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We have previously reported that the epithelial cell-specific
actin-binding protein villin directly associates with phospha-
tidylinositol 4,5-bisphosphate (PIP2) through three binding
sites that overlap with actin-binding sites in villin. As a result,
association of villin with PIP2 inhibits actin depolymerization
and enhances actin cross-linking by villin. In this study,we dem-
onstrate that these three PIP2-binding sites also bind the more
hydrophilic phospholipid, lysophosphatidic acid (LPA) but with
a higher affinity than PIP2 (dissociation constant (Kd) of 22 �M

versus 39.5 �M for PIP2). More interestingly, unlike PIP2, the
association of villin with LPA inhibits all actin regulatory func-
tions of villin. In addition, unlike PIP2, LPA dramatically stim-
ulates the tyrosine phosphorylation of villin by c-Src kinase.
These studies suggest that in cells, selective interaction of villin
with either PIP2 or LPA could have dramatically different out-
comes on actin reorganization as well as phospholipid-regu-
lated cell signaling. These studies provide a novel regulatory
mechanism for phospholipid-induced changes in the microfila-
ment structure and cell function and suggest that LPA could be
an intracellular regulator of the actin cytoskeleton.

Many actin-binding proteins are recruited to the plasma
membrane to form lipid-protein interactions during cell signal-
ing, membrane trafficking, and cell migration. Membrane
recruitment of these microfilament proteins is mediated by
membrane-targeting domains that recognize specific lipidmol-
ecules in the membranes (1). Phospholipids are implicated in
the regulation of actin dynamics, cell growth, cell differentia-
tion, cell survival, and cell motility (1). Phosphoinositides con-
trol the activity of various actin-associated proteins by promot-

ing actin filament assembly and down-regulating actin
disassembly at appropriate regions within the cell (1).
Villin is an epithelial cell-specific actin-binding protein that

regulates actin dynamics, cell morphology, cell migration, and
apoptosis ,underscoring the significance of this protein to epi-
thelial cell function (2). Villin belongs to a large family of actin-
binding proteins that associate with phospholipids (3). Villin
binds PIP22 with a Kd of 39.5 �M and a stoichiometry of 3, and
we have previously identified three PIP2-binding domains in
villin (3). Association of villin with PIP2 modifies its actin reg-
ulatory functions (3). The association of villin with PIP2 is also
required for the catalytic activation of the other ligand of villin,
phospholipase C-�1 (4), which is required for the function of
villin in cell migration (5, 6).
Lysophosphatidic acid (LPA) and its receptors are found in a

wide variety of tissues and cell types, indicating their physiolog-
ical significance to many biological functions (7). LPA is pro-
duced by platelets, fibroblasts, mesothelial cells, and adipo-
cytes, and the physiological role of LPA in innate immunity,
reproduction, vascular development, and nervous system func-
tions is well recognized (7). However, aberrant LPA signaling is
associated withmalignant transformation (8). As a result, there
is keen interest in identifying the regulatory elements that
switch LPA from a physiological factor to a pathological factor.
Althoughmost LPA research has focused on its extracellular

action, there is considerable interest in the intracellular targets
of LPA. Several intracellular targets of LPA have been identi-
fied, including the anti-inflammatory agent and nuclear
receptor, peroxisome-proliferator-activated receptor � (9);
mechano-gated K� channels (10); n-chimaerin (11); phospha-
tidylinositol 3-kinase (12); protein kinase C (13); and glyco-
sylphosphatidylinositol-specific phospholipase D (14). Intra-
cellular LPA also regulates the interaction of G-proteins with
GTPase-activating proteins (15). More recent studies have
identified an intranuclear role for LPA (16). These studies sup-
port the intracellular effect of LPA as a second messenger. In
this report, we expand these findings by identifying another
potential intracellular binding partner for LPA, namely villin.
More interestingly, we report that both PIP2 and LPA compete
for the same binding sites in villin but have opposite effects on
actin reorganization. These findings suggest that phospholipids
have the ability to function as potent modulators of actin reor-
ganization and further that the substrate preference (PIP2 ver-
sus LPA) of the actin-binding protein can have very different
outcomes in the cell. These studies provide a novel regulatory
mechanism for determining not only the microfilament orga-
nization but also phospholipid signaling specificity regulated by
actin and actin-binding proteins in vivo.

EXPERIMENTAL PROCEDURES

Recombinant Villin Protein and Peptides—Full-length re-
combinant human villin protein was generated as described
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previously (4). Human villin peptides encompassing the three
PIP2-binding domains in villin have been described previously (3).
In Vitro Interaction of Villin with LPA—The binding of villin

proteins and peptides with LPA was examined by measuring
the quenching of the intrinsic tryptophan fluorescence of villin
as described previously (3). Briefly, LPA at final concentrations
between 0 and 1mMwas added to samples containing villin (0.5
mM), and fluorescencewas recorded using a FluoroMax-3 spec-
trofluorometer. The excitation wavelength was 290 nm. The
dissociation constant (Kd) was determined using the Microcal
Origin software, and the stoichiometry of LPA binding to villin
(p) and its association constant (Ka) were calculated using the
equation of Stinson and Holbrook as described previously (3).
TheHill coefficient (h) was calculated using theHill equation as
described previously (3).
Measurement of Actin-capping, -nucleating, -severing, and

-bundling Activities of Villin—The actin-modifying activities of
villin in the absence or presence of LPA were measured as
described previously (3, 17, 18). Confocalmeasurement of F-actin
bundling by villin was performed as described by Harris
et al. (19). Briefly, 1 unit ofAlexa Fluor 488-phalloidin inmethanol
was deposited on a 35-mm No. 0 glass-bottomed sterile plastic
Petri dish (MatTek) and allowed to dry for 1 h. Prepolymerized
actin in bundling buffer containing 2mM EGTAwas added either
alone (control) orwith villin (60nM)orwith villin (60nM) andLPA
(60�M). Images were acquiredwith a�40 objective on a confocal
microscope (LSM 5 PASCAL, Carl Zeiss, Thornwood, NY).
Conformational Studies Using CD—CDmeasurements were

madeusing full-length recombinant villin protein or PIP2-bind-
ing peptides of villin in the absence or presence of LPA (200�M)
as described previously (3).
In Vitro Phosphorylation of Recombinant Villin by c-Src

Kinase—An in vitro kinase assay was performed using recom-
binant c-Src kinase as described previously (4). For densitomet-
ric analysis ofWestern blots, the value of highest band intensity
was normalized as 1, and the normalized intensities of other
bands were determined as described by Nam et al. (20).

RESULTS

Villin Binds LPA with a Higher Affinity than PIP2—In this
study, we demonstrate for the first time that villin directly asso-
ciateswith themore hydrophilic phospholipid, LPA. For kinetic
analysis of villin and LPA binding, wemonitored the quenching
of the intrinsic tryptophan fluorescence of villin by LPA (sup-
plemental Fig. 1A). Quenching of tryptophan fluorescence was
plotted against the LPA concentration (in �M) and analyzed by
theMicrocalOrigin software. Basedon this analysis,we calculated
a Kd value of 22.02 � 2.97 �M, a stoichiometry of 1.72, a dissocia-
tion constant of 0.01�M, and aHill’s coefficient of 1.08, suggesting
no cooperativity between the two LPA molecules bound to villin
(Fig. 1A). These data demonstrate that like PIP2, LPA interacts
directlywith villin butwith a higher affinity than PIP2 (3), suggest-
ing that in vivo, LPA could displace PIP2 bound to villin.
LPA Introduces LocalizedChanges in the Secondary Structure

of Villin—We have previously demonstrated that the association
of villin with PIP2 introduces significant localized changes in the
secondary structure of the protein (3). To characterize LPA-in-
duced changes in the secondary structure of villin, we elected to

use threevillinpeptidesencompassing the threePIP2-bindingsites
in villin (3). CD spectroscopywas performed in the “far-UV” spec-
tral region (190–250 nm) in the absence or presence of LPA (200
�M). Like PIP2, LPA did not induce global changes in the confor-
mation of full-length villin (supplemental Fig. 1B). Like PIP2, LPA
induced significant changes in the secondary structure of the villin
peptides (Fig. 1, B–D). Notably, these changes were qualitatively
different. In contrast tomore significant changes in thepercentage
of �-helix in the presence of PIP2, LPA induced more significant
changes in the percentage of�-sheet with loss of�-helix structure
(3).Thesedatademonstrate thatbothLPAandPIP2have the same
binding sites in villin and further suggest localized changes in the
secondary structure of villin when bound to LPA.
LPA Is a Potent Inhibitor of the Actin Regulatory Functions of

Villin—Peptide 5 overlaps with the F-actin-binding site in the
villin headpiece; hence, we elected to determine the effect of
LPA on the actin-bundling function of villin. Low speed centri-
fugation of F-actin filaments in the absence or presence of villin
and in the absence or presence of LPA was used to mea-
sure actin bundling by villin. In control samples, in the absence
of villin, all the F-actin appears in the supernatant fraction,
demonstrating no cross-linking of actin filaments (Fig. 2A). In
contrast, in the presence of full-length villin, themajority of the
actin appears in the pellet fraction with the F-actin, consistent
with the role of villin as an actin cross-linking protein. Low
speed centrifugation of F-actin in the presence of villin and LPA
(10 �M) resulted in the complete loss of F-actin bundles. To
confirm these data, 3�M F-actin was incubated without or with
full-length villin in the absence or presence of LPA (10 �M) for
0–20 min, and F-actin was stained with Alexa Fluor 488-phal-
loidin. Images were acquired using a confocal microscope. In
the absence of villin, most of the F-actin appears in the filamen-
tous form, representing uncross-linked filaments. The addition
of villin bundled F-actin filaments; further, the addition of 10
�MLPAprevented F-actin bundling by villin (supplemental Fig.
1C). Because the PIP2/LPA-binding sites in villin overlap with
the actin-binding sites in villin, we speculate that LPA binding
may completely displace the binding of F-actin to the villin
headpiece, which could explain the loss of actin bundling by
villin in the presence of LPA.We have previously reported that
F-actin binding to the villin headpiece is required for actin
cross-linking (17). Because LPA can associate with peptide 5
and inhibit villin-induced actin bundling, we suggest that PB5
represents one of the two LPA-binding sites in villin. Increasing
concentrations of LPA (0–240 �M) also inhibited villin-in-
duced actin nucleation (n� 3; p� 0.001; Fig. 2B). Similar to the
effects of PIP2, LPA also inhibited the actin-depolymerizing
activity of villin (n � 3; p � 0.01; Fig. 2C). Further, unlike PIP2,
surprisingly, LPA also inhibited the actin-capping function of
villin (n � 3; p � 0.01; Fig. 2D). Together these data demon-
strate that LPA inhibits all the actin-modifying functions of
villin. Thus, unlike PIP2, as a ligand of villin, LPA could function
as a negative regulator of villin-mediated changes in actin
dynamics within the cell.
LPA Enhances the Tyrosine Phosphorylation of Villin—Tyro-

sine phosphorylation of actin-binding proteins of the villin
family including gelsolin and adseverin is enhanced by PIP2 and
LPA (21, 22). To characterize the effect of LPA and PIP2 on
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villin tyrosine phosphorylation, recombinant full-length villin
was phosphorylated using recombinant c-Src kinase in the
absence or presence of LPA or PIP2 (60 �M). As shown in Fig.
2E, c-Src kinase failed to phosphorylate recombinant villin irre-
spective of the presence or absence of PIP2, consistent with our
previous observation (4). Interestingly, in the presence of LPA,
there was a significant increase in the phosphorylation of villin
protein. We interpret these data to suggest that the addition of
LPA to villin changes the villin conformation favorably such that it
can now be tyrosine-phosphorylated by c-Src kinase. It may be
noted that in vitro phosphorylation of recombinant villin requires
the presence of reducing agents (�-mercaptoethanol), suggesting
that in vitro protein unfolding is required tomake the phosphory-
lation sites accessible to c-Src (4). In the presence of �-mercapto-
ethanol, the addition of LPA significantly enhanced c-Src kinase-
induced tyrosine phosphorylation of villin (supplemental Fig. 1D).
We speculate that the secondary structure changes induced by
these lipids could explain the changes in the tyrosine phosphory-
lation levels of villin by making the tyrosine residues either more
accessible (as in the case of LPA) or inaccessible (as in the case of
PIP2) for phosphorylation in vitro. These data suggest that based
on the specific ligand, LPA versusPIP2, bound to villin, other func-
tions of villin that require its tyrosine phosphorylation such as
changes in cell morphology and cell migration could also be regu-
lated in vivo (5, 23).

DISCUSSION

In this study, we characterize the significance of villin asso-
ciationwith LPA, which can be extended to other actin-binding

proteins that have been reported to
directly bind LPA (21). Our data
demonstrate that the PIP2-binding
sites in villin overlap with the LPA-
binding sites in villin, suggesting
that in cells, these two phospholip-
ids could compete for villin as a
binding partner. Interestingly, a Kd
value of 28.9 �M has been reported
for binding of full-length fragminP
with LPA, whereas the Kd values
obtained for LPA binding to PIP2-
binding peptides of gelsolin have
provided a much lower Kd value of
920 nM (24). These previous find-
ings validate our own observations
that the PIP2-binding sites in the vil-
lin-gelsolin superfamily serve as
binding sites for intracellular LPA.
Further, these data suggest that one
of the LPA-binding sites in villin
may have a slightly higher affinity
for LPA than noted for full-length
villin. In thrombin-stimulated
platelets, intracellular LPA concen-
trations between 47 and 77 �M have
been reported (25). Further, a tem-
poral correlation between actin
polymerization and increased LPA

concentration in thrombin-stimulated platelets has also been
noted (25). These published studies suggest that intracellular
LPA concentrations required to inhibit the actin-modifying
activities of villin can be achieved in vivo.
Although both PIP2 binding and LPA binding to villin induce

conformational changes in the villin protein, our studies sug-
gest that these changes may be qualitatively different because
LPA enhances tyrosine phosphorylation of villin, an effect that
requires conformational changes in villin protein, whereas PIP2
has no effect (26). This is validated by our CDdata (Fig. 1,B–D).
Thus, the substrate preference (PIP2 versus LPA) of villin may
also regulate phosphorylation-dependent functions of villin in
vivo including changes in cellmorphology and cellmigration (2,
4).Our study then elucidates not only the functional similarities
betweenLPAandPIP2 but also demonstrates the phospholipid-
dependent biochemical differences that could have profoundly
different effects in vivo on both actin dynamics as well as phos-
pholipid signaling.
Another interesting observation made from these studies is

that although full-length villin binds LPA with a stoichiometry
of 2, in vitro data with villin peptides indicates that all three
PIP2-binding peptides of villin could potentially bind LPA.
From these data, we infer that (i) only two of these three sites
may in fact be accessible for LPA binding in full-length villin
protein; (ii) alternatively, two of these three sites may bind LPA
with higher affinity; (iii) or that association of LPA with two of
these three sites could induce a conformational change that
either renders the third site inaccessible or lowers the affinity of
this third site for LPA.

FIGURE 1. Direct interaction of villin with LPA. A, kinetic analysis of villin fluorescence titration data. Binding
curve plotting (F � Fmax) versus LPA was used to calculate the apparent dissociation constant (Kd) of villin and
LPA as 22.02 � 2.97 �M. This experiment is representative of three with similar results. Circular dichroism
spectra of villin peptides, peptide 1 (B), peptide 2 (C), and peptide 5 (D) were recorded in the absence or
presence of LPA (200 �M). This experiment is representative of three with similar results.
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A substantial body of evidence demonstrates a clear involve-
ment of PIP2 in actin cytoskeletal rearrangement (27, 28). Like-
wise, a role for LPA in cytoskeletal reorganization is well docu-
mented (29). We speculate that competition between PIP2 and
LPA for villin binding could increase the levels of free PIP2 in
the cell, which could result in cytoskeletal reorganization. Thus,
in vivo villin could serve as a buffering agent for LPA. This may
bephysiologically relevantduring inflammatorydiseasesorduring
epithelial cell injury when LPA synthesis within the cell may be

elevated. It may be noted that mitochondrial LPA, nuclear LPA
receptors, and targets of intracellular LPA, namely peroxisome-
proliferator-activated receptor �, are all highly expressed in the
colon and play a key role in bacteria-induced inflammation (30,
31). By sequestering LPA, villin could contribute to the host
defense and repair response. LPA regulates nuclear transcription
factors that regulate metabolic functions and inflammation (9).
Intracellular LPA also functions as a precursor for the production
ofother lipids (32) that regulatemembrane fluidity (33).The selec-

FIGURE 2. LPA inhibits the actin regulatory functions of villin. A, full-length villin (1.0 �M) was incubated with F-actin in the absence or presence of LPA (10
�M). The samples were centrifuged at 10,000 � g for 15 min, and actin distribution in the supernatant (S) and pellet (P) fractions was analyzed by 10% SDS-PAGE
and GelCode Blue staining. Control refers to F-actin filaments in the absence of villin. This experiment is representative of four with similar results. B, LPA inhibits
actin nucleation by villin. Pyrene-labeled G-actin (6 �M) was incubated with full-length villin protein (VIL/WT; 60 nM) in the absence or presence of different
concentrations of LPA (LPA1, 60 �M; LPA2, 120 �M; LPA3, 200 �M; LPA4, 240 �M) in polymerization-inducing buffer. Fluorescence intensity was measured over
time. Control and Control�LPA (240 �M) represent the polymerization of actin in the absence of villin. Values represent the mean of three independent
experiments. C, LPA inhibits the actin-depolymerizing function of villin. The effect of LPA on actin depolymerization was recorded using recombinant full-length
villin protein (VIL/WT) and different concentrations of LPA as described above. Values represent the mean of three independent experiments. D, LPA inhibited
actin-capping activity of villin. To measure the actin-capping activity of villin in the absence or presence of LPA, 1.4 �M G-actin was nucleated by F-actin (290 nM) seeds
in the absence (Control) or presence of VIL/WT. Different concentrations of LPA were used as described above. Values represent the mean of three independent
experiments. Cyt D., cytochalasin D. E, recombinant villin was phosphorylated in vitro by c-Src in the absence or presence of LPA (60 �M) or PIP2 (60 �M) over a period
of 90 min. This is a representative of three experiments with similar results. Densitometric analysis gave a phosphovillin:villin (PY/Total) ratio of 0.6 � 0.06; 0.83 � 0.05;
and 1.0 � 0.01, which corresponds to 60, 83, and 100% (n � 3; p � 0.01) increase in villin phosphorylation at 30, 60, and 90 min, respectively. IB, immunoblot. Tyrosine
phosphorylation of villin was identified by Western analysis using a phosphotyrosine antibody (PY 20). Blots were stripped and reprobed for villin.

ACCELERATED PUBLICATION: LPA Directly Associates with Villin

DECEMBER 18, 2009 • VOLUME 284 • NUMBER 51 JOURNAL OF BIOLOGICAL CHEMISTRY 35281



tive interaction of intracellular LPA with villin could also modify
these cellular functions.
Interaction of PIP2 or LPAwith villin could not only regulate

phospholipid signal transduction cascades but also define the
intracellular compartment where these changes are induced.
Interaction of villin with PIP2, for instance, could regulate cell
surface actin reorganization, thus regulating cell motility,
whereas interaction of villin with intracellular LPA could regu-
late nuclear function, thus regulating epithelial-to-mesenchy-
mal transition, a function that has been attributed to villin (18).
LPA is synthesized in the endoplasmic reticulum or the mito-

chondria (34). There is no evidence to suggest that this intracellu-
larLPA is involved inextracellularLPAsignaling. Further, because
charged phospholipids are also believed not to cross the plasma
membrane, it is suggested that extracellular LPA is unlikely to find
its way to the cytosol. Regulation of cell function by intracellular
LPA has several advantages. Although LPA production in biolog-
ical fluids appears to be unregulated because both the substrate
and the enzyme pre-exist, the major advantage of intracellular
LPA synthesis is that it is tightly regulated and could be generated
as a result of cellular activation induced by various stimuli. Fur-
thermore, it has been suggested that lipid phosphatases may pre-
vent accumulation of intracellular LPA, providing another level of
regulation for the cellular effects of intracellular LPA. This intra-
cellular production of LPAmay be particularly relevant to cellular
pathology. The production of PA and conversion of PA to LPA
mayoccur in cells following inflammatory disease or in carcinoma
cells. Intense interest is aimed at ascertaining the regulatory ele-
ments that switch LPA from a physiological factor to a pathologi-
cal factor. Changes in ligand levels (LPA) and changes in receptor
levels (LPA2 and LPA3) have been reported. However, most stud-
ies have suggested that changes in either LPA levels or receptor
levels are not sufficient to account for all the differential roles of
LPA in tumorcells (35). It hasbeensuggested thatLPAmust inter-
act with other factors in cells to elicit its effect. In this study, we
reveal that LPA can directly interact with villin, suggesting that it
can modulate signaling pathways critical for the pathological role
of LPA in tumorigenesis such as changes in actin dynamics, cell
morphology, cell adhesion, cellmigration, cell invasion, epithelial-
mesenchymal transition, and apoptosis, all of which are regulated
by villin (3). Identification of the biological activities of LPA in vivo
has just begun, and undoubtedly, many of these issues will be
resolved in the near future. In themeantime, we believe our study
helps identify a potential intracellular target of LPA.
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