
INTRODUCTION

Membrane skeletons are networks of cytoskeletal and
membrane proteins that constitute transmembrane linkages
between the extracellular surface and the underlying cortical
cytoskeleton. Such specialized structures stabilize and shape
the plasma membrane, and regulate membrane-dependent
processes, including adhesion and extension of cell surface
projections (Luna and Hitt, 1992). In adherent cells, actin-
associated membrane skeletons include those associated with
integrins at focal adhesions and cadherin/catenin-containing
complexes at adherens junctions (Ben-Ze’ev, 1997; Gumbiner,
1996; Weisberg et al., 1997). These membrane skeletons not
only mediate cell attachment to substrata and to adjacent cells,
respectively, but also regulate cell growth and survival
(Ruoslahti and Reed, 1994). Loss of either cell-substrate or
cell-cell adhesion, especially when coupled with entry into the
cell cycle, is associated with the transformation of the
normally stationary epithelial cell into a more motile
phenotype. Membrane skeleton proteins associated with sites
of adhesion participate in this process, both as mechanical
organizers of cell structure and as signaling agents to nuclear

targets during cell growth and differentiation (Lelièvre and
Bissell, 1998).

A number of membrane skeleton proteins have been
implicated in the formation and/or stabilization of cell surface
protrusions. These proteins include actin-membrane linkers,
such as the transmembrane protein ponticulin (Shutt et al.,
1995) and the ERM protein family, which includes ezrin,
moesin, and radixin (Bretscher, 1999; Vaheri et al., 1997). The
formation of cell surface extensions also is potentiated by
proteins that promote actin assembly and bundling in the
vicinity of the plasma membrane (Furukawa and Fechheimer,
1997). For example, up-regulation of cellular levels of an F-
actin bundling protein, such as fascin (Yamashiro et al., 1998),
drebrin (Shirao, 1995), fimbrin/plastin (Arpin et al., 1994), or
villin (Franck et al., 1990; Friederich et al., 1989), causes
dramatic and characteristic changes in cell morphology.

As part of our ongoing effort to characterize the
compositions and functions of membrane skeletons in motile
cells, we have recently described a 205 kDa actin-binding
membrane protein that we named supervillin (Pestonjamasp et
al., 1997). Supervillin, previously called p205, was initially
identified as a major 205 kDa F-actin binding polypeptide in
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A growing number of actin-associated membrane proteins
have been implicated in motile processes, adhesive
interactions, and signal transduction to the cell nucleus. We
report here that supervillin, an F-actin binding protein
originally isolated from bovine neutrophil plasma
membranes, contains functional nuclear targeting signals
and localizes at or near vinculin-containing focal adhesion
plaques in COS7-2 and CV1 cells. Overexpression of full-
length supervillin in these cells disrupts the integrity of
focal adhesion plaques and results in increased levels of F-
actin and vinculin. Localization studies of chimeric
proteins containing supervillin sequences fused with the
enhanced green fluorescent protein indicate that: (1) the
amino terminus promotes F-actin binding, targeting to

focal adhesions, and limited nuclear localization; (2) the
dominant nuclear targeting signal is in the center of the
protein; and (3) the carboxy-terminal villin/gelsolin
homology domain of supervillin does not, by itself, bind
tightly to the actin cytoskeleton in vivo. Overexpression of
chimeras containing both the amino-terminal F-actin
binding site(s) and the dominant nuclear targeting signal
results in the formation of large nuclear bundles containing
F-actin, supervillin, and lamin. These results suggest that
supervillin may contribute to cytoarchitecture in the
nucleus, as well as at the plasma membrane.
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HeLa cervical carcinoma cells (Luna et al., 1997) and in bovine
neutrophil plasma membranes (Pestonjamasp et al., 1997).
Supervillin binds tightly and specifically to the sides of actin
filaments (Pestonjamasp et al., 1995) in F-actin blot overlay
assays (Luna, 1998) and co-isolates with highly-stabilized
actin filaments as part of a 26S complex from neutrophil
membranes (Pestonjamasp et al., 1997). Supervillin and
neutrophil F-actin also co-immunoprecipitate after
solubilization with stringent concentrations of detergents and
salt, indicating tight binding under endogenous conditions
(Pestonjamasp et al., 1997). Supervillin protein (Pestonjamasp
et al., 1997) and message (Pope et al., 1998) are especially
abundant in certain carcinoma cell lines, including HeLa S3
cervical carcinoma, SW480 adenocarcinoma, and A549 lung
carcinoma cells. 

Using an antibody directed against a 19 residue supervillin
peptide (pepA), we observed previously that signal from this
region of supervillin exhibited an intracellular localization that
changed as a function of cell density and adherence state
(Pestonjamasp et al., 1997). In fully confluent Madin-Darby
bovine kidney (MDBK) cells, anti-pepA signal was found with
F-actin and E-cadherin at sites of cell-cell contact. In
subconfluent cells that lacked significant amounts of cell-cell
contact, the pepA epitope was enriched in nuclear and
cytoplasmic punctae, as well as along the plasma membrane.
Upon EGTA-mediated cell dissociation, the signal became
internalized with E-cadherin and F-actin as a component of
adherens junctions ‘rings’ (Kartenbeck et al., 1991). These
results suggested that supervillin might play a role in the
recruitment of actin filaments to adherens junctions and
possibly to other cellular compartments, including the nucleus.
However, the restricted nature of the epitope recognized by the
antibody and the prevalence of nuclear localization artifacts in
the literature (Melan and Sluder, 1992) limited the conclusions
that we could draw from these data.

Analyses of the deduced amino acid sequences of bovine
(Pestonjamasp et al., 1997) and human (Pope et al., 1998)
supervillin suggest that they are bipartite proteins with distinct
amino- and carboxy-terminal domains. The amino termini of
these two supervillins are 79.2% identical to each other but
contain no obvious similarities to other characterized proteins.
The only recognized protein motifs are three (human) or four
(bovine) consensus sequences for nuclear localization signals
(NLSs). By contrast, the carboxy-terminal ~775 amino acids
of the two supervillins are 95.1% identical to each other and
contain numerous consecutive sequences with extensive
similarity to proteins in the gelsolin family of actin-binding
proteins, which cap, nucleate, and/or sever actin filaments
(Schafer and Cooper, 1995; Weeds and Maciver, 1993). This
protein family also includes villin, a microvillar protein that
contains six segments homologous to those in gelsolin plus a
carboxy-terminal actin-binding ‘headpiece’ that confers actin
filament bundling activity (Bazari et al., 1988; Bretscher, 1991;
Finidori et al., 1992; Glenney et al., 1981). Although
supervillin exhibits little or no similarity with the sequences in
gelsolin/villin segment 1 that are required for actin filament
severing (Way et al., 1989), ~50% sequence identity is
observed between supervillin sequences (Pestonjamasp et al.,
1997) and regions in segment 2, segment 5, and the villin
headpiece, all of which contain sites for binding F-actin
(Weeds and Maciver, 1993). Thus, sequence analysis predicts

that the carboxy terminus of supervillin contains as many as
three F-actin binding sites and suggests that the carboxy-
terminal villin/gelsolin homology domain in supervillin may
contain actin filament bundling and/or capping activities
analogous to those of other members of this protein family
(Schafer and Cooper, 1995). 

To explore the intracellular localizations and functions of
supervillin and to identify functional domains in vivo, we have
expressed chimeras of supervillin sequences fused with the
enhanced green fluorescent protein (EGFP; Cormack et al.,
1996) in COS7-2 and CV-1 cells. In addition to the previously
described localizations at the plasma membrane and in the
nucleus, we find that full-length supervillin is concentrated at
or near focal adhesion sites and can bind along stress fibers.
Cells expressing high levels of supervillin exhibit dramatic
changes in the architecture of the actin cytoskeleton, with a loss
of focal adhesions and an increase in the numbers of cell
protrusions and in the amounts of cytoplasmic F-actin and
vinculin. Contrary to expectations raised by the similarity of
the supervillin carboxy terminus to villin and gelsolin, our in
vivo domain analyses suggest that the amino terminus of
supervillin contains the major sites that promote F-actin
bundling and targeting of supervillin to focal adhesions and
stress fibers. Chimeras containing the first three NLSs in
bovine supervillin can localize to the nucleus, but the dominant
NLS apparently resides in the center of the protein between
amino acids 831 and 1009. These results confirm the
previously reported dual localizations of supervillin sequences
at the plasma membrane and in the nucleus and demonstrate
that supervillin can affect, either directly or indirectly, the
integrity of focal adhesion plaques.

MATERIALS AND METHODS

Constructs
A full-length cDNA encoding bovine supervillin from nucleotides 
−80 to 5420 was obtained by PCR amplification with three sets of
gene specific primers encompassing unique restriction sites along the
supervillin upstream noncoding and coding sequences. Madin-Darby
bovine kidney cDNA (Pestonjamasp et al., 1997) served as template
and PCR products were obtained with the Expand High Fidelity PCR
System (Boehringer-Mannheim, Indianapolis, IN) and the following
sets of primers: 5′-CACAAAAGAAGTATCGATGCTCAGC-3′ and
5′-TCTGGCTTCGATATCTTCCA-GGG-3′ encompassing the ClaI
to EcoRV sites; 5′-CCCTGGAAGATATCGAAGCCAGACC-3′ and
5′-CTTGACCTCTGCCCGGGCATC-3′ encompassing the EcoRV
to SmaI sites; 5′-AAGGACGATGCCCGGGCAGAGG-3′and 5′-
AAACATCCATTTTCCTGGTCCATCAGTATTG-3′ encompassing
the SmaI to the XbaI site in the downstream noncoding sequence. The
PCR products were each gel-purified and subcloned into the
pBluescript II SK− or KS− vector (Stratagene, La Jolla, CA). Clones
from each PCR product were sequenced until one was identified that
did not contain artifacts resulting in changes in the amino acid
sequence. These individual clones were then subcloned into
pBluescript II SK− (Stratagene) to generate a full-length supervillin
cDNA clone. This full-length clone was modified at the 5′-end by the
replacement of the ClaI site at −80 nt with a linker oligo containing
a KpnI site and at the 3′-end by the insertion of a linker containing a
XbaI site into the NotI site of the vector. These modifications allowed
for simple transfer of the supervillin cDNA into the mammalian
expression vector system.

Fusion constructs encoding full-length supervillin or various
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protein fragments were generated by subcloning into the pEGFPC
and/or pEGFPN series of mammalian expression vectors (Clontech,
Palo Alto, CA). The resulting chimeric proteins contained enhanced
green fluorescent protein (EGFP), a more highly fluorescent variant
(Cormack et al., 1996) of wild-type GFP (Prasher et al., 1992), at their
amino- or carboxy termini, respectively. The supervillin fragments
used in this study were generated using unique restriction sites along
the supervillin sequence. The SV 1-830 fragment encompassed the
KpnI-EcoRV noncoding and coding sequences; the SV 1-1009
fragment: KpnI-EcoRI sequences; SV 1010-1792 fragment: EcoRI-
XbaI sequences; SV 830-1792: EcoRV-XbaI sequences; and the SV
831-1009 fragment: EcoRV-SmaI sequences. All fusion constructs
were sequenced to ensure the maintenance of the proper reading frame
before being amplified and purified with the Qiagen Endotoxin-Free
Maxi Prep Kit (Qiagen, Santa Clarita, CA).

Cell culture, transfections, and EGFP visualization
CV-1 cells, a monkey kidney epithelial cell line, was purchased from
the American Type Culture Collection (Rockville, MD). The cells
were maintained in MEM-alpha (Gibco/BRL, Grand Island, NY)
supplemented with 10% fetal bovine serum. COS7-2 cells were the
generous gift of Dr Kathleen J. Green, Northwestern University
Medical School (Kowalczyk et al., 1997). They were maintained in
DME/high glucose (DME/HG; Gibco/BRL) supplemented with 10%
fetal calf serum. 

COS7-2 or CV-1 cells were transfected with various EGFP-SV
fusion or control constructs using the LipoTaxi Mammalian
Transfection Kit (Stratagene) according to the manufacturer’s
instructions. Briefly, cells were plated onto sterile coverslips in 35 mm
dishes at 0.5-0.8×105 cells/ml 12-18 hours prior to transfection.
Complex formation solutions containing 6 µg DNA for fusion
constructs or 5 µg DNA for control constructs and 18 µl of Lipotaxi
reagent in 300 µl of serum-free DME/HG were incubated 45 minutes
at room temperature and then diluted with 500 µl serum-free medium
just prior to transfection. Cells were washed once with serum-free
DME/HG and the 800 µl complex formation solution was added to
the dish. After incubation at 37°C for approximately 6 hours, 1.2 ml
DME/HG with 20% serum was added to the dish and placed at 37°C
overnight. The medium was replaced with 2 ml of normal growth
medium the following day, and the cells were incubated again at 37°C
for 24-48 hours before processing.

Fluorescence visualization of EGFP in cells was carried out as
follows: cells were briefly washed in phosphate-buffered saline (PBS;
138 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.2 mM KH2PO4,
pH 7.0) and then fixed in 3.7% EM grade formaldehyde (Electron
Microscopy Sciences, Gibbstown, NJ) for 10 minutes at room
temperature. The coverslips were then washed three times in PBS and
mounted on slides in PBS and sealed with rubber cement. Cells were
observed on a Zeiss Axioskop fluorescence microscope or a Bio-Rad
MRC 1024 laser scanning confocal microscope (Bio-Rad
Laboratories, Hercules, CA) equipped with LaserSharp Version 3.2
software.

Antibodies and immunofluorescence
Transfected cells that were counterstained with antibodies or
fluorescent phalloidin were fixed and washed as described above and
then permeabilized in 1% Triton X-100 in PBS for 1 minute, washed
3 times in PBS and blocked for 1-4 hours at 37°C in blocking solution
(10% horse serum, 1% BSA, and 0.02% sodium azide in PBS).
Coverslips were then incubated with primary antibodies overnight at
4°C. The various primary antibodies used in this study were diluted
into blocking solution as follows: monoclonal anti-human vinculin
(Sigma Chemical Co., St Louis, MO) 1:400; monoclonal anti-alpha-
actinin (Sigma) 1:200; and a rabbit polyclonal antibody recognizing
lamins A and C, a generous gift from Dr Anne Goldman,
Northwestern University Medical School, 1:400. F-actin was stained
with Alexa 594™-phalloidin (Molecular Probes, Inc., Eugene, OR) at

a concentration of 1 unit per coverslip. The coverslips were washed
3 times in PBS and then incubated for approximately 1 hour at room
temperature with either Alexa 594™-conjugated goat anti-rabbit IgG
or Alexa 594™-conjugated goat anti-mouse IgG (Molecular Probes,
Inc.) diluted 1:2500 in blocking solution. The coverslips were again
washed 3 times in PBS and then mounted and observed as described
above.

Triton pre-extraction and latrunculin-A experiments
To determine if EGFP-supervillin chimeras associated with the
cytoskeleton, transfected cells were pre-extracted with 0.1% or 0.5%
Triton X-100 in a cytoskeleton stabilizing buffer (50 mM NaCl, 3 mM
MgCl2, 30 mM sucrose, 10 mM Pipes, pH 6.8) (Adams et al., 1996)
for 5 minutes or 2.5 minutes, respectively, at 4°C prior to fixation and
antibody staining as described above. Latrunculin A (Molecular
Probes, Inc.) was suspended in cell culture grade DMSO (Sigma) and
diluted to a concentration of 5 µM in cell culture medium. The
latrunculin A-containing medium was added to cells 24 hours post-
transfection and incubated for 4 hours at 37°C followed by fixation
and/or phalloidin staining as described above.

RESULTS

Supervillin interactions with the actin cytoskeleton
in vivo
In cells expressing low levels of EGFP-tagged bovine
supervillin, the fluorescence signal was concentrated at the cell
periphery, as linear arrays throughout the cytoplasm, and as
occasional concentrations in or near the cell nucleus (Fig. 1A).
The cytoplasmic and membrane fluorescence co-localized
extensively with that from Alexa™ 594-phalloidin (Fig. 1B,C),
suggesting that EGFP-tagged supervillin associates with
membrane-associated F-actin and stress fibers. The avidity of
the association between supervillin and the actin cytoskeleton
was relatively high since it persisted after pre-extraction of
lipids and soluble proteins with 0.5% Triton X-100 (Fig.
1D,E,F). As was especially evident in pre-extracted cells (Fig.
1F), there was a higher relative concentration of supervillin at
the ends of actin filament bundles, hinting at an additional or
preferential localization of supervillin at focal adhesion sites,
where stress fibers are anchored through integrins and
associated proteins to extracellular matrix components
(Burridge and Chrzanowska-Wodnicka, 1996; Dedhar and
Hannigan, 1996). 

By contrast, in cells expressing only EGFP plus amino acids
encoded by the multiple cloning site in the pEGFPC1 vector,
fluorescence was observed throughout the transfected cells,
apparently in proportion to the volume accessible to small
proteins. Nuclei were bright because the diameter of the 27
kDa EGFP was well below the exclusion limit of ~9 nm (40-
60 kDa) for passive diffusion through the nuclear pore (Peters,
1986). EGFP fluorescence also was observed throughout the
cytoplasm, where the lower level of signal correlated with the
reduced path length through these flattened cells (Fig. 1G). A
limited co-localization with actin stress fibers (Fig. 1H) was
sometimes seen (Fig. 1I), but any interactions between these
vector-encoded sequences and the cytoskeleton were weak
because the EGFP signal was readily extracted with even low
concentrations of detergent (Fig. 1J,K,L).

Cells expressing high levels of EGFP-tagged (Fig. 2A,D,G)
or untagged (not shown) supervillin were distinguishable by
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their rounded morphologies, jagged borders, and numerous
spiky projections. F-actin co-localized with the supervillin-
induced projections (Fig. 2B,C,E,F) and was also increased in
these cells, as judged by the enhanced amounts of phalloidin
staining relative to that in surrounding untransfected cells (Fig.
2B,E). These high levels of supervillin and F-actin were
retained after extraction with 0.5% Triton X-100, indicating
association with the cytoskeleton. Vinculin, a component of the
focal adhesion plaque (Burridge and Chrzanowska-Wodnicka,
1996; Craig and Johnson, 1996), also appeared to be up-
regulated and re-distributed in cells expressing high levels of
supervillin (Fig. 2G,H,I). This reorganization was caused by
supervillin overexpression because no change in vinculin
distribution was observed in cells overexpressing only EGFP
(Fig. 2J,K,L). These results showed that increased levels of
supervillin induce a major reorganization of the actin-based
cytoskeleton in vivo and suggest that supervillin potentiates the
formation of actin filament bundles.

Domain analysis of supervillin
To localize functional targeting and F-actin binding sequences
within supervillin, we used conveniently-located unique
restriction sites to generate chimeras between EGFP and
bovine supervillin sequences (Fig. 3). We first tested the
hypothesis that the carboxy-terminal villin/gelsolin homology

domain is responsible for the observed association of full-
length supervillin with the actin cytoskeleton. An EGFP-
tagged chimeric protein containing the entire villin/gelsolin
homology domain of supervillin (EGFP-SV1010-1792),
including all three predicted actin-binding sites (Fig. 3, AB
Sites), was transiently transfected into COS7 and CV1 cells
(Fig. 4). Surprisingly, EGFP-SV1010-1792 was diffusely
distributed throughout the cytoplasm (Fig. 4A,G) with little or
no obvious co-localization with actin filament bundles (Fig.
4B,C), even in CV1 cells which have extensive arrays of stress
fibers (Fig. 4H,I). Also, 0.1% Triton X-100 released essentially
all the EGFP-SV1010-1792 from both cell types (Fig.
4D,E,F,J,K,L), suggesting that the villin/gelsolin homology
domain of supervillin, by itself, does not bundle actin filaments
or bind F-actin with high affinity.

To test the hypothesis that the amino-terminal domain of
supervillin contains functional nuclear localization signals
(Fig. 3, NLSs), we transfected COS7 and CV1 cells with an
EGFP-tagged chimeric protein containing the first 1009
residues of supervillin (EGFP-SV1-1009). In fact, EGFP-SV1-
1009 (Fig. 5A, green) was targeted to cell nuclei (Fig. 5A,
blue), where it formed large, looping coils visible even in phase
optics (Fig. 5B). In addition, EGFP-SF1-1009 localized at cell
borders, in membrane ruffles, and in linear cytoplasmic arrays
(Fig. 5A,C), in association with phalloidin-stained actin
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Fig. 1. Supervillin localizes preferentially to the plasma membrane and at actin filament bundles in COS7-2 cells. Co-localization of EGFP-
tagged supervillin (A,D) and EGFP only (G,J) with Alexa™ 594-labeled phalloidin (B,E,H,K) in COS7-2 cells that were fixed before (A-C, G-
I) or after extraction with 0.5% Triton X-100 (D-F) or after extraction with 0.1% Triton X-100 (J-L). Composite images (C,F,I,L) were
generated by superimposition of the EGFP (green) and phalloidin (red) signals; areas of overlap appear yellow. Bar, 20 µm.
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filaments (Fig. 5C, co-localization shown as yellow). The large
nuclear coils containing EGFP-SV1-1009 also labeled
intensely with Alexa™ 594-phalloidin (Fig. 5D,H). Both the

cytoplasmic filaments (not shown) and the nuclear coils (Fig.
5D) that were associated with EGFP-SV1-1009 resisted
extraction with 0.5% Triton X-100, indicating that both of

Fig. 2. Supervillin overexpression induces dramatic changes in cell morphology and in the actin cytoskeleton. COS7-2 cells expressing high
levels of EGFP-tagged supervillin (A-I) or EGFP only (J-L) were fixed before (A-C, G-L) or after (D-F) extraction with 0.5% Triton X-100 and
counter-staining with Alexa™ 594-phalloidin (B,C,E,F) or with antibodies against vinculin (H,I,K,L). Composite images (C,F,I,L) show the
superimposition of the EGFP (green) and phalloidin (red) signals; areas of overlap appear yellow. The levels of total F-actin (B,C,E,F) and
vinculin (H,I) are greatly increased in cells that overexpress EGFP-supervillin (A,D,G), as compared with the surrounding untransfected cells
that are present in all these panels. Bar, 20 µm.

EGFP-SV1282-1792

EGFP-SV1-1792

Untagged

EGFP-SV1-830

EGFP-SV1-1009

EGFP-SV831-1281

EGFP-SV1010-1792

SV1-830-EGFP

EGFP-SV831-1792

COOHH2N_   _

Predicted NLSs

Villin/Gelsolin Homology Domain

Predicted AB Sites

EGFP only

Fig. 3. Diagrammatic representations of the
predicted domain structure of bovine supervillin
and the structures and names of the chimeric
proteins used in this study. Sequence analysis
predicts that the amino terminus of supervillin
contains four nuclear localization signals (NLSs)
and that the carboxy terminus contains as many as
three actin binding (AB) sites and other regions of
sequence similarity with villin and gelsolin,
beginning with the F-actin binding site in
villin/gelsolin subdomain 2 (Pestonjamasp et al.,
1997). The location of EGFP is indicated with a
star; the small black bar denotes the presence of a
27 amino acid segment encoded by sequences in
the supervillin 5′-UTR that are downstream of the
cloning site and immediately upstream of the
initiator methionine.



2130

these structures contained bundled actin filaments. In general,
the EGFP-SV1-1009 localization was either predominately
nuclear or predominately cytoplasmic within a cell, but could
vary widely between cells on the same coverslip. As a rule,
nuclear coils were much more prevalent in the highly
transformed COS7-2 cells, whereas the extensive system of
stress fibers was more commonly labeled in the CV-1 cells.

The nuclear bundles of F-actin and EGFP-SV1-1009
appeared to have a composition distinct from that of
cytoplasmic actin filaments. First, unlike cytoplasmic actin
filaments (Fig. 5E), the F-actin/EGFPSV1-1009 nuclear
bundles contained essentially no associated alpha-actinin (Fig.
5F). Even cytoplasmic actin filaments that contained both
EGFP-SV1-1009 and alpha-actinin exhibited little signal
overlap; linear cytoplasmic arrays that appeared to stain for
both proteins usually consisted of dashes of alternating red and
green signal with few or no regions of yellow overlapping
fluorescence (Fig. 5E). Second, F-actin/EGFPSV1-1009
nuclear bundles also contained appreciable amounts of lamins
A/C (Fig. 5G, red, overlap in yellow), intermediate filament
proteins that are structural components of the nuclear envelope
(Gant and Wilson, 1997; Moir et al., 1995). Finally, F-
actin/EGFPSV1-1009 nuclear bundles were distinguishable
from cytoplasmic actin filaments in that they were stable after
treatment of cells with latrunculin A, a marine toxin that
disrupts the actin cytoskeleton by binding and sequestering

monomeric actin (reviewed by Ayscough, 1998). Even
treatment with 5 µM latrunculin A for four hours, a condition
ten times more stringent than that required for the disruption
of cytoplasmic actin filaments (Fig. 5H, red) did not destabilize
the F-actin/EGFP-SV1-1009 nuclear bundles (Fig. 5H, co-
localization in yellow), suggesting that these filament bundles
are differentially stabilized against depolymerization. These
results show that the amino-terminal domain of supervillin not
only is capable of targeting supervillin to the nucleus, but also
can recruit F-actin into the nucleus and can bundle actin
filaments into a novel structure. 

The dominant nuclear targeting signal in supervillin
appeared to be located in the center of the molecule. Addition
of supervillin residues 831-1009 to the villin/gelsolin
homology domain in the EGFP-tagged carboxy-terminal
chimeric protein, EGFP-SV831-1792, targeted the protein to
the nucleus (Fig. 6A), where it was sequestered both as a
diffuse nucleoplasmic distribution and as detergent-insoluble
aggregates (Fig. 6B) that were visible in phase optics (Fig.
6A,B, insets). Limited co-localization of Alexa™ 594-
phalloidin with the aggregated EGFP-SV831-1792 (Fig. 6A,B,
green-yellow) hinted at a low incorporation of F-actin into
these aggregates. Nuclear targeting, nuclear aggregation,
detergent insolubility, and limited binding to Alexa™ 594-
phalloidin also were observed for EGFP-tagged residues 831-
1281 (Fig. 6C,D, EGFP-SV831-1281). No association with
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Fig. 4. The villin/gelsolin homology domain of supervillin is apparently not tightly associated with the actin cytoskeletons of COS7-2 (A-F) or
CV1 (G-L) cells. Lack of co-localization of EGFP-SV1010-1792 (A,D) with Alexa™ 594-labeled phalloidin (B,E,H,K) in cells that were fixed
before (A-C, G-I) or after extraction with 0.1% Triton X-100 (D-F, J-L). Composite images (C,F,I,L) show only a weak coincidence of labeling
in cells that were fixed before permeabilization (C,I), and little EGFP-SV1010-1792 remains after detergent extraction (F,L). Bar, 20 µm.
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cytoplasmic actin filaments (Fig. 6, red) or recruitment of actin
into filament bundles was observed with either of these
chimeric proteins.

Fig. 5. EGFP-SV1-1009 exhibits two types of intracellular distributions in COS7-2 cells (A,B,D,E,F,G,H) and CV1 cells (C). Cytoplasmic
signal is seen in association with the plasma membrane (A,E,G, green) and with F-actin containing stress fibers (C, yellow); nuclear EGFP-
SV1-1009 appears as large looping coils visible with phase optics (B), as well as with fluorescein filters and epifluoresence (A,D,F,H) or
confocal (G) microscopy. DNA was visualized with Hoechst dye (A, blue), F-actin with Alexa™ 594-phalloidin (C,D,H), and alpha-actinin
(E,F) and lamins A/C (G) with specific antibodies and Alexa™ 594-labeled secondary antibodies. Some cells were pre-extracted with 0.5%
Triton X-100 (D) or were pre-treated for 4 hours with 5 µM latrunculin A (H) before fixation. In composite images (A, C-H), the EGFP-SV1-
1009 fluorescence is shown in green, Hoechst dye in blue, and F-actin, alpha-actinin, and lamin in red; yellow represents overlap of green and
red signals. Bar, 20 µm.

Fig. 6. EGFP-SV831-1792 (A, B) and EGFP-SV831-1281 (C, D) are
targeted to the nuclei of transfected COS7-2 cells, where they form
aggregates visible in phase (insets) that resist pre-extraction with
0.5% Triton X-100 (B, D). Composite images show EGFP
fluorescence in green and the localization of F-actin stained with
Alexa™ 594-phalloidin in red. Bar, 20 µm.

Fig. 7. EGFP-SV1-830 co-localizes extensively with F-actin at the
plasma membrane, along stress fibers, and in ‘arrowheads’ at the
ends of stress fibers. COS7-2 cells (A,C) and CV1 cells (B,D)
expressing EGFP-SV1-830 (green) were fixed before (A,B) or after
(C,D) extraction with 0.5% Triton X-100 and counter-staining with
Alexa™ 594-phalloidin (red). Composite images show the
superimposition of the two signals with areas of overlap appearing
yellow. Bar, 20 µm.
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By contrast, the first 830 amino acids of supervillin were
associated with cytoplasmic actin-containing structures (Fig.
7). Chimeric proteins containing EGFP at either the amino
terminus (EGFP-SV1-830; Fig. 7) or carboxy terminus (SV1-
830-EGFP, not shown) localized preferentially to the plasma
membrane and along stress fibers and were especially highly
concentrated at the ends of stress fibers in arrowhead-shaped
structures. Binding interactions at all these sites were high
enough to resist pre-extraction with 0.5% Triton X-100 (Fig.
7C,D). A small but consistent fraction of these transfected
cells, ~5% for EGFP-SV1-830 and ~30% for SV1-830-EGFP,
also exhibited nuclear actin bundles similar to those generated
by EGFP-SV1-1009 (data not shown). 

As was observed with full-length supervillin, EGFP-SV1-
830 (Fig. 8, green) co-localized with vinculin (Fig. 8, red) at
arrowhead-shaped focal adhesion plaques in cells expressing
low levels of transfected protein (Fig. 8A,B). Although the
overlap between the EGFP-SV1-830 and vinculin signals at
focal adhesions was extensive (Fig. 8A,B, yellow), it was far
from complete, indicating that not all vinculin-rich sites were
associated with significant amounts of the tagged supervillin
amino terminus. At high expression levels, EGFP-SV1-830
apparently disrupted the structure of the focal adhesion plaques
and altered the cell morphology (Fig. 8C,D). Cells appeared
less adherent to the substrate and exhibited many spike-like cell
surface protrusions reminiscent of those observed in cells
overexpressing full-length supervillin (Fig. 2). Confocal
sections through the ventral surfaces of these cells showed only
occasional regions of overlap between EGFP-SV1-830 and
vinculin (Fig. 8C, yellow). Additionally, X-Z cross-sections of
cells expressing high levels of EGFP-SV1-830 showed that the
amount of vinculin was increased and its distribution was
altered, with EGFP-SV1-830 and vinculin co-localizing in
large bar-like cytoplasmic structures (Fig. 8D). For instance,
note that the yellow signal (EGFP-SV1-830 + vinculin) in the
center cell shown in Fig. 8D is both more intense and further

from the substratum than is the red signal (vinculin only) in
the flanking, untransfected cells. Vinculin levels and
localizations were unaffected by comparable overexpression of
EGFP alone (Fig. 8E). Thus, most of the morphological effects
observed in cells overexpressing full-length supervillin also are
observed upon overexpression of amino acids 1 through 830.

DISCUSSION

In agreement with previous biochemical and immunological
observations (Pestonjamasp et al., 1995, 1997), we show here
that supervillin associates with actin filaments at the plasma
membrane. In addition, we report that overproduction of
supervillin induces dramatic changes in the architecture of the
cortical actin-based cytoskeleton and apparently increases the
amounts of cellular F-actin and vinculin. We further
demonstrate that supervillin can potentiate actin filament
bundling and the recruitment of actin into bundles at the plasma
membrane and in the cell nucleus. 

Additionally, we show that supervillin localizes at or near a
subset of vinculin-containing focal adhesion plaques, a
localization not observed in our previous study with MDBK
cells and antibodies generated against a supervillin peptide. We
have since found that EGFP-SV1-830 also localizes with
vinculin-staining focal adhesion plaques in MDBK cells (data
not shown), suggesting that the epitope(s) recognized by our
anti-peptide antibody may not be accessible in focal adhesion
plaques. A similar lack of accessibility has been observed with
antibodies against alpha-actinin (Pavalko et al., 1995).

Overexpression phenotype
In many respects, cells transfected with vectors encoding actin-
bundling sequences in supervillin (Figs 2, 8) resemble cells that
have been induced to overexpress, or have been microinjected
with, other F-actin bundling proteins. For instance, long cell

J. D. Wulfkuhle and others

Fig. 8. At low (A) expression levels, the
distribution of EGFP-SV1-830 overlaps
that of vinculin at focal adhesion plaques.
At moderate (B) expression levels, both
focal adhesion and stress fiber staining is
observed. High expression levels (C-D)
cause changes in cell morphology and
disruption of vinculin localization at
ventral cell surfaces. CV1 cells expressing
EGFP-SV1-830 (A-D) or EGFP vector
sequences only (E) were counter-stained
with anti-vinculin and Alexa™ 594-
secondary antibody. Images were obtained
with epifluorescence (A, B) or confocal
(C-E) microscopy. Composite images show
EGFP fluorescence in green, vinculin
localization in red, and areas of overlap as
yellow. Bars: 20 µm (A,B); 10 µm (C-E).
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surface extensions also are generated by overproduction of
drebrin (Shirao et al., 1992) and ‘spiky’ cell borders are
observed in cells overexpressing fascin (Yamashiro et al.,
1998) and in some cells containing high intracellular levels of
villin (Franck et al., 1990). Overproduction of T- or L-plastin
induces cell rounding and a reorganization of stress fibers; both
plastins also co-localize with vinculin at basal cell surfaces and
decrease the numbers of focal adhesion sites (Arpin et al.,
1994). Villin also can induce re-distribution of vinculin from
focal adhesions into a diffuse cytoplasmic ‘cloud’ (Franck et
al., 1990) that is reminiscent of the cytoplasmic vinculin
localization in cells expressing high levels of supervillin.
However, whereas villin overexpression leads to a
disappearance of actin from stress fibers, apparently due to the
recruitment of actin into core bundles inside elongating
microvilli (Franck et al., 1990; Friederich et al., 1989),
supervillin, like drebrin (Ikeda et al., 1996; Shirao et al., 1992),
increases cellular concentrations of both F-actin and vinculin.
Increased levels of F-actin and vinculin also are observed in
cells treated with phalloidin (Bershadsky et al., 1995), a drug
that blocks monomer dissociation from actin filaments
(Coluccio and Tilney, 1984). Thus, a number of actin bundling
proteins, including supervillin, may increase total cellular F-
actin by inhibiting actin depolymerization. 

The disruption of focal adhesion plaque structure by
supervillin may correlate with the observation that the
intracellular localizations of supervillin and alpha-actinin
appear to be mutually exclusive. The actin bundling and
membrane association activities of alpha-actinin-1 are
important for stress fiber integrity, for the formation and extent
of focal adhesion plaques, and for the adhesion of cells to each
other and to the substrate (Glück and Ben-Ze’ev, 1994; Glück
et al., 1993; Knudsen et al., 1995; Pavalko and Burridge, 1991;
Schultheiss et al., 1992). While two or more actin bundling
proteins apparently cooperate to form actin filament bundles in
intestinal brush border microvilli (reviewed by Bretscher, 1991;
Fath and Burgess, 1995; Heintzelman and Mooseker, 1992;
Louvard et al., 1992), Drosophila neurosensory bristles (Tilney
et al., 1995; Wulfkuhle et al., 1998), stereocilia (reviewed by
Tilney et al., 1992), and Drosophila nurse cell ring canals
(reviewed by Robinson and Cooley, 1997), non-synergistic
pairs of actin bundling proteins also are known. For instance,
drebrin interferes with the actin binding and bundling activities
of both alpha-actinin (Ishikawa et al., 1994) and fascin (Sasaki
et al., 1996). Thus, actin filaments bundled by supervillin may
have different spacings or crosslink periodicities than do F-actin
bundles enriched in alpha-actinin (Taylor and Taylor, 1994).
This could lead to a dichotomy of F-actin bundles in supervillin-
overexpressing cells and to decreased numbers of stress fibers
anchored at focal adhesions through alpha-actinin and
associated proteins. Alternatively, supervillin may disrupt focal
adhesion plaque integrity by directly interfering with the
functioning of another essential component of the plaque.

Supervillin functional domains
Our results suggest a new model for supervillin functional
domains (Table 1, Fig. 9). In this model, the primary membrane
and cytoskeleton targeting sites are in the amino terminus, the
dominant nuclear targeting signal is in the center of the
polypeptide, and the villin/gelsolin homology domain with its
still largely undetermined function is at the carboxy terminus.

All chimeric proteins containing the amino-terminal 830
residues of supervillin were associated with actin filaments in
the cytoskeleton and at plasma membranes, including sites at
or near focal adhesion plaques. When overexpressed in the
cytoplasm, these proteins formed bundles with actin filaments
in spike-like cell surface extensions. When targeted to the
nucleus, the supervillin amino terminus recruited actin into
large coiled arrays. Thus, supervillin can bundle actin filaments
in vivo, and this activity is potentiated by amino-terminal
sequences. One possibility, which is supported by preliminary
blot overlays of bacterial fusion proteins probed with 125I-
labeled F-actin (data not shown), is that the supervillin amino
terminus contains two or more F-actin binding sites. Another
possibility is that supervillin associations with itself or with
other proteins contribute to the observed F-actin bundling
activity. Direct or indirect interactions with other membrane
skeleton proteins are consistent with the overlapping

Table 1. Triton insolubility and intracellular localizations
of the constructs employed in this study

Triton 
Construct insolubility Intracellular localization(s)

EGFP-SV1-1792 ++ PM, SF, nucleus
SV1-1792 n.d. PM, SF, nucleus

EGFP-SV1-830 ++ SF, FA, PM
SV1-830-EGFP ++ SF, FA, PM, nucleus

EGFP-SV1-1009 +++ Nucleus, PM, SF, FA, agg
EGFP-SV831-1792 + Nucleus, agg
EGFP-SV831-1281 + Nucleus, agg
EGFP-SV1010-1792 − Cytoplasm, nucleus
EGFP-SV1282-1792 − Cytoplasm, nucleus
EGFP only − Nucleus, cytoplasm

PM, plasma membrane; SF, stress fibers; FA, focal adhesions; agg,
aggregates; n.d., not determined.

Fig. 9. Diagrammatic representation of bovine supervillin showing
the conclusions drawn from this study. Predicted nuclear localization
signals (NLSs) and actin binding (AB) sites are shown. Most of the
currently identified functional sequences are in the supervillin-
specific amino terminus rather than in the villin/gelsolin homology
domain.

Supervillin Functional Domains

Villin/Gelsoli Homology Domain

COOHH2N
_   _

Predicted NLSs Predicted AB Sites

1 - 830 831 -1009 1010 - 1792

F-actin Binding
Actin Bundling
Plasma Membranes
Focal Adhesions
Nuclear Targeting

(weak)

Nuclear Targeting
(dominant)

Aggregation Site

F-actin Binding (weak)
Filament Capping (?)
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localizations of supervillin and the focal adhesion protein,
vinculin, and by the disruption of focal adhesion plaque
integrity upon overexpression of either full-length supervillin
or the supervillin amino terminus. Also, supervillin is extracted
from neutrophil plasma membranes as a detergent- and salt-
resistant 26S complex that contains non-erythroid spectrin, as
well as a number of other polypeptides (Pestonjamasp et al.,
1997).

All chimeric proteins containing amino acids 831 through
1009 were highly concentrated in the nucleus, where they often
formed higher-order structures. In the case of EGFP-SV1-
1009, these structures were large bundles of lamin-containing
actin filaments, whereas amorphous aggregates were observed
with chimeras that lacked the amino-terminal actin-bundling
sequences. These results suggest that the fourth nuclear
localization sequence at residues 931-935 (RPKRR), a
canonical SV40-like nuclear localization signal (Chelsky et al.,
1989), is the dominant signal for targeting supervillin to the
nucleus. Our previous immunolocalization of supervillin to
nuclei of subconfluent MDBK cells, and the exclusion of
supervillin from nuclei in confluent cultures, suggest that
nuclear targeting of supervillin is normally regulated by
adhesion- or cell cycle-dependent processes (Pestonjamasp et
al., 1997). Our results also suggest that amino acids 831
through 1009 include a site that promotes aggregation of
supervillin. Interestingly, this sequence contains two regions,
amino acids 844-864 and 947-976, that are predicted by the
COILS 2 program to be capable of forming short coiled-coils
(Lupas, 1996). 

Given the high conservation of the carboxy-terminal
villin/gelsolin homology domain across species (Pope et al.,
1998), it is likely that this region of supervillin is functionally
important. However, only limited information about the
intracellular functionality of this region resulted from our
experiments. In agreement with the conclusion that segment 1
in both villin and gelsolin is required for actin filament severing
activity (reviewed by Burtnick et al., 1997; Sun et al., 1994;
Weeds and Maciver, 1993), we obtained no evidence for
filament severing in cells that overexpress supervillin, which
lacks significant similarity to segment 1 (Pestonjamasp et al.,
1997). The limited co-localization of Alexa™ 594-phalloidin
and aggregates of EGFP-SV831-1792 or EGFP-SV831-1281
(Fig. 6) may be caused by low affinity binding of F-actin to the
first predicted actin-binding site in supervillin (Fig. 9)
(Pestonjamasp et al., 1997), a sequence that is ≥62% identical
to actin-binding sequences in segments 2 of villin and gelsolin
(de Arruda et al., 1992). Indirect evidence for functionality of
the supervillin carboxy terminus may be gleaned from the
observation that chimeric proteins lacking amino acids 1010 to
1792 formed nuclear F-actin bundles that were much larger and
thicker than cytoplasmic F-actin bundles generated by full-
length supervillin. Thus, the supervillin carboxy terminus may
control the lengths of actin filaments or filament bundles and/or
contribute to the localization of the protein to the plasma
membrane or cytoplasmic compartments. The former
possibility is consistent with the report that Dictyostelium
protovillin, a protein that is more similar to bovine supervillin
than either sequence is to mammalian villins (Pestonjamasp et
al., 1997), is an actin filament capping protein that lacks
filament severing and bundling activities (Hofmann et al.,
1992, 1993). Because protovillin contains no significant

similarities to the amino-terminal actin-bundling sequences in
supervillin, it is possible that the conserved carboxy-terminal
sequences are involved in F-actin capping. 

The absence of bundling activity associated with the
supervillin carboxy terminus also is consistent with a previous
mutational analysis of the chicken villin headpiece (Doering
and Matsudaira, 1996). In this study, cysteine replacement
mutagenesis of lysine-38 in bacterially-expressed headpiece
reduced the binding of F-actin to ~30% of that observed for
the wild-type polypeptide. Because the corresponding residue
in both the bovine and human supervillin headpiece is a leucine
(amino acids 1754 and 1750, respectively), the prediction is
that the supervillin headpiece should bind F-actin with a Kd of
only ~21 µM (Pope et al., 1994). On the other hand, the
dematin headpiece also contains a leucine at this position
(Rana et al., 1993), but nevertheless binds to F-actin in vitro
(Azim et al., 1995). Although it is possible that the supervillin
carboxy terminus exhibits villin-like properties in some
circumstances, e.g. after appropriate post-translational
modification or by binding to an unknown allosteric regulator,
it is clear that this region of supervillin does not, by itself,
generate microspikes and elongated microvilli similar to those
observed after overexpression or microinjection of villin
(Franck et al., 1990; Friederich et al., 1989). Thus, the
supervillin-specific sequences interspersed between the
villin/gelsolin homology segments in the supervillin carboxy
terminus (Pestonjamasp et al., 1997) apparently confer on
supervillin functionality and/or regulation distinct from that of
villin. Based on the intriguing localizations reported here, we
suggest that these functions may include recruitment of actin
and other cytoskeletal proteins into specialized structures at the
plasma membrane and/or in the nuclei of growing cells.
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