure 3, A and F).

This width distribution can be attributed to the fact that
VASPATetra requires a high local concentration of VASP to be able
to polymerize actin. On larger bundles, the accumulated VASPATetra
is able to track and elongate actin-barbed ends. The maximal bun-
dle width being larger than for tetrameric VASP gives insight into
the probability of polymerizing filaments being polymerized at the
larger bundle at intersecting filaments. The high dynamic local con-
centration of VASP at the larger bundle increases the likelihood that
the growing filament is processively elongated and thus aligned to
the bundle. Given that single VASPATetra molecules are not able to
bind and elongate a growing filament, VASPATetra is more depen-
dent on the effect of a high local concentration at large bundles.
Therefore it is less likely for filaments to polymerize away from the
bundles. The result is the observed formation of isolated thick bun-
dle segments.

Elongation-mediated bundling depends on VASPs unique
dynamic actin binding properties

To further prove that polymerization is the essential component in
bundle formation, the cross-linker a-actinin1b was used to mimic
static bundling without the ability of actin elongation. Even at
0.5 pM o-actinin1b, almost no actin polymerization was visible.
Actin polymerization kinetics similar to VASP were observable when
profilin and CP were omitted (Figure 3E). The o-actinin1b pulls
down F-actin polymerizing by itself from the bulk solution to the
membrane, with indiscriminate orientation and no observable bun-
dling. This leads to complete decoration of the bilayer with actin. As
a result, a lower a-actinin1b concentration on the bilayer (0.05 pM)
had to be used in order to be able to quantify the width of the actin
filaments. Polymerization occurs with filaments crossing each other
and no visible alignment (Figure 3, B and E; Supplemental Video
S3). In a similar way, prepolymerized actin filaments are pulled down
by VASP without elongating and bundling the filaments (Supple-
mental Figure S4, D and E).

This in turn raised the question of whether barbed-end elonga-
tion without FAB might be enough to form the observed bundles.
To test this hypothesis, 0.25 pM of the formin mDia1 was incubated
to the membrane instead of VASP. mDia1 is able to polymerize fila-
ments, but these are thin and not connected to one another (Figure
3, C, E, and F). Since mDia1 only binds the barbed end of F-actin
during polymerization, the filaments are free to diffuse away from
the membrane. This is in contrast to when additional depleting
agents force the filaments to the bilayer (Yadav et al., 2019). Addi-
tionally, the CP in solution competes with mDia1 for the barbed end,
thus causing filaments to detach from the bilayer. The result is an
entangled actin mesh fluctuating above the bilayer after polymer-
ization stalls out, as can be seen by the actin intensity decrease in
TIRF after 6 min (Figure 3D; Supplemental Video S4).

Combining 0.25 pM mDial and 0.25 pyM a-actinin1b on the
membrane is also not sufficient for forming actin bundles equivalent
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to those observed with VASP. In these conditions, high actin polym-
erization bound to the membrane is visible, with no filaments diffus-
ing off (Figure 3, D and E; Supplemental Video S5). Upon collision,
the filaments do not immediately align which, coupled to the fast
actin polymerization, causes the filaments to be trapped in nematic
defects and no continuous elongation bound to bundles. This cre-
ates a high-density nematic field on the bilayer (Figure 3, D and F),
thus demonstrating that the confinement of actin in 2D through the
dynamic binding of polymerizing F-actin to VASP is crucial for the
polymerization-mediated alignment. The mechanism of VASP form-
ing large bundles in 2D is based on the combination of its ability to
anchor actin filaments, capture barbed ends, and processively elon-
gate them, confirming the role of active actin polymerization and
side binding for efficient bundle formation.

VASP bundling depends on fluidity-mediated colocalization
The ability of VASP to create the actin bundles with a heteroge-
neous width distribution is expected to depend on VASP being able
to diffuse on the bilayer and accumulate on the actin filaments. To
determine the localization of VASP during polymerization, we la-
beled it with Alexa532. Immediately upon F-actin being bound to
the bilayer, VASP can be observed accumulating on single filaments,
on which it was proven to be able to diffuse in a 1D direction (Hansen
and Mullins, 2010). VASP up-concentrates on the forming bundles
to form a uniformly dense VASP phase (Figure 4A; Supplemental
Video S6). This is shown in the almost complete colocalization of
VASP to actin as well and is further demonstrated by the fact that the
mobile fraction of VASP on a bilayer is reduced from 0.97 to 0.65
after actin polymerization (Figure 4, B and C). VASPATetra also ac-
cumulates on the bundles and confirms the formation of a high local
concentration necessary for the elongation of actin in a manner simi-
lar to tetrameric VASP (Figure 4, A and B).

A change in VASP distribution is observed at high VASP concen-
trations (0.5 pM) even before the addition of actin. VASP alone per-
forms liquid-liquid phase separation into a protein-enriched phase
and a phase with a low concentration on the bilayer. The total area
covered by the enriched phase depends on the total VASP concen-
tration (Figure 4D; Supplemental Figure S4, G and H). After the ad-
dition of actin, the VASP-enriched phase immediately accumulates
around the nucleating filaments. The slow actin polymerization
speed at 0.5 uM actin (Supplemental Figure S3E) enabled direct ob-
servation of how VASP droplets coalesce and fuse onto the slowly
forming actin filaments (Supplemental Video S7). Upon stalling out
of the polymerization, VASP slowly moves to the bundle edges to
reform clusters. The accumulation of VASP and its mobility demon-
strate the partitioning of VASP on the bilayer into an actin-associated
enriched phase and an unbound dilute phase. This process depends
on the mobility of VASP and, therefore, on the fluidity of the bilayer.

A lipid monolayer was used as a substrate to bind labeled VASP
in order to confirm the role of mobile anchoring of VASP for bundle
formation. The mobility of VASP was reduced by a factor of 4 com-
pared with a lipid bilayer anchorage, as determined by fluorescent
recovery after photobleaching (FRAP) experiments of the labeled
VASP. The recovery on monolayers shows a recovery time of ty,, =
0.399 min, as compared with the faster recovery time on bilayers
with t1/2 = 0.102 min. VASP-mediated actin polymerization needs to
polymerize against a diffusion barrier of the friction within the mono-
layer. This leads to a slowdown of VASP-mediated polymerization to
a point where free polymerization is faster and thus more favored.
The freely polymerizing barbed ends are then susceptible to cap-
ping by CP prior to the diffusive capture by VASP. The decreased
mobility of VASP on the monolayer thus results in abrogation of

Molecular Biology of the Cell
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mechanism. On the fluid bilayer, patches of VASP can freely diffuse to actin bundles and alongside the bundles. F-actin
bundles have more sites to bind VASP and therefore a higher dynamic VASP concentration than single filaments. Barbed
ends growing toward bundles are captured and aligned by localized VASP. Filaments are most likely to be continuously
polymerized by the higher VASP concentration on the larger bundles, whereas actin filaments polymerizing away from
VASP are inhibited by CP. This leads to an enhanced thickening of larger bundles. All scale bars are 5 um.

actin polymerization, and no bundle formation is observable. VASP
does not colocalize with the actin filaments anymore (Figure 4, A
and D). This observation is in agreement with the observed minimal
change of the fraction of mobile VASP (0.61 to 0.57 after polymer-
ization). VASP is still able to accumulate on larger prepolymerized
actin filaments (Supplemental Figure S4l), which show that the re-
duced diffusion prevents the VASP-mediated polymerization but
not the VASP accumulation on filaments. Given that alignment is
dependent on VASP-mediated polymerization and no polymeriza-
tion is visible, VASP on monolayers is only able to pull down actin
seeds from the bulk solution, which barely elongate (Figure 4A).
Even by omitting CP, similar to the nonelongating cross-linker
o-actinin1b without profilin and CP, the network consists of short
filaments which are crossing each other with no alignment (Supple-
mental Figure S4, B and C).

Formation of a VASP-enriched phase drives lipid
reorganization

Having established the importance of the mobility and resulting ac-
cumulation of VASP underneath the bundles, we then explored how
this outcome affects the lipid bilayer. A significant decrease in inten-
sity underneath the actin bundles is visible by observing fluores-
cently labeled lipids in the membrane (Figure 5, A and B). This nega-
tive colocalization to actin proceeds in direct opposition to the
accumulation of VASP at the filaments (Figure 5C; Supplemental
Video Sé). VASP is tethered to the membrane via Ni-NTA lipids,
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which consequently accumulate underneath the actin bundles. This
strong accumulation leads to the volume exclusion of other lipids
including the fluorescent lipids. The displacement of fluorescent lip-
ids directly coupled to actin polymerization is visible when observ-
ing the intensity underneath the bundles. After the initial displace-
ment coupled to actin polymerization observed under a bundle, the
lipid intensity relaxes to around half of initial intensity after 60 min,
reciprocally to the VASP intensity under the bundles (Figure 5C).
VASP has a higher affinity toward barbed ends than F-actin sides at
high actin monomer concentrations (Hansen and Mullins, 2010) and
therefore accumulates more during active polymerization. VASP
within bundles is less diffusive and equilibrates to forming clusters at
actin bundle sides after polymerization (Figure 5C). This result dem-
onstrates that the polymerization-driven up-concentration of VASP
is able to reorganize the underlying lipid layer and locally effect the
bilayer composition.

DISCUSSION

The effect of VASP on actin structure formation is highly dependent
on the nature of the anchoring of VASP to a substrate. Whereas
binding of VASP onto fluid lipid bilayers enables the simultaneous
elongation and bundling of actin filaments, immobilized anchoring
on nonfluid substrates prevents its bundling activity, and only its
elongation effect is detectable. On lipid bilayers, the growing
filaments are aligned and bound alongside existing bundles due to
capture of growing filaments in 2D and the inhibition of VASP
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independent polymerization (Figure 5D). It is unlikely that the effect
of longer processive elongation of individual VASP molecules on
lagging barbed ends in fascin bundles (Winkelman et al., 2014,
Harker et al., 2019) plays a role in the presented bundle growth,
since VASP and fascin achieve a different filament spacing (Bre-
itsprecher et al., 2008; Winkelman et al., 2016). The enhanced po-
lymerization on the bundles in this case is achieved by a high con-
centration of VASP on the filaments facilitating the immediate
recapture of the barbed end after the processive elongation run of
an individual VASP (Hansen and Mullins, 2010). In addition, the ad-
jacent VASP molecules under the bundle can also accelerate polym-
erization by supplying actin monomers to the barbed end using the
high flexibility and reach of the intrinsically disordered region (Briih-
mann et al., 2017). The transient binding and large distance be-
tween actin binding domains should allow the movement of VASP
between the filaments in a bundle. This leads to larger bundles hav-
ing a larger area for VASP acquisition and therefore a higher propen-
sity to bind VASP from the fluid bilayer than a single actin filament.
The high local VASP concentration then leads to the capture of
barbed ends at the bundles and increases the probability of con-
tinuous processive elongation at the large bundles. In effect, this
results in a positive feedback loop of increased VASP and actin fila-
ment accumulation at thicker actin bundles. Combined with the
competition of elongating ends for actin monomers, larger bundles
with a heterogeneous width distribution are formed.

The observed growth process resembles the actin alignment re-
cently found for filaments propelled by myosin Il motors bound to
lipid bilayers. These active transport processes lead to a polar and
antipolar alignment of the individual filaments according to their
collision angle (Sciortino and Bausch, 2021). For the bundle and vor-
tices formation, the volume exclusion and minimal force between
the colliding filaments was essential, even though this was achieved
by active propulsion of filaments instead of the guided polymeriza-
tion in the setup presented here (Jung et al., 2020; Sciortino and
Bausch, 2021). Differences in the structure formation process be-
tween monomeric and tetrameric VASP seem to be reminiscent of
the structure differences found in simulations by differences in steric
exclusion strength between filaments (Jung et al., 2020). The mono-
meric VASP acts analogous to weaker steric exclusion, so there is
less chance of filaments diverging from large bundles, creating a
more heterogeneous width distribution than tetrameric VASP. The
network morphology observed in this case is dependent on contin-
uous elongation, which leads to equivalent but static structures in
comparison with the active propelling of filaments by molecular mo-
tors in the simulations.

In our setup, it was striking, that VASP is already phase separat-
ing on fluid membranes by itself in the absence of actin filaments.
The self-affinity leading to the liquid-liquid phase separation of
VASP could be based on an interaction between its EVH1 domain
and its proline-rich domain. The EVH1 binds the proline-rich
FPPPP motif. Although no FPPPP motif is located in the proline-
rich domain of VASP, the high concentration of prolines could form
a weakly bound nonconventional complex with the EVH1 domain
(Acevedo et al., 2017). Moreover, the disordered region of VASP
could contribute to a mechanism for minimizing surface area of
the protein cluster, as shown for other intrinsically disordered pro-
teins (van der Lee et al., 2014). The formation of the protein-rich
phase functions as a nucleation area for the actin filaments, which
might turn out to be essential for the localized polymerization of
actin filaments within cells. Phase separation was shown to be in-
volved in nucleating actin in cells for various activators of Arp2/3
in the formation of branched actin networks (Durre et al., 2018;
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Case et al., 2019; Ditlev et al., 2019; Yan et al., 2021) but so far has
not been observed for proteins forming actin bundles.

The subsequent growth-induced accumulation of VASP along
the actin filaments induces the up-concentration of VASP-bound lip-
ids. Whereas biotin binding of actin induced a phase separation in
supported lipid bilayers on mica (Honigmann et al., 2014), in our
study the transient binding of VASP to actin is able to exert an effect
on the lipid composition even on a glass surface-supported bilayer.
This is notable, because the friction of lipid bilayers on glass sur-
faces normally does prevent phase separations in lipid bilayers
(Goodchild et al., 2019), thus indicating the strong effect of the
VASP to actin binding on the lipid organization. These actin growth
kinetics-guided phase separation appears to be an efficient cou-
pling of cytoskeletal structure formation and lipid phase separation-
induced local lipid up-concentration, which ultimately could induce
further signaling and complex formation, as involved in focal adhe-
sion complex formation. Indeed, in vivo the highest accumulation of
VASP on actin filaments has been observed in focal adhesions and
dorsal stress fibers (Reinhard et al., 1992; Bear and Gertler, 2009).
This accumulation is also associated with an important biological
function, since knockdown of VASP leads to a decrease in the size
and strength of the dorsal stress fibers and focal adhesions (Tojkan-
der et al., 2015; Damiano-Guercio et al., 2020). VASP is one of the
most mobile proteins in focal adhesion complexes (Lavelin et al.
2013; Stutchbury et al., 2017; Legerstee et al., 2019). This is consis-
tent with the bundle formation presented herein, in which the VASP
mobility is crucial for efficient bundling. The reorganization of the
lipids by the VASP bundles suggests that the mechanism may lead
to up-concentration and reorganization of the proteins recruiting
VASP to the membrane, for example, zyxin, vinculin, or IRSp53.

In contrast with conventional cross-linkers like fascin and a-actinin
(Claessens et al., 2008; Falzone et al., 2012) or the recently observed
bundling system of talin and vinculin on lipid membranes (Kelley
et al. 2020), the polymerization-driven bundle formation mechanism
presented in this study forms large bundles at comparatively low con-
centrations of the bundling protein. These mechanisms, as well as the
formin AFH1, which is able to bind at the sides of F-actin as well and
continuously nucleates new filaments on the existing filament (Miche-
lot et al., 2006), rely on filament zippering through filament fluctua-
tions to create bundles. Therefore the enlargement of bundles is
limited by the reduced Brownian motion of large bundles. In con-
trast, the feedback mechanism of VASP on large bundles reinforces
bundle growth. Furthermore, VASP is able to bundle in the presence
of CP and profilin, which can inhibit actin polymerization without an
elongator in a cellular context. As talin and vinculin are present in fo-
cal adhesions as well (Horton et al., 2015), this suggests an interplay
between the elongation and bundling of actin by VASP and the bind-
ing together of formed filaments by o-actinin or talin/vinculin.

The mechanism of combined elongating, aligning, and bundling
of actin filaments by VASP is unique by virtue of its multiple actin bind-
ing sites, self-affinity, and coupling to fluid membranes. The in vitro
reconstitution presented makes it possible to identify the interplay of
the fluidity of lipid bilayers and the biochemical activity of VASP.

MATERIAL AND METHODS
Request a protocol through Bio-protocol.

Protein purification

Rabbit skeletal muscle actin was purified from acetone powder
(Spudich and Watt, 1971). No rabbits were directly involved in this
study. Monomeric actin was stored at 4 °C in G-buffer (2mM Tris,
0.2mM ATP, 0.2mM CaCly, 0.2mM DTT [dithiothreitol] and 0.005 %

Bundling of elongating actin by VASP | 9


https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e21-11-0577

NaN3, pH 8.0). For fluorescent actin, surface-exposed lysines were
labeled with Atto-488 (Jena Bioscience, FP-201-488) or Atto-647N
NHS-ester (Jena Bioscience, FP-201-647N).

All recombinantly purified proteins were expressed in Escherichia
coli BL21 CodonPlus DE3-RIPL (Agilent Technologies, 230280).

Human VASP containing the high affinity GAB of Dictyostelium
discoideum VASP was expressed as a His(éx)-tagged protein in
pET28a vector (Novagen, 69864) (Breitsprecher et al., 2011). Ex-
pressionwasinducedwith T mMisopropyl-B-D-thiogalactopyranoside
(IPTG) at 21 °C for 12 h. The bacteria were harvested and lysed by
freeze—thaw and French pressing in lysis buffer containing 30 mM
HEPES, pH 7.4, 150 mM KCI, 2 mM EGTA, 20 mM imidazole, 1 mM
DTT, 5 % (vol/vol) glycerol, 40 pg/ml lysozyme, one tablet of cOm-
plete protease inhibitor (Roche, 4693132001), and 2 U/ml Benzo-
nase (Sigma, E1014). The protein was subsequently purified from
bacterial extracts by affinity chromatography using cOmplete His-
Tag purification resin (Roche, 5893801001) and standard proce-
dures. The eluted protein fractions were further purified by size ex-
clusion chromatography using a Superdex 200 16/600 column (GE
Healthcare, GE28-9893-35) and a Bio-Rad NGC chromatography
system. To label VASP, it was incubated with Alexa532-maleimide
(Invitrogen, A10255), and the dye was removed with a NAP-25 size-
exclusion chromatography column (GE Healthcare, 17-0852-02).
The purified His-VASP was concentrated and stored at =20 °C in
storage buffer (30 mM HEPES, pH 7.4, 150 mM KCI, 1 mM DTT,
50 % [vol/vol] glycerol) for later measurements. VASP with deletion
of the tetramerization domain (VASPATetra) was created by inserting
a stop codon instead of proline atamino acid 270 using QuikChange
Lightning site-directed mutagenesis (Agilent Technologies, 210518)
and purified the same way as VASP.

CP was expressed as a heterodimer of mouse a1- and human B2
subunit cloned into pRFSDuet-1 (Novagen, 71341). Expression was
induced with 0.5 mM IPTG and incubation at 26 °C overnight. Bac-
teria were harvested and lysed by French pressing in a 20 mM Tris,
pH 8.0, 10 mM imidazole, 250 mM NaCl, 1 mM EDTA, 1 mM DTT,
0.5 tablet of cOmplete protease inhibitor, 5 % glycerol, and 2 U/ml
Benzonase buffer. After centrifugation, the supernatant was incu-
bated with Anti-FLAG M2 affinity gel (Sigma, A2220) at 4 °C for
90 min. After washing, 140 pl FLAG peptide (25 mg lyophilized pow-
der per 1.4 ml buffer) were added and incubated at 4 °C for 1 h. The
beads were spun down and the supernatant was dialyzed overnight
at 4 °C against 10 mM Tris, pH 8.0, 50 mM KCl, and 1 mM DTT. The
protein was then frozen in liquid nitrogen and stored at -80 °C.

Expression of Ca?*-independent human a-actinin1b was induced
with T mM IPTG at 26 °C for 12 h. The pellet was resuspended in
lysis buffer containing 30 mM Tris, pH 8.0, 250 mM NaCl, 20 mM
imidazole, 5 % glycerol, 2 mM DTT, 40 pg/ml lysozyme, 0.5 tablet of
cOmplete protease inhibitor, and 2 U/ml Benzonase. The superna-
tant after lysis was loaded on a HisTrap-FF column (GE Healthcare,
17525501). After washing, the proteins were eluted with 500 mM
imidazole. The protein was then further purified with a Superdex200
Increase 10/300 size exclusion column (GE Healthcare, 28990944)
with a buffer consisting of 20 mM TES, pH 8.0, 150 mM KClI, and
1 mM DTT. The protein was then concentrated, frozen in liquid nitro-
gen, and stored at =80 °C.

Mouse profilin 2a was expressed as a glutathione S-transferase
(GST) fusion protein. The protein was expressed using auto-induc-
tion medium: 928 ml ZY (12 g/l tryptone, 24 g/l yeast extract), 1 ml
1 M MgSQy, 20 ml 50x 5052 (0.5 % glycerol, 0.05 % D-glucose,
0.2 % o-lactose) and 50 ml 20x NPS (0.5 M (NH4),SOy4, 1 M KHoPOy,
1 M NayHPOy). The bacteria were incubated at 37 °C for 6 h and
further incubated at 15 °C for 60 h. The cells were resuspended in
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50 mM Tris, pH 7.0, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 40 pg/ml
lysozyme, one tablet of cOmplete protease inhibitor, and 2 U/ml
Benzonase and then were lysed by french pressing. The supernatant
was incubated with 3 ml of glutathione sepharose 4B (GE Health-
care, GE17-0756-01) at 4 °C for 2 h. After washing, the protein was
cleaved off using 15 pl of PreScission protease (Cytiva, GE27-0843-
01) overnight at 4 °C. The eluted protein was then dialyzed over-
night at 4 °C against 20 mM Tris, pH 7.0, 150 mM NaCl, 1 mM DTT,
flash-frozen in liquid nitrogen, and stored at —-80 °C.

The murine formin mDial in a pET28a vector was expressed
using auto-induction medium and purified using Ni-NTA resin, as
previously described (Bleicher et al., 2020).

Precleaning of glass slides

The coverslips for the supported lipid bilayers were first cleaned by
sonication for 30 min in 3 M NaOH. After washing with double-
distilled H,O, the coverslips were etched in piranha solution (2:1
H,S04/H,05) for 5 min. The coverslips were then extensively washed
and stored in double-distilled H,O. The glass slides were cleaned by
sonication in 2 % Hellmanex Ill (Hellma, Z805939-1EA) for 30 min,
washed in double-distilled H,O, and stored in ethanol. The cleaned
coverslips and glass slides were used within 1 wk after cleaning.

Formation of the supported lipid bilayers

The lipid mix consisted of 87.45 % egg-PC (L-o-phosphatidylcholine
from chicken egg) (Sigma, P3556), 10 % DOGS-Ni-NTA (1,2-
dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiace-
tic acid)succinyl] (nickel salt) (Avanti Polar Lipids, 790404),
2.5 % DOPE-PEG2000 (1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(polyethylene glycol)-2000]) (Avanti Polar Lipids,
880130P), and 0.05 % DHPE-Texas Red (1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine)  (Thermo  Fisher  Scientific,
T1395MP). For the measurements with labeled VASP, the DHPE-
Texas Red was switched out for DSPE-Cy5 (1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[Cyanine 5]) (Avanti Polar Lip-
ids, 810345C). The lipid mix was prepared to 20 mM in chloroform.
The lipid mix was dried under a nitrogen stream and left under a
vacuum overnight. The dried lipids were resuspended to 1 mM in
phosphate-buffered saline (PBS), pH 7.4, vortexed for 30 s, and
sonicated for 30 min. To obtain small unilamellar vesicles (SUVs),
the solution was extruded 10 times using an Avanti Mini Extruder
(Avanti Polar Lipids, 610000-1EA) with a 100 nm pore size What-
man Nuclepore membrane (Sigma, WHA111105). The SUVs were
stored at 5 °C and used within 1 wk. For the bilayer formation, the
precleaned slides were dried under a nitrogen stream. Immediately
afterward, a flow chamber of 50 pl was created with parafilm, and a
1:5 dilution of the SUVs was incubated in the channel for 20 min at
room temperature. The chamber was then washed with 40x the
chamber volume with PBS. Correct bilayer formation was assessed
by FRAP, and the bilayer was immediately used for assays.

Formation of monolayers

The same lipid mix used for bilayers was also used for the monolay-
ers. 0.5 mg of the lipid mix was dried under a nitrogen stream and
left under a vacuum overnight. The dried lipids were resuspended in
0.5 ml of 30 % isopropanol in ddH,O and vortexed for 30 s. The
monolayer was formed in ibidi p-slide | luer uncoated (ibidi, 80171);
100 pl of the lipid in isopropanol solution was incubated to the chan-
nel and incubated for 10 min at room temperature. The channel
was then washed with 0.5 ml of ddH,O and 0.5 ml of PBS afterward.
The monolayers were assessed by FRAP and immediately used for
assays.
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Polymerization assay

For the actin polymerization assays on bilayer or monolayer, the re-
spective concentration of VASP, mDia1, or a-actinin1b was incu-
bated for 10 min at room temperature in the flow channel. Unbound
protein was then removed by washing with 20 times the chamber
volume with PBS. The channel was then washed with 100 pl of KMEI
buffer (50 mM KCI, 1 mM MgCl,, 1 mM EGTA, 20 mM imidazole,
pH 7.0). Actin polymerization proceeded in KMEI buffer with 50 nM
CP, 10 pM profilin, 1 mM DTT, and 1 mM ATP. 1700 U/ml catalase
(Sigma-Aldrich, C40), 26 U/ml glucose-oxidase (Sigma-Aldrich,
G2133), and 36 mM glucose were used for bleach protection. Actin
was added to a final concentration of 2 pM, of which 12.5% was
labeled with Atto488. Directly after the addition of actin, the poly-
merization mix was flowed onto the bi- or monolayer and the chan-
nel was sealed with vacuum grease. Imaging of the chamber was
started immediately afterward.

Imaging and data acquisition

TIRF microscopy was conducted using a 100x oil immersion objec-
tive with a numerical aperture of 1.47 on a Leica DMi8. Images were
captured using a Leica Infinity TIRF HP module and an ORCA-Flash
4.0 CMOS camera (Hamamatsu, C13440-20CU). FRAPs were per-
formed using a Leica Infinity scanner. The FRAP experiments were
done by bleaching a circle with a diameter of 4.96 pm at 100% laser
power.

Data analysis

Image analysis was performed using FlJI-ImageJ (Schindelin et al.,
2012). Fluorescence intensity quantification was done on raw im-
age data with the background intensity subtracted. The average
and SD of five bundles were used for the intensity at the bundles.
The lipid intensity was measured as an average of 10 frames per
time point. For the intensity ratio of VASP or the lipids, the inten-
sity underneath the bundles was divided by the intensity next to
the bundles. For segmentation, images were corrected by pseudo-
flat-field correction. Segmentation was performed with the ma-
chine-learning algorithms provided by ilastik (Berg et al., 2019).
The segmented images were then used for further image analysis.
The bundle width was determined as the local diameter on the
distance ridge using the local thickness plugin in FIJI (Dougherty
and Kunzelmann, 2007). Pore size was determined using the par-
ticle analyzer in FIJI. The data from triplicate measurements were
used for the width and pore size distributions. Depending on the
spacing between the filaments in the bundle facilitated by a diam-
eter range from 28 to 70 nm of VASP, we expected a quantity of
14-40 filaments in a 1-um-thick bundle. We verified this by inte-
grating the intensity over the diameter of filament bundles and
used the result to extrapolate the number of filaments for large
bundles. This resulted in the expected number of filaments in
1-pum-thick bundles of 45 + 12, which was in the same order of
magnitude as the number calculated from the segmented
diameter.

The average ratio and SD of segmented bundle area to total area
were used for the decoration of the bilayer. For calculation of the
colocalization, an average over 10 frames was pseudo-flat field
corrected. Spearman’s rank correlation coefficient was calculated
using the plugin Coloc 2 in FIJI. The FRAP data were corrected using
bleach correction factor calculated from an unbleached reference
region. The data were normalized using the prebleach intensity and
first bleach frame (Siggia et al., 2000). The recovery curves were
fitted using with the formula y = a*(1 — et¥?) + ¢ and the recovery
half-time calculated with t1,, = T#In 2.
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Data availability
The data supporting the findings of this study are available from
A.R.B. upon request.
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