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Two mechanisms exist for the incorporation of B5 into extracellular virions, one of which is dependent on A33. In the compan-
ion to this paper (W. M. Chan and B. M. Ward, J. Virol. 86:8210 – 8220, 2012), we show that the lumenal domain of A33 is suffi-
cient for interaction with the coiled-coil domain of B5 and capable of directing B5-green fluorescent protein (GFP) into extracel-
lular virions. Here, we have created a panel of charge-to-alanine mutations in the lumenal domain of A33 to map the B5
interaction site. While none of these mutations abolished the interaction with B5, a subset displayed an increased interaction
with both B5 and B5-GFP. Both B5 and B5-GFP recombinant viruses expressing these mutant proteins in place of normal A33
had a small-plaque phenotype. The increased interaction of the mutant proteins was detected during infection, suggesting that
normally the interaction is either weak or transient. In addition, the increased A33-B5 interaction was detected on virions pro-
duced by recombinant viruses and correlated with reduced target cell binding. Taken together, these results show that both B5
and B5-GFP interact with A33 during infection and that the duration of this interaction needs to be regulated for the production
of fully infectious extracellular virions.

Vaccinia virus, the prototypical member of the family Poxviri-
dae, was used as a live-attenuated vaccine for the eradication

of smallpox. It is a double-stranded DNA virus with a genome of
about 200 kbp that is predicted to encode approximately 200 func-
tional open reading frames (22). Replication in the cytoplasm re-
sults in two infectious forms, intracellular mature viruses (IMV)
and extracellular viruses (EV) (7, 28). EV arise from IMV that have
been wrapped in additional membranes derived from the trans-
Golgi complex or early endosome (16, 32, 36) and are actively
released from infected cells to spread infection. The process of
wrapping IMV to form EV produces intermediate forms called
intracellular enveloped virions (IEV) that contains two more
membranes than IMV and one less membrane than the released
EV form. The vaccinia virus proteins A33 (29), A34 (8), A56 (33),
B5 (11, 47), F13 (1), and K2 (37, 40) are found on both the IEV and
EV forms, whereas F12 (38, 50) and A36 (39) are found only on
the IEV form. Deletion of any of the genes corresponding to these
proteins, except for A56R and K2L, results in a small-plaque phe-
notype, indicating that they are involved in IEV formation, egress,
and/or infectivity of EV.

Multiple interactions between the EV and IEV proteins have
been demonstrated. The B5 protein has been reported to interact
with A33, A34, and F13 (3, 5, 6, 10, 24–26, 31). B5R encodes a
42-kDa type I glycoprotein that is involved in EV formation (11,
12, 18, 47). The lumenal domain of B5 contains four short con-
sensus repeats (SCRs), which represent most of the extracellular
domain, followed by a predicted coiled-coil domain that precedes
the transmembrane domain and a short cytoplasmic tail (11, 18).
The coiled-coil domain is sufficient for interaction with the lume-
nal domain of A33 (4), while deletion of either the cytoplasmic tail
or the four SCRs of B5 does not affect EV formation (15, 21).

A33R is predicted to encode a 21-kDa type II glycoprotein (29)
with a predicted C-type lectin-like domain (35). It has been shown
to form homodimers that can be linked by interprotein disulfide
bonds (3, 30). A33 has been shown to be required for efficient
target cell binding by EV, and deletion of A33R results in the
release of more EV from the cell surface with reduced infectivity

(5, 30). During morphogenesis, A33 interacts with IEV protein
A36 through the cytoplasmic tail (46, 49). The interaction is re-
quired for the incorporation of A36 into the outer envelope of IEV
and, subsequently, virus-induced actin tail formation (48). A33
and B5/B5-green fluorescent protein (GFP) have been shown to
interact during infection, as well as in the absence of vaccinia viral
late proteins (3, 4, 25). In our companion paper, we report that the
lumenal domain of A33 is sufficient for interaction with B5 while
a transmembrane domain is required for the lumenal domain of
B5 to interact with A33 (4). In addition, the interaction between
the lumenal domains of A33 and B5 is required for the efficient
incorporation of B5-GFP into EV (4). In this study, we created a
set of mutations in A33 in an effort to map the B5 interaction
domain. Our efforts led to the creation of a group of A33 charge-
to-alanine (CTA) mutant proteins that had a more durable inter-
action with B5. Interestingly, we have found that the increased
interaction between A33 and B5 is detrimental to the infectivity of
EV. In addition, the presence of the A33-B5 complex on the sur-
face of extracellular enveloped virions (EEV) reduces the ability of
EEV to bind target cells, suggesting that the A33-B5 interaction
must be transient for the production of fully infectious EEV.

MATERIALS AND METHODS
Cells. HeLa, BSC-1, and RK13 cells were maintained as previously de-
scribed (42).

Plasmid constructs. The construction of pBMW118 (42), pA33R-
HA, and pA33R full (3) has been described previously. To construct the
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CTA mutant proteins pA33R-HAE67-D72, pA33R-HAH84-K86, pA33R-
HAD95-E98, pA33R-HAH113-K123, pA33R-HAD138-D150, and pA33R-
HAD155-D170, forward and reverse primers containing the desired muta-
tions were designed and two-step overlapping PCR was performed using
pA33R-HA as the template. To construct pA33R-HAE174-K182, a reverse
primer containing the desired mutations and the coding sequence of a
hemagglutinin (HA) epitope tag was designed. PCR products were in-
serted into pCR2.1 (Invitrogen) and subcloned into pcDNA3 (Invitro-
gen) to place the coding sequence under the control of the T7 promoter, as
described previously (3). To generate recombinant viruses expressing the
CTA mutant proteins in place of normal A33, two-step overlapping PCR
was performed as described above, except that pA33R-full (3), a plasmid
that contains the coding sequence of A33R flanked by �500 bp of the
upstream sequence, which contains the A33R promoter, and the down-
stream sequence, was used as the template. PCR products were inserted
into pCR2.1 (Invitrogen) and subcloned into the multiple cloning site of
trans-dominant selection vector pBMW118 (42) that had been digested
with SalI and SmaI to yield pA33RH84-K86-full, pA33RD95-E98-full,
pA33RH113-K123-full, pA33RD138-D150-full, pA33RD155-D170-full, and
pA33RE174-K182-full. All constructs were verified by sequencing.

Construction of recombinant viruses. The construction of vB5R-
GFP (45), vB5R-GFP/�A33R (5), and vTF7.3 (14) has been described
previously. To construct recombinant viruses expressing an A33R-con-
taining CTA mutation, HeLa cells were infected with vB5R-GFP/�A33R
or vB5R-GFP at a multiplicity of infection (MOI) of 5.0 and transfected
with pA33RH84-K86-full, pA33RD95-E98-full, pA33RH113-K123-full,
pA33RD138-D150-full, pA33RD155-D170-full, or pA33RE174-K182-full. To
generate vA33RD95-E98/B5R and vA33RE174-K182/B5R, HeLa cells were in-
fected with either v�A33R or WR and transfected with pA33RD95-E98-full
or pA33RE174-K182-full, respectively. The next day, cells were scraped into
medium and cell lysates were prepared by repeated freezing and thawing.
Plasmid pBMW118 contains the coding sequences for HcRed and gua-
nine phosphoribosyltransferase under the control of viral promoters. A
previously described procedure for trans-dominant selection was used to
select for single-crossover recombinants that expressed HcRed and were
resistant to xanthine-guanine phosphoribosyltransferase selection (9, 42).
Single-crossover recombinants were further plaque purified four times in
the absence of a selection drug to obtain the desired double-crossover
recombinant. To construct vA33RE174-K182/�B5R, the gene for B5R in
vA33RE174-K182 was replaced with the coding sequence of mOrange
(Clontech) that is under the control of the promoter of the gene for B5R.
HeLa cells were infected with vA33RE174-K182 and transfected with the
PCR product of the mOrange (Clontech) coding sequence flanked by the
B5R 500-bp upstream, containing the promoter sequence, and down-
stream regions. The next day, cells were harvested and cell lysates were
plated on fresh BSC-1 cell monolayers. Plaques that fluoresced orange
were picked and purified three more times. All of the recombinant viruses
were amplified as described previously (9). The coding sequence of A33R
from the recombinants was verified by sequencing.

Plaque assay. The procedure for the plaque assay used has been de-
scribed previously (42). Briefly, confluent BSC-1 cell monolayers were
infected with the indicated viruses. At 2 h postinfection (p.i.), the inocu-
lum was removed and cell monolayers were overlaid with semisolid me-
dium. At 3 days p.i., cell monolayers were stained with crystal violet and
imaged.

Immunofluorescence microscopy. HeLa cells grown on glass cover-
slips were infected with recombinant viruses at an MOI of 1.0. The next
day, cells were fixed with 4% paraformaldehyde in phosphate-buffered
saline (PBS). For surface staining, fixed cells were incubated with either
rabbit anti-A33 antiserum (BEI Resources) or an anti-B5 monoclonal
antibody (MAb) 19C2 (32), followed by Texas Red-conjugated donkey
anti-rabbit or anti-rat antibody (Jackson ImmunoResearch Laborato-
ries), respectively. For intracellular staining, fixed cells were permeabil-
ized with 0.1% Triton X-100 in PBS and stained with rabbit anti-A33
antiserum (BEI Resources) as described above. To visualize filamentous

actin, immunostained cells were permeabilized and stained with Alexa
Fluor 350-conjugated phalloidin (Invitrogen) by following the manufac-
turer’s instructions. Images were minimally processed and pseudocolored
using Adobe Photoshop software (Adobe Systems).

Immunoprecipitation and Western blotting. HeLa cells infected
with vTF7.3 (14) at an MOI of 5.0 in the presence of 40 �g/ml of cytosine
arabinoside (AraC) (Sigma) were transfected with various plasmids con-
taining the coding sequences of genes under the control of the vaccinia
virus T7 promoter at 2 h p.i. For radiolabeled immunoprecipitation,
transfection medium was removed at 4 h posttransfection and replaced
with medium containing 25 �Ci/ml of [35S]Met-Cys (Perkin-Elmer). The
following day, cells were harvested by scraping, washed once in PBS, and
lysed in radioimmunoprecipitation assay (RIPA) buffer (0.5� PBS, 0.1%
sodium dodecyl sulfate, 1% Triton X-100, 1% NP-40, 0.5% sodium de-
oxycholate) containing protease inhibitors as previously described (5).
Immunoprecipitation was performed using an anti-HA MAb (Santa Cruz
Biotechnology) as previously described (10). Proteins were resolved on 4
to 12% Bis-Tris gradient gels (Invitrogen) and visualized by autoradiog-
raphy. To verify the expression of constructs, cell lysates were resolved on
4 to 12% Bis-Tris gradient gels (Invitrogen). Proteins were transferred to
nitrocellulose membranes and detected as described in the figure legends
using the following antibodies: horseradish peroxidase (HRP)-conju-
gated anti-GFP antibody (Rockland), HRP-conjugated anti-HA antibody
(Roche), anti-GFP MAb (Covance), and anti-HA MAb (Roche). HRP-
and Cy5-conjugated, anti-mouse, anti-rat, and anti-rabbit antibodies
were purchased from Jackson ImmunoResearch Laboratories. HRP was
detected using chemiluminescent reagents (Pierce) by following the man-
ufacturer’s instructions. The fluorescent and chemiluminescent signal
was captured using a Kodak Image Station 4000mmPro (Carestream
Health Inc.) outfitted with appropriate filter sets.

To test the interaction between A33 and B5/B5-GFP during infection,
HeLa cells were infected with recombinant viruses at an MOI of 5.0. The
next day, cells were harvested and lysed and immunoprecipitation was
performed using rabbit anti-A33 antiserum (BEI Resources) as described
above. Western blotting was performed on cell lysates and immunopre-
cipitated proteins using an anti-B5 MAb (19C2), followed by an HRP-
conjugated donkey anti-rat antibody (Jackson ImmunoResearch Labora-
tories). The blot with the immunoprecipitated proteins was stripped and
reprobed with a rabbit anti-A33 antiserum, followed by an HRP-conju-
gated donkey anti-rabbit antibody (Jackson ImmunoResearch Laborato-
ries).

Analysis of EEV. RK13 cells were infected with recombinant viruses at
an MOI of 10.0. At 4 h p.i., the medium was replaced with medium con-
taining [35S]Met-Cys (Perkin-Elmer). The next day, radiolabeled virions
released into the medium were purified through a 36% sucrose cushion.
The resulting viral pellets were lysed in EEV lysis buffer (1% Triton X-100,
0.5% NP-40, 25 mM Tris-HCl, pH 7.4, 1 mM EDTA, 100 mM NaCl,
protease inhibitor cocktail [Roche]). EEV lysates were equilibrated by
scintillation counting, and equal counts were subjected to immunopre-
cipitation with an anti-B5 MAb, an anti-F13 MAb kindly provided by Jay
Hooper, or a rabbit anti-A33 antiserum (BEI Resources). Antibody-pro-
tein complexes were pulled down as described previously (10). Immuno-
precipitated proteins were analyzed by SDS-PAGE and detected by auto-
radiography.

Binding assay. The binding assay has been described previously (5).
Briefly, RK13 cells were infected with vB5R-GFP, vA33RE174-K182, v�B5R,
or vA33RE174-K182/�B5R at an MOI of 10.0. At 24 h p.i., culture superna-
tants were collected and centrifuged at low speed to remove cell debris.
The genome copy in the supernatants was determined using real-time
PCR as described previously (5). The same numbers of virions, as equili-
brated by genome copies, were bound to HeLa cells. EEV bound to cells
were visualized by immunostaining with an anti-F13 MAb, followed by
Texas Red-conjugated donkey anti-mouse antibody (Jackson Immuno-
Research Laboratories). The binding ability of EEV was determined by
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counting the F13-labeled virion-sized particles that were bound to 200
cells.

RESULTS
A33 CTA mutant proteins still interact with B5-GFP. A33 is a
multifunctional protein, and we have found that the lumenal do-
main of A33 is sufficient for interaction with either B5 or B5-GFP
(4). For B5-GFP, this interaction is required for its incorporation
into EV. We wanted to map the specific residues in the lumenal
domain of A33 that are involved in the B5 interaction. We there-
fore generated seven mutant forms of A33 that had clusters of
charged residues mutated to alanine to test for interaction with
B5-GFP (Fig. 1A). In addition, all of our constructs had the HA
epitope tag appended to the C terminus. Initially, we checked the
expression of our clustered CTA mutant proteins using the vac-

cinia virus T7 expression system in the presence of AraC, which
blocks late viral protein synthesis. This system has several advan-
tages, including high protein expression in the cytoplasm of the
cell in the absence of other viral late proteins and therefore mor-
phogenesis. To check expression, a Western blot assay of lysates
from cells expressing the CTA mutant proteins was probed with
an anti-HA MAb. With the exception of A33-HAE67-D72, all of the
constructs produced a smear between 25 and 30 kDa (Fig. 1B) that
is typical of A33 and has been attributed to both N- and O-linked
glycosylation (24, 29). The A33-HAE67-D72 mutant protein was not
included in the rest of our analysis due to the poor level of expres-
sion. We next tested for an interaction with B5-GFP. Each mutant
protein was coexpressed with B5-GFP using the same T7 system
and assessed for interaction by coimmunoprecipitation (CoIP)

FIG 1 A33 CTA mutant proteins still interact with B5-GFP. (A) Diagrammatic representations of the positions of CTA mutations in A33-HA. The amino acid sequences
of the mutated regions are shown with the charged residues mutated to alanine in bold. (B and C) Expression and CoIP of CTA mutant proteins. HeLa cells infected with
vTF7.3 were transfected with the indicated plasmids in the presence of AraC. At 4 h posttransfection, the medium was replaced with medium containing [35S]Met-Cys
(C). At 24 h posttransfection, cells were harvested and lysed in RIPA buffer. Cell lysates were analyzed by Western blotting using an HRP-conjugated anti-HA antibody
(B). Cell lysates were subjected to immunoprecipitation with an anti-HA antibody. Antibody-protein complexes were resolved by SDS-PAGE, and proteins were
detected by autoradiography (C, top blot). Cell lysates were analyzed by Western blotting using an HRP-conjugated anti-GFP antibody (C, bottom blot) to examine the
B5-GFP expression level. The molecular masses, in kilodaltons, and positions of marker proteins are shown on the left.
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with the anti-HA antibody. For this initial assay, proteins were
radiolabeled because we were unsure if sufficient amounts of B5-
GFP would interact with A33 for detection by Western blot assay.
In addition, radiolabeling allowed us to assess the amount of each
protein immunoprecipitated in our assay without detection using
antibodies. All of the CTA mutant proteins tested were still able to
precipitate B5-GFP (Fig. 1C). However, we noticed that, com-
pared to A33-HA, the CTA mutant proteins fell into two groups;
group 1 mutant proteins coimmunoprecipitated similar amounts
of B5-GFP (A33R-HAH84-K86 and A33R-HAD95-E98), and group 2
mutant proteins coimmunoprecipitated more B5-GFP (A33R-
HAH113-K123, A33R-HAD138-D150, A33R-HAD155-D170, and A33R-
HAE174-K182) (Fig. 1C). We also observed that the majority of the
group 2 mutant proteins migrated as a doublet, which is consis-
tent with a hyperglycosylated form of A33 (Fig. 1C). Importantly,
comparable amounts of the CTA mutant proteins were precipi-
tated by the anti-HA MAb (Fig. 1C). To ensure that the increased
level of B5-GFP that coimmunoprecipitated was not due to differ-
ences in B5-GFP expression levels, Western blot analysis of cell
lysates was performed using an anti-GFP antibody. While the ex-
pression levels of B5-GFP did vary, importantly, they were not
higher in cells in which the mutant proteins that fall into group 2
were coexpressed (Fig. 1C).

To confirm the previous result and be certain that the increased
amount of B5-GFP that was precipitated was due to an increase in
interaction and not to differences between the affinities of the
anti-HA MAb for the mutant proteins we made, we repeated the

CoIP using an antibody against B5 and analyzed the precipitate by
probing for the HA epitope tag on our mutant proteins. Analo-
gous to the previous results, the CTA mutant proteins in group 2
were precipitated with B5-GFP to a greater level than A33-HA and
the mutant proteins in group 1 (Fig. 2A).

A33 has been shown to interact with both B5 and chimeric
B5-GFP during infection (3, 4, 25). While B5-GFP requires an
interaction with A33 for incorporation into virions, B5 does not
(3, 4, 25). We wanted to determine if the group 2 CTA mutant
proteins had an increased interaction with B5, as was seen with
B5-GFP. Therefore, the CoIP was repeated using B5 in place of
B5-GFP. B5 gave results identical to those obtained with B5-GFP
(Fig. 2B), demonstrating that the group 2 CTA mutant proteins
have increased interaction with both B5 and B5-GFP in our assay
and that the increased interaction is independent of GFP.

Characterization of recombinant viruses expressing an
A33R CTA mutant protein. Our efforts to map the residues in the
lumenal domain of A33 that interact with B5 led to the interesting
finding that certain A33 CTA mutant proteins had an increased
interaction with B5 (Fig. 1C and 2). We wanted to examine if the
increased interaction between A33 and B5-GFP had an effect on
viral morphogenesis. Therefore, we generated recombinant vi-
ruses expressing B5R-GFP and the A33R CTA mutant proteins in
place of normal B5 and A33R, respectively. These recombinants
express B5R-GFP in place of normal B5R because B5-GFP has
been shown to be more sensitive to defects in A33 (5). To charac-
terize the recombinant viruses, we first examined the plaques pro-

FIG 2 Group 2 A33 CTA mutant proteins have an increased interaction with both B5-GFP and B5. HeLa cells infected with vTF7.3 were transfected in the
presence of AraC with the indicated plasmids encoding A33 CTA mutant proteins and either B5-GFP (A) or B5 (B). At 24 h posttransfection, cells were harvested
and lysed in RIPA buffer. Cell lysates were subjected to immunoprecipitation with an anti-B5 antibody. Antibody-protein complexes were resolved by SDS-
PAGE, followed by Western blotting with anti-HA MAb (top blots). Cell lysates were analyzed by Western blot assay using an anti-B5 antibody (middle blots)
and anti-HA MAb (bottom blots) to examine the B5-GFP/B5 and A33 expression levels, respectively. The molecular masses, in kilodaltons, and positions of
marker proteins are shown on the left.
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duced by the mutants and compared them to the plaques pro-
duced by the normal virus (vB5R-GFP) and a virus that has A33R
deleted (vB5R-GFP/�A33R). The plaque assay showed that the
recombinant viruses expressing an A33R CTA mutant protein
that had a normal interaction with B5-GFP (group 1) made
plaques that were similar in size to those made by vB5R-GFP (Fig.
3). In contrast, the recombinants expressing an A33R CTA mutant
protein that had an increased interaction with B5-GFP (group 2)
made plaques that were noticeably smaller than those made by
vB5R-GFP but larger than those made by vB5R-GFP/�A33R
(Fig. 3).

We wanted to ensure that the defect of group 2 mutants was
due to the mutations in A33 and not B5-GFP. Therefore, we gen-
erated recombinant viruses expressing an A33R CTA mutant
protein in a WR background that does not express GFP. We chose
one mutant from each group, vA33RD95-E98 (group 1) and
vA33RE174-K182 (group 2), and replaced B5R-GFP with B5R to
generate vA33RD95-E98/B5R and vA33RE174-K182/B5R. As shown in
Fig. 3, vA33RD95-E98/B5R produced normal-sized plaques while

vA33RE174-K182/B5R produced small plaques, indicating that
vA33RE174-K182/B5R is defective regardless of whether B5R-GFP
or B5R is expressed. Compared to vA33RE174-K182 expressing B5R-
GFP, vA33RE174-K182/B5R made slightly larger plaques (Fig. 3),
indicating that the recombinant viruses expressing an A33R CTA
mutant protein in the B5R-GFP background are more sensitive to
the mutations in A33. Therefore, we continued the characteriza-
tion of the recombinant viruses in the vB5R-GFP background
only.

A33 CTA mutant proteins localize properly during infection.
To further define where the defect was occurring in recombinant
viruses expressing a group 2 mutant protein, we examined, at the
subcellular level, the localization of the A33 CTA mutant proteins
during infection. We performed immunofluorescence micros-
copy of infected cells using rabbit anti-A33 antiserum, followed by
Texas Red-conjugated donkey anti-rabbit antibody. We com-
pared the localization of A33 in cells infected with a recombinant
virus expressing an A33R CTA mutant protein to that seen in cells
infected with either vB5R-GFP or vB5R-GFP/�A33R. During in-

FIG 3 Plaque phenotypes of recombinant viruses expressing A33R CTA mutant proteins. Confluent BSC-1 cell monolayers were infected with the indicated
viruses. At 2 h p.i., the inoculum was removed and cells were overlaid with semisolid medium. At 3 days p.i., cell monolayers were stained with crystal violet and
imaged.

Chan and Ward

8236 jvi.asm.org Journal of Virology

http://jvi.asm.org


fection, all of the A33 CTA mutant proteins localized to the site of
wrapping and to the cell vertices (Fig. 4). In addition, A33-stained
virion-sized particles were observed in the cell periphery (Fig. 4).
Therefore, our immunofluorescence microscopy indicated that all
of the A33 CTA mutant proteins localized properly and were in-
corporated into progeny enveloped virions. During normal infec-
tion, B5-GFP has been shown to localize at the site of wrapping, on
virion-sized particles in the cytoplasm, and at the cell vertices (45).
In contrast, we have shown that in the absence of A33, B5-GFP is
mislocalized, with GFP fluorescence seen only at the site of wrap-
ping, indicating that A33 is required for proper targeting of B5-
GFP (5). We therefore examined if B5-GFP was properly localized
in cells infected with a recombinant virus expressing a group 2
mutant protein. We found that in cells infected with a recombi-
nant virus that makes small plaques, B5-GFP localized to the site
of wrapping but failed to accumulate at the cell vertices. Although
virion-sized particles labeled with A33 were observed in cells in-
fected with a recombinant virus expressing a group 2 mutant pro-
tein, distinct virion-sized particles labeled with GFP were not ob-
served (Fig. 4). In contrast, B5-GFP localization in cells infected
with a recombinant virus expressing a group 1 mutant protein was
indistinguishable from that seen in cells infected with vB5R-GFP
(Fig. 4).

Cell-associated EV produced by recombinant viruses ex-
pressing an A33R CTA mutant protein is capable of inducing
actin tails. Plaque size, which represents the ability of orthopox-
viruses to spread from cell to cell, is directly related to the amount
of infectious EV produced and their ability to induce actin tails
(34, 44). We wanted to examine if the cell-associated EV (CEV)
produced by a group 2 mutant was capable of inducing actin tails.
We therefore visualized virus-induced actin tails, as well as B5-
GFP incorporation into CEV, using immunofluorescence micros-
copy. Unpermeabilized cells infected with vB5R-GFP, vB5R-GFP/
�A33R, or a virus expressing an A33R CTA mutant protein were
immunostained with an anti-B5 MAb, followed by permeabiliza-
tion and subsequent staining with Alexa Fluor 350-conjugated
phalloidin to visualize virus-induced actin tails. On the surface of
cells infected with either vB5R-GFP or any of the recombinant
viruses expressing an A33R CTA mutant protein, B5-labeled
virion-sized particles and actin tails underneath the B5-labeled
CEV were observed, although less frequently on cells infected with
a recombinant virus expressing a group 2 mutant protein (Fig. 5).
As had been shown previously, on the surface of cells infected with
vB5R-GFP/�A33R, neither B5-labeled virion-sized particles nor
virus-induced actin tails were observed (Fig. 5) (5). Therefore, our
data indicate that B5-GFP is incorporated into CEV and that CEV
produced by a recombinant virus expressing a group 2 mutant
protein are capable of inducing actin tails. While distinct virion-
sized particles labeled with B5-GFP were not observed in the cy-
toplasm of cells infected with a recombinant virus expressing a
group 2 mutant protein (Fig. 4), surface staining with an anti-B5
MAb showed that B5-GFP localized to virion-sized particles, con-
sistent with CEV, on the cell surface (Fig. 5). It is possible that the
strong B5-GFP fluorescence in the cytoplasm of cells infected with
a recombinant virus expressing a group 2 CTA mutant protein
masked the signal of B5-GFP-labeled virion-sized particles.

Group 2 CTA mutant proteins are incorporated into CEV.
We next wanted to examine the incorporation of the A33 CTA
mutant proteins into EV. Therefore, we stained cells infected with
vB5R-GFP, vB5R-GFP/�A33R, or a recombinant virus expressing

an A33R CTA mutant protein with a rabbit anti-A33 antiserum
without permeabilization. After staining with an anti-A33 anti-
body, filamentous actin was stained with Alexa Fluor 350-conju-
gated phalloidin. As expected, A33 staining was found on the sur-
face of cells infected with each of the recombinant viruses, with the
exception of vB5R-GFP/�A33R (Fig. 6). In addition, actin tails
beneath A33-stained virion-sized particles were observed, indicat-
ing that A33 is incorporated into CEV produced by all of the A33R
CTA recombinant viruses (Fig. 6). So far, the mutants within each
group have similar characteristics in the previous assays performed,
indicating that the recombinant viruses in each group behave simi-
larly. Therefore, further characterization of our recombinant viruses
was carried out with only a representative mutant from each group,
i.e., vA33RD95-E98 (group 1) or vA33RE174-K182 (group 2).

The increased interaction between A33 and B5-GFP during
infection correlates with a small-plaque phenotype. Our plaque
assay shows that a recombinant virus expressing a group 2 CTA
mutant protein makes small plaques (Fig. 3). The interaction be-
tween A33 and B5 is easily detected using the T7 expression sys-
tem, whereas during infection, the interaction is less robust (4).
We wanted to determine if an increased interaction between a
group 2 CTA mutant protein and either B5 or B5-GFP could be
detected during infection. Therefore, we examined the interaction
between A33 and B5/B5-GFP in infected cells using CoIP. Consis-
tent with our initial CoIP performed using the overexpression
system (Fig. 1), a band corresponding to either B5 or B5-GFP was
coimmunoprecipitated with A33 from the lysates of cells infected
with a recombinant virus expressing the group 2 CTA mutant
protein (Fig. 7A). An �51-kDa nonspecific band was detected in
all of the samples and likely represents the heavy chain from the
antibodies used to perform the precipitation. These results show
that there is an increased interaction between A33 group 2 CTA
mutant proteins and both B5 and B5-GFP during infection. In
contrast, undetectable amounts of B5/B5-GFP were coimmuno-
precipitated with A33 from the lysates of cells infected with a re-
combinant virus expressing a group 1 mutant protein, vB5R-GFP,
or vB5R-GFP/�A33R or mock infected (Fig. 7A). Therefore, our
data indicate that the increased A33-B5 interaction correlates with
the small-plaque phenotype and suggest normally that the inter-
action between A33 and B5/B5-GFP during infection is either
transient or weak.

A33R group 2 CTA mutant proteins increase the interaction
between A33 and B5-GFP on the surface of EV. Our previous
results indicated a correlation between an increased A33-B5 inter-
action and a small-plaque phenotype (Fig. 3 and 7A). We hypoth-
esized that given the stronger interaction, the A33/B5-GFP com-
plex could persist on the surface of EEV released from cells
infected with a recombinant virus expressing a group 2 CTA mu-
tant protein and that the prolonged interaction on the EV surface
may be detrimental to subsequent infection. To test this idea,
lysates of purified radiolabeled virions released into the medium
were subjected to immunoprecipitation with an anti-B5 MAb,
anti-A33 rabbit antiserum, or an anti-F13 MAb (as a control). As
shown in Fig. 7B, a band corresponding to B5-GFP or A33 was
detected in the lysates of EEV released by cells infected with vB5R-
GFP and recombinant viruses expressing a group 1 or 2 mutant.
F13 was immunoprecipitated from the lysates of EEV released by
cells infected with any of the recombinant viruses (Fig. 7B). The
group 2 CTA mutant protein A33E174-K182 migrated as a smear
(Fig. 7B). Regardless, more B5-GFP was coimmunoprecipitated
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FIG 4 A33 CTA mutant proteins localize properly during infection. HeLa cells grown on glass coverslips were infected with the indicated viruses. The next day,
fixed and permeabilized cells were stained with rabbit anti-A33 antiserum, followed by Texas Red-conjugated donkey anti-rabbit antibody. The overlap of
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with A33 from the lysate of EEV released by cells infected with a
recombinant virus expressing a group 2 mutant protein than from
the lysates of EEV released by cells infected with either a recombi-
nant virus expressing a group 1 mutant protein or vB5R-GFP (Fig.
7B). This indicates that A33 and B5-GFP still exist as a complex on
the surface of EEV released by cells infected with a recombinant
virus that makes small plaques.

The presence of the A33-B5 complex on the surface of EEV
reduces the cell binding ability of EEV. We have shown that A33
is required for efficient binding of EV to target BSC-1 cells (5). We
hypothesized that the presence of the A33-B5 complex on the
surface of EEV would affect the binding ability of EEV and that
this could cause the reduction seen in the plaque size of the virus
producing CTA mutant proteins. Therefore, we quantified the

anti-B5 Phalloidin Merged

G
ro

up
 1

G
ro

up
 2

vA
33

R
H

84
-K

86
vA

33
R

D
95

-E
98

vB
5R

-G
FP

vA
33

R
H

11
3-

K
12

3
vA

33
R

D
13

8-
D

15
0

vA
33

R
D

15
5-

D
17

0
vA

33
R

E
17

4-
K

18
2

vB
5R

-G
FP

/
∆A

33
R

FIG 5 Actin tails are induced by CEV made by recombinant viruses expressing A33R CTA mutant proteins. HeLa cells grown on glass coverslips were infected
with the indicated viruses. The next day, fixed cells were stained with an anti-B5 MAb, followed by Texas Red-conjugated donkey anti-rat antibody (shown as
green). After staining, cells were permeabilized and filamentous actin was stained with Alexa Fluor 350-conjugated phalloidin (shown as red). The overlap of B5
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amount of EEV produced by either vB5R-GFP or a recombinant
virus expressing a group 2 CTA mutant protein using real-time
PCR. We found that vA33RE174-K182 and vB5R-GFP released sim-
ilar amounts of genome copies from infected cells (data not
shown), indicating that neither the CTA mutation in A33 nor the
prolonged interaction with B5-GFP was deleterious to EV forma-
tion. Using the real-time PCR results for equilibration, we added
the same number of EEV to HeLa cells and determined the num-
ber of virions bound by quantifying virion-sized particles labeled
with F13. As shown in Fig. 8, the number of EEV produced by a
recombinant virus expressing a group 2 mutant protein that was
bound to cells was about 2-fold lower than that of EEV produced
by vB5R-GFP, indicating that the presence of A33-B5 complexes
on the surface of EEV reduces the ability of EEV to bind target
cells.

We next wanted to confirm that the reduced cell binding of
EEV produced by a recombinant virus expressing a group 2 mu-
tant protein was due to the increased presence of the A33-B5 com-
plex and not to any effect the mutations might have on the intrin-
sic binding ability of A33. Therefore, we constructed a
recombinant virus that expresses A33RE174-K182 in the absence of
B5 and compared its binding ability to that of wild-type A33 in the
absence of B5. The amount of EEV produced by vA33RE174-K182/
�B5R that were bound to cells was the same as that of EEV pro-
duced by v�B5R (Fig. 8), indicating that EEV produced by
vA33RE174-K182/�B5R bind cells as efficiently as those produced by
v�B5R, which contains normal A33. Therefore, our data demon-
strate that the reduced binding of EEV produced by a recombinant
virus expressing a group 2 mutant protein is due to the presence of
A33-B5 as a complex and not to the inability of mutant A33 to
bind cells.

DISCUSSION

The interaction between A33 and B5, in the absence of other viral
late proteins and during infection, has been previously reported

FIG 7 A33 and B5-GFP exist as a complex on the surface of EEV produced by
a recombinant virus expressing a group 2 mutant protein. (A) CoIP. HeLa cells
were infected with the indicated viruses, and the next day, cells were harvested
and lysed in RIPA buffer. Cell lysates were subjected to immunoprecipitation
(IP) with an anti-A33 rabbit antiserum. Antibody-protein complexes or cell
lysates were resolved by SDS-PAGE. Western blotting (WB) was performed
using an anti-B5 MAb, followed by HRP-conjugated donkey anti-rat antibody.
Afterward, blots were stripped and reprobed with an anti-A33 rabbit antise-
rum, followed by an HRP-conjugated donkey anti-rabbit antibody. The heavy
chain from the precipitating antibody is indicated as IgH. (B) Analysis of EEV.
Lysates of purified radiolabeled EEV released from RK13 cells infected with the
indicated viruses were subjected to immunoprecipitation with an anti-B5
MAb, anti-A33 rabbit antiserum, or an anti-F13 MAb. Antibody-protein com-
plexes were resolved by SDS-PAGE, and proteins were detected by autoradiog-
raphy. Equilibrated EEV lysates were analyzed to show that the same amount
of EEV was used for immunoprecipitation. The molecular masses, in kilodal-
tons, and positions of marker proteins are shown.

FIG 8 The presence of the A33-B5 complex on the surface of EEV reduces the
ability of EEV to bind to target cells. HeLa cells grown on glass coverslips were
inoculated on ice with the indicated viruses that had been equilibrated by
real-time PCR. Fixed and permeabilized cells were stained with an anti-F13
antibody, followed by Texas Red-conjugated donkey anti-mouse antibody.
The binding ability of EEV was determined by counting the F13-labeled viri-
on-sized particles that were bound to 200 cells. The average of two indepen-
dent experiments was determined and is shown as a percentage normalized to
vB5R-GFP. The n-fold differences between the bracketed columns are shown
at the top.
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(3, 4, 25), yet the significance of the interaction is unclear because
in the absence of A33, B5 is still found in EV released from the cell.
In contrast, B5-GFP requires A33 for incorporation into EV, sug-
gesting that there are two pathways for the incorporation of B5
into virions released from the cell, one of which requires A33 (5).
We have found that the lumenal domain of A33 is sufficient for
interaction with both B5 and B5-GFP (4). Our attempt to identify
the interacting residues in A33 with B5 led us to an interesting
investigation of the role of the A33-B5 interaction during infec-
tion. We isolated A33 CTA mutant proteins that have an increased
interaction with both B5-GFP and B5 (Fig. 2). Recombinant vi-
ruses expressing these mutant proteins did not make normal-sized
plaques (Fig. 3) in the presence of either B5 or B5-GFP. However,
the recombinant virus expressing B5 did make plaques that were
noticeably bigger than those that expressed B5-GFP. This subtle
difference in plaque size is most likely the result of some B5 incor-
porated into IEV in an A33-independent way for the recombinant
that expresses normal B5R. This B5 would not be in a complex
with A33, and therefore, these EV should be more infectious. This
would confirm previous findings that B5 has a role not only in IEV
formation (12, 18) but also in the infectivity of EV (5, 20) and
suggests that the interaction between B5 and A33 should be tran-
sient for full functionality during infectivity. In addition, the fact
the vA33RE174-K182 that expresses normal B5R also has a reduction
in plaque size indicates that the A33-dependent mechanism not
only functions during normal infection but may be the predomi-
nant pathway for the incorporation of B5 into EV. If A33-depen-
dent incorporation of B5-GFP is the predominant pathway for its
incorporation, then that would explain why vB5R-GFP produces
plaques that are identical in size to those produced by WR and no
defect is seen in vB5R-GFP.

We can think of two possibilities as to why the group 2 mutants
have a more durable interaction with B5. First, the mutations
cause a stronger interaction with B5. It is possible that the loss of
charge is causing the structure of A33 to be less rigid and thus
allows increased interaction with B5. Indeed, the hyperglycosyla-
tion of these mutant proteins (Fig. 1C) suggests that they provide
greater access to residues that are typically not glycosylated, indi-
cating a more relaxed A33 structure. A second possibility is that
the mutations have affected A33 such that it is less able to dissoci-
ate with B5 and therefore the interaction is prolonged. It should be
noted that the A33-B5 interaction was readily detected in the ab-
sence of other viral late proteins using the vaccinia virus T7 ex-
pression system (Fig. 1C and 2). Under similar conditions, the
interaction was not easily detected during a normal infection
when all of the viral proteins were present (Fig. 7A). In addition,
we detected little to no A33-B5 complex on the surface of normal
virions (Fig. 7B). This suggests that the A33-B5 interaction is ei-
ther transient or weak when other viral late proteins are present
and morphogenesis is occurring. If the interaction is transient, it is
unclear what the mechanism is for the dissociation of B5 from A33
or where it occurs. One possibility is that a third protein interacts
with A33 and causes it to dissociate with B5. Our mutations may
have affected the ability of A33 to interact with this hypothetical
protein and thus prevents the dissociation of the A33-B5 complex.

Interactions between the following IEV-specific proteins have
been described: A33 and A36 (46), A33 and B5 (25), A33 and F13
(25), A34 and B5 (10, 26), A34 and A36 (31), F13 and B5 (6, 24),
A36 and F12 (19), and E2 and F12 (17). Some of these interactions
have been shown to be required for the coordinated incorporation

of proteins into the envelope of IEV/EV. One example, the A33-
A36 interaction, is required for the incorporation of A36 into the
wrapping membrane (46, 49). The same region of A36 that inter-
acts with A33 also interacts with the microtubule motor kinesin,
and the interactions are mutually exclusive (46). It has been sug-
gested that this interaction ensures that only completely wrapped
IEV are transported along microtubules for egress (46). Taken
together, our data suggest that protein-protein interactions that
occur during poxvirus morphogenesis need to be tightly regulated
for the production of fully infectious enveloped virions. This tight
regulation is most likely achieved by an interaction cascade that
occurs during intracellular envelopment. Such an interaction cas-
cade involving A33, A36, and the microtubule motor kinesin has
been suggested to occur (41, 43).

All of the recombinant viruses expressing a group 2 mutation
in A33 had a small-plaque phenotype. Intuitively, several factors
could contribute to the size of the plaques formed on cell mono-
layers by vaccinia virus, including, the number of EV formed, their
ability to form actin tails, and their ability to bind cells. We found
that the group 2 mutants did not profoundly affect the amount of
EV released (data not shown). However, we did notice that these
mutants appear to make fewer actin tails, a process that requires
the incorporation and phosphorylation of the viral protein A36
(13). As the incorporation of A36 into the IEV membrane requires
an interaction with A33 (49), a decrease in actin tails could be the
result of an altered interaction with A36 by these mutants. In
addition, B5 has been reported to be involved in an outside-in
signaling cascade that results in the phosphorylation and subse-
quent activation of A36 (23). It is just as likely that an increased
interaction with A33 may adversely affect this cascade and reduce
the number of actin tails formed. Regardless, if either or both of
these occur, a reduction in actin tail formation cannot fully ac-
count for the decrease in plaque size demonstrated by viruses pro-
ducing the group 2 CTA mutant proteins because a full abrogation
of actin tail formation results in an only �30% decrease in plaque
size (44). This suggested that the group 2 CTA mutant proteins
may have reduced cell binding. Indeed, half as many EEV pro-
duced by vA33RE174-K182 as those produced by vB5R-GFP bound
cells. It seems likely that both of these defects contribute to the
reduction in plaque size produced by recombinants expressing a
group 2 CTA mutant protein.

A33 has been shown to be involved in efficient target cell bind-
ing (5). Our investigation into the binding ability of EEV pro-
duced by v�B5R indicates that EEV lacking B5 can still bind cells,
although at reduced levels, compared to that of EEV produced by
vB5R-GFP (Fig. 8), suggesting a role for B5 in target cell binding.
We previously reported that A33 is required for EEV to bind target
cells efficiently while B5 plays a minor role in cell binding because
the lack of B5, in addition to A33, does not further reduce the
binding ability of EEV (5). This raises the possibility that B5 and
A33 mediate cooperative target cell binding. A34 and B5 have
been shown to be present as a complex on the surface of EEV (27).
It has also been reported that in the absence of B5, A34 is present
at a reduced level (2). Based on the report by Breiman and Smith,
one would predict that less A34 is incorporated into EEV in the
absence of B5 than in its presence (2). Importantly, the extracel-
lular domain of A34 has been predicted to contain a C-type lectin-
like domain. Indeed, A34 has been shown to be required for the
retention of CEV on the cell surface (8). Therefore, it is tempting
to speculate that the reduced binding ability of EEV produced by
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v�B5R is due to the presence of less A34 and not to the lack of B5.
We have found that the aberrant A33-B5 interaction on the sur-
face of EEV reduces the binding ability of those EEV (Fig. 8). Our
examination of the ability of EEV produced by vA33RE174-K182/
�B5R in comparison with that of EEV produced by v�B5R dem-
onstrates that, for efficient cell binding, B5 and A33 cannot be
present as a complex on the surface of EEV (Fig. 8). It will be of
interest to determine the spatial and temporal regulation of all of
the interactions between the various IEV-specific proteins during
vaccinia virus infection, morphogenesis, egress, and subsequent
cell binding.
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