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The mechanisms allowing vaccinia virus to spread from cell to cell are incompletely understood. The A34R
gene of vaccinia virus encodes a glycoprotein that is localized in the outer membranes of extracellular virions.
The small-plaque phenotype of an A34R deletion mutant was similar to that of mutants with deletions in other
envelope genes that fail to produce extracellular vaccinia virions. Transmission electron microscopy, however,
revealed that the A34R mutant produced numerous extracellular particles that were labeled with antibodies to
other outer-envelope proteins and with protein A-colloidal gold. Fluorescence and scanning electron micros-
copy indicated that expression of the A34R protein was necessary for detection of vaccinia virus-induced actin
tails, which provide motility to the intracellular enveloped form of vaccinia virus, and of virus-tipped special-
ized microvilli that project from the cell. The ability of vaccinia virus-infected cells to form syncytia after a brief
exposure to a pH below 6, known as fusion from within, failed to occur in the absence of expression of the A34R
protein; nevertheless, purified A34R2 virions were capable of mediating low-pH-induced fusion from without.
The present study provides genetic and microscopic evidence for the involvement of a specific viral protein in
the formation or stability of actin-containing microvilli and for a role of these structures in cell-to-cell spread
rather than in formation of extracellular virions.

The mechanisms allowing vaccinia virus to spread from cell
to cell are incompletely understood. Vaccinia virus assembly
occurs in the cytoplasm, resulting in the formation of several
related intra- and extracellular particles (8, 27). Two forms of
potentially infectious intracellular particles have been de-
scribed: intracellular mature virions (IMV) with two mem-
branes, acquired from the intermediate compartment between
the endoplasmic reticulum and the Golgi network (37), and
intracellular enveloped virions (IEV) with four membranes,
derived from IMV that have been wrapped with trans-Golgi
cisternae (19, 37). Extracellular infectious particles arise by
fusion of the outer IEV membrane with the plasma membrane,
resulting in particles with the double IMV membrane plus one
remaining Golgi network-derived membrane. Extracellular
particles adhering to the cell membrane are called cell-associ-
ated enveloped virions (CEV) and probably mediate direct
cell-to-cell spread (3); those released are called extracellular
enveloped virions (EEV) and allow long-range spread (29).
With some virus strains and cell types, EEV may also arise by
budding of IMV through the plasma membrane (40, 41).

Recent studies suggest that the spread of vaccinia virus is not
a passive process but is driven by the projection of virus-tipped
actin-containing microvilli to neighboring uninfected cells (6).
Numerous thickened microvilli, many tipped by a wrapped
vaccinia virus particle attached to an actin tail, are on the
surfaces of infected cells (6, 17, 20, 25, 38). Virus particles that
appear to be exiting through these microvilli were seen in
high-voltage electron microscopic images (38). Inhibitor stud-

ies suggested that virus particle assembly is required for the
induction of these actin-containing microvilli (16, 25), and ge-
netic studies indicated that IEV are needed (2). Cudmore et al.
(6, 7) recently demonstrated that the actin tails propel the IEV
within the cytoplasm at a speed of nearly 3 mm/min and that
microvilli form when the particles reach the periphery of the
cell. A vaccinia virus-tipped actin projection was shown to
extend from an infected cell to an uninfected one, consistent
with a role for actin in virus spread (6). Evidence that these
protrusions play a significant role in transmission, however, has
not yet been obtained.

The viral proteins involved in actin tail formation have not
been identified. The homology of the A42R protein to profilin
suggested such a role; however, deletion of the gene had no
effect on formation of actin tails or thick microvilli (1). An
11-kDa phosphorylated protein is exposed on the surface of
IMV particles and interacts with actin-containing cytoskeletal
elements (18). A phosphorylated protein of this size is encoded
by the F17R gene (45). However, recent data do not support a
role for the F17R protein in actin tail formation (32). Since the
actin tails propel IEV but not IMV, it would seem likely that an
actin attachment protein is on the cytoplasmic surface of IEV.

Comparisons of IMV and EEV revealed that there are sev-
eral membrane proteins specific for the latter (29, 30) (and
presumably also for IEV and CEV since they also have the
extra wrapping membrane). A major nonglycosylated EEV
protein is encoded by the F13L gene (21, 34), and five glyco-
sylated EEV proteins are encoded by the A33R (33), A34R
(10), A36R (28), A56R (5, 36), and B5R (13, 22) genes. The
latter contains Golgi membrane and EEV targeting signals
(23). The consequences of deleting or repressing expression of
each of these genes, with the exception of A33R, have been
reported. None of the EEV proteins are required for forma-
tion of infectious IMV. Nevertheless, a small-plaque pheno-
type was observed when expression of the F13L (2), A34R
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(10), A36R (28), or B5R (14, 42) gene was prevented, indicat-
ing that IMV are insufficient to mediate efficient cell-to-cell
spread. A neutral-pH syncytial phenotype occurred when
A56R was mutated (35), and a point mutation within the lectin
homology domain of the A34R gene affected the release of
CEV and determined whether plaques formed in liquid me-
dium were round or had an extended comet shape indicative of
long-range virus spread (4).

In principle, a small-plaque phenotype could arise from a
variety of defects in virus assembly or spread. Thus, F13L (2),
B5R (14, 42) and A36R (28) mutants produce reduced
amounts of extracellular virus. Electron microscopic examina-
tion of cells infected with F13L (2) or B5R (14, 42) mutants
indicated that wrapping of IMV to form IEV was blocked.
Electron microscopic studies of a small-plaque-forming A34R
mutant indicated a similar defect in EEV formation (10), but
a follow-up biochemical analysis suggested that EEV of low
infectivity were formed (26). These findings suggested a novel
phenotype for the A34R mutant, making further investigation
of the role of this viral gene in morphogenesis and virus spread
important.

In the present study, the small-plaque phenotype of an
A34R deletion mutant was confirmed; nevertheless, both IEV
and EEV were visualized by electron microscopy of infected
cells. Novel findings of impaired formation of actin tails, thick-
ened microvilli, and low-pH-induced syncytia support a role
for actin-containing microvilli in virus spread rather than EEV
formation.

MATERIALS AND METHODS

Viruses and cells. HeLa S3 (ATCC CCL 2.2), BS-C-1 (ATCC CCL 26), CV-1
(ATCC CCL 70), and RK13 (ATCC CCL 37) cells were grown in E-MEM
(Quality Biologicals, Gaithersburg, Md.) supplemented with 10% fetal calf se-
rum. Vaccinia virus strains WR (ATCC VR-1354) and IHD-J (derived from
ATCC VR-156) and recombinant viruses prepared from them were propagated
as described previously (11).

An A34R2 recombinant vaccinia virus (vA34R2 [code name, v41]) was de-
rived as follows. CV-1 cells were infected with vSAD9 (10) and transfected with
a plasmid containing the HindIII J fragment of vaccinia virus strain WR, and

thymidine kinase (TK)-positive virions were plaque purified as described previ-
ously (12).

Plaque formation. BS-C-1 monolayers in six-well dishes (Costar Corp., Cam-
bridge, Mass.) were inoculated with 0.2 ml of a diluted virus stock. After 1 h at
378C, an overlay medium with 0.7% low-melting-point agarose (Life Technolo-
gies Inc., Grand Island, N.Y.) with or without 50 mM isopropyl-b-D-thiogalac-
topyranoside (IPTG; Gold Biotechnology Inc., St. Louis, Mo.) was added. After
3 days, the cells were fixed with 20% formaldehyde in phosphate-buffered saline
(PBS) and stained with crystal violet (0.1% in 0.1 M citric acid).

PCR. Infected-cell lysates were clarified by centrifugation and incubated with
an equal volume of Nonidet P-40 (0.9%)–Tween 20 (0.9%) at room temperature
for 5 min. Proteinase K (250 mg/ml) was then added, and the incubation was
continued for 1 h at 378C. The mixture was then heated at 948C for 14 min, and
the PCR was initiated by addition of 30 pmol of each oligonucleotide primer.
The DNA products formed after 35 cycles of 1 min at 948C, 1 min at 558C, and
2 min at 728C were analyzed by electrophoresis in a 1.4% agarose gel with a
HindIII digest of lambda DNA as the standard.

Fluorescence microscopy. Fluorescence microscopy was performed as previ-
ously described (44). Briefly, infected HeLa cell monolayers on coverslips were
washed with PBS, fixed in 3% paraformaldehyde, and permeabilized with 0.05%
saponin (Calbiochem, San Diego, Calif.). Actin filaments were visualized with
fluorescein isothiocyanate (FITC)-conjugated phalloidin (Molecular Probes, Eu-
gene, Oreg.). The infection status of the cells was checked by incubating them
first with a rabbit polyclonal antiserum that recognizes the B5R and F13L
proteins (16) and then with rhodamine-conjugated swine anti-rabbit antiserum
(Dako Corporation, Carpinteria, Calif.).

Electron microscopy. For transmission electron microscopy, infected RK13
cells were fixed and prepared for embedding in EMbed-812 (Electron Micros-
copy Sciences, Fort Washington, Pa.) or prepared for cryoimmunoelectron mi-
croscopy as previously described (43). Epon-embedded samples were sectioned
and viewed directly. Thawed cryosections were incubated first with a rabbit
polyclonal antiserum against the B5R and F13L proteins (16) and then with
10-nm-diameter gold particles conjugated to protein A (Department of Cell
Biology, Utrecht University School of Medicine, Utrecht, The Netherlands) as
described previously (43). Samples were viewed with a Philips CM 100 electron
microscope.

For scanning electron microscopy, HeLa cells grown on coverslips and infected
(or not) were immersed in a graded series of fixatives up to a final concentration
of 2% glutaraldehyde in 0.1 M sodium cacodylate (pH 7.4). Coverslips were
washed in cacodylate buffer, and the cells were postfixed with 2% osmium
tetroxide on ice. After fixation, the samples were dehydrated in a graded series
of acetone and finally treated with hexamethyldisilizane (Electron Microscopy

FIG. 1. Genotypic characterization of the A34R2 mutant. The DNA present
in lysates of cells infected with wild-type vaccinia virus (lanes 1 to 3), vSAD9
(lanes 4 to 6), and vA34R2 (v41) (lanes 7 to 9) were analyzed by PCR with
primers for the A34R (lanes 1, 4, and 7), TK (lanes 2, 5, and 8), and A43R (lanes
3, 6, and 9) genes. The latter provided a positive control for a nonmutated viral
DNA region whose size was similar to that of the A34R PCR product. The PCR
products were analyzed by agarose gel electrophoresis with lambda DNA
HindIII digests at the extreme left and right lanes.

FIG. 2. Plaque phenotypes of A34R mutant vaccinia viruses. Plaques that
formed after 3 days with an agar overlay in the absence (2) or presence (1) of
IPTG were stained with crystal violet and photographed.
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FIG. 3. Transmission electron microscopy of cells infected with vA34R2. (A) Section through an entire cell, with examples of immature virus (i), IMV (m), and
EEV (e). Bar, 1.0 mm. (B) View of an IEV and an EEV with double and single Golgi-derived membranes, respectively, indicated by arrowheads. Bar, 0.1 mm.
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Sciences). The coverslips were air dried, mounted on stubs, and coated with
silver. Samples were examined with a Jeol JSM 35 CF microscope at an accel-
erating voltage of 15 kV.

Low-pH-induced syncytium formation. Fusion from within was carried out
essentially as described previously (2, 9). Briefly, BS-C-1 cells were infected with
10 PFU of wild-type or recombinant virus per cell. At 20 h after infection, the
cells were washed with PBS and treated for 2 min at 378C with low-pH fusion
buffer [PBS with 10 mM 2-(N-morpholino)ethanesulfonic acid (MES) and 10
mM HEPES at pH 5.5] or with a neutral-pH nonfusion buffer containing the
same components at pH 7.4. The low-pH or neutral buffer was replaced with
E-MEM supplemented with 3% fetal calf serum, and the cells were incubated at
378C for 2.5 h. The cells were fixed with 1% glutaraldehyde in PBS and stained
with crystal violet (0.1% in 0.1 M citric acid).

Fusion from without was done essentially as described previously (15). Mono-
layers of BS-C-1 cells were kept on ice for 15 min and then infected with purified
virus (2,000 virions per cell) in the presence of cycloheximide (300 mg/ml) for 1 h.
Unbound virus was removed with the medium, and E-MEM supplemented with
2% fetal calf serum containing cycloheximide was added. After 30 min at 08C, the
medium was replaced with either low-pH fusion buffer or neutral-pH nonfusion
buffer, and the incubation was continued for 3 h at 378C. The cells were then
fixed with methanol-acetone and stained with crystal violet.

RESULTS
Construction and plaque phenotype of vA34R2. Recombi-

nant vaccinia virus vSAD9 has an IPTG-inducible copy of the
A34R gene in the TK locus and a deletion of nearly the entire
natural A34R gene (10). We deleted the inducible gene copy
from vSAD9 by homologous recombination with a vaccinia
virus DNA fragment containing an intact TK gene to produce
a true null mutant. The TK1 virus, named vA34R2 (v41), was
isolated by using TK2143 cells and selection medium. The
TK1 A34R2 genotype of vA34R2 was confirmed by PCR with
primers specific for the two viral genes and comparisons with
the TK1 A34R1 genome of wild-type vaccinia virus and with
the TK2 A34R1 genome of vSAD9 (Fig. 1).

The plaque phenotypes of vaccinia virus strains WR, vSAD9,
and vA34R2 (v41) were examined with and without the pres-
ence of IPTG in the agar overlay (Fig. 2). The plaque size of
standard WR strain virus was unaffected by IPTG. As previ-
ously shown (10), vSAD9 plaques were small in the absence of
IPTG and of normal size in the presence of this inducer. In
contrast, vA34R2 plaques were unaffected by this inducer and
slightly smaller than those of vSAD9. The latter results are
similar to those reported for an independently derived A34R
deletion mutant (26) and indicate a defect in virus spread.

Despite the small size of vA34R2 plaques, the titers of virus

stocks obtained by lysis of infected cells were similar to those
of wild-type vaccinia virus WR, suggesting that there was no
defect in the production or infectivity of IMV (data not
shown). The titer of virus was severalfold higher in the medium
of vA34R2-infected cells than in that of WR-infected cells
after the released virus was frozen and thawed (data not
shown), consistent with results obtained by McIntosh and
Smith (26) with CsCl-purified EEV.

Transmission electron microscopy. RK13 cells infected with
vA34R2 were examined by transmission electron microscopy.
A view of a section through an entire cell is shown in Fig. 3A.
Immature viral forms are evident in the central region, and
mature particles can be seen in the periphery. Significantly,
numerous virus particles appear external to the cell membrane,
although some of these could be connected through cytoplas-
mic protrusions that lie above or below the plane of the sec-
tion. The appearance of cells infected with wild-type virus was
similar, and therefore an image of them is not shown here.

An example of an IEV with a wrapping membrane and an
EEV that appears to have been just released from a cell in-
fected with vA34R2 are shown under high magnification in
Fig. 3B. The concave shape and increased density of the adja-
cent plasma membrane could represent either the fused outer
IEV membrane or a clathrin-coated pit (Fig. 3B). IEV are
frequently found in clusters and in only some cell sections,
making them difficult to quantitate. However, there seemed to
be fewer clusters of IEV in cells infected with vA34R2 than in
cells infected with wild-type virus.

To directly demonstrate that vA34R2 particles contained
EEV membranes, thawed cryosections of HeLa cells infected
with mutant virus were incubated with antibody to the F13L
and B5R EEV proteins and examined by electron microscopy.
Essentially all extracellular virus particles were immunogold
labeled (Fig. 4). In contrast, IMV were unlabeled as expected
(Fig. 4B).

Phalloidin staining of actin filaments. The possibility that
the phenotype of some small-plaque mutants of vaccinia virus,
e.g., A34R2, might be due to a defect in actin tail formation
(39) was considered next. Vaccinia virus-induced actin tails
have been visualized by fluorescence microscopy with antibody
to actin (20) or with labeled phalloidin (1, 6). In uninfected
HeLa cells, FITC-conjugated phalloidin stained long, slender

FIG. 4. Immunogold labeling of A34R2 extracellular particles. Thawed cryosections of cells infected with vA34R2 were immunogold labeled with a rabbit
antiserum that reacted with the F13L and B5R EEV proteins. (A) Numerous EEV are shown. Bar, 0.1 mm. (B) Unlabeled intracellular IMV (i) and labeled extracellular
(e) particles are shown. Bar, 0.1 mm.
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stress fibers that constitute the actin cytoskeleton (Fig. 5B).
After infection with standard vaccinia virus strain WR, numer-
ous characteristic short, thick actin tails stained with phalloidin
(Fig. 5D). The virus-induced actin tails are detectable in the

majority of infected cells and are easily distinguished from the
normal actin filaments. In contrast, typical actin tails were not
apparent in cells infected with vA34R2 (Fig. 5F) or with
vSAD9 in the absence of IPTG (Fig. 5H). Nevertheless, they

FIG. 5. Fluorescence microscopy of actin filaments and virus particles. Uninfected cells (A and B) and cells infected with wild-type virus (C and D), vA34R2 (E
and F), vSAD9 without IPTG (G and H), and vSAD9 with IPTG (I and J) were stained with FITC-conjugated phalloidin and then incubated with rabbit antiserum
to the EEV proteins encoded by F13R and B5R. The latter were visualized by using a rhodamine-conjugated swine anti-rabbit antibody. Photographs were taken using
filters that recorded the antibody (A, C, E, G, and I) and phalloidin (B, D, F, H, and J) staining. Arrows point to examples of virus-induced actin tails.
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were abundant in cells infected with vSAD9 in the presence of
IPTG (Fig. 5J).

To confirm that the cells were virus infected, the FITC-
conjugated-phalloidin-stained cells were examined by incubat-
ing them first with antibody to the EEV proteins encoded by
F13R and B5R and then with a rhodamine-conjugated second-
ary antibody. The antibody stained punctate regions, presum-
ably representing wrapped virus particles and/or endosomes, in
a similar manner in cells infected with wild-type virus (Fig. 5C),
vA34R2 (Fig. 5E), vSAD9 (without [Fig. 5G] and with [Fig. 5I]
IPTG), consistent with the results of the electron microscopic
studies presented in the previous section. In most cells, anti-
body staining of a juxtanuclear mass that probably represents
the Golgi network was also observed.

Scanning electron microscopy. Earlier studies suggested a
relationship between vaccinia virus-induced actin bundle for-
mation and specialized microvilli. We therefore examined the
surfaces of wild-type- and recombinant-virus-infected HeLa
cells by scanning electron microscopy. Slender microvilli were
present on the surfaces of uninfected (Fig. 6A) and infected
(Fig. 6B) cells. Thick, specialized microvilli of approximately
0.35 mm, the diameter of a virion, were also visualized on the
surfaces of cells infected with wild-type virus (Fig. 6B). Exam-
ples of such thickened microvilli were not seen on uninfected
cells or cells infected with vSAD9 in the absence of IPTG (Fig.

6C) or vA34R2 (Fig. 6E) but were clearly present when cells
were infected with vSAD9 in the presence of IPTG (Fig. 6D).
Thus, A34R expression was necessary for visualization of actin
tails and specialized microvilli.

Low-pH-induced syncytium formation. Vaccinia virus-in-
fected cells undergo fusion from within after a brief exposure
to a pH below 6 (9, 15, 24), a phenomenon that may be related
to events occurring during virus entry or spread. Gong et al.
(15) provided evidence that fusion is mediated by a 14-kDa
IMV protein. Cells infected with vaccinia virus mutants with
deletions of F13R or B5R do not undergo acid-induced fusion,
probably because the virions containing the 14-kDa protein are
not presented on the cell surface when formation of extracel-
lular virus is inhibited (2, 42).

vA34R2, unlike the F13R and B5R mutants, forms EEV.
Based on previous studies, it might have been anticipated that
vA34R2 virus would induce low-pH-mediated fusion. This was
not the case, however. A control experiment demonstrated
fusion in cells infected with wild-type vaccinia virus (Fig. 7D)
but not in uninfected cells (data not shown) or cells infected
with vA34R2 (Fig. 7E). The fusion-negative phenotype of
vA34R2 virus was similar to that of cells infected with F13L2

virus (Fig. 7F). The cells in Fig. 7A to C are controls incubated
only in neutral-pH buffers.

To confirm that the defect in acid-induced fusion was due

FIG. 5—Continued.
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solely to the absence of A34R gene expression, the experiment
was repeated with vSAD9. In this case, fusion failed to occur in
the absence of IPTG (Fig. 8C) and was inducer dependent
(Fig. 8D). Cells in Fig. 8A and B are controls incubated only in
neutral-pH buffers.

Fusion from without can be induced by briefly lowering the

pH after inoculating cells with purified intracellular vaccinia
virus at a high multiplicity of infection in the presence of
cycloheximide (15). This drug prevents the synthesis of viral
proteins and the accompanying severe cytopathic effects of a
normal infection. In Fig. 9, the clumped nuclei indicative of
polykaryon formation are clearly seen for A34R and F13L

FIG. 6. Scanning electron microscopy of the surfaces of uninfected cells (A) and of cells infected with wild-type WR virus (B), vSAD9 without IPTG (C), vSAD9
with IPTG (D), and vA34R2 (E). Thin and thick arrows point to examples of slender cellular and thick virus-induced microvilli, respectively. Bar, 1 mm.
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deletion mutants (Fig. 9G and H, respectively), as well as for
WR and IHD-J strains of vaccinia virus (Fig. 9E and F, re-
spectively). In contrast, when the cells were treated with neu-
tral-pH buffer, polykaryon formation did not occur with any of
these viruses (Fig. 9A to D). Polykaryon formation also did not
occur when uninfected cells were treated with either neutral-
or low-pH buffers (data not shown). These studies suggest that
neither the A34R protein nor the F13L protein per se is re-
quired for fusion, but rather they are required for presentation
of the fusion protein on the cell surface.

DISCUSSION

The small-plaque phenotype of vA34R2, an A34R deletion
mutant, is similar to that of other vaccinia virus mutants that
fail to form extracellular wrapped virions. Although there

seems to be some decrease in the number of IEV or IMV
undergoing wrapping at any one time (10), our electron mi-
croscopic studies revealed that the A34R mutant produced
numerous wrapped extracellular particles that were labeled by
EEV-specific antibodies and protein A-colloidal gold, consis-
tent with recently reported biochemical studies (26). These
data suggest a novel role for the A34R protein in mediating
virus spread. McIntosh and Smith (26) presented evidence that
the EEV of wild-type vaccinia virus have five- to sixfold greater
infectivity than EEV of A34R2 virus and that the infectivity of
the latter could be increased severalfold by freezing and thaw-
ing, which apparently results in the release of infectious IMV.
We found additional novel properties of the A34R deletion
mutant, namely, defects in induction of actin tails, thickened
microvilli, and low-pH-induced fusion, that might contribute to
inefficient cell-to-cell spread.

FIG. 7. Vaccinia virus-induced fusion from within. BS-C-1 cells were infected with wild-type vaccinia virus (A and D), vA34R2 (B and E), or an F13L deletion
mutant (C and F). At 20 h after infection, the cells were briefly exposed to neutral (A to C) or low-pH (D to F) buffer and then incubated for 2.5 h at 378C in regular
medium. The cells were fixed, stained with crystal violet, and photographed through a light microscope.
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Previous studies indicated that the induction of actin tails
and specialized microvilli correlated with the formation of ex-
tracellular vaccinia virions. Thus, rifampin, a drug that inhibits
virus assembly at an early stage, prevented actin tail formation
(25). Actin tail formation also did not occur when cells were
infected with a vaccinia virus mutant that formed IMV but not
EEV (3). As shown here, however, actin tails were not seen
when expression of the A34R protein was prevented, even
though EEV were produced. This result was confirmed by
examination of the cell surface by scanning electron micros-
copy: thick microvilli were abundant on the surfaces of cells
infected with wild-type virus but were not detected in the
absence of the A34R protein. Even though we obtained similar

results when cells were examined at several different times
after infection, it is possible that the actin tails and specialized
microvilli formed transiently, perhaps decaying after the A34R
mutant virus fused with the plasma membrane. Therefore, it
might be useful to examine infected cells by live videomicros-
copy (6) instead of by taking snapshot photographs. Despite
this caveat, we believe that the data obtained from repeated
experiments indicate that there is a defect in the formation of
actin-containing specialized microvilli and that this is corre-
lated with the absence of the A34R protein.

Recent data indicate that G actin, not preformed actin fila-
ments, is recruited to IEV particles (7). If the A34R protein
has a direct role in actin tail formation, then the short N-

FIG. 8. Induction of fusion from within by IPTG. BS-C-1 cells were infected with vSAD9 in the absence (A and C) or presence (B and D) of IPTG, briefly treated
with neutral (A and B) or low-pH (C and D) buffer, and then further incubated with regular medium as described in the legend to Fig. 7.
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terminal cytoplasmic domain of this putative type II membrane
protein might interact with G actin to nucleate or stabilize tail
formation. The construction of additional A34R mutant vi-
ruses is needed to test this hypothesis. Interestingly, smaller
numbers of actin-containing microvilli were noted in cells in-
fected with the IHD-J strain of vaccinia virus than in those
infected with the WR strain, but this would have to be attrib-
uted to the point-mutational difference in the extracellular
lectin homology domain of the A34R protein rather than to a
difference in the cytoplasmic domain (4). This mutation might
influence actin tail formation by perturbing the A34R protein
or its association with other proteins more directly involved in
actin tail formation.

Our data suggest that the specialized actin tails are not
essential for transporting virions to the cell surface. This inter-
pretation is consistent with the findings of Hiller et al. (20),
who had previously noted that the microvilli are not the only
sites on the cell periphery with which mature virions are asso-
ciated. Evidence for other mechanisms of transport and re-
lease of enveloped virions has been presented previously (40,
41). The role of actin filaments, not organized into specialized
tails, in virus egress was not addressed in our study. However,
Payne and Kristensson (31) found numerous EEV on the sur-
faces of cells infected in the presence of cytochalasin D, which
specifically inhibits actin filament polymerization and prevents
actin tail formation (6). A distinction between the effects of
cytochalasin D and the defect caused by deletion of the A34R
gene is that release of EEV was inhibited by the former (31)
but not by the latter.

If the actin tails and thickened microvilli are not required for
EEV formation and release, what is their function? Cudmore
et al. (6) presented immunofluorescence and electron micro-
scopic images of virus-tipped actin projections extending into
uninfected cells. Therefore, the principal role of the microvilli
may be to facilitate cell-to-cell spread rather than EEV release.
A model in which CEV at the tips of the microvilli fuse with
the plasma membrane of an adjacent cell (3) is supported by
images that show virus particles that appear to be outside the
plasma membrane (7, 38). Strauss (39) has argued for a mech-
anism involving direct cell-to-cell spread of IEV that is more
analogous to that used by certain bacteria but which would
require the unwrapping of IEV in the recipient cell. Thus, the
small-plaque phenotype of A34R2 mutants could arise from
the absence of protruding virus-tipped microvilli, as suggested
here, and/or the low level of infectivity of A34R2 EEV re-
ported by McIntosh and Smith (26). The latter workers sug-
gested that the low infectivity level could signify that the A34R
protein is required for binding or fusion. An alternative pos-
sibility is that the A34R protein is needed for release of IMV
from the EEV wrapping membrane during or after the attach-
ment process.

Relatively little work has been done on determining either
the mechanism or the significance of low-pH-induced cell-to-
cell fusion by vaccinia virus. Gong et al. (15) demonstrated that
fusion from without occurred with large numbers of purified
intracellular vaccinia virions and was inhibited by antibody to
the 14-kDa IMV envelope protein, suggesting that IMV are
necessary for this process. However, preparations of purified

FIG. 9. Vaccinia virus-induced fusion from without. BS-C-1 cells were infected with strain WR vaccinia virus (A and E), strain IHD-J vaccinia virus (B and F),
A34R2 (C and G), or the F13L deletion mutant (D and H) at a high multiplicity of infection in the presence of cycloheximide for 1.5 h at 08C. Cells were briefly treated
with neutral-pH buffer (A to D) or low-pH buffer (E to H) and then incubated in regular medium at 378C for 3 h. The cells were fixed, stained, and photographed.
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intracellular virus usually include some IEV, so the possibility
remained that the latter were also needed for fusion. The
present study supports the interpretation of Gong et al. be-
cause intracellular virus prepared from an F13L deletion mu-
tant, in which IEV formation is totally blocked, induced fusion
from without.

Fusion from within is more complicated than fusion from
without and has requirements that are similar to those of virus
spread. Although Gong et al. (15) provided genetic evidence
that the 14-kDa IMV protein was required for fusion from
within, others demonstrated that mutants which formed IMV
but not EEV because of mutations in the F13R (2) or B5R (42)
gene were defective in low-pH-induced fusion from within.
Taken together, the data suggested that for fusion to occur, the
EEV proteins were required to present virus particles on the
cell surface. Here we show that surface presentation is insuf-
ficient since A34R2 mutants are also defective in low-pH-
induced fusion from within. This defect is probably not due to
a specific requirement for the A34R protein since A34R-defi-
cient particles could induce fusion from without. Thus, the
defect in polykaryon formation could result from the absence
of virus-tipped specialized microvilli needed to bridge cells or
from altered properties of the extracellular virus.

In conclusion, our studies provide genetic evidence for the
involvement of a specific viral protein in the formation or
stability of actin-containing microvilli and for a role of these
structures in cell-to-cell spread and low-pH-induced fusion
from within. Further studies are needed to determine whether
the A34R protein acts directly, possibly in conjunction with
other EEV proteins, by serving as an actin attachment site or
indirectly by altering the kinetics of protein trafficking and
membrane-protein interactions.
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