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ABSTRACT Vaccinia uses actin-based motility for virion
movement in host cells, but the specific protein components
have yet to be defined. A cardinal feature of Listeria and
Shigella actin-based motility is the involvement of vasodilator-
stimulated phosphoprotein (VASP). This essential adapter
recognizes and binds to actin-based motility 1 (ABM-1)
consensus sequences [(D/E)FPPPPX(D/E), X = P or T]
contained in Listeria ActA and in the p90 host-cell vinculin
fragment generated by Shigella infection. VASP, in turn,
provides the ABM-2 sequences [XPPPPP, X = G, P, L, S, A]
for binding profilin, an actin-regulatory protein that stimu-
lates actin filament assembly. Immunolocalization using rab-
bit anti-VASP antibody revealed that VASP concentrates
behind motile virions in HeLa cells. Profilin was also present
in these actin-rich rocket tails, and microinjection of 10 uM
(intracellular) ABM-2 peptide (GPPPPP); blocked vaccinia
actin-based motility. Vinculin did not colocalize with VASP on
motile virions and remained in focal adhesion contacts;
however, another ABM-1-containing host protein, zyxin, was
concentrated at the rear of motile virions. We also examined
time-dependent changes in the location of these cytoskeletal
proteins during vaccinia infection. VASP and zyxin were
redistributed dramatically several hours before the formation
of actin rocket tails, concentrating in the viral factories of the
perinuclear cytoplasm. Our findings underscore the universal
involvement of ABM-1 and ABM-2 docking sites in actin-
based motility of Listeria, Shigella, and now vaccinia.

The association of actin filaments with intracellular vaccinia was
first discovered over two decades ago (1). However, character-
ization of the mechanisms responsible for virion-induced host-cell
actin filament assembly has proved to be a daunting task. One
strategy for exploring how vaccinia induces actin assembly is to
identify and assess the contribution of viral protein analogues of
cytoskeleton components known to be involved in actin-based
motility. For example, genetic deletion of vaccinia’s A42R open-
reading frame for a profilin-like protein failed to impair actin
assembly (2), and there was no effect on deletion of the F8L viral
protein containing a 42 residue region with homology to the
Listeria ivanovi surface protein iActA (3). On the other hand, two
viral membrane proteins, BSR and A34R, do affect actin rocket
tail formation (4-7). Viral maturation and subsequent locomo-
tory competence require that the intracellular mature virion be
wrapped by membranes derived from the trans-Golgi network or
by early endosomes to form the intracellular enveloped virion (6).
Subsequently, the outer membrane of the intracellular enveloped
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virion fuses with the plasma membrane, releasing an extracellular
enveloped virion. BSR and A34R affect intracellular enveloped
virion and extracellular enveloped virion formation, respectively
(5, 7). The observation that mutants defective in intracellular
enveloped virion and extracellular enveloped virion formation
are defective in rocketing implies that induction of actin tail
formation requires components of the outer Golgi-derived en-
velope.

The bacterial pathogens Listeria and Shigella stimulate
explosive assembly of new actin filaments near their surface,
thereby providing the force for their intracellular movement
and filopod formation required for cell-to-cell spread (8, 9, 10).
Cudmore et al. (11) have demonstrated that vaccinia also uses
a host-cell, actin-based mechanism to move at speeds compa-
rable to those observed with Listeria and Shigella. Recent
success in defining the actin-based motors of Listeria (12, 13)
and Shigella (14) provide important clues about vaccinia
motility. Listeria ActA, a surface protein required for actin-
based motility, contains four oligoproline sequences of the
type FEFPPPPTDE. This sequence represents an actin-based
motility 1 (ABM-1) binding motif important for attracting the
actin regulatory protein vasodilator-stimulated phosphopro-
tein (VASP) (15, 16, 17). VASP, in turn, contains a tandem
series of oligoproline repeats of the type GPPPPP, represent-
ing typical ABM-2 binding sequences that attract the actin-
monomer binding protein profilin (13, 15, 18). Profilin stim-
ulates actin filament growth by enhancing addition of actin
monomers to barbed or fast growing ends of actin filaments
(19). Shigella generates a similar actin-based motor by using its
IcsA surface protein, which binds to a proteolytic fragment of
vinculin containing an ABM-1 sequence that links VASP to
the surface of motile Shigella (14). Another actin-based motile
process is endosomal rocketing, which is generated by treating
bone marrow macrophages with lanthanum/zinc. After lan-
thanum treatment, endosomes generate actin filament rocket
tails and move through the cytoplasm at velocities similar to
those observed with Listeria and Shigella. Endosomes require
a different adapter protein, namely zyxin, a host-cell actin-
regulatory protein containing two ABM-1 sequences (20). We
now demonstrate (i) that vaccinia also assembles an ABM
complex (consisting of zyxin, VASP, and profilin) and (i7) that
during viral infection, VASP and zyxin are recruited from focal
adhesion contacts to viral assembly factories. These observa-
tions underscore the universal use of ABM-1 and ABM-2
docking sites in actin-based motility.

MATERIALS AND METHODS

Cells and Viruses. HeLa cells S3 (ATCC CCL 2.2) were
grown in MEM (GIBCO/BRL) supplemented with 10% fetal

Abbreviation: VASP, vasodilator-stimulated phosphoprotein.
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bovine serum. Infected or mock-infected HeLa cells were
grown on 35-mm tissue culture dishes to 80% confluency.
Vaccinia virus strain WR was obtained from the American
Type Culture Collection (ATCC VR-1354), and infectivity was
determined by plaque assay. Vaccinia virus infections of cells
were carried out in media containing 10% fetal bovine serum
and were incubated at 37°C in a 5% CO, atmosphere as
described (21, 22). Cells were infected with vaccinia virus at a
multiplicity of infection of 10. Shigella infection of HeLa cells
has been described by Zeile et al. (10).

Antibodies. Anti-vinculin 11-5 mouse mAb (Vin 11-5),
anti-a-tubulin mouse mAb, and anti-a-actinin mouse mAb
were obtained from Sigma. The rabbit anti-VASP and anti-
profilin polyclonal antibodies were generated by immunizing
with recombinant human VASP and recombinant human
profilin coupled to keyhole limpet hemocyanin (Cocalico
Biologicals, Reamstown, PA). Antiprofilin monospecific IgG
was isolated by immunoaffinity chromatography on recombi-
nant profilin coupled to cyanogen bromide-activated Sepha-
rose 4B. Antizyxin B38 antibody was a kind gift from M. C.
Beckerle (University of Utah, Salt Lake City).

Indirect Immunofluorescence. At specified times, the cells
were fixed in 3.7% formalin in PBS for 20 min at room temper-
ature. The cells were permeabilized for 5 min with 0.2% Triton
X-100 at room temperature. Antibody staining was performed as
described (23). Secondary antibodies were prepared in blocking
buffer at a dilution of 1:500. Secondary antibodies used were
anti-mouse or anti-rabbit IgG-conjugated to fluorescein isothio-
cyanate (Sigma). F-actin was stained with rhodamine-conjugated
phalloidin (Molecular Probes). In all experiments, F-actin stain-
ing was performed simultaneously with antibody staining and
demonstrated colocalization of F-actin with profilin, VASP, and
zyxin in vaccinia-infected HeLa cells (data not shown). For
Hoechst staining of nucleic acids, a stock solution of Hoechst
stain (Pierce) of 1 mg/ml in dimethyl sulfoxide was diluted to
1:500 in PBS.

Microscopy. A Nikon Diaphot inverted microscope
equipped with a cooled charge-coupled device camera
(Hamamatsu Photonics, Hamamatsu City, Japan) was used to
obtain digital images that were processed by using an Image-1
computer image analyzer (Universal Imaging, Media, PA).

Western Blot Analysis. HeLa cells were grown on 60-mm
tissue culture dishes to 100% confluency, were washed three
times in PBS, and were harvested by scraping into 200 ul of
lysis buffer (0.5 M Tris*HCI, pH 7.5/0.15 M NaCl/1% Triton
X-100/0.1% SDS/2 ug/ml aprotinin/1 pg/ml leupeptin/
1 pg/ml pepstatin/0.1 mM phenylmethylsulfonyl fluoride).
Cells were disrupted by sonication with a microtip sonicator
for ~1 min on ice. Sucrose gradient purified vaccinia virus,
according to Joklik (22), was solubilized in lysis buffer and was
sonicated as above. The resulting viral preparations have been
shown to consist primarily of intracellular mature virion (22).
Protein concentration of cell lysates and vaccinia lysates was
determined by the bicinchoninic acid assay (Pierce). HeLa cell
total protein (20 ug) and vaccinia virus total protein (10 ug)
were separated by SDS/PAGE, were transferred to PVDF
membrane, and were treated as described (14). Primary anti-
bodies antivinculin clone 11-5, antiprofilin, and anti-VASP
were used at a dilution of 1:200. Secondary antibodies, includ-
ing goat anti-rabbit IgG and rabbit anti-mouse IgG conjugated
to horseradish peroxidase, were used at a dilution of 1:20,000.

RESULTS

Antibodies directed against known actin regulatory proteins were
used to identify potential components of the ABM complex of
vaccinia. This strategy requires that antibodies be specific and not
cross-react with vaccinia proteins. Western blots of HeLa lysates
and purified vaccinia lysate were probed with antibodies against
human VASP, human profilin, and human vinculin. Each anti-
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body specifically recognized a single polypeptide in HeLa lysate
and did not recognize epitopes in the vaccinia lysate. Preimmune
sera of anti-VASP and antiprofilin had no reactivity toward HeLa
cell or vaccinia lysates (data not shown).

VASP Is Localized to the Actin Tail Interface of Vaccinia
Virus. As noted earlier, VASP is an essential adapter protein
used in Shigella, Listeria, and endosomal rocketing. We now
demonstrate that VASP is localized at the junction of the actin
rocket tail and the intracellular virion (Fig. 1). Fig. 1 a and b
are the respective phase-contrast and fluorescent images of
vaccinia-infected HeLa cells 7 hours after initiating the infec-
tion. Fig. la shows the phase-dense rocket tails behind the
intracellular virions. As previously observed (24), simulta-
neous staining with rhodamine phalloidin confirmed that these
rocket tails were rich in actin filaments (data not shown). In
Fig. 1b, the anti-VASP antibody reacted intensely at the
virion-rocket tail interface. Less intense staining was observed
throughout the rocket tails. Hoechst staining proved that each
rocket tail was preceded by a DNA containing virion (Fig. 1c,
phase-contrast image; Fig. 1d, fluorescent image). Simulta-
neous staining with the Hoechst dye and anti-VASP antibody
revealed that VASP was localized directly behind each viral
particle (data not shown). As a control, we used Shigella-
infected cells to demonstrate that the anti-VASP antibody was
also highly concentrated behind each motile bacterium (data
not shown). To assess the functional importance of VASP for
viral actin-based locomotion, the ABM-2 oligoproline peptide
GPPPPPGPPPPPGPPPPP (estimated intracellular concentra-
tion, 10 uM; needle concentration, 100 uM) was microinjected
into vaccinia-infected HeLa cells at 7 h. This peptide can
competitively inhibit profilin binding to VASP (13) and, when

FiG. 1. VASP localization in vaccinia-infected cells. (a and ¢) Phase-
contrast micrographs of HeLa cells infected with vaccinia for 7 h. (b)
Immunofluorescent micrograph using anti-VASP antibody. Arrows point
to the virus-actin tail interface. Viral factories also are intensely stained.
(d) Hoechst dye staining for double-stranded DNA locates motile viral
particles (arrows) and viral factories in the cytoplasm.
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introduced into cells, caused the abrupt inhibition of virion
movement (mean preinjection velocity, 0.06 = 0.02 um/sec,
n = 24 vs. postinjection velocity of 0.01 = 0.01 um/sec, n =
24, P < 0.0001). Microinjection of an equivalent volume of PBS
had no significant effect on the velocity of virion movement
(mean preinjection velocity 0.03 = .01 um/sec, n = 18 vs.
post-injection velocity of 0.04 = 0.01 n = 18, P = 0.21).
Identical concentrations of the (GPPPPP); peptide were
shown to inhibit Listeria and Shigella intracellular movement
(10, 18).

VASP would be expected to concentrate profilin in the same
regions of the vaccinia rocket tail. As shown in Fig. 2 a and b,
profilin was routinely detected in the vaccinia rocket tails. On
occasion, profilin appeared to be more concentrated at the
viral-actin tail interface (lower right-hand arrow in Fig. 2b) but
more often was dispersed throughout the actin tail. Profilin
also was seen throughout the peripheral cytoplasm.

The actin filaments of stress fibers and the actin filaments of
bacterial actin rocket tails are stabilized by the actin bundling
protein a-actinin. Hiller et al. (25) demonstrated that a-actinin
was present in the actin tail of vaccinia virus. We also found
that this important component was colocalized with the vac-
cinia-induced actin rocket tails (Fig. 2 ¢ and d).

Identification of Zyxin as the ABM-1 Adapter in the Vaccinia
Actin Motor. Taken together with earlier evidence for VASP
involvement in Listeria motility (17) and endosomal rocketing
(20), the above experiments indicate that VASP is a universal
component in actin-based motility. In order for VASP to be
concentrated at the back of virions, a protein containing ABM-1
modules must be present. Searches of eukaryotic protein data-
bases indicate that vinculin and zyxin are the only two host cell
proteins that contain ABM-1 sequences (15). To identify the
ABM-1 donor for vaccinia, we considered two possibilities: that
vaccinia provides its own ABM-1 module for binding VASP or
that the virion attracts vinculin or zyxin. We can exclude the first
possibility because our database search of the vaccinia genome
failed to identify any protein containing FPPPP ABM-1 se-
quences. Immunofluorescence staining with antivinculin anti-
body detected this protein in the focal contacts but not near the
virions or in the virus-induced rocket tails (see Fig. 5a). The other
candidate VASP docking protein, zyxin, contains two ABM-1
sequences and binds VASP in vitro (32) and in vivo (20). Zyxin
could be detected readily at the vaccinia-actin tail interface as
well as along the length of the rocket tail (Fig. 3). The intensity
of VASP staining at the vaccinia-actin tail junction was somewhat

F1G. 2. Immunolocalization of profilin and a-actinin in vaccinia-
infected cells. (¢ and c¢) Phase-contrast micrographs of HeLa cells
infected for 7 h with vaccinia. (b) Immunolocalization with antiprofilin
antibody. (d) Anti-a-actinin antibody staining.
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Fi1G. 3. Immunolocalization of zyxin in vaccinia-infected HeLa
cells. (@) Phase-contrast image 7 h after initiation of vaccinia infection.
(b) Immunofluorescence micrograph of same cell with anti-zyxin
antibody. The interfaces between the viral particles and actin-rocket
tails are indicated with arrows. The structures not marked by arrows
at the upper right are viral-induced filopodia, resembling those
observed in Listeria- and Shigella-infected cells. Note the nucleolar
staining as well as the fainter perinuclear staining at the lower left.

greater than seen for zyxin; however, scans of the relative
fluorescence intensity along the tails did demonstrate that zyxin,
like VASP and filamentous actin, was concentrated more highly
near the viral particle (data not shown). Finally, the upper right
quadrant of the cell shown in Fig. 3 also contains several virally
induced filopods. Such structures also are observed in Listeria and
Shigella infection, and these pathogen-containing membrane
projections are thought to play an important role in cell-to-cell
spread.

Redistribution of VASP and Zyxin in the Cytoplasm of
Vaccinia-Infected Cells. We observed a dramatic redistribu-
tion of VASP (Fig. 4a) and zyxin (Fig. 4b) in the cytoplasm of
vaccinia-infected cells. Before infection (Fig. 4 a and b, top),
VASP and zyxin were concentrated at focal adhesion contacts
in essentially the same pattern as vinculin (Fig. 5a, upper). One
hour after infection, the cells began to round up and were less
adherent; however, VASP and zyxin remained localized at sites
of focal adhesion (Fig. 4, 1 h). Within 3-5 h after infection,
VASP and zyxin were depleted from the focal contacts while
vinculin remained (Fig. 4, 3- to 7-h time points vs. Fig. 5a,
lower). The loss of zyxin and VASP from focal contacts was
associated with flattening and spreading of the cells. In
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b Uninfected

FiG. 4. Time-course of VASP and zyxin redistribution in vaccinia-infected cells. (¢) Immunofluorescence images using anti-VASP antibody
(right-hand panels) and corresponding phase-contrast images (left-hand panels). The time after initiating infection is shown for each pair of
micrographs. (b) Immunofluorescence images using antizyxin antibody (right-hand panels). Note the intense nuclear staining at the later time points
in addition to faint perinuclear staining. Phase-contrast images are in left-hand panels.

addition to being localized to the moving virions, VASP and
zyxin were seen in the region adjacent to the nucleus known
to contain viral factories, as determined by Hoechst staining
for nucleic acids (data not shown). In order for vaccinia to
move from the perinuclear region toward the peripheral

membrane, actin-based motility must begin near the viral
factories; therefore, we would expect VASP to be present in
this region. Zyxin also became concentrated in the nucleus,
particularly nucleoli. At 7 h, the number of rocketing virions
reached its maximum, and VASP and zyxin were found at each
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F1G.5. Comparisons of HeLa cells before and after a 7-h infection
with vaccinia. () Antivinculin immunofluorescence staining of unin-
fected (upper right panel) and infected (lower right panel) cells. (b)
Antitubulin immunofluorescence staining of uninfected (upper right
panel) and infected (lower right panel) cells. Corresponding phase-
contrast images are shown in the left-hand panels.

actin tail-virus junction as well as being concentrated in the
perinuclear and, in the case of zyxin, nuclear region. Over the
next 3 h of infection, VASP and zyxin localization to the rocket
tails and the perinuclear region remained unchanged (Fig. 4,
10h). Throughout the entire time course of infection, host cell
vinculin remained localized to the focal adhesion contacts (Fig.
5a, lower). Moreover, vinculin never was found at the virus—
actin tail interface, indicating that vinculin does not serve as an
ABM-1 adapter for vaccinia motility. We also examined the
microtubule cytoskeleton in infected and uninfected cells. It
was evident that the microtubule structure was not affected to
any major degree during infection by the vaccinia virus (Fig. 5b).

DISCUSSION

Over 20 years have elapsed since the discovery that polar actin
filament structures assemble at one end of the intracellular
vaccinia virions (1, 25). The complex life-cycle of this pathogen
(2, 7, 26, 27) hampered identification of those viral and host
proteins needed for actin-based motility and cell-to-cell
spread. Rather than approaching this problem from the per-
spective of viral proteins, we sought to identify the host cell
protein components of the ABM complex of vaccinia. Vac-
cinia, Listeria, and Shigella all achieve similar rates of intra-
cellular locomotion and form actin filament rocket tails. These
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similarities raised the possibility that this virus might use the
same host cell components as the bacteria. A cardinal feature
of Listeria and Shigella motility is the polarized accumulation
of VASP at the site of new actin filament assembly. The
immunofluorescence experiments presented here now clearly
demonstrate that VASP concentrates in an identical fashion
behind motile virions. We also have found that VASP is
released from the focal contacts of the host cell, becoming
highly concentrated in the same perinuclear region in which
viral factories are located. VASP relocation precedes actin
rocket tail formation by several hours. This reorganization is
specific for VASP, not being observed with tubulin or vinculin.
These findings, combined with the inhibition of virion move-
ment by microinjection of the ABM-2 peptide (GPPPPP);,
indicate that VASP plays a critical functional role in the
assembly of the viral ABM complex. However, we cannot
exclude the possibility that VASP also may be involved inti-
mately in viral maturation.

How is VASP attracted to the virions? As noted in the
introduction, Listeria uses its surface protein ActA, which
contains a series of ABM-1 oligoproline repeats that bind
VASP with high affinity, and Shigella uses its surface protein
IcsA to recruit a 90-kDa proteolytic fragment of host cell
vinculin containing an unmasked ABM-1 sequence (15). In the
case of vaccinia, deletion of the viral genes with sequences
homologous to profilin or iActA fails to impair vaccinia
actin-based motility. Therefore, it is unlikely that a viral
protein is involved directly in attracting VASP to the virion
surface. Earlier studies demonstrated that the virus particles
pass through the Golgi apparatus and become enveloped by
host cell membranes during their maturation (7, 28). In light
of our discovery that VASP becomes highly concentrated in
this same perinuclear region, we suspect that the virions may
form structures analogous to the rocketing endosomes in
lanthanum-treated bone marrow macrophages. Within 30 to 60
minutes after exposure to lanthanum, these macrophages
develop large endosomes with zyxin on their surfaces to recruit
VASP to generate an ABM complex (20). Zyxin is an 88-kDa
host cell protein normally concentrated in focal contacts, and
this protein contains two ABM-1 sequences that interact with
VASP (14). Our immunofluorescence studies with antizyxin
support a similar role for zyxin as an adapter protein for the
assembly by vaccinia of an ABM-complex. Like VASP, zyxin
is concentrated in the actin rocket tails of moving virions.
Zyxin does not appear to be concentrated as highly as VASP
at the viral-actin rocket tail junction. This difference may
reflect the lower affinity of the antizyxin antibody as compared
with our anti-VASP antibody. Secondly, because VASP binds
with high affinity to zyxin, VASP binding may mask zyxin
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epitopes and thereby reduce antizyxin antibody binding. The
fainter staining of zyxin along the rocket tails may result from
the well established binding of zyxin to a-actinin (29); this
would explain why VASP is likewise found at a lower intensity
along the rocket tail. A similar pattern of staining was seen
with Shigella (14) and, in that case, vinculin also is known to
possess a weak binding site for a-actinin (30). Finally, zyxin
displays high-affinity binding to vaccinia, providing further
evidence that zyxin is an integral component of the ABM-
complex (W.L.Z., R.C.C., D.L.P. and F.S.S., unpublished
work).

Beyond its role in focal adhesion contacts, zyxin contains
zinc-finger motifs for DNA binding as well as a nuclear export
sequence (31). During the course of viral infection, we dis-
covered that zyxin became highly concentrated in the nucleus,
suggesting that the nuclear export sequence in zyxin may be
masked or deleted during viral infection. It is also possible that
the virus disrupts nuclear-cytoplasmic transport.

In conclusion, the present investigation points to the uni-
versal involvement of ABM-1 and ABM-2 sequences in actin-
based motility. Listeria, Shigella, endosomes, and now vaccinia
all use ABM-1 sequences to link VASP to their surfaces. Each
VASP molecule contains 20-24 ABM-2 sequences, and each
binds a profilin molecule (see Fig. 6). The high concentrations
of profilin generated by these binding interactions create a
polymerization zone for explosive assembly of actin filaments.
This same mechanism is likely to apply to other actin-based
motile processes, such as axonal growth cone movement,
platelet shape changes, and amoeboid motion.
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