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The intracellular enveloped form of vaccinia virus (IEV) induces the formation of actin tails that are
strikingly similar to those seen in Listeria and Shigella infections. In contrast to the case for Listeria and
Shigella, the vaccinia virus protein(s) responsible for directly initiating actin tail formation remains obscure.
However, previous studies with recombinant vaccinia virus strains have suggested that the IEV-specific
proteins A33R, A34R, A36R, B5R, and F13L play an undefined role in actin tail formation. In this study we
have sought to understand how these proteins, all of which are predicted to have small cytoplasmic domains,
are involved in IEV assembly and actin tail formation. Our data reveal that while deletion of A34R, B5R, or
F13L resulted in a severe reduction in IEV particle assembly, IEVs formed by the DB5R and DF13L deletion
strains, but not DA34R, were still able to induce actin tails. The DA36R deletion strain produced normal
amounts of IEV particles, although these were unable to induce actin tails. Using several different approaches,
we demonstrated that A36R is a type Ib membrane protein with a large, 195-amino-acid cytoplasmic domain
exposed on the surface of IEV particles. Finally, coimmunoprecipitation experiments demonstrated that A36R
interacts with A33R and A34R but not with B5R and that B5R forms a complex with A34R but not with A33R
or A36R. Using extracts from DA34R- and DA36R-infected cells, we found that the interaction of A36R with
A33R and that of A34R with B5R are independent of A34R and A36R, respectively. We conclude from our
observations that multiple interactions between IEV membrane proteins exist which have important implica-
tions for IEV assembly and actin tail formation. Furthermore, these data suggest that while A34R is involved
in IEV assembly and organization, A36R is critical for actin tail formation.

Viruses succeed as intracellular pathogens because they are
able to invade cells and appropriate the cellular machinery
required for their life cycle. In many cases the actin cytoskel-
eton of the host cell is used or disrupted by the virus to
facilitate the infection process (reviewed in reference 7). Al-
though many different viruses are capable of interacting with
and modifying the host actin cytoskeleton, vaccinia virus, a
large DNA virus that is a close relative of variola virus, the
causative agent of smallpox, induces the most dramatic effects
on the actin cytoskeleton (1, 5, 6, 15, 17, 18, 22, 33, 41). As
early as 1976, vaccinia virus particles were observed on the tips
of large microvilli extending from the cell surface (41). Subse-
quently these virus-tipped microvilli were shown to contain
actin, as well as the actin-cross-linking proteins a-actinin, fil-
amin, and fimbrin, but not myosin or tropomyosin (15, 18).
More recently, the effects of vaccinia virus on the actin cy-
toskeleton were reexamined (1, 5, 6, 33). Vaccinia virus infec-
tion results in the dramatic reorganization of actin from stress
fibers into virus-tipped actin tails (5). By using mutant viruses
and drugs that inhibit viral morphogenesis, it was shown that
the intracellular enveloped form of vaccinia virus (IEV) is
responsible for nucleating actin tails (5). IEV particles arise
from a small proportion of the intracellular mature form of
vaccinia virus (IMV) which becomes enveloped by a mem-
brane cisterna derived from the trans-Golgi network (38). With
actin polymerization as the driving force, IEV particles are
propelled in vivo on the tips of actin tails at a speed of ;3.0

mm/min (5). Upon contact with the cell surface, virus particles
extend outward on actin projections at a similar rate, to contact
and infect neighboring cells. IEV is thought to leave the host
cell by fusion of its outermost membrane with the plasma
membrane, giving rise to the extracellular enveloped form of
vaccinia virus (EEV) (2, 26, 31). During this fusion event, a
small number of EEV particles are not released into the me-
dium but remain associated with the outer surface of the
plasma membrane (3). These virus particles are termed cell-
associated enveloped viruses (CEV) (3). While actin tail as-
sembly is not essential for virus spread between cells, it does
enhance the efficiency of the process, as recombinant viral
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FIG. 1. Immunoblot analysis of extracts prepared from uninfected HeLa
cells (CON) or HeLa cells infected with vaccinia virus strain WR or deletion
mutant DA34R (D34) or DA36R (D36). Western blots were probed with antisera
against A33R, A34R, and A36R. The arrowhead indicates the position of a
possible A36R homodimer. Molecular mass markers are indicated in kilodaltons.
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strains that do not induce actin tails have a small-plaque phe-
notype compared to wild-type strains (37).

Vaccinia virus-induced actin tails are strikingly similar to
those seen in infections with the bacterial pathogens Listeria,
Shigella, and Rickettsia, suggesting that intracellular pathogens
have developed a common mechanism to exploit the actin
cytoskeleton to facilitate their spread (5). However, in contrast
to the case for Listeria and Shigella, the viral protein(s) respon-
sible for initiating the cascade of events that leads to actin tail
formation by IEV particles is still unknown. To date only six
virus-encoded IEV-specific proteins, termed A33R (35), A34R
(8), A36R (29), A56R (32, 39), B5R (9, 20), and F13L (19),

have been identified. Studies using vaccinia virus mutants in
which these IEV-specific genes were deleted or repressed have
examined their roles in IEV assembly and actin tail formation.
These studies have shown that A56R, the viral hemagglutinin,
is not required for IEV assembly or actin tail formation (37),
while F13L (2) and B5R (10, 47) are involved in morphogen-
esis of IEV particles. Deletion of A33R reduces the number of
IEV particles that are completely wrapped within trans-Golgi
network-derived membrane cisternae, and those particles that
assemble are unable to form actin tails (36). Studies with vi-
ruses lacking A34R (37, 48) or A36R (37, 49) showed that
these proteins are essential for actin tail formation, but the

FIG. 3. Cryosections of vaccinia virus-infected HeLa cells were immunogold labeled with antibodies against A33R, A34R, and A36R as indicated in each panel.
All three IEV proteins are present in the Golgi apparatus (G in left panels) as well as in IEV particles (right panels). Arrowheads point to IEV particles where the
surrounding membranes are clearly visible. Unlabeled IMV particles are indicated by asterisks. Bar, 150 nm.
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mechanism remains obscure. A34R (8) and A36R (29) have
been described as type II integral membrane proteins with
predicted cytoplasmic domains of 12 and 2 amino acids, re-
spectively, exposed on the surface of IEV particles. Type II
integral membrane proteins are defined as having a single
hydrophobic domain near the cytoplasmic N terminus that
anchors the protein in the membrane, while the bulk of the
protein, including the C terminus, is exposed to the luminal
side of the membrane (40, 45). While it is clear that A34R and
A36R are important in vaccinia virus-induced actin tail forma-
tion, it is difficult to envisage how such short cytoplasmic do-
mains exposed on the surface of IEV can play a direct role in
recruiting host cytoskeletal factors required for actin tail for-
mation.

In this study we have further examined the roles of A36R
and A34R in IEV assembly and actin tail formation. We show
that the A36R protein has a type Ib membrane topology,
according to the classification described previously (40), with a
195-amino-acid cytosolic domain, rather than a type II topol-
ogy as reported previously (29). Our observations suggest that
A34R is involved in IEV assembly, whereas A36R is critical for
actin tail formation but not required for IEV assembly.

MATERIALS AND METHODS

Generation of antibodies against A33R, A34R, and A36R. The DNAs encoding
residues Met2 to Gly34 and Asp146 to Val181 of A33R, Tyr101 to Ala140 of
A34R, and Thr142 to Glu214 of A36R were amplified by PCR from the genome
of vaccinia virus strain Western Reserve (WR) by using the Expand system
(Boehringer, Mannheim, Germany). The resulting PCR products were cloned
into the BamHI and EcoRI sites of the glutathione S-transferase (GST) fusion
vector pGEX-2T (Pharmacia, Freiburg, Germany). The fidelity of the resulting
expression constructs was verified by DNA sequencing prior to expression in
XL-1 Blue by induction with isopropyl-b-D-thiogalactopyranoside (IPTG) at a

final concentration of 0.6 mM. Three hours after induction, bacteria were har-
vested and the soluble fraction was prepared as described previously (46). GST
fusion proteins were purified by affinity chromatography on glutathione-Sepha-
rose resin according to the instructions of the manufacturer (Pharmacia). Pro-
teins were eluted from the resin with 50 mM glutathione in phosphate-buffered
saline (PBS) at 4°C, and the protein concentration was determined by using the
Bio-Rad (Munich, Germany) protein assay. Rabbits and rats were initially in-
jected with 200 and 100 mg of GST fusion protein, respectively, mixed with RIBI
adjuvant (RIBI ImmunoChem Research, Hamilton, Mont.). Animals were
boosted subsequently with 50 mg (rabbits) or 25 mg (rats) of GST fusion protein.
Antibodies against residues Met2 to Gly34 of A33R were affinity purified on the
peptide CTPENDEEQTSVFSATVYGDKIQGKNKRKRVIG, corresponding
to the cytoplasmic domain of the protein, that had been coupled to a SulfoLink
column (Pierce Chemical Co., Rockford, Ill.) via the N-terminal Cys residue. All
other antibodies were affinity purified on their respective fusion proteins bound
to N-hydroxysuccinimide-activated HiTrap columns (Pharmacia) after the serum
had been depleted of contaminating GST antibodies by using GST bound to
glutathione-Sepharose resin.

Infection and immunofluorescence analysis. HeLa cells were grown and in-
fected with vaccinia virus strain WR or vaccinia virus mutants as described
previously (5). The mutant viruses used in this study that lack the A34R, A36R,
B5R, and F13L genes are referred to as DA34R, DA36R, DB5R, and DF13L
(vRB12) for simplicity (2, 10, 25, 29). Infected cells were fixed for 1 min in
methanol at 220°C or for 10 min in 3% paraformaldehyde in cytoskeletal buffer
(CB) (10 mM MES [morpholineethanesulfonic acid], 150 mM NaCl, 5 mM
EGTA, 5 mM MgCl2, 5 mM glucose, pH 6.1) and subsequently processed as
described previously (13). Infected cells were labeled with combinations of
A33R, A34R, and A36R antibodies as well as with the mouse monoclonal
antibody C3 against the 14-kDa peripheral membrane protein (A27L) of IMV
(34) and with the rat monoclonal antibody 19C2 against B5R (16, 38). Actin was
visualized with either the anti-b-actin antibody AC-74 (Sigma, Deisenhofen,
Germany) or Bodipy-phallacidin obtained from Molecular Probes (Eugene,
Oreg.). Following immunolabeling, cells were mounted in MOWIOL supple-
mented with DABCO (13). All images were recorded on a DMRXA microscope
(Leica, Bensheim, Germany) by using a high-performance charge-coupled digital
camera (Cohu, San Diego, Calif.) and NIH Image (version 1.62). Acquired
images were processed and annotated by using the Adobe software package
(Adobe Systems Incorporated, San Jose, Calif.).

Microinjection of infected HeLa cells. HeLa cells were infected with vaccinia
virus strain WR for 12 to 14 h and then microinjected by using the Zeiss

FIG. 4. Preembedding labeling of vaccinia virus-infected cells reveals that the predicted luminal domain of A36R is exposed on the surface of IEV particles.
Arrowheads indicate IEV particles labeled by antibodies against the predicted luminal domain of A36R (A36R) and the cytoplasmic domain of A33R (A33RC).
Antibodies against the luminal domains of A34R (A34R) and A33R (A33RL) gave no labeling. Bar, 200 nm.
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(Oberkochen, Germany) automated injection system. Antibodies used for mi-
croinjection were dialyzed into microinjection buffer (100 mM KCl, 5 mM so-
dium phosphate, pH 7.5) by using Amicon (Witten, Germany) microconcentra-
tors. After injection, cells were left for 1 h to recover at 37°C before being fixed
with 3% paraformaldehyde in CB for 10 min, permeabilized with 0.1% Triton
X-100 in CB for 2 min, and processed for immunofluorescence as described
above (13).

Immunolabeling of semithin cryosections. HeLa cells were infected with vac-
cinia virus strain WR, DA34R, DA36R, or DB5R at a multiplicity of infection
(MOI) of 1 for 8 to 12 h. Subsequently, cells were fixed for 3 h in 2% parafor-
maldehyde and 0.2% glutaraldehyde in 0.2 M sodium phosphate buffer (pH 7.4)
and embedded in 10% gelatin in PBS. Small pieces of pellet were infiltrated with
2.1 M sucrose and frozen in liquid nitrogen. Semithin cryosections were cut with
a Reichert FCS ultramicrotome (Leica, Vienna, Austria) at 295°C and picked up
in 2.3 M sucrose. Sections were kept on PBS prior to immunolabeling. Nonspe-
cific antibody binding sites were blocked with 1% fish skin gelatin and 0.8%
bovine serum albumin in PBS. Sections were incubated with affinity-purified
rabbit polyclonal antibodies against A33R, A34R, or A36R. Sections were then
washed several times in PBS, followed by incubation with protein A coupled to
10-nm gold particles and several washes in PBS. Finally, sections were washed in
distilled water and subsequently positively stained and embedded with 2%
methyl cellulose containing 0.3% uranyl acetate (42). After labeling and embed-
ding, the grids were air dried. Sections were viewed in a Zeiss EM10 electron
microscope at an accelerating voltage of 80 kV.

Preembedding labeling. HeLa cells were infected with the vaccinia virus WR
strain at an MOI of 1 for 8 h, washed three times with PBS, osmotically swollen
in distilled water for 2 min, and fixed with 4% paraformaldehyde in CB for 10
min. The cells were then washed with PBS containing 200 mM glycine, and
nonspecific binding sites were blocked with 5% fetal calf serum in PBS contain-
ing 200 mM glycine. Cells were incubated with affinity-purified antibodies against
A33R, A34R, or A36R overnight at 4°C. The cells were then washed several
times with PBS containing 200 mM glycine, incubated with protein A coupled to
5-nm gold particles for 2 h at 4°C, washed several times in PBS containing 200
mM glycine, and fixed with 1% glutaraldehyde. After fixation, cells were treated
with 1% osmium tetroxide in 1.5% potassium ferrocyanide followed by saturated
uranyl acetate in 70% ethanol and embedded in Epon. Sections cut from em-
bedded cells were contrasted with 3% uranyl acetate in water followed by Reyn-
old’s solution (80 mM lead nitrate, 120 mM sodium citrate, 0.64% NaOH).
Sections were viewed as described above.

Immunoprecipitation and immunoblot analyses. HeLa cells were infected
with the vaccinia virus WR strain at an MOI of 0.5 for 24 h and then washed with
ice-cold PBS, scraped in the same buffer, and spun down for 10 min at 2,500 3
g and 4°C. Cells were resuspended in extraction buffer (25 mM Tris-HCl [pH
7.5], 1 mM EDTA, 1 mM EGTA, 100 mM NaCl, 1% Triton X-100, 0.5% Nonidet
P-40, and protease inhibitor cocktail [0.2 mM phenylmethylsulfonyl fluoride, 10
mg of leupeptin per ml, 10 mg of chymostatin per ml, 10 mg of pepstatin A per ml,
and 10 mg of antipain per ml]), extracted for 1.5 h at 4°C, and centrifuged for 15
min each at 16,000 3 g and subsequently at 150,000 3 g at 4°C. Supernatants
were diluted to a protein concentration of 5 mg/ml and incubated with antibodies
against A33R, A34R, or A36R or with the rat monoclonal antibody 17C4 against
B5R (16, 38) overnight at 4°C. Protein A-Sepharose beads were added to the cell
extracts and incubated for 1 h. After centrifugation at 500 3 g and 4°C, the
supernatants were collected and the Sepharose beads were washed extensively
with cell extraction buffer. Proteins present in both supernatants and beads were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 15%
gels. After semidry blotting, IEV-specific proteins were detected with antibodies
against A33R, A34R, or A36R or antibody 17C4 against B5R. The IMV-asso-
ciated proteins A27L (p14) and D8L (p32) were visualized with monoclonal
antibody C3 (34) and a rabbit polyclonal antiserum against D8L (27), respec-
tively. Western blots were developed by using the ECL system according to the
instructions of the manufacturer (Amersham International, Braunschweig, Ger-
many).

EEV purification, protease digestion, and immunolabeling. Confluent RK13

cells were infected with vaccinia virus International Health Department J strain
at an MOI of 5 for 24 h. At 2 h postinfection, cells were washed three times with
PBS and incubated with serum-free minimal essential medium. At 24 h postin-
fection, the culture supernatants were collected and cellular debris was spun
down for 10 min at 1,000 3 g and 4°C. Supernatants were then centrifuged for
30 min at 100,000 3 g (4°C), and the pellets were resuspended in 10 mM
Tris-HCl, pH 7.5. Proteinase K (300 mg/ml) or trypsin (5 mg/ml) was added, and
samples were incubated for 30 min at 4 or 37°C, respectively. Virus particles were
spun for 5 min at 16,000 3 g and 4°C, and the pellets were resuspended in sample
buffer and subjected to immunoblotting as described above. The same EEV
preparations were also immunolabeled and viewed by electron microscopy. Re-
suspended EEV preparations were incubated with 300-mesh copper grids for 15
min and immunolabeled as described for cryosections. After immunolabeling,
virus particles were negatively stained with a mixture of 2% uranyl acetate and
0.7% methylcellulose for 10 min. Sections were viewed as described above.
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RESULTS

Characterization of A33R, A34R, and A36R antibodies. To
further investigate the roles of A33R, A34R, and A36R in IEV
assembly and actin tail formation, polyclonal antibodies were
raised against these three proteins. Immunoblot analysis re-
vealed that specific antibodies had been generated against the
predicted luminal domains of A33R, A34R, and A36R as well
as the cytoplasmic domain of A33R (Fig. 1). For unknown
reasons, the mobility of A33R was always found to be slower in
the absence of A34R. Identical results were obtained with
antibodies against the cytoplasmic or the luminal domain of
A33R. By indirect immunofluorescence all antibodies showed
strong labeling of IEV particles that were readily identified by
their association with actin tails. We also observed a jux-
tanuclear staining typical of the Golgi apparatus, which is the
cellular site where IMV particles become enveloped to form
IEV (Fig. 2). Immunoelectron microscopy of semithin cryosec-
tions confirmed that in addition to being localized to IEV
particles, A33R, A34R, and A36R are present in the Golgi
apparatus (Fig. 3) and are also found in endosomes and the
plasma membrane (data not shown). In contrast, IMV particles
and viral factories were not labeled with these antibodies.

A36R is a type Ib membrane protein. During our character-
ization of antibodies against A33R, A34R, and A36R, we ob-

served that IEV particles were immunolabeled by antibodies
against the cytoplasmic domain of A33R and the predicted
luminal domain of A36R when a preembedding technique was
employed for immunoelectron microscopy (Fig. 4). In contrast,
the antibodies against the luminal domains of A33R and A34R
failed to give any labeling, indicating that IEV membranes
were intact and that their respective antigens were not acces-
sible (Fig. 4). The simplest explanation for the unexpected
labeling by antibodies against the predicted luminal domain of
A36R is that the protein is a type Ib (40) and not a type II
integral membrane protein as suggested previously (29). This
conclusion was confirmed by microinjection of antibodies
against A33R, A34R, and A36R into vaccinia virus-infected
cells followed by staining for actin and processing for immu-
nofluorescence. Antibodies against the cytoplasmic domain of
A33R (Fig. 5) and the predicted luminal domain of A36R (Fig.
5) label IEV particles associated with actin tails, thus revealing
that their respective epitopes are exposed to the cytoplasm. In
contrast, antibodies against the A33R (data not shown) and
A34R (Fig. 5) luminal domains are found diffusely throughout
the cytoplasm and show no specific localization, indicating that
their epitopes are not accessible.

The orientation of A36R in freshly prepared, unfrozen EEV
preparations was also examined to see if it was consistent with

FIG. 6. Immunolabeling of purified EEV confirms that A36R is a type Ib integral membrane protein. While the luminal domains of A33R (A33RL) and A34R
(A34R) are accessible to antibody labeling, the predicted luminal domain of A36R (A36R) and the cytoplasmic domain of A33R (A33RC) are not. Bar, 80 nm.
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a type Ib membrane topology. Electron microscopic analysis of
immunolabeled preparations of EEV revealed that the luminal
domains of A33R and A34R were exposed, while the cytoplas-
mic domain of A33R and the predicted luminal domain of
A36R were not accessible to labeling (Fig. 6). Proteolytic di-
gestion of the same preparations followed by Western blot
analysis revealed that the luminal domains of A33R and A34R
were degraded, while a substantial proportion of A36R re-
mained intact (Fig. 7). The degradation of a significant pro-
portion of A36R is presumably attributable to the rupture of
the outer envelopes of some EEV particles during purification.
The rupture of the EEV envelope, which is enhanced by
freeze-thawing cycles, may explain why Parkinson and Smith
(29) observed sensitivity of A36R to proteases, leading them to
conclude that A36R had a type II topology. Collectively, the
data presented here establish that A36R is a type Ib integral
membrane protein with ;195 amino acid residues exposed on
the cytoplasmic surface of IEV particles (Fig. 8).

B5R and F13L are not required for actin tail formation.
Indirect immunofluorescence revealed that in DA36R-infected
cells the A33R protein is found associated with IEV particles
and in the juxtanuclear region in a fashion identical to that for
WR (Fig. 9). However, in the absence of A34R, A33R is
present throughout the cell and shows no specific localization
(Fig. 9). In contrast, we occasionally observe A33R associated
with viral particles, as judged by colocalization with the viral
marker A27L (p14), when cells are infected with the virus
strain DB5R (Fig. 9) or DF13L (vRB12) (data not shown). We
assume that these double-labeled particles represent IEV.
Consistent with this suggestion, we found that the few IEV
particles formed by DB5R and DF13L (vRB12) are able to
induce actin tails (Fig. 10). As we have previously observed
that the ability to form actin tails is highly cell type dependent
(37), we examined a number of different cell types for the ability
of DB5R to induce actin tails at different infection times. We
found that the severe reduction in both IEV assembly and
actin tail formation by DB5R compared to WR was common to
all cell types tested (data not shown). These observations in-
dicate that B5R and F13L are not required for actin tail for-
mation and that their principal role is in IEV assembly, as
reported previously (2, 10, 47). Immunofluorescence labeling

patterns similar to those with anti-A33R antibody were ob-
tained when cells infected with DA34R, DA36R, DB5R, or
DF13L were stained with antibodies against A34R, A36R, and
B5R where appropriate (data not shown). Immunoelectron
microscopy labeling with antibodies against A33R confirmed
that IEV assembly by DA34R or DB5R viruses is an extremely
rare event. In the case of DA34R, we could find no evidence for
A33R labeling of virus particles in over 300 cells that were
examined (Fig. 11). In contrast to the case for DA34R and
DB5R, viral particles produced by the DA36R deletion strain
are readily labeled by antibodies against A33R, indicating that
A36R is not required for IEV assembly (Fig. 11).

Interactions between IEV membrane proteins. The redistri-
bution of A33R in the absence of A34R and B5R suggested
that there might be protein-protein interactions between these
IEV proteins which may play an important role in both IEV
assembly and actin tail formation. Furthermore, previous stud-
ies have shown that B5R and F13L form a complex linked by
disulfide bonds (30), while F13L has been reported to interact
noncovalently with A56R (28). We therefore examined the

FIG. 7. Immunoblot analysis of protease-treated EEV. Purified EEV parti-
cles were digested with proteinase K (PK) or trypsin (T), and Western blot
analysis was performed with the antibody indicated at the bottom of each panel.
While A33R and A34R were sensitive to proteolytic digestion, A36R was largely
protease resistant. Undigested EEV samples were used as controls (CON).
Molecular mass markers are indicated in kilodaltons.

FIG. 8. Schematic representation of the topology and interactions between
A33R, A34R, A36R, and B5R in the outer membrane of IEV particles based on
our observations. The cytoplasmic and luminal faces of the outer IEV membrane
as well as the positions of the N and C termini of A33R, A34R, A36R, and B5R
are indicated. Proteins are shown to scale, and arrows denote possible sites of
interaction.
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possibility of interactions between A33R, A34R, A36R, and
B5R by performing coimmunoprecipitation experiments using
extracts prepared from cells at both 8 and 24 h postinfection.
Unfortunately, the antibodies against A33R and A34R failed
to work for immunoprecipitation. In contrast, antibodies

against A36R coimmunoprecipitated A33R and A34R but not
B5R (Fig. 12). Interestingly, in A36R immunoprecipitations
we observed an additional higher-molecular-weight signal that
may correspond to an A36R homodimer (Fig. 12). This signal
was most prominent in immunoprecipitations but was also

FIG. 9. Deletion of A34R or B5R has severe effects on IEV assembly. Cells were infected with the virus strain indicated on the left and labeled with antibodies
against the viral marker A27L and the IEV protein A33R as indicated at the top. In all cases, arrowheads indicate IEV particles that label for both A27L and A33R.
While comparable numbers of IEV particles are seen in WR- and DA36R-infected cells, IEV particle assembly is strongly reduced in DA34R- and DB5R-infected cells.
Bar, 10 mm.
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observed on Western blots of extracts prepared from infected
cells, albeit to a lesser degree (Fig. 1). Additional immunopre-
cipitation experiments demonstrated that B5R is complexed
with A34R but not A33R or A36R (Fig. 12). However, it
should be noted that we cannot exclude the possibility of in-
teractions between B5R and A33R or A36R, as the monoclo-
nal antibody against B5R may interfere with weak interactions
between these proteins or the experimental conditions may not
have been optimal to detect interactions. Alternatively, the
epitope for the monoclonal antibody against B5R may not be
accessible in B5R-A33R or B5R-A36R complexes if they exist.
While the interaction of A34R with A36R or B5R appears to
be weaker than the interaction between A33R and A36R,
comparison with control immunoglobulin G immunoprecipita-
tions performed in parallel with the same cell extracts demon-
strates that the interaction of A34R with A36R or B5R is
significant. Nevertheless, it is impossible to tell from these
experiments whether this observation reflects a real difference
in binding affinities between the proteins. The interaction of
A36R with A33R as well as the interaction of B5R with A34R
is not dependent on IEV formation, as identical results were
obtained with extracts prepared from cells infected with DF13L
(vRB12) (Fig. 13). We assume that these extracts are essen-

tially free of IEV, as assembly of IEV particles by the DF13L
deletion strain is a rare event that occurs only late during
infection. Immunoprecipitations from extracts of cells infected
with the DA34R and DA36R deletion strains also demon-
strated that the interaction of A36R with A33R as well as the
interaction of B5R with A34R is independent of A34R and
A36R, respectively (Fig. 13).

DISCUSSION

In the bacterial pathogens Listeria and Shigella, the proteins
ActA and IcsA, respectively, have been shown to be both
necessary and sufficient for actin tail formation (14). To date,
the viral protein(s) responsible for initiating actin tail forma-
tion by the IEV form of vaccinia virus is unknown. However,
vaccinia virus strains deficient in the IEV-specific proteins
A33R, A34R, A36R, B5R, and F13L were reported not to
produce actin tails (5, 36, 37, 48, 49). It is unlikely that all of
these proteins are directly involved in actin tail formation,
especially given that many of them have only small domains
exposed on the surface of the IEV. Actin tail formation is likely
to be a complex process that depends on many factors, includ-
ing correct IEV assembly. Distinguishing between the absence

FIG. 10. B5R and F13L are not required for actin tail formation. Cells were infected with DB5R or DF13L and labeled with the antibody against A27L as a marker
of viral particles and with phalloidin to visualize the actin cytoskeleton as indicated at the top. The inserts show viral particles associated with the tips of actin tails.
Bar, 10 mm.

VOL. 73, 1999 IEV MEMBRANE PROTEIN INTERACTIONS 2871



of actin tails due to direct effects versus secondary effects, such
as IEV assembly, represents the major problem in identifying
the viral actin tail nucleator. By examining both IEV assembly
and actin tail formation together with the interactions of EEV
proteins with each other, we have obtained data that contrib-
ute to our understanding of the roles of the A34R, A36R, B5R,
and F13L proteins in IEV assembly and actin tail formation
(summarized in Table 1).

B5R and F13L are not required for actin tail formation.
Previous reports suggested that deletion of all or part of B5R
(12, 24, 37) or F13L (5, 37) prevented actin tail formation. Our
observations reveal that while deletion of B5R or F13L se-
verely reduces the number of IEV particles, these mutants are
capable of forming actin tails (Fig. 10). The fact that these rare
actin tails were missed previously for B5R and F13L may be
due to short infection times or the cell types used. For instance,
BS-C-1 cells assemble fewer actin tails than HeLa cells when
infected with an equivalent amount of virus (for example, com-
pare Fig. 1 and 3 in reference 37). Severe changes in the actin
cytoskeleton occur during vaccinia virus infection, leading to
structures that could easily be misinterpreted as evidence that
vaccinia virus-induced actin tails are formed (see Fig. 10D in
reference 12 and Fig. 10H in reference 24). Furthermore, en-
dogenous vesicles are capable of inducing actin tail-like struc-
tures in the absence of vaccinia virus infection (11). We believe
that actin tails induced by vaccinia virus can be identified

definitively only when they show virus particles at their tips
(Fig. 10). Thus, of the six known IEV proteins, A56R, B5R,
and F13L are not essential for actin tail formation (Table 1).

A34R is involved in IEV assembly. Previous work showed
that either repression (8) or deletion (48) of the A34R gene
resulted in fewer IEV particles. Data presented here con-
firmed a very severe reduction in IEV particles, suggesting an
important role for A34R in IEV assembly. However, in con-
trast to the case for DB5R and DF13L, the few IEV particles
that still assemble in the absence of A34R do not form actin
tails. Given this phenotype, is A34R involved directly in actin
tail formation, or is the lack of actin tails merely a secondary
consequence of incorrectly assembled IEV particles? Our co-
immunoprecipitation experiments demonstrate that A34R in-
teracts independently with both A36R and B5R. The fact that
DB5R can assemble actin tails indicates that interactions be-
tween A34R and B5R are not essential for actin tail formation.
Deletion of either A34R or A36R, however, results in the
absence of actin tails, indicating either that both of these pro-
teins are required directly or that interactions between them
are important for actin tail formation. Apart from A56R,
A36R is the only known IEV protein that can be deleted
without a considerable reduction in IEV assembly, and yet the
DA36R virus does not induce actin tails (29, 37, 49). This
suggests immediately that in contrast to A34R, A36R has a
primary role in actin tail formation and not in IEV assembly.

FIG. 11. Immunogold labeling of cryosections from HeLa cells infected with vaccinia virus strain WR, DA36R, DA34R, or DB5R as indicated in each panel. Sections
were labeled with an antibody against A33R as a marker of IEV particles. In WR- and DA36R-infected cells, comparable numbers of labeled IEV particles were
observed, whereas no viral particles positive for A33R could be found in DA34R- and DB5R-infected cells. Arrowheads point to IEV particles where surrounding
membranes are clearly visible, and examples of unlabeled IMV are indicated by asterisks. Bar, 200 nm.
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Taken together, the most straightforward interpretation of the
available data is that A34R is important in IEV assembly,
organization, and release of EEV particles and their infectivity
(4, 8, 25, 37, 48) rather than in actin tail formation.

While actin tail formation may enhance cell-to-cell spread, it
is not essential for long-range dissemination, as recombinant
vaccinia virus strains that do not produce actin tails are able to
release EEV with a three- to fivefold reduction (DA36R) (29)
or even at greatly enhanced levels (DA34R) (25) compared to
wild-type virus. Consistent with this observation, we find that
actin tails move in a random fashion within the cell and not in
a directed manner toward the cell periphery (5). Furthermore,
it is clear that other transport mechanisms must exist, as virus
particles are able to reach the cell periphery in the absence of
actin tails (Fig. 9). In the case of DA36R, one can envisage that
any IEV that reaches the cell surface would be able to fuse with
the plasma membrane in the normal way. In contrast, in the
case of DA34R, the majority of virus particles that come into
contact with the plasma membrane would be IMV, which can-
not fuse in the same fashion as IEV. Earlier observations have
shown that IMV particles are able to bud through the plasma
membrane to release extracellular enveloped virus particles

(43). It is possible that EEV particles formed by DA34R, in
contrast to those formed by WR or DA36R, are the conse-
quence of an IMV budding event. Such a direct IMV budding
route by DA34R might provide a simple explanation for the
large numbers of EEV particles with an altered infectivity (25),
as EEV formed by IMV budding rather than an IEV fusion
event may have a different membrane composition or struc-
tural organization. However, this hypothesis does not explain
why deletion of B5R, which also severely reduces IEV assem-
bly, results in a 10-fold reduction in EEV formation (10, 47),
nor does it explain why short consensus repeat deletion mu-
tants of B5R, which do not form actin tails, produce 50-fold
more EEV with normal infectivity (24). While it is evident that
actin tail formation is not required for EEV formation or
infectivity, a correlation exists between the ability to form actin
tails and plaque size, with the exception of the B5R mutant
lacking all short consensus repeat domains (12). This observa-
tion suggests a role for actin-based motility of vaccinia virus in
efficient cell-to-cell spread. It is clear that further analysis of
available recombinant virus strains is required to understand
the role of IEV assembly and actin tail formation in direct
cell-to-cell spread and production and infectivity of EEV and
CEV, all of which affect plaque size.

Is A36R the actin tail nucleator of vaccinia virus? It was
difficult to reconcile the possibility that A36R was involved
directly in vaccinia virus-induced actin tail formation with its
previously reported topology, which predicted a cytoplasmic

FIG. 12. Western blot analysis of immunoprecipitates reveals that IEV pro-
teins interact with each other but not with the IMV-associated proteins A27L
and D8L. Immunoprecipitations were performed on cell extracts prepared at
24 h postinfection with either control immunoglobulin G (IgG) or antibodies
against A36R and B5R as indicated at the top. S and P, supernatant and pellet
from the immunoprecipitation, respectively; E, untreated control extract. West-
ern blots were probed with antibodies against A36R, A33R, A34R, B5R, A27L,
and D8L as indicated on the left. Identical results were obtained with cell extracts
prepared at 8 h postinfection (data not shown).

FIG. 13. Western blot analysis of immunoprecipitates with extracts prepared
from DF13L-, DA34R-, or DA36R-infected cells. Immunoprecipitations were
performed with antibodies against A36R (left panel) or B5R (right panel). S and
P, supernatant and pellet, respectively; E, untreated extract prepared from WR-
infected cells. Western blots were probed with antibodies against A33R (left
panel) or A34R (right panel), showing that the interaction of A36R with A33R
as well as the interaction of B5R with A34R is not dependent on IEV formation
as they are obtained in extracts from DF13L-infected cells. Both interactions are
also preserved in the absence of A34R and A36R, respectively, as demonstrated
with extracts from DA34R- and DA36R-infected cells.

TABLE 1. Summary of the roles of known IEV-specific proteins in
IEV assembly and actin tail formation

Protein Topology

Deletion of corresponding gene
allows:

IEV assembly Actin tail
formation

A56R Type Ia Yes Yes
A33R Type II Yes, but rare No
A34R Type II Yes, but rare No
A36R Type Ib Yes No
B5R Type Ia Yes, but rare Yes
F13L Peripheral Yes, but rare Yes
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domain of only two methionine residues (29). In contrast to the
earlier report of Parkinson and Smith (29), we have found, by
using a number of different approaches, that A36R is a type Ib
integral membrane protein with a large, ;195-amino-acid do-
main exposed on the surface of IEV (Fig. 8). Type Ib mem-
brane proteins have a single hydrophobic domain near the
luminal N terminus that anchors the protein in the membrane,
but in contrast to type II membrane proteins, the bulk of the
protein, including its C terminus, is exposed to the cytoplasm
(40). The previous identification of A36R as a type II mem-
brane protein was based only on its sensitivity to proteolytic
digestion in EEV preparations (29). However, it has recently
become clear that the outer membrane of EEV is highly sus-
ceptible to rupture (44). Indeed, in our experiments we also
see that A36R is not fully protected from proteolytic digestion
(Fig. 7), consistent with the presence of disrupted EEV parti-
cles in our fresh preparations. We believe that the difference
between the observations of Parkinson and Smith and our data
is probably due to the degree of structural integrity of EEV in
the preparation, which is reduced by cycles of freeze-thawing.

Is A36R the viral actin tail nucleator, given that it is the only
IEV protein essential for actin tail formation which has a large
domain exposed on the surface of IEV particles? The fact that
deletion of A36R affects only actin tail formation and not IEV
assembly tends to support this hypothesis. In the rare case in
which IEV particle assembly occurs in the absence of A34R,
we find that A36R is present together with B5R on the parti-
cles (data not shown). So why do these IEV particles fail to
induce actin tails? The most likely explanation is that in the
absence of A34R, which would normally interact with both
A36R and B5R, the structural organization of the few IEV
particles that still assemble is altered and this alteration pre-
vents actin tail formation. If A36R is the actin tail nucleator of
vaccinia virus, then the regions of possible interaction between
A34R and A36R required for actin tail formation are re-
stricted to the small cytoplasmic domain of A34R or the trans-
membrane regions of the two proteins (Fig. 8). The fact that
addition of a peptide corresponding to the cytoplasmic domain
of A34R did not affect the ability of A36R to coimmunopre-
cipitate A34R suggests that the interaction between the two
proteins occurs in the transmembrane domains. Such interac-
tions are also known to occur for other membrane proteins,
such as glycophorin A (23). Interactions in the transmembrane
domain of B5R probably also account for the ability of a
42-amino-acid sequence containing the cytoplasmic and trans-
membrane domains of B5R to target the ectodomain of the
human immunodeficiency virus type 1 Env glycoprotein to
EEV particles (21).

In conclusion, we have shown that there are multiple inter-
actions between IEV membrane proteins that are clearly im-
portant for both IEV assembly and actin tail formation. This
intimate relationship makes it very difficult to investigate IEV
assembly separately from actin tail formation. However, to
understand the mechanism of vaccinia virus-induced actin tail
assembly, we require a definitive demonstration of whether
A36R is indeed the viral actin tail nucleator, as we suspect.
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ADDENDUM IN PROOF

Regarding the role of the B5R transmembrane domain, a recent
report by Lorenzo et al. (M. M. Lorenzo, E. Herrera, R. Blasco, and
S. N. Isaacs, Virology 252:450–457, 1999) demonstrated that it is re-
quired for both targeting of B5R to EEV particles and EEV formation.
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