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Abstract Vasodilator-stimulated phosphoprotein (Ena/

VASP) is an actin binding protein, important for actin

dynamics in motile cells and developing organisms.

Though VASP’s main activity is the promotion of barbed

end growth, it has an F-actin binding site and can form

tetramers, and so could additionally play a role in actin

crosslinking and bundling in the cell. To test this activity,

we performed rheology of reconstituted actin networks in

the presence of wild-type VASP or mutants lacking the

ability to tetramerize or to bind G-actin and/or F-actin. We

show that increasing amounts of wild-type VASP increase

network stiffness up to a certain point, beyond which

stiffness actually decreases with increasing VASP con-

centration. The maximum stiffness is 10-fold higher than

for pure actin networks. Confocal microscopy shows that

VASP forms clustered actin filament bundles, explaining

the reduction in network elasticity at high VASP concen-

tration. Removal of the tetramerization site results in sig-

nificantly reduced bundling and bundle clustering,

indicating that VASP’s flexible tetrameric structure causes

clustering. Removing either the F-actin or the G-actin

binding site diminishes VASP’s effect on elasticity, but

does not eliminate it. Mutating the F-actin and G-actin

binding site together, or mutating the F-actin binding site

and saturating the G-actin binding site with monomeric

actin, eliminates VASP’s ability to increase network stiff-

ness. We propose that, in the cell, VASP crosslinking

confers only moderate increases in linear network elastic-

ity, and unlike other crosslinkers, VASP’s network stiff-

ening activity may be tuned by the local concentration of

monomeric actin.

Keywords Cell mechanics � Rheology � Cytoskeleton �
Viscoelasticity � Crosslinking

Introduction

Ena/VASP is a family of proteins found in vertebrates,

invertebrates and Dictyostelium whose members play

important roles in many actin remodelling processes in

cells and developing organisms (Reinhard et al. 2001;

Krause et al. 2002). Examples include fibroblast rigidity,

adhesion and migration (Bear et al. 2000; Galler et al.

2006); formation of endothelial junctions in mice (Furman

et al. 2007); development of the human cerebral cortex

(Yaba et al. 2011); formation of filopodia in fibroblasts,

Dictyostelium and neuronal growth cones; neurite growth

and neuronal guidance (Applewhite et al. 2007; Schiren-

beck et al. 2006; Lebrand et al. 2004; Kwiatkowski et al.

2007); and movement of Listeria monocytogenes (Laurent

et al. 1999). In vitro, VASP influences actin assembly

through binding of actin monomers, filaments and profilin–

actin (Walders-Harbeck et al. 2002; Chereau and Dominguez

2006; Hansen et al. 2010); promotes filament elongation

(Hansen et al. 2010; Plastino et al. 2004; Breitsprecher et al.

2008); interferes with barbed end capping (Bear et al. 2002;

Barzik et al. 2005); bundles filaments (Schirenbeck et al.
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2006; Bachmann et al. 1999; Hüttelmaier et al. 1999); and

influences bead motility in reconstituted systems (Plastino

et al. 2004; Samarin et al. 2003; Trichet et al. 2007). More-

over, a recent atomic force microscopy (AFM) nanoinden-

tation study of actin comet tails grown from VASP-coated

beads showed increases in tail stiffness (Suei et al. 2011).

All Ena/VASP proteins share a highly conserved

domain structure, with an N-terminal Ena/VASP homol-

ogy 1 (EVH1) region and a C-terminal Ena/VASP

homology 2 (EVH2) region separated by a proline-rich

core (Reinhard et al. 2001; Kwiatkowski et al. 2003), as

illustrated in Fig. 1a. The EVH1 domain binds to numerous

ligands important for cytoskeletal regulation, including the

actin binding proteins zyxin, vinculin and ActA (Reinhard

et al. 2001). The EVH2 domain is responsible for inter-

action with actin and contains a globular G-actin binding

site (GAB) and a filamentous F-actin binding site (FAB),

both of which can bind F-actin (Hansen and Mullins 2010).

EVH2 also contains a tetramerization motif (TET).

Between the EVH1 and EVH2 domains lies a proline-rich

region (Poly PRO) adjacent to the GAB site that promotes

addition of profilin–actin complexes at filament barbed

ends (Ferron et al. 2007). The VASP molecule is long and

flexible. While its real dimensions are not known, since a

crystal structure of the full-length molecule is lacking, the

EVH1 domain alone already has an average end-to-end

length of 40 nm (Breitsprecher et al. 2008).

Based on VASP’s multiple domain structure, it has been

proposed that it can have a complex range of possible

interactions with actin monomers, actin filaments and actin

binding proteins (Bear and Gertler 2009), as sketched in

Fig. 1b. Experiments have indeed demonstrated a number

of VASP–actin interactions, including both actin filament

end-binding and side-binding modes. It was shown that

VASP may regulate the cytoskeleton via actin assembly at

filament barbed ends, where it stably binds and promotes

elongation through monomer addition. In this capacity it

can bind both monomeric actin and profilin–actin com-

plexes through its GAB site, while the FAB site transiently

binds to the filament side (Hansen and Mullins 2010;

Breitsprecher et al. 2011; Pasic et al. 2008). The side-

binding capacity may be particularly important to ensure

actin filament stabilization and tethering during elongation

when VASP is confined to a substrate (Schirenbeck et al.

2006; Laurent et al. 1999; Hansen and Mullins 2010), but it

may also help bundle actin filament tips in filopodia

(Schirenbeck et al. 2006; Lebrand et al. 2004; Hansen and

Mullins 2010). A more stable side-binding mode in which

both GAB and FAB domains bind actin filaments is pre-

sumably responsible for the formation of composite fila-

ment/bundle networks in vitro (Laurent et al. 1999;

Breitsprecher et al. 2008; Barzik et al. 2005; Bachmann

et al. 1999; Skoble et al. 2001), though there is also evi-

dence that this bundling initiates from interactions at the

barbed end (Pasic et al. 2008). It is not known if VASP

also crosslinks actin filaments and stiffens in vitro net-

works through side-binding, nor is it clear to what extent

these effects are important under cellular conditions.

VASP’s different actin binding modes can be modified

by free actin monomers which antagonize side-binding and

promote end-binding by occupation of the GAB domain

(Hansen and Mullins 2010). Thus, VASP–actin interactions

may be tuned by the participation of different domains in

actin binding. Interactions may also be significantly mod-

ified by numerous physiologically relevant factors such as

buffer ionic strength, VASP and actin concentration, sub-

strate confinement or molecular crowding (Breitsprecher

et al. 2008). Because nucleation, tetramerization and bun-

dling are all interrelated and accounted for by the EVH2

domain found in each of VASP’s four flexible arms,

VASP–actin interactions may be strongly influenced by the

local cytoskeletal environment (Chereau and Dominguez

2006).

Because VASP–actin interactions are complex, it is

important to study them in simplified and controlled sys-

tems. Elucidating the structural and mechanical properties

of filament networks bundled by VASP provides a

straightforward way to gain a better understanding of

a

b

Fig. 1 Schematic of VASP’s domain structure and binding partners.

a Diagram of VASP’s domains including EVH1, proline-rich and

EVH2 domains. The EVH1 domain binds actin binding proteins such

as zyxin, vinculin and ActA. The proline-rich domain (Poly PRO)

binds profilin, and the GAB and FAB domains bind monomeric and

filamentous actin, respectively. TET is responsible for forming VASP

tetramers. b Diagram of VASP’s tetrameric structure depicting actin

filament binding via both GAB and FAB domains in the absence of

free actin monomers. The EVH2 domain is known to be highly

flexible and allows for multiple F-actin configurations when VASP is

not confined to a substrate

980 Eur Biophys J (2012) 41:979–990

123



actin–VASP interactions. We examine the microstructure

and viscoelastic properties of networks reconstituted from

purified actin and VASP in a range of physiologically

relevant concentrations. Use of VASP mutants and free

actin monomers to study the effects of distinct VASP

domains on network mechanics and structure sheds new

light on the complexity of VASP–actin interactions.

Materials and methods

Materials

Recombinant murine His-tagged wild-type VASP and

VASP mutant proteins were prepared as described else-

where (Barzik et al. 2005; Pasic et al. 2008). Concentra-

tions of all VASP mutants were determined by Bradford

assay, and reported values represent the tetramer. Recom-

binant fascin was prepared by inducing a glutathione

S-transferase (GST)–fascin pGEX vector in T7 Escherichia

coli with 0.2 mM isopropyl b-D-1-thiogalactopyranoside

(IPTG). Cells were resuspended in lysis buffer [50 mM

Tris–HCl pH 8.0, 150 mM NaCl, 1 mM dithiothreitol

(DTT), 10 % v/v glycerol, 19 Complete Protease Inhibitor

ethylenediamine tetraacetic acid (EDTA)-free (Roche),

1 mg/mL-1 lysozyme, 10 lg/mL-1 DNase] and lysed by

snap-freezing in liquid N2 and thawing at 4 �C. High-speed

supernatant was bound to Glutathione Sepharose 4B beads

(GE Healthcare) equilibrated in binding buffer [19 phos-

phate-buffered saline (PBS), 1 mM DTT], then washed and

equilibrated with cleavage buffer (50 mM Tris–HCl pH

7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 10 % v/v

glycerol). Bound protein was eluted by overnight incuba-

tion with PreScission Protease (GE Healthcare), further

purified by a MonoQ anion exchange column, and dialyzed

against storage buffer (20 mM imidazole pH 7.4, 150 mM

KCl, 1 mM DTT, 10 % v/v glycerol) before snap-freezing

in liquid N2 and storage at -80 �C.

Actin was purified according to the method of Pardee

and Spudich (1982), including a gel filtration step on a

HiPrep Sephacryl 26/60 column (Åkta), or purchased from

Cytoskeleton (sedimentation assays). The actin concentra-

tion was quantified by measuring light absorbance at

290 nm using an extinction coefficient of 0.62 mL/mg

(Loisel et al. 1999). Alexa 594-labelled G-actin was pre-

pared following the manufacturer’s instructions using

Alexa Fluor 594 carboxylic acid succinimidyl ester

(Invitrogen) at pH 8, followed by dialysis against G-buffer

(Tris-HCl 2 mM, CaCl2 0.2 mM, 0.2 mM DTT, pH 8.0) to

remove excess dye. Proper function of fluorescently

labelled actin at a ratio of 1 labelled to 10 unlabelled

monomers was verified by the formation of comet tails in a

bead motility assay (Plastino et al. 2004). The average

length of fluorescently labelled filaments was 8 lm. For all

protein concentration measurements a Nanodrop 2000

spectrophotometer (Thermo Scientific) was used. Latrun-

culin–actin was prepared using a fivefold molar excess of

latrunculin B (Santa Cruz Biotechnology) and was incu-

bated in G-buffer for 30 min on ice prior to experiments.

Confocal microscopy

Sample chambers were prepared by cleaning glass cover-

slips and microscope slides by sonication in 50 % ethanol,

followed by sonication and rinsing with Milli-Q water.

Slivers of coverslips were used as spacers to create

chambers with nominal volume of 22 lL. Slides, spacers

and coverslips were bonded using optical adhesive (Nor-

land). Chambers were passivated with 0.1 mg/mL j-casein

for 5 min and then washed with X-buffer [10 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulphonic acid (HEPES),

0.1 mM KCl, 1 mM MgCl2 and 0.1 mM CaCl2]. For

VASP–actin samples, first Mg-G-actin (10 % fluorescently

labelled and 90 % unlabelled) was prepared by incubation

in a 1 molar equivalent plus 10 lM MgCl2 and 0.2 mM

ethylene glycol tetraacetic acid (EGTA) in G-buffer (2 mM

Tris, 0.2 mM CaCl2, 0.2 mM DTT, pH 8) and incubating

on ice for 5 min. VASP proteins were added to Mg-G-actin

before polymerization. The final samples contained 10 mM

HEPES, pH 7.5, 115 mM KCl, 2.1 mM Mg-adenosine

triphosphate (ATP), 7 mM DTT, and 150 lM 1,4-diaza-

bicyclo[2.2.2]octane (DABCO). These buffer conditions

are similar to those used in typical actin comet tail assays

(Plastino et al. 2004; Loisel et al. 1999; Wiesner et al.

2003). We verified by confocal microscopy that the Mg2?

ions at the concentration used in these studies did not cause

bundling in the presence of VASP (Online Resource 1) nor

with actin alone (Online Resource 2c). For latrunculin–

actin samples, actin was allowed to polymerize for 5 min at

room temperature in the presence of VASP before addition

of latrunculin–actin. Samples were polymerized at room

temperature for 45 min. Fluorescent actin was illuminated

with a Melles Griot 543-nm laser and observed using a

Nikon Eclipse C1Si confocal head fitted to a Nikon

Eclipse Ti inverted microscope using a 409 apochromatic

oil objective (1.0 NA). Image stacks in the z-direction were

automatically obtained using Nikon EZC1 software with

35 images taken at 1.5-lm intervals. Maximum-intensity

projections were created using ImageJ, and the contrast of

each projection was identically enhanced (normalized with

0.4 % saturated pixels). For homogeneous filament net-

works, single plane images were recorded. These images

were bandpass filtered between 1 and 40 pixels to remove

large wavelength variations in light intensity.
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Macroscopic shear rheology and LAOS analysis

Samples were prepared at 35.7 lM actin with a 125 lL

sample volume in the same manner as for confocal

microscopy. Immediately after mixing, samples were

pipetted onto the steel bottom plate of a stress-controlled

rheometer (Anton Paar Physica MCR 501, Graz, Austria)

set at 20 �C. Actin was polymerized between the bottom

plate and a 30-mm-diameter steel cone (0.988� angle,

58 lm truncation). Polymerization was monitored by

measuring the increase in the elastic and viscous shear

modulus with oscillating shear at frequency, x, of 3.1 rad/s

and small strain amplitude, c, of 0.5 %. In the linear

regime, the ratio of the stress response, r(x), to the applied

strain equals the complex shear modulus, G*(x) =

G0(x) ? iG00(x). The elastic modulus, G0(x), represents

the in-phase (storage) response, while the viscous modulus,

G00(x), represents the out-of-phase (loss) response. The

frequency-dependent moduli of actin–VASP networks

were measured by oscillatory tests using c = 2.0 % and

x = 3.1 to 0.031 rad/s.

Nonlinear shear rheology was performed with the same

rheometer and cone–plate geometry using the large-

amplitude oscillatory shear (LAOS) method. We used this

method instead of commonly used prestress and step-stress

protocols (Gardel et al. 2006; Broedersz et al. 2008;

Semmrich et al. 2008; Broedersz et al. 2010), because we

observed substantial creep of actin–VASP networks when a

steady shear (even within the linear regime) was applied.

The rheometer provides stress and strain data averaged

over three cycles. Since the raw LAOS data at large strain

showed clear deviations from a sinusoidal (linear) stress

response, we analyzed nonlinearities in the elastic response

using a previously described method (Ewoldt et al. 2008).

Nonlinearities in the elasticity are well described by the

ratio of the first and third coefficients of Chebychev

polynomials of the first kind, which are related to the

Fourier transform of the stress signal. The coefficient ratio

e3/e1 is zero in the linear regime, while e3/e1 [ 0 indicates

intra-cycle strain-stiffening, i.e. strain-stiffening within an

oscillation cycle. This parameter suffers less from noise

than other elasticity parameters, and provides a sensitive

measure of deviations from linear elasticity (Ewoldt et al.

2008).

Co-sedimentation assays

G-actin (purchased from Cytoskeleton) was charged with

Mg2? by incubation in a 1 molar equivalent plus 10 lM

MgCl2 and 0.2 mM EGTA in G-buffer (2 mM Tris,

0.2 mM CaCl2, 0.2 mM DTT, pH 8) on ice for 5 min.

Actin was then diluted to 12 lM in X-buffer (10 mM

HEPES pH 7.5, 0.1 M KCl, 1 mM MgCl2, 0.1 mM

CaCl2), supplemented with 1.8 mM ATP, 3.6 mM MgCl2,

130 lM DABCO, 6 mM DTT and the appropriate amount

of VASP or VASP mutants in VASP buffer (20 mM

imidazole, pH 7.0, 200 mM KCl, 1 mM EGTA, 2 mM

MgCl2 and 1 mM DTT). The final pH was 7.5, and the

salt concentration was 110 mM KCl. The reactions were

incubated at room temperature for 1 h and then centri-

fuged at 12,0009g for 1 h at 4 �C to pellet bundles.

Supernatants and pellets were separated, denatured in

Tris–glycine sample buffer, and loaded on 10 % sodium

dodecyl sulphate (SDS)-polyacrylamide gel electrophore-

sis (PAGE) gels.

Results

VASP increases the elastic modulus of F-actin

networks

We determined whether VASP affects the elastic modulus

of actin networks, since VASP is rich in specific structures

in the cell that are known to sense mechanical cues, such as

lamellipodia and filopodia. To this end, rheological mea-

surements were performed on samples with a constant actin

concentration (35.7 lM) and crosslink density (VASP-to-

actin ratio) varying from R = 0.001 to 0.1. All samples

behave as weak viscoelastic solids regardless of VASP

concentration, with the elastic modulus G0 displaying only

a weak frequency dependence (Fig. 2a, left). The loss

tangent, tan d = G00/G0, calculated at each value of R,

shows an elastic modulus only slightly larger than the

viscous modulus (Fig. 2a, right), also consistent with weak

solid-like behaviour. Figure 2b shows the plateau modulus

G0 (determined at x = 1.15 rad/s) for increasing VASP-

to-actin molar ratios R. G0 was 0.40 Pa for actin networks

polymerized in the absence of VASP (solid line in Fig. 2b).

At low VASP-to-actin molar ratios (R = 0.001), G0 was

only slightly higher than F-actin alone (black squares in

Fig. 2b). This suggests that there is little crosslinking effect

due to VASP in this regime. As R increases, the plateau

modulus also increases, but only for values up to

R = 0.006. Beginning at R = 0.0125, G0 decreases with

increasing VASP concentration, finally returning to values

close to those at low R. This rheological profile differs

significantly from that of networks crosslinked by certain

other actin binding proteins that are known to crosslink and

bundle F-actin, where the elastic modulus steadily increa-

ses with increasing crosslinker concentration. The maxi-

mum increase in network stiffness observed with VASP is

comparable to stiffness increases seen with filamin

(Schmoller et al. 2009; Kasza et al. 2009), but an order of
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magnitude less than those seen for a-actinin, scruin and

fascin (Tseng and Wirtz 2001; Tempel et al. 1996; Gardel

et al. 2004; Lieleg et al. 2007).

To test the origin of the decrease in linear network

elasticity at high VASP-to-actin molar ratios, we observed

the microstructure of VASP–actin networks via confocal

Fig. 2 Effects of wild-type VASP on F-actin network elasticity and

morphology. The actin concentration is held fixed at c = 35.7 lM,

and the VASP-to-actin molar ratio is varied. a (Left) Frequency

dependence of the elastic modulus of VASP–actin networks for five

VASP-to-actin molar ratios, R (squares, actin only; circles,

R = 0.003; up triangles, R = 0.006; down triangles, R = 0.025; left
triangles, R = 0.1). The weak dependence on frequency is charac-

teristic of weakly viscoelastic solids. (Right) Dependence of the loss

tangent, tan d = G00/G0, on R. The solid line indicates the reference

value measured for a pure actin network. There is only a small

decrease in the loss tangent with increasing VASP concentration,

again consistent with weak crosslinking activity. b (Lower) Elastic

plateau modulus, G0, versus R, evaluated at oscillation frequency of

1.15 rad/s. The value of G0 for actin alone is shown as a horizontal
line for reference. G0 shows a maximum at an R-value of 0.006.

(Upper) Confocal fluorescence images showing the microstructure of

F-actin/VASP networks. Changes in overall network morphology as a

function of R are consistent with the rheological behaviour. At

R = 0.001, bundling is sparse, corresponding to a small increase in

plateau modulus G0. At R = 0.003, more bundles have formed and G0

is increased. At R = 0.006, where G0 is maximal, bundles are longer,

thicker and more strongly curved and some small aggregates appear.

At R = 0.0125, many bundles become incorporated into tangled

aggregates and G0 decreases. Finally, at R = 0.1 aggregates become

very large and prominent and G0 returns to near the value at low

R. The scale bar applies to all images
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imaging. In the absence of VASP, actin networks poly-

merized at 35.7 lM (1.5 mg/mL) are homogeneous and

isotropic (Online Resource 2). When VASP is added,

bundles start to appear at a very low threshold of the

VASP-to-actin molar ratio, R = 0.001. As VASP is

increased from R = 0.001 to R = 0.006, the network

organization changes from composite structures of short

straight or curved bundles interspersed in dense filamen-

tous networks to longer, thicker and more strongly curved

fibres (Fig. 2b, top). In addition, large aggregates of

intertwined, laterally associated bundles begin to form

within these composite bundle/filament networks. This

increase in the extent of VASP-mediated bundling as seen

by confocal microscopy correlates well with the increase in

G0 measured by rheology (Fig. 2b, lower). The largest

value of G0 occurs at R = 0.006. At this R value, confocal

images show longer, thicker and more strongly curved

bundles as compared with lower VASP-to-actin molar

ratios (Fig. 2b, top). The decrease in G0 observed when the

VASP concentration is raised further corresponds to the

regime where large bundle aggregates become predomi-

nant in the sample. The plateau modulus decreases still

further as more bundles become incorporated into the

aggregates at higher R values. At the highest molar ratios,

the actin filaments are in very large aggregates of tangled

bundles that appear separate (Fig. 2b, top, R = 0.1).

Overall this profile indicates that, despite significant bun-

dling, VASP produces only weakly viscoelastic gels

because the composite filament/bundle networks are not

interconnected in cohesive, spanning structures that confer

a macroscopic stiffness increase. This interpretation is

supported by the weak viscoelastic behaviour shown by all

samples (Fig. 2b).

To further compare VASP’s effect on the elastic

behaviour of F-actin networks with that of other cross-

linkers, nonlinear rheology was performed at R = 0.006,

corresponding to the maximum increase in the linear

elastic modulus. We used the large-amplitude oscillatory

shear (LAOS) method, in which filament networks are

subjected to strain oscillations at constant frequency (here

0.1 Hz) with increasing strain amplitude c0 (Semmrich

et al. 2008; Broedersz et al. 2010). Figure 3 (inset) shows

Lissajous figures generated by plotting the stress r(t) as a

function of the applied strain c(t) for three strains: 2.0 %

(innermost curve), 22.2 % (middle curve) and 73.9 %

(outermost curve). The shape of these curves provides a

signature of the nonlinear response. At small strains the

response is linear (inner curve), as evident from the

elliptical shape of the Lissajous curve. At higher strains

the curve deviates from an ellipse with a small upturn at

maximum strain (middle curve), indicating moderate

intra-cycle stiffening. Finally, the trajectory becomes

distorted as the network approaches mechanical failure

and rupture (outer curve). The ratio of the first and third

Chebychev coefficients plotted against c0 (Fig. 3, black

squares) confirms that F-actin networks containing VASP

produced only moderate strain-stiffening at high strains.

Furthermore, the strain-stiffening behaviour of VASP-

mediated actin networks was not significantly different

from that of F-actin alone (Fig. 3, red circles). This

supports evidence from linear rheology that VASP does

not strongly crosslink F-actin networks. We also com-

pared the nonlinear response of F-actin networks in the

presence of VASP with that of fascin, a known physio-

logical bundling protein. Interestingly, at the same

R value as VASP, fascin produces less strain hardening

than either actin alone or actin and VASP (Fig. 3, blue

circles). Above 100 % strain, actin–fascin networks cease

to stiffen, whereas both actin alone and actin–VASP

continue to stiffen. This suggests that the bundled net-

works produced by fascin are only weakly crosslinked,

consistent with prior reports (Schmoller et al. 2009). The

reduced strain-stiffening compared with pure F-actin

networks may be due to forced unbinding events between

bundles.
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Fig. 3 Comparison of the nonlinear elastic response of VASP-

mediated F-actin networks with that of F-actin–fascin and pure

F-actin networks, as measured by LAOS. The ratio of the Chebychev

coefficients e3/e1 provides a measure of the nonlinear network

response. At c = 35.7 lM and R = 0.006, corresponding to the

maximum increase in the linear elastic modulus, only a small degree

of strain-stiffening due to the presence of VASP (black squares) is

observed. This strain-stiffening is not significantly different from that

of F-actin alone (red circles). Actin and fascin at c = 35.7 lM and

R = 0.006 shows less strain-stiffening as compared with actin alone

or actin and VASP (blue circles). (Inset) Lissajous curves, showing

stress r(t) as a function of applied strain c(t) for three strain

amplitudes: 2.0 % (innermost curve), 22.2 % (middle curve) and

73.9 % (outermost curve). The inner curve is elliptical, indicating a

linear response. Slight deviations from an ellipse are observed at

higher strains (middle curve), indicating intra-cycle stiffening. The

outer curve shows significant distortion in the Lissajous curve as the

network approaches mechanical failure and rupture
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The effect of VASP on linear network elasticity is due

to a combination of VASP’s actin binding domains

and tetrameric structure

To elucidate the role of VASP’s multiple actin binding

domains in increasing network stiffness via F-actin cross-

linking/bundling, we generated VASP mutants in which the

GAB and FAB sites were separately rendered non-func-

tional, by either mutation (mGAB) or deletion (DFAB), as

well as a mutant lacking both sites (DFABGAB). Rheo-

logical measurements were performed on VASP wild type

and mutants at R = 0.025 and c = 35.7 lM, conditions

where wild-type VASP is close to its optimum in terms of

stiffness increase. As expected, DFAB produced a smaller

increase in network stiffness than wild-type VASP. Sur-

prisingly, however, DFAB was still able to increase stiff-

ness over the background level of pure F-actin, indicating

that there must be other sites on the VASP molecule

capable of binding F-actin (Fig. 4b). The G-actin binding

(GAB) site seems to be a likely candidate, since the mGAB

mutation greatly reduces VASP’s ability to increase net-

work stiffness compared with wild-type VASP. Removal of

Fig. 4 Effect of VASP’s different actin binding domains on F-actin

network elasticity and morphology evaluated by comparing wild-type

VASP (WT) with various mutants. a Plateau moduli, G0, evaluated at

oscillation frequency of 1.15 rad/s for F-actin polymerized in the

presence of different VASP mutants at c = 35.7 lM and R = 0.025.

All mutants cause crosslinking, as evidenced by an increase in

network stiffness compared with pure F-actin (white bar). However,

wild-type VASP (black bar) produces a higher elasticity than any of

the mutants (grey bars). Stiffening by the double mutant DFABGAB

is not statistically significant compared with actin only. Complexing

the GAB site of the DFAB mutant with latrunculin B–actin abolished

crosslinking (hatched bar). Data with error bars are averages with

standard deviations of three independent experiments. b Confocal

images of F-actin networks polymerized at c = 11.9 lM with wild-

type VASP or DFAB and DFABGAB mutants at R = 0.050. DFAB

shows significant bundling, but less than wild-type VASP, while

DFABGAB shows only sparse bundles. The rightmost column shows

the effect of addition of 4 lM latrunculin–actin to wild-type, DFAB

and DFABGAB samples. Latrunculin–actin eliminates bundling for

the DFAB mutant, but has no effect for wild-type or DFABGAB

VASP. The scale bar applies to all images. c Low-speed sedimen-

tation assay showing that all mutants bundle at R = 0.050 (significant

amounts of actin present in the pellet, P), except for DFABGAB

(nearly all actin present in the supernatant, S). d Confocal fluores-

cence images comparing effects on F-actin network morphology

between VASP wild type and the mutant VASP DTET for

c = 35.7 lM and R = 0.1. This mutant lacks the tetramerization site

and demonstrates that VASP monomers produce significantly less

bundling than full tetramers. The scale bar applies to all images
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both actin binding sites (DFABGAB) indeed reduces the

plateau modulus to that of F-actin only. As an alternative

test of F-actin binding by the GAB site, we treated the

DFAB mutant with 4 lM latrunculin–actin, which provides

a pool of unpolymerizable actin monomers. This treatment

reduced the plateau modulus to that of F-actin only

(Fig. 4a), confirming that the GAB site contributes to the

F-actin crosslinking/bundling activity of VASP and can

maintain a certain level of crosslinking in the absence of

the F-actin binding site. However, this crosslinking activity

occurs only when the GAB domain is not complexed with

monomeric actin.

We can also observe this effect by confocal fluorescence

microscopy and sedimentation assays. The DFAB mutant

displays bundling activity, presumably via the GAB site

(Online Resource 3), since when both sites are removed

(DFABGAB) only small actin punctae are observed within

the actin network (Online Resource 4). Additionally, when

the DFAB mutant is treated with 4 lM latrunculin–actin,

bundles are no longer formed (Fig. 4b). Consistent with

the rheology measurements, these results indicate that the

GAB site causes bundling even in the absence of the

F-actin binding domain, but only when it is not bound with

monomeric actin. These results were further confirmed by a

low-speed sedimentation assay at 11.9 lM actin (Fig. 4c).

In this assay, only filamentous actin that is incorporated

into bundles or aggregates will be pelleted, while free fil-

aments will remain in the supernatant. At R = 0.05

(Fig. 4c), only the DFABGAB mutant displays almost no

pelleted actin, while mGAB and DFAB show a consider-

able amount, although less than wild type. This confirms

the observation made by confocal microscopy that the

GAB and FAB sites both appear to participate in F-actin

bundling.

To determine the contribution of VASP’s tetrameric

structure to F-actin bundling, networks containing a VASP

mutant lacking the tetramerization (DTET) site were

observed using confocal microscopy. Bundling was dra-

matically reduced in all samples, and very few aggregates

were observed, even at high R values. Figure 4d illustrates

the contrast in bundling between VASP wild type and the

DTET mutant at c = 35.7 lM and R = 0.1. Thus, the

tetrameric structure of VASP plays a crucial role in pro-

ducing large bundles and aggregates thereof.

VASP-mediated bundling and aggregate formation

also depend upon actin concentration

Confocal images of VASP-mediated F-actin bundling also

show that the onset VASP-to-actin molar ratio R for bun-

dling depends on the F-actin concentration. In the absence

of VASP, networks are homogeneous and isotropic for all

concentrations tested (Online Resource 2). Figure 5 shows

the transition from homogeneous filament networks to

networks containing bundles for samples with VASP at

three different actin concentrations. As the actin concen-

tration is lowered, the VASP-to-actin molar ratio where

bundles first appear goes up, from 0.001 at 35.7 lM

(1.5 mg/mL) actin to 0.003 at 11.9 lM (0.5 mg/mL)

(Fig. 5, compare left-hand and middle columns). At an

R value of 0.05, all actin concentrations tested showed

primarily large aggregated bundle structures, but these

aggregates were largest at the highest actin concentration

(Fig. 5, right-hand column).

Discussion

Our rheological measurements of VASP-mediated F-actin

bundling in solution show that, unlike crosslinking/bun-

dling proteins such as fascin, VASP confers only modest

increases in linear network elastic modulus. It does not

substantially modify the nonlinear response of pure F-actin

networks even at high VASP concentrations. The nonlinear

behaviour also contrasts with that of fascin, which

decreases strain hardening. This comparison highlights the

strong differences in network response between different

cytoskeletal actin binding proteins. VASP’s rheological

behaviour is consistent with a recent study using atomic

Fig. 5 The onset of VASP-mediated F-actin bundling depends upon

actin concentration. The left-hand column shows homogeneous

F-actin networks containing wild-type VASP at the indicated

VASP-to-actin molar ratio R. The middle column shows the first

appearance of actin bundles at higher R. As the actin concentration is

decreased, the bundling onset shifts to higher values of R. At all actin

concentrations tested, large bundle aggregates were dominant at

molar ratio of R = 0.05 (right-hand column). The scale bar applies to

all images
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force microscopy to probe the elasticity of actin comet tails

grown from microspheres. The presence of low concen-

trations of VASP in the solution had no detectable effect

upon the elastic modulus of the comets (Suei et al. 2011).

The stiffness dependence on VASP-to-actin molar ratio

is directly reflected by changes observed in bundle network

morphology. Confocal images allow observation of the

overall appearance of large sample areas and help to

explain the macroscopic elastic behaviour of the networks.

The maximum increase in stiffness occurs in networks of

long entangled bundles at intermediate molar ratios,

whereas the drop in the plateau modulus with increasing

R corresponds with the formation of large aggregates

(Fig. 5). These observations are consistent with finite-ele-

ment simulations, which predict that clustering in com-

posite bundle/filament networks drastically reduces

stiffness as more material becomes incorporated in local-

ized, heterogeneous structures (Lieleg et al. 2009).

Bundle cluster networks have also been observed with

a-actinin and filamin at actin concentrations of 24 lM.

These actin binding proteins, like VASP, are long and

flexible, whereas shorter and stiffer molecules such as

fascin and scruin produce composite filament/bundle net-

works or even pure bundled phases without clusters

(Schmoller et al. 2009; Lieleg et al. 2007, 2009; Shin et al.

2004; Lieleg et al. 2010). Previous work already showed

that bundle cluster networks are associated with a weaker

mechanical response as compared with the large increases

in G0 observed with fascin and scruin (Lieleg et al. 2010).

However, drastic decreases in elastic response due to

clustering have not been previously observed. Filamin, like

VASP, produces very large clusters at higher crosslink

concentrations, but shows a modest overall increase in

linear elasticity (Schmoller et al. 2009; Kasza et al. 2009);

a-actinin shows a weaker plateau modulus increase in the

bundle cluster regime compared with the mixed bundle

phase (Lieleg et al. 2009). Neither a-actinin nor filamin,

however, show an actual decrease in elasticity due to

clustering. VASP-mediated networks display a marked

decrease in the elastic modulus at the onset of bundle

clustering, and the modulus continues to decrease with

increasing VASP concentration. The elastic response

eventually returns to a value similar to that induced by low

VASP concentrations. Overall, this suggests that, despite

bundle cluster formation, a-actinin and filamin play a

stronger crosslinking role in F-actin networks than does

VASP. This conclusion is supported by the moderate

strain-stiffening behaviour of VASP–actin networks at high

strains, which is indistinguishable from that of pure F-actin

solutions. This behaviour is in contrast to the marked

strain-stiffening observed with other crosslinking and

bundling proteins such as a-actinin, filamin, heavy mero-

myosin and fascin (Xu et al. 2000; Gardel et al. 2006;

Kasza et al. 2009; Schmoller et al. 2009; Tharmann et al.

2007; Lieleg et al. 2007).

In the absence of free actin monomers, we show that

both the FAB and GAB domains of VASP individually

increase network stiffness above that of pure F-actin,

though both produce a smaller effect than the wild type.

This result is confirmed by confocal microscopy and sed-

imentation assays that show that either domain is sufficient

for some bundle formation, but only at high VASP-to-actin

molar ratios (Fig. 4). While it has previously been shown

that the FAB domain is sufficient to produce filament

bundling, we also observed bundling in the mutant lacking

the FAB site (Online Resource 3). We even observed loose

bundling by the mutant lacking both FAB and GAB sites,

though only at the highest actin concentrations and highest

VASP-to-actin molar ratios (Online Resource 4). This

surprising finding is actually consistent with prior obser-

vations that both Dictyostelium and murine VASP mutants

lacking the GAB and FAB domains were able to capture

filaments on surfaces, suggesting an additional F-actin

binding site on VASP’s C-terminal region (Breitsprecher

et al. 2008; Pasic et al. 2008). Finally, we show by con-

focal microscopy that the tetrameric structure of VASP is

necessary to produce a significant degree of bundling and

aggregation, even when both G- and F-actin binding

domains are present (Fig. 4d).

Although the GAB domain participates in F-actin bun-

dling in our assay, it may not when it is in contact with the

high concentrations of G-actin that are present in the cell,

which we mimicked in this study with sequestered latrun-

culin–actin. Indeed, free actin monomers reduce or elimi-

nate bundling with VASP DFAB at low actin

concentrations. Presumably, this mutant binds actin fila-

ments via its GAB domain, which is competitively dis-

placed from F-actin in the presence of monomeric actin.

These results echo, in part, recent findings using single-

molecule detection of VASP on actin filaments by total

internal reflection fluorescence (TIRF) microscopy, where

it was observed that mutating the GAB domain or satu-

rating this site with monomeric actin compromises filament

binding by VASP, although deletion of the FAB domain in

this same study completely abrogated VASP’s ability to

interact with F-actin (Hansen and Mullins 2010). Filament

bundling by VASP thus appears very sensitive to the free

actin monomer concentration, the ratio between the amount

of F-actin and VASP, and also to the F-actin concentration,

which changes the thresholds for the onset of bundling and

the predominance of aggregates within the networks.

We propose that the observed F-actin bundling behav-

iour of wild-type and mutant VASP results from the

structural arrangement of multiple actin binding sites on

flexible VASP tetramers. This proposal is in line with prior

models based on observations of VASP interaction with

Eur Biophys J (2012) 41:979–990 987

123



actin monomers and filaments (Bear and Gertler 2009)

(Fig. 1b). VASP’s flexible tetrameric structure can explain

the dependence of bundle morphology on both c and R, as

more VASP or more actin filaments allow connections

between multiple filaments and bundles in various align-

ments and configurations. The flexible tetrameric structure

also explains VASP’s ability to bundle at very low VASP-

to-actin molar ratios and to form aggregates at high molar

ratios, because each VASP can bind up to four actin fila-

ments. To understand the formation of aggregates at higher

R values more thoroughly, details of individual bundle

morphology at high magnification must be considered.

Previous electron microscopy observations of VASP-

mediated F-actin bundles in buffers of similar ionic

strength show loosely packed bundles with many single

filaments emanating at multiple angles, displaying no long-

range internal order (Laurent et al. 1999; Barzik et al.

2005). This suggests that, as the VASP-to-actin molar ratio

is increased, the number of VASP-mediated interactions

between filaments emanating from different bundles will

also increase. Transmission electron microscopy and ana-

lytical centrifugation have shown that the VASP molecule

is very flexible (Breitsprecher et al. 2008), so connections

between bundles will have little bending energy cost,

resulting in numerous lateral associations between bundles

that are often strongly curved (Fig. 5). Because bundles

tend to be quite long at the highest R values (30 lm or

more), more bundle–bundle interactions will occur along

the long axis of the fibres, producing large aggregates

within the composite networks.

The sensitive dependence of VASP-mediated bundling in

solution on actin and VASP concentrations that we demon-

strate here may be particularly relevant to cells, where

F-actin concentrations have been estimated to be in the range

of 12–300 lM (Pollard et al. 2000). In some localized

regions, such as the lamellipodia of migrating cells, F-actin

levels can reach values as high as 500 lM (Koestler et al.

2009), and actin comet tails have been estimated to be in the

millimolar range in F-actin (Wiesner et al. 2003). At these

F-actin concentrations, even VASP mutants lacking the FAB

domain could potentially participate in filament bundling.

VASP mutants have been expressed in Dictyostelium and

MVD7 fibroblasts, and it was thereby shown that the FAB

domain is necessary for filopodia formation, potentially

via its bundling capabilities (Schirenbeck et al. 2006;

Applewhite et al. 2007; Breitsprecher et al. 2008). However,

deleting the FAB site also compromises proper targeting of

VASP to filopodia tips and to the leading edge of the

lamellipodia, and it is not possible to differentiate between

the different functions performed by the FAB mutants

in these cells (Bear et al. 2002; Applewhite et al. 2007;

Breitsprecher et al. 2008). In the few Dictyostelium cells

expressing VASP DFAB that did form short protrusions,

this mutant was found at the tips, showing that some

filopodia-like protrusions can form without the FAB

domain (Breitsprecher et al. 2008). Both FAB and GAB

domains appear to be necessary for proper filopodia

formation, however, which includes bundling at the tip

region.

In addition to F-actin, intracellular profilin–actin con-

centrations can also be quite high (5–40 lM), possibly

providing a means by which bundling interactions can be

tuned (Ferron et al. 2007). We propose that VASP does not

function as a bona fide crosslinking protein conferring

global increases in network stiffness, but rather bundles

near the leading edge or in filopodia where local F-actin

and VASP concentrations are high. Monomer depletion in

rapidly expanding zones may equally allow for transient

increases in VASP bundling activity.
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Bronson RT, Mori S, Fässler R, Gertler FB (2007) Ena/VASP is

required for neuritogenesis in the developing cortex. Neuron

56:441–455

Laurent V, Loisel TP, Harbeck B, Wehman A, Groebe L, Jockusch

BM, Wehland J, Gertler FB, Carlier M-F (1999) Role of proteins

of the Ena/VASP family in actin-based motility of listeria
monocytogenes. J Cell Biol 144:1245–1258

Lebrand C, Dent EW, Strasser GA, Lanier LM, Krause M, Svitkina

TM, Borisy GG, Gertler FB (2004) Critical role of Ena/VASP

proteins for filopodia formation in neurons and in function

downstream of Netrin-1. Neuron 42:37–49

Lieleg O, Claessens MMAE, Heussinger C, Frey E, Bausch AR

(2007) Mechanics of bundled semiflexible polymer networks.

Phys Rev Lett 99:088102–088104

Lieleg O, Cyron CJ, Schmoller KM, Luan Y, Wall WA, Bausch AR

(2009) Structural polymorphism in heterogeneous cytoskeletal

networks. Soft Matter 5:1796–1803

Lieleg O, Claessens MMAE, Bausch AR (2010) Structure and

dynamics of cross-linked actin networks. Soft Matter 6:218–225

Loisel TP, Boujemaa R, Pantaloni D, Carlier M-F (1999) Reconsti-

tution of actin-based motility of Listeria and Shigella using pure

proteins. Nature 401:613–616

Pardee JD, Spudich JA (1982) Mechanism of K?-induced actin

assembly. J Cell Biol 93:648–654

Pasic L, Kotova TI, Schafer DA (2008) Ena/VASP proteins capture

actin filament barbed ends. J Biol Chem 283:9814–9819

Plastino J, Olivier S, Sykes C (2004) Actin filaments align into hollow

comets for rapid VASP-mediated propulsion. Curr Biol

14:1766–1771

Pollard TD, Blanchoin L, Mullins RD (2000) Molecular mechanisms

controlling actin filament dynamics in nonmuscle cells. Annu

Rev Biophys Biomol Struct 29:545–576

Reinhard M, Jarchau T, Walter U (2001) Actin-based motility: stop and

go with Ena/VASP proteins. Trends Biochem Sci 26:243–249

Samarin S, Romero S, Kocks C, Didry D, Pantalon D, Carlier M-F

(2003) How VASP enhances actin-based motility. J Cell Biol

163:131–142

Schirenbeck A, Arasada R, Bretschneider T, Stradal TEB, Schleicher

M, Faix J (2006) The bundling activity of vasodilator-stimulated

phosphoprotein is required for filopodium formation. Proc Natl

Acad Sci USA 103:7694–7699

Schmoller KM, Lieleg O, Bausch A (2009) Structural and viscoelastic

properties of actin/filamin networks: cross-linked versus bundled

networks. Biophys J 97:83–89

Semmrich C, Larsen RJ, Bausch AR (2008) Nonlinear mechanics of

entangled F-actin solutions. Soft Matter 4:1675–1680

Shin JH, Gardel ML, Mahadevan L, Matsudaira P, Weitz DA (2004)

Relating microstructure to rheology of a bundled and cross-

linked F-actin network in vitro. Proc Natl Acad Sci USA

101:9636–9641

Skoble J, Auerbuch V, Goley ED, Welch MD, Portnoy DA (2001)

Pivotal role of VASP in Arp2/3 complex–mediated actin

nucleation, actin branch-formation, and Listeria monocytogenes
motility. J Cell Biol 155:89–100

Suei S, Seyan R, Noguera P, Manzi J, Plastino J, Kreplak L (2011)

The Mechanical Role of VASP in an Arp2/3-complex-based

motility assay. J Mol Biol 413(3):573–583

Tempel M, Isenberg G, Sackmann E (1996) Temperature-induced sol-

gel- transition and microgel formation in alpha-actinin cross-

linked actin networks: a rheological study. Phys Rev E

54:1802–1808

Tharmann R, Claessens MM, Bausch AR (2007) Viscoelasticity of

isotropically crosslinked actin networks. Phys Rev Lett

98(8):088103
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