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Vaccinia virus A26 protein is an envelope protein of the intracellular mature virus (IMV) of vaccinia virus.
A mutant A26 protein with a truncation of the 74 C-terminal amino acids was expressed in infected cells but
failed to be incorporated into IMV (W. L. Chiu, C. L. Lin, M. H. Yang, D. L. Tzou, and W. Chang, J. Virol
81:2149-2157, 2007). Here, we demonstrate that A27 protein formed a protein complex with the full-length
form but not with the truncated form of A26 protein in infected cells as well as in IMV. The formation of the
A26-A27 protein complex occurred prior to virion assembly and did not require another A27-binding protein,
A17 protein, in the infected cells. A26 protein contains six cysteine residues, and in vitro mutagenesis showed
that Cys441 and Cys442 mediated intermolecular disulfide bonds with Cys71 and Cys72 of viral A27 protein,
whereas Cys43 and Cys342 mediated intramolecular disulfide bonds. A26 and A27 proteins formed disulfide-
linked complexes in transfected 293T cells, showing that the intermolecular disulfide bond formation did not
depend on viral redox pathways. Finally, using cell fusion from within and fusion from without, we demonstrate
that cell surface glycosaminoglycan is important for virus-cell fusion and that A26 protein, by forming
complexes with A27 protein, partially suppresses fusion.

Vaccinia virus, the prototype of the Orthopoxvirus genus of
the family Poxviridae, infects many cell lines and animals (13)
and produces several forms of infectious particles, among
which the intracellular mature virus (IMV) is the most abun-
dant form inside cells. The IMV can be wrapped with addi-
tional Golgi membrane, transported through microtubules,
and released from cells as extracellular enveloped viruses (10).
The IMV has evolved to enter host cells through plasma mem-
brane fusion (1, 3, 12, 29, 47) or endocytosis (11, 48). Recently,
Mercer et al. reported that IMV entered HeLa cells through
apoptotic mimicry and macropinocytosis (32), and Huang et al.
reported that IMV enters into HeLa cells through a dynamin-
dependent fluid-phase endocytosis that required the cellular
protein VPEF (22).

The IMV contains more than 75 viral proteins. Of these,
more than 10 viral envelope proteins are known to be involved
in vaccinia virus entry into cells (6, 34, 55). Vaccinia virus
contains at least five attachment proteins, with H3, A27, and
D8 binding to cell surface glycosaminoglycans (GAGs) (7, 21,
28), A26 protein binding to the extracellular matrix protein
laminin (5), and L1 protein binding to unidentified cell surface
molecules (14). A27 protein also binds to the viral A17 protein
through its C-terminal region (35, 50), and it was recently
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shown that the coexpression of A17 and A27 proteins resulted
in cell fusion in transiently transfected 293T cells (27). In this
study, we demonstrate the formation through disulfide bonds
of complexes between two viral attachment proteins, A26 and
A27, and we determine the cysteine residues that are critical
for these disulfide bonds. We also address the biological role of
the A26-A27 protein complex formation in cell fusion regula-
tion.

MATERIALS AND METHODS

Cells, viruses, and reagents. BSC40, 293T, L, and sog9 cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
(from Biological Industries, Israel). sog cells were derived from L cells and
expressed no GAGs on the cell surface (2, 17). The Western Reserve (WR)
strain of the vaccinia virus was used as the wild type (Wt-VV) in this study. A
mutant virus, WR32-7/Ind14K, derived from the WR strain, was obtained from
G. L. Smith (38); in this study, for simplicity, it is referred to as IA27L. IA27L
virus contains an isopropyl-B-p-thiogalactopyranoside (IPTG)-inducible A27L
open reading frame (ORF) and an accidental mutation of A26L resulting in the
expression of a truncated A26 protein of 426 amino acids (aa) (5). IA27L-
A26WR was a recombinant virus generated from TA27L virus and constitutively
expressed a full-length A26L (WR) protein of 500 aa, as previously described (5).
Recombinant viruses vG4Li (53), vVE10Ri (42), and VA17LAS (54) expressed viral
G4, E10, or Al7 protein induced by IPTG, respectively, and were provided by
Bernard Moss. All viruses were grown on BSC40 cells, and IMVs were purified
by two successive centrifugations through 36% and 25 to 40% sucrose gradient
layers as described previously (25). Rabbit antibodies (Abs) for vaccinia virus
A26, A27, H3, and L1 proteins were described previously (5, 8, 21, 28). Rabbit
anti-L1 Ab (A7) recognized both reduced and oxidized forms of L1 protein in
immunoblots, whereas mouse monoclonal Ab (MADb) 2D5, provided by Yasuo
Ichihashi, recognized only the oxidized form of L1 protein (23, 24). An anti-
hemagglutinin (HA) tag, MAb HA.11, was purchased from Covance Research
Products Inc. A reducing agent, tris-(2-carboxyethyl) phosphine (TCEP), was
purchased from Pierce Inc. An alkylating agent, N-ethylmaleimide (NEM), was
purchased from Sigma Inc.
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Construction of TA27L-A26KO virus. The IA27L-A26KO virus was generated
based on previously established procedures (5). To delete the mutated A26L
ORF in IA27L, 293T cells were infected with IA27L virus and subsequently
transfected with 2 pg of the plasmid pA25/lacZ/A28-KS(—), containing a late
promoter (p11K)-driven lacZ expression cassette flanked by A25L and A28L
OREF sequences. These cells were cultured in growth medium supplemented with
5 mM IPTG and harvested at 2 days postinfection (p.i.) Recombinant IA27L-
A26KO virus was isolated by three rounds of plaque purification in agar con-
taining 150 pg/ml of 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal)
as described previously (4).

Alkylation of free thiols in samples with NEM for immunoprecipitation or
immunoblot analyses. To avoid artificial reduction and disulfide bond rearrange-
ment during cell rupture, cell lysates were prepared in the presence of an
alkylating agent, NEM, based on two established procedures, with slight modi-
fications (26, 30, 43, 52). Both methods gave identical results in immunoblots
analyses, as described below. For the NEM lysis method, cells (mock infected,
virus infected at 24 h p.i., or plasmid transfected) were placed on ice and washed
twice with freshly prepared cold phosphate-buffered saline (PBS) containing 20
mM NEM (Sigma) and subsequently solubilized in 50 mM Tris (pH 8.0)-1%
sodium dodecyl sulfate (SDS) containing 40 mM NEM. The lysates were used for
immunoprecipitation (described below) or mixed with an equal volume of SDS-
polyacrylamide gel electrophoresis (PAGE) loading buffer (150 mM Tris-HCI,
pH 6.8, 20% glycerol, 4% SDS, 0.04% bromophenol blue), with or without 40
mM TCEP (Pierce), boiled for 10 min, and loaded on NuPAGE 4 to 12%
Bis-Tris denaturing gels (Invitrogen). For the trichloroacetic acid (TCA)-NEM
method, cells were washed once with cold PBS and treated with PBS containing
10% TCA. After centrifugation at 10,000 X g for 15 min at 4°C, protein precip-
itates were washed three times with cold acetone. The pellets were dissolved in
50 mM Tris (pH 8.0), 1% SDS, 40 mM NEM (with or without 40 mM TCEP)
(Pierce). The samples subsequently were mixed with an equal volume of SDS-
PAGE loading buffer, boiled for 10 min, and loaded on NuPAGE 4 to 12%
Bis-Tris denaturing gels. For preparing the alkylated form of vaccinia virus IMV
(WR strain), infected BSC40 cell monolayers were washed with PBS containing
20 mM NEM for 10 min, and cell pellets were collected by centrifugation. The
cell pellets were dounced in TM buffer (10 mM Tris-HCI, pH 7.5, 5 mM MgCl,)
containing 20 mM NEM, and IMV preparations were performed using 36% and
25 to 40% sucrose gradient as described above (25).

Immunoprecipitation. Cells (mock infected, virus infected at 24 h p.i., or
plasmid transfected) were lysed in lysis buffer (1% Triton X-100-1% deoxy-
cholate-0.1% SDS-150 mM NaCl-1 mM EDTA-50 mM Tris [pH 7.4]), with or
without 20 mM NEM, and insoluble materials were removed by centrifugation
(10,000 X g, 15 min, 4°C). Cell lysates were further precleared by incubation with
50 pl of a 50% protein A-Sepharose bead slurry with gentle agitation for 1 h at
4°C in a tube rotator. After brief centrifugation, the precleared supernatant was
incubated with an anti-A26 (1:50) or anti-A27 (1:100) antibody at 4°C for 2 h to
overnight for protein immunoprecipitation and subsequently incubated with 50
wl of a 50% protein A-Sepharose bead slurry (GE Healthcare Bio-Sciences AB)
for another 2 h of incubation at 4°C. The immunoprecipitates were washed five
times with lysis buffer and saved for immunoblot analyses.

Immunoblot analysis. For samples not treated with NEM, the following pro-
cedures were performed. Purified IMV virions, whole-cell lysates, or immuno-
precipitates from virus-infected cells were dissolved in SDS-PAGE loading buffer
(150 mM Tris [pH 6.8], 20% glycerol, 4% SDS, 0.04% bromophenol blue). When
proteins needed to be reduced, B-mercaptoethanol (or TCEP) was added to
samples at a final concentration of 10% (20 mM). The samples then were boiled
for 10 min, separated on NuPAGE 4 to 12% Bis-Tris denaturing gels (Invitrogen
Inc.), and transferred to nitrocellulose membranes for immunoblot analysis with
anti-A26 (1:6,000 dilution), anti-A27 (1:1,500), anti-H3 (1:2,000), anti-A17 (1:
1,000), anti-L1 (1:1,000 for 2D5 and A7), and anti-HA (1:1,000) Abs with either
secondary Ab (alkaline phosphatase-conjugated goat anti-rabbit or goat anti-
mouse immunoglobulin [Ig]) or a One-Step Complete IP-Western kit (GenScript
Inc.) and developed according to the manufacturer’s instructions.

Complementation assays for studying complex formation. (i) Plasmid con-
struction and site-directed mutagenesis. The plasmids pA25/A26(WR)-KS(—)
and A27L-TOPO, containing A26L. and A27L ORFs, were generated and de-
scribed previously (5). Other A26L and A27L mutants, A26L-C43A, A26L-
C128A, A26L-C162A, A206L-C342A, A20L-441A, A26L-C442A, A26L-C441/
442A, A27L-CT71A, A27L-C72A, and A27L-C71/72A, were generated from
pA25/A26(WR)-KS(—) and A27L-TOPO by site-directed mutagenesis
(QuikChange site-directed mutagenesis kit; Stratagene) using the following com-
plementary oligonucleotides: A26L-C43A (5'-AAA ATC GAA GCA AAT ACA
GCC ATC AGT AGA AAA CAT AGA-3'), A26L-C128A (5'-ATT TTA TAT
ATA GTA TTT GCT ATA ATA TCT GGT AAG AAT-3"), A26L-C162A
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(5'-GAG CGT ATC AAG TAT GCA GCT AAG CAA ATA TTA CAC GG
T-3"), A26L-C342A (5'-GTA ATA ATA GAC AAT GAA GCC GCT AAT ATT
CAG TCG AGT-3"), A26L-C441A (5'-AAT TTC ATC GGA CAC TAT GCT
TGT GAT ACA GCG GCA GTT-3'), A26L-C442A (5'-TTC ATC GGA CAC
TAT TGT GCT GAT ACA GCG GCA GTT GAT-3'), A26L-C441/442A
(5'-AAT TTC ATC GGA CAC TAT GCT GCT GAT ACA GCG GCA GTT
GAT-3'), A27L-C71A (5'-TTT GAA CAA ATA GAA AAG GCT TGT AAA
CGC AAC GAT GAA-3"), A27L-C72A (5'-GAA CAA ATA GAA AAG TGT
GCT AAA CGC AAC GAT GAA GTT-3"), A27L-C71/72A (5'-TTT GAA CAA
ATA GAA AAG GCT GCT AAA CGC AAC GAT GAA GTT-3'). The un-
derlined bases represent the mutated codons, and only the sense primers are
shown. All of the plasmid clones were confirmed by DNA sequencing.

(ii) Trans-complementation assays. The frans-complementation assays were
performed essentially as described previously (5). Confluent 293T cells in 60-mm
dishes were infected with IA27L-A26KO or IA27L-A26WR at a multiplicity of
infection (MOI) of 5 PFU/cell for 1 h in the absence of IPTG. After infection,
cells were washed with PBS, and 1 pg of individual plasmids (A26L-C43A,
A26L-C128A, A26L-C162A, A26L-C342A, A26L-C441A, A26L-C442A, A26L-
C441/442A, A27L-CT71A, A27L-C72A, and A27L-C71/72A) was transfected into
cells using 10 pl Lipofectamine (Invitrogen). After a 5-h incubation, the mixtures
were removed and fresh complete medium was overlaid. Cells were harvested at
24 h p.i. for immunoprecipitation and immunoblot analyses as described above.

Expression of vaccinia virus A26 and A27 protein in 293T cells. Vaccinia virus
A26 (WR) and A27 (WR) ORF sequences were codon optimized (GenScript
Inc.) and cloned into the mammalian expression vector pLKO-AS3.1-EGFP3’
(National RNAi Core, Academia Sinica, Taiwan). 293T cells were cotransfected
with plasmids expressing A26 and A27 proteins using calcium phosphate trans-
fection procedures, and the cells were harvested at 1 day posttransfection for
immunoprecipitation (anti-A27 Abs at 1:40) and immunoblot analyses (anti-A26
at 1:1,000 and anti-A27 at 1:200) as described above.

Cell fusion assays. (i) Cell fusion from within. BSC40 cells were infected with
wild-type WR vaccinia virus (Wt-VV), IA27L virus, or IA27L-A26WR virus at an
MOI of 5 PFU per cell and incubated in culture medium with or without 5 mM
IPTG to regulate A27 protein expression (5, 37, 38). Cell fusion was monitored
up to 24 h p.i., and cells were photographed using phase-contrast optics on a
Nikon inverted microscope.

(ii) Live cell imaging. Alternatively, live cell imaging was performed to mon-
itor cell fusion from within as described below. BSC40 cells were seeded onto
coverslips in 60-mm dishes (7.5 X 10° per dish) and subsequently infected with
Wt-VV, T1A27L, and IA27L-A26WR at an MOI of 5 PFU per cell at 37°C for 1 h.
The infected cells were washed with PBS, transferred to the microscope stage,
and maintained in growth medium, and the samples were kept in a warm 37°C
chamber with 5% CO, throughout the recording time up to 34 h p.i. Images were
taken initially from 30 min p.. to 10 h p.i. at 1 frame per 30 min and then
switched to 1 frame per 10 min from 10 to 34 h p.i. Three microscopes, a Carl
Zeiss confocal LSM 510 Pascal (20X Plan-Neofluar lens), an LSM 510 Meta
NLO (0.8-fold; 20X Plan Apochromat), and a wide-field Zeiss Axiovert (1.6X;
10X Plan Neofluar lens), were used to acquire individual images of cells infected
with Wt-VV, TA27L, and IA27L-A26WR at the same time. Images were ana-
lyzed using AxioVision release 4.6. At the end of recording, the infected cells
were fixed in 4% paraformaldehyde, permeabilized in PBS-0.2% saponin, and
stained with anti-vaccinia virus Abs (1:5,000), fluorescein isothiocyanate-conju-
gated goat anti-rabbit IgG Abs (diluted 1:1,000), and 0.5 pg/ml of 4’,6'-dia-
midino-2-phenylindole (DAPI) to ensure that all cells were infected. Images
were acquired by LSM 510 Meta NLO confocal microscopy (20X Plan Apoc-
hromat).

(iii) Cell fusion from without. Cell fusion from without was performed as
described previously (16). Briefly, L cells and sog9 cells were seeded on cover-
slips in 24-well plates and, after overnight incubation, were incubated with 6 pg
vaccinia virus (~4,000 particles/cell) in PBS-AM (PBS, 0.05% bovine serum
albumin, 10 mM MgCl,) for 1 h, washed, and then treated with PBS (pH 4.7) at
37°C for 2 min. The cells were incubated at 37°C for 1 h with complete medium
containing 40 pg/ml cordycepin (Sigma) and fixed for 15 min with 4% parafor-
maldehyde in PBS at 25°C, and then the plasma membrane was stained with
PKH26 (Sigma) and nuclei were stained with Hoechst 33258 (Invitrogen Inc.).
Images were collected with an LSM 510 Meta confocal laser scanning micro-
scope (Carl Zeiss) using a 40X objective lens and confocal microscopy software
(release 2.8; Carl Zeiss), and nuclei numbers were counted from multiple images
(>300 cells). To quantify cell fusion, we calculated the percentage of fused cells
(i.e., cells containing more than one nucleus) using the following equation:
percentage of cell fusion = (sum of nuclei added from all fused cells/sum of
nuclei added from total seeded cells) X 100. When we subdivide the above-
described fused cell population into small-sized (2 to 5 nuclei/cell), medium-sized
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(6 to 10 nuclei/cell), and large-sized (>10 nuclei/cell) fused cell populations, the
quantification was calculated as follows: percentage of small-sized fused cells =
100 X (sum of nuclei added from all the small-sized fused cells/sum of nuclei
added from total seeded cells); percentage of medium-size fused cells = 100 X
(sum of nuclei added from all the medium-sized fused cells/sum of nuclei added
from total seeded cells); and percentage of large-size fused cells = 100 X (sum
of nuclei added from all the large-sized fused cells/sum of nuclei added from
total seeded cells). The experiments were repeated twice, and in each experiment
more than 300 cells were counted for each virus.

RESULTS

A26 and A27 proteins form 70-/90-kDa protein complexes
through disulfide bond formation in the infected cells, and the
complexes are packaged into IMV particles. The immunoblot
analyses of cell lysates harvested from HeLa cells infected with
Wt-VV, TA27L (37, 38), and IA27L-A26WR (5) were per-
formed in reducing and nonreducing conditions using anti-A27
Ab (Fig. 1A). The expression of A27 protein in Wt-VV was
constitutive, whereas in IA27L and IA27L.-A26WR it was in-
duced by IPTG, as previously described (5, 37, 38). In reducing
SDS-PAGE (with 2-mercaptoethanol [2ME]), A27 protein mi-
grated as a 14-kDa protein in the infected cells; however, it
migrated as multiple species in nonreducing conditions (with-
out 2ME), suggesting that disulfide bonds mediated the for-
mation of these complexes. A27 protein monomers of 14 kDa,
dimers of 28 kDa, and trimers of 42 kDa were detected, which
is consistent with previous reports (36). More interestingly,
A27 protein also formed two high-molecular-mass complexes
of 70 kDa (Fig. 1A) and 90 kDa (Fig. 1A) in cells infected with
Wt-VV and IA27L-A26WR but not IA27L (Fig. 1A). Because
TA271L-A26WR (5) was derived from IA27L virus by the re-
placement of a truncated A26 protein (aa 1 to 426) with a
full-length A26 protein (1 to 500 aa), this implied that A26 (aa
427 to 500) was required for the formation of the 70-/90-kDa
protein complexes. The samples were boiled and denatured
before gel separation, so the 70-/90-kDa protein complex de-
tected on nonreducing gels most likely is formed through di-
sulfide bonds. As expected, in the absence of IPTG, all of the
monomer, dimer, and trimer forms of A27 protein, as well as
the 70- and 90-kDa complexes, were barely detected in cells
infected with IA27L and TA27L-A26WR.

The above data suggested the possibility that A26 pro-
tein interacts with A27 protein to form the 70-/90-kDa pro-
tein complexes. We therefore tested whether 70-/90-kDa
protein complexes also contain A26 protein in the infected
cells. In immunoblots performed under nonreducing condi-
tions, not only anti-A27 but also anti-A26 Ab detected two
protein complexes of 70 and 90 kDa in size (Fig. 1B). It is
worth noting that we consistently observed that anti-A26 Ab
reacted better with the 70-kDa protein complex than with the
90-kDa form on gels, whereas anti-A27 Ab exhibited the op-
posite preference (Fig. 1B).

To provide direct evidence that these 70-/90-kDa protein
complexes contained A26 and A27 proteins linked by disulfide
bonds, we examined cell lysates harvested at 24 h p.i. by im-
munoprecipitation. Anti-A27 Ab brought down the 70- and
90-kDa protein complexes from cells infected with Wt-VV or
IA27L-A26WR but not IA27L (Fig. 2A). More importantly,
these immunoprecipitated 70-/90-kDa protein complexes con-
tained A26 protein (Fig. 2A). Reciprocal immunoprecipita-
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FIG. 1. A26 and A27 proteins formed protein complexes through
disulfide bond formation in BSC40 cells. (A) Immunoblot (IB) analysis
of A27 protein in virus-infected cell lysates following boiling and sep-
aration by reducing (with 2ME) and nonreducing (without 2ME) SDS-
PAGE. The expression of the A27L ORF in wild-type vaccinia virus
(Wt-VV) was constitutive, whereas in IA27L and IA27L-A26WR vi-
ruses it was induced by 5 mM IPTG. (B) Immunoblot analysis of A27
and A26 proteins in virus-infected cells cultured in medium containing
IPTG. Lysates were boiled, separated on nonreducing (without 2ME)
SDS-PAGE, and probed with anti-A26 (1:1,000) and anti-A27 (1:
1,000) Abs. The 90- and 70-kDa protein complexes are indicated by
black and white arrows, respectively. Three protein bands representing
A27 monomers (A27-m), dimers (A27-d), and trimers (A27-t) also
were detected. A26t, truncated A26 protein (aa 1 to 426).

tions performed using anti-A26 Ab also immunoprecipitated
A26 protein in the 70-/90-kDa protein complex that contained
A27 protein (Fig. 2B). To avoid artificial disulfide bond rear-
rangement during cell rupture, cell lysates were prepared using
10% TCA precipitation and an alkylating agent, N-ethylmale-
imide (26, 30, 43, 52), as described in Materials and Methods
for immunoblot analyses. The results revealed that, regardless
of NEM treatment, 70-/90-kDa protein complexes remained
intact in the infected cells (data not shown). Taken together,
these results showed that A26 and A27 proteins formed 70-
and 90-kDa protein complexes through disulfide bonds. The
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FIG. 2. Immunoprecipitation (IP) of A26-A27 protein complexes
from cell lysates. BSC40 cells were infected with viruses as shown at
the top at an MOI of 10 PFU/cell and were harvested at 24 h p.i. Cell
lysates were immunoprecipitated with anti-A27 Ab (1:100) (A) or
anti-A26 Ab (1:50) (B). The immunoprecipitates were washed, boiled,
and separated on SDS-PAGE and analyzed by immunoblotting using
anti-A26 and anti-A27 Abs as described for panel A. The black and
white arrows indicate the 90- and 70-kDa protein complexes, while
small asterisks indicate Ab heavy and light chains. (C) A26-A27 pro-
tein complexes were stably incorporated in IMV particles. Equivalent
amounts of each IMV were separated by SDS-PAGE and analyzed by
immunoblotting with anti-A26 (1:1,000), anti-A27 (1:1,000), and anti-
H3 (1:1,000) Abs. The black and white arrows indicate the 90- and
70-kDa protein complexes, respectively. The asterisk represents the
degraded form of A26 protein. IB, immunoblot.
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FIG. 3. Cysteines 71 and 72 of A27 protein are required for the
formation of A26-A27 protein complexes. Schematic representation of
the cysteine residues 71 and 72 on A27 protein. BSC40 cells were mock
infected or infected with IA27L-A26WR and subsequently transfected
with individual plasmids encoding wild-type A27 or C71A, C72A, or
C71/72A double mutant proteins. Cells were harvested at 24 h p.i.,
boiled, and separated on nonreducing SDS-PAGE for immunoblot
(IB) analyses using anti-A27 Ab (A) or anti-A26 Ab (B). The black and
white arrows indicate the 90- and 70-kDa protein complexes, respec-
tively. A27-m, A27-d, and A27-t represent monomers, dimers, and
trimers of A27 protein, respectively. Tf, transfection.

sizes of the 70-/90-kDa complexes differed by the molecular
size of an A27 monomer, implying a stoichiometry for the
70-/90-kDa complex of an A26 monomer in complex with ei-
ther an A27 dimer or an A27 trimer.

To test whether the A26-A27 protein complexes are pack-
aged in IMVs, we purified IMV particles of Wt-VV, IA27L,
and IA27L-A26WR viruses and loaded equal amounts on gels
for immunoblots, as shown by the anti-H3 Ab blot (Fig. 2C).
The anti-A27 Ab blot revealed that A26-A27 protein com-
plexes were incorporated into IMV particles. Additionally,
some dimer and trimer forms of A27 protein also were de-
tected (Fig. 2C). Anti-A26 Ab also detected A26-A27 protein
complexes as well as A26 monomer and its degraded form in
gels (Fig. 2C). These data suggest that, on IMV particles, not
all of the A26 and A27 proteins are part of covalently linked
A26-A27 complexes. When IMVs were purified with reagents
containing NEM to avoid disulfide oxidation during cell rup-
ture, anti-A27 Ab still detected the 70-/90-kDa complexes on
IMV particles (data not shown).

Cysteines 71 and 72 of A27 protein are important for A26-
A27 protein complex formation. A27 protein forms covalently
linked trimers in infected cells through disulfide bonds (36),
although the homotrimer formation is not dependent on disul-
fide bonds formed between cysteine residues 71 and 72 (50).
To identify how A26 and A27 proteins form intermolecular
disulfide bonds, we used in vitro mutagenesis to generate mu-
tant A27 proteins with either single or double cysteine-to-
alanine mutations at cysteines 71 and 72 (Fig. 3). The plasmids
were immediately transfected into 293T cells that were in-
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FIG. 5. A26-A27 protein complexes formed prior to virion assembly and did not require Al7 protein. (A) Immunoblot analyses (IB) of
70-/90-kDa complex in the infected cells using anti-A27 Ab. BSC40 cells were infected with individual vaccinia viruses as shown at the top at an
MOI of 10 PFU per cell. Wt, wild-type vaccinia virus (WR). Cell lysates were boiled and separated by SDS-PAGE on nonreducing (without 2ME)
gels and probed with anti-A27 Abs. The bottom portion shows a longer exposure of a portion of the blot (marked by the dotted line). The black
and white arrows indicate the 90- and 70-kDa protein complexes, respectively. A27-m, A27-d, and A27-t represent monomers, dimers, and trimers
of A27 protein, respectively. (B) Samples were treated with reducing condition (with 2ME) and loaded in the same order as that used for panel
A and were probed with anti-A27 Ab. (C) Samples were loaded in the same order as that for panel A and were treated with reducing conditions
(with 2ME) and probed with anti-A17 Ab. (D) Samples were loaded in the same order as that used for panel A and were probed with anti-A26
Ab. A26 red, reduced form of A26 protein; A26 ox, oxidized form of A26 protein; and A26t, truncated A26 protein (aa 1 to 426) (5); M,
mock-infected cells; Wt, wild type virus.

fected with TA27L-A26WR in the absence of IPTG, so that kDa protein complexes with the A26 protein expressed from
A26 protein was expressed from the viral genome and A27 the viral genome (Fig. 3A and B). Mutant A27 C71A and
protein was provided in frans from the transfected plasmids. C72A proteins partially reduced A26-A27 protein complex for-
Wild-type A27 protein provided in frans formed the 70-/90- mation, whereas the C71/72A double mutant A27 protein com-

FIG. 4. (A) Cysteines 441 and 442 of A26 protein are required for the intermolecular disulfide bond formation of A26-A27 protein complexes.
All of the six cysteine residues of A26 protein as well as the genome representations of IA27L and IA27L-A26KO viruses are shown at the top.
BSC40 cells were mock infected or infected with IA27L-A26KO or IA27L-A26WR, subsequently transfected with individual plasmids encoding
wild-type A26 or C43A, C128A, C162A, C342A, C441A, C442A, and C441/442A double mutant proteins, harvested at 24 h p.i., and then boiled
to denature proteins for immunoblot analyses (IB) on nonreducing (without 2ME) gel using anti-A27 Ab (1:1,000) or on reducing (with 2ME)
SDS-PAGE using anti-A26 (1:1,000) Ab. The black and white arrows indicate the 90- and 70-kDa protein complexes, respectively. (B) C43 and
C342 form an intramolecular disulfide bond in A26 protein. The cell lysates shown in panel A were boiled and separated by nonreducing (without
2ME) SDS-PAGE and stained with anti-A26 (1:1,000) Ab. The top migrating band is the reduced form of full-length A26 protein (A26 red). The
middle band is the oxidized form of A26 protein (A26 ox), while the asterisk indicates the degraded product of A26 protein. (C) A26 C441/442A
mutant protein failed to form disulfide bonds with A27 protein. The immunoprecipitation (IP) of cell lysates described in panel A was performed
using anti-A27 Ab (1:100) and was analyzed by SDS-PAGE on nonreducing (without 2ME) or reducing (with 2ME) gels using anti-A27 Ab
(1:1,000). The asterisks (left) indicate Ig heavy and light chains. Tf, transfection.
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FIG. 6. A26-A27 complex formation in cells infected with vG4Li. (A) BSC40 cells were infected with vG4Li and harvested at 24 h p.i. with 10%
TCA precipitation (TCA ppt) and NEM as described in Materials and Methods. Protein samples were added with or without TCEP, boiled, and
separated on gels using anti-A27 Ab. (B) Samples were loaded in the same order as that used for panel A and were probed with anti-A26 Ab. The
asterisk represents the degraded A26 protein. (C) The expression of HA-tagged G4 protein (HA-G4) was induced by IPTG. (D) The growth of

vG4Li virus was regulated by IPTG. IB, immunoblot.

pletely lost the ability to form 70-/90-kDa protein complexes
(Fig. 3A). Anti-A26 Ab had a weaker reactivity to the com-
plexes on blots than anti-A27 Abs and detected the 70-/90-kDa
complexes only in cells expressing the wild-type A27 protein
(Fig. 3B). It is known that C71 and C72 of A27 protein medi-
ated A27 protein trimerization (36), and we noticed that C71A
and C72A single-mutant A27 proteins existed as dimers and
C71/72A double-mutant protein as monomers in the trans-
fected cells (Fig. 3A), suggesting that A27 dimers contain di-
sulfide bonds formed between C71-C71 or C72-C72 and A27
trimers must contain an additional disulfide bond between C71
and C72. Taken together, the data here showed that C71 and
C72 also are involved in the formation of the intermolecular
disulfide bonds between A26 and A27 proteins.

Cysteines 441 and 442 of A26 protein are necessary for
A26-A27 protein complex formation, whereas C43 and C342
form an intramolecular disulfide bond. The A26 protein con-
tains six cysteines at residues 43, 128, 162, 342, 441, and 442
(Fig. 4A). We generated a series of mutant A26 proteins that
contained either single or double cysteine-to-alanine muta-

tions. To perform complementation analyses, we generated an
TA271L-A26KO virus (Fig. 4A) to remove the truncated A26
(aa 1 to 426) protein from IA27L virus (5, 38). BSC40 cells
were infected with IA27L-A26KO virus in the presence of
IPTG so that the A27 protein was expressed from the viral
genome. These cells then were transfected with plasmids ex-
pressing either wild-type or mutant A26 protein to determine
which cysteine is important for disulfide bond formation be-
tween A26 and A27 proteins (Fig. 4A). The transfected wild-
type A26 protein and the C43A, C128A, C162A, and C342A
mutants were able to form the 70-/90-kDa complexes in the
infected cells in the presence of IPTG, although we noticed
that the C43A and C342A mutants caused a slightly slower
migration of the complexes (Fig. 4A). The C441A and C442A
mutations reduced the amount of the 70-/90-kDa protein com-
plexes formed, while the C441/442A double mutant almost
completely eliminated complex formation (Fig. 4A). All of the
transfected A26 proteins, including the C441/442 mutant, were
well expressed (Fig. 4A), so the inability to form 70-/90-kDa
complexes was not due to a lack of A26 protein expression in
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FIG. 7. A26-A27 complex formation in cells infected with VE10Ri. (A) BSC40 cells were infected with vVE10Ri, and cells were harvested at 24 h
p.i. with 10% TCA precipitation (TCA ppt) and NEM as described in Materials and Methods. Protein samples were added with or without TCEP,
boiled, and separated on gels using anti-A27 Ab. (B) Samples were loaded in the same order as that used for panel A and were probed with
anti-A26 Ab. The asterisk represents the degraded A26 protein. (C) The growth of vE10Ri virus was regulated by IPTG. (D) Immunoblot analyses
(IB) of total L1 protein (top) and the oxidized form of L1 protein (L1 ox). L1 red, reduced form of L1 protein. 2D5 MAD only recognized the

oxidized form of L1R on nonreducing gels (24).

cells. Interestingly, besides the 70-/90-kDa protein complexes,
anti-A26 Ab also detected multiple forms of A26 monomer
protein in the transfected cells (Fig. 4B). The top band mi-
grated similarly to the A26 protein band in the reducing gel
(with 2ME), suggesting that it is the reduced form of A26
protein. The middle band was present in wild-type A26 protein
and C128A, C162A, C441A, C442A, and C441/442A mutants
but was absent in C43A and C342A mutant proteins, suggest-
ing that the middle band represented the form of A26 protein
containing an intramolecular disulfide bond between C43 and
C342. The bottom band was present in all of the constructs
with various intensities, and we suspected that it is the de-
graded form of A26 protein. Finally, to be sure that A27
protein did not form disulfide-linked protein complexes with

the A26 C441/442 mutant protein, we performed immunopre-
cipitation using anti-A27 Ab. The wild-type A27 protein
brought down wild-type A26 protein, but not the mutant C441/
442 protein, in the infected cells (Fig. 4C). The same com-
plexes were formed in cells infected with IA27L-A26WR,
which served as a control.

A26-A27 complex formation in the infected cells does not
require virion morphogenesis, A17 protein, or the viral redox
system. We next investigated whether viral A26 and A27 pro-
teins form disulfide bonds during virion morphogenesis in the
infected cells. Rifampin blocked viral core protein processing
(data not shown) without significantly affecting A26 and A27
protein levels in cells (Fig. 5B and D); however, 70- and 90-
kDa complexes still formed in these drug-treated cells, as de-
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tected by anti-A27 Ab (Fig. 5A) and anti-A26 Ab (Fig. 5D),
showing that intermolecular bond formation between A26 and
A27 proteins occurred prior to virion morphogenesis. Because
the A27 protein has been shown to bind to A17 protein (35),
we tested whether A17 protein is involved in A26-A27 complex
formation. BSC40 cells were infected with a recombinant virus,
VA17AS, expressing A17 protein in the presence of IPTG (54).
The infected cells were harvested at 24 h p.i. for immunoblot
analyses (Fig. S5A and D). The results showed that the associ-
ation between A17 and A27 protein is not a prerequisite for
the formation of A26-A27 complexes, since the 70-/90-kDa
complexes still formed in the infected cells when A17 expres-
sion was repressed in the absence of IPTG (Fig. 5C).

Vaccinia virus encodes a unique redox pathway comprising
viral G4 (18, 53), E10 (42), and A2.5 proteins (45), each of
which is essential for virus morphogenesis and for catalyzing
the intramolecular disulfide bond formation of viral L1 and F9
proteins (43, 52). To determine whether disulfide bond forma-
tion between A26 and A27 proteins is mediated by the virus-
encoded redox pathway, we tested whether 70- and 90-kDa
complex formation depends on viral G4 and E10 proteins by
using two recombinant viruses, vG4Li (53) and vE10Ri (42),
expressing G4 and E10 protein, respectively, under IPTG in-
duction. BSC40 cells were infected with vG4Li or vE10Ri at an
MOI of 5 PFU per cell, were cultured in medium with or
without 50 M IPTG for 24 h, and were harvested with NEM-
containing reagents, as described in Materials and Methods, to
avoid disulfide exchange during cell rupture. These cell lysates
subsequently were boiled and analyzed by immunoblots under
nonreducing (without TCEP) or reducing (with TCEP) condi-
tions. As shown in Fig. 6, 70- and 90-kDa protein complexes
were readily detected by anti-A27 Ab (Fig. 6A) and anti-A26
Ab (Fig. 6B) in cells infected with vG4Li in the absence or
presence of IPTG, suggesting that the formation of the disul-
fide bond between A26 and A27 protein did not require G4
protein. The control experiments showed that HA-tagged G4
protein expression (Fig. 6C) as well as virus growth in cultures
were dependent on IPTG addition (Fig. 6D), as expected.
When cell lysates infected with vVE10Ri were analyzed similarly
by immunoblot analyses using anti-A27 Ab (Fig. 7A) and anti-
A26 Ab (Fig. 7B), the formation of 70- and 90-kDa protein
complexes was detected equally well with or without IPTG,
supporting the notion that E10 protein is not required for
70-/90-kDa complex formation. The growth of vVE10Ri was
tightly regulated by IPTG (Fig. 7C). We did not have anti-E10
Ab, so immunoblot analyses were performed to detect L1
protein, the oxidation of which was shown to depend on E10
protein activity (42). As shown in Fig. 7D, oxidized L1 protein
migrated faster than the reduced form of L1 protein on gels. In
the absence of IPTG, the reduced form of L1 protein was
detected in cells infected with vE10Ri, although some large
amount of the oxidized form of L1 protein (detected by 2D5
MAD [23, 24]) still remained.

Finally, to provide direct evidence that A26-A27 disulfide
bonding does not require a viral redox system, A26 and A27
ORFs were coexpressed in 293T cells by transient transfec-
tions. Cells subsequently were harvested with or without NEM
for immunoprecipitation using anti-A27 Abs and analyzed by
immunoblot analyses with anti-A27 (Fig. 8A) and anti-A26
(Fig. 8B) Abs. Both 70- and 90-kDa protein complexes were
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FIG. 8. A26 and A27 protein formed protein complexes in trans-
fected 293T cells. (A) 293T cells were either mock transfected or
cotransfected with plasmids expressing A26 and A27 protein, and cell
lysates were harvested for immunoprecipitation (IP) using anti-A27
Ab (1:100). The immunoprecipitates were washed, boiled, and sepa-
rated on SDS-PAGE and analyzed by immunoblotting (IB) using anti-
A27 Abs (1:1,000) as described for Fig. 2A. (B) Samples were loaded
in the same order as that used for panel A and were analyzed by
anti-A26 Ab (1:1,000). The black and white arrows indicate the 90- and
70-kDa protein complexes, respectively.

readily detected in the immunoprecipitates, migrating similarly
to the 70-/90-kDa complexes identified in the virus-infected
cells (Fig. 8). When the transfected cells were harvested in the
presence of NEM to avoid disulfide exchange, the 70-/90-kDa
complexes remained detected (data not shown). Taking these
results together, we concluded that the disulfide-linked com-
plexes containing A26 and A27 proteins could form in host
cells without the aid of viral redox enzymes.

A26 protein partially suppresses cell fusion induced by A27
protein expression. Since A26 protein formed complexes with
A27 protein, it may modulate A27 protein functions in cells.
A27 protein was required for the formation of enveloped viri-
ons; however, the expression of A26 protein did not alter the
resulting extracellular enveloped virus titers (5). Previous ex-
periments using IA27L to study the fusion of virus-infected
cells showed that the cell-to-cell fusion of the infected cells
(cell fusion from within) was dependent on A27 protein ex-
pression induced by IPTG and that A27 protein may partici-
pate in the cell fusion process, since anti-A27 MADb C3 (36) and
soluble A27 protein (20) containing the GAG-binding domain
blocked A27-dependent cell fusion. Although A27 protein is
unlikely to be the fusion protein per se (40), these results
suggested a regulatory role of GAG-A27 protein interaction in
the cell fusion process. Moreover, Kochan et al. recently
showed that A17-A27 protein induced cell-cell fusion, and they
also hypothesized that A27 protein binding to GAGs pulls
membranes in close proximity for A17 protein to exert cell
fusion (27).

Since A26 forms a complex with A27 protein through the
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FIG. 9. A27-dependent cell fusion was partially inhibited by A26
protein. (A) Live imaging recording of cell fusion from within of
virus-infected BSC40 cells by time-lapse immunofluorescence micros-
copy. BSC40 cells were infected with Wt-VV, TA27L, and IA27L-
A26WR at an MOI of 5 PFU per cell and incubated at 37°C in the
presence of 5 mM IPTG for 34 h, and cell images showing cell fusion
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C-terminal region, it is conceivable that the large size (~500
aa) of A26 protein (5) easily masks the GAG-binding region
(~14 aa) of A27 protein (20), making the latter topologically
difficult to bind to GAGs on cells. If this is true, we would
expect that the expression of A26 protein suppresses A27-
dependent cell fusion. To provide an unbiased view of cell-to-
cell fusion in cells infected with Wt-VV, TIA27L, and TA27L-
A26WR, we performed live cell imaging and monitored cell
fusion from within from 10 to 34 h p.i. (Fig. 9A; also see movie
S1 in the supplemental material). From the kinetics analyses of
cell fusion and the size of fused cells, we concluded that the
expression of A26 protein delayed the cell fusion kinetics and
suppressed A27-dependent cell fusion from within. We also
repeated the cell fusion from within on the mouse L cell line
that is the parental cell line used to generate the GAG-defi-
cient mutant cell line sog9 (2). The comparison of cell fusion
from without between L and sog9 cells would allow us to
validate whether cell surface GAGs are indeed important for
cell-to-cell fusion. Experiments were performed, and the re-
sults are shown in movie S2 in the supplemental material. The
data are consistent with Fig. 9A and, more interestingly, very
little cell-to-cell fusion was seen in virus-infected sog9 cells that
were stained with strongly anti-VV Abs, showing that GAGs
are required for cell fusion.

We then tested whether IMV particles of Wt-VV, TA27L,
and IA27L-A26WR mediate cell fusion from without with dif-
ferent efficiencies under acidic pH conditions. IMV particles of
Wt-VV, TA27L, or IA27L-A26WR virus were purified and
incubated with L and sog9 cells, and cell fusion from without
was triggered by a brief acid treatment, as described in Mate-
rials and Methods (Fig. 9B). In L cells, IA27L virus was more
fusogenic than Wt-VV or IA27L-A26WR and triggered cell
fusion (=2 nuclei per cell) in about 80% of L cells; however,
Wt-VV and TA27L-A26WR particles triggered cell fusion in
~50% L cells (Fig. 9C). When these fused cells (=2 nuclei per
cell) were further divided into small (2 to 5 nuclei per cell),
medium (6 to 10 nuclei per cell), and large (>10 nuclei per
cell) fused cell populations (Fig. 9D), it became clear that
IA27L triggered more robust cell fusion, resulting in an in-
crease in the number as well as the size of the fused cells. The
incorporation of A26WR protein into IA27L virus, i.e., IA27L-

development were collected at 30 min, 10 h, 20 h, 27 h, and 34 h p.i.
The bottom color figures show confocal images of the infected cells
fixed at 34 h p.i. and stained with anti-VV (1:5,000) Ab (green),
fluorescein isothiocyanate-conjugated goat anti-rabbit Igs, and DAPI
(blue). (B) Parental L or sog9 cells were infected with purified IMV
virions for 1 h at 37°C, treated with PBS (pH 4.7) at 37°C for 2 min,
incubated in normal medium for 1 h to develop cell fusion from
without, and subsequently fixed. Plasma membrane was stained with
PKH26 (red) and nuclei were stained with Hoechst 33258 (blue), and
cells were visualized by confocal microscopy. White arrows refer to
fused cells. (C) Quantification of cell fusion from without of L and
sog9 cells in medium containing 5 mM IPTG as shown in panel B. The
percentage of cell fusion was quantified based on equations described
in Materials and Methods. (D) The fused cell population of L cells in
panel C were subdivided into three subpopulation for quantification as
described in Materials and Methods: small fused cells (2 to 5 nuclei per
cell), medium fused cells (6 to 10 nuclei per cell), and large fused cells
(>10 nuclei per cell). A total of >300 cells were counted for each virus,
and the experiments were independently repeated twice.
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FIG. 10. (A) Schematic drawing of A26 and A27 proteins showing all of the cysteine residues (blue) and the positions of the disulfide bonds.
(B) Alignment of amino acids in the C-terminal regions of A26 and A27 proteins (red lines). The conserved amino acids are in red, and brown
triangles mark the two cysteines on each protein forming intermolecular bonds. The peptide regions predicted to be a-helixes are underlined. The
secondary structure prediction was performed using the HNN secondary structure prediction method at the website http://npsa-pbil.ibep.fr

/cgi-bin/npsa_automat.pl?page=npsa_nn.html (9).

A26WR, suppressed cell fusion, resulting in fewer and smaller
fused cells, similarly to those triggered by Wt-VV (Fig. 9D),
suggesting that virion A26 protein partially suppresses cell
fusion. Interestingly, none of these three viruses triggered ob-
vious cell fusion from without on sog9 cells (Fig. 9B and C),
demonstrating that virus-to-cell fusion also required cell sur-
face GAGs.

DISCUSSION

Vaccinia virus envelope A27 protein is known to be an-
chored onto the IMV through interaction with A17 protein via
the C-terminal helix (35). In this study, we demonstrated that
vaccinia virus A27 and A26 proteins form covalently linked
protein complexes in the infected cells and are incorporated
into IMV. This conclusion is consistent with an independent
study done by Howard et al. (19). Moreover, we showed that
intermolecular disulfide bond formation between A26 and A27
protein required cysteines 441 and 442 on A26 (Fig. 10A),
consistently with our previous report that a truncated A26
protein missing the C-terminal aa 427 to 500 was not packaged
into IMV particles (5). A26-A27 disulfide bonds also required
cysteines 71 and 72 of A27 protein. Interestingly, these neigh-
boring cysteine residues are situated in the C-terminal region
with a significant amino acid homology between A26 and A27
proteins (Fig. 10B). It was previously found that the C-terminal
region of the A26 protein from aa 443 to 472 showed 44%
identity (31) to a coiled-coil region of A27 protein. Moreover,
we found another homologous region of aa 422 to 440 that was
predicted to contain an a-helical structure as well (Fig. 10B).

That may allow the two cysteines of A26 to be positioned in an
analogous way to those of the A27 protein, implying that the
helical structure of the A26 C-terminal region mimics that of
the A27 protein, providing a structural basis for A26 and A27
hetero-oligomerization that is further stabilized by intermolec-
ular disulfide bonds. The A27 protein has been shown to exist
on IMV mainly as homotrimers and some dimers, but there
was no indication of the presence of an intermolecular disul-
fide bond between A26-A27 protein complexes (36). In our
experiments, A26-A27 complexes could be detected with or
without NEM in lysis buffer, although in the former case the
complexes seemed to be more abundant in the infected cells.
The formation of the intermolecular disulfide bond between
A26 and A27 proteins apparently occurred in the infected cells
without the need for virion morphogenesis or viral A17 pro-
tein. At this point, we do not know the stoichiometry of each
protein in 70- and 90-kDa complexes. Most likely, it is that the
size difference between 70- and 90-kDa complexes is due to an
extra A27 molecule, although we have not completely ruled
out the presence of other viral or even cellular proteins in the
90-kDa complex. Further experiments will be needed to verify
the biochemical nature of these two complexes.

Besides the two cysteines forming intermolecular disulfide
bonds, cysteines 43 and 342 of A26 protein formed an intramo-
lecular disulfide bond, i.e., an oxidized form of A26. Since
these two cysteines lie on either side of a hydrophobic region
of aa 113 to 130 (5), the presence of a disulfide bond between
C43 and C342 must occur on the surface of the membrane,
which argues that it is topologically impossible for this hydro-
phobic region to act as a transmembrane region that anchors
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A26 protein on the IMV envelope. Finally, we have no evi-
dence of C128 and C162 of A26 protein forming disulfide
bonds, but whether these two cysteine are embedded deep
inside A26 protein and remained reduced currently is not
known.

In eukaryotic yeasts and mammalian cells, the redox regu-
lation is highly compartmentalized, and accumulative knowl-
edge revealed that each of the major compartments have
unique redox characteristics (15). Among the different cellular
compartments, cytosol is highly reduced, whereas the endo-
plasmic reticulum (ER) and the secretory pathway contain
proteins with oxidative functions, including Ero-1 and PDI,
that introduce disulfides into proteins during refolding and
export processes (15, 46). On the other hand, it has been
suggested that some vaccinia virus membrane proteins formed
disulfide bonds in the cytosol of virus-infected cells (30) and
that vaccinia virus contains a complete redox pathway, includ-
ing E10, G4, and A2.5 proteins for forming cytoplasmic disul-
fide bonds on viral proteins (43, 45). Based on these published
results, we originally expected that A26 and A27 proteins
would be similar to L1 protein in the need of viral redox
enzymes for disulfide formation. In contrast, the 70-/90-kDa
protein complexes and some oxidized forms of L1 protein still
formed in the infected cells when no G4 or E10 protein was
expressed. The data thus suggested that, while the repression
of viral redox enzymes significantly affects virus growth, these
enzymes are not required for the disulfide bond between A26
and A27 proteins. This conclusion is supported by our data
using transiently transfected 293T cells in which A26 and A27
proteins readily formed 70-/90-kDa complexes, showing that
the viral redox system is dispensable for A26-A27 disulfide
bond formation. Interestingly, Rodriguez et al. had con-
structed a chimeric molecule of vaccinia virus A27 fused with
human immunodeficiency virus Env and found that this mol-
ecule was partially glycosylated and could be expressed on the
cell surface, suggesting that the chimera molecule has passed
through the ER lumen for limited glycosylation (39). The chi-
mera A27-Env molecule contains the N-terminal 110 aa of A27
sequences, implying that the A27 N-terminal region could
serve as a signal peptide for targeting the chimera molecule to
the ER/secretory pathway. Besides, A17 and A27 proteins,
when transfected into 293T cells, formed a complex and trans-
ported to the cell surface in 293T cells (27), providing another
example in which viral membrane protein complexes were
formed and exported, most likely using the cellular ER/secre-
tory pathway. Alternatively, although the eukaryotic cytosolic
environment often is considered highly reduced, the slow oxi-
dation of newly synthesized cytosolic proteins occurred and
was correlated with the oxidized glutathione/glutathione ratio
in the cytosol (33). Therefore, we cannot totally rule out a
cytoplasmic contribution to A26-A27 protein disulfide bond
formation.

In virus-infected cells, the 70-/90-kDa complexes need to
bind to A17 and perhaps other viral proteins on viral mem-
branes in order to be incorporated into IMV. Since A26, A27,
and A17 proteins all are envelope proteins on the surface of
IMVs, one might wonder whether A26 protein regulates any
biological functions of the A27 protein during virus entry.
Using cell fusion-from-within and cell fusion-from-without as-
says, we demonstrated that A26 protein partially suppresses
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virus-induced cell fusion, based on the results obtained from
the kinetics and the extent of cell-to-cell fusion. Currently, our
results are consistent with the model that A26 protein sup-
pressed A27-dependent cell fusion by interfering with cell sur-
face GAG interactions, which otherwise led to membrane fu-
sion executed by either Al7 fusion protein (27) or the
multicomponent viral fusion complex (41). However, cell fu-
sion mediated by vaccinia virus is very complex and mostly
likely requires multiple protein complexes. It is worth noting
that other viral proteins, such as viral A56/K2 proteins, have
been shown to suppress cell fusion (49, 51). It therefore is
possible that our data have other explanations. Further inves-
tigation is required to unravel the molecular details of the cell
fusion of vaccinia virus.
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