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The structure, formation, and function of the virion membranes are among the least well understood aspects
of vaccinia virus replication. In this study, we investigated the role of gp42, a glycoprotein component of the
extracellular enveloped form of vaccinia virus (EEV) encoded by the B5R gene. The B5R gene was deleted by
homologous recombination from vaccinia virus strains IHD-J and WR, which produce high and low levels of
EEV, respectively. Isolation of recombinant viruses was facilitated by the insertion into the genome of a cassette
containing the Escherichia coli gpt and lacZ genes flanked by the ends of the B5R gene to provide simultaneous
antibiotic selection and color screening. Deletion mutant viruses of both strains formed tiny plaques, and those
of the IHD-J mutant lacked the characteristic comet shape caused by release of EEV. Nevertheless, similar
yields of intracellular infectious virus were obtained whether cells were infected with the B5R deletion mutants
or their parental strains. In the case of IHD-J, however, this deletion severely reduced the amount of infectious
extracellular virus. Metabolic labeling studies demonstrated that the low extracellular infectivity corresponded
with a decrease in EEV particles in the medium. Electron microscopic examination revealed that mature
intracellular naked virions (INV) were present in cells infected with mutant virus, but neither membrane-
wrapped INV nor significant amounts of plasma membrane-associated virus were observed. Syncytium
formation, which occurs in cells infected with wild-type WR and IHD-J virus after brief low-pH treatment, did
not occur in cells infected with the B5R deletion mutants. By contrast, syncytium formation induced by
antibody to the viral hemagglutinin occurred, suggesting that different mechanisms are involved. When
assayed by intracranial injection into weanling mice, both IHD-J and WR mutant viruses were found to be
significantly attenuated. These findings demonstrate that the 42-kDa glycoprotein of the EEV is required for
efficient membrane enwrapment of INV, externalization of the virus, and transmission and that gp42
contributes to viral virulence in strains producing both low and high levels of EEV.

Vaccinia virus, the representative member of the Poxvir-
idae, is a large DNA virus that replicates entirely within the
cytoplasm of the infected cell (for a review, see reference
25). The assembly of the complex virion structure, and in
particular the formation of the multiple viral membranes, is
the least well understood aspect of the replication cycle.
Two related but antigenically and morphologically distinct
infectious forms of the virus have been characterized, intra-
cellular naked virions (INV) and extracellular enveloped
virions (EEV). INV, the principal mature form of vaccinia
virus in infected cells, has a complex core structure sur-
rounded by a lipoprotein membrane, the origin of which is
under investigation (38). During the course of infection,
some of the INV become enwrapped by a double-layer
cistemal membrane and move to the cell periphery (19, 24,
30). The outermost viral membrane fuses with the plasma
membrane of the cell, resulting in the externalization of
virions that after exit still retain an extra membrane relative
to INV. With some virus strains, such as WR, most of the
extracellular virus remains associated with the cell mem-
brane and has been called cell-associated enveloped virions
(CEV) (3, 4), whereas in other strains, such as IHD-J and
IHD-W, considerable amounts of the. extracellular virus are
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released into the medium as EEV (27, 28). The surrounding
membrane of EEV contains protein components that distin-
guish it antigenically from INV (2, 6, 26, 29). The EEV-
specific proteins that have been identified include at least
three glycoproteins: the hemagglutinin (HA) (27, 31), a

product of the A56R gene (36); gp42 (29) encoded by the B5R
gene (12, 21); and a group of proteins with molecular masses
of 22 to 24 kDa that share a protein backbone encoded by the
gene designated SalL4R or A34R (10). In addition, the
37-kDa nonglycosylated product of the F13L gene is also
specifically associated with EEV (16, 26). While INV are
infectious, CEV and EEV are thought to be important for
cell-to-cell spread (4) and long-range transmission (28), re-
spectively. The latter property of EEV has been considered
an important contributor to virulence (2, 6).
The roles of the individual membrane proteins of extracel-

lular virus are largely unknown. The 37-kDa protein is re-

quired for membrane wrapping of the INV (3, 34), and the 22-
to 24-kDa proteins regulate the formation (10) and release (5)
of EEV. Although the HA is not required for EEV production
(27), mutations can result in a syncytial phenotype (18). The
small plaque size and host range properties of a highly
passaged and greatly attenuated Lister strain ofvaccinia virus
have been explained in part by a frameshift mutation in the
gene encoding gp42 (39). The latter gene is of additional
interest as it has homology with members of the family of
complement control proteins (14, 37). To investigate the
function of gp42 in virus envelope assembly, EEV formation,
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and virulence, we made recombinant viruses in which the
B5R open reading frame (ORF) was almost completely de-
leted. The effects of this deletion in strains yielding low (WR)
and high (IHD-J) levels of EEV are described.

MATERIALS AND METHODS

Cells and viruses. HeLa cell monolayers were maintained
in Dulbecco's medium (Quality Biological, Inc., Gaithers-
burg, Md.) containing 10% fetal bovine serum (FBS). Both
BS-C-1 (ATCC CCL 26) and RK13 (ATCC CCL 37) cells
were maintained in minimal essential medium containing
10% FBS. Vero cells (ATCC CCL 81) were also grown in
minimal essential medium containing 10% FBS. Vaccinia
viruses, strain WR (ATCC VR1354) or IHD-J (obtained from
S. Dales, University of Western Ontario, London, Canada),
were routinely propagated in HeLa cells, and titers were
determined in BS-C-1 cells which were stained with crystal
violet at 2 days postinfection. Purified virus stocks were
prepared as previously described (11). Unless otherwise
specified, cells were infected in medium containing 2.5%
FBS with 5 to 10 PFU of a crude vaccinia virus stock per cell
and incubated at 37°C in a 5% CO2 atmosphere.

Antibodies. Monoclonal antibody 20, which is specific for
gp42 of EEV, has been described previously (29). Monoclo-
nal antibody B2D10, which is specific for the vaccinia virus
HA (20), was kindly provided by Y. Ichihashi, Niigata
University, Asahimachi, Japan.

Plasmids. A portion of the vaccinia virus WR HindIII B
fragment, from the left HindIII site to the first SalI site
contained in pBHS (from M. Merchlinsky, National Institutes
of Health, Bethesda, Md.), was digested with ScaI and NsiI
to yield a 2.1-kbp fragment containing the B5R ORF. This
DNA fragment was ligated to pUC19, which had been di-
gested with SmaI and PstI, to yield plasmid pSI-80. A copy of
the Eschenchia coli gene encoding xanthine guanine phos-
phoribosyl transferase (gpt) under the control of the vaccinia
virus P7.5 promoter from pTK61gpt (13) and a copy of theE.
coli lacZ gene under the control of the vaccinia virus P11
promoter were sequentially inserted into pSI-80. First, pSI-80
was cut with HincII and the gpt cassette was inserted by
blunt-end ligation. The resulting plasmid, pSI-81, was
checked for the specific orientation of thegpt cassette relative
to the 5'- and 3'-flanking sequences of B5R. The lacZ cassette
was ligated into BclI-cut pSI-81, yielding pSI-82.2, and its
orientation was confirmed by restriction endonuclease diges-
tion. In this manner, approximately 710 bp of the B5R ORF
were deleted. Plasmid pSI-82.2, which was used for homolo-
gous recombination, contained the E. coli gpt and lacZ
cassettes flanked on one side by 750 bp of viral DNA of which
142 bp are the B5R gene and on the other by 680 bp of which
99 bp are the B5R gene (see Fig. 1).

Construction of recombinant vaccinia viruses. RK13 cells
were infected with 0.05 PFU of either vaccinia virus strain
WR or IHDJ per cell and then transfected with pSI-82.2 by
the calcium phosphate technique by standard protocols (11).
The infected cells were harvested, and recombinant viruses
from which the B5R gene had been deleted were isolated on
RK13 cells by selecting virus plaques that were resistant to
mycophenolic acid (13) and stained blue in the presence of
5-bromo-4-chloro-3-indoyl-13-D-galactopyranoside (X-Gal).
The recombinant virus derived from WR, with a deletion of
the BSR ORF, is code named vSI-14 and referred to as
W-B5R-. The corresponding recombinant virus derived
from IHD-J, vSI-15, is referred to as I-BSR-.

Southern blot analysis. Southern blot analysis of DNA

isolated from putative recombinant viruses was carried out
as previously described (11). DNA was digested with restric-
tion enzyme SpeI or SnaBI (GIBCO-BRL Life Technolo-
gies) by the manufacturer's instructions. The digested DNA
was separated on a 0.6% agarose gel and transferred to
Nytran membranes (Schleicher and Schuell, Inc.). Mem-
branes were then hybridized to an a-32P-labeled probe,
either the lacZ gene in pUC19 (no vaccinia virus sequences
present) or a 580-bp gel-purified polymerase chain reaction
product derived from the 5' end of the BSR gene.
Virus labeling and purification. Monolayers of RK13 cells,

grown in 150-cm2 flasks, were infected with purified virus at
multiplicities of 10. After 4 h, medium was replaced with 9
ml of methionine-free minimal essential medium supple-
mented with 1 ml of normal medium, 1 mCi of [35S]methio-
nine [ICN] per ml, and 2.5% dialyzed FBS. At 24 h after
infection, 5 ml of complete medium with 2.5% FBS was
added and the incubation was continued for a further 24 h.
The medium was removed from the cells and cleared of
cellular debris by low-speed centrifugation, and the virus
was collected by sedimentation through a 36% sucrose
cushion. Pelleted extracellular virus was banded on a cesium
chloride gradient as previously described (31). Gradients
were fractionated from the bottom of the tube, and an aliquot
of each fraction was mixed with Beckman Readysolve and
the mixtures were counted with a Beckman LS 3801 scintil-
lation spectrometer.
Western blot (immunoblot) analysis. Proteins were sepa-

rated on a 0.1% sodium dodecyl sulfate (SDS) gel with
stacking and separating portions containing 5 and 10%
polyacrylamide, respectively. The resolved protein bands
were electrophoretically transferred onto nitrocellulose. The
blots were then incubated in 2% bovine serum albumin
(BSA) in phosphate-buffered saline (PBS)-0.2% Tween 20
and then with a 1:500 dilution of monoclonal antibody 20 in
PBS-Tween 20. After washing with PBS-Tween, the nitro-
cellulose was incubated with 0.1 p,Ci of "2I-protein A
(Amersham) in PBS-Tween 20; incubation was followed by
additional washing and autoradiographic analysis.

Electron microscopy. For electron microscopy, monolay-
ers of RK13 cells grown in 75-cm2 flasks were infected with
virus at multiplicities of 10. At 16 h after infection, the
culture medium was removed and the monolayer was fixed
in 2.5% glutaraldehyde in 0.13 M sodium phosphate, pH 7.4.
The cells were gently scraped and collected by centrifuga-
tion. Cell pellets were post fixed in osmium tetroxide,
stained with uranyl acetate, and dehydrated in increasing
concentrations of ethanol before infiltration and embedding
in Spurr's resin. The embedded samples were ultra-thin
sectioned, collected on grids, and stained with lead citrate.

Syncytium formation. Cell fusion experiments were car-
ried out as described previously (3). Confluent monolayers
of BS-C-1 cells in six-well plates were infected with virus at
a multiplicity of 10. Virus was allowed to adsorb to the cells
for 1 h, and the inoculum was removed and replaced with
either fresh medium alone or medium containing anti-HA
antibody B2D10 or an irrelevant antibody. For acid-depen-
dent fusion, the monolayers were washed at 12 h after
infection with warm PBS and treated for 2 min at 37°C with
fusion buffer [PBS with 10 mM 2-(N-morpholino)ethane-
sulfonic acid (MES) and 10 mM N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid (HEPES) (pH 5.5 or 7.4)].
Fusion buffer was replaced with fresh medium, and the cells
were incubated at 37°C before observation under the phase-
contrast microscope. Cells incubated with antibody were
photographed at 20 to 24 h after infection.
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FIG. 1. Insertion/deletion mutagenesis of the B5R gene. WT, segment of genome of wild-type virus containing the B5R ORF, indicated
by an arrow. The hatched bars represent the ends of the B5R ORF and neighboring sequence. Transfer vector, pSI-82.2 containing B5R
flanking sequences indicated by hatched bars, the E. coli gpt gene under the control of the vaccinia P7.5 promoter and the lacZ gene under
the control of the P11 promoter. SC and DC refer to recombinant genomes that have undergone single and double crossover events,
respectively. Bottom, schematic diagrams showing expected restriction fragment sizes of products generated by digestion of DNA from the
wild-type (WT) and the B5R- mutant with SnaBI (ovals) and SpeI (open squares).

Assay of 50%o lethal dose (LD50) in mice. Test groups of six
female, weanling BALB/c ByJ mice were injected intracrani-
ally with 20 [lI of purified virus diluted in sterile PBS. Mice
were observed daily over a 3-week period, and survivors were
sacrificed by cervical dislocation at the end of the experiment.

RESULTS

Isolation of B5R deletion mutants. Having established that
the product of the B5R ORF, gp42, is a type I integral
membrane glycoprotein component of the EEV (21), we
proceeded to investigate its functions by constructing re-
combinant vaccinia viruses in which the B5R gene had been
disrupted and largely deleted. As there was reason to believe
that the recombinant virus might form small plaques which
could be difficult to discern, we used the E. coli gpt gene to
provide mycophenolic acid antibiotic selection (13) and the
E. coli lacZ gene to provide a 1-galactosidase color screen-
ing (7). Thus, a plasmid, pSI-82.2 (Fig. 1), was constructed in
which a copy of the gpt gene and a copy of the lacZ gene
under the control of vaccinia virus promoters were flanked
by sequences from the two ends of the B5R ORF to direct
homologous recombination. Although BS-C-1 cells are com-

monly used for plaque isolation, we chose RK13 rabbit cells
because a mutation in the B5R gene of the Lister strain of
vaccinia virus prevented plaque formation in Vero cells,
which, like BS-C-1 cells, are derived from African green
monkey kidneys (39). Cells were infected with either the WR
or IHD-J strain of vaccinia virus and then transfected with
pSI-82.2. After 48 h, cells were harvested and diluted lysates
were used to infect RK13 cell monolayers in the presence of
mycophenolic acid. The infected cells were covered with
agar and subsequently stained with X-Gal. The antibiotic-
resistant plaques and surrounding cells which expressed
0-galactosidase and stained blue were picked and used to
reinfect new monolayers of RK13 cells. In this way, the
recombinant virus was purified by three successive rounds
of plaque isolation under mycophenolic acid selection and
X-Gal screening.

Single and double crossover homologous recombination
events are depicted schematically in Fig. 1. DNA samples
from several amplified plaques were analyzed by digestion
with restriction enzymes and Southern blotting. The pre-
dicted fragment sizes for B5R deletion mutant and wild-type
viruses are shown (Fig. 1). Restriction fragments of the
expected sizes were seen when the Southern blots contain-
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FIG. 2. Southern blot analysis showing deletions of the B5R gene in WR and IHD-J strains of vaccinia virus. Southern blot analysis of
SnaBI and SpeI restriction digest fragments derived from DNA of mock-infected cells (Mock), cells infected with wild-type strains ofvaccinia
virus (WR and IHD-J), and cells infected with the respective B5R deletion mutants (W-B5R- and I-B5R-). Blots were probed with either a
radiolabeled oligonucleotide sequence from within the B5R coding/flanking region (A) or an oligonucleotide sequence from within the inserted
E. coli lacZ gene (B). DNA molecular size markers are designated M and show sizes in kilobase pairs.

WR W-B5R- IHDJ I-B5R-

Day 2

Day 3

Day 4

FIG. 3. Comparison of plaques produced by the WR and IHD-J strains of vaccinia virus and their corresponding B5R deletion mutants.
Viruses WR, W-B5R-, IHD-J, and I-B5R- were used to infect monolayers of BS-C-1 cells which were covered with a liquid overlay. The
monolayers were fixed and stained at 2, 3, and 4 days with 0.1% crystal violet in 20% ethanol to visualize plaques.
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ing wild-type and recombinant DNA were probed with a
labeled oligonucleotide derived from the flanking sequence
of the B5R gene (Fig. 2A). The larger size of these fragments
from the recombinant viruses was due to the insertion of the
gpt and lacZ genes. Only the restriction fragments from the
recombinant viruses were detected with a radiolabeled oli-
gonucleotide probe derived from within the lacZ gene (Fig.
2B). These data indicate that the B5R gene was deleted and
replaced with the lacZ and gpt genes. The absence of a
functional B5R gene was further demonstrated by compari-
son of Western blots containing lysates of cells infected with
wild-type and recombinant viruses by using an antibody
specific for gp42 (data not shown). The WR and IHD-J
mutants were called W-B5R- and I-B5R-, respectively.

Plaque formation by B5R deletion mutants. During the
isolation of recombinant viruses on RK13 cells, it became
obvious that the viruses displayed a small-plaque phenotype.
We compared the plaque formation of both W-B5R- and
I-B5R- recombinants to that of the parental viruses over a
period of several days in RK13 cells as well as BS-C-1 cells,
which are most commonly used for plaque assays. The size
and shape of plaques formed by recombinant and wild-type
WR and IHD-J viruses on BS-C-1 cells are shown in Fig. 3.
Under standard conditions of 2 days of infection at 37°C, WR
and IHD-J recombinant viruses formed round and comet-
shaped plaques, respectively. Comet formation has been
shown to be due to released EEV, as it can be inhibited by
specific antibody (2, 6). At 2 days after infection, the
W-B5R- and I-B5R- plaques were barely discernible. By
day 4, the mutant plaques were large enough to count,
although they were still smaller than the wild-type virus
plaques at 2 days. In addition, the I-B5R- plaques never
exhibited the extensive comet formation characteristic of its
parent. Similar results were seen with RK13 cells: the mutant
virus plaques developed slowly and even after several days
were small and lacked the comet shape. Attempts were made
to determine the effects of the B5R deletion on plaque
formation in Vero cells. Although neither of the B5R mu-
tants formed macroscopic plaques over a 3-day period, the
sizes of the parental virus plaques were much smaller than
those of the plaques which formed on BS-C-1 or RK13 cells.
By taking advantage of the ,-galactosidase produced by the
mutants, we could demonstrate individual and groups of two
to three Vero cells that stained blue with X-Gal (data not
shown), suggesting that the block was in virus spread.

Production of infectious INV and EEV. The diminished
plaque size may have been due to a defect in an early stage
of virus assembly affecting both INV and EEV production, a
reduction in the amount of extracellular virus formed, or a
reduction in the infectivity of the latter. To address these
possibilities, we compared the amounts of infectious intra-
cellular and extracellular virus formed by BS-C-1 cells
inoculated with either the parental or the B5R deletion
mutant strains under one-step growth conditions. For IHD-J
virus, 0.8, 6.9, and 12.5% of the total infectious IHD-J virus
was present in the medium at 21, 48, and 72 h, respectively
(Fig. 4A). By contrast, 0.08, 0.6, and 1.9% of I-B5R- virus
was in the medium at these times (Fig. 4B). Thus, there was
a 6- to 12-fold difference in the release of I-B5R- and IHD-J
viruses. Differences in infectious extracellular virus produc-
tion were less obvious when WR and W-B5R- were com-
pared, since even parental WR yields little EEV (27).

It appeared that the deletion of the B5R gene did not
significantly affect INV production but severely diminished
the amount or infectivity of EEV released into the medium.
To distinguish between these possibilities, we compared the
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FIG. 4. Yields of extracellular and cell-associated infectious

virus. Confluent monolayers of BS-C-1 cells in 24-well plates were
infected with 5 PFU of either vaccinia virus strain IHD-J or the
corresponding B5R deletion mutant, I-B5R-, per cell. The cells and
media from duplicate wells were harvested at the indicated times up
to 48 h. Medium samples were clarified by low-speed centrifugation
before titration. Cell-associated virus was harvested by scraping the
cell monolayer into 0.5 ml of fresh medium, and virus was released
by three successive rounds of freezing and thawing. Immediately
prior to titration, the cell lysate was dispersed in a cup sonicator.
The yields of virus from media and cell lysates were determined by
plaque assay on monolayers of BS-C-1 cells in six-well dishes.
Plaque titers are shown for free virus in the extracellular culture
medium and for cell-associated virus for both IHD-J (A) and I-B5R-
(B). The percentages of total infectious virus present in the media at
21, 48, and 72 h are indicated.

physical amounts of EEV released from the IHD-J and
I-B5R- virus-infected cells. Infected RK13 cells were labeled
with [35S]methionine, and virus released in the medium was
subjected to cesium chloride centrifugation (31). A promi-
nent peak of radioactivity was found at the density expected
for EEV when the medium from IHD-J-infected cells was
analyzed (Fig. 5A). By contrast, there was much less radio-
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active material sedimenting with the density of EEV when
the medium was from I-B5R--infected cells (Fig. 5B). The
approximately fivefold difference in metabolically labeled
EEV could account in large measure for the difference in
infectivity (Fig. 4).

Electron microscopy ofW-B5R- infected cells. Although the
WR strain of vaccinia virus produces low levels of EEV, this
is due not to a block in wrapping and externalization ofvirions
but to the failure of enveloped virions to be released into the
medium (4). To further investigate the defect in B5R deletion
mutant viruses, we examined thin sections of cells at 16 h
after infection by electron microscopy (Fig. 6). At this time
after infection, large numbers of mature and immature INV
(Fig. 6A) as well as membrane-wrapped forms of the virus are
present in WR-infected cells (Fig. 6C). Immature and mature
forms of INV also were observed in W-B5R--infected cells
(Fig. 6B), and these appeared indistinguishable in appearance
or amount from those in cells infected with the wild-type
virus. However, no examples of fully wrapped virus were
seen and mature INV were sparse near the periphery of the
cells. Occasionally, INV were found around large intracellu-
lar cisternae (Fig. 6D), suggesting that the viruses had some
capacity to interact with membranes without being envel-
oped. Rarely, virus which appeared to be in the initial process
of being wrapped was seen in sections from the W-B5R--
infected cells (data not shown). These data indicate that the
primary defect in the WR strain B5R deletion mutant virus is
in the wrapping and release of INV and are consistent with
the diminished EEV production for the IHD-J mutant.

Cell-cell fusion from within. Fusion of cells infected with
either WR or IHD-J virus has been observed when cells were
briefly treated with an acidic (pH 5.5) buffer (9, 15). We looked
at the ability of the B5R deletion mutants to mediate acid-
induced syncytium formation. Data are shown for cells in-
fected with WR and W-B5R-, although similar results were
seen when cells were infected with IHD-J and I-B5R-. No
significant polykaryon formation was seen 3 h after cells
infected for 12 h with the deletion mutants were briefly treated
(2 min) with acid buffer (pH 5.4) (Fig. 7D), whereas polykaryon

A

formation was well advanced in the wild-type virus-infected
cells at this time (Fig. 7C). Even after prolonged periods of
incubation at 37C (8 to 10 h), there was no increase in the
formation of syncytia in cells infected with the mutant viruses,
suggesting that this was not simply a kinetic difference between
the two systems. Control experiments indicated that poly-
karyon formation did not occur at pH 7.4 (Fig. 7A and B).
Syncytium formation also occurs when vaccinia virus-

infected cells are incubated with certain antibodies against the
virus-encoded HA (35). We found that cells infected with
either the wild type or WBR- mutant formed syncytia at
similar rates over a period of 15 to 20 h when treated with the
anti-HA antibody B2D10 (Fig. 7E and F). In fact, syncytium
formation appeared to be more extensive in cells infected with
the mutant viruses compared with the wild type. No syncy-
tium formation was observed when infected cells were treated
with an irrelevant antibody or when uninfected cells were
treated with B2D10 at a similar dilution (data not shown).

Effect of deletion of the B5R gene on virulence in mice. The
EEV form of vaccinia virus may be an important factor in
animal infections, as antisera that neutralize EEV but not
INV protect animals against live virus challenge (1, 28, 40).
The virulence of the wild-type and B5R deletion mutant
strains was assessed by intracranial injection of weanling
mice with serial dilutions of each virus. LD50 measurements
of the wild-type strains (Table 1) agreed closely with previ-
ously reported data (7, 8, 22). Significantly, we found that
the deletion of the B5R gene resulted in a marked decrease in
the virulence of both the IHD-J andWR strains of virus. This
decrease was more dramatic for I-B5R-, which showed a
five- to six-log reduction in the intracranial LD50, than for
W-B5R-, which gave a three- to four-log attenuation.

DISCUSSION

Recent work has identified the product of the B5R gene as a
component of the EEV form of vaccinia virus (12, 21), corre-
sponding to the 42-kDa acylated glycoprotein described by
Payne (29). Biochemical studies further showed that gp42 is a
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FIG. 5. CsCl equilibrium density centrifugation of extracellular virus. Virus in the medium of RK13 cells infected with IHD-J (A) or I-B5R-

(B) in the presence of [35S]methionine was subjected to centrifugation in CsCl gradients. After centrifugation, fractions were collected from the
bottoms of the tubes, the refractive index of each was measured and converted to density (0), and aliquots were counted in a liquid scintillation
spectrometer (*). Densities at which INV and EEV characteristically band (1.27 g/ml and 1.23 g/ml, respectively) are indicated by arrows.
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FIG. 6. Electron microscopy of celis infected with either wild-type vaccinia virus or the B5R deletion mutant. Thin sections were made
of RK13 cells that were infected with either WR (A and C) or W-B5R- (B and D) virus and viewed at a magnification of x5,714 (A and B)
or x35,714 (C and D). Note the wrapped forms of virus in wild-type virus-infected cells (C) and mature INV of the mutant virus aligned at
an intracellular cisternal membrane (D).
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FIG. 7. Syncytium formation. BS-C-1 cells infected with WRvirus (A, C, and E) or W-B5R- (B, D, and F) were treated with fusion buffer
at pH 7.4 (A and B) or pH 5.5 (C and D) or incubated in the presence of monoclonal antibody B2D1O to HA (E and F).

type I membrane glycoprotein with an N-terminal signal pep-
tide that is cleaved and a near C-terminal transmembrane
domain (21). The presence of gp42 in the EEV membrane and
the external orientation of the N-terminal segment were deter-
mined by immunogold labeling (21).
To investigate the putative role of this protein, we have

deleted the B5R gene from vaccinia virus strains producing
low (WR) and high (IHD-J) levels of EEV to yield mutant

viruses W-B5R- and I-B5R-, respectively. Compared with
the parental viruses, the deletion mutants form much smaller
plaques on BS-C-1 and RK13 cell monolayers. Under one-
step growth conditions, the amounts of infectious cell-
associated virus formed were nearly equivalent but the
percentage of the total infectious I-B5R- virus released into
the media was reduced by approximately 1/6 to 1/12 com-
pared with IHD-J. Metabolic labeling of I-B5R- virus-

VOL. 67, 1993



4740 WOLFFE ET AL.

TABLE 1. Determination of attenuation of B5R deletion mutants
in a mouse intracranial model

LD50 (PFU) in:
Virus

Exp 1 Exp 2

IHD-J 3.9 1.0
I-B5R- 2.0 x 105 2.6 x 10
WR 4.9 1.6
W-B5R- 2.7 x 103 1.5 x 104

a The Spearman-Karber method was used to calculate the LD50s (23).

infected cells revealed that the reduction in infectivity was
accompanied by a decrease in the physical amount of
released virus isolated by equilibrium density gradient cen-
trifugation. Electron microscopic analysis revealed normal
amounts of INV but a lack of membrane-wrapped forms of
the virus in cells infected with W-B5R-. Furthermore, the
mutant virus was largely absent from the cell periphery and
unassociated with the plasma membrane. Thus, a primary
defect of the mutant viruses is in the inability of INV to
become wrapped with cellular membranes. As a conse-
quence, cells infected with the deletion mutants produce
much smaller amounts of CEV and EEV than the respective
parental virus.
Thus far, proteins encoded by four genes have been

localized to the EEV membrane. Of these, three are glyco-
proteins. One glycoprotein is gp42; the other two are the HA
product of the A56R gene and the 22- to 24-kDa products of
the A34R gene. HA- mutants still make EEV (27) and may
have a syncytium-forming phenotype (18). Repressed ex-
pression of the A34R gene gave a small-plaque phenotype
and reportedly decreased EEV formation (10). Point muta-
tions in the A34R gene also affect the release of CEV from
the cell surface and consequently the amount of EEV (5).
The 37-kDa nonglycosylated product of the F13L ORF is the
major component of the EEV membrane (16), yet it does not
resemble a transmembrane protein on the basis of sequence
analysis (17). Nevertheless, deletion of F13L produces a
phenotype that closely resembles that of the B5R- mutants
(3). Actually, the F13L deletion mutants appear to be even
more seriously affected in plaque formation. It is possible
that the 37-kDa protein binds to gp42 or another integral
membrane glycoprotein and mediates attachment to an INV
protein. A candidate INV protein would be the 14-kDa
product of the A27L gene (32). Like the 37-kDa protein, the
14-kDa protein lacks a signal sequence and an obvious
transmembrane region. Nevertheless, the protein is located
on the surface of INV apparently as disulfide-bonded trimers
(33). The interactions between the membrane-associated
proteins of INV and EEV need to be fully investigated.

Cells infected with gp42- mutants, unlike those infected
with HA- mutants, do not spontaneously form syncytia at
neutral pH, nor do they form syncytia when treated with
low-pH buffer, as do cells infected with wild-type virus. In
this respect, the gp42- mutant is like the F13L deletion
mutant (3) and supports the hypothesis that acid-dependent
fusion is mediated by enveloped virions at the cell surface.
Fusion also occurs when vaccinia virus-infected cells are
incubated with antibodies to HA, and deletion of the B5R
gene did not abrogate this phenomenon although deletions of
the gene encoding the 37-kDa protein did (3). Whether acid-
and HA antibody-mediated fusions are caused by different
mechanisms or whether the sensitivities of the triggering
stimuli are different remains to be determined.

Formation of small plaques on RK13 cells by a multiply
passaged variant of the Lister strain was attributed to a
frameshift mutation in the B5R gene (39), which is consistent
with our data for deletion of the B5R gene. The inability of
the Lister mutant to form plaques in Vero cells, however,
was considered to be a host range defect even though normal
yields of infectious cell-associated mutant virus formed in
Vero cells. We found that the W-B5R- and I-B5R- viruses
both had a small-plaque rather than a host range phenotype
in BS-C-1 cells, which, like Vero cells, are derived from
African green monkey kidneys. Although we agree with
Takahasi-Nishimaki et al. (39) on the more severe effect of
the B5R mutations on plaquing in Vero cells, we attribute
this to the generally less efficient spread of vaccinia virus in
these cells rather than to an additional host range defect.

Previous reports suggested that EEV may be important in
animal infections, as INV-specific antisera do not neutralize
EEV and fail to protect against live virus challenge whereas
EEV-neutralizing antiserum is protective (1, 6). In addition,
a correlation was found between the virulence of vaccinia
virus strains and their ability to form EEV in cultured cells
(28). The WR strain, however, was considered to be an
exception since it is virulent yet forms little EEV. To
determine the effects of the B5R gene deletions on virulence,
we used the mouse intracranial challenge system. This route
of inoculation provides the ability to measure a larger range
of attenuation than the intraperitoneal and intranasal routes
(22). A relationship between increased intracranial LD50s
and decreased virus titers in the brain has been demon-
strated (8, 22). It was of interest that we found that the
virulence of both the IHD-J and WR strains decreased
significantly when the B5R gene was deleted. The slightly
lesser attenuation of the W-B5R- virus compared with the
I-B5R- virus, however, might be partly explained by the
reliance of WR on other mechanisms of spread in vivo. In
addition, the reduction in CEV and EEV production may
only partly contribute to the attenuation of B5R- mutants.
The product of the B5R gene shares significant homology
with members of the family of complement control proteins
and is most closely related to factor H (14, 37). Although
there is as yet no evidence that gp42 inhibits complement
activation or helps vaccinia virus to resist cellular humoral
defenses, these possibilities need to be considered. In con-
clusion, we also point out that the identification and charac-
terization of the viral components necessary for the produc-
tion of EEV may assist in the development of attenuated
vaccinia virus strains for use as recombinant vaccines.
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