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The original annotation of the vaccinia virus (VACV) genome was limited to open reading frames
(ORFs) of at least 65 amino acids. Here, we characterized a 35-amino-acid ORF (O3L) located between
ORFs O2L and I1L. ORFs similar in length to O3L were found at the same genetic locus in all vertebrate
poxviruses. Although amino acid identities were low, the presence of a characteristic N-terminal hydro-
phobic domain strongly suggested that the other poxvirus genes were orthologs. Further studies demon-
strated that the O3 protein was expressed at late times after infection and incorporated into the membrane
of the mature virion. An O3L deletion mutant was barely viable, producing tiny plaques and a 3-log
reduction in infectious progeny. A mutant VACYV with a regulated O3L gene had a similar phenotype in the
absence of inducer. There was no apparent defect in virus morphogenesis, though O3-deficient virus had
low infectivity. The impairment was shown to be at the stage of virus entry, as cores were not detected in
the cytoplasm after virus adsorption. Furthermore, O3-deficient virus did not induce fusion of infected
cells when triggered by low pH. These characteristics are hallmarks of a group of proteins that form the
entry/fusion complex (EFC). Affinity purification experiments demonstrated an association of O3 with
EFC proteins. In addition, the assembly or stability of the EFC was impaired when expression of O3 was
repressed. Thus, O3 is the newest recognized component of the EFC and the smallest VACV protein shown

to have a function.

Vaccinia virus (VACV), the best-studied member of the
poxvirus family of cytoplasmic DNA viruses, encodes ~200
genes, some of which are still uncharacterized (27). The focus
of the present study is VACV O3L, a short 35-amino-acid open
reading frame (ORF) that was recognized by homology to a
41-amino-acid ORF in molluscum contagiosum virus (37) but
not previously investigated. Here, we show that O3L is con-
served in all chordopoxviruses, expressed late in infection, and
involved in cell entry.

Considerable information regarding VACV entry has been
obtained during the past several years (28). There are two
related infectious forms of VACV: the mature virion (MV)
and the enveloped virions (EV). The MV is comprised of a
lipoprotein membrane enclosing a nucleoprotein core,
whereas the EV has an additional outer membrane that must
be disrupted before fusion can occur (24). The MV can enter
cells either by fusion at the plasma membrane (7) or by a
low-pH-mediated endosomal route involving macropinocytosis
(20, 26, 44). Regardless of which route is used, the ability of
VACYV to enter cells depends on a large number of proteins in
the MV membrane that form or are associated with the entry/
fusion complex (EFC) (39). Using genetic and biochemical
methods, 11 entry/fusion proteins have been identified: A16
(33), A21 (43), A28 (40), F9 (4), G3 (21), G9 (32), H2 (38), 12
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(31), 35 (39), L1 (3), and LS5 (42). Eight of these proteins (A16,
A21, A28, G3, GY, H2, J5, and LS) comprise the EFC, which
depends on multiple interactions for assembly or stability. Al-
though the structure of the EFC remains to be elucidated,
there is evidence for direct interactions between A28 and H2
(30) and between A16 and G9 (50). An additional role for A16
and G9 involves an interaction with the A56/K2 heterodimer,
which is present on the surface of infected cells, to prevent
spontaneous cell-cell fusion and superinfection by progeny vi-
rus (45, 46, 48-50). Binding of L1 to an unidentified cell re-
ceptor has been suggested (16). Roles in membrane fusion
have also been considered for A17 and A27 (23).

Here we provide physical and functional evidence that O3
(VACWRO069.5) is an integral component of the EFC and
participates in virus entry and membrane fusion. With just 35
amino acids, O3 is the smallest VACV protein with a defined
function.

MATERIALS AND METHODS

Cells and virus. Cells were maintained in minimum essential medium with
Earle’s salts supplemented with 10% fetal bovine serum, 100 U of penicillin, and
100 pg of streptomycin per ml (Quality Biologicals, Gaithersburg, MD). The
Western Reserve (WR) strain of VACV (ATTC VR1354) and the recombinant
virus vI7LacOI (1) were propagated as described previously (12). MVs were
purified by sedimentation twice through 36% sucrose cushions and banding once
in a 25 to 40% sucrose density gradient (13).

Plasmid and recombinant VACV construction. Overlap PCR was used to
assemble DNA segments for construction of plasmids and recombinant VACV.
Transfections were carried out using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA). Recombinant viruses were clonally purified as described previously (14),
and their structures were verified by PCR and DNA sequencing of relevant
segments.
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FIG. 1. Computational analysis of the O3L ORF. (A) Diagram of the VACV WR genome indicating ORFs from O1L to I2L. (B) Clustal
alignment of VACV O3L ORF with orthologs from representative members of each genus of the Chordopoxvirinae. VACV, vaccinia virus strain
WR; VARV, variola virus strain Bangladesh 1975 v75-55-Banu; SWPV, swinepox virus strain Nebraska 17077-99; SPPV, sheeppox virus strain
NISKHI; MYXV, myxoma virus strain Lausanne; YMTYV, Yaba monkey tumor virus strain Amano; FWPV, fowlpox virus strain lowa; MOCYV,
molluscum contagiosum virus strain subtype 1; ORV, Orf virus strain OV-SA00. Amino acid residues conserved in all viruses are denoted by
asterisks, those conserved in all but one virus are denoted by colons, and similar amino acids are denoted by periods. (B) Kyte/Doolittle

hydrophilicity plot of O3 amino acid sequence analyzed using MacVector 10.6.0 software.

Plaque assay and virus yield determinations. For plaque assays, BS-C-1
monolayers in six-well tissue culture plates were infected with 10-fold serial
dilutions of virus. After 1 h of adsorption, the medium containing unbound
virus was removed and replaced with medium containing 0.5% methylcellu-
lose with or without 50 wM isopropyl-p-p-1-thiogalactopyranoside (IPTG).
After 48 h, the infected cells were stained with crystal violet and the plaques
were counted.

For comparative determination of virus yield, BS-C-1 or RK13 cells in 24-well
dishes were incubated for 1 h with equal numbers of viral particles based on the
light scattering at A,4o. After adsorption, the medium was removed and the cells
were washed and incubated in medium with or without 50 pM IPTG. Cells were
harvested and lysed by freeze-thawing. Virus titers were determined by plaque
assay in BS-C-1 cells in the presence of 50 pM IPTG.

Western blotting. Whole-cell lysates or purified proteins were resolved by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) on 4
to 12% Novex NuPAGE acrylamide gels with 2-(N-morpholino)ethanesulfonic
acid-SDS running buffer and transferred to nitrocellulose membranes using mini
iBlot gel transfer stacks (Invitrogen). The membrane was blocked with 5%
nonfat milk in phosphate-buffered saline (PBS) containing 0.05% Tween 20 and
then incubated with a primary antibody for 1 h at room temperature and washed
with PBS containing Tween 20 followed by PBS without detergent. For chemi-
luminescence detection, the appropriate secondary antibody conjugated with
horseradish peroxidase (Pierce, Rockford, IL) was added and the blot was
washed and developed using Dura or Femto chemiluminescent substrate
(Pierce). For fluorescent detection, donkey anti-mouse IRDye 680/800 and don-
key anti-rabbit IRDye 680/800 were used and developed using a LI-COR Odys-
sey infrared imager (LI-COR Biosciences, Lincoln, NE). To reprobe the blots
with additional antibodies, the nitrocellulose membrane was stripped at 55°C
for 20 min using Restore buffer (Pierce) or Newblot Nitro stripping buffer
(LI-COR). Mouse monoclonal antibody against human influenza virus hemag-
glutinin (HA) epitope tag was obtained from Covance (Princeton, NJ). Rabbit
polyclonal antibodies against A3 (R. Doms and B. Moss, unpublished data), A4
(10), A16 (33), A17 (51), A21 (43), A26 (19), A27 (15), A28 (29), F9 (4), L1 (25),
and L5 (42) and mouse monoclonal antibody to D8 (34) were used.

Protein IP. For immunopurification (IP), BS-C-1 or HeLa cells were infected
with recombinant viruses expressing affinity-tagged proteins. After 24 h, cells

were harvested and then lysed in 50 mM Tris (pH 8.0), 200 mM NaCl, 1% Triton
X-100, and protease inhibitor cocktail (Roche, Indianapolis, IN) for 1 h at 4°C.
Soluble extract obtained by centrifugation of the lysate at 15,000 X g was incu-
bated with appropriate affinity beads for 2 h at 4°C. The beads were washed
thoroughly with the same lysis buffer, and the remaining bound proteins were
eluted with either lithium dodecyl sulfate sample loading buffer or buffer con-
taining 1 mg/ml p-biotin when the affinity tag was streptavidin-binding peptide.
Input, unbound, and bound proteins were separated by SDS-PAGE, transferred
to a membrane, and probed with relevant antibodies.

Detergent extraction of purified virions. Proteins associated with the MV
membrane were extracted by incubating the purified virions in 50 mM Tris (pH
8.0) containing 150 mM NaCl and 1% Nonidet P-40 detergent in the absence and
presence of 50 mM dithiothreitol (DTT) for 1 h at 37°C. Soluble and insoluble
materials were separated by centrifugation at 15,000 X g for 30 min at 4°C,
resolved by SDS-PAGE in the absence of reducing agent, and analyzed by
Western blotting.

Confocal microscopy. HeLa cells grown on coverslips were infected for 18 h or
the times specified in the figure legends, fixed with 4% paraformaldehyde, and
permeabilized with PBS containing 0.1% Triton X-100. The sample was blocked
with 10% fetal bovine serum, followed by incubation with primary antibodies in
serum for 1 h. Cells were washed with PBS and incubated with appropriate
secondary antibodies conjugated to dyes (Molecular Probes, Eugene, OR) for an
additional 1 h. Coverslips were washed and mounted on a glass slide using
Prolong Gold (Invitrogen). For the viral core entry assay, HeLa cells grown on
coverslips were infected with purified virions at 4°C for 1 h. The cells were either
fixed after absorption or incubated for 2 h at 37°C in the presence of 300 pg/ml
cycloheximide and fixed. Virion membrane or cores were labeled with a mouse
monoclonal antibody 7D11 to L1 (52) and rabbit polyclonal antibody to A4,
followed by fluorescent secondary antibodies. The number of cores was quanti-
fied with Imaris software (Bitplane Scientific Software, St. Paul, MN).

Electron microscopy. For conventional transmission electron microscopy, in-
fected BS-C-1 cells in 60-mm-diameter wells were fixed with 2% glutaraldehyde
and embedded in EmBed-182 resin (Electron Microscopy Sciences, Hatfield,
PA). Specimens were viewed with FEI-CM100 and FEI Tecnai Spirit transmis-
sion electron microscopes (FEI, Hillsboro, OR).
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FIG. 2. Temporal expression and localization of O3. (A) Kinetics of expression of O3. BS-C-1 cells were infected with vO3-HA, harvested at
the indicated times, and analyzed by SDS-PAGE and Western blotting with anti-HA antibody. Lysates of cells infected in the presence of AraC
and harvested at 24 h were analyzed on the same gel. The blot was stripped and probed with antibody to the A3 protein and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as a loading control. Proteins were detected by chemiluminescence. (B) Confocal microscopy. HeLa cells
grown on coverslips were infected with either vO3-HA or control vH7-FS (36). After 18 h, the cells were stained with antibodies against L1 and
the HA epitope tag on O3 and corresponding fluorescent dye-conjugated secondary antibodies. DAPI, 4’,6-diamidino-2-phenylindole. (C) Asso-
ciation of O3 with purified virions. MVs were purified from cells infected with vO3-HA, incubated at 37°C with buffers containing the indicated
components, and centrifuged to obtain soluble (S) pellet (P) fractions. The pellets were resuspended in the same volume as the soluble fraction,
and equivalent amounts were analyzed by SDS-PAGE and Western blotting as in panel A. DTT, dithiothreitol.

RESULTS

Homologs of the O3L ORF are present in all chordopoxvi-
ruses. Due to small size, the O3L ORF was not originally
annotated in VACV (17). However, it was subsequently iden-
tified by low homology to an ORF in molluscum contagiosum
virus (37). Since gene order is highly conserved in chordopox-
viruses, we examined representatives of each genus for a short
OREF at the same genetic locus as O3L (Fig. 1A). ORFs from
29 to 48 amino acids were found in each case. Although the
amino acid sequences were poorly conserved (Fig. 1B), each
contained a helical hydrophobic domain near the N terminus,
as shown for O3L (Fig. 1C), suggesting that they are orthologs.
The strategy used to identify chordopoxvirus orthologs of O3
could not be used for entomopoxviruses because of the differ-
ent arrangement of their genes.

The characteristic TAAATG sequence (9) overlapping the
start of the O3L ORF suggested that it was expressed at late
times after infection. As we wished to experimentally confirm
this prediction but had no antibody, we constructed vO3-HA,
a recombinant VACV with DNA encoding the influenza virus
HA epitope of 9 amino acids at the C terminus of the O3L
ORF. To maintain the normal transcriptional regulation of
O3L, neither the genetic locus nor the sequences immediately
upstream of the ORF were altered. To aid in isolating the
recombinant virus, DNA encoding green fluorescent protein
(GFP) with the VACV P11 promoter was inserted in the right-
wards direction within the intergenic region between end of
O3L and O2L. BS-C-1 cells were infected with vO3-HA, har-
vested at several times, and analyzed by SDS-PAGE and West-
ern blotting. Expression of the well-characterized A3 late pro-
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tein served as a reference. A small protein that reacted with
antibody to the HA tag and migrated just above the dye front
was detected at 6 h after infection and increased at later times,
similar to that of A3 (Fig. 2A). Moreover, neither protein was
synthesized when cells were infected in the presence of the
DNA synthesis inhibitor AraC (Fig. 2A). Thus, the O3L ORF
was expressed as a late postreplicative protein.

03 localizes to cytoplasmic viral factories and is associated
with the virion membrane. The N-terminal hydrophobic do-
main suggested that O3 would be associated with cellular or
viral membranes. The location of O3 in cells infected with
vO3-HA was analyzed by confocal microscopy. At 18 h after
infection, anti-HA antibody detected O3 predominantly in vi-
ral factories, similar to VACV L1 MV membrane protein (Fig.
2B). As a control for the specificity of the anti-HA antibody
staining, cells were also infected with vH7-FS, a recombinant
VACYV chosen because it lacks the HA epitope (36); only a
faint background was noted (Fig. 2B).

The late expression, viral factory localization, and predicted
transmembrane domain suggested that O3 might be a compo-
nent of the MV membrane. To investigate such an association,
virions from BS-C-1 cells infected with vO3-HA were purified
by sedimentation through two successive sucrose cushions fol-
lowed by banding in a 20 to 40% sucrose density gradient. The
purified virions were treated with buffer alone, with NP-40
detergent, or with detergent and dithiothreitol. Soluble and
insoluble fractions were separated by centrifugation and ana-
lyzed by Western blotting. O3 remained associated with puri-
fied virions after incubation with Tris and NaCl but was par-
tially extracted with NP-40 detergent and completely extracted
with detergent and reducing agent (Fig. 2C). This procedure,
for distinction of membrane and core proteins, was validated
by analyzing the distribution of the L1 membrane and A3 core
proteins in the same samples (Fig. 2C). The similar extraction
of O3 and L1 suggested that O3 is an MV membrane protein.
In addition, the mobility of O3 was unaltered by reducing
agent, indicating the absence of intermolecular disulfide
bonds.

03 is required for efficient VACV replication. The conser-
vation of the O3L ORF in all chordopoxviruses and its pres-
ence in the MV membrane suggested that the protein has a
role in replication. To investigate such a role, homologous
recombination was used to delete the O3L ORF by transfec-
tion of a GFP expression cassette flanked by O2L and O1L
sequences into cells infected with VACV WR. Tiny green
plaques were detected, and the vO3A deletion mutant was
clonally purified. PCR and DNA sequencing confirmed the
absence of the O3L ORF. The small-plaque phenotype of
vO3A in BS-C-1 cells is shown in Fig. 3A. In addition, there
was a 3-log reduction in 24-h virus yield relative to the parental
virus (Fig. 3B).

A complementation experiment was carried out to prove
that the deficiency in virus replication was due to the deletion
of O3L and not to unrelated mutations. RK13 cells were in-
fected with vO3A and transfected with a plasmid expressing O3
from its natural promoter or with the empty vector plasmid.
Expression of O3 increased the virus yield by more than 2 logs,
whereas the vector plasmid had no effect (Fig. 3C).

Phenotype of an O3 inducible virus is similar to that of
vO3A. While making vO3A, we were also constructing a mu-
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FIG. 3. Characterization of the O3L deletion mutant. (A) Plaque
phenotypes of VACV WR and vO3A. BS-C-1 monolayers were in-
fected with either VACV WR (vWR) or vO3A and incubated for 48 or
96 h (postinfection [hpi]) with a methylcellulose overlay and stained
with crystal violet to visualize the plaques. (B) Yields of VACV WR
and vO3A. RK13 cells were infected with VACV WR and vO3A at 3
PFU per cell. After 1 h of adsorption, cells were washed to remove the
inoculum and harvested immediately or 24 h postinfection. Virus titers
were determined by plaque assay in BS-C-1 cells. (C) Transcomple-
mentation of vO3A. BS-C-1 cells were infected with vO3A and trans-
fected with either the empty vector or plasmid expressing O3-HA
under the control of the natural O3L promoter. Cells were harvested
after 24 h, and the virus titers were determined by plaque assay.

tant with an inducible O3L ORF. vT'7LacOi, containing the T7
RNA polymerase gene regulated by the Escherichia coli lac
operator and the lac repressor gene with a constitutive pro-
moter (1), was used as the parent virus. The endogenous O3L
OREF was replaced with an HA-tagged O3L ORF under the
control of T7 promoter and lac operator with an adjacent GFP
gene to enable selection of recombinant virus. In this con-
struct, we reversed the original orientation of the O3L ORF to
prevent read-through of neighboring genes and enhance the
stringency of repression. In the absence of inducer, the O3
inducible mutant virus, vO3-HAi, made small plaques (Fig.
4A) similar to those made by the deletion mutant. The depen-
dency of IPTG on vO3-HAI virus replication was determined
by a virus yield experiment. An optimal yield was obtained with
20 uM IPTG (Fig. 4B).
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FIG. 4. Characterization of the O3 inducible mutant virus. (A) Plaque phenotypes of vO3-HAi virus. BS-C-1 monolayers were infected with
vO3-HAI and incubated in the absence or presence of 50 wuM IPTG with a methylcellulose overlay for 48 h. Plaques were visualized by staining
with crystal violet. (B) IPTG dependence of vO3-HAI replication. BS-C-1 cells were infected with 3 PFU per cell of either VACV WR (VWR) or
vO3-HAi and incubated with the indicated concentrations of IPTG. After 24 h, the virus yields were determined by plaque assay. (C) Plaque size
of vO3-HAi in different cell lines. Confluent cells were infected with vO3-HALI in the absence or presence of inducer for 24 h. Plates were viewed
with a fluorescence microscope to show GFP expression, and plaques of a typical size are shown. Cell lines are indicated on the left.

To determine whether the requirement for O3 is host cell
dependent, eight different cell lines were infected with vO3-
HAI in the absence and presence of 50 uM IPTG. Advantage
was taken of the presence of the GFP reporter gene to ascer-
tain virus replication and spread by fluorescence microscopy.
Omission of IPTG greatly reduced plaque size in each cell type
(Fig. 4C).

The inducible virus had some technical advantages over the
deletion mutant. Most importantly, vO3-HAi could be grown
to high yields in the presence of inducer. Second, the conse-
quence of O3 expression could be determined simply by adding
or withholding IPTG, whereas the deletion mutant had to be
compared with wild-type virus. There was, however, one major
difference between the two types of mutants: whereas O3 was
entirely absent from the deletion mutant, the stocks of vO3-
HAI contained O3 because they were produced in the presence
of IPTG unless otherwise mentioned. Consequently, omission
of IPTG only prevented de novo synthesis of O3 following
infection.

03 is not required for VACV morphogenesis. VACV mor-
phogenesis involves a complex series of events that requires

cleavage of the A17 membrane protein and several core pro-
teins by the 17 protease (2, 5). Failure of cleavage is a sign of
a defect in morphogenesis (22). Cells were infected with vO3-
HAI in the presence and absence of IPTG or with the parent
vI7LacOl, and the lysates were analyzed by Western blotting
with antibodies to A17 and the A3 core protein. In each case,
the lowest band represents the processed form of the protein
and the upper band or bands represent precursor (Fig. 5A).
The pattern of bands was similar regardless of whether IPTG
was present or absent, suggesting that protein cleavage and
morphogenesis were not prevented by diminished O3.

The deletion mutant, vO3A, was analyzed in parallel with
vO3-HAIi. For comparison, similar optical density (OD) units
of purified virions were used. Although processing of A17 and
A3 also occurred in the cells infected with vO3A, the amounts
of protein were much smaller than in cells infected with vO3-
HAi (Fig. 5A). As mentioned above, the vO3-HAI virions
contained O3 but the vO3A virions did not. As will be shown
below, the presence of O3 in the MV membrane is important
for virus entry.

To further investigate morphogenesis, cells were infected
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FIG. 5. Proteolytic processing and morphogenesis of VACV in the
absence of O3 expression. (A) Proteolytic processing of membrane and
core proteins. BS-C-1 cells were infected with vO3-HAI in the presence
or absence of 50 wM IPTG, the parental virus vI7LacOI, or vO3A.
After 24 h, lysates were prepared and analyzed by SDS-PAGE and
Western blotting with antibodies to the HA tag on O3, the membrane
protein Al7, the core protein A3, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as a loading control. Bands were visualized
by chemiluminescence. (B) Electron microscopy of BS-C-1 cells in-
fected with vO3-HAI in the absence of IPTG. After 20 h, ultrathin cell
sections were prepared for viewing with a transmission electron mi-
croscope. IV, immature virions; WV, wrapped virions.
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with vO3-HAI in the presence or absence of IPTG and exam-
ined by transmission electron microscopy. Mature as well as
immature forms of VACV were seen in the absence (Fig. 5B)
as well as in the presence (not shown) of IPTG. Thus, both
biochemical and microscopic studies suggested that O3 was not
required for VACV morphogenesis.

03 null mutants have low infectivity. Since O3 did not affect
the morphogenesis of VACV, a role of O3 in virion infectivity
was examined. Virions were purified from cells infected with
VACV WR and vO3A in the absence of IPTG, whereas vO3-
HAIi was made in the presence and absence of the inducer. The
specific infectivity of the virions was determined by comparing
the OD with the PFU. When the specific infectivity of virions
was calculated, the amount of vO3A was 1,000-fold less than
that of VACV WR, whereas the difference was 20-fold for
vO3-HAI virus made in the absence of IPTG but similar to that
of WR for vO3-HAI virus made in the presence of IPTG. We
presume that the difference between the deletion and inducible
mutant is due to trace amounts of O3 made during infection by
the latter, even in the absence of IPTG, although this was not
detectable by Western blotting.

Despite the differences in infectivity, purified negatively
stained vO3A virions were indistinguishable from wild-type
virions by electron microscopy (not shown). The protein com-
positions of purified virions were determined by silver staining
of SDS-polyacrylamide gels (Fig. 6A) and by Western blotting
with antibodies to two MV internal proteins (A3 and 17) and
nine MV surface proteins, including several components of the
EFC (Fig. 6B). No differences were found between the pro-
teins of vO3-HAi made in the presence and absence of IPTG,
except for the absence of O3 in the latter (O3 was not detected
in VACV WR because of the lack of the epitope tag). vO3A
appeared to have diminished amounts of A26 and A27; the
slightly smaller amount of H2 was not reproduced in another
experiment.

03 is required for fusion of infected cells and entry of
virions. The localization of O3 to the MV membrane and the
O3 mutant phenotype characterized thus far pointed to a pos-
sible role in virus entry and membrane fusion. Previous studies
had shown that virions on the surface of infected cells mediate
cell-cell fusion after the pH is briefly lowered (11, 18). The
surface virions can either be progeny formed during virus in-
fection or an inoculum virus added at a high multiplicity, which
cause “fusion from within” and “fusion from without,” respec-
tively. For the former, BS-C-1 cells were infected with vO3-
HAi in the presence or absence of IPTG. After 18 h, cells were
treated briefly with either pH 7.0 or pH 5.5 buffer, and the cells
were incubated in regular medium for an additional 3 h to
allow fusion. Cells treated with pH 7.0 buffer did not fuse,
regardless of whether IPTG was added (data not shown). How-
ever, cells infected with vO3-HAI in the presence of IPTG and
briefly treated with pH 5.5 buffer fused with neighboring cells
to form syncytia, whereas no syncytia formed in the absence of
inducer (Fig. 7A).

For fusion from without, stocks of vO3-HAi made in the
presence (O3") and absence (O3 ™) of IPTG were purified and
adsorbed to cells. After brief low-pH treatment, the cells were
incubated at 37°C for 3 h in the presence of cycloheximide to
prevent viral gene expression and cytopathic effects. Syncytium
formation only occurred when the virions formed in the pres-
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right.

ence of IPTG and contained O3 (Fig. 7B). Taken together,
these experiments indicated that O3 was required for virions to
mediate cell-cell membrane fusion.

Syncytium formation is thought to mimic the fusion event
that occurs during virus entry (28). To monitor virus entry, cells
were infected with vO3-HAi made in the presence and absence
of IPTG as above, except that the low-pH step was omitted.
After 2 h, the infected cells were fixed and then stained with
antibody to the L1 membrane protein to visualize virus at the
cell surface and with antibody to the A4 core protein to image
cytoplasmic cores. This method takes advantage of the inability
of the anticore antibody to bind to cores surrounded by the
viral membrane (47). Both O3* and O3~ virions were detected
at the cell surface with the anti-L1 antibody, suggesting that the
binding step was not grossly impaired. In contrast, cytoplasmic
cores were nine times more abundant when cells were infected
with O3 " virions than with O3~ virions (Fig. 8).

Interaction of O3 with EFC proteins. A characteristic of the
proteins involved in entry is their association in a complex.
Hence, it was of interest to check the association of O3 with
previously characterized EFC proteins. Cells were infected
with VACV WR as a control or vO3-HA, and cell lysates were
incubated with anti-HA antibody affinity beads to pull-down
O3 together with interacting proteins. The bound proteins
were analyzed by Western blotting with specific antibodies to
five EFC proteins (A28, L5, H2, A16, and A21) and one EFC-
interacting protein (L1). As specificity controls, a membrane
protein not involved with entry (D8) and a core protein (A3)
were also analyzed. Significantly, each of the EFC proteins and

the EFC-interacting protein, but neither of the control pro-
teins, were specifically immunopurified with O3 (Fig. 9A).

A distinction between the integral components of the EFC
and the so-called “EFC-associated” proteins is the exclusive
role of the former in the assembly or stability of the complex
(3, 4, 39). To determine the effect of repressing O3 expression,
the A28R ORF in vO3-HAI was replaced with a copy contain-
ing tandem-affinity calmodulin and streptavidin binding pep-
tide tags to form vO3-HAi-A28TAP. A cyan fluorescent pro-
tein expression cassette was coinserted downstream of A28 to
facilitate isolation of the recombinant virus. Cells were in-
fected with the recombinant virus vO3-HAi-A28TAP in the
presence and absence of IPTG to regulate O3 expression or
with VACV WR as a control. Western blot analysis of the cell
lysates (input) indicated similar expression of each of the pro-
teins regardless of the virus or presence of IPTG, except for
A28, which was not detected from VACV WR because anti-
body to calmodulin binding peptide was used, and O3-HA,
which was only detected when IPTG was present (Fig. 9B).
The lysates were incubated with streptavidin-agarose beads to
capture the tandem affinity purification (TAP)-tagged A28 and
its interacting proteins. The specificity of the affinity purifica-
tion was demonstrated by the absence of any proteins in the
bound fraction from cells infected with VACV WR (Fig. 9B).
In contrast, the affinity beads captured each of the EFC and
associated proteins (but not the A3 core protein) from the cells
infected with vO3-HAi-A28TAP in the presence of IPTG (Fig.
9B). Importantly, less A16, A21, LS, L1, and F9 was recovered
from the cells infected with vO3-HAi-A28TAP when IPTG
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FIG. 7. Requirement of O3 for syncytium formation. (A) Fusion from within. BS-C-1 cells were infected with vO3-HA! in the absence and
presence of IPTG for 18 h at 37°C. The cells were exposed to pH 5.5 or pH 7 buffer (not shown) for 2 min and incubated for an additional 3 h
at 37°C in the presence of regular medium. The cells were fixed, stained with DAPI (4',6-diamidino-2-phenylindole), and examined by phase-
contrast and fluorescence microscopy to visualize DAPI and GFP. (B) Fusion from without. BS-C-1 cells were infected with vO3-HAI in the
absence and presence of IPTG, and O3~ and O3™ virions were purified, respectively. BS-C-1 cells on coverslips were incubated with 200 PFU per
cell of O3~ or O3 virions for 1 h at 4°C, exposed to pH 5.5 buffer for 2 min, and incubated for 3 h in regular medium containing 300 wg/ml of
cycloheximide at 37°C. The cells were fixed, stained with DAPI and phalloidin (Alexa fluor 594; fluorescent conjugated), and examined by

fluorescence microscopy.

was omitted and O3 was not expressed. An exception was H2,
which was recovered equally in the bound fractions from cells
infected with vO3-HAIi-A28TAP in the presence or absence of
IPTG. However, this was expected because the interaction of
A28 and H2 does not require any other viral proteins (29).
Thus, O3 was classified as an integral component of the EFC.

DISCUSSION

In the original annotation of the VACV Copenhagen ge-
nome (17), only ORFs of 65 or more amino acids were anno-
tated. Ten additional smaller ORFs that do not appear to be
disrupted genes are annotated in the WR strain (www.poxvirus

.org/), and a few of these, including O3L, remained
uncharacterized. A homolog of the VACV O3L ORF was first
described for molluscum contagiosum virus (37) and myxoma
virus (6). We identified ORFs varying from 29 to 48 amino
acids at the same gene locus in all chordopoxvirus genomes
sequenced to date. Although the amino acid identities of these
OREFs are low, the uniform presence of a putative N-terminal
hydrophobic domain along with the common gene location and
length provide compelling evidence that these are orthologs. It
was intriguing, therefore, to determine a role for this small
protein.

We demonstrated that the O3L ORF was expressed and that
synthesis was dependent on viral DNA replication and oc-
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FIG. 8. Requirement of O3 for cell entry. O3~ and O3" virions,
prepared as in Fig. 7B, were adsorbed to HelLa cells for 1 h at 4°C. The
cells were washed and incubated for additional 2 h at 37°C in the
presence of medium containing 300 pg/ml of cycloheximide. The cells
were fixed, permeabilized, and stained with mouse anti-L1 (green) and
rabbit anti-A4 (red) antibodies followed by fluorescent-tagged corre-
sponding secondary antibodies. The images were obtained by confocal
microscopy and processed with Imaris software.
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curred late in the virus growth cycle. Although O3 had not
been identified by mass spectroscopy of purified virions (8, 35,
53), probably because of its hydrophobicity and small size, an
association with MVs was shown here by Western blotting. The
extractability of O3 with detergent further suggested mem-
brane localization, consistent with the N-terminal hydrophobic
domain. In view of its conservation, late expression, and mem-
brane localization, it seemed likely that O3 would have an
important role in morphogenesis or virus entry. Although we
could delete the O3L ORF, the plaques formed by the mutant
were tiny and there was a 3-log reduction in production of
infectious virus. A mutant virus with regulated O3 expression
had a similar phenotype when inducer was omitted. A role for
O3 in morphogenesis was not supported either by biochemical
studies that showed processing of membrane and core proteins
or by visualization of assembly of virions by electron micros-
copy. Moreover, purified O3-deficient virions appeared normal
and had only minor differences in protein content as analyzed
by SDS-PAGE and Western blotting. A defect in entry of
O3-deficient virus was indicated by a severe reduction in the
number of cores in infected cells; furthermore, O3-deficient
virus could not mediate cell fusion triggered by low pH treat-
ment.

The phenotype of O3-deficient virions was similar to that of
virions deficient in other EFC proteins, except that a deletion
mutant had not previously been isolated. A defining charac-
teristic of EFC components is their association in a multipro-
tein complex. The interaction of O3 with several EFC proteins
was demonstrated using recombinant viruses with an epitope
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FIG. 9. Interaction of O3 with EFC proteins. (A) IP of proteins associated with O3-HA. HeLa cells were infected with 5 PFU per cell of VACV
WR (VWR) or vO3-HA. After 24 h, the cells were lysed and incubated with agarose beads coupled to anti-HA antibody. The input, unbound, and
eluted bound proteins were resolved by SDS-PAGE, transferred to nitrocellulose membrane, and probed with antibodies to the proteins listed on
the right. (B) Association of EFC proteins in the absence of O3. HeLa cells were infected with VACV WR and vO3-HAi-A28TAP with (+) or
without (—) IPTG. After 24 h, the cells were lysed and incubated with agarose beads coupled to streptavidin. The input, unbound, and bound
proteins associated with A28TAP were analyzed by Western blotting using antibodies to proteins indicated on the right.
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or affinity tag at the C terminus of O3. Moreover, the forma-
tion or stabilization of the EFC was impaired when O3 was not
expressed. However, EFC formation was not completely abro-
gated, possibly accounting for the low infectivity of O3 null
mutants.

Except for its small size, O3 closely resembles other EFC
proteins. Five of the eight previously recognized EFC proteins
(A21, A28, G3, H2, and LS5) have a single transmembrane
domain at or very close to the N terminus, whereas the other
three (A16, G9, and J5) have one near the C terminus. The
helical hydrophobic sequence of O3 extends from amino acids
4 to 22, exactly the same as that of A21 and G3, whereas those
of L5 and H2 are from amino acids 30 to 48 and 32 to 50,
respectively. The long C-terminal segments of A21, A28, G3,
H2, and LS extend into the cytoplasm, whereas the long N-
terminal segments of A16, G9, and J5 are cytoplasmic. It is
likely that O3 has a topology similar to that of the other
EFC components with N-terminal transmembrane domains,
although the C-terminal segment of O3 would be only 13
amino acids long. Apparently, O3 associates with the other
EFC proteins through the transmembrane domain since a
C-terminal truncation mutant was still capable of trans-
complementation of an O3 null mutant (P. S. Satheshkumar,
unpublished data).

Poxviruses are assembled in virus factories, and the surface
proteins extend into the cytoplasm rather than the lumen of
the endoplasmic reticulum (27). For this reason, poxviruses
encode their own cytoplasmic redox system exclusively for in-
tramolecular disulfide bond formation (41). Indeed, all of the
EFC polypeptides except G3, which has only one cysteine,
require the viral redox system for intramolecular disulfide for-
mation (32, 33, 38, 40, 41, 42). O3 has one cysteine that is not
engaged in intermolecular disulfide bonds, as shown by SDS-
PAGE in the absence of reducing agent. Predictions of signal
peptides and glycosylation sites that are valid for proteins that
traffic through the secretory pathway are not useful for MV
membrane proteins. For example, the EFC proteins A21, A28,
and G3 are predicted to have cleavable signal peptides but
shortened proteins have not been detected and the EFC pro-
teins A16, A21, A28, A16, G9, J5, and L5 have 1 to 5 Asn-X-
Ser/Thr motifs but are not normally glycosylated. Similarly, the
significance of a prediction by SignalP (Center for Biological
Sequence Analysis) of a signal peptidase cleavage site and the
presence of a putative N-glycosylation site in O3 are suspect.
Nevertheless, we cannot rule out the possibility that a portion
of O3 traffics through the secretory pathway. The small 13- or
14-amino-acid size of the putative secreted peptide makes
analysis difficult. We can, however, dismiss the importance of
such a pathway for the role of O3 in virus entry because the
entry-proficient O3 and entry-defective O3~ MVs were both
purified from the cytoplasm and not the medium; furthermore,
a C-terminal truncated ORF that does not even encode the
hypothetical secreted peptide was able to complement an O3-
null mutant as stated above. Therefore, if a secreted peptide
were made, it would have another function.

In conclusion, O3 is the newest and smallest member of the
EFC and also the smallest poxvirus protein for which a role has
been determined.
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