JOURNAL OF VIROLOGY, Mar. 2008, p. 2150-2160
0022-538X/08/$08.00+0 doi:10.1128/JV1.01969-07

Vol. 82, No. 5

Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Vaccinia Virus A34 Glycoprotein Determines the Protein Composition

of the Extracellular Virus Envelope”

Beatriz Perdiguero, i Maria M. Lorenzo,T and Rafael Blasco*
Departamento de Biotecnologia, INIA, Ctra. La Coruria km 7.5, 28040 Madrid, Spain

Received 7 September 2007/Accepted 3 December 2007

The outer envelope of the extracellular form of vaccinia virus contains five virus-encoded proteins, F13, A33,
A34, A56, and BS5, that, with the exception of A56, are implicated in virus egress or infectivity. A34, a type 1I
transmembrane glycoprotein, is involved in the induction of actin tails, the release of enveloped virus from the
surfaces of infected cells, and the disruption of the virus envelope after ligand binding prior to virus entry. To
investigate interactions between A34 and other envelope proteins, a recombinant vaccinia virus (vA34R;;,)
expressing an epitope-tagged version of A34 (A34,,,) was constructed by appending an epitope from influenza
virus hemagglutinin to the C terminus of A34. Complexes of A34,;, with B5 and A36, but not with A33 or F13,
were detected in vA34R,;,-infected cells. A series of vaccinia viruses expressing mutated versions of the BS
protein was used to investigate the domain(s) of B5 required for interaction with A34. Both the cytoplasmic and
the transmembrane domains of BS were dispensable for binding to A34. Most of the extracellular domain of
BS5, which contains four short consensus repeats homologous to complement control proteins, was sufficient for
A34 interaction, indicating that both proteins interact through their ectodomains. Immunofluorescence ex-
periments on cells infected with A34-deficient virus indicated that A34 is required for efficient targeting of BS,
A36, and A33 into wrapped virions. Consistent with this observation, the envelope of A34-deficient virus
contained normal amounts of F13 but decreased amounts of A33 and B5 with respect to the parental WR virus.
These results point to A34 as a major determinant in the protein composition of the vaccinia virus envelope.

Vaccinia virus, the most-studied poxvirus, replicates and as-
sembles in the cytoplasm of the infected cell. Vaccinia virus
assembly and release are complex processes involving several
virus forms, including the noninfectious immature virus (IV),
the intracellular mature virus (IMV), the intracellular enve-
loped virus (IEV), the cell-associated enveloped virus (CEV),
and the extracellular enveloped virus (EEV) (25, 38, 39).

Fully infectious IMV particles are assembled in the cyto-
plasm and remain intracellular until cells are lysed. To accom-
plish cell-to-cell transmission, infectious virus particles must
acquire an additional membrane. Thus, after IMV assembly,
some IMV move from the assembly areas on microtubules and
become wrapped by vesicles derived from the early endosomes
(40, 42) or trans-Golgi network (36) to form IEV. Subse-
quently, IEV are transported to the cell surface, where the
outer membrane fuses with the plasma membrane, thus gen-
erating virions which contain an extra membrane with respect
to IMV. Virus particles that remain attached to the plasma
membrane are termed CEV, while those released are called
EEV (2). In cell culture, enveloped virions (CEV plus EEV)
are responsible for virus transmission, since mutants that form
normal amounts of IMV but are blocked in enveloped virus
formation are impaired in transmission (1). Although both
CEV and EEV can mediate virus transmission between cells,
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specific roles have been assigned to CEV and EEV in this
process. CEV particles can induce the formation of actin tails
that are important for efficient direct cell-to-cell spread, while
EEV is responsible for long-range dissemination of virus (2,
5, 28).

Of the virus-encoded IEV envelope proteins that have been
characterized, A33 (31), A34 (7), BS (9, 16), and F13 (13) are
present in IEV, CEV, and EEV. In addition, proteins K2 and
A56 associate with and are present in EEV (6, 37, 41). In
contrast to these EEV envelope proteins, A36 and F12 are
present in IEV but absent from CEV and EEV envelopes (26,
42, 43, 50). The functions and immunological aspects of par-
ticular protein constituents of the IEV and EEV envelopes
have been the focus of much attention. Studies of viruses
carrying targeted mutations showed that proteins BS and F13
are required for efficient and complete wrapping of IMV (1,
10, 47). Proteins A33, A34, A36, and B5 are required, either
directly or indirectly, for the induction of actin tails (32, 34, 48,
49). Formation or release of EEV from the cell surface can be
increased by mutations in the A33, A34, and BS proteins (4, 12,
17, 18). Finally, IEV-specific proteins A36 and F12 are in-
volved in the microtubule-mediated transport of IEV to the
cell surface (30, 42, 45, 46).

We hypothesize that protein-protein interactions between
IEV envelope proteins determine their localization in the
wrapping membranes and might be needed not only for IMV
wrapping but also for later events, such as IEV transport,
egress, and induction of actin tails. To date, a number of
protein interactions have been described, including A33-B5
(29), A33-A36 (33, 49), A34-B5 (33), A34-A36 (33), B5-F13
(27), A36-Nck (11), and A36-Grb2 (35), but in most cases no
specific functions have been assigned to these interactions. In
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this work, we characterize the interactions established between
A34 and other envelope proteins and demonstrate that the
A34 protein is an important factor in determining the protein
composition of the EEV envelope.

MATERIALS AND METHODS

Cells and viruses. BSC-1 and CV-1 cells were grown in Eagle’s minimal
essential medium supplemented with 0.1 wg/ml penicillin, 0.1 pg/ml streptomy-
cin, 2 mM L-glutamine (Bio Whittaker), and 5% fetal bovine serum (FBS; Bio
Whittaker). BHK-21 cells (ATCC CCL10) were grown in BHK-21 Glasgow
minimal essential medium (Gibco BRL) containing 5% FBS, 3 g/ml tryptose
phosphate broth, 0.01 M HEPES, antibiotics, and glutamine. Virus infections
were performed with 2% FBS for all cell types. Vaccinia virus vVAA34R (24) was
provided by G. L. Smith.

Antibodies. Mouse monoclonal antibody VMC-34 (anti-A33) was provided by
G. H. Cohen. Anti-A36 mouse monoclonal antibody was made available by G. L.
Smith. Rat monoclonal antibodies 19C2 (anti-B5) and 15B6 (anti-F13) were
kindly made available by G. Hiller. Mouse monoclonal antibodies 4C5/CR3
(anti-porcine antigen) and 3B11/11 (anti-porcine sialoadhesin) were provided by
C. Revilla and B. Alvarez and were used as control immunoglobulins G (IgGs)
in coimmunoprecipitation experiments. Anti-A34 rabbit antiserum was obtained
by immunization with a histidine-tagged soluble form of A34 expressed from a
vaccinia virus recombinant (M. D. M. Lorenzo et al., unpublished data).

Plasmid construction. Plasmid pGem-A34RHAg, used for the construction of
a recombinant vaccinia virus expressing the influenza virus hemagglutinin (HA)
epitope fused to the C terminus of the A34 protein (VA34Ryy,), was obtained by
the sequential cloning of four DNA fragments, containing the red-shifted green
fluorescent protein (rsGFP) gene, HA epitope, A34R gene, and A34R recom-
bination flanking sequences, into plasmid pGem-7Zf(—) (Promega). The rsGFP
gene, under the control of the vaccinia virus synthetic early/late promoter, was
amplified by PCR from plasmid pGem-pac-rsGFP (obtained by the cloning of
rsGFP and puromycin acetyltransferase [pac] genes into pGem-7Zf) with oligo-
nucleotides rsGFP-Nsi (5'-GCCTGACGCATGCATGAGAAAAATTG-3’
[Nsil site is underlined]) and Sp6 (5'-ATTTAGGTGACACTATAGAA-3"). The
PCR product was cut with Nsil and inserted into Nsil-digested pGem-7Zf to
generate pGem-rsGFP. The HA epitope was obtained by annealing oligonucle-
otide primers 34HA-X (5'-CTAGAGTACCCATATGATGTTCCAGATTATG
CTTAAG-3") and 34HA-E (5'-AATTCTTAAGCATAATCTGGAACATCAT
ATGGGTACT-3'). The HA epitope was inserted into plasmid pGem-rsGFP,
previously digested with Xbal and EcoRI, to generate pGem-HA-rsGFP. Primer
34HA-X inserted a stop codon at the end of the HA epitope. The left flank and
the coding sequence of the A34R gene were amplified by PCR from the WR
genome with oligonucleotides A34R-Aat II (5'-CAATAAATCCGACGTCTTG
ATTACC-3' [AatII site is underlined]) and A34R-X (5'-CATTTTTTCTAGAG
ACTTGTAGAATT-3" [Xbal site is underlined]). The PCR product was di-
gested with Aatll and Xbal and ligated to plasmid pGem-HA-rsGFP previously
digested with AatIl and Xbal to generate pGEM-fi-A34R-HA-rsGFP. Primer
A34R-X eliminated the stop codon at the end of the A34R gene and provided an
in-frame fusion with the HA epitope. Finally, the WR genome was used as the
template to amplify the right flank of the A34R gene with oligonucleotides
fd34-E (5'-AAAAGAATTCAAGTGACAACAAAAAATG-3" [EcoRI site is
underlined]) and A34Rfd-B (5'-GGATTGAGGATCCGATGATAATC-3’
[BamHI site is underlined]). The PCR product was cut with EcoRI and BamHI
and inserted into EcoRI/BamHI-digested pGEM-fi-A34R-HA-rsGFP to gener-
ate pPGEM-A34R-cHAg.

Plasmid pG-B5R-V5-Red2, used for the construction of the recombinant virus
VA34R;,AB5SR, in which 94% of the BSR coding sequence has been replaced
with a dsRed2 expression cassette, has been described previously (29).

For the construction of recombinant viruses expressing A34;, and different
mutated versions of V5-tagged B5 protein, six mutated versions of the BSR gene,
depicted schematically in Fig. 3A, were inserted into the B5R locus of the virus
mutant VA34Ry,ABSR. These mutated versions without a signal peptide se-
quence were amplified by PCR and inserted separately into Xbal/EcoRI-di-
gested pG-B5R-V5-Red2 to generate plasmids pG-V5-B5SRa to pG-V5-B5SRf
(29).

Construction of recombinant viruses. Recombinant viruses were isolated fol-
lowing infection/transfection experiments. Plasmids were transfected by use of
the Fugene transfection reagent (Roche) following the manufacturer’s recom-
mendations. vVA34Ry;, was constructed by transient dominant selection, using
the rsGFP gene as the transiently selectable marker. CV-1 cells were infected
with VAA34R at 0.05 PFU per cell and transfected 1 h later with pGem-
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A34RHAg. vA34Ry, was isolated from progeny virus by rounds of plaque
purification on BSC-1 cells (8), during which plaques were screened for GFP
fluorescence and plaque size (3). vVA34R ;A ABSR was also constructed by tran-
sient dominant selection, using the rsGFP gene as the selectable marker. CV-1
cells were infected with vA34Ry;, at 0.05 PFU per cell and transfected 1 h later
with pG-BSR-V5-Red2. vA34R;,AB5SR was isolated from progeny virus by
rounds of plaque purification on CV-1 cells stably expressing B5 protein (Per-
diguero and Blasco, unpublished), during which plaques were screened for GFP/
dsRed2 fluorescence. Recombinant viruses expressing A34;, and different mu-
tated versions of B5 protein tagged with the V5 epitope were constructed by
transient dominant selection, using the rsGFP gene as the selectable marker.
CV-1 cells were infected with vA34R;,ABSR at 0.05 PFU per cell and trans-
fected 1 h later with pG-V5-B5Ra to pG-V5-B5Rf. Recombinants were isolated
from progeny virus by rounds of plaque purification on CV-1 cells stably express-
ing the BS5 protein (B. Perdiguero and R. Blasco, unpublished data), during
which plaques were screened for GFP/dsRed2 fluorescence.

Immunofluorescence microscopy. BHK-21 cells grown to 70% confluence on
round coverslips were infected with vaccinia virus at 5 PFU per cell. At 8 h
postinfection, cells were washed with phosphate-buffered saline (PBS), fixed for
15 min at room temperature with cold 4% paraformaldehyde, washed with PBS,
and permeabilized by incubation for 15 min with PBS-0.1% Triton X-100. After
being washed with PBS, cells were incubated for 5 min with PBS containing 0.1
M glycine and then with primary antibody diluted in PBS-20% FBS (1:100 for
anti-B5, 1:400 for anti-A33, 1:50 for anti-A36, 1:50 for anti-F13, and 1:20 for
anti-HA-fluorescein [Roche]) for 30 min. After being washed with PBS, cells
were incubated for 30 min with secondary antibody diluted in PBS-20% FBS
(1:200 for rabbit anti-mouse IgG-tetramethyl rhodamine isocyanate [TRITC]
[Dako]). Some preparations were also incubated with 2 mg/ml bisbenzimide
(Hoechst dye) or TRITC-phalloidin (Sigma) for 30 min at room temperature.
Finally, cells were washed extensively with PBS, mounted with FluorSave reagent
(Calbiochem), and observed by fluorescence microscopy.

Western blotting. Western blots of infected cell lysates were performed using
BSC-1 cells grown in six-well plates and harvested at 24 h postinfection in
denaturant buffer (80 mM Tris-HCI, pH 6.8, 2% sodium dodecyl sulfate [SDS],
10% glycerol, and 0.01% bromophenol blue solution, with or without 0.71 M
2-mercaptoethanol). Proteins were resolved by electrophoresis in 12% SDS-
polyacrylamide gels. After SDS-polyacrylamide gel electrophoresis (PAGE),
separated proteins were transferred to nitrocellulose. Membranes were incu-
bated overnight at 4°C with primary antibody (diluted in PBS containing 0.05%
Tween 20 and 1% nonfat dry milk) conjugated with horseradish peroxidase
(1:500 for anti-HA-horseradish peroxidase [anti-HA-HRP] [Roche] and 1:5,000
for anti-V5-HRP [Invitrogen]). After being washed extensively with PBS-0.05%
Tween 20, membranes were incubated for 1 min with a 1:1 mix of solution A (2.5
mM luminol [Sigma], 0.4 mM p-coumaric acid [Sigma], 100 mM Tris-HCI, pH
8.5) and solution B (0.018% H,O,, 100 mM Tris-HCI, pH 8.5) and exposed to
X-ray film.

For Western blot analysis of proteins present in extracellular virus, super-
natants of BHK-21-infected cells were clarified, and extracellular virus was
pelleted by centrifugation in an SW-41 rotor at 18,000 rpm for 2 h. The pellet
was resuspended in 300 pl of denaturant buffer (80 mM Tris-HCI, pH 6.8, 2%
SDS, 10% glycerol, and 0.01% bromophenol blue solution, with or without
0.71 M 2-mercaptoethanol). Western blotting was carried out as described
above.

Immunoprecipitation. BSC-1 cells (7.5 X 10°) were infected with vaccinia
virus at 5 PFU per cell. At 24 h postinfection, cells were lysed with digitonin lysis
buffer (1% digitonin [Sigma], 10 mM triethanolamine, pH 7.8 [Merck], 150 mM
NaCl, 1 mM EDTA), with 10 mM phenylmethylsulfonyl fluoride (Boehringer
Mannheim) as a protease inhibitor, for 30 min at 4°C. The lysed cells were
scraped and spun down for 20 min at 13,000 rpm and 4°C. The supernatant was
harvested and precleared by incubation with protein G-Sepharose beads (Am-
ersham) for 1 h at 4°C in a tube rotator. After centrifugation for 1 min at 13,000
rpm and 4°C, the precleared supernatant was incubated with protein G-Sepha-
rose beads and control IgG (300 pl) or specific antibodies (5 pl for anti-A33, 100
wl for anti-A36, anti-B5, and anti-F13, and 1.5 pg for anti-V5 [Invitrogen] and
anti-HA [Sigma-Aldrich]) overnight for 1 h at 4°C while being mixed end over
end in a tube rotator. After centrifugation for 1 min at 13,000 rpm and 4°C, the
supernatant was removed and immunoprecipitates bound to protein G-Sepha-
rose beads were washed extensively with lysis buffer. Finally, immunoprecipitates
were resuspended in denaturant buffer, boiled for 5 min at 95°C, and resolved by
SDS-PAGE.
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FIG. 1. Characterization of a recombinant vaccinia virus expressing an HA-tagged version of the A34 protein. (A) A34,, expression by
Western blot analysis. Extracts of BSC-1 cells infected for 24 h with a recombinant vaccinia virus expressing the fusion protein A34;;, (VA34RyA)
or with control virus (WR) were probed with anti-HA-HRP antibody. The positions of protein molecular mass markers (in kDa) are indicated.
(B) Plaque phenotype of VA34R ;5. BSC-1 cell monolayers infected with WR, vAA34R, or vA34R; , were incubated for 2 days, stained with crystal
violet, and photographed. (C) Subcellular distribution of A34y,;, and induction of actin tails by vA34R; .. BHK-21 cells infected for 7 h were fixed,
permeabilized, and incubated with anti-HA-fluorescein (top panels) or TRITC-phalloidin (bottom panels). Note the presence of actin tails in

VA34Ry 4-infected cells.

RESULTS

Construction of a recombinant vaccinia virus expressing
HA-tagged A34 protein. To facilitate experiments on interac-
tions involving glycoprotein A34, a modified version of the
protein (A34,;4) was obtained by fusing an epitope tag derived
from influenza virus HA at the C terminus of the A34 protein.
The modified A34Ry;, gene was inserted into the virus ge-
nome by recombination in the A34R deletion mutant. Virus
recombinant vA34R, 4 is expected to produce a protein of 25
to 29 kDa, resulting from the fusion of A34 with the HA
epitope. The correct expression of the tagged A34,, fusion
protein was confirmed by Western blot analysis of extracts of
VA34R 4-infected cells, which revealed the presence of a pro-
tein with the expected electrophoretic mobility that reacted
with anti-HA antibody (Fig. 1A).

To evaluate the functionality of A34,,,, the phenotype of
VA34Ry 4 regarding virus transmission was compared with
those of the parental WR virus strain and the A34-deficient
virus (VAA34R). Reportedly, vAA34R produces elevated
amounts of enveloped virions, albeit with reduced infectivity,
but is unable to induce actin tails and has a tiny plaque phe-
notype (7, 24, 48). Thus, deletion of A34R does not block virus
egress but results in severe defects in virus cell-to-cell trans-
mission. In a standard plaque assay, vVA34R;, plaques were
significantly larger than those of vAA34R, indicating that
A34,,, provides A34 function. However, vA34R;, plaques

were smaller than plaques formed by the WR virus strain,
indicating some effect of introducing the HA epitope tag
(Fig. 1B).

Immunofluorescence of vA34R;,,-infected cells with anti-
HA antibody revealed a distribution of A34,;, that was similar
to that of normal A34 in WR-infected cells, with a strong
juxtanuclear staining and a punctate staining revealing periph-
eral virions (Fig. 1C).

Since deletion of A34R completely abrogates the ability of
vaccinia virus to induce actin tails (48), we also tested the
function of vA34Ry, in promoting actin tail formation.
vA34R 4-infected cells were stained with TRITC-phalloidin
and examined by fluorescence microscopy (Fig. 1C). In con-
trast with vAA34R, vA34R,;, was able to induce actin tails in
infected cells, although the number of tails was smaller than
that found in WR-infected cells. The above results indicate
that the epitope-tagged A34,,, fusion protein can functionally
replace the normal A34 protein, albeit with reduced efficiency.

Coimmunoprecipitation of A34,, with IEV envelope pro-
teins. We next searched for interactions between A34 and
other IEV envelope proteins. Extracts of cells infected with
vA34Ry 4 were immunoprecipitated with antibodies to A33,
A36, BS, and F13 and then subjected to Western blot analysis
with anti-HA antibody (Fig. 2). Both anti-A36 and anti-B5
antibodies immunoprecipitated the A34,,, protein, whereas
anti-A33 and anti-F13 failed to immunoprecipitate A34;;4.
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FIG. 2. Coimmunoprecipitation of A34 from infected cells. BSC-1
cells were mock infected or infected with 5 PFU per cell of VA34Ry 4
and then lysed at 24 h postinfection. Immunoprecipitations were per-
formed with either control IgG or anti-A33, anti-A36, anti-B5, or
anti-F13 antibody (indicated at the top of each panel). Western blots
were probed with anti-HA-HRP antibody. Lanes E, infected cell ex-
tracts prior to immunoprecipitation; IP mock, immunoprecipitation of
mock-infected cell extracts; IP inf., immunoprecipitation of VA34Ry;,-
infected cell extracts. Molecular mass markers (in kDa) are indicated
on the left.

This experiment confirmed a previous study (33) showing that
A34 is associated with A36 and BS.

Construction of vaccinia virus recombinants expressing
A34,,, and mutated versions of B5. To facilitate the study of
the A34-B5 interaction, a series of recombinant viruses har-
boring both A34,,, and mutated versions of B5 was obtained.
A similar set of B5 mutations in the WR context was used in a
previous study (29). To isolate these recombinants, a B5SR
deletion mutant was first constructed from vA34R, 5, and sub-
sequently, mutated versions of B5 were introduced into the
B5R locus. In the mutated versions, a V5 epitope was included
at the N terminus of the mature B5 protein (i.e., after signal
peptide removal) to assist in detection. Viruses were termed
according to the domains of B5 included (see the scheme in
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Fig. 3A), with R being the short consensus repeats (SCRs),
homologous to complement control proteins (amino acids 20
to 236), S being the stalk region (amino acids 237 to 276), T
being the transmembrane domain (amino acids 277 to 303),
and C being the cytoplasmic tail (amino acids 304 to 317).
Thus, virus HV-RSTC is a recombinant virus expressing HA-
tagged A34 and the complete V5-tagged B5 protein. Viruses
lacking the cytoplasmic domain (HV-RST), the SCR domains
(HV-STC), the transmembrane and cytoplasmic domains
(HV-RS), or the stalk, transmembrane, and cytoplasmic do-
mains (HV-R) were isolated. Finally, a recombinant virus
(termed HV-R*STC) containing a B5 version with a proline-to-
serine mutation at position 189 (P189S) was constructed. The
P189S mutation has been shown to enhance the release of
enveloped virus into the extracellular medium and to produce
a comet-shaped plaque phenotype (17).

The plaque phenotypes of these recombinant viruses are
shown in Fig. 3B. Regarding plaque size, the results are con-
gruent with data for the same B5 mutations in the WR back-
ground (29), considering the smaller plaque size of the paren-
tal virus (VA34R,;,). As expected, inclusion of the V5 epitope
or deletion of the cytoplasmic domain of B5 had little or no
effect on plaque size. Recombinant viruses HV-RS and HV-R
produced small plaques, suggesting that membrane anchoring
is essential for BS function in virus transmission. Deletion of
the SCR domains (HV-STC) or the P189S mutation (HV-
R*STC), which confer a comet-forming phenotype to WR
virus, produced small plaques with no apparent comet tail
when introduced into the vA34R,;, virus. At present, we do
not have an explanation for this discrepancy.

Mapping the A34-B5 interaction by coimmunoprecipitation
experiments. Taking advantage of the observation that the
A34,,,-B5 complex can be immunoprecipitated, we sought to
identify the BS domain involved in A34 binding. Thus, extracts
prepared from cells infected with recombinant viruses express-
ing both A34,,, and mutated forms of V5-tagged B5 protein
were subjected to immunoprecipitation with anti-V5 antibody,
followed by immunoblot detection with anti-HA antibody (Fig.
4). A34,,, was immunoprecipitated from cells infected with
viruses expressing the complete B5 protein (HV-RSTC) or the
BS5 version lacking the cytoplasmic domain (HV-RST), indi-
cating that the cytoplasmic tail of BS was not required for A34
binding. The soluble form of B5 (HV-RS), lacking the trans-
membrane and cytoplasmic domains, was also efficiently coim-
munoprecipitated with A34;;,. These results indicate that the
ectodomain of B5 is sufficient to mediate binding to A34, while
the transmembrane and cytoplasmic domains of BS are not
necessary for the interaction.

It has been reported that specific mutations in both A34 and
BS5 result in enhanced release of virus into the extracellular
medium and produce a comet-shaped plaque phenotype (4, 12,
17, 18, 21). Among these, a point mutation (P189S) in the
fourth SCR domain of B5 has been shown to increase EEV
release. To determine if the phenotypic effect of the P189S
mutation was related to a loss of the A34-B5 interaction, we
performed immunoprecipitation experiments on extracts of
cells infected with HV-R*STC, expressing a V5-tagged BS
protein containing the P189S mutation. From these extracts,
A34,, 5 was efficiently coimmunoprecipitated with BS by use of
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FIG. 3. V5-tagged mutated versions of BS protein. (A) (Top) Schematic representation of V5-tagged BS versions. (Adapted from reference 29
with permission.) SP, signal peptide; V5, V5 epitope; R, four SCRs (I to IV); S, stalk; T, transmembrane domain; C, cytoplasmic tail. R* indicates
an R region including a P189S mutation located in SCR IV. Versions were termed, as indicated on the left, according to the domains included
in the construct. (Bottom) Predicted topology of the mutated B5 versions in the outer membrane of the EEV particle. Domains above the lipid
bilayer are in the lumen of the wrapping membranes or the extracellular space, whereas domains below the membrane are cytosolic. (B) Plaque
phenotypes of recombinant viruses expressing A34,, and V5-tagged mutated B5 versions. BSC-1 cell monolayers infected with vA34R;,,
VA34RAAB5R, or the recombinant viruses indicated were incubated for 2 days, stained with crystal violet, and photographed.

an anti-V5 antibody, indicating that the P189S mutation did
not affect the A34-B5 interaction.

The ectodomain of BS comprises four SCR domains and a
stalk region. Since the soluble version of B5 (version RS) was
able to form a complex with A34, we tested which portion of
the ectodomain was involved in the interaction. With this aim,
three mutant viruses, expressing the C terminus of B5, includ-
ing the stalk portion (HV-STC), the complete soluble ectodo-
main of B5 (HV-RS), or the four SCR domains (HV-R), were
used to infect cells and perform immunoprecipitation experi-
ments (Fig. 5). As in previous experiments, version RS, com-

prising the complete B5 ectodomain, was coimmunoprecipi-
tated with A34. Interestingly, the SCR domain region alone
(version R) was also complexed with A34. These results sug-
gest that the main interaction site between A34 and BS5 lies
within the SCR domain of BS. Version STC was immunopre-
cipitated with anti-HA antibody, albeit in smaller amounts.
Also, A34,,, coimmunoprecipitated with B5 version STC by
use of anti-V5 antibody. These results indicate that in addition
to the interaction site in the SCR domains, the C-terminal
one-third of the protein includes a second interaction site.
To further confirm that A34 and BS interact through their
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FIG. 4. Mapping of A34-BS interaction site by coimmunoprecipitation. BSC-1 cells were mock infected or infected with the viruses indicated
at the top of each panel at 5 PFU per cell and then harvested at 24 h postinfection. The panel on the left shows the infected cell extracts prior
to immunoprecipitation, probed with anti-HA antibody conjugated with HRP. Immunoprecipitation was performed with either control IgG (lanes
IgG) or anti-V5 antibody (lanes V5), as indicated at the top of the right panel. Cell extracts (left) and immunoprecipitated material (right) were
resolved by SDS-PAGE and subjected to Western blot analysis with anti-HA-HRP antibody. Molecular mass markers are indicated (in kDa).

extracellular portions, we coexpressed the ectodomains of both
proteins. This was accomplished by coinfection with a recom-
binant virus expressing a soluble form of A34 tagged with a
c-myc epitope and virus HV-RS or HV-R. In both cases, a
complex formed between the A34 ectodomain and the B5
extracellular portion was detected by immunoprecipitation
(not shown), reinforcing the idea that the SCR domains of BS
are sufficient to mediate the interaction with the extracellular
portion of A34.

Effect of A34R deletion on targeting of IEV envelope pro-
teins. Vaccinia virus envelope proteins are targeted to trans-
Golgi network vesicles or late endosomes that wrap IMV par-
ticles. The IEV thus formed are then transported from the
wrapping areas to the cell periphery and subsequently released
into the extracellular medium. Considering the known inter-
actions between envelope proteins, we investigated the poten-
tial role of A34 in the incorporation of other envelope proteins
into IEV particles. With that aim, we performed immunofluo-
rescence experiments designed to detect the colocalization of
envelope proteins with virions in the periphery of the cell (IEV
and CEV). First, we compared the distribution of B5 in cells
infected with either WR or A34-deficient viruses (Fig. 6A). To
distinguish between vesicles and viral particles, Hoechst stain-
ing was performed on the same samples. Most of the staining
with anti-B5 antibody in the periphery of WR-infected cells
was coincident with the DNA-containing virus particles (IEV
and CEV). In contrast, anti-B5 staining in vAA34R-infected
cells revealed an altered distribution of B5, with a more diffuse
BS signal, together with structures larger than virions that may
represent vesicles. The poor colocalization of B5 with periph-
eral virions in vAA34R-infected cells indicates that A34 is
required for efficient targeting of B5 to enveloped virions.

A previous report implicated B5 in the incorporation of A33

into the virus envelope (29). Consequently, given the effect of
A34 deficiency on the targeting of B5, one could expect an
indirect effect of the A34 deficiency on the distribution of A33.
Thus, we performed immunofluorescence with anti-A33 anti-
body and vAA34R-infected cells and compared the distribution
of A33 with that found in WR-infected cells (Fig. 6B). A33
staining was prominent in the periphery of WR-infected cells,
both in DNA-containing particles and in the plasma mem-
brane. In contrast, anti-A33 antibody did not label DNA-con-
taining virus particles in vVAA34R-infected cells, where most of
the staining was found in the plasma membrane and was not
coincident with DNA labeling. Redistribution of A33 as a
consequence of A34R deletion has been reported before (33).
These results indicate that A34 deficiency has a dramatic effect
on the incorporation of BS and A33 into IEVs.

We also investigated the effect of A34 deficiency on the
distribution of other constituents of IEV. We performed im-
munofluorescence microscopy with anti-A36 or anti-F13 anti-
body and vAA34R-infected cells, together with DNA staining,
to visualize virus particles (Fig. 7). In control WR-infected
cells, A36 was present in a portion of the peripheral virus
particles, consistent with the previous observation that A36 is
present in IEV but absent from CEV. In contrast, anti-A36
antibody produced diffuse staining in vAA34R-infected cells
and did not label DNA-containing particles in the periphery of
the cell, indicating a defect in the incorporation of A36 into
IEV due to the absence of A34.

The presence of F13 in enveloped, cell-associated virus (IEV
plus CEV) was also revealed by immunofluorescence. In con-
trast to the results obtained with BS5, A33, and A36, protein
F13 staining clearly labeled peripheral virions both in WR- and
in vAA34R-infected cells, indicating that F13 was incorporated
into enveloped virus in the absence of A34. These results
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FIG. 5. Interaction of SCR domains of B5 with A34. BSC-1 cells were infected with the viruses indicated at the top of the panels at 5 PFU per
cell and then harvested at 24 h postinfection. The panels on the left show Western blots of infected cell extracts prior to immunoprecipitation,
probed with anti-V5-HRP antibody (top) or anti-HA-HRP antibody (bottom). Immunoprecipitation was performed with either control IgG (lanes
IgG), anti-HA antibody (lanes HA), or anti-V5 antibody (lanes V5), as indicated at the top of the right panels. Immunoprecipitated material was
resolved by SDS-PAGE and subjected to Western blot analysis with anti-V5-HRP antibody (top) or anti-HA-HRP antibody (bottom). Molecular

mass markers are indicated (in kDa).

indicate that targeting of F13 to IEV is not dependent on A34.
In contrast, targeting of proteins A33, BS, and A36 to IEV is
dependent on the presence of A34.

Envelope proteins in vAA34R extracellular virus. The above
results showed an abnormal distribution of envelope proteins
in cells infected with the A34-deficient virus. To test whether
this resulted in an enveloped virus with altered amounts of
proteins in the envelopes of extracellular viruses, extracts of
extracellular virus in the medium of WR- or vAA34R-infected
cells were analyzed by Western blotting, using antibodies to
different envelope components (Fig. 8). Similar amounts of
IMV proteins were present in WR and vAA34R extracellular
virions, as revealed by a polyclonal antiserum to IMV proteins.
Also, the lack of contamination from cellular membranes was
consistent with the absence of A36 in extracellular virus for
both WR and vAA34R. Interestingly, the amounts of B5 and
A33 present in VAA34R extracellular virus were diminished
with respect to those found in WR extracellular virus. In con-
trast, the amounts of F13 present in extracellular virus were
similar for WR and vAA34R. A previous study (24) reported
that EEV envelope proteins were present in both WR and
vAA34R. Careful inspection shows that our analysis is in agree-
ment with the amounts of F13 and B5 detected in VAA34R
extracellular virus in that report (see Fig. 5 in reference 24).

Also, the relative amounts of the proteins present in extracel-
lular virus are consistent with the immunofluorescence results
obtained and confirm the idea that F13, but not A33 or B3, is
incorporated in normal amounts into enveloped virus in the
absence of A34.

DISCUSSION

Vaccinia virus assembly and transmission depend on several
virus-encoded proteins. To date, a number of studies have
focused on the role of particular proteins or their domains in
specific functions carried out by the virus envelope. Of the
protein constituents of the virus envelope, proteins F13 and BS
are required for IMV wrapping (1, 47), while proteins A34 and
BS are involved in the retention of CEV on the plasma mem-
brane (4, 12, 21), the induction of actin tails (12, 21, 23, 48),
and the disruption of the viral membrane prior to virus entry
(15, 19).

We have characterized here the interaction between the A34
and BS5 proteins and have shown that the extracellular portions
of both proteins are sufficient to mediate their interaction. We
have considered that in establishing the interaction, both pro-
teins could be placed in the same or opposite membranes.
Significantly, mutations in the extracellular domains of A34
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FIG. 6. Distribution of BS and A33 envelope proteins in A34-deficient virus. BHK-21 cells were infected for 7 h, fixed, permeabilized, and
stained with antibodies against envelope protein B5 or A33. DNA was visualized by Hoechst staining. (A) Colocalization of B5 and virus particles.
Cells infected with WR or A34-deficient virus (vVAA34R) were stained with anti-B5 antibody. Merged images resulted from the combination of
monochrome images pseudocolored green (Hoechst) and red (anti-B5). Note the colocalization of BS protein with viral DNA in cells infected with
WR but not in vAA34R-infected cells. (B) Colocalization of A33 and virus particles. Cells infected with WR or vAA34R were stained with anti-A33
antibody. Merged images resulted from combining monochrome images pseudocolored green (Hoechst) and red (anti-A33). Note that the
colocalization of A33 protein with viral DNA in cells infected with WR is affected in vAA34R-infected cells.

and B5 produce similar comet-shaped plaque phenotypes as a
result of increased release of enveloped virus from infected
cells (4, 12, 21). We have tested if these mutations prevent the
formation of the A34-B5 complex. Deletion of the SCR do-
mains in B5 (12), which is known to increase virus release from
the cell, affects the interaction, which is in agreement with the

notion that CEV could be retained at the cell surface by
A34-B5 interaction between the CEV membrane and the
plasma membrane. However, we did not detect differences in
the A34-B5 interaction when using an A34 protein containing
a K151E mutation (4) that increases CEV release (not shown).
Similarly, a P189S mutation in the extracellular domain of B5S
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FIG. 7. Distribution of A36 and F13 envelope proteins in A34-deficient virus. BHK-21 cells were infected for 7 h, fixed, permeabilized, and
stained with anti-A36 or anti-F13 antibodies. Virion DNA was visualized by Hoechst staining. (A) Colocalization of A36 and virus particles. Cells
infected with WR or A34-deficient virus (VAA34R) were stained with anti-A36 antibody. Merged images resulted from the combination of
monochrome images pseudocolored green (Hoechst) and red (anti-A36). Note the coincidence of the A36 protein with some virus particles
(presumably IEV and maybe some CEV) in cells infected with WR but not in vAA34R-infected cells. (B) Colocalization of F13 and virus particles.
Cells infected with WR or vAA34R were stained with anti-F13 antibody. Merged images resulted from combining monochrome images pseudo-
colored green (Hoechst) and red (anti-A33). Note the colocalization of the F13 protein with viral DNA in cells infected with both WR and AA34R.

that causes enhanced EEV formation (17) did not have a
noticeable effect on the A34-B5 interaction. Therefore, we
have to conclude that the interaction between A34 and BS5 is
not the only factor determining CEV retention at the plasma
membrane.

Our results indicate that the interaction between A34 and

B5 can be mediated not only by the SCR domains but also by
the stalk region. It is noteworthy that both portions of the
protein contain negatively charged domains (with isoelectric
points of 4.49 and 4.41 for SCR domains 2 and 3, respectively,
and 3.88 for the stalk region) that could interact with the
positively charged ectodomain of A34 (isoelectric point of
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FIG. 8. Protein composition of extracellular virus envelope of A34-
deficient virus. Extracts from BHK-21 cells infected with WR or
VAA34R virus (cells) or from the respective extracellular virus (EV)
were subjected to SDS-PAGE and analyzed by Western blotting with
antibodies to envelope proteins or with polyclonal antiserum to IMV
proteins (a-IMV). Molecular weight markers are indicated on the left.
Note the diminished amounts of glycoproteins A33 and B5 in vAA34R
extracellular virus with respect to those in WR extracellular virus.

9.34). Therefore, it seems likely that electrostatic interactions
between the ectodomains of the two proteins contribute to
their binding.

We have studied here the consequences of A34 deficiency in
the distribution of other envelope proteins and, more specifi-
cally, in their presence in enveloped virus forms. The subcel-
lular localization of different envelope proteins in infected or
noninfected cells suggests that several proteins cooperate to
achieve their destinations in the wrapping compartment during
infection (20). Our results reinforce this notion by showing that
in the absence of A34, the BS protein is not targeted properly
to enveloped viruses. In addition, it has been shown that the
distribution of B5 is modified by coexpression of F13 (14).
Interestingly, the BS protein is known to contain signals for ER
export to the Golgi complex and for plasma membrane re-
trieval (44) and is able to reach the Golgi complex in the
absence of other virus proteins (20). Therefore, it is likely that
the roles of F13 and A34 in the localization of B5 occur at a
Golgi or post-Golgi step. In particular, the function of the
A34-B5 interaction might be necessary for the incorporation of
BS5 into the IEV membranes during virus wrapping rather than
for the targeting of BS to the wrapping compartment.

A34 deficiency also results in the anomalous distribution of
A33, although no direct interaction between the two proteins
has been demonstrated. Recently, we reported that the incor-
poration of A33 into IEV is dependent on the expression of BS

VACCINIA VIRUS A34 PROTEIN FUNCTION 2159

(29). Also, Rottger et al. (33) described the redistribution of
A33 as a consequence of A34R or BSR deletion. Given the
effect of A34 on BS5 targeting and that of BS on A33 targeting,
the effect of A34R deletion on the distribution of A33 could be
mediated by BS. One possibility to explain the data available is
that the three proteins form an A34-B5-A33 complex. How-
ever, the inability of us and others (33) (Fig. 2) to coimmuno-
precipitate A33 and A34 argues against this hypothesis. One
appealing hypothesis that needs further investigation is that BS
forms alternative complexes with either A33 or A34.

One intriguing question is how A34-deficient viruses, which
seem to be affected in the distribution of multiple envelope
proteins, are able to exit cells efficiently. The fact that virus
wrapping, transport, and exit can occur with an altered distri-
bution of B5 is difficult to reconcile with the fact that BS is
required for EEV formation. One possible explanation is that
BS is required in only small amounts for virus wrapping or that
it can carry out its function without being massively incorpo-
rated into IEV. The possibility that decreased amounts of B5S
protein may be sufficient for normal virus wrapping has been
proposed before (22). The observation that F13 is efficiently
targeted to IEV and EEV in the absence of A34, leading to
increased EEV release, even when B5 and A33 are recruited to
EEV in smaller amounts, reinforces the idea that F13 is the
main requirement for virus wrapping and egress. Our data
support the idea that A34, which is not needed for IEV for-
mation or transport, is a key factor for determining the protein
composition of the virus envelope, leading to the incorporation
of proteins BS and A33.

At least part of the phenotype of the A34-deficient virus can
be explained by reduced amounts of different proteins in the
virus envelope. For instance, the decrease of infectivity of EEV
and their inability to rupture the envelope before entry can be
the direct result of a small amount of BS in the envelope, since
BS is required for this process. Likewise, the lack of induction
of actin tails caused by A34 deficiency could be the result of the
altered incorporation of B5, A33, and A36 into vVAA34R IEV.
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