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Vaccinia virus has two forms of infectious virions: the intracellular mature virus and the extracellular
enveloped virus (EEV). EEV is critical for cell-to-cell and long-range spread of the virus. The B5R open reading
frame (ORF) encodes a membrane protein that is essential for EEV formation. Deletion of the BSR ORF
results in a dramatic reduction of EEV, and as a consequence, the virus produces small plaques in vitro and
is highly attenuated in vivo. The extracellular portion of B5R is composed mainly of four domains that are
similar to the short consensus repeats (SCRs) present in complement regulatory proteins. To determine the
contribution of these putative SCR domains to EEV formation, we constructed recombinant vaccinia viruses
that replaced the wild-type BSR gene with a mutated gene encoding a BSR protein lacking the SCRs. The
resulting recombinant viruses produced large plaques, indicating efficient cell-to-cell spread in vitro, and
gradient centrifugation of supernatants from infected cells confirmed that EEV was formed. In contrast,
phalloidin staining of infected cells showed that the virus lacking the SCR domains was deficient in the
induction of thick actin bundles. Thus, the highly conserved SCR domains present in the extracellular portion
of the BSR protein are dispensable for EEV formation. This indicates that the B5R protein is a key viral protein
with multiple functions in the process of virus envelopment and release. In addition, given the similarity of the
extracellular domain to complement control proteins, the BSR protein may be involved in viral evasion from

host immune responses.

Vaccinia virus has two forms of infectious virions: intracel-
lular mature virus (IMV) and enveloped forms of virus that
bear an additional membrane containing specific viral proteins.
The enveloped virus is formed by the wrapping of IMV by
trans-Golgi network vesicles containing viral envelope proteins
(24, 34, 38). The enwrapped virion moves to the plasma mem-
brane where it exits the cell and either remains associated with
the outer plasma membrane as cell-associated enveloped virus
(CEV) (3) or is released from the cell as extracellular envel-
oped virus (EEV). Formation of enveloped virus is critical for
cell-to-cell and distant spread of virus in vitro and in vivo (31).

Six proteins encoded by vaccinia virus genes have been iden-
tified as constituents of this outer virus envelope including BSR
(11, 20, 26), F13L (2, 17, 35, 36), A36R (30), A34R (5, 9, 27),
A33R (33), and A56R (6, 37). Deletion of the B5R, F13L, and
A36R genes result in decreased EEV formation, and these
mutants form small plaques in tissue culture and are highly
attenuated in vivo (2, 12, 30, 35, 42). In contrast, deletion of the
EEV-specific protein encoded by the A34R gene results in
increased liberation of EEV (27, 43). Enhanced EEV release is
also seen with a point mutation in the sequence of A34R found
in certain vaccinia virus strains (5). This increase in EEV is the
result of a diminished retention of CEV at the cell surface.

The B5R open reading frame (ORF) encodes a 42-kDa
glycosylated type I membrane protein that is found both on the
membranes of infected cells and on EEV but not on IMV (11,
20, 26). The protein is highly conserved among multiple strains

* Corresponding author. Mailing address: Department of Medicine,
University of Pennsylvania, 536 Johnson Pavilion, Philadelphia, PA
19104-6073. Phone: (215) 662-2150. Fax: (215) 349-5111. E-mail: isaacs
(@mail.med.upenn.edu.

294

of vaccinia virus as well as other poxviruses including variola
virus (12). The BSR protein ectodomain sequence is similar to
the sequences of a group of proteins involved in the regulation
of complement activation (11, 13, 41) and contains four con-
served short consensus repeat (SCR) units found in eukaryotic
complement control proteins (25). Interestingly, the BSR ORF
is one of two vaccinia virus genes that encode proteins with
similarity to the superfamily of complement control proteins.
The other is a secreted 35-kDa protein encoded by the C3L
OREF that has been shown to regulate complement activation
(19, 22, 23, 28, 29). The family of complement control proteins
is involved in the regulation of complement activation at early
steps in a cascade of events that can ultimately lead to the lysis
of a foreign organism or an infected cell. The B5R protein may
protect infected cells and EEV from the host’s complement-
mediated attack.

Because of the critical role the BSR protein plays in EEV
morphogenesis and a possible, yet undetermined, role in coun-
teracting the host’s complement defense, we have investigated
the contribution of the extracellular portion of the protein to
EEV formation. We report here our findings on mutant vac-
cinia viruses lacking the SCR domains. We studied the effect of
the SCR deletion in two parental strains of vaccinia virus: a
strain that releases high levels of EEV (IHD-J) and a strain
that releases significantly less EEV (WR).

MATERIALS AND METHODS

Cells. BSC-1, CV-1, and RK,; cells were maintained in minimum essential
medium (MEM) with Earle’s salts (LTI) containing 10% fetal bovine serum
(FBS), and STO cells were maintained in Dulbecco’s modified Eagle medium
(LTI, Gaithersburg, Md.) containing 10% FBS. Cell lines were obtained from the
American Type Culture Collection. Vaccinia virus infections of cells were carried
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out in media containing 2.5% FBS and incubated at 37°C in a 5% CO, atmo-
sphere.

Antibodies. The polyclonal rabbit antibody C'-B5R was raised against a pep-
tide corresponding to a region in the ectodomain of the BSR protein (Fig. 1) and
has been previously described (20). The rat monoclonal antibody to the EEV-
specific protein, P37, was a generous gift from G. Hiller (17).

Construction and in-frame deletion of the SCR domains of the BSR protein.
Construction of an in-frame mutation deleting the four putative SCRs of the
B5R protein was accomplished by a series of restriction enzyme digestions of a
previously described starting plasmid (pSI-80) that contains the BSR ORF and
flanking vaccinia virus (strain WR) sequences (42). Initially, an Nspl site at
nucleotide position 37 in the vector portion of pSI-80 was eliminated by removal
of a 477-bp Kpnl/Aatll region, followed by blunting with T4 DNA polymerase
and ligation, resulting in plasmid pSI-112e. The in-frame deletion of the region
encoding the four SCRs was achieved by digestion of pSI-112e with Nspl, isola-
tion of the 2,481- and 867-bp fragments, and ligation to form plasmid pSI-113b.
Sequencing of the plasmid confirmed the orientation and the proper in-frame
nature of the deletion of 612 bp comprising the four putative SCRs. Figure 1
schematically depicts the protein resulting from such an in-frame deletion.

Isolation and plaque purification of recombinant viruses. The previously
constructed B5R deletion mutants, W-BSR™ and I-BSR™ (42), derived from
virus strains WR and THD-J, respectively, were used as parental viruses for
making the new recombinant viruses. The BSR deletion viruses have 710 bp of
the BSR ORF deleted and replaced with guanine phosphoribosyltransferase
(gpt) and B-galactosidase (B-gal) cassettes driven by vaccinia virus promoters.
These viruses express no B5R protein and make small blue plaques with the
addition of X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) and can
grow in the presence of mycophenolic acid (42). To create the SCR-deleted
viruses or to rescue the parental viruses with the wild-type gene, we utilized
W-B5R™ and I-B5R™ viruses as the parental virus and introduced either the
SCR-deleted ORF (pSI-113b) or the wild-type ORF (pSI-80) by homologous
recombination following standard protocols (10). Recombinant viruses were
then isolated by reverse gpt selection (18). This high-efficiency selection proce-
dure takes advantage of the fact that the parental viruses (W-BSR™ and I-BSR ™)
contain the gpt gene replacing the BSR ORF. Thus, the antimetabolite 6-thio-
guanine will inhibit the growth of parental (gp¢™) virus, but not the growth of the
new recombinant viruses in which the gpt gene is replaced by the B5R gene.
Briefly, confluent monolayers of CV-1 cells were infected with parental virus
(W-B5R™ or I-B5R ™) at a multiplicity of infection (MOI) of 0.05 PFU/cell. After
2 h, the infected cells were transfected with calcium phosphate-precipitated
plasmid DNA. After 48 h, the infected monolayer was harvested and virus was
released by successive freeze-thawing and sonication. Progeny virus was then
subjected to three rounds of plaque purifications using STO cells. After an initial
2-h infection period, cells were overlaid with a 1:1 mixture of 2% low melting
point (LMP) agarose (LTT) and 2X MEM (LTT) containing 5% FBS and 0.2 mM
6-thioguanine. After 48 to 72 h, individual plaques stained with neutral red were
picked. After three successive rounds of plaque purifications, virus stocks were
grown in BSC-1 cells. Rescue of the BSR deletion viruses with wild-type BSR
ORF (pSI-80) resulted in a WR-based virus (vSI-21) which is hereafter referred
to as W-B5R e and the corresponding IHDJ-based virus (vSI-25) is called
I-B5R cscue- The WR-based virus containing deletions of all four SCRs (vSI-22)
is referred to as W-BSRASCR,_,, and the corresponding IHDJ-based virus
(vSI-26) is called I-BSRASCR,_, (Fig. 1).

Southern blot. Viral DNA was isolated from infected cells and digested with
SnaBI (Promega) following standard protocols (10). The digested DNA was
separated on 1.2% agarose gels, transferred to Immobilon-S membrane (Milli-
pore), hybridized with a biotinylated BSR probe (a 905-bp fragment isolated
from an EcoRV digestion of pSI-80), and visualized by nonradioactive means,
using a NEBIlot Phototope Kit (New England BioLabs).

Western blot. Western blots were carried out using the polyclonal rabbit serum
C’-B5R as previously described (20). For BSR expression in infected-cell lysates,
individual wells of a 24-well plate containing BSC-1 cells were infected, incu-
bated for 48 h, and lysed in 200 wl of lysis buffer (0.5% Triton X-100-20 mM Tris
[pH 7.0] in phosphate-buffered saline [PBS]). For detecting BSR in EEV, the
media from T150 flasks containing infected RK;; cells were removed at 48 h
postinfection, clarified by low-speed centrifugation, and then spun in a Beckman
SW41 rotor at 14,000 rpm for 1 h at 4°C. The virus was then repelleted through
a 36% sucrose cushion in an SW41 rotor at 15,000 rpm for 80 min. Pellets were
suspended in 200 pl of lysis buffer. Samples (14 wl) were mixed with Laemmli
loading buffer and 2-mercaptoethanol, boiled, electrophoresed through 0.1%
sodium dodecyl sulfate (SDS)-13% polyacrylamide gels, and transferred onto
nitrocellulose (Schleicher & Schuell). The blot was probed with the antibody
C’-B5R (1:3,000) followed by goat anti-rabbit immunoglobulin G conjugated to
the enzyme horseradish peroxidase (Boehringer Mannheim) at a dilution of
1:10,000. Visualization of bands was accomplished by nonradioactive means,
using Renaissance Chemiluminescence Reagent (DuPont NEN).

Plaque phenotype. The plaque phenotype was examined on BSC-1 cells under
both agarose and liquid overlays. A monolayer of cells was infected at a low MOI
and then overlaid with a mixture of media and agarose, and 24 h later, repre-
sentative individual plaques were photographed under phase contrast at a X100
magnification. Monolayers contained in a six-well plate were infected and kept
under liquid overlay for 48 h and then photographed after crystal violet staining.
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PCR amplification of A34R ORF. Viral DNA was subjected to PCR amplifi-
cation (25 cycles, with 1 cycle consisting of 2 min at 94°C, 2 min at 55°C, and 1
min at 72°C) using A34R-specific oligonucleotides (01SI-73 [5'-CGGGATCCA
TGAAATCGCTTAATAG-3'] and olSI-74 [5'-GGAATTCCTCACTTGTAGA
ATTTTTTAACAC-3']). The resulting 523-bp PCR product was separated on a
low-melting-point gel, and the isolated product was digested with Msel as pre-
viously described (27). The resulting fragments were separated on a 4% Nusieve
gel, and bands were visualized after ethidium bromide staining.

Analysis of IMV and EEV. BSC-1 monolayers were infected at a high MOI to
achieve one-step growth conditions as previously described (42). At various time
points, supernatants were collected and the cells were harvested and lysed by
freeze-thawing and sonication. Samples were titered on BSC-1 cells.

To compare the physical quantities of EEV released from cells infected with
the recombinant viruses, virions were metabolically labeled during infection.
Individual wells of a six-well plate containing monolayers of RK,3 cells were
infected at a MOI of 10. Six hours after infection, the inoculum was removed and
replaced with 0.95 ml of methionine- and cysteine-free media (ICN) containing
100 wCi of Tran®S-Label (ICN) and supplemented with 0.05 ml of complete
medium. At 24 h after infection, 0.8 ml of complete medium with 2.5% FBS was
added and the incubation was continued for another 24 h. At 48 h postinfection,
the cell supernatants were clarified by low-speed centrifugation and placed di-
rectly over a step gradient containing cesium chloride (CsCl) in 10 mM Tris (pH
9) at a density of 1.30 g/ml (2 ml), 1.25 g/ml (3 ml) and 1.20 g/ml (4 ml) as
previously described (32). The loaded gradients were spun in an SW-41 rotor at
30,000 rpm for 2 h at 20°C. Fractions from the gradient were collected from the
bottom of the tube, and an aliquot from each fraction was mixed with 3 ml of
EcoLume (ICN) and counted in a Beckman liquid scintillation spectrometer.
The densities of selected fractions were determined by measuring the refractive
index.

Electron microscopy. Monolayers of RK,; cells were infected with each WR-
based virus and 16 h later fixed in 2.5% glutaraldehyde for 2 h at room temper-
ature and then harvested by gentle scrapping. The cell pellet was postfixed in 1%
osmium tetroxide and prestained overnight in saturated uranyl acetate and then
embedded in Epon. Ultrathin sections were prepared from the embedded sam-
ples, collected on grids, and stained with lead citrate and examined with an
electron microscope.

Immunofluorescence and phalloidin staining. CV-1 cells were grown to 70%
confluency on coverslips and were then either mock-infected or infected at a
MOI of 5 PFU/cell. After infection, the virus inoculum was replaced with
MEM-2% FBS, and the culture was incubated at 37°C for 7 h. Cells were fixed
with 4% paraformaldehyde for 10 min at room temperature, washed with PBS,
and made permeable with 0.1% Triton X-100 for 15 min at room temperature.
After washing, cells were incubated for 5 min in PBS-0.1 M glycine. They were
then incubated with a monoclonal antibody that detects the EEV-specific protein
P37 (17). The hybridoma supernatant was diluted 1:50 in PBS containing 20%
FBS and incubated with the cells for 30 min at room temperature. Staining was
detected with fluorescein isothiocyanate (FITC)-conjugated rabbit anti-rat anti-
body (Dako) used at a 1:50 dilution. To visualize filamentous actin, tetramethyl
rhodamine isocyanate (TRITC)-phalloidin (Sigma) in PBS-FBS was added to
the cells at a final concentration of 0.33 ng/ml and incubated for 30 min at room
temperature. Cells were washed in PBS and mounted with Fluorsave (Calbio-
chem).

RESULTS

Construction of recombinant vaccinia viruses lacking the
four putative SCR domains. Because the B5SR protein is im-
portant in the formation of EEV and thus critical for cell-to-
cell and long-range spread of vaccinia virus, we sought to map
domains of the B5R protein that are involved in the envelop-
ment process. Since the BSR protein has a large, highly con-
served ectodomain, we focused on this region. We constructed
a transfer plasmid that replaced the wild-type BSR ORF with
a mutated one lacking the four putative SCR units that com-
prise the majority of the extracellular domain of the BSR
protein (Fig. 1). To analyze the effect this mutation would have
on the resulting recombinant virus, we selected two distinct
parental strains of vaccinia virus that differ widely in the
amounts of EEV released. Strain IHD-J releases high levels of
EEV and forms comet-shaped plaques in tissue culture,
whereas strain WR releases significantly less EEV and forms
large round plaques in tissue culture (1, 31). The mutated BSR
ORF with an in-frame deletion of 204 amino acids (aa) was
introduced into previously constructed BSR deletion viruses,
W-B5R™ and I-B5R™ (42), and recombinant viruses W-
B5SRASCR,_, and I-BSRASCR_, were isolated (Fig. 1). As a
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FIG. 1. Schematic of the BSR proteins produced by WR- and IHDJ-based recombinant vaccinia viruses. Viruses have the wild-type BSR ORF (WR and IHD-J),
B5R ORF deleted (W-B5SR™ and I-B5R ™), wild-type BSR OREF reinserted into the deletion mutant (W-B5R ¢y and I-B5R ...,..), Or an in-frame deletion of all four
SCRs (W-B5RASCR,_, and I-BSRASCR,_,). The schematic of the B5SR proteins produced by these viruses shows the signal peptide (white box), transmembrane
domain (black box), four putative SCR domains (shaded regions I to IV), potential N-linked glycosylation sites (), and position of the 15-aa peptide used to generate
antibody C’-B5R (hatched box). The numbers correspond to the residues of the translated protein. The predicted number of amino acids in the mature protein is
indicated at the right.

control, the wild-type BSR ORF was also reintroduced back expression of this protein was demonstrated by Western blots
into BSR deletion viruses W-BSR™ and I-B5R ™, resulting in of infected-cell lysates (Fig. 3). As anticipated, the revertant
W-B5R, e and I-B5SR o0, TeSPectively (Fig. 1). virus (W-B5R, . ..) produced a 42-kDa protein similar to

Southern blots of viral DNA isolated from infected cells that of the wild-type virus (WR), confirming that the B5SR
confirmed that each mutation was properly introduced into the deletion had been corrected. W-BSRASCR,_, produced a
recombinant viruses (Fig. 2). Both the wild-type (WR) and polypeptide of ~16 kDa because the in-frame deletion results
revertant virus (W-B5SR .....) gave the expected 1.5-kb SnaBI in a protein 204 aa smaller. The higher-molecular-weight
fragment, while the deletion mutant virus (W-B5SR™) gave a bands present in the wild-type and recombinant proteins likely
5.9-kb fragment due to the replacement of the BSR ORF with represent oligomeric forms of the proteins (11, 20). Similar
the gpt and lacZ genes. Recombinant virus W-BSRASCR,_, results are shown for IHDJ-based viruses, I-B5R ... and I-
produced the expected 0.85-kb fragment resulting from the B5SRASCR,_, (Fig. 3). Since the rescue viruses utilized the
deletion of 612 bp in the BSR gene. Southern blot data for full-length BSR ORF derived from strain WR, the slight dif-
IHDJ-derived viruses I-B5SR, ... and I-BSRASCR,_, gave ference in the mobility of the B5SR protein expressed from
similar results (data not shown). I-BSR,..ue compared to that from IHD-J is likely due to the

Expression of the mutated B5R protein. The mutated form known sequence differences between the BSR encoded by
of the protein is expected to produce a protein of 93 aa. The IHD-J and WR (12).
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FIG. 2. Southern blot analysis of recombinant viruses containing mutations in the BSR ORF. (A) Schematic diagram of B5R region of vaccinia virus genomic DNA.
The positions of the SnaBI sites and the expected sizes of the corresponding fragments are indicated. The arrows represent the coding region of the B5R gene. (B)
Southern blot of DNA digested with SnaBI from mock-infected cells (Mock), cells infected with the wild-type strain of vaccinia virus (WR), the BSR deletion virus
(W-B5R "), the recombinant virus with all four SCRs deleted (W-BSRASCR,_,), and the B5R revertant virus (W-B5R s.,.). Blots were probed with a 905-bp fragment
that overlaps a region of the BSR ORF present in all recombinants. DNA molecular sizes (in kilobase pairs) are indicated. Arrows indicate the positions of the SnaBI
digestion products.
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FIG. 3. Western blot analysis of cell lysates from cells infected with wild-type
and recombinant viruses. SDS-PAGE was performed on lysates from BSC-1 cells
infected with the wild-type strains of vaccinia virus (WR and IHD-J), their
respective BSR deletion viruses (W-B5R™ and I-BSR™), the B5R revertant
viruses (W-B5R gcue and I-B5R ¢ ), and the recombinant viruses with all four
SCRs deleted (W-BSRASCR,_, and I-BSRASCR,_,), and proteins were trans-
ferred to nitrocellulose and probed with antibody C’'-B5R. r-sB5R refers to a
recombinant soluble form of the B5R protein that has been previously described
(20). An autoradiogram is shown. Numbers on the left refer to the molecular
masses (in kilodaltons) of color protein markers (LTT).

Plaque phenotypes of recombinant viruses. Plaquing of vac-
cinia virus under an agarose overlay prevents diffusion of EEV
from the primary site of infection and can provide an indica-
tion of the efficiency of cell-to-cell spread. Figure 4 shows
representative plaques from WR-based viruses (Fig. 4A to D)
and THDJ-based viruses (Fig. 4E to H). Wild-type viruses
formed large plaques (Fig. 4A and E) as a consequence of
efficient cell-to-cell spread, while the BSR deletion viruses
formed small plaques (Fig. 4B and F). As expected, the res-
cued viruses, W-B5SR . cue and I-B5R ..o, Which had the com-
plete wild-type BSR ORF reinserted into the parental deletion
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mutants, resulted in viruses that form large plaques (Fig. 4C
and G). The recombinant viruses lacking the SCR domains,
W-B5RASCR,_, and I-BSRASCR,_,, also produced large
plaques (Fig. 4D and H), indicating that a mutated BSR pro-
tein lacking the extracellular SCRs could support large plaque
phenotype and efficient cell-to-cell spread. Because formation
of enveloped virus is crucial for the efficient cell-to-cell spread
of virus, these findings provided an initial indication that EEV
was likely being formed in the absence of the four SCRs of the
BS5R protein.

The amount of EEV released by infected cells into the
culture medium can be qualitatively monitored by a standard
plaque assay performed under liquid overlay. In this assay,
viruses that release large amounts of EEV give rise to plaques
with a characteristic comet shape. The comet tail is believed to
form by small secondary plaques derived from EEV released
by the primary infected cell. Vaccinia virus strain IHD-J pro-
duces large amounts of EEV and forms comet-shaped virus
plaques (Fig. 5E). On the other hand, vaccinia virus strain WR
produces large, round plaques (Fig. S5A) due to the majority of
enveloped virus remaining as CEV (3). Figure 5 shows mono-
layers infected with WR-based viruses (Fig. SA to D) and
IHDJ-based viruses (Fig. SE to H) under liquid overlay. Both
W-B5R™ and I-B5SR™ showed small plaques (Fig. 5B and F).
As expected, W-BSR  ¢ue and I-B5R (., restored the round
and comet plaque-forming phenotypes of their respective pa-
rental viruses (Fig. 5C and G). I-BSRASCR_, formed plaques
with comets similar to those of wild-type IHD-J (Fig. SH).
Surprisingly, W-BSRASCR,_,, produced comet-like plaques
(Fig. 5D), rather than the large round plaques characteristic of
the wild-type WR strain.

To ensure that this comet-like phenotype of W-BSRASCR,_,
was not caused by a random mutation elsewhere in the genome
of this plaque-purified virus, we carried out a completely in-
dependent infection-transfection procedure. This also resulted
in progeny recombinant viruses with the identical comet-like
phenotype under liquid overlay. We next determined whether
alterations in the A34R gene might be responsible for this
phenotype. Previous studies have mapped the difference be-
tween the round-plaque phenotype of strain WR and comet-

FIG. 4. Plaque morphology of the wild-type and mutant viruses under solid overlay. BSC-1 cell monolayers were infected with the panel of viruses and then overlaid
with a 1:1 mixture of 2X media and 2% LMP agarose. At 24 h, representative plaques were photographed by phase-contrast microscopy (magnification, X100). Viruses
are WR (A), W-B5R™ (B), W-B5R i (C), W-BSRASCR,_ (D), IHD-J (E), I-BSR ™ (F), I-B5R s (G), and I-BSRASCR,_, (H). Note the tiny plaques in the BSR
deletion viruses (B and F) and the return of large plaques with the rescued virus (C and G) and the viruses lacking the SCR domains (D and H).
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FIG. 5. Plaque formation by viruses under liquid overlay. BSC-1 cell monolayers were infected with the panel of viruses and incubated under liquid overlay. At 48 h
postinfection, monolayers were stained with 0.1% crystal violet in 20% ethanol and photographed. Viruses are WR (A), W-BSR™ (B), W-B5R e (C), W-

BSRASCR,_, (D) IHD-J (E), I-BSR~ (F), I-B5R ,cccue
W-BSRASCR,_,, but not by WR or W-B5R o.cye-

forming strain IHD-J to a single amino acid change in the
A34R gene that encodes an EEV membrane protein (5). We
screened our panel of viruses to determine if any changes
occurred at this site. The substitution of a lysine for a glutamic
acid at codon 151 (K151E) in the A34R protein is due to a base
change that results in the loss of a restriction site (Msel)
present in the WR A34R ORF (27). Screening of PCR-ampli-
fied A34R ORFs by Msel digestion revealed that all the WR-
based viruses showed the presence of the Msel restriction site,
while all of the IHDJ-based viruses lacked the Msel site (data
not shown). Therefore, the comet-like phenotype produced by
W-B5RASCR,_, could not be attributed to a K151E mutation
in the A34R gene. Thus, the unexpected phenotype produced
by W-BSRASCR,_, is most likely due to the mutated BSR
gene. This may indicate an unanticipated contribution of the
SCR domains of the BSR protein in virus transmission.

Formation of EEV by the recombinant virus lacking the B5SR
SCR domains. We compared the amounts of virus found in the
media of infected cells following one-step growth conditions.
The media from cells infected with W-B5R,.,.,. contained
amounts of infectious virus similar to those of WR. Consistent
with the comet-like phenotype, W-BSRASCR,_, had ~10 times
more infectious virus in the supernatant than media from WR-
and W-B5R,..-infected cells (data not shown). This suggests
enhanced release of EEV from the WR-based virus lacking the
SCRs. The media from cells infected with I-B5R ..., and
[-BSRASCR,_, had amounts of virus similar to that of media
from IHD-J, indicating that the SCRs were not required for
infectious EEV formation (data not shown).

To verify that the virus found in the media from cells in-
fected with the recombinant virus expressing a BSR protein
lacking the four SCR domains was in fact EEV, we carried out
analysis of metabolically labeled virus by sedimentation in
CsCl gradients. Because of the additional membrane on EEV,
its buoyant density differs from IMV, which allows them to be
distinguished by gradient centrifugation (32). Figure 6 depicts
the results of CsCl gradients of media from cells infected with
the BSR deletion mutant (I-BSR ™), the BSR revertant virus
(I-B5Rcscue)> and the recombinant virus with all four SCRs
deleted (I-BSRASCR,_,). Fractions containing the highest ra-
dioactive counts were at the buoyant density that corresponds

(G), and I-BSRASCR_, (H). Comet-shaped plaques were formed by the IHDJ-based viruses (E to H) and by

to EEV. These data clearly indicated that EEV formation was
rescued in revertant virus (I-BSR.....) as well as in the re-
combinant virus with all four SCRs deleted (I-BSRASCR,_,).
Thus, despite the high degree of conservation of the SCR
region, the SCRs in the extracellular domain of the B5SR pro-
tein are not required for EEV formation.

Incorporation of the mutated BSR protein into EEV particles.
To determine if the mutated BSR protein was incorporated
into EEV, we isolated EEV released into the media from RK 5
cells infected with IHD-J, I-BSR . cye, OF I-BSRASCR,_,. Sim-
ilar amounts of BSR protein can be seen on Western blots
containing similar quantities of infectious virus (Fig. 7). To test
if the infectivity of each sample represented similar amounts of
virions, the blot was stripped and reprobed with an antibody to
an alternative EEV protein. Western blotting with antibody
that recognizes the F13L gene product (P37) revealed a P37
band of equal intensity in each lane (data not shown). This
indicates that the recombinant viruses and wild-type virus in-
corporate similar amounts of BSR protein into released EEV.

Demonstration of normal wrapping. We then examined
RK,; cells infected with W-BSRASCR,_, by electron micros-
copy. We found all the stages of virus envelopment and release
(Fig. 8). This process relies on the interaction of IMV particles
with intracellular cisternae derived from the trans-Golgi net-
work (Fig. 8A) that wrap the virions (Fig. 8C). Once the en-
wrapped virion (Fig. 8B and D) moves to the cell periphery,
the external membrane fuses with the plasma membrane, re-
leasing the enveloped virus to the extracellular space (Fig. 8E).
These results indicate that despite the absence of the SCR
domains in W-BSRASCR,_, virus undergoes normal envelop-
ment and exit.

Cellular localization of a viral envelope protein. We next
wished to study the distribution of enveloped virions in in-
fected cells. Because of the large deletion in the ectodomain,
the mutated BSR protein lacking the SCRs is not recognized
by any of the BSR monoclonal antibodies we tested and the
polyclonal rabbit antibody to BSR proved unsuitable for im-
munofluorescence staining (data not shown). We therefore
used a monoclonal antibody recognizing the EEV-specific
product of the F13L gene (P37) (17) to examine the immuno-
fluorescence staining patterns of the panel of viruses. P37
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FIG. 6. Equilibrium density centrifugation of extracellular virus. RK, 5 cells were infected with I-BSR™, I-B5R ¢ cue, and I-BSRASCR,_, labeled with [>*S]methi-
onine and [**S]cysteine, and supernatant media was subjected to centrifugation in CsCl gradients. Fractions were collected from the bottom of tubes, and the levels
of radioactivity of aliquots were counted in a liquid scintillation spectrometer. The densities of selected fractions were determined. Peak counts shown correspond to

the characteristic density of EEV.

staining of cells infected with the wild-type virus showed typical
Golgi staining in a perinuclear position, as well as a more
dispersed punctate pattern that presumably corresponds to
intracellular enveloped virions (Fig. 9B). This is in contrast to
W-B5R™ in which the dispersed punctate staining was scarce
and larger fluorescent dots were seen (Fig. 9C). These forms
may correspond to the large vacuoles that have been previously
described in cells infected with the B5SR deletion virus (42).
Cells infected with W-BSRASCR,_, showed a P37 staining
pattern similar to that of cells infected with wild-type virus,
with typical Golgi staining, as well as smaller stained points
dispersed in the cytoplasm and close to the periphery of the
cell (Fig. 9D). This indicates that normal IMV wrapping and
migration of intracellular enveloped virions was occurring in
the presence of the mutated form of the protein.

Induction of actin tails by vaccinia virus. Since vaccinia
virus infection induces the appearance of thick actin bundles
(Fig. 10B) that are believed to propel virus out of the cell, a
process that is dependent on the envelope wrapping process (7,
8, 15, 16, 40, 43), we analyzed the actin patterns induced by our
panel of viruses. The cellular actin network can be visualized
by staining with rhodamine-phalloidin (Fig. 10A). Similar to
the observations made with a mutant virus defective in the
wrapping process (3), cells infected with W-BSR ™~ were devoid
of recognizable actin bundles (Fig. 10C). Cells infected with
W-B5RASCR,_, were also severely impaired in thick actin
bundle formation (Fig. 10D). This indicates that when the BSR
protein lacking SCR domains is expressed, there is a defect in
the induction of actin tails, despite the formation and release
of significant amounts of extracellular virus. This finding is
similar to a recent description of a mutant virus that undergoes
wrapping and can exit the cell in the absence of actin bundles
(43).

DISCUSSION

The vaccinia virus BSR protein is highly conserved and es-
sential for EEV formation (12, 26, 42). To address the function
of the putative SCR domains that comprise the majority of the
extracellular portion of the BSR-protein, we generated recom-

binant vaccinia viruses (W-BSRASCR,_, and I-BSRASCR,_,)
in which the SCR domains were deleted. The virus expressed
a smaller version of the protein because 80% of the extracel-
lular portion of the protein was removed. The mutated protein
retained a signal peptide, an intact transmembrane and cyto-
solic domains, as well as a 51-aa section of ectodomain just
before the transmembrane region. In contrast to the B5R-
deleted virus (12, 26, 42), the recombinant virus lacking the
SCR domains underwent normal envelopment, produced sig-
nificant amounts of extracellular virus, and was transmitted
efficiently between cells. Thus, the SCR domains of BSR pro-
tein are not required for either formation or infectivity of
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FIG. 7. Western blot analysis of B5R protein incorporation into EEV. SDS-
PAGE was performed on extracellular virus isolated from the media of RK;; cells
infected with the wild-type virus (THD-J), the B5R-revertant virus (I-BSR ccue)»
and the recombinant virus with all four SCRs deleted (I-BSRASCR,_,), and
proteins were transferred to nitrocellulose and probed with antibody C’-B5R.
r-sBSR refers to a recombinant soluble form of the BSR protein that has been
previously described (20). An autoradiogram is shown. Numbers on the left refer
to the molecular masses (in kilodaltons) of color protein markers (LTI).
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FIG. 8. Electron microscopy of cells infected with W-BSRASCR,_,. Thin sections of RK,; cells infected with W-BSRASCR,_, were examined by electron
microscopy. (A) IMV associating with a vesicle; (B) intracellular enveloped virus within a vesicle; (C) single IMV undergoing wrapping; (D) intracellular enveloped
virus within a vesicle; (E) intracellular enveloped virus moving to the plasma membrane and an enveloped virus exiting from the cell. Arrows point to distinct

membranes.

enveloped virus, which strongly supports the concept that the
carboxy-terminal portion of the glycoprotein is sufficient to
mediate the steps required for EEV formation.

Different strains of vaccinia virus liberate different amounts
of virus from infected cells. This feature can be monitored by
a simple plaque assay, since high EEV producers, like strain
IHD-J, give rise to comet-shaped plaques, whereas low EEV
producers, like strain WR, give round plaques (1, 31). The
difference in EEV production can be largely explained by dif-
ferent degrees of retention of enveloped virions at the cell
surface (3). The differences between strain WR and IHD-J
were previously mapped to a single amino acid change in the
extracellular portion of the A34R gene, and the existence of at
least a second gene influencing CEV release was predicted (5).
In this study, the WR-based mutant virus lacking the four SCR

domains unexpectedly produced comet-like plaques and liber-
ated increased amounts of virus into the culture medium. It is
unlikely that this was due to a random mutation elsewhere in
the genome because several independently isolated plaques
gave the identical phenotype. It is interesting that the muta-
tions in the A34R and B5R genes that produce comet-forming
phenotypes in strain WR are in the external portion of glyco-
proteins located on the EEV surface. The phenotype of W-
B5SRASCR,_, suggests that the SCR domains might bind to the
cell surface and thereby modulate the release of CEV from the
cell surface. A second unexpected feature of W-BSRASCR,_,
was a decrease in virus-induced actin bundles that propel virus
particles, which are thought to be involved in transmission of
virus from cell to cell (8). The appearance of the bundles is
dependent on virus wrapping, since they are not induced in
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FIG. 9. Immunofluorescence staining with anti-P37 antibody. CV-1 cells
were either mock infected (A) or infected with WR (B), W-BSR™ (C), or
W-BSRASCR,_, (D). At 7 h postinfection, cells were fixed, made permeable,
washed, and then incubated with a monoclonal antibody to P37, the major
protein present in EEV. To visualize the primary antibody, rabbit anti-rat anti-
body coupled to FITC was used. Representative cells were photographed. Ar-
rows indicate small punctate staining of WR and W-B5RASCR,_, and large
fluorescent dots in the BSR deletion virus (C).

conditions where wrapping is severely impaired, like deletion
of F13L gene (3) or treatment of vaccinia virus-infected cells
with a drug that inhibits wrapping events (7, 14). However,
W-B5RASCR_, provides a second example in which the exit
of EEV particles is not dependent on actin bundles. Recently,
a virus with the A34R gene deleted was reported that did
not induce actin bundle formation yet produced increased
amounts of virus in the medium (43). The deletion of the SCRs
in the BSR gene results in a similar behavior, with increased
EEV production and a decrease in actin bundle formation. It
is likely that a complex of several proteins in the virus envelope
is required for the induction of the actin tails and that muta-
tions in the luminal domains influence protein-protein inter-
actions between these proteins.

The in vivo function(s) of the B5R protein’s SCR domains,
a region conserved among not only vaccinia virus strains but
orthopoxviruses in general, remains unknown (11, 12, 26, 41).
Given its similarity to other complement regulatory proteins
(11, 13, 26, 41), it is conceivable that the BSR SCR domains
may be involved in the control of the complement-mediated
host immune responses. Since the BSR protein is expressed on
both the membranes of infected cells and on the outer mem-
brane of EEV (11, 20, 26), it is well positioned as a viral
defense molecule. Because vaccinia viruses lacking BSR fail to
make EEV, the severe in vivo attenuation of B5SR deletion
viruses is likely due largely to the absence of EEV formation
(12, 39, 42), which is central for viral dissemination in vivo. Our
data, therefore, support the hypothesis that BSR has devel-
oped as a multifunctional protein, with an important role in the
formation of EEV and, potentially, in regulation of host com-
plement activation.

Recently Katz et. al. (21) constructed a recombinant vaccinia
virus expressing a chimeric protein that fused the ectodomain
of the HIV envelope protein to the transmembrane and cyto-
plasmic domains of the BSR protein. This fusion protein was
detected on the membranes of infected cells and was incorpo-
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rated into the outer envelope of EEV, indicating that the
transmembrane and/or cytoplasmic domains of BSR contain an
EEV targeting signal. However, in that construct, the chimeric
human immunodeficiency virus-B5R protein was expressed
along with the wild-type BSR protein and represented only
~6% of the total amount of BSR protein expressed (21).
Therefore, that study could not provide information about the
B5R domains responsible for EEV formation. In our con-
struct, the mutated version of the B5R protein lacking the SCR
domains was introduced in place of the natural B5R locus and
was expressed at a level similar to that of the wild-type B5R
protein. Our results demonstrate that a small portion of B5R,
including the cytoplasmic tail, transmembrane domain, and
51 residues in the juxta-membrane extracellular region, is
sufficient for incorporation into EEV and sustains signifi-
cant amounts of EEV formation.

The findings that the carboxy-terminal portion of the BSR
contains the EEV targeting signal and also provides the re-
quirements for EEV formation make it likely that expression
of chimeric B5R-based proteins in the absence of wild-type
B5R protein will be successful. This approach may provide an
easy and efficient way to anchor foreign antigens to the virion
surface that could be exploited for vaccine development. This
design could offer several advantages over coexpression of the
chimeric and wild-type B5R versions (21). First, high levels of
the chimera can be expressed and targeted to the virus enve-
lope in the absence of competing wild-type protein. Second,
since plaque formation can be used as a selection criteria (4),
the rescue of the large plaque phenotype should facilitate the
isolation of recombinant viruses by reintroduction of the chi-
meric version in B5R deletion viruses. Finally, the deletion of
the SCR repeats may be advantageous for a vaccine vector.
Since attenuation of the virus may be desirable, viral genes that

FIG. 10. Phalloidin staining of infected cells. CV-1 cells were either mock
infected (A) or infected with WR (B), W-B5R ™ (C), or W-B5RASCR _, (D). At
7 h postinfection, cells were fixed, made permeable, washed, and then incubated
with TRITC-phalloidin and representative cells were photographed. Note
the absence of thick actin bundles in cells infected with W-BSR™ and W-
B5RASCR,_,.
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potentially counteract the host’s immune responses are good
candidates for such manipulation.

In conclusion, this work provides evidence that the majority
of the extracellular domain is required for induction of actin
bundles, while it is dispensable for normal envelopment and
egress of enveloped virus. Additionally, we provide data sug-
gestive of a role of the protein in retention of enveloped virions
at the cell surface. This work may have important implications
related to vaccine development and suggests the possibility of
targeting EEV to specific cells or organs by expression of
proteins fused to the carboxy terminus of BSR. Furthermore,
the recombinant viruses lacking the putative SCR domains of
the B5R protein might also provide insight into the role of the
SCR domains in pathogenesis, viral dissemination in vivo, and
its potential role in the evasion from host immune responses.
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