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Abstract
An initial step in platelet shape change is disassembly of actin filaments, which are then
reorganized into new actin structures, including filopodia and lamellipodia. This disassembly is
thought to be mediated primarily by gelsolin, an abundant actin filament-severing protein in
platelets. Shape change is inhibited by VASP, another abundant actin-binding protein.
Paradoxically, in vitro VASP enhances formation of actin filaments and bundles them, activities
that would be expected to increase shape change, not inhibit it. We hypothesized that VASP might
inhibit shape change by stabilizing filaments and preventing their disassembly by gelsolin. Such
activity would explain VASP’s known physiological role. Here, we test this hypothesis in vitro
using either purified recombinant or endogenous platelet VASP by fluorescence microscopy and
biochemical assays. VASP inhibited gelsolin’s ability to disassemble actin filaments in a dose-
dependent fashion. Inhibition was detectable at the low VASP:actin ratio found inside the platelet
(1:40 VASP:actin). Gelsolin bound to VASP-actin filaments at least as well as to actin alone.
VASP inhibited gelsolin-induced nucleation at higher concentrations (1:5 VASP:actin ratios).
VASP’s affinity for actin (Kd ~ 0.07 μM) and its ability to promote polymerization (1:20 VASP
actin ratio) were greater with Ca++-actin than with Mg++-actin (Kd ~ 1 μM and 1:1 VASP),
regardless of the presence of gelsolin. By immunofluorescence, VASP and gelsolin co-localized in
the filopodia and lamellipodia of platelets spreading on glass, suggesting that these in vitro
interactions could take place within the cell as well. We conclude that VASP stabilizes actin
filaments to the severing effects of gelsolin but does not inhibit gelsolin from binding to the
filaments. These results suggest a new concept for actin dynamics inside cells: that bundling
proteins protect the actin superstructure from disassembly by severing, thereby preserving the
integrity of the cytoskeleton.
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INTRODUCTION
During activation, platelets undergo a series of shape changes, first rounding, then projecting
filopodia, and finally spreading [Allen et al., 1979]. This shape change apparently begins
with disassembly of the existing actin filament network followed by reorganization of the
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actin into new structures in different locations within the cell [Bearer, 1991, 1995; Hartwig,
1999; Fox and Philips, 1983; Nachmias and Yoshida, 1988]. This actin reorganization is
regulated by the interplay between many different actin-binding proteins, of which gelsolin
and VASP are among the most abundant [Hartwig, 1999; Laurent et al., 1999]. Although
platelets are much smaller than fibroblasts (5–10-fold smaller), fluorescence microscopy has
been successful in imaging the actin structures that form in the activated platelet and in
identifying specific actin binding proteins localized to these structures [Nachmias and Golla,
1991; Reinhard et al., 1992; Bearer, 1995]. We initially discovered a 46–50 kDa protein
doublet that was retained by F-actin columns from PG-E1-inhibited platelets [Bearer, 1995].
Both 46–50 kDa species were subsequently recognized as VASP upon sequencing [Haffner
et al., 1995]. VASP localizes to the adhesion plaques in platelets by immunofluorescence
[Reinhard et al., 1992; Bearer, 1995], but its distribution during the early stages of spreading
has not been reported. Gelsolin has been detected by immunogold electronmicroscopy at the
barbed ends of actin filaments [Hartwig, 1992], but its distribution throughout the spread
platelet by immunofluorescence has also not been reported.

Gelsolin is thought to be the major mediator of actin filament disassembly during rounding,
the first step of shape change in platelets [Hartwig, 1992; Hartwig et al., 1995]. Gelsolin-
deficient platelets fail to round, which is a defect attributed to the loss of severing activity
[Witke et al., 1995]. Overexpression of gelsolin increases cell migration rates [Cunningham
et al., 1991]. In vitro, gelsolin disassembles actin filaments by two mechanisms: it severs
them and it caps the fast-growing barbed end [Kwiatkowski, 1999; Stossel, 1994]. Severing
can be readily imaged by fluorescence microscopy of rhodamine-phalloidin-labeled actin
filaments [Bearer, 1991]. After severing, gelsolin remains bound to the barbed end,
preventing re-polymerization by addition of monomer to this fast-growing end of the
filament [Yin and Stossel, 1979; Stossel, 1994; Kwiatkowski, 1999]. Filaments capped at
the barbed end rapidly shorten if the concentration of actin monomer is lower than the
critical concentration for pointed end assembly. Thus, at low actin concentrations, barbed
end capping results in loss of monomer from the pointed end.

VASP has effects opposite to those of gelsolin in cells. Platelets from VASP-deficient mice
are more easily activated than normal [Aszodi et al., 1999; Hauser et al., 1999] and VASP-
deficient fibroblasts migrate more quickly [Bear et al., 2000]. Consistent with this, over-
expression of VASP causes slower migration rates [Bear et al., 2000]. Paradoxically, in vitro
VASP induces actin polymerization and bundles filaments [Manchester et al., 1998;
Bachmann et al., 1999; Huttelmaier et al., 1999; Laurent et al., 1999]. These activities
should enhance platelet shape change and cell motility, not inhibit it.

We reasoned that VASP’s inhibition of migration and shape change would be explained if
VASP prevented severing and/or depolymerization of actin filaments, a necessary step in
actin reorganization [Hartwig, 1999]. In this study, we tested this hypothesis in vitro. Using
fluorescence microscopy, pyrene fluorescence, and sedimentation assays, we analyzed the
effect of VASP on gelsolin disassembly and nucleation of actin filaments under conditions
favorable for gelsolin. We purified VASP from platelets and from recombinant sources with
new protocols that allowed us to obtain large amounts of VASP in a single phosphorylation
state quickly. We focused on recombinant dephosphorylated VASP because we could obtain
it as a homogeneous preparation, whereas VASP purified from platelets or phosphorylated
in vitro contains varying ratios of different phosphorylation states [Halbrugge and Walter,
1989; Halbrugge et al., 1990; Butt et al., 1994]. Assays were conducted with Ca++-actin
under physiologic conditions most favorable for gelsolin activities. As we initially reported
[Manchester et al., 1998], these conditions, different from those others reported [Bachmann
et al., 1999; Huttelmaier et al., 1999; Laurent et al., 1999], also enhanced the activity of
VASP. We used quantitative sedimentation assays to analyze binding of gelsolin and VASP
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to actin filaments. As a first step in determining whether these effects of VASP on gelsolin
in vitro are indicative of VASP’s physiological role inside the cell, we studied the relative
localization of these two proteins inside the spread platelet using double-label
immunofluorescence.

This paper addresses the question of how VASP might inhibit platelet shape change while
promoting actin polymerization in vitro. Our results lead us to propose a new concept for
actin reorganizations: that bundling by such proteins as VASP regulates the effect of
severing on the integrity of the actin filament network. This concept proposes a yin-yang
relationship between bundling and severing and is likely to apply not only to VASP-
gelsolin, but to other pairs of actin-crosslinking and severing proteins.

MATERIALS AND METHODS
Purification of VASP From Human Platelets on Poly-L-Proline Columns

VASP was purified in a new two-step procedure using poly-L-proline affinity
chromatography from thrombin-activated human blood platelets (Fig. 1A). Platelet-rich
plasma (PRP) was obtained from the Rhode Island Blood Bank within 24 h of outdating, i.e.,
6 days after donation. Platelets were washed [Bearer, 1995] and incubated in 10 ml/U of
“incubation buffer” (145 mM NaCl, 5 mM KCl, 10 mM HEPES (pH 7.4), 2 mM MgCl2, 0.5
mM Na2HPO4 per Hartwig et al. [1995]) for 1 h at 37°C. To obtain activated platelets, 1 U/
ml of thrombin (Sigma Chemical Co., St. Louis, MO) was added 15 s prior to lysis. Lysis
was achieved by adding an equal volume of ice cold lysis buffer (2×: 120 mM Pipes, pH 6.5,
50 mM Hepes, pH 7.0, 20 mM EGTA, 4 mM MgCl2, 10 mM glucose 1.5% Triton X-100, 1
mM phenylmethylsulfonyl fluoride, and 1/100 dilution of pro-tease inhibitor cocktail)
[Bearer, 1995], followed immediately by sonication with two 10 s burst using the microtip
of a Branson sonicator.

Lysates from 4 U of PRP (~ 5.5 × 1010 platelets per unit) were centrifuged at 10,000g for 15
min, 4°C, the supernatant brought to 5 mM DTT and loaded onto a 10-ml Whatman DEAE
anion exchange column pre-equilibrated in Column Buffer (CB), a 1:1 mixture of lysis and
incubation buffers. The flow through, known to be enriched in profilin in other cell types
[Machesky et al., 1994], was then divided and passed in parallel over either a poly-L-
proline-coupled Sepharose column or a control uncoupled Sepharose column using
approximately 2 U of PRP for each 5-ml column. Poly-L-proline columns were prepared as
previously described [Lindberg et al., 1988; Kaiser et al., 1989]. Columns were washed first
with CB with 5 mM Mg-ATP in lysis buffer followed by elution in 0.3 M MgCl2, 1 mM
EGTA, 50 mM Tris (pH 7.4) and 100 mM NaCl, described to release filamentous actin from
poly-L-proline beads [Lind et al., 1987]. Poly-L-proline and sepharose columns were
restored after stripping with 9 M urea, followed by washing with lysis buffer and stored in
lysis buffer with 0.5% azide. DEAE columns were stripped with 0.6 M KCl and re-
equilibrated for re-use. Columns were re-used a maximum of four times. We also attempted
to avoid urea by eluting VASP with DMSO from the poly-L-proline columns as has been
successful for the purification of profilin [Lindberg et al., 1988], but this did not apply for
VASP.

VASP, profilin, and Grb2 were simultaneously eluted with 6 M Urea in 50 mM Tris-HCl
(pH 7.4) and identified by microsequencing of each band performed as we described
[Medeiros et al, 1998; Bearer, 2000]. At least two phosphorylated forms of VASP (50 and
46 kDa) [Halbrugge et al., 1990] were present. To separate VASP from profilin, columns
were eluted in a stepwise gradient of 3, 4, 5, and 6 M Urea in 50 mM Tris-HCl (pH 7.4). The
purification steps are shown in Figure 1A.
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Proteins eluted with 3M urea were dialyzed against G-buffer (5 mM Tris-HCl (pH 8.1), 4
mM EGTA, 0.2 mM CaCl2, 0.2 mM ATP, 0.2 mM DTT, and 0.02% azide) for subsequent
actin polymerization experiments, or boiled in gel sample buffer (GSB) for SDS-PAGE
analysis. Aliquots were removed at each step in the procedure and the distribution of protein
species monitored by SDS-PAGE.

Purification of Recombinant Human VASP
To obtain an active VASP in its native conformation and in a uniform phosphorylation state,
his-tagged recombinant VASP was synthesized in bacteria and purified on nickel columns
using an EDTA elution (Fig 1B, Bac) in Escherichia coli strain BL21(DE3)-pREP4
[Smolenski et al., 1998;Jurchau et al., 1998]. This strategy produced a VASP migrating as a
single band on gels and blots with anti-VASP antibodies.

Bacteria were grown overnight (1 L modified 2X YT), induced at an optical density of 0.6–
0.7 with 2 mM IPTG for 7 h at RT. Bacteria were harvested by centrifugation and
resuspended in 20 ml lysis buffer (50 mM (pH 8.0), 0.5 mM EDTA, 50 mM NaCl, 5%
NaPO4 glycerol, 1 mM PMSF, 1 mg/ml lysozyme (Sigma), 1/100 protease inhibitor cocktail
[Bearer, 1995]. To solubilize the bacterially expressed VASP, the suspension was frozen in
liquid nitrogen and thawed under warm tap water. DNase I (5 mg/ml) and 10 mg/ml RNase
(Sigma) were added and the mixture sonicated four times in a Branson sonifier 4 times for
20 sec each burst on ice. Solution was brought to 15 mM imidazole and 0.5% Triton X-100
and centrifuged at 100,000g for 10 min in 42.1 rotor at 33,000 rpm in Beckman
ultracentrifuge. The supernatant was removed and brought to 300 mM NaCl.

To purify the bacterially expressed VASP, 4 ml of nickel beads (Qiagen, Valencia, CA)
were equilibrated in wash buffer (50 mM NaPO4 (pH 8.0), 300 mM NaCl, 50 mM imidazole
(pH 8.0), 0.5% Triton X-100, 1:100 dilution of protease inhibitor cocktail) was added to the
suspension and incubated for 1 h at 4°C on a rocker. Beads were collected and washed in
five column volumes of wash buffer and incubated for 10 min in 1 column volume (3 ml) of
elution buffer (50 mM NaPO4 (pH 7.2), 300 mM NaCl, 100 mM EDTA). The typical yield
of VASP from 1 liter of bacteria was 3 mg in 3 ml. Eluate was dialyzed ON at 4°C in 25
mM Hepes (pH 7.4), 75 mM NaCl, 5% glycerol. The final VASP concentration was 1 mg/
ml or 20 μM.

Purification of Gelsolin
Gelsolin was purified as described [Kurokawa et al., 1990, with modification per Wen et al.,
1996].

Microscopy of Actin Filaments
Rhodamine-phalloidin actin filaments were prepared and imaged as previously described
[Bearer, 1991]. Labeled filaments (1/50 dilution of the stock) were incubated in a 1.5-ml
Eppendorf and VASP added at either 200 nM or 1.6 nM. After 15–30 min incubation at RT,
filaments were either imaged immediately by perfusion into the coverslip chamber, or
gelsolin (20 nM) was added and the mixture perfused. Micrographs on TMax ASA 3200
film were taken within 20 min of perfusion. For gelsolin experiments, images were
photographed as rapidly as possible (20-s exposures). However, even after an hour, no
change in VASP-actin bundles was noted in the presence of gelsolin.

Sedimentation Assays
Polymerized actin at steady state was collected by centrifugation (150,000g for 1 h at 4°C)
in a TL100 centrifuge. Supernatants were removed and proteins in them precipitated with
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10% trichloroacetic acid. Equivalent amounts of supernatants and pellets were analyzed by
SDS-PAGE and Western blot.

Antibodies
Anti-VASP antibodies were generated in rabbits to the peptide KEEIIEAFVQELR
according to standard techniques (Berkeley Antibody Company/Covance, Berkeley, CA).
Additional VASP antibodies were obtained from Alexis Corp (San Diego, CA). Anti-
gelsolin monoclonal antibody was from Sigma. In Western blots, antibody-stained bands
were imaged with anti-rabbit-HRP secondary antibodies (Boehringer-Mannheim) followed
by chemiluminescence (Tropix, Bedford, MA).

Pyrene Actin Assays of Actin Polymerization
Actin was purified from rabbit skeletal muscle [Pardee and Spudich, 1982] and gel filtered
over Sephadex G75 or G200 prior to use to remove contaminating capping proteins or actin
oligomers [Gieselmann et al., 1995]. Actin was labeled with pyrene as described previously
[Kouyama and Mihashi, 1981; Lamb et al., 1993] resulting in a labeling of 60% based on
extinction coefficient. Both labeled and unlabeled actin preparations were stored at −80°C in
G-buffer (5 mM Tris-HCl (pH 8.1), 0.2 mM CaCl2, 0.2 mM ATP, 0.2 mM DTT, 0.02%
NaN3). Prior to each experiment, aliquots were thawed, diluted, and mixed to give a final
concentration of 1 mg/ml 15% pyrene labeled in G-buffer. Actin was then spun for 1 h at
150,000g in TL100 at 4°C to remove oligomers. VASP and gelsolin were also subjected to
the same clarifying centrifugation after thawing before polymerization assays.

Polymerization was measured by pyrene fluorescence with excitation at 365 and emission
386 nm in a Perkin Elmer Luminescence Spectrometer Model LS50B. Culture tubes
(Kimble-Kimax borosilicate glass 60 × 50 mm, VWR) were prepared with G-buffer
calculated to give a final volume of 300 μL after addition of protein and polymerization
buffer. Monomeric actin was added first, then aliquots of VASP and/or other proteins, and
the mixture vortexed. After measuring the baseline, 15 μL of 20× salt was added (20× salt:
40 mM MgCl2, 3 M KCl, 200 mM Tris, pH 7.8) and polymerization monitored at 1-s
intervals in the fluorimeter for 20 min at RT. Controls of actin alone, storage buffer alone, or
preparations of bacterial extract that mimicked the “purification” but from strains containing
the plasmid lacking the VASP insert, demonstrated no increased activity. Experiments with
Mg++-actin were performed as described [Laurent et al., 1999].

Data was collected on a Dell computer, transferred to a PowerMac, and graphs generated in
MS-Excel or in Kaleidograph for analysis and to generate graphs for publication.
Fluorescence change is presented in arbitrary units (a.u.) as is standard in the field.

Immunofluorescence
Platelet-rich plasma was prepared from blood drawn from healthy volunteers and used on
the day of draw. Platelets were spread on glass, fixed, and stained for immunofluorescence
as previously described [Bearer, 1995]. We used a fixation containing detergent and
phalloidin to prevent cross-linking of soluble proteins to the actin filaments, an artifact that
has been suggested as leading to previous conflicting results when staining for gelsolin
[Cooper et al., 1988]. That the gelsolin staining is only coincident with a subset of filaments
(which we also stained in separate experiments with phalloidin), does not stain stress fibers
or overlap with VASP, indicates that such fixation artifact has not occurred here. Double-
labeling with VASP and gelsolin used a FITC-conjugated anti-rabbit secondary antibody
and a TRIC-conjugated anti-mouse secondary antibody (Boehringer-Mannheim, Roche
Diagnostics, Indianapolis, IN). Images were collected either separately with an analog
camera onto black and white 35-mm TMax 400 film or digitally with a single filter cube
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with a Spot, RT slider camera from Diagnostics, Inc. (purchased from MVI, Avon, MA).
Images were processed for publication with Adobe Photoshop.

RESULTS
VASP-Bundled Actin Filaments Are Resistant to Gelsolin

Long thick bundles of actin filaments induced by VASP can be observed by fluorescence
microscopy of rhodamine-phalloidin-labeled actin incubated with increasing amounts of
VASP (Fig. 2, left panels). At low concentrations of VASP (1:20 VASP:actin ratio), isolated
bundles appear in a background of fine filaments, suggesting that VASP binding and
bundling is cooperative. At high concentrations of VASP (1:2 VASP:actin ratio), only
bundles of filaments are found. The thickness of the bundles remained constant regardless of
the concentration of VASP. No sheets of filaments were found.

Gelsolin rapidly severs individual filaments whether or not VASP is present, but gelsolin
does not detectably affect the VASP-induced bundles (Fig. 2, right panels). As previously
reported [Bearer, 1991], gelsolin causes rapid disappearance of individual rhodamine-
phalloidin-labeled actin filaments. The individual filaments present at low VASP
concentrations are rapidly severed by gelsolin as they are in preparations containing only
actin. In contrast, the bundles appear unaffected by gelsolin: no decrease in their number,
size, or brightness can be detected. No severed filament ends were seen to detach along the
length of the bundle even at low VASP concentration. Increasing the amount of VASP
results in fewer gelsolin-sensitive fine filaments in the background and more gelsolin-
resistant bundles.

Gelsolin Binds But Does Not Disassemble VASP-Actin Filaments
We used quantitative sedimentation assays of actin filaments at steady state to measure
gelsolin’s binding to and disassembly of VASP-actin filaments.

As expected, control experiments demonstrate that VASP binds to Ca++-actin filaments
(Fig. 3A). Filaments were polymerized in the presence of increasing amounts of VASP,
allowed to reach steady state, and collected by high-speed centrifugation. Analysis of the
pellets by SDS-PAGE demonstrates that VASP co-sediments with filamentous (F) actin.
Quantitative analysis of binding constants was performed by scanning similar gels of
supernatants as well as of pellets from these experiments. We determined that 80% of the
actin (2 μM) sedimented as filaments and 67% of the VASP was bound to it. This correlates
to an apparent equilibrium dissociation constant (Kd) of ~ 0.25 μM, fourfold higher than
reported for Mg++-actin [Laurent et al., 1999), indicating that dephosphoVASP binds more
tightly to Ca++-actin than Mg++-actin. We confirmed that our recombinant dephosphoVASP
behaved as previously reported for platelet VASP with Mg++-actin, with an apparent Kd ≈ 1
μM (for equations and a comparison of binding constants, see Table I). The maximum
concentration of VASP possible was 1.6 μM because of solubility and the procedure for the
assay.

Gelsolin binds but does not disassemble VASP-actin bundles over a wide range of VASP
concentrations (Fig. 3B,C). We performed experiments with gelsolin in two ways: (1) actin
was polymerized in the presence of both gelsolin and VASP, a situation in which gelsolin
primarily binds to the barbed ends of the nascent filaments (Fig. 3B); or (2) actin was
polymerized only with VASP, and then gelsolin was added later, after polymerization had
reached steady state (Fig. 3C). In this second situation, gelsolin is expected to bind the sides
of filaments and sever them. We kept the gelsolin concentration constant and tested its
activity over a wide range of VASP concentrations. The results were analyzed by collecting
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filaments by high-speed centrifugation followed by analysis of VASP and actin by SDS-
PAGE and of gelsolin by Western blot analysis of supernatants and pellets.

When actin is polymerized in the presence of gelsolin, gelsolin is expected to bind to the
barbed ends of the filaments. Under these conditions, a portion of the gelsolin is found in the
high-speed pellet along with the filamentous actin (Fig. 3B). Addition of VASP together
with the gelsolin at the start of polymerization does not appreciably affect the amount of
gelsolin co-sedimenting with actin in the pellet, which remains constant over a wide range of
VASP concentrations (0.05–1.6 μM). VASP also binds these filaments. The ratio of VASP
to actin in the pellet in the presence of gelsolin is higher than for VASP alone, although as
expected there is less actin in the presence of gelsolin (see below). Control experiments
show that VASP and gelsolin do not sediment either alone or together in the absence of F-
actin (not shown). These results show that VASP does not inhibit gelsolin from binding to
the ends of actin filaments.

Gelsolin-nucleated filaments may have a higher affinity for VASP. As expected, gelsolin
causes a decrease of 30% in the final F-actin concentration at steady state compared to F-
actin alone (compare the left lanes of Fig. 3A with the left lanes in Fig. 3B). However, a
high proportion, 67%, of the total VASP is bound to this lesser amount of F-actin, giving a
fourfold lower apparent Kd for VASP-actin in the presence of gelsolin (<0.07 μM) than for
VASP-actin alone (~ 0.25 M). Indeed, gelsolin-nucleated filaments have been reported to
have a different conformation than actin alone, which could alter binding affinities [Orlova
et al., 1995].

In the second set of experiments, actin was first polymerized in the presence of VASP,
followed by addition of gelsolin after polymerization had reached steady state (Fig. 3C).
With this sequence of events, gelsolin is expected to disassemble the pre-formed filaments.
VASP protected the filaments from this disassembly, as the increasing amount of actin in the
pellet shows. This increase in F-actin was directly proportional to the amount of VASP after
treatment with gelsolin (Fig. 3C). As the VASP:actin ratio approaches 1:1, the amount of
actin in the pellet reaches the amount observed without gelsolin (compare the actin bands in
the right lanes in Fig. 3A with the right lanes in Fig. 3C).

VASP does not inhibit gelsolin from binding to actin filaments. In fact, more gelsolin
sediments with VASP-actin than with actin alone. Surprisingly, the amount of gelsolin in the
pellet increases as a function of total VASP (Fig. 3C). Even at a very low VASP:actin ratio
(1:40 VASP:actin), slightly more gelsolin binds to VASP-actin filaments than to actin alone.
Thus, VASP does not inhibit gelsolin from binding to these filaments but may even increase
gelsolin’s affinity for actin. Because of gelsolin’s ability to bind actin monomer [Bryan,
1988], its affinity for actin cannot be determined precisely based on these experiments.

VASP Affects Gelsolin Nucleation
In addition to severing filaments, gelsolin also nucleates actin filament assembly [Bryan,
1988; Stossel, 1994; Kwiatkowski, 1999]. This activity is quantitatively measured by the
pyrene-actin assay of polymerization. To study the combined effects of VASP and gelsolin
on actin polymerization in vitro, we used Ca++-actin in physiological salt because these are
the conditions in which gelsolin is most active [Yin and Stossel, 1979]. These conditions are
quite different from those previously reported for VASP nucleation [Bachmann et al., 1999;
Huttelmaier et al., 1999; Laurent et al., 1999].

At 1:5 molar ratio with actin, VASP depresses the rate of gelsolin-induced nucleation (Fig.
4A). But gelsolin-nucleated polymerization is unaffected by VASP at concentrations of
VASP (50–200 nM, 1:40–1:10 VASP: actin) that have maximal effects on actin alone (Fig.
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4B). At higher concentration (>0.4 μM), as for VASP alone, the rate of polymerization is
significantly depressed.

This effect on gelsolin nucleation was not due to the conditions of the assay. In fact, VASP
enhances Ca++- actin polymerization even better than it enhances polymerization of Mg++-
actin (Fig. 4) [Manchester et al., 1998; reviewed in Machesky, 2000]. Low concentrations of
VASP (1:40 VASP to actin ratios) enhance polymerization of Ca++-actin in physiological
salt, with maximal activity at a 1:20 VASP to actin ratio (100 nM VASP) (Fig. 4A). Higher
concentrations of VASP (up to 800 nM) have only slightly greater effects. VASP markedly
increases the rate of polymerization during the early lag phase (60–100 sec), and also
produces small increases in the final concentration of filaments at 20 min. At high
concentrations (1.6 μM), VASP’s effect on the early lag phase is indistinguishable from that
at 100–800 nM, but the polymerization (elongation) rate at later time points is slowed to
below that of actin alone.

A plot of fluorescence change vs. VASP concentration (Fig. 4B, inset) shows that during the
initial phases of polymerization (20 sec), VASP has an all-or-none effect on Ca++-actin,
consistent with highly cooperative binding to actin. At later time points, the data give a high
affinity titration curve. We obtained similar although not identical results with VASP
purified from platelets [Manchester et al., 1997] (data not shown). These results are different
from previous reports (see Table I for comparisons).

To test whether this higher affinity and stronger activity was due to the conditions of the
assay or to our preparation of VASP, we analyzed our VASP preparation for activity with
Mg++-actin under reported conditions [Laurent et al., 1999]. We also found lower VASP
activity with Mg++-actin (data not shown). A 20-fold larger amount of VASP is required for
the maximal activity with Mg++-actin as compared to Ca++-actin and physiological salt
inhibits VASP activity with Mg++-actin but not with Ca++-actin (data not shown). Thus, our
procedure represents more optimal conditions for VASP activity. Furthermore, these results
suggest that small divalent cations may affect VASP-actin interactions.

VASP and Gelsolin Co-Localize in Filopodia and at the Leading Edge
If VASP affects gelsolin’s activity in cells, then VASP must be in the same place at the
same time as gelsolin. As a first step in determining potential interactions, we used double
label immunofluorescence to examine whether the distribution of VASP and gelsolin
coincided in the same cell at two stages of platelet activation: filopodial projection and
spreading. These are major foci of actin reorganizations in the platelet.

VASP and gelsolin co-localize in the filopodia and in the leading edge of the platelet during
spreading (Fig. 5). In the filopodia that form early in activation, gelsolin appears slightly
more concentrated at the tips while VASP is more concentrated along the lengths of the
bundles (Fig. 5A, left panels, arrows). Filopodia are difficult to image by fluorescence
microscopy as they occur in suspension and are three-dimensional.

As spreading proceeds, a lamellipodia advances between the filopodia, along the coverslip
surface with a frill of actin filaments at its outermost edge. Both gelsolin and VASP are
present at the edge of this lamellipodia (Fig. 5A, right panels). Both VASP and gelsolin are
also concentrated in the dome of cytoplasm, the hyalomere that contains the bulk of the
soluble components, granules, and other organelles. This may represent a soluble
component. As spreading continues, adhesion plaques and stress-like fibers composed of
actin bundles appear centrally. VASP but not gelsolin is found in these stress fibers (Fig.
5A, right panels, arrows).
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Double exposure to image both labels (Fig. 5B, top micrograph) demonstrates the
uniformity of staining among a field of spread platelets. The overlap of VASP and gelsolin
at the edge appears yellow, and the unique staining of stress-like fibers with VASP appears
green. At higher magnification (Fig. 5B, lower panels and inset), gelsolin staining (red)
remains at the tip of former filopodia while the proximal portion of what appears to be a
continuous actin bundle stains only with VASP (green) (Fig. 5B).

DISCUSSION
A central question in platelet physiology is how actin is reorganized to mediate shape
change. VASP and gelsolin are both involved in this process. VASP-deficient platelets
activate more readily, suggesting that VASP inhibits actin reorganizations, although the
molecular mechanisms of this inhibition are unknown. We hypothesized that VASP could
inhibit shape change by preventing the disassembly of actin filaments present in the resting
platelet. Severing of these filaments by gelsolin is thought to be primarily responsible for
this disassembly [Witke et al., 1995; Hartwig, 1992, 1999; Stossel, 1994; Kwiatkowski,
1999]. We, therefore, tested whether VASP could inhibit gelsolin activity in vitro. We found
that VASP inhibited the effect of gelsolin severing on actin filaments but did not inhibit
gelsolin binding to these filaments. This inhibition of gelsolin was detected even at very low
VASP concentrations. Thus, gelsolin binds but does not disassemble VASP-actin bundles.
Co-localization of VASP and gelsolin during two stages of activation provides evidence that
VASP may also prevent disassembly by gelsolin inside cells as well. Such an inhibitory role
for VASP on severing would explain its known ability to restrain shape change and decrease
cellular motility.

VASP Modulates Gelsolin’s Effect
By two independent approaches, we show here that VASP, even at low concentrations,
protects filaments from disassembly by gelsolin. Our biochemical analysis shows that
gelsolin can indeed bind to these VASP-stabilized filaments. Thus, VASP protection is not a
result of competitive binding. However, by the assays we used, we cannot definitively know
whether individual filaments in a bundle have actually been severed. Cross-linking could
hold the bundle together even if the filaments are fragmented. Whether or not filaments in
the bundle are actually severed in some places may not be functionally important, since by
both structural and biochemical assays the bundles remain intact. Thus, even if gelsolin has
severed the filaments within the bundle, the integrity of the actin structure is not lost, and
reorganization into another structure would be difficult. Furthermore, as long as gelsolin
remains attached to the barbed ends, they cannot act as centers for additional
polymerization.

Although we cannot determine definitively that VASP blocks severing, we predict that
VASP induces a conformational change in the filaments that renders them resistant to
breakage by gelsolin. We have previously reported that severing by gelsolin is readily
observed by direct observation of rhodamine-phalloidin-labeled filaments [Bearer, 1991]. In
these preparations at low VASP concentrations, we also readily observe severing of the
individual filaments in the background. Detection of severing in this assay requires that the
filament ends be free to move far enough apart for separate signals to be resolved. At low
concentrations of VASP, there should be long lengths of filaments within a bundle that are
not cross-linked and thus free enough to move apart from the bundle after they are severed.
Thus, if filaments in a bundle were severed, we should have seen them detaching from the
bundle and snaking along beside it. This was never seen. However, higher resolution will be
required to test this further. Even with electron microscopy, it might be difficult to image
single severing events within a bundle.
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VASP increases the amount of actin filaments after gelsolin treatment. Under normal
conditions, gelsolin causes a decrease in the amount of F-actin at steady state by capping the
barbed end after severing the filament [Harris and Weeds, 1984]. Barbed end capping blocks
treadmilling, a process that maintains actin filament length by coupling addition of monomer
to the barbed end with loss of monomer from the pointed end. Thus, gelsolin-capped barbed
ends cannot replace pointed end monomer loss, and filaments shorten. The increase in F-
actin we observe after gelsolin severing would occur if VASP stabilized filaments and
decreased pointed end off rate. This would be consistent with previous reports that VASP
decreases the critical concentration of F-actin, suggesting it stabilizes filaments [Laurent et
al., 1999].

Inhibition of Disassembly May Be a Common Theme for Bundling Proteins
VASP bundling activity is similar to that of the side-binding class of actin-binding proteins.
These proteins stabilize individual filaments by binding along their lengths. They include
high molecular weight tropomyosin and caldesmon, which also inhibit gelsolin severing
[Dabrowska et al., 1996]. Unlike the small severing factors, cofilin and ADF, gelsolin severs
phalloidin-stabilized filaments [Bearer, 1991; Verkhovsky et al., 1984; Allen and Janmey,
1996]. Thus, the ability of VASP to stabilize actin filaments in bundles that resist gelsolin
could serve the valuable function of restraining gelsolin inside cells.

It will be of interest to determine whether other bundling proteins such as alpha-actinin also
permit binding but not severing by gelsolin. Alpha-actinin is also found in platelets [Puszkin
et al., 1985] and has long been known to bundle filaments [reviewed in Otto, 1994]. Alpha-
actinin affects the activity of small severing factors like cofolin/actophorin. Actophorin
promotes the formation of rigid actin bundles in the presence of alpha-actinin [Maciver et
al., 1991].

It will also be interesting to test whether VASP inhibits severing by the small severing
factors, since cofilin, is also found in platelets [Davidson and Haslam, 1994]. There exists
some evidence for synergy between cofilin and bundling. Overexpression of cofilin in
Dictyostelium stimulates actin bundle formation but the bundling protein responsible for this
activity has not been identified [Aizawa et al., 1996]. Cofilin, like Vasp and alpha-actinin, is
present in the actin tail induced by Listeria bacteria in platelet extracts [Theriot, 1997; David
et al., 1998]. Of these, only cofilin is required for reconstituted bacterial motility in vitro
[Loisel et al., 1999]. A VASP effect on cofilin activity could explain VASP’s enhancement
of motility in these reconstitution assays.

VASP phosphorylation by antagonists of platelet activation was its original identifying
feature [Halbrugge and Walter, 1989]. Three residues are phosphorylated in VASP, but the
pattern of phosphorylation in platelets is not yet known [Butt et al., 1994; Smolenski et al.,
1998]. Very recently, phosphorylation has been shown to affect VASP’s affinity for actin
and its ability to enhance polymerization [Laurent et al., 1999; Lambrechts et al., 2000;
Harbeck et al., 2000). It is attractive to speculate that phosphorylation on particular sites
might regulate the relative stability of VASP-actin bundles against severing.

How Might VASP/Gelsolin Interactions Affect the Platelet Actin?
Biochemical in vitro studies always raise the question of whether activities measured in vitro
are relevant to the cell. Several lines of evidence suggest that the VASP inhibition of
gelsolin we report here may indeed be significant in platelet physiology. First, as described
here, VASP and gelsolin co-localize in dynamic actin structures during platelet activation by
immunofluorescence. Second, VASP and gelsolin have high relative concentrations in the

Bearer et al. Page 10

Cell Motil Cytoskeleton. Author manuscript; available in PMC 2012 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



platelet. Finally, VASP and gelsolin perform reciprocal functions in vivo. Each of these
points is discussed in more detail below.

Co-localization by immunofluorescence is a first step in determining whether VASP could
actually be present on a filament inside the platelet when gelsolin tries to sever it. Double-
label immunogold electronmicroscopy will be needed to determine exactly where each of
these proteins is in relationship to single filaments inside the cell. However, the actin
bundles in platelets are large enough to suggest that the immunofluorescence results
reported here represent the presence of both proteins in a single bundle [Bearer, 1990;
Hartwig, 1992]. Platelets are anucleate and thus not amenable to transfection. Thus, there is
no reliable method to observe these proteins in the living platelet. That gelsolin is indeed
present in filopodia is supported by studies in fibroblasts and neurons from gelsolin-
deficient mice. Filopodia are abnormally stable in growth cones from mice lacking gelsolin
[Lu et al., 1997], suggesting that gelsolin is not only present there but required for normal
filopodial dynamics.

The concentration of VASP that produced effects in vitro was similar to concentrations
found in the platelet. More importantly, the ratios of VASP, gelsolin, and actin that had
maximal effects in our experiments were also analogous to those ratios present in the
platelet. Actin is 0.5 mM actin in platelets, 40% of which is polymerized into 1.1-μm-long
filaments in the resting cell [Hartwig, 1999] while the remainder of the actin monomer pool
is sequestered by thymosinβ4 [Nachmias et al., 1993]. Upon activation, the filaments are
severed and their number increases while their length initially decreases. Both gelsolin and
VASP are abundant in platelets, each at approximately 5 μM [Hartwig, 1999; Laurent et al.,
1999] Thus, there is a 1:100 ratio with total actin, and a 1:40 ratio with F-actin in the resting
cell [Hartwig, 1999; Laurent et al., 1999]. In our experiments, this ratio of VASP to actin
(1:40) inhibited gelsolin severing and solubilization of F-actin. Using the dissociation
constants derived here, we can calculate that 3.5 μM of F-actin would be bound to VASP in
the resting cell. This would be a small proportion of the monomer in filaments. However,
VASP-actin interactions are likely to be cooperative as our experiments suggest and as has
been suggested for other actin bundling proteins [Sherman et al., 1999]. Thus, we would
expect that VASP would be concentrated on a subset of filaments and thus bundle them.
This is just as we have observed in vitro at low VASP concentrations where bundles appear
in a background of individual filaments. Such a subset of bundled filaments in the platelet
would be resistant to disassembly, and thus provide a stable actin network within the cell.

Elegant physiological studies in living cells support our hypothesis that VASP bundles and
stabilizes actin filament in vivo. Overexpression of VASP/Mena in fibroblasts decreases cell
motility [Bear et al., 2000]. Conversely, VASP-deficient platelets are more readily activated,
and VASP-deficient fibroblasts migrate more quickly. That VASP and gelsolin activities are
physiologically linked is also supported by reports that their expression is coordinated in
endothelial cells during capillary morphogenesis [Salazar et al., 1999]. This type of
coordinated expression of actin binding proteins within the cell is not unique to gelsolin and
VASP, and has also been described between capping protein and gelsolin [Barkalow et al.,
1996].

Listeria Motility as a Model for VASP Activity
The presence of VASP at the Listeria-actin interface and its ability to increase the speed of
Listeria motility has lead to a variety of hypotheses linking VASP to actin polymerization
[Chakraborty et al., 1995; Southwick and Purich, 1996; Purich and Southwick, 1997;
Theriot, 1997; Niebuhr et al., 1997; Laurent et al., 1999; Loisel et al., 1999]. Such a role for
VASP seems contradictory to the requirement for VASP in dNTP-mediated inhibition of
platelet shape change [Aszodi et al., 1999; Hauser et al., 1999]. Our results show that VASP
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promotes stability by inhibiting filament disassembly in vitro. This activity would also make
sense for its role in Listeria motility if it were not for the fact that VASP has only been
detected at the bacterial-actin interface and not along the length of the actin tail. In light of
the results we present, VASP distribution within the actin tail should be re-evaluated. Failure
to detect VASP within the actin tail using immunofluorescence could be because the actin
filaments in the tail are too tightly packed to allow the antibody to bind. Indeed, it was
initially even difficult to label them with the S1 fragment of myosin, a 110 kD protein
smaller than antibodies [Tilney et al, 1992; Zhukarev et al., 1995]. Alternatively, VASP may
not serve to stabilize the Listeria-induced actin filaments in the tail, since alpha-actinin also
found there could serve this role in this system [Dold et al., 1994; Nanavati et al., 1994].

How VASP Might Work Inside the Platelet
We propose a hypothetical scenario based on our results to show how VASP might inhibit
actin reorganization in platelets (Fig. 6). In this scenario, VASP plays a dynamic role both in
the resting cell and in shape change. This scenario is described in detail in the legend to
Figure 6. In summary, our model proposes that VASP binds to and stabilizes actin filaments
in the resting platelet, preventing them from being disassembled by severing. Upon
activation, VASP releases the filaments, which are then rapidly severed, causing the platelet
to lose its discoid shape and round up. As activation proceeds, VASP binds to new and
severed filaments, reorganizing them into new bundles, leading to the formation of
filopodia. Gelsolin remains associated with the filaments it has severed and thus remains
present in these new filopodial bundles. As activation proceeds and the lamellipodia form,
VASP and gelsolin, along with actin nucleators, such as kaptin [Bearer and Abraham, 1999]
and Arp2 [Bearer, 1995; reviewed in Welch, 1999] also induce the formation of more new
filaments at the membrane surface.
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Fig. 1.
Purification of VASP. A: Poly-L-proline purification of platelet VASP. Coomassie-stained
12% SDS-PAGE gel of a typical purification. Thrombin-activated platelet extract (Ex), was
passed through a DEAE column (DEAE thru) and then loaded onto a poly-L-proline
column. The poly-L-proline column was eluted with 5 mM ATP (ATP), 0.3 M MgCl2
(MgCl2), and then a stepwise gradient of 3, 4, 5, 6 M urea (lanes: 3M U “VASP”, 4M U,
5M U, and 6M U, respectively). VASP (46/50 kDa doublet, indicated by arrowhead at the
left of the gel) elutes with 3M urea, while the bulk of the profilin elutes with 6 M urea (14
kDa, arrow at left of gel). Molecular weight markers indicated by dashes on the left: 200, 98,
45, 31, 21, 14 kDa. B: Purified platelet VASP compared to recombinant human VASP.
Coomassie-stained 15% SDS-PAGE gel showing a distinct doublet in the purified platelet
VASP (Plat) but a single band in a preparation of an equivalent amount of recombinant
VASP (Bac). Peptide sequence of both bands in the platelet preparation demonstrate they
contain VASP. The Ser 157 phosphorylated form (arrowhead) migrates at 50 kDa while
dephosphoVASP migrates at 46 kDa (arrow). Molecular weight standards 98, 68, 31, 21,
and 14 kDa indicated by dashes on the left.
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Fig. 2.
VASP-actin bundles resist gelsolin severing. Actin filaments (10 μM) were labeled with
rhodamine phalloidin, imaged by fluorescence microscopy and photographed on standard
film. Addition of low VASP concentrations (1:20 VASP to actin ratios) results in formation
of some bundles of brighter, thicker filaments, even after short (1–2 min) incubations, while
many finer filaments were also present. High concentrations of VASP (1:2 VASP to actin
ratios) results in only large, thick, bright bundles and no fine individual filaments. Gelsolin
(20 nM) rapidly severs naked actin filaments as previously reported [Bearer, 1991],
including the individual filaments in preparations containing VASP, but gelsolin has no
detectable effect on the VASP-actin bundles. Bar = 10 μm.
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Fig. 3.
VASP-stabilized filament networks resist gelsolin disassembly. A: VASP binds F-actin.
Actin filaments (2 μM) polymerized in the presence of increasing amounts of recombinant
VASP (as indicated) were collected by centrifugation and the pellet analyzed by Coomassie-
stained SDS-PAGE as shown here. Note that the amount of actin in the pellet is not
detectably affected by the amount of VASP. The amount of VASP in the pellet increases
with the amount of VASP added. Supernatants were analyzed by SDS-PAGE in parallel (not
shown). B: Actin filaments bind both VASP and gelsolin during polymerization. Actin
polymerized with both gelsolin (20 nM) and increasing amounts of VASP (as indicated)
were collected by centrifugation and the pellets analyzed for gelsolin by Western blot and
for VASP and actin by Coomassie-stained gel. Note that more VASP is bound to less actin
in the presence of gelsolin (compare the VASP bands in 3A with those in 3B). C: VASP-
actin filaments bind gelsolin but are not solubilized by gelsolin. Actin filaments (2 μM)
polymerized with increasing amounts of VASP (as indicated) were allowed to reach steady
state and then treated with gelsolin (20 nM) under conditions in which severing occurs. The
remaining intact filaments were collected by centrifugation and the pellet analyzed as before
for gelsolin, actin, and VASP. Note that actin in the pellet increases with increasing amounts
of VASP. Furthermore, increasing VASP also increases the amount of gelsolin in the pellet.
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Fig. 4.
VASP depresses gelsolin nucleation. A: VASP, at concentrations as indicated, was added at
the same time as gelsolin to pyrenyl Ca++-actin (2 μM, 15% labeled). Polymerization was
initiated by addition of salt. Change in fluorescence was measured over time (a.u.: arbitrary
units). B: VASP on its own at concentrations of 50 nM (filled squares) and higher increased
the initial rate of polymerization. VASP alone, at various concentrations as indicated, was
added to pyrenyl Ca++-actin (2 μM, 15% labeled) in G-buffer and change in fluorescence
monitored over time. Note that at 1.6 μM (open triangles), VASP increased the initial rate,
but slowed the elongation rate such that the amount of polymerization after 10 min was less
than with actin alone. The curve obtained for 10 and 25 nM VASP are super-imposable
(filled circles and filled diamonds). (a.u.: arbitrary units). Inset: A graph of the relationship
of per centile change in fluorescence with VASP concentration at 0–60 sec (black squares)
and at 20 min (open squares).VASP does not affect gelsolin nucleation.
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Fig. 5.
Gelsolin and VASP colocalize in filopodia and lamellipodia but not in stress fibers in the
spread platelet. A: Filopodia extend early in platelet activation. Two representative platelets
imaged for VASP (top) and gelsolin (bottom) at early and late stages of spreading. There is
significant but not identical overlap of staining patterns. Gelsolin staining is more
pronounced at the tips of filopodia (left panels, arrows) and VASP staining is brighter in the
proximal arm, although their three-dimensional shape makes imaging difficult. Later in
activation (right panels), lamellipodia spread between filopodia on the glass surface and are
relatively easy to observe. Both VASP and gelsolin are at the edge of the lamella, whereas
only VASP staining appears more centrally in the nascent adhesion plaques (right panel,
arrows) and stress fibers. Bar = 5 μm. B: Double-label of spread platelets stained for both
VASP and gelsolin. Virtually all spread platelets display similar morphology and staining
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pattern: VASP (green) appears in the nascent adhesion plaques, while gelsolin (red) appears
at the tips of former filopodia (see inset, arrows). Both proteins are present at the edge of the
lamellipodia (appearing yellow; inset, arrowheads) and in the central dome of cytoplasm.
Bar (top) = 10 μm, (bottom) = 5 μm.
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Fig. 6.
The cartoon diagrams how VASP might affect platelet actin dynamics based on our in vitro
results. Interactions between VASP, gelsolin, and actin are shown during five stages of
platelet shape change (numbered 1–5 in the diagram), from inhibition to spreading. In the
untreated resting cell (stage 2), VASP (dark blue dots) binds actin filaments (green),
bundling them and preventing severing by gelsolin (pink dots). Antagonists such as dNTP
increase this inhibitory effect of VASP probably by phosphorylating it (stage 1). Upon
agonist stimulation, VASP releases actin filaments (stage 3). As VASP-actin bundles come
apart, severing proceeds and severed filaments separate. Gelsolin remains bound to the
barbed ends of severed filaments, preventing growth by the addition of monomer to the
barbed end. Filopodia form as VASP re-associates and bundles the new and severed
filaments into new configurations. As spreading proceeds, VASP and gelsolin, together with
other actin-binding proteins, participate in the ongoing actin reorganizations occurring at the
leading edge (stage 5).

Bearer et al. Page 23

Cell Motil Cytoskeleton. Author manuscript; available in PMC 2012 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bearer et al. Page 24

TABLE I

Comparison of VASP-Actin Interactions Under Different Conditions*

VASP:actin ratio for maximal effect on
polymerization Inhibition by 100 mM KCl Kd for F-actin (μM)

DephosphoVASP

 Ca++-actin 1:20 No 0.25

 Mg++-actina 1:1 Yes 1.0

 Ca++-actin with gelsolin 1:5b No 0.07

PhosphoVASP

 Mg++-actinc 1:1 Yes 0.05

*
Dissociation constants were calculated on the assumption that one VASP binds one actin monomer according to the equation: Kd = [free F-actin]

× [free VASP]/[VASP-F-actin] where free F-actin represents unliganded F-actin subunits, derived from the difference between total F-actin and the
amount of F-actin bound to VASP, measured in the pellet. Free VASP was determined from scans of the supernatants.

a
Measured both in this study and in Laurent et al. [1999].

b
VASP’s effect on gelsolin polymerization (−) is to repress the rate of assembly.

c
Measured using a mixed population of phosphorylation states in Laurent et al. [1999].
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