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Vaccinia virus produces two morphologically distinct forms of infectious virus, termed intracellular mature
virus (IMV) and extracellular enveloped virus (EEV). EEV is important for virus dissemination within a host
and has different surface proteins which bind to cell receptors different from those used by IMV. Six genes are
known to encode EEV-specific proteins. One of these, B5R, encodes a 42-kDa glycoprotein with amino acid
similarity to members of the complement control protein superfamily and contains four copies of a 50- to
70-amino-acid repeat called the short consensus repeat (SCR). Deletion of B5R causes a small-plaque phe-
notype, a 10-fold reduction in EEV formation, and virus attenuation in vivo. In this study, we inserted mutated
versions of the B5R gene lacking different combinations of the SCRs into a virus deletion mutant lacking the
B5R gene. The resultant viruses each formed small plaques only slightly larger than those of the deletion
mutant; however, the virus containing only SCR 1 formed plaques slightly larger than those of viruses with
SCRs 1 and 2 or SCRs 1, 2, and 3. All of these viruses produced approximately 50-fold more infectious EEV
than wild-type virus and formed comet-shaped plaques under liquid overlay. Despite producing more EEV, the
mutant viruses were unable to induce the polymerization of actin on intracellular virus particles. The impli-
cations of these results for our understanding of EEV formation, release, and infectivity are discussed.

Vaccinia virus (VV) is the most extensively studied poxvirus.
Like other members of this family of viruses, VV has a large
double-stranded DNA genome, replicates in the cytoplasm,
encodes enzymes for transcription and DNA replication, and
expresses many virulence factors that aid virus propagation in
vivo (24).

VV morphogenesis is a complex process that produces sev-
eral distinct intermediates and more than one form of mature
infectious virion (1, 16). Morphogenesis is initiated by the
production of crescent-shaped structures within virus factories
(for a review, see reference 8). These crescents contain host
lipids and virus-encoded proteins and are thought to be formed
by modification of host membranes of the intermediate com-
partment between the endoplasmic reticulum and the Golgi
stack (39). Growth of these crescents produces complete
spherical particles which lack infectivity and are termed imma-
ture virions. The nucleoprotein core of immature virions con-
dense to form electron-dense intracellular mature virus (IMV),
the first infectious form of virus and the form representing the
majority of infectious progeny.

IMV may either remain intracellular and be released by cell
lysis, become wrapped by intracellular membranes (17, 23, 28)
derived from the trans-Golgi network (TGN) (12, 34) or early
endosomes (41) to form intracellular enveloped virus (IEV), or
bud through the plasma membrane late during infection (43).
The wrapping of IMV by TGN or early endosomal membranes
requires the specific interaction of virus proteins on the IMV
surface with virus proteins exposed on the cytosolic side of
these cellular membranes. IEV particles can polymerize actin
in a manner reminiscent of intracellular bacteria such as Shi-

gella and Listeria to form actin tails which propel the virus
particles to the cell surface (5, 6). Once at the cell surface, the
outer membrane fuses with the plasma membrane to form
extracellular enveloped virus (EEV), most of which remains at
the cell surface and is called cell-associated enveloped virus
(CEV) (3). Enveloped virus is important for virus spread be-
tween cells and for the long-range dissemination of virus in cell
culture or in vivo (1–3, 26, 27, 30). EEV binds to different
cellular receptors from IMV (45) and is resistant to neutral-
ization by antibody (15, 44).

Six genes that encode EEV-specific proteins have been iden-
tified. These are A56R, encoding the hemagglutinin (gp86)
(29, 35), F13L (protein p37) (13), B5R (gp42) (10, 18), A34R
(gp22-24) (9), A36R (p45-50) (25), and A33R (gp23-28) (31).
The functions of these proteins are being studied by using virus
mutants which have specific genes either deleted, mutated, or
repressed (for a review, see reference 38). None of the EEV
proteins are needed for IMV formation, but they are all re-
quired for virus virulence in one model or another, and they
have different effects on plaque phenotype and the formation
and infectivity of EEV. The hemagglutinin does not affect
plaque size but causes a syncytial phenotype (16, 36). Deletion
of gp42 and p37 cause a small plaque size and a dramatic
(#10-fold) decrease in EEV formation due to a failure to wrap
IMV with TGN or tubular endosomal membranes (2, 11, 47).
Sequences within the transmembrane and cytoplasmic tail of
B5R are important for targeting the protein to the wrapping
membrane because fusion of these regions of the B5R protein
to human immunodeficiency virus (HIV) gp120 caused local-
ization of HIV gp120 onto EEV (19). Loss of p45-50 causes a
more modest (three- to fivefold) reduction in plaque size and
EEV formation (25). The A34R protein has multiple func-
tions: it is required for a normal plaque size (9); it determines
whether EEV remains attached to the cell surface as CEV or
if it is released as EEV (4, 22); it is important for some aspect
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of the reinfection process, since A34R2 EEV has a five- to
sixfold reduction in specific infectivity (22); and it is required
for the formation of intracellular actin tails (46). A mutant
lacking A33R has not yet been described.

In this study, we examined the functions of the B5R protein
by the construction of mutant B5R alleles and the insertion of
these into a B5R deletion mutant virus. B5R is related to
members of complement control protein superfamily and con-
tains four copies of a short consensus repeat (SCR) (50 to 70
amino acids in length) that are typical of this superfamily (10,
18, 40). We have deleted either SCR 4 alone, SCRs 3 and 4, or
SCRs 2, 3, and 4 and examined the properties of viruses ex-
pressing these mutant proteins. Each virus produces a small
plaque which forms comets under liquid overlay, and consis-
tent with the comet plaque phenotype, there is a dramatic
increase in EEV formation. In addition, each mutant virus is
unable to induce the formation of intracellular actin tails.

MATERIALS AND METHODS

Cells and viruses. Human TK2143B cells, monkey kidney CV-1 and BS-C-1
cells, and rabbit kidney RK13 cells were grown in Dulbecco’s modified Eagle’s
medium in 10% fetal bovine serum (FBS). A VV Western Reserve (WR) mutant
with 75% of the B5R coding region deleted (vDB5R) was described previously
(11). Viruses were grown and titrated in BS-C-1 cells as described previously
(20).

Reagents. Rabbit polyclonal antibody to the B5R gene product (10) and
mouse monoclonal antibodies (MAbs) to the VV D8L gene product (AB1.1)
(25) and the A27L gene product (5B4/2F2) (7) have been described elsewhere.
Phalloidin and tunicamycin were obtained from Sigma, and [3H]thymidine (70 to
86 Ci/mmol) was obtained from Amersham.

Generation of mutant B5R genes. Mutant B5R genes which lacked SCR 4,
SCRs 3 and 4, or SCRs 2, 3, and 4 were constructed by splicing by overlap
extension (SOE) (14) and gene cloning. The DNA template for PCR was plasmid
pSTH4, which contains the entire B5R gene and flanking sequences cloned into
pUC13 (10). Each mutant gene was constructed by separately amplifying the
gene in two pieces and then joining these pieces together by SOE to a produce
the complete mutant gene with a 59 ClaI site and a 39 KpnI site (Fig. 1). Each
gene was then cloned into pEM6 so that the B5R promoter and coding region
were inserted into the VV thymidine kinase (TK) gene. pEM6 is a plasmid
containing a version of the B5R gene cloned into the TK gene and flanked by

ClaI and KpnI sites (full details to be published elsewhere). The 59 part of each
mutant gene started 115 nucleotides upstream of the initiation codon of the open
reading frame, so as to include the entire B5R promoter region (10), and
extended downstream to either the end of the first, second, or third SCR domain
at amino acid 75, 128, or 185 of the VV strain WR wild-type (WT) protein,
respectively. The 39 part of the gene started from the translation termination
codon and continued upstream to include the cytoplasmic tail, the transmem-
brane anchor, and 39-amino-acid spacer region before the SCRs, starting at
amino acid 242 of the WT protein. The internal oligonucleotides for each
fragment contained overlaps enabling these individual PCR fragments to be
assembled into a single gene by SOE using the outermost oligonucleotides as
primers. After assembly, the PCR fragment was digested with ClaI and KpnI,
cloned into pEM6, which had been digested with the same enzymes, and se-
quenced to confirm the fidelity of the DNA. The plasmids containing SCR 1,
SCRs 1 and 2, or SCRs 1, 2, and 3 were called pEM20, pEM19, and pEM18,
respectively. The WT B5R gene was also assembled and inserted into the TK
locus as a control for ectopic expression of the mutant B5R genes. The WT gene
was generated by ligating two fragments which contained either the 59 or 39
region of the B5R gene. The 59 region including the promoter was excised from
plasmid pEM9 with ClaI and HpaI, the latter enzyme cutting the open reading
frame at codon 285. pEM9 is a plasmid containing the 59 region of the B5R gene
cloned within the TK locus. This fragment was cloned into plasmid pEM11 which
had been digested with the same enzymes. pEM11 is a plasmid containing the 39
region of the B5R gene flanked by the TK locus (details to be published else-
where). Thus, the entire WT gene was assembled within the TK locus. This
plasmid was called pEM21.

Construction of recombinant VV. The WT or mutant B5R genes were inserted
into the TK locus of a mutant virus lacking the B5R gene (vDB5R) (11) by
infecting CV-1 cells with vDB5R at 0.5 PFU/cell and then transfecting these cells
2 h postinfection (hpi) separately with plasmid pEM18, pEM19, pEM20, or
pEM21. Progeny virus was harvested 48 hpi, and TK2 viruses were isolated by
plaque assay on human TK2143B cells in the presence of bromodeoxyuridine as
described previously (20). Recombinant plaques were distinguished from spon-
taneous TK2 isolates by screening with oligonucleotides spanning the insertion
site within the TK gene (37). Viruses were plaque purified three times under
selection before stocks were grown and titrated on BS-C-1 cells. Recombinant
viruses were called vEM11, vEM12, vEM13, and vEM14. These contained SCR
1 (vEM11), SCRs 1 and 2 (vEM12), SCRs 1, 2, and 3 (vEM13) linked to the
39-amino-acid spacer region and transmembrane and cytoplasmic tail, or the
entire WT gene (vEM14). In this report, these viruses are referred to as vSCR1,
vSCR1-2, vSCR1-3, and vB5R/WT, respectively.

Immunoblotting. BS-C-1 cells were infected at 10 PFU/cell, and extracts were
prepared from cells at 16 hpi as described previously (25). After resolution by
electrophoresis on sodium dodecyl sulfate–10% polyacrylamide gels proteins
were electrophoretically transferred to nitrocellulose membranes (42) and de-
tected by incubation with specific antibodies. To detect B5R, the filter was
incubated with rabbit anti-B5R serum (10) diluted 1:2,500. To confirm that cells
had been equally infected with the different viruses, filters were stripped and
reprobed with mouse MAb AB1.1 directed against the D8L gene product (25).

Analysis of comet formation. Monolayers of RK13 cells were infected with 50
PFU and incubated under liquid overlay, minimal essential medium (MEM)
containing 2.5% FBS, for between 2 and 5 days. Medium was removed, and the
cells were stained with 0.1% crystal violet in 15% ethanol.

Infectivity assays. To measure the infectious virus present into the culture
supernatant, RK13 cells were infected at 1 PFU/cell and harvested at 24 hpi.
Culture medium was removed and clarified by centrifugation at 2,000 rpm (Beck-
man GPR benchtop centrifuge) and titrated directly in either the absence or the
presence of MAb 5B4/2F2 (7) to neutralize IMV as described previously (45).
Viruses were diluted prior to addition of antibody to maintain similar virus/
antibody ratios. Virus infectivity present in cells was assayed by scraping the
infected cells into phosphate-buffered saline (PBS), combining this with the
pellets derived from clarification of culture supernatant (see above), and collect-
ing cells by centrifugation (as described above). After three cycles of freeze-
thawing and sonication, the infectivity present was determined by plaque assay
on BS-C-1 cells (20).

CsCl density gradient centrifugation. Flasks of RK13 cells (175 cm2) were
infected at 10 PFU/cell and labeled with 100 mCi of [3H]thymidine from 1.75 hpi.
At 24 hpi, the culture medium was collected and clarified by centrifugation at
2,000 rpm for 10 min in a Beckman GPR benchtop centrifuge, and the virus was
pelleted from the supernatant at 14,000 rpm for 80 min at 4°C in a Beckman
SW41 ultracentrifuge rotor. The virus pellet was gently resuspended in 1 ml of 10
mM Tris-HCl (pH 9) and layered onto a CsCl density gradient. The gradient was
formed and then centrifuged as described previously (25). Fractions (0.5 ml)
were collected, and their density and radioactivity were determined by refrac-
tometry and scintillation counting. The virus infectivity in the fresh, clarified
supernatant and in the infected cells (which were detached from the flask and
collected by centrifugation) was determined by plaque assay on BS-C-1 cells.

Immunocytochemistry. BS-C-1 cells were seeded onto 20-mm-diameter glass
microscope slides (Chance Proper Ltd., West Midlands, England) to attain 20 to
30% confluence. Binding of viruses (10 PFU/cell) was performed on ice for 1 h
to synchronize infections. Cells were then washed three times in MEM (37°C)
and incubated at 37°C for various periods. Cells were fixed in PBS containing 4%

FIG. 1. Schematic showing the formation of a mutant B5R gene lacking SCR
4 by SOE. Similar strategies were used to produce mutant B5R genes lacking
SCRs 3 and 4 or SCRs 2, 3, and 4. P, promoter; S, spacer region between SCR
4 and transmembrane domain; TM, transmembrane domain; C.T., cytoplasmic
tail.
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paraformaldehyde at room temperature for 20 min and permeabilized with 0.1%
Triton X-100 in PBS before staining. Immunofluorescence was analyzed and
recorded by using a Bio-Rad MRC1024 confocal laser scanning microscope, and
the resulting images were processed with the Adobe Photoshop program.

Electron microscopy. Cells were infected at 5 PFU/cell with the indicated
viruses, harvested at 16 hpi, and processed for electron microscopy as described
previously (32).

RESULTS

Viruses with a mutant B5R gene. The B5R protein is re-
quired for the wrapping of IMV by intracellular membranes,
EEV formation, normal plaque size, and virus virulence. B5R
is a typical type I membrane glycoprotein with an amino-
terminal signal sequence followed by an extracellular hydro-
philic domain containing four SCRs, a transmembrane anchor
sequence, and a short cytoplasmic domain. To dissect the roles
of these different domains in the virus replication cycle, we
have constructed mutant B5R genes which lack different com-
binations of SCRs. These mutants contain either SCR 1, SCRs
1 and 2, or SCRs 1, 2, and 3 linked to the other regions of the
B5R gene (Fig. 2). Each of these genes was assembled by SOE
(Fig. 1), cloned into a transfer vector enabling insertion into
the VV TK locus, sequenced, and used to construct recombi-
nant viruses, using the B5R deletion mutant vDB5R as the
parental virus (11). As a control, the WT B5R gene was also
inserted into the TK locus of vDB5R. These viruses are re-
ferred to here as vSCR1, vSCR1-2, vSCR1-3, and vB5R/TK.
The genomes of these recombinant viruses were carefully an-
alyzed by agarose gel electrophoresis of HindIII- and SalI/
EcoRI-digested DNA, Southern blotting, and PCR using oli-
gonucleotides specific for the B5R gene and regions flanking
the TK gene. These analyses confirmed that the natural B5R
locus contained the deleted B5R allele of the parental virus
vDB5R, the ectopic WT or mutant B5R genes had been in-
serted into the TK gene, there were no additional copies of

B5R elsewhere in the virus genome, and all restriction frag-
ments which did not include the TK or B5R loci were indis-
tinguishable for all viruses (data not shown).

Protein expression by mutant viruses. To examine the size
and location of the B5R protein made by the mutant viruses,
we infected BS-C-1 cells with each virus and analyzed infected
cells extracts by immunoblotting with a rabbit antibody against
the B5R protein (10). Figure 3 shows that WT WR- and vB5R/
TK-infected cells produced a 42-kDa B5R protein which was
slightly less abundant in vB5R/TK-infected cells and absent in
vDB5R- or mock-infected cells. Viruses vSCR1-3, vSCR1-2,
and vSCR1 produced B5R proteins of decreasing size as ex-
pected, and in each case trace amounts of higher-molecular-
weight complexes were present, as noted previously for the WT
B5R protein (10, 18). Incubation of infected cells in the pres-
ence of tunicamycin, to inhibit addition of carbohydrate linked
to asparagine residues, reduced the size of all B5R proteins
except that made by vSCR1. Presumably this B5R protein was
not modified by N-linked carbohydrate because, unlike
vSCR1-2 and vSCR1-3, it did not contain the NX(S/T) motifs
in SCR 2.

B5R is a membrane glycoprotein that becomes part of the
outer envelope of EEV and is easily detected in virions re-
leased from the infected cell. A fraction of the mature B5R
protein is also proteolytically digested to produce a soluble
protein of 35 kDa (21). The presence of virus-associated and
soluble B5R protein was therefore examined in the superna-
tant of cells infected separately with each of the virus mutants
(Fig. 4). WT WR and vB5R/TK viruses each synthesized a
42-kDa protein that was present in infected cells and released
virus particles (lanes 14, 15, 17, and 18). These viruses also
produced a soluble 35-kDa protein as expected (lanes 13 and
16). No B5R proteins were made in vDB5R-infected cells
(lanes 1 to 3) or mock-infected cells (data not shown). vSCR1,
vSCR1-2, and vSCR1-3 each released B5R protein into the cell
culture supernatant that was the same size as that present in
infected cells. This protein was shown to be virion associated
rather than soluble since it was pelleted by centrifugation
(lanes 5, 6, 8, 9, 11, and 12). This finding suggested, unexpect-
edly, that EEV was being made by these mutant viruses, and
the intensity of the B5R proteins detected by immunoblotting
indicated that the levels of EEV released were as high as for
WT virus, if not higher. A corresponding increase in another
EEV-specific protein (p37) was also observed in extracellular

FIG. 2. Structures of recombinant VV genomes (A) and mutant B5R genes
(B). TM, transmembrane domain; S, spacer; C.Tail, cytoplasmic tail.

FIG. 3. Immunoblot showing the B5R proteins made in cells infected with
the different viruses. BS-C-1 cells were infected with the indicated viruses at 10
PFU/cell in the presence or absence of tunicamycin (10 mg/ml), and extracts were
prepared at 16 hpi. After electrophoresis through a 10% polyacrylamide gel, the
proteins were transferred to nitrocellulose and B5R protein was detected by
incubation with rabbit antibody against B5R (1:1,000 dilution) (10) followed by
a horseradish peroxidase-conjugated species-specific secondary antibody and
ECL reagents (Amersham). Molecular weight markers are shown in kilodaltons.
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virus released from cells infected with these mutants (data not
shown).

The mutants differed from WT in two other respects. First,
a much greater proportion of virion-associated B5R protein
was found in complexes than in monomers. Evidently the for-
mation of these complexes does not require SCR 2, 3, or 4.
Second, each mutant virus released proportionally less soluble
protein than did WT virus. For vSCR1 and vSCR1-2, only trace
amounts of soluble protein were detected (lanes 4 and 7), and
these proteins were the same size as those in cells and virions
and might represent residual virus particles. For vSCR1-3,
slightly more soluble protein was present (lane 10), but this was
still considerably less than for WT virus (lane 16), and the
soluble protein was mostly smaller than B5R protein present in
cells and virions. These data suggest that SCRs 3 and 4 influ-
ence the efficiency of proteolytic cleavage. The size of the
35-kDa proteolytic fragment made by WT virus suggests that
the cleavage is likely to occur between SCR 4 and the trans-
membrane domain. If this is the case, the reduced cleavage in
the absence of SCR 4, and the virtual abrogation of cleavage
when SCRs 3 and 4 are deleted, suggests that these SCRs
affecting the folding of the protein that influences access by the
protease.

Plaque phenotypes of mutant viruses. The plaque pheno-
types produced by the different viruses on BS-C-1 cells are
shown in Fig. 5A. As noted previously (11), the deletion mu-
tant vDB5R produced a very small plaque that was clearly
visible only after 4 to 5 days of incubation. vB5R/TK, contain-
ing the ectopic WT B5R gene, produced a plaque that was
marginally smaller than WT plaques. In comparison, the
plaques formed by viruses with mutated B5R SCRs were con-
siderably smaller, albeit larger than plaques formed by vDB5R.
Notably, vSCR1 plaques were appreciably larger than those of
vSCR1-2 and vSCR1-3. Although small, this difference was
reproducibly observed. Collectively, these data show that the
SCRs influence plaque size in a complex manner: loss of only
SCR 4 causes a drastic reduction in plaque size compared to
WT, yet as long as the spacer, transmembrane, and cytoplasmic
domains are retained, the plaque size increases as more SCRs
are deleted.

VV strains which produce larger amounts of EEV, such as
IHD-J, produce comet-shaped plaques if incubated under liq-
uid overlay (1). These represent the unidirectional spread of
virus from the primary plaque (comet head), and the mecha-
nism by which they are formed is not understood. Figure 5B
shows that VV strain IHD-J produces large comets, whereas

vB5R/TK produces only small comets by 96 hpi (similar in
morphology to WT WR [data not shown]). Virus vDB5R also
fails to produce comets, as previously reported (11), consistent
with the low levels of EEV produced. Surprisingly, vSCR1,
vSCR1-2, and vSCR1-3 produced clear comets, suggesting en-
hanced EEV release, despite their small plaque phenotype
(Fig. 5A). This indicated that SCRs 2, 3, and 4 are not required
to produce extracellular virus and that when they are present
they prevent virus release.

Deletion of SCRs greatly increases EEV. To measure EEV
release more accurately, the infectivity present in the cell su-
pernatant was determined for each virus and compared with
that in infected cells. All viruses produced similar levels of
infectivity in cells. As expected for WT WR and vB5R/TK,
there was very little infectious virus released into the superna-
tant compared to that retained in infected cells, and the level
of extracellular virus was reduced further with vDB5R (Fig.
6A). However, for viruses lacking one or more SCR, there was
an approximately 50-fold increase in infectious virus released.
This is demonstrated more clearly by plotting the infectivity
released into the cell culture supernatant as a percentage

FIG. 4. Immunoblot showing that mutant B5R proteins are released from
infected cells. RK13 cells were infected with the indicated viruses at 10 PFU/cell
and incubated in MEM with 2.5% FBS for 24 h. The supernatants of infected
cells were clarified by low-speed centrifugation (2,000 rpm in a Beckman GPR
benchtop centrifuge for 10 min) to pellet detached cells and cell debris and then
high-speed centrifugation (14,000 rpm; SW28 rotor; Beckman ultracentrifuge; 80
min) to pellet virus particles (lanes V) from soluble protein (lanes S). An infected
cell extract (C) was prepared as for Fig. 3. B5R proteins were resolved by
electrophoresis and detected as described for Fig. 3. Molecular weight markers
are shown in kilodaltons.

FIG. 5. Plaque morphologies of virus mutants. (A) Monolayers of BS-C-1
cells were infected with the indicated viruses, incubated in 1.5% carboxymethyl
cellulose in MEM with 2.5% FBS for 96 h, and then stained with crystal violet.
(B) Monolayers of BS-C-1 cells were infected with the indicated viruses, incu-
bated in MEM with 2.5% FBS for 96 h, and then stained with crystal violet.
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(mean 6 standard error of the mean [SEM]) of total infectivity
(Fig. 6B). Extracellular virus represents ,1% of total infectiv-
ity for WT WR and vB5R/TK and approximately 0.1% for
vDB5R, but between 17 and 23% of infectivity was extracellu-
lar for the SCR mutants. This level approaches that found with
VV strain IHD-J. This result was consistent with the increased
amounts of virion-associated B5R protein in the supernatant
of cells infected with these viruses (Fig. 4) and the comet-
shaped plaques that they formed (Fig. 5B).

To demonstrate that the enhanced infectivity in the culture
supernatant reflected increased release of enveloped virus,
rather than IMV released by cell lysis, we determined the
proportion of infectivity in the supernatant that was neutral-
ized by MAb 5B4/2F2, directed against the IMV 14-kDa sur-
face protein (7). Figure 7A shows the total infectivity in the
supernatant, the infectivity resistant to MAb 5B4, and the
infectivity neutralized by the antibody; Fig. 7B shows the per-
centage of infectivity in the supernatant that is resistant to
neutralization by 5B4/2F2 and represents EEV. These data
show that the proportions of infectivity represented by IMV
are 35 to 45% for the SCR mutants and 30 or 20% for WT WR

or vB5R/TK, respectively. Although only a small amount of
extracellular virus was produced from vDB5R-infected cells, it
was notable that 97% of this amount was resistant to neutral-
ization by MAb 5B4/2F2. The concentration of MAb 5B4/2F2
used in these experiments was able to neutralize 92% of puri-
fied IMV (data not shown).

Buoyant density and specific infectivity of released EEV. To
determine the buoyant density of the EEV released from cells
infected by the mutant viruses, virions were metabolically la-
beled with [3H]thymidine and purified from the culture me-
dium by CsCl density gradient centrifugation. Figure 8B dem-
onstrates that these mutants released EEV of normal density
(1.23 g/ml) and confirmed the greatly enhanced levels of EEV
compared to WT WR or vB5R/TK (Fig. 8A). The slightly
greater amount of EEV released by vSCR1 was not found in a
repeat experiment. The presence of very little IMV in the CsCl
gradients (at 1.27 g/ml) is not inconsistent with the demonstra-
tion that approximately one-third of extracellular virus is neu-
tralized by IMV-specific MAb (Fig. 7), because EEV with a
damaged outer envelope can be neutralized by IMV antibody
while still retaining EEV density in CsCl gradients (15, 45).

FIG. 6. B5R mutant viruses release enhanced levels of virus into the culture supernatant. RK13 cells were infected with the indicated viruses at 1 PFU/cell. At 24
hpi, the culture supernatant was collected and clarified by low-speed centrifugation (2,000 rpm in a Beckman GPR benchtop centrifuge for 10 min), and then the
infectious virus present in this fraction was determined by duplicate plaque assay on monolayers of BS-C-1 cells. The infected cells were scraped from the monolayer
into PBS, combined with the pellets derived from clarification of the culture supernatant, pelleted as described above, and lysed by freeze-thawing and sonication.
Infectious virus present in the sonicate was determined by plaque assay on BS-C-1 cells. Plaque assays were stained between 48 and 120 hpi. (A) Data are presented
as the titer of virus present in cells (hatched bars) or the culture supernatant (stippled bars) 6 SEM (n 5 3); (B) data are expressed as the percentage of total infectious
virus that was released into the culture supernatant 6 SEM (n 5 3).

FIG. 7. The virus released into the culture supernatant is resistant to neutralization by MAb 5B4/2F2. The experiment described in the legend to Fig. 6 was repeated,
and this time the titer of infectious virus present in the culture supernatant was determined in the presence or absence of MAb 5B4/2F2 as described previously (45).
(A) Stippled bars, total virus; open bars, virus resistant to neutralization by MAb 5B4/2F2; hatched bars, virus neutralized by MAb 5B4/2F2. Titers are shown 6 SEM
(n 5 2). (B) Data expressed as the percentage of infectious virus present in the culture supernatant that is resistant to neutralization by MAb 5B4/2F2 6 SEM (n 5
2).
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The ratio of the infectivity present in clarified tissue culture
supernatant and the counts per minute present in EEV frac-
tions of CsCl density gradients showed that the specific infec-
tivities of EEV from vSCR1, vSCR1-2, and vSCR1-3 were 1.4-,
1.7-, and 2.0-fold higher than that of EEV of vB5R/TK. This
finding showed that SCRs 2, 3, and 4 are not required for EEV
infectivity and that a slight increase in specific infectivity was
observed in their absence.

Wrapping of IMV by intracellular membranes. Increased
titers of infectious virus in the supernatant might be due to
enhanced wrapping of IMV by intracellular membranes, more
efficient transport of IEV to the cell periphery, or increased
release of EEV from the cell. To address these possibilities, we
examined first whether IMV particles were wrapped by intra-
cellular membranes to form IEV. Figure 9 shows that cells
infected with WR WT and each virus lacking one or more SCR
contained virus particles that were wrapped by intracellular
membranes. This was also seen with virus vB5R/TK (data not
shown), and cells infected with this virus contained virus par-
ticles projecting from the cell on macrovilli that presumably
are due to actin tails (Fig. 9E). The proportion of IMV parti-
cles that were wrapped, or in the process of being wrapped, out
of several hundred intracellular particles was determined for
each virus. For WT WR, 45 of 280 (16%) of particles were
wrapped. For vSCR1, vSCR1-2, and vSCR1-3, 66 of 227
(29%), 63 of 335 (19%), and 85 of 323 (26%), respectively,
were wrapped. The membranes of some of the IEVs shown in
Fig. 9 are incomplete, but these mutants were not defective in
completion of the wrapping process. This was established by
examining 100 virions from each virus that were associated
with a wrapping membrane and scoring the proportion of these
which were partially or completely wrapped. For WR, 71%
were fully wrapped, while for vSCR1, vSCR1-2, and vSCR1-3
67, 66, and 60%, respectively, were completely wrapped. For
vDB5R, there was a major defect in wrapping as previously
reported (11, 47) and only 2 of 157 virions were adjacent to
intracellular membranes; in these cases, it was uncertain if
these virions were in direct contact. Despite this finding, some
EEV was detected in the supernatant of cells infected with
vDB5R (Fig. 6 and 7), and this virus was enveloped (Fig. 9) and
was resistant to neutralization by an IMV neutralizing antibody
(Fig. 7). The outer envelope seemed more tightly wrapped

around the IMV particle than for WT virus; possibly this was
related to the greater resistance to neutralization.

B5R SCRs are required for formation of intracellular actin
tails. Some IEV particles induce the polymerization of actin on
one side of the virion to produce actin tails that propel the
virus to the cell surface (5). Failure to envelop IMV with
membranes prevents this process (5). As the B5R SCR mu-
tants produce IEV, an increased amount of EEV, but small
plaques, we investigated if these mutants could induce the
formation of intracellular actin tails. Figure 10a shows that the
SCR mutant viruses and vB5R/TK make many virus particles
that move from virus factories to the cell periphery (D8L).
However, whereas vB5R/TK formed many intracellular actin
tails (F-actin), none of the B5R SCR mutants did so. To elim-
inate the possibility that the SCR deletion viruses form actin
tails at other times during infection, cells were examined from
10 to 18 hpi (Fig. 10b). After staining infected cells with MAb
AB1.1 and phalloidin, the number of infected cells containing
virions with actin tails was determined. At these times, between
76 and 82% of cells infected with vB5R/TK had virions with
actin tails, but very few cells infected with vSCR mutants
showed any actin tails. This defect was not due to a failure to
make IEV (Fig. 9), indicating that these IEVs can move out to
the cell surface in a manner independent of actin tail forma-
tion. This result was reminiscent of the phenotype of A34R
deletion mutants which produce enhanced amount of EEV
(22) and fail to form intracellular actin tails (46).

DISCUSSION

This report presents a mutational analysis of the extracellu-
lar domain in the B5R protein that forms part of the outer
envelope of EEV. The SCRs are demonstrated to affect virus
plaque size and the formation of intracellular actin tails. In
addition, greatly enhanced levels of infectious EEV are re-
leased when these SCRs are deleted.

We constructed recombinant VVs that expressed the WT or
mutant forms of the B5R protein from the TK locus of a VV
mutant from which the majority of the endogenous B5R gene
had been deleted. These viruses expressed B5R proteins of the
predicted sizes that were present in infected cells and became
associated with EEV particles released into the culture super-

FIG. 8. CsCl density gradient contrifugation of EEV. RK13 cells were infected with the indicated virus and labeled with [3H]thymidine, and EEV was purified by
CsCl density gradients as described in Materials and Methods. (A) EEV from cells infected with WT WR, vB5R/TK, and vDB5R; (B) EEV from WT WR, vSCR1,
vSCR1-2 and vSCR1-3. Note the different scales. The radioactivity from the peak fractions representing EEV was compared to the virus infectivity in the fresh culture
supernatant to give a specific infectivity value for each virus. This value was compared to that of vB5R/TK or WT WR viruses, and ratio of the specific infectivity
(mutant/WT) is given in the text.
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natant. Use of tunicamycin, an inhibitor of N-linked glycosyl-
ation, demonstrated that all B5R proteins containing SCR 2
were glycosylated, whereas expression of only SCR 1 produced
a protein lacking N-linked carbohydrate. However, neither gly-
cosylation nor SCRs 2, 3, and 4 are required for incorporation
of B5R into EEV particles, indicating that other regions of the
protein are needed for targeting to the membranes used to
wrap IMV. This result is consistent with the recent demonstra-
tion that a chimeric molecule containing the B5R transmem-
brane and cytoplasmic domain fused to HIV gp120 can be
incorporated into EEV (19). B5R proteins lacking SCRs 2, 3,
and 4, SCRs 3 and 4, or only SCR 4 had an increased propen-
sity to form higher-molecular-weight aggregates, rather than
being monomeric, in EEV particles. This finding indicated that
the complex formation, which involves the formation of disul-
fide bonds (10, 18), does not require these domains and there-
fore must occur through SCR 1 or either or both of the two
cysteine residues near the junction between the cytoplasmic
tail and the transmembrane domain. Little of the mutant B5R
proteins was cleaved to produce a soluble B5R protein found
with the WT protein (21). Possibly the correct spatial organi-
zation of SCRs 3 and 4 or presentation of a particular motif is
required to permit cleavage.

Analysis of the plaques formed by the mutant viruses
showed that loss of SCR 4 was sufficient to produce a very
small plaque phenotype, although this was marginally larger
than that of the B5R deletion mutant. Deletion of SCRs 3 and
4 made little difference compared to deletion of SCR 4 alone,
but deletion of SCRs 2, 3, and 4 caused a further slight increase

in plaque size. This was unexpected and is presently without
explanation. Although plaques formed by the mutant viruses
were all small compared to WT plaques, they all produced
comets, indicating enhanced EEV release. This was confirmed
with infectivity measurements of virus released from infected
cells. EEV levels were approximately 50-fold higher than that
of WT virus and nearly 300- to 400-fold greater than that of
vDB5R. Therefore, SCR 4 of the B5R protein specifically, and
possibly SCRs 2 and 3 also, is required for retaining EEV on
the cell surface. Deletion of the A34R EEV glycoprotein
caused a similar result; despite having a very small plaque
phenotype, 25-fold-higher levels of EEV were released by the
A34R deletion mutant (22) and increased levels of EEV were
noted with a mutant A34R protein containing a K151E sub-
stitution (4). The infectivity of the A34R2 EEV was dimin-
ished five- to sixfold, but there was no such infectivity defect
with EEV of the B5R SCR mutants; with these B5R mutants,
the ratio of infectivity in the fresh supernatant and counts per
minute present in EEV purified in CsCl density gradients
showed a slight increase in specific infectivity.

The B5R protein is required for the envelopment of IMV by
cytoplasmic membranes (11, 47) to form IEV. IEV is needed
for the formation of virus-associated actin tails (5) which pro-
pel IEV through the cell prior to EEV release. Yet viruses
containing mutant B5R proteins with only one, two, or three
SCRs released 50-fold more infectious virus than WT, and this
virus was EEV not IMV, as shown by its buoyant density and
resistance to neutralization by an IMV-specific MAb. Despite
this enhanced EEV release, the B5R SCR mutants failed to

FIG. 9. Electron microscopy of cells infected with the indicated viruses. Note the formation of intracellular virus particles that have been, or are being, wrapped
by intracellular membranes in cells infected with WR WT, vSCR1, vSCR1-2, and vSCR1-3 (A to D). (E) Enveloped particle leaving a B5R/TK-infected cell on an actin
tail. (F) EEV particle produced from a vDB5R-infected cell. Bars: (A to D and F) 100 nm; (E) 500 nm.
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FIG. 10. (a) Fluorescence microscopy of infected cells. BS-C-1 cells were infected with the indicated viruses at 10 PFU/cell. At 14 hpi, cells were permeabilized and
stained with mouse MAb AB1.1 directed against the D8L gene product of IMV (25) and rhodamine isothiocyanate-phalloidin to detect F-actin. Note the actin tails
in IEV particles in panel E. Bar 5 10 mm. (b) Quantitation of actin tails made by the cells infected with the indicated viruses. Cells were infected and stained as for
panel A at the indicated times. Between 30 and 40 cells containing approximately 300 D8L-positive particles were counted for each virus at each time point.
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make actin tails. This result is again reminiscent of the situa-
tion with an A34R deletion mutant that does not make actin
tails (46) but releases enhanced levels of EEV (22). Taken
together, these data demonstrate that actin tail formation is
not required for the formation of EEV. Electron microscopy
showed that IEV particles are formed by the A34R2 virus (46)
and by the B5R mutants described here, and so IEV particles
can move to the surface in an actin tail-independent manner. It
is also possible that some enveloped virus are formed by direct
budding of IMV through the plasma membrane as reported
late in infection with VV strain IHD-W (43). This may also
explain the formation by vDB5R of EEV that are resistant to
neutralization by MAb 5B4/2F2 despite the failure to wrap
IMV by intracellular membranes.

The regions of the B5R protein deleted in the mutants
described here are located within the lumen of intracellular
organelles and are not in a position to interact directly with the
cytosolic surface where actin tail polymerization takes place.
Despite this, actin tail formation is inhibited. Similarly, dele-
tion of the A34R protein (46) or the A36R protein (33) pre-
vents actin tail formation, although these proteins present only
very short peptides on the cytosolic face. These data might be
explained by a model that requires lumenal interaction of the
A34R, A36R, and B5R proteins (possibly with other proteins
too) that creates a complex for actin nucleation on the cyto-
solic face of the membrane.

Enveloped virus is required for the spread of virus from cell
to cell (3), but plaque size does not simply depend on whether
EEV is retained as CEV, since the WR and IHD-J strains,
which have either high EEV and low CEV (IHD-J) or low
EEV and high CEV (WR), have similar-sized plaques. Why
then are the plaques formed by the B5R SCR domain mutants
or vDA34R so small given that these viruses make so much
EEV? For the vDA34R deletion mutant, this might be influ-
enced by the diminished infectivity of EEV, but this is not true
for the B5R mutants which produce EEV comparable in in-
fectivity to EEV produced by WT virus. A possible explanation
is that actin tail formation is needed for direct spread to neigh-
boring cells and without this plaque size is diminished. This
idea fits the data for the B5R mutants and vDA34R but fits less
well with data for the vDA36R mutant that also fails to make
actin tails (33) but has a plaque significantly larger than those
of vDA34R and vDB5R (although still smaller than WT
plaques) (25). Perhaps the actin tails enable the enveloped
virus (CEV or EEV) to exit from cells in a manner suitable for
their efficient spread to adjacent cells, although other factors
are likely to influence plaque size also.

In summary, we describe viruses with mutations in the ex-
tracellular domain of the B5R protein which prevent actin tail
formation yet induce the formation of comet shaped plaques

and enhanced levels of infectious EEV. These data contribute
to our understanding of the role of B5R protein in plaque
formation and in EEV formation and infectivity.
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