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Background: Protein kinase D1 (PKD1) regulates actin reorganization processes at the leading edge.
Results: PKD1 phosphorylates VASP at two serine residues, Ser-157 and Ser-322.
Conclusion: VASP is a substrate for PKD1.
Significance:We provide an additional mechanism of how VASP functions can be regulated.

Enabled/Vasodilator-stimulated phosphoprotein (Ena/VASP)
protein family members link actin dynamics and cellular signal-
ing pathways. VASP localizes to regions of dynamic actin reor-
ganization such as the focal adhesion contacts, the leading edge
or filopodia, where it contributes to F-actin filament elongation.
Herewe identifyVASPas anovel substrate for protein kinaseD1
(PKD1). We show that PKD1 directly phosphorylates VASP at
two serine residues, Ser-157 and Ser-322. These phosphoryla-
tions occur in response to RhoA activation and mediate VASP
re-localization from focal contacts to the leading edge region.
Thenet result of this PKD1-mediatedphosphorylation switch in
VASP is increased filopodia formation and length at the leading
edge. However, such signaling when persistent induced mem-
brane ruffling and decreased cell motility.

The enabled/vasodilator-stimulated phosphoprotein (Ena/
VASP)2 family of proteins is comprised of vasodilator-stimu-
lated phosphoprotein (VASP), mammalian Enabled (Mena),
and Ena-VASP-like (EVL) (1, 2). VASP proteins consist of a
N-terminal Ena/VASP homology-1 (EVH-1) domain that binds
to WASP, zyxin, and vinculin (3), a poly-proline region (PPR)
that interacts with profilin and SH3 domain containing
proteins such as Src and Abl (4), and a C-terminal EVH-2
domain that mediates binding to G-actin, F-actin, and oligo-
merization (5, 6). Ena/VASP family members are involved in
many RhoGTPase-regulated and actin-related processes
including epithelial cell adhesion, cell motility, and pathogen
F-actin tail formation (summarized in Refs. 7, 8). VASP local-

izes to regions of dynamic actin re-organization such as the
focal adhesion contacts, the leading edge or filopodia, where it
promotes F-actin filament formation (9–11). Stress fiber
assembly is promoted by VASP through its anti-capping (12),
bundling (5), and anti-branching activities (13).
VASP functions are regulated by phosphorylations, although

the exact roles of phosphorylations on functional outcomes are
unclear. Known phosphorylation sites in VASP are amino acid
residues Ser-157, Ser-239, and Thr-278. Phosphorylation of
Ser-157 and Ser-239 is mediated by cAMP-dependent protein
kinase (PKA) and cGMP-dependent protein kinase (PKG) (14,
15). Phosphorylation of Thr-278 ismediated by AMP-activated
protein kinase (AMPK) (16). VASPphosphorylation can reduce
its association with actin, has negative effects on actin poly-
merization, andmodulates interactionwith other proteins (17).
For example Ser-157 phosphorylation abrogates interaction of
VASP with the SH3 domains of Abl, Src, and ��� spectrin and
controls cellular distribution of VASP (4, 18). On the other
hand, phosphorylations at Ser-239 and Thr-278 impair F-actin
accumulation (19). In contrast, binding of focal adhesion pro-
teins to the EVH-1 domain and of profilin to the PPR domain
are independent of phosphorylation of these known phosphor-
ylation sites in VASP (17, 20).
Actin remodeling at the leading edge of motile cells is a

dynamic process that is regulated by many signaling cascades,
several of which are not well defined, yet. Protein kinase D1
(PKD1), a member of the PKD family of serine/threonine
kinases, can be located at the leading edge of migrating cells
where it binds to F-actin structures (21, 22). Similar to Ena/
VASP family members, available data suggest both positive and
negative regulatory functions of PKD proteins in respect to cell
motility and invasiveness of cells (discussed in (23, 24)). PKD1
can be activated by members of the RhoGTPase family, includ-
ing RhoA as the major activator (25–28). PKD1 activation
through RhoA affects actin reorganization processes at the
leading edge with a net effect of decreasing directed cell migra-
tion (21, 22, 29). For example, active PKD1 decreases cofilin
activity and formation of free actin barbed ends at the leading
edge (26, 29). This is mediated by direct phosphorylation and
activation of group II p21-activated kinases (PAK) such as
PAK4, which is an upstream kinase of LIMK (29), but also by an
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inhibiting phosphorylation of the phosphatase slingshot-1L
(SSH-1L) (26, 30). Other substrates for PKD1 at the leading edge
that control actin reorganization processes include cortactin,
Rin-1, and also the VASP family member EVL-1 (26, 31, 32).
Here we show that PKD1 phosphorylates VASP at two serine

residues, Ser-157 and Ser-322 in the EVH-2 domain. These
phosphorylations occur in response to RhoA activation and
mediate VASP translocation from focal contacts to the leading
edge region. PKD1-mediated phosphorylation of VASP also
increases stress fiber formation resulting in increased lamelli-
podium formation and filopodia length. When persistent such
signaling resulted in membrane ruffling and decreased cell
migration.

EXPERIMENTAL PROCEDURES

Cell Lines, Antibodies, and Reagents—HeLa and Hek293T
cells (obtained fromATCC,Manassas, VA) weremaintained in
DMEM with 10% FBS, and NMuMG cells (obtained from
ATCC) were maintained in DMEM with 10 �g/ml insulin and
10% FBS. Anti-GST and anti-PKD1 antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA), anti-HA, anti-FLAG
(M2), and anti-actin from Sigma-Aldrich, anti-pMOTIF (PKD
substrate antibody), anti-pS157-VASP and anti-pS239-VASP
from Cell Signaling Technology (Danvers, MA). Anti-VASP
was from BD Biosciences (San Jose, CA). A rabbit polyclonal
antibody specific for VASP phosphorylated at Ser-322 (anti-
pS322-VASP antibody) was raised by 21 Century Biochemicals
(Marlboro, MA) using C-Ahx-TLPRMK[pS]SSSVT-amide and
Acetyl-TLPRMK[pS]SSSVT-Ahx-C-amide as immunogen.
The antibody was affinity purified using protein A columns.
Secondary HRP-linked antibodies were from Millipore (Bil-
lerica, MA). Secondary antibodies (Alexa Fluor 488 F(ab�)2
fragment of goat-anti-mouse IgG or Alexa Fluor 594 F(ab�)2
fragment of goat-anti-rabbit) were from Invitrogen. GenJet
Reagent II (SignaGen Laboratories, Ijamsville, MD) was used
for transient transfection of NMuMG, and TransIT HeLa-
Monster (Mirus Bio, Madison, WI) for HeLa. Lysozyme and
deoxycholic acid were from Fisher Scientific.
DNA Constructs—The expression plasmids for HA-tagged

and GFP-tagged constitutively active PKD1 (PKD1.CA,
PKD1.S738E.S742E mutation) were described before (29, 33).
The EGFP-actin expression plasmid was from Clontech
(Mountain View, CA). FLAG-tagged human VASP was ampli-
fied from a HeLa cDNA library using 5�-CGCGGATCCATG-
GACTATAAGGACGATGATGACAAAAGCGAGACGGTC-
ATCTGTTCCAGC-3� and 5�-CGCCTCGAGTCAGGGAGA-
ACCCCGCTTCCTCAG-3� as primers and cloned into
pcDNA3.1 via BamHI and XhoI. GST-VASP was generated by
cloning full-length human VASP into pGEX4-T1 via BamHI
and XhoI. Cherry-VASP and GFP-VASP were generated by
cloning full-length humanVASP into pmCherry-N1 or pEGFP-N1
via BamHI andXhoI. Site-directedmutagenesis was carried out
using the QuikChange kit (Stratagene, La Jolla, CA). 5�-CACA-
TAGAGCGCCGGGTCGCCAATGCAGGAGGCCCACCT-3�
and 5�-AGGTGGGCCTCCTGCATTGGCGACCCGGCGCTC-
TATGTG-3�were used as primers to generate aVASP.S157Amu-
tation, 5�-CACATAGAGCGCCGGGTCGAAAATGCAGGAGG-
CCCACCT-3� and 5�-AGGTGGGCCTCCTGCATTTTCGAC-

CCGGCGCTCTATGTG-3� to generate aVASP.S157Emutation,
5�-CCTTGCCAAGGATGAAGGCGTCTTCTTCGGTGACC-
ACTTCC-3� and 5�-GGAAGTGGTCACCGAAGAAGACGCC-
TTCATCCTTGGCAAGG-3� to generate a VASP.S322A muta-
tion, and 5�-CCTTGCCAAGGATGAAGGAGTCTTCTTCGG-
TGACCACTTCC-3� and 5�-GGAAGTGGTCACCGAAGAAG-
ACTCCTTCATCCTTGGCAAGG-3� to generate aVASP.S322E
mutation. The 4xSRE-TK-luc reporter plasmid was described be-
fore (34). pEBG vector or pEBG-RhoA.CA and use and sequences
for lentiviral PKD1/2-shRNAwere described before (26).
In Vitro Kinase Assays—Kinase assays with GST fusion pro-

teins were carried out by adding 250 ng of active, purified PKD1
(Millipore, Billerica, MA) to 2 �g of purified GST or GST-fu-
sion protein in a volume of 40 �l kinase buffer (50 mM Tris, pH
7.4, 10 mMMgCl2, and 2 mM DTT) supplemented with 100 �M

ATP. The kinase reaction (30 min, room temperature) was
stopped by adding 2� Laemmli buffer.
Immunoblotting, Immunoprecipitation, and PAGE—Cells

were washed twice with ice-cold PBS (140 mM NaCl, 2.7 mM

KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.2) and lysed with
lysis buffer A (50 mM Tris-HCl, pH 7.4, 1% Triton X-100, 150
mM NaCl, 5 mM EDTA, pH 7.4) containing Protease Inhibitor
Cocktail (PIC, Sigma-Aldrich). Lysates were briefly vortexed
and incubated on ice for 30 min. Following centrifugation at
13,000 rpm (15 min, 4 °C) protein concentration of lysates was
determined. Proteins of interest were immunoprecipitated by
1 h of incubation with a specific antibody (2 �g) followed by 30
min of incubation with protein G-Sepharose (GE Healthcare,
Piscataway, NJ). Immune complexes were washed three times
with TBS (50mMTris-HCl, pH 7.4, 150mMNaCl) and resolved
in 20�l of TBS and 2� Laemmlibuffer. Samples were subjected
to SDS-PAGE, proteins were transferred to nitrocellulose
membranes and visualized by immunostaining.
Immunofluorescence—Cells were transfected as indicated in

8-well ibiTreat �-Slides (Ibidi, Martinsried, Germany). The
next day cells were washed twice with phosphate-buffered
saline (PBS). Following fixation with 4% paraformaldehyde (15
min, 37 °C), cells were washed three times in PBS and then
permeabilizedwith 0.1%TritonX-100 in PBS for 2min at room
temperature. Samples were blocked with 3% bovine serum
albumin and 0.05% Tween 20 in PBS (blocking solution) for 30
min at room temperature, and then incubated overnight at 4 °C
with primary antibodies (anti-FLAG 1:4000 for VASP or anti-
VASP 1:1000) diluted in blocking solution. Cells were washed
five times with PBS and incubated with secondary antibodies
(Alexa Fluor 488 F(ab�)2 fragment of goat-anti-mouse IgG or
Alexa Fluor 594 F(ab�)2 fragment of goat-anti-rabbit; both
Invitrogen), diluted (1:800) in blocking solution for 2 h at room
temperature. F-actin was stained together with secondary anti-
bodies by incubating with phalloidin (Alexa Fluor 633-Phalloi-
din, shown as magenta pseudo color staining) in blocking solu-
tion. After extensive washes in PBS, cells weremounted in Ibidi
mounting medium (Ibidi). Samples were examined using an
IX81 DSU Spinning Disc Confocal from Olympus with a 40�
objective.
Fluorescence Recovery After Photobleaching (FRAP)—For

FRAP analysis cells were transfected and seeded in ibiTreat
�-Slides VI (Ibidi), and imaged in CEB buffer (2 mM MgCl2, 2
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mM CaCl2, 150 mM NaCl, 2.5 mM KCl, 10 mM glucose, and 10
mM sodium HEPES, pH 7.5) (35). Cells were imaged using a
Zeiss LSM 510 META laser-scanning confocal microscope
(Carl Zeiss Microscopy) equipped with a Plan-APOCHROMAT
100x oil immersion objective (1.4NA) andZen (2009) software.
Prior to performing FRAP on a given cell, an initial image was
acquired with both 488 nm and 594 nm excitation to confirm
co-transfection. For FRAP, cells were imaged with an argon/2
laser at 488 nm, and emission was collected using a band-pass
505–570IR filter. A series of 250 images was acquired every
0.495 s at 256 � 256 pixel resolution 0.35 �m x 0.35 �m pixel
size; 3.21 �sec pixel dwell time). After the first image, a defined
region encompassing part of the cell lamellipodia was bleached
using the 405–30 nm diode laser (30 milliwatt) and 488 nm
argon laser (30 milliwatt) lines simultaneously at 100% trans-
mission for 200 iterations (12.84 �s pixel dwell time during the
bleach phase). Fluorescence in the bleached region and in a
similarly sized and positioned non-bleached (reference) region
was quantified at every time point using the Zen software. At
least 10 cells were analyzed per transfection condition. To cor-
rect for differences in expression level between cells, fluo-
rescence for the bleached and reference regions were normal-
ized to the level before bleaching. In addition, to correct for
fluorescence loss due to repeated imaging, data at all time
points were normalized to fluorescence in the reference region.
Mathematically, FRAP curves were created using the equation
Ft� (R0 �Bt)/(Rt �B0), where Ft is the normalized fluorescence at
time point t, R0 and Rt are the fluorescence in the reference
region at time points 0 and t, respectively and B0 and Bt are the
fluorescence in the bleached region at time points 0 and t. This
way of presenting FRAP data provides an accurate estimate of
the immobile fraction (36). In each experiment, the normalized
Ft were averaged and plotted. Using the resulting FRAP curve,
the t1/2 of maximal recovery was determined, which is defined
as the time point after bleaching at which the normalized fluo-
rescence has increased to half the amount of the maximal
recovery.
Purification of GST Fusion Proteins—GST fusion proteins

were expressed in Escherichia coli by IPTG induction (4 h,
37 °C). Bacteria pellets were resuspended in suspension buffer
(50 mM Tris, pH 8.0, 1 mM EDTA, 100 mM NaCl, 1 mM DTT,
100 �M PMSF, 0.02 mg/ml DNase I), lysed with 2 mg/ml
lysozyme (20 min on ice) and incubated with 2 mg/ml deoxy-
cholic acid (30min at room temperature). Following sonication
of the suspension, the supernatant was purified using glutathi-
one-Sepharose beads (GE Healthcare). Beads were eluted with
elution buffer (0.15 M NaCl, 2.5 mMMgCl2, 5% glycerol, 50 mM

NaP, pH 7.6, 0.2% Tween-20, 1 mM DTT, 1 mM PMSF, 10 mM

reduced glutathione), and dialyzed into dialysis buffer (0.15 M

NaCl, 2.5 mM KCl, 1 M MgCl2�6 H2O, 10 mM NaP, pH 7.6, 10%
glycerol, 1% Tween-20, 1 mM DTT) using 0.5 ml of dialysis
cassettes from Thermo Scientific (Rockford, IL). For normal-
ization, GST-fusion proteins were analyzed via SDS-PAGE and
visualized with GelCode staining reagent (Thermo Scientific,
Rockford, IL).
SRE Activity Assays—Cells were transiently transfected with

1 �g of 4xSRE-TK-luc Reporter construct, 0.1 �g of Renilla
luciferase reporter, and 1 �g of the cDNA of interest in serum-

free media for 24 h. Cell lysates were prepared by washing cells
with PBS, scraping in 250 �l Passive Lysis Buffer (Promega,
Madison, WI) and centrifugation (13,000 rpm, 10 min, 4 °C).
Assays for luciferase activity were performed on cell lysates
using the Dual-Luciferase Reporter Assay System (Promega)
and a Veritas luminometer (Symantec, Cupertino, CA). Protein
expression was controlled by immunoblot analysis.
Live Cell Imaging and Kymography—Fluorescence time laps

analysis was performed using a spinning disc confocal micro-
scope (Olympus) with a 60x NA 1.4 oil immersion lens (Olym-
pus), which was driven by SlideBook5 (Olympus) and equipped
with a digital CCD camera (ORCA-R2; HAMAMATSU). HeLa
cells were transfected with GFP-Actin and Cherry-VASP as
indicated, the next day trypsinized, re-seeded into �-Slides
(Ibidi) in phenol red-free media and after 12 h images were
acquired, every 10 s for 20 min. Image analysis was performed
using ImageJ (ImageJ, U.S. National Institutes of Health,
Bethesda, MD). Kymographic analysis was performed using
plug-ins provided by J. Rietdorf and A Seitz, EMBLHeidelberg.
Images were prepared for publication using ImageJ and Adobe
Photoshop.
Impedance-based Real-time Cell Migration Analysis—For

the electric cell-substrate impedance sensing (ECIS) migration
assay, cells were transfected as indicated and after 24 h seeded
on 8W1E electrode arrays (Applied BioPhysics, Troy, NY). An
electric fence with high current, which prevents cells from
growing on the electrode surface, was applied prior to cell
attachment. After 20 h, the fence was deactivated, cells washed
with media for two times, and real-time migration was mon-
itored by measuring changes in impedance over time. For
xCELLigence directed cell migration assays, cells were trans-
fected as indicated and after 24 h seeded on Transwell CIM-
plate 16 plates (Roche, Indianapolis, IN). After 1 h of attach-
ment, cell migration toward NIH-3T3 conditioned media was
continuously monitored in real-time using the xCELLigence
RTCA DP instrument (Roche).

RESULTS

PKD1 Phosphorylates VASP at Ser-157 and Ser-322 in Vitro—
To determine if VASP is a target for PKD1, we co-expressed
VASP and active PKD1 (PKD1.CA, PKD1.S738E.S742E) and
utilized the anti-pMOTIF antibody which recognizes the phos-
phorylated PKD consensus motif and detects PKD1 substrates
(26, 29, 37, 38). We found that in presence of active PKD1,
VASP shows increased phosphorylation as well as an electro-
phoretic mobility shift from 46 to 50 kDa (Fig. 1A), which pre-
viously was described to be due to phosphorylation at Ser-157,
but not Ser-239 and Thr-278 (2, 14). Of all these known VASP
phosphorylation sites, only the amino acid sequence surround-
ing Ser-157 represents an ideal PKD motif (Fig. 1B). However,
analysis of the VASP amino acid sequence also identified two
other potential PKD1 phosphorylation sites, Ser-322 and Ser-
379, both in the EVH-2 domain (Fig. 1B). First we tested if
PKD1 can phosphorylate VASP at Ser-157. Therefore, we per-
formed in vitro kinase (IVK) assays with purified proteins. By
comparing phosphorylation of GST (control) with GST-VASP
in kinase assays with baculovirus-expressed and purified PKD1
and analysis with anti-pS157-VASP and anti-pS239-VASP
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(used as negative control) antibodies, we found that active
PKD1 mediates VASP phosphorylation at Ser-157, but not at
Ser-239 (Fig. 1C). However, similar in vitro kinase assays using

GST, GST-VASP, and a GST-VASP.S157A mutant as sub-
strates, when analyzedwith the anti-pMOTIF antibody showed
that PKD1 phosphorylates VASP at least at one additional site

FIGURE 1. PKD1 phosphorylates VASP at Ser-157 and Ser-322 in vitro. A, HeLa cells (0.65 � 106 cells, 6-cm dish) were transfected with vector control,
HA-tagged constitutively active PKD1 (PKD1.CA) and FLAG-tagged VASP as indicated. VASP was immunoprecipitated (anti-FLAG), and precipitates were
analyzed with the pMOTIF antibody that recognizes PKD-mediated phosphorylation. Samples were re-stained for VASP (anti-FLAG) and lysates were control
stained for expressed PKD1.CA (anti-PKD1). B, depicted is the PKD consensus phosphorylation motif with arginine or lysine at �3 and leucine, valine, or
isoleucine at �5 relative to the serine or threonine phosphorylation site. Also shown are known phosphorylation sites in human VASP (Ser-157, Ser-239,
Thr-278) and potential PKD1 phosphorylation motifs at Ser-322 and Ser-379 in VASP of different species. C, PKD1 phosphorylates VASP at Ser-157 in an in vitro
assay. Bacterially expressed and purified GST (negative control) or GST-VASP was incubated in a kinase reaction with purified active PKD1. Substrate phosphor-
ylation was detected using the phosphosite-specific antibodies anti-pS157-VASP or anti-pS239-VASP as indicated. Control blots were performed for protein
input (anti-PKD1, anti-GST). D, Ser-157 is not the only PKD1 phosphorylation site in VASP. Bacterially expressed and purified GST (negative control), GST-VASP,
or GST-VASP.S157A was incubated in a kinase reaction with purified active PKD1. Substrate phosphorylation was detected using the pMOTIF antibody, which
recognizes the phosphorylated PKD motif in PKD substrates. Control blots were performed for protein input (anti-PKD1, anti-GST). E, bacterially expressed and
purified GST (negative control), GST-VASP, GST-VASP.S157A, GST-VASP.S322A, GST-VASP.S157A.S322A were incubated in a kinase reaction with purified active
PKD1. Substrate phosphorylation was detected using the pMOTIF antibody, which recognizes the phosphorylated PKD motif in PKD substrates. Shown are
short and long exposures. Control blots were performed for protein input (anti-PKD1, anti-VASP). F, PKD1 phosphorylates VASP at Ser-322 in an in vitro assay.
Bacterially-expressed and purified GST-VASP or GST-VASP.S322A was incubated in a kinase reaction with purified active PKD1. Substrate phosphorylation was
detected using the novel anti-pS322-VASP antibody specifically generated for this site. Control blots were performed for protein input (anti-PKD1, anti-GST).
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(Fig. 1D).We focused on Ser-322 and Ser-379 as potential other
phosphorylation sites. Comparison of homologies of different
VASP species showed that the amino acid motif surrounding
Ser-322 is more conserved between species than the motif sur-
rounding Ser-379 (Fig. 1B). Therefore, we next analyzed if
PKD1 can phosphorylateVASP at Ser-322. To test thiswe again
performed in vitro kinase assays with purified bacterially
expressed GST-VASP proteins. As previously shown, GST-
VASPwas an effective PKD1 target, andGST-VASP.S157A and
GST-VASP.S322A single mutants, both showed reduced phos-
phorylation. AGST-VASP.S157A.S322Adoublemutant lacked
phosphorylation by PKD1 (Fig. 1E, short and long exposures).
We next generated a phosphospecific antibody directed against
VASP phosphorylated at Ser-322. Use of this anti-pS322-VASP
antibody showed that PKD1 directly mediates phosphorylation
of VASP at Ser-322 as demonstrated in an in vitro kinase assay
with purified components (Fig. 1F). The antibody specifically
recognized VASP when phosphorylated at Ser-322 as shown
with a VASP.S322A mutant in the same assay. Taken together,
these data establish PKD1 as a kinase that directly phosphory-
lates VASP at Ser-157 and Ser-322 in vitro.

Mimicking Ser-157 phosphorylation (VASP.S157E muta-
tion) did not lead to Ser-322 phosphorylation (Fig. 2A), and
mimicking Ser-322 phosphorylation (VASP.S322E mutation)
did not lead to Ser-157 phosphorylation (Fig. 2B).
PKD1-mediated Phosphorylations of VASP Occur in Vivo and

Are Induced by RhoA—To determine if PKD1 can phosphorylate
VASP at both sites in vivo, we co-expressed VASP, VASP.S157A,
VASP.S322A, or the VASP.S157A.S322A double mutant with
constitutively active PKD1 in NMuMG cells and determined
their phosphorylation using the anti-pMOTIF antibody (Fig.
3A). The data obtained in cell culture confirmed data from in
vitro kinase assays showing that a VASP.S157A.S322A double
mutant cannot be phosphorylated by PKD1.We also compared
wild type VASP or above mutants in absence or presence of

active PKD1 in a second cell line (HeLa), this time probing for
phosphorylations at Ser-157 or Ser-322 using phosphospecific
anti-pS157-VASP or anti-pS322-VASP antibodies. In HeLa,
active PKD1 also induced the phosphorylation of VASP at both
sites, although in this cell line Ser-322 showed slight basal phos-
phorylation (Fig. 3B).While phosphorylation of Ser-157 led to a
mobility shift, phosphorylation of Ser-322 did not affect VASP
mobility.
Next we determined the induction of such signaling by a

PKD1 activating stimulus. In HeLa cells the RhoGTPase RhoA
is a potent activator of PKD1 (25).We found that in response to
active RhoA, VASP is phosphorylated at both, Ser-157 and Ser-
322 and that this is dependent on PKD (Fig. 4A). Moreover,
inhibition of PKD activity using the PKD inhibitor CID755673
blocked the RhoA-induced phosphorylation of endogenous
VASP at Ser-322 and partially blocked phosphorylation at Ser-
157 (Fig. 4B). Taken together this indicates that PKD-mediated
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phosphorylations of endogenous VASP can occur downstream
of RhoA.
PKD1-mediated Phosphorylations Target VASP to the Lead-

ing Edge—Phosphorylation of VASP at S157 previously was
shown to contribute to its localization to the leading edge, but
also to have minor impact on VASP-induced F-actin assembly
(19). In HeLa cells, endogenous VASP was localized to focal
contacts as well as to the leading edge (Fig. 5A). Inhibition of
PKDwith the PKD-specific inhibitor CID755673 led to a loss of
VASP localization to the leading edge, but retained VASP at
focal contacts, indicating that PKD1-mediated phosphoryla-
tions contribute to redistribution of VASP to the leading edge
(Fig. 5B). To further determine how Ser-157 and Ser-322 phos-
phorylations impactVASP localizationwe utilized amutational
approach. We compared the localization of phosphorylation-
mimicking mutants such as VASP.S157E, VASP.S322E, and
VASP.S157E.S322E (Fig. 6, A–J). The VASP.S157E mutant,
consistent with previous publications, showed increased local-
ization to the lamellipodium edge (Fig. 6B). When overex-
pressed, wild type and mutant VASP, all showed cytosolic
expression. In addition, VASP.S322E mutant, similar to wild
type VASP, was localized to focal contacts, but also at the lead-
ing edge (Fig. 6,A and C). The double mutant exclusively local-
ized to the leading edge region, where it co-localized with F-ac-
tin (Fig. 6, J,M, P). To determine if Ser-322 phosphorylation is
required for VASP location to the periphery we also investi-
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FIGURE 5. PKD activity is necessary for localization of VASP to the cell
periphery. A and B, HeLa cells were treated with the PKD inhibitor CID755673
or left untreated. After 16 h, samples were fixed and analyzed for localization
of endogenous VASP using immunofluorescence. Shown is a representative
cell under each condition. In untreated cells, arrows indicate localization of
VASP at the leading edge/cell periphery (bar is 10 �m).
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gated the location of VASP.S322A and VASP.S157E.S322A
mutants. Both were localized to the focal contacts (Fig. 6, K, L,
N,O,Q, R). Taken together, this indicates that phosphorylation
of VASP at both serines is needed to drive it from focal contacts
to the leading edge.
PKD1 Increases VASP-mediated F-actin Polymerization—

VASP at the leading edge can contribute to F-actin filament
extension. Therefore, we tested if VASP phosphorylation by
PKD1 has an impact on F-actin polymerization in cells. In in
vitro pyrene actin polymerization assays, using only purified
VASP and PKD1, alone or in combination, we did not observe
significant changes in actin polymerization, when compared
with actin alone (not shown). This indicates that VASP or
PKD1-phosphorylated VASP does not serve as a nucleation-
promoting factor (NPF) per se. To address if the phosphoryla-
tion of VASP by PKD1 affects F-actin accumulation in cells, we
performed a serum response factor (SRF) gene reporter assay
using a SRE (serum response element)-dependent luciferase
reporter assay (Fig. 7,A and B). Such assays have been shown to
quantify the ratio of G-actin to F-actin by stimulation of SRF
and can be used as tool to quantify the effects of actin binding
proteins downstream of RhoA and to monitor filament assem-
bly in living cells (39, 40). In similar assays, VASP overexpres-
sion has been shown to induce F-actin assembly and SRE-
driven luciferase activity (41). Expression of active PKD1 in
cells alone increased SRE activity, most likely acting through
endogenous VASP. When comparing VASP and VASP.S157A,
VASP.S322A and VASP.S157A.S322A mutants for their
effects on actin assembly, we found that in presence of
active PKD1 only wild type VASP but none of the mutants
showed increased actin assembly (Fig. 7A). Moreover, when
compared with wild type VASP, the phosphorylation mim-
icking mutants VASP.S157E and VASP.S322E showed

increased F-actin assembly. Mimicking both phosphoryla-
tions (VASP.S157E.S322E) increased F-actin accumulation
even further, indicating that both phosphorylations may act
additive (Fig. 7B).
We then measured �-actin recovery after photo bleach in

cells expressing VASP or the VASP.S157E.S322E mutant (Fig.
8A). Cells expressingwild typeVASP showed ahalftime ofmax-
imal recovery (t1/2) of 32.14� 3.4 s at sites of VASP localization,
whereas cells expressing the mutant VASP showed a half-
time of recovery of 15.12 � 1.9 s. Moreover, in cells express-
ing VASP the GFP-�-actin immobile fraction was at
�19.6% � 4.1%, whereas the immobile fraction in cells
expressing VASP.S157E.S322E was significantly lower at
�12.1% � 4.0% (Fig. 8B). This indicates that structures formed
at location of VASP show less actin dynamics than structures
formed at location of the VASP.S157E.S322E mutant.
PKD1-mediatedPhosphorylationofVASPInducesLeadingEdge

Formation and Elongated Filopodia—Next we compared mem-
brane protrusions at the sites of VASP or VASP.S157E.S322E
localization. Therefore, we analyzed cells expressing GFP-actin
and Cherry-tagged wild type VASP or VASP.S157E.S322E
mutant by live cell imaging. Cell movement was captured for 20
min as indicated under “Experimental Procedures.” Cherry-
VASP was mainly located at the focal contacts but also in the
cytosol (Fig. 9A). We then performed kymographic analyses, in
whichwe determinedmembrane protrusion at the site of VASP
localization (Fig. 9B). Wild type VASP mainly located at the
focal contacts. In cells expression wild type VASP continuous
membrane protrusion was only observed at the site where a
potential lamellipodium was formed (Fig. 9B, kymographs of
area B3 and B4; red asterisk).
In contrast to wild type VASP, the expression of a

VASP.S157E.S322Emutant led to the formation of large lamel-
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lipodium-like areas (Fig. 9, C and D). In all of the sites of
VASP.S157E.S322E location at the leading edge within the 20
min time range we observed constant membrane protrusion
and retraction, along with filopodia formation, but no persis-
tent membrane protrusion that would be needed for directed
cell migration (Fig. 9D, kymographs of line scans D2-D7, Fig.
9E). Quantitative analysis of cells (n� 50) showed that both the
distance between nucleus and edge of cells (Fig. 9F) and the
relative filopodia length (Fig. 9G) are increased in cells express-
ing VASP with phosphorylation mimicking mutations. This
indicates that phosphorylation of VASP by PKD1 re-localizes
VASP from focal contacts to the leading edge where it induces
filopodia formation.
Persistent PKD1-mediated VASP Phosphorylations Induce

Membrane Ruffling and Negatively Affect Cell Migration—Re-
sults so far were surprising, since PKD1 previously was
described to inhibit cofilin-driven directed cell migration, but
by phosphorylating VASP it seems to contribute to lamellipo-
dium and filopodia formation. One explanation of how this
could lead to decrease cell motility is that (if persistent) PKD1/
VASP signaling leads to loss of directionality due to formation
ofmultiple lamellipodium-like structures. Another explanation
is that filopodia-formed show increased filament elongation
and instability of focal contacts, when PKD1 signaling is persis-
tently ON. An expected result of such signaling would be
increased membrane ruffling and decreased cell migration.
Therefore, we next determined the functional consequences of
persistent PKD1/VASP signaling on cell migration. As pre-
dicted, the expression of active PKD1 led to the localization of
wild type VASP to the leading edge region, where it induced
membrane ruffling (Fig. 10, A–D). A VASP.S157A.S322A
mutant in presence of active PKD1 did not induce membrane
ruffling (Fig. 10,E–H) and did not co-localize with active PKD1.

We next tested if PKD1-mediated phosphorylation of VASP
can have a negative impact on cell migration. Therefore, we
performed real-time wound healing assays using the ECIS sys-
tem. First we compared themigratory potential of cells express-
ing vector control, wild type VASP or the phosphorylation-

mimicking mutant VASP.S157E.S322E over a time period of
5 h. We found that cells expressing the phosphorylation-mim-
icking VASP mutant showed decreased migratory potential as
compared with wild type VASP (Fig. 10I). Similar effects were
observed in impedance-based transwell assays measuring real-
time directed cell migration toward a chemoattractant using
the xCELLigence system (data not shown). We also compared
the motility of cells when VASP or the VASP.S157A.S322A
double mutant was co-expressed with active PKD1 or vector
control.ThepresenceofactivePKD1andsubsequentphosphor-
ylation of VASP significantly decreased HeLa cell motility,
whereas a double blunting mutant rescued cell motility in the
presence of active PKD1 (Fig. 10J).
Taken together, our data suggest that in response to RhoA

signaling PKD1-mediated phosphorylation of VASP localizes
VASP to the leading edge. When persistent, this signaling
results in increased filopodia formation and length, leading to
membrane ruffling and decreased cell migration (Fig. 10K).

DISCUSSION

Protein kinase D1 interacts with F-actin and regulates actin
reorganization at several levels (22). For example, in response to
RhoA activation it modulates the activity of cofilin through
phosphorylation of PAK4 in its activation loop (29), but also
through inactivation of the cofilin phosphatase SSH1L (26, 30).
The net effect of such signaling is a decrease in the pool of active
cofilin, resulting in less formation of F-actin free barbed ends
(22, 26). Other PKD1 targets, whose phosphorylation mediate
its effects on themotile phenotype include Rhotekin (42), RIN1
(32), E-cadherin (43), �-catenin (44), EVL-1 (31), Hsp27 (37),
and cortactin (21).
Wehere investigated if the Ena/VASP family proteinVASP is

a target for PKD1 and found that PKD1 in response to active
RhoA can directly phosphorylate VASP at two serine residues,
Ser-157 and Ser-322 (Figs. 1, 2, 3, and 4). While Ser-322 so far
only was identified as a PKD1 site, phosphorylation of VASP at
Ser-157 has been shown to be mediated by several other
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kinases. It is likely that RhoA also mediates phosphorylation at
Ser-157 via these kinases. For example, S157 was previously
shown to be phosphorylated by PKA. However, PKD1-medi-
ated phosphorylation at this residue is independent of PKA
since forskolin, a vasodilator that raises the levels of cAMP to
activate PKA, or treatment of cells with the PKA inhibitor H89
had no effects on PKD1-mediated VASP phosphorylations
(data not shown). Further, forskolin did neither activate PKD1,
nor did it lead to phosphorylation of VASP at Ser-322 (data not
shown).
We also show that PKD1 phosphorylates VASP at a second

serine residue, Ser-322. In contrast to phosphorylation at Ser-
157, phosphorylation of VASP at Ser-322 did not induce a sig-
nificantmobility shift in VASP in SDS-PAGE (Figs. 1, 3).More-

over, none of the phosphorylations primed for the other (Fig. 2).
The two other previously described phosphorylation sites in
VASP, Ser-239 and Thr-278, which both have been shown to
impair actin-driven filament formation (19), are not located
within a PKD1 phosphorylation motif (Fig. 1B). Moreover,
PKD1-induced VASP phosphorylation did not induce binding
of VASP to 14-3-3, or to focal contact proteins such as vinculin
and zyxin (not shown).
Our data indicate that phosphorylation by PKD1 drives

VASP from the focal contacts to the leading edge region (Figs. 5,
6, 9, 10). This is consistent with previous data showing that
phosphorylation of Ser-157 can localize VASP to the leading
edge, but has only minor impact on VASP-induced F-actin
assembly (19). The Ser-322 phosphorylation site in VASP is

FIGURE 9. PKD1-mediated phosphorylation of VASP induces leading edge formation and elongated filopodia. A–F, HeLa cells were co-transfected with
GFP-actin and Cherry-VASP or the Cherry-VASP.S157E.S322E mutant as indicated. The next day cells were reseeded into ibidi �-Slides in phenol-red free media,
and after 12 h live cell imaging was performed as described under “Experimental Procedures.” A1, A2, C1, and C2 show single channel pictures for Cherry-VASP,
Cherry-VASP.S157E.S322E or GFP-actin. The bar represents 10 �m. The insets in A and C show typical localization of VASP (at the focal contacts) or
VASP.S157E.S322E (red, VASP, green, actin, yellow, overlay). The bar shows 10 �m. B and D show kymographic analysis (t � 1200 s, length of line in B � 17.3 �m,
in C � 18.2 �m) of several areas at sites of VASP or VASP mutant location. E shows single pictures of an area from C showing rapid formation, protrusion, and
retraction of filopodia at sites of Cherry-VASP.S157E.S322E localization. Pictures shown are at a difference of 20 s. Cherry-VASP.S157E.S322E is in red pseudo-
color (at t � 0), GFP-actin is in gray in all pictures. F and G show quantifications of distances from nuclei to the leading edge (F) or length of filopodia formed (G).
Analysis was performed using Image J. p values were acquired with the student’s t test using Graph Pad software. In F, n represents the number of cells (50)
analyzed for nucleus to leading edge distance, combined from three independent experiments. In G, n represents the numbers of filopodia analyzed for their
length from 10 different cells, combined from three independent experiments.

I                                             J                                             K

0 1 2 3 4 5
1.0

1.1

1.2

1.3

1.4

1.5
VASP
VASP + PKD1.CA
VASP.S157A.S322A + PKD.CA
VASP.S157A.S322A

N
or

m
al

iz
ed

 Im
pe

da
nc

e

Time [hrs]Time [hrs]

N
or

m
al

iz
ed

 Im
pe

da
nc

e

0 1 2 3 4 5
1.0

1.1

1.2

1.3

1.4

VASP
Vector

VASP.S157E.S322E

VASPphalloidin Overlay

A                            B                             C    D     

E                            F                             G    H     

GFP-PKD1.CA

VASP.S157A.S322Aphalloidin OverlayGFP-PKD1.CA

VASP
P

S157

RhoA

P
S322

PKD

 Localization to Leading Edge
    Fliopodium Formation
F-actin Filament Extension

If persistent:
Membrane Ruffling

Decreased Cell Migration

FIGURE 10. PKD1-mediated VASP phosphorylations induce membrane ruffling and negatively affect cell migration. A–H, HuMEC cells were co-trans-
fected with GFP-tagged active PKD1 (GFP-PKD1.CA) and VASP, or the VASP.S157A.S322A mutant as indicated. 16 h after transfection, cells were fixed, and
F-actin was stained with phalloidin. Localization of proteins was determined using immunofluorescence analysis (bar is 10 �m). Insets are 2.5-fold enhanced.
Changes in cellular localization were observed in all cells (typically n � 50) analyzed. All data were confirmed in at least three independent experiments. I and
J, HeLa cells were transfected with vector control, VASP or VASP phosphorylation mimicking mutant as indicated (I), or with vector or PKD1.CA in combination
with VASP or the VASP.S157A.S322A mutant (J). Real-time cell migration was monitored with an impedance-based assay system (ECIS) over a time period of 5 h.
K, schematic of the here proposed PKD1-mediated signaling events downstream active RhoA that lead to VASP localization to the leading edge of cells, to
filopodia formation and cause F-actin filament extension. If persistent such signaling results in membrane ruffling and eventually to decreased cell migration.

PKD1 Phosphorylates VASP

AUGUST 23, 2013 • VOLUME 288 • NUMBER 34 JOURNAL OF BIOLOGICAL CHEMISTRY 24391



located in the EVH-2 domain. The EVH-2 domain is required
for efficient targeting of VASP to lamellipodia and filopodia
(10), inwhichVASP is stably-associatedwith growing filaments
(45). This domain can bind to G-actin and F-actin and also
mediates the tetramerization of VASP, which is important for
bundling of F-actin filaments and stabilization of actin struc-
tures (5). We did not observe any effects of PKD-mediated
phosphorylations on multimerization of VASP (not shown).
The morphology and dynamics of membrane protrusions

(filopodia or lamellipodium) can be altered by regulation of
length of actin filaments and their stability and organization. In
fibroblasts, genetic deletion or sequestration of Ena/VASP pro-
teins led to faster cell motility with more persistent lamellipo-
dial protrusions. The actin filaments within these lamellipodia
were shorter andmore branched, suggesting that filament cap-
ping activity was increased. Conversely, membrane targeting of
Ena/VASP protein led to longer filaments with fewer branches
(46). Moreover, VASP proteins localize to spreading, but not
retracting lamellipodia (47). The increased actin polymeriza-
tion activity that we observed (Figs. 7 and 8) when a phosphor-
ylationmimicking mutant was compared with wild type VASP,
directly correlated with increased length of protrusions such as
filopodia and membrane ruffling (Figs. 9 and 10). One possible
explanation for our data is that at the leading edge in response
to PKD1-mediated phosphorylations VASP’s anti-capping
activitymay lead to longer and branched filaments that contrib-
ute to membrane ruffling.
In summary, our data implicate that PKD1-mediated phos-

phorylations at Ser-157 and Ser-322 can drive VASP to the
leading edge, where it induces filopodia formation and elonga-
tion. When persistent such signaling can result in membrane
ruffling and decreased motility (Fig. 10).
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