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Crescents consisting of a single lipoprotein membrane with an external protein scaffold comprise the initial structural elements
of poxvirus morphogenesis. Crescents enlarge to form spherical immature virions, which enclose viroplasm consisting of pro-
teins destined to form the cores of mature virions. Previous studies suggest that the L2 protein participates in the recruitment of
endoplasmic reticulum (ER)-derived membranes to form immature virions within assembly sites of cytoplasmic factories. Here
we show that L2 interacts with the previously uncharacterized 42-amino-acid A30.5 protein. An open reading frame similar in
size to the one encoding A30.5 is at the same genome location in representatives of all chordopoxvirus genera. A30.5 has a puta-
tive transmembrane domain and colocalized with markers of the endoplasmic reticulum and with L2. By constructing a comple-
menting cell line expressing A30.5, we isolated a deletion mutant virus that exhibits a defect in morphogenesis in normal cells.
Large electron-dense cytoplasmic inclusions and clusters of scaffold protein-coated membranes that resemble crescents and im-
mature virions devoid of viroplasm were seen in place of normal structures. Crescent-shaped membranes were continuous with
the endoplasmic reticulum membrane and oriented with the convex scaffold protein-coated side facing the lumen, while clusters
of completed spherical immature-virion-like forms were trapped within the expanded lumen. Immature-virion-like structures
were more abundant in infected RK-13 cells than in BS-C-1 or HeLa cells, in which cytoplasmic inclusions were decorated with
scaffold protein-coated membrane arcs. We suggest that the outer surface of the poxvirus virion is derived from the luminal side
of the ER membrane.

Poxviruses comprise a large group of DNA viruses that infect
vertebrates and invertebrates, are responsible for diseases of

medical and veterinary importance, and are used as vectors to
develop vaccines against infectious diseases and cancer (1). The
transcending feature of poxvirus biology is the ability of these
viruses to replicate entirely within the cytoplasm, a capability en-
abled by the encoding of proteins for transcription and replication
of the DNA genome, a unique redox system, and assembly of a
novel viral membrane. While there is now considerable under-
standing of many aspects of poxvirus replication, particularly for
vaccinia virus (VACV), least is known about the initial steps of
morphogenesis. The first recognizable structures are crescents
comprised of a single lipoprotein membrane bilayer with an ex-
ternal honeycomb lattice composed of trimers of the D13 protein
(2–7). Because the viral membrane displays no obvious continuity
with a cellular organelle, a de novo origin was suggested (8). Sub-
sequently, the intermediate compartment between the endoplas-
mic reticulum (ER) and Golgi membrane was considered the
source of the crescent membrane based on the localization of cer-
tain viral proteins (9–12). Further studies, however, showed that
proteins could traffic from the ER to the crescent membrane and
that blockade of the secretory pathway from the ER to the Golgi
apparatus did not perturb either crescent formation or their pro-
gression to immature virions (IVs) and mature virions (MVs)
(13–15). The findings that the VACV L2 membrane protein is
required for IV formation and that it is located at the edges of the
crescents and the ER further support an ER origin of the viral
membrane (16, 17). When expression of the open reading frame
(ORF) encoding L2 was repressed or the ORF was deleted, mor-
phogenesis was blocked and large dense inclusions, some of which
had short crescent membranes apposed to the surface, formed. In

addition, there were “empty IV-like” structures associated and in
continuity with smooth ER membranes (17). These studies led us
to suggest that L2 participates in the recruitment of ER-derived
membranes to virus assembly sites for IV formation. Proteins that
appear to be involved in the same or a similar step in morphogen-
esis as L2, based on the phenotypes of null mutants, will be re-
ferred to as viral-membrane assembly proteins (VMAPs). The
VMAPS include L2 (16–18), A11 (19–21), H7 (22, 23), A6 (24,
25), and, as will be shown here, A30.5.

The present study arose during further characterization of the
L2 protein. We discovered that a previously uncharacterized pro-
tein of 42 amino acids encoded by the A30.5L ORF of VACV
copurified with L2. (Note that VACV ORFs are designated by a
capital letter followed by a number and an “L” or “R” reflecting the
direction of transcription; the “L” or “R” is omitted from the
name of the corresponding protein.) Although not annotated in
the genome sequences of many poxviruses because of their small
size, ORFs at the same location as A30.5L were found in represen-
tatives of all chordopoxviruses. Here we provide the first charac-
terization of the A30.5 protein and demonstrate that it interacts
with L2, associates with the ER, participates in biogenesis of the
IV, and is essential for replication, making it a bona fide VMAP. By
interrupting IV formation, we demonstrate the direct formation
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of crescent membranes from the ER and locate the D13 scaffold on
the luminal side. These data suggest that the outer surface of the
MV is derived from the luminal side of the ER membrane.

MATERIALS AND METHODS
Cells and virus. BS-C-1, HeLa, RK-13, and RK-A30.5-V5 cells were
grown in minimum essential medium with Earle’s salt (E-MEM) or Dul-
becco’s minimum essential medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 100 units of penicillin, and 100 �g of strepto-
mycin per ml (Quality Biologicals, Gaithersburg, MD). The medium of
RK-A30.5-V5 cells was supplemented with 300 �g/ml of Zeocin. The
VACV Western Reserve (WR) strain and recombinant viruses vL2-HA
(16), vA30.5-V5, and v�L2R (17) were propagated as previously de-
scribed (26, 27). The A30.5 deletion mutant v�A30.5 was propagated in
RK-A30.5-V5 cells. MVs were purified by sedimentation through a 36%-
sucrose cushion followed by a 25- to 40%-sucrose gradient as described
previously (26) and a CsCl gradient (28).

Antibodies. The following antibodies were used: anti-HA.11 mouse
monoclonal antibody (MAb) (Covance, Denver, PA) and V5 mouse MAb
(Pierce Thermo Scientific); rabbit antisera to A17-N (29), A11 (19), A3
(unpublished data), D13 (B1) (30), L2 (16), A21 (31), L5 (32), H2 (33,
34), A27 (35), and L1 (36); and AB1.1 anti-D8 mouse MAb (37), anti-E3
mouse MAb (38), and mouse MAbs against A13 and A14 (39). Cellular
proteins were detected with anti-protein disulfide isomerase (PDI) goat
polyclonal IgG (Santa Cruz Biotechnology), anti-calnexin rabbit antibody
(Covance, Emeryville, CA), and anti-glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) MAb (Covance, Emeryville, CA).

Chemical cross-linking. HeLa cells were infected with 10 PFU/cell of
either VACV strain WR, vL2-HA, or vA30.5-V5. At 10 h postinfection, the
cells were washed twice with phosphate-buffered saline (PBS) and incu-
bated with 1% paraformaldehyde for 30 min at room temperature (RT)
and quenched with 5 mM glycine for 15 min.

Immunoprecipitation and mass spectrometry. Cross-linked or non-
cross-linked cells were lysed in IP buffer consisting of 1% Nonidet P-40,
50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, and protease
inhibitor cocktail tablets (Roche Molecular Biochemicals) for 30 min on
ice. The lysates were clarified by centrifugation at 16,000 � g for 15 min at
4°C. The lysates were precleared by incubation with protein G Dynabeads
(Invitrogen Dynal A, Oslo, Norway) for 1 h at 4°C and incubated with
anti-HA.11 MAb or anti-V5 MAb. The protein-antibody complexes were
captured with protein G Dynabeads at 4°C for 1 h. Beads were washed
three times with IP buffer and two times with PBS. Bound proteins were
eluted with 2� NuPAGE lithium dodecyl sulfate sample loading buffer
(Invitrogen) and heated to 70°C for 10 min. The proteins were resolved by
electrophoresis in 4 to 12% NuPAGE Novex acrylamide gels (Invitrogen).

For mass spectrometry, proteins in gel slices were reduced, alkylated,
and trypsin digested according to standard protocols. The supernatant
and two washes (5% formic acid in 50% acetonitrile) of the gel digests
were pooled and concentrated with a SpeedVac (Labconco, Kansas, MO)
to dryness in 200-�l polypropylene autosampler vials (Sun Sri, Rock-
wood, TN). The recovered peptides were resuspended in 5 �l of solvent A
(0.1% formic acid, 2% acetonitrile, and 97.9% water) and chromato-
graphed without trap cleanup. The bound peptides were separated at 500
nl/min, generating 80 to 120 bars of pressure using AQ C18 reverse-phase
media (3-�m particle size and 200-�m pore size) packed in a pulled-tip
nanochromatography column (0.100-mm internal diameter [ID] by
150-mm length) from Precision Capillary Columns, San Clemente, CA.
Chromatography was carried out in-line with an LTQ-Velos Orbitrap
mass spectrometer (Thermo Fisher Scientific, West Palm Beach, FL). The
mobile phase consisted of a linear gradient prepared from solvent A and
solvent B (0.1% formic acid, 2% water, and 97.9% acetonitrile) at RT.
Nanoscale liquid chromatography-tandem mass spectrometry (NanoLC-
MS/MS) was performed with a Proxeon Easy-nLC II multidimensional
liquid chromatograph and temperature-controlled Ion Max nanospray

FIG 1 L2 interacts with A30.5. (A) Identification by mass spectrometry of
proteins that associate with affinity-purified L2-HA. HeLa cells were infected
with vL2-HA (HA) or VACV strain WR (WR) for 10 h. The cells were un-
treated (�) or cross-linked (�), and clarified cell lysates were incubated with
anti-HA MAb. After binding to protein G Dynabeads, the samples were
washed, and the bound proteins were eluted, resolved by SDS-PAGE, and
stained with Coomassie blue. Each lane of the gel was excised in 12 equally
sized pieces, trypsinized, and analyzed by mass spectrometry. The positions
and masses of marker proteins are on the left; the positions of A30.5, L2, and
the complex of A30.5 plus L2 are on the right. Only the lower part of the gel is
shown. (B) Schematic representation of part of the genome of vA30.5-V5. The
V5 epitope tag sequence was attached to the C terminus of the A30.5 ORF,
while the original A30.5 promoter was retained. The GFP ORF regulated by the
late P11 promoter was inserted between the A30L and A30.5L ORFs. Unmod-
ified ORFs encoding A30L and A31R are also shown. Arrows point in the
direction of transcription. (C) One-step growth curve of vA30.5-V5. HeLa
cells were infected with 3 PFU per cell of wild-type VACV WR or vA30.5-V5.
At the indicated hours, the infected cells were harvested and the virus titers
were determined in duplicate by plaque assay. Data from two independent
experiments were averaged. (D) Confirmation of L2 association with A30.5.
HeLa cells were infected with vA30.5-V5 or VACV WR, and after 10 h, the cells
were untreated (�) or cross-linked (�). The cells were lysed, and proteins
were captured with V5 MAb beads. The proteins were eluted and resolved by
SDS-PAGE. Western blotting was performed using L2 polyclonal antibody
and V5 MAb. The bands are identified on the right.
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source (Thermo Fisher Scientific) in-line with the LTQ-Velos Orbitrap
mass spectrometer.

Computer-controlled data-dependent automated switching to MS/MS
by Xcalibur 2.1 software was used for data acquisition and provided the
peptide sequence information. Databank analysis was performed with
Mascot software (Matrix Science, Beachwood, OH). The data were
searched against a sequence file containing VACV proteins from the Uni-
protKB TrEMBL database. The data were searched with one missed cleav-
age allowed and mass tolerances of 10 ppm and 0.8 Da for the precursor
and fragment ions, respectively. Carbamidomethylation of cysteine was
set as a fixed modification, while oxidation of methionine, deamidation of
asparagine and glutamine, and protein N-terminal acetylation were
searched as dynamic modifications. The resulting search files were reclus-
tered against the same sequence database for further analysis using Pro-
teoIQ software (Premier Biosoft, Palo Alto, CA). Assignments were fil-
tered using the Protein Prophet algorithm as implemented within
ProteoIQ, with cutoff filters set to 95% for peptides and 99% for proteins.
Protein assignments were considered only if they met both the probability
thresholds and 2-spectra-per-peptide sequence/2-peptides-per-protein
minimums.

Plaque assay, virus yield determination, and single-cycle growth ex-
periments. Plaque assays and virus yield determinations were performed
as previously described (17, 18). HeLa cells were infected with 3 PFU per

cell of VACV WR, vA30.5-V5, or v�A30.5. At various times after infec-
tion, cells were harvested and crude lysates were prepared by three freeze-
thaw cycles and sonication. Cell-associated virus yields were determined
by plaque formation on BS-C-1 or RK-A30.5-V5 cell monolayers.

Plasmid and recombinant VACV construction. The GFP-A30.5-V5
plasmid was constructed using primers to amplify the A30.5 ORF tagged
with the V5 coding sequence at the C terminus and a separate enhanced
green fluorescent protein (GFP) ORF flanked by VACV DNA sequences
to allow homologous recombination (Fig. 1B). The PCR product was
cloned using a Zero Blunt TOPO PCR cloning kit (Invitrogen). The en-
dogenous A30.5L ORF of VACV WR was replaced with a V5 epitope-tagged
A30.5L ORF and GFP marker gene by transfecting the GFP-A30.5-V5 plas-
mid using Lipofectamine 2000 (Invitrogen). The recombinant virus
vA30.5-V5 was clonally purified by successive picking of fluorescent
plaques.

Western blotting. Cells were lysed with lithium dodecyl sulfate and
reducing agent. The proteins were resolved by electrophoresis on 4 to 12%
NuPAGE Novex acrylamide gels and transferred to nitrocellulose mem-
branes using mini-iBlot gel transfer stacks (Invitrogen). Membranes were
blocked for 1 h at RT with 5% nonfat dried milk in PBS containing 0.05%
Tween 20 and incubated with the primary antibody for 1 h at RT. The
membranes were washed four times with PBS containing 0.05% Tween 20
and then incubated with the secondary antibody for 1 h at RT. Species-

FIG 2 Computational analysis of VACV A30.5 and corresponding ORFs in other chordopoxvirus genomes. (A) CLUSTAL 2.1 alignment of A30.5L and ORFs
at corresponding locations from representative species of the Chordopoxvirinae subfamily. VACV, vaccinia virus strain Western Reserve; SWPV, swinepox virus
strain Nebraska; DVP, deerpox virus strain W-848-83; LSDV, lumpy skin disease virus strain Neethling 2490; YMTV, yaba monkey tumor virus strain Amano;
RFV, rabbit fibroma virus strain Kasza; ORFV, orf virus strain OV-SA00; FPV, fowlpox virus strain NVSL; COPX, Nile crocodilepox virus strain Zimbabwe/
Ume/2001; MOCV, molluscum contagiosum virus subtype 1. (B) Alignment of A30.5 homologs of orthopoxviruses. VARV, variola major virus strain Bangla-
desh 1975; VACV, vaccinia virus strain Western Reserve; VACV-Acam, vaccinia virus strain Acambis 3000 modified vaccinia virus Ankara; MPXV, monkeypox
virus strain Zaire; CMLV, camelpox virus strain CMS; ECTV, ectromelia virus strain Moscow; CPXV, cowpox virus strain Brighton red. Amino acids conserved
in all species are marked by asterisks. (C) Kyte-Doolittle hydrophilicity plot of A30.5L amino acid sequence analyzed using MacVector version 11.1.2 software.
The predicted amino acid sequence is at the bottom.
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specific horseradish peroxidase-conjugated secondary antibodies were
used (Pierce, Rockford, IL). The membranes were washed and developed
using Dura or Femto chemiluminescent substrate (Pierce).

Detergent extraction of purified virions. Purified virus particles were
incubated in 50 mM Tris-HCl (pH 7.5) containing 150 mM NaCl and 1%
Nonidet P-40 detergent in the presence of 50 mM dithiothreitol for 1 h at
37°C. Soluble and insoluble materials were separated by centrifugation at
20,000 � g for 30 min at 4°C. Proteins in the pellet and the supernatant
were analyzed by electrophoresis on 4 to 12% NuPAGE Novex acrylamide
gels in the absence of reducing agent followed by Western blotting.

Confocal microscopy. HeLa and RK-13 cells on coverslips were in-
fected or infected and transfected. The cells were subsequently fixed with
4% paraformaldehyde in PBS for 15 min at RT and then washed four
times with PBS. The cells were permeabilized with 0.1% Triton X-100 in
PBS for 15 min at RT and washed four times. The cells were blocked with
10% FBS, heat inactivated for 30 min, and then incubated with the pri-
mary antibody in PBS containing 10% FBS for 1 h at RT. Cells were
washed and incubated with the secondary antibody conjugated dye (Mo-
lecular Probes, Eugene, OR) for 1 h. The coverslips were incubated for 20
min with 300 nM 4=,6-diamidino-2-phenylindole (DAPI; Invitrogen Life
Technologies) in PBS, washed, and mounted on a glass slide by using
ProLong Gold (Invitrogen Life Technologies). Micrographs were ac-
quired with a Leica TCS SP5 confocal inverted-base microscope with a
63� oil objective.

Transfection studies. HeLa cells were grown on coverslips in 24-well
plates. After reaching 80% confluence, the cells were infected with either
vA30.5-V5 or v�L2R and after 1 h were transfected with a plasmid carry-
ing either the L2 ORF with a hemagglutinin (HA) epitope tag or A30.5
with a V5 epitope tag, respectively. The expression of both plasmids was
regulated under their natural promoters. Lipofectamine 2000 (Invitrogen
Life Sciences) was used for transfection according to the instructions of
the manufacturer. The cells received fresh medium at 6 h after transfec-
tion. At 16 h after infection, the cells were fixed and prepared for confocal
microscopy.

Construction of the RK-A30.5-V5 cell line. The methods for con-
struction and isolation of the RK-A30.5-V5 cell line were similar to those
previously described for an L2-expressing cell line (17). Briefly, the
A30.5L ORF with a V5 tag at the 3= end was cloned in a pcDNA 3.1/
Zeo(�) plasmid (Invitrogen Life Technologies). The plasmid was trans-
fected into RK-13 cells with Lipofectamine 2000 (Invitrogen Life Tech-
nologies) according to the manufacturer’s instructions. After 48 h, the
transfected cells were distributed to new dishes at approximately 25%
confluence with fresh medium containing 750 �g/ml Zeocin. The cells
were fed with selective medium every 3 days until cell foci were identified
on day 10. Individual colonies were isolated with cloning discs (Sigma-
Aldrich), transferred to 48-well plates, and screened for V5 epitope ex-
pression by Western blotting. The positive colonies were selected, and the
recombinant RK-A30.5-V5 cell line was grown as described above and
supplemented with 300 �g/ml Zeocin to maintain selection pressure.

Construction of v�A30.5. Overlapping PCR was used to assemble
DNA containing the GFP ORF regulated by the VACV P11 promoter
inserted between �500-bp sequences flanking the A30.5L ORF. HeLa cells
were infected with VACV WR and transfected with the PCR product using
Lipofectamine 2000 (Invitrogen Life Technologies). After 24 h, the lysate
was diluted and incubated with RK-A30.5-V5 cells. Plaques that fluo-
resced green were picked and plaque-purified five times in succession. The
mutant virus v�A30.5 was grown in RK-A30.5-V5 cells and purified by
sucrose gradient centrifugation. Deletion of A30.5 was verified by PCR
and sequencing.

Transmission electron microscopy. BS-C-1, RK-13, and HeLa cells
were infected with 5 PFU of v�A30.5-V5 for 20 h. The cells were fixed with
2% glutaraldehyde and embedded in Embed 812 resin (Electron Micros-
copy Sciences, Hatfield, PA) as described previously (18). Specimens were
viewed with a FEI Tecnai Spirit transmission electron microscope (FEI,
Hillsboro, OR).

RESULTS
Association of the L2 and A30.5 proteins. Affinity purification
and cross-linking experiments were carried out to identify pro-
teins that associate with L2. We employed vL2-HA, a recombinant
VACV with an HA tag at the N terminus of L2 (16), and the
parental wild-type (WT) VACV WR as a negative control. At 10 h
after infection, the cells were either cross-linked with paraformal-
dehyde and then lysed with buffer containing NP-40 or lysed di-
rectly. After incubation with an anti-HA MAb, the proteins were
captured with protein G Dynabeads, resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
stained with Coomassie blue. The �10-kDa band in Fig. 1A cor-
responds to L2-HA; an additional protein migrating faster than L2
was detected in the non-cross-linked sample, whereas a protein
migrating slower than L2 was detected in the cross-linked sample.
Neither L2 nor the additional protein bands were detected in cells

FIG 3 A30.5 expression and analysis of purified virions. (A) Temporal syn-
thesis of A30.5. BS-C-1 cells were mock infected (M) or infected with 10 PFU/
cell of vA30.5-V5 in the absence or presence of AraC and harvested at the
indicated hours. The proteins from the whole-cell extracts were solubilized
with lithium dodecyl sulfate buffer containing reducing agent, resolved by
SDS-PAGE, and analyzed by Western blotting with antibodies to the proteins
indicated on the right. MAbs were used to detect A30.5-V5 and GAPDH load-
ing control; polyclonal antibodies were used to detect A3 and E3. (B) Extrac-
tion of A30.5 from sucrose gradient-purified virions. MVs, purified by sucrose
gradient sedimentation from HeLa cells infected with vA30.5-V5, were incu-
bated at 37°C in Tris buffer with (�) or without (�) 1% NP-40 and 50 mM
dithiothreitol (DTT) and centrifuged to separate the soluble (S) and insoluble
(P) fractions. The insoluble fraction was resuspended in a volume equal to that
of the soluble fraction, and aliquots of each were resolved by SDS-PAGE. The
proteins were analyzed by Western blotting using antibodies to the viral pro-
teins indicated on the left. M, mock-infected; L, total cell lysate. (C) Further
purification of MVs. MVs were purified from infected HeLa cells successively
through a sucrose cushion (lane 1), a sucrose gradient (lane 2), and a CsCl
gradient (lane 3). The same relative proportions of cell extract (L) and purified
fractions were resolved by SDS-PAGE and analyzed by Western blotting with
MAb to the V5 epitope tag and polyclonal antibody to L1 as a positive control.
Proteins were detected by chemiluminescence.
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infected with the control VACV WR. Each lane of the gel was cut
into slices, and the proteins were digested with trypsin and ana-
lyzed by mass spectrometry. The identity of the 10-kDa protein
was confirmed as L2 and the protein migrating faster was identi-
fied as A30.5. A30.5 was also present in the cross-linked band
migrating more slowly than L2.

To confirm the interaction between L2 and A30.5, we con-
structed a recombinant VACV called vA30.5-V5 with a V5 epitope
tag at the C terminus of the A30.5L ORF. The GFP ORF regulated
by the P11 late promoter was inserted between A30.5L and A30L
in order to facilitate isolation of the recombinant virus (Fig. 1B).
Neither the tag nor the GFP ORF affected plaque formation (not
shown) or replication kinetics (Fig. 1C), encouraging the use
of the virus for further studies. We then infected cells with
vA30.5-V5 and carried out paraformaldehyde cross-linking and
immunopurification using an anti-V5 MAb and protein G Dyna-
beads. Western blotting performed with antibodies to V5 and L2
confirmed the complex of L2 and A30.5 (Fig. 1D).

ORFs corresponding to the location of A30.5L are present in
all chordopoxviruses. ORFs corresponding to the VACV A30.5L
ORF had been annotated in some but not all chordopoxviruses. By
searching genome databases, we found a short ORF in the same
direction and just to the right of the conserved A30L ORF ho-
molog in representatives of all chordopoxvirus genera. The se-
quences of the short ORFs, however, were widely divergent (Fig.
2A). In contrast, the amino acid identities between orthopoxvirus
A30.5 homologs were 88 to 100% (Fig. 2B).

Twenty of the 42 amino acids in the A30.5L ORF had hydro-
phobic side chains with a putative transmembrane domain be-
tween amino acids 15 to 33 (Fig. 2C). The A30.5 protein has no

recognizable signal peptide or coiled-coil segment; however, there
is a potential N-glycosylation site near the C terminus.

Expression of the A30.5 protein. Transfection studies indi-
cated that expression of the A30.5L ORF is regulated by a postrep-
licative intermediate promoter (40). In order to determine the
kinetics of A30.5 protein synthesis, we infected BS-C-1 cells with
vA30.5-V5 and harvested them at various times. A30.5-V5 was
detected by Western blotting as a 5-kDa band at 4 h and increased
in amount over the next several hours (Fig. 3A). The inability to
detect A30.5-V5 in the presence of AraC, an inhibitor of DNA
replication, confirmed its classification as a postreplicative protein
(Fig. 3A). Known early and late proteins were included in this
analysis. E3, an early protein, was also detected at 4 h but increased
in the presence of AraC. A3, a late protein, was seen as a faint band
immediately after infection due to its presence in the virus core
and increased in amount beginning at 6 h (Fig. 3A).

A30.5-V5, detected by Western blotting of virions purified by
sedimentation through one sucrose cushion and a sucrose gradi-
ent, was extracted with NP-40 and dithiothreitol, similar to the L1
membrane protein and different from the A3 core protein (Fig.
3B). However, whereas L1 was enriched during virion purifica-
tion, the amount of A30.5-V5 progressively decreased and was not
detected after the final CsCl gradient (Fig. 3C). We concluded that
A30.5 is at most a minor component of MVs.

Intracellular localization of A30.5. L2 was previously shown
to localize with the ER throughout the cell. In order to compare
the intracellular location of A30.5 with that of L2, we infected
HeLa cells with vA30.5-V5 and transfected them with a plasmid
expressing L2-HA under the natural promoter. The cells were
fixed and stained with antibodies to the V5 and HA epitope tags as

FIG 4 Intracellular localization of A30.5. HeLa cells were infected with vA30.5-V5 and transfected with plasmid encoding L2-HA regulated by the natural
promoter. After 16 h, the infected cells were fixed, permeabilized, and stained with anti-calnexin or anti-PDI polyclonal antibody to locate ER and with mouse
anti-V5 MAb to detect A30.5 or mouse anti-HA antibody to detect L2, followed by goat anti-rabbit IgG and goat anti-mouse IgG coupled to Alexa Fluor 594 and
Alexa 647 and DAPI. The cells were visualized by confocal microscopy. Three-color merges are on the right.
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well as the membrane and luminal ER markers calnexin and PDI,
respectively. In addition, DAPI was used to stain DNA in the nu-
cleus and virus factory. A30.5-V5 was in the cytoplasm mostly
outside the virus factory and in a rim around the nucleus (Fig. 4).
There was extensive colocalization with the ER markers calnexin
and PDI as well as with the viral L2-HA protein (Fig. 4). We also
examined the distribution of A30.5-V5 expressed by transfection
from its natural promoter in cells infected with an L2 deletion
mutant. A30.5-V5 still appeared to have an ER distribution, indi-
cating that this localization was not dependent on L2 (not shown).

Construction of a stable cell line expressing A30.5. The con-
servation of A30.5-like ORFs among chordopoxviruses suggested
an important function in replication. This expectation was sup-
ported by our inability to construct a viable mutant virus in which
the A30.5L ORF was replaced by GFP. An inability to delete the
L2R ORF was overcome by making a cell line that expressed L2
and complemented the replication of a mutant virus (17). A sim-
ilar procedure was undertaken for A30.5L. A mammalian codon-
optimized copy of the A30.5L ORF with a C-terminal V5 epitope
tag was chemically synthesized and placed under the control of the
cytomegalovirus (CMV) promoter and cloned into the pcDNA
3.1/Zeo(�) plasmid. RK-13 cells were transfected with the plas-
mid and selected with Zeocin. Individual clones were expanded
and screened for A30.5-V5 expression by Western blotting.
A30.5-V5 was detected in RK-A30.5-V5 cells, but the amount was
low compared with that in RK-13 cells infected with 1 to 10 PFU of
the recombinant vA30.5-V5 (Fig. 5A).

The intracellular location and the uniformity of A30.5-V5 ex-

pression in the RK-A30.5-V5 cell population were determined by
confocal microscopy. RK-A30.5-V5 cells were fixed and costained
with anti-V5 MAb to detect A30.5-V5 and antibody against cal-
nexin to show ER. A30.5-V5 colocalized with the ER (Fig. 5B),
although the intensity of the stain varied in individual cells. Thus,
no additional viral proteins were required for ER localization of
A30.5.

Construction of a VACV A30.5L deletion mutant. Despite the
relatively low expression level compared to that in infected cells,
the ER localization of A30.5-V5 provided encouragement that it
might complement an A30.5-null mutant. The mutant virus was
constructed by transfecting DNA, containing the GFP ORF under
the P11 late promoter flanked by sequences preceding and follow-
ing the A30.5L ORF to allow homologous recombination, into
HeLa cells that had been infected with VACV (Fig. 6A). The lysate
was diluted and virus was adsorbed to a monolayer of RK-
A30.5-V5 cells. Green fluorescent plaques were picked and clon-
ally purified by repeated plaque isolations in RK-A30.5-V5 cells.
Replacement of the A30.5L ORF by GFP was confirmed by DNA
sequencing, and the deletion mutant was named v�A30.5.

v�A30.5 formed plaques in RK-A30.5-V5 cells but not in the
parental RK-13 cells (Fig. 6B). Individual RK-13 cells infected
with v�A30.5 were visualized by GFP fluorescence, but infection
of neighboring cells failed to occur (Fig. 6C), indicating a defect in
the formation or spread of infectious progeny. Despite the rela-
tively low level of expression of A30.5 in RK-A30.5-V5 cells, the
plaques formed by v�A30.5 were indistinguishable in size and
shape from wild-type VACV WR plaques (Fig. 6D). Furthermore,

FIG 5 Expression of A30.5 in RK-A30.5-V5 cells. (A) Western blotting. Uninfected RK-A30.5-V5 and RK-13 cells infected with 1 to 10 PFU/cell of vA30.5-V5
or 10 PFU/cell of VACV WR for 24 h were lysed. Proteins were resolved by SDS-PAGE and analyzed by Western blotting with MAbs to V5 for the detection of
A30.5-V5 and GAPDH as a loading control. (B) Confocal microscopy of the RK-A30.5-V5 cells. Confluent cells were fixed, permeabilized, and stained with the
mouse anti-V5 MAb and polyclonal rabbit antibody to calnexin, followed by goat anti-mouse and goat anti-rabbit IgG coupled to Alexa Fluor 488 and 594,
respectively. DNA was detected by staining with DAPI. Two (upper)- or three (lower)-color merges are on the right.
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v�A30.5 replicated with normal kinetics in RK-A30.5-V5 cells but
not in RK-13 cells (Fig. 6E), indicating a defect in the formation of
infectious virus. The yields of v�A30.5 in RK-A30.5-V5 cells were
similar to that of WT virus, allowing preparation of large stocks
for infection and purification.

Electron-dense cytoplasmic inclusions and IV-like struc-
tures associated with ER formed in the absence of A30.5. The
association of A30.5 with L2, as well as its localization with ER and
requirement for replication, suggested that it might be involved in
an early stage of morphogenesis. To evaluate this possibility, we
analyzed cells infected with v�A30.5 by transmission electron mi-
croscopy. Since we recently found differences in the phenotypes of
an A11-inducible null mutant in RK-13 and BS-C-1 cells (21),
both types of cells as well as HeLa cells were infected for the pres-
ent study. The three cell types are permissive for WT VACV but
not for v�A30.5. BS-C-1 and HeLa cells infected with v�A30.5
appeared generally similar. The predominant structures were
large electron-dense spherical inclusions (Fig. 7A and C) identical
to those shown to contain core proteins with other morphogenesis
mutants (19). Sometimes the masses of dense viroplasm were jux-
taposed to more lacey structures in BS-C-1 cells (Fig. 7B). In both
cell types, membrane arcs decorated the surfaces of many inclu-
sions, although the arcs were on average larger in HeLa cells than
in BS-C-1 cells (Fig. 7A and C). Higher magnification of the mem-
brane arcs revealed the typical outer scaffold protein structure
comprised of D13 trimers that form a lattice but appear as spicules
in cut sections (Fig. 7A and C, insets) like those on the crescents
that form during normal VACV infection. Dense inclusions were
also seen in RK-13 cells infected with v�A30.5, although they were
not decorated with crescents (Fig. 7D and Table 1).

MVs and typical IVs were not seen in infected BS-C-1, HeLa, or
RK-13 cells. However, circular IV-like structures that appeared
devoid of dense viroplasm were found in the three cell types (Fig.
8A and B and data not shown), though they were more numerous
in the RK-13 cells (Table 1). The IV-like structures that formed in
the absence of A30.5 were identical in appearance to those previ-
ously described for cells infected with L2 and A11 deletion mu-
tants and shown to contain the A17 and A14 viral membrane
proteins and the D13 scaffold protein (17, 21). Higher magnifica-
tion revealed the scaffold protein spicules on the IV-like mem-
branes (Fig. 8A and B, insets). The IV-like structures appeared
packed together in large clusters partially surrounded by a smooth
membrane, which we showed contained the ER integral mem-
brane protein calnexin with L2 and A11 mutants (17, 21). These
clusters were located in the virus factory but were separated from
dense inclusions. Although IV-like structures were abundant and
present in most RK-13 cell sections, the number of IV-like struc-
tures seemed less than the number of IVs and MVs in a typical WT
VACV infection.

The IV-like structures were in greatly expanded ER lumens, as
is readily seen in Fig. 8C, which shows the separation of the inner
and outer nuclear membranes, and in Fig. 8D, which shows a
single luminal IV-like structure. Furthermore, the spicule-coated
membranes of crescent-like structures are continuous with the
smooth ER membrane (Fig. 8E and F). In the majority of images,
the convex spicule-coated side of the crescent-like structures face
the lumen. It would appear that the IV-like structures pinch off
from the ER after the crescents extend to complete spheres and are
then trapped in the lumen. Discontinuities appear in the ER mem-
brane surrounding the IV-like clusters, which could account for

FIG 6 Construction and characterization of v�A30.5. (A) Schematic repre-
sentation of the genome structure of v�A30.5. The A30.5L ORF was replaced
with the GFP ORF regulated by the VACV P11 late promoter. Arrows indicate
the direction of transcription. (B) Plaque phenotype of v�A30.5. RK-
A30.5-V5 and RK-13 cells were infected with v�A30.5. After 48 h, the cells
were stained with crystal violet. (C) Plaques formed by v�A30.5 in RK-
A30.5-V5 cells and a single infected cell (arrow) in RK-13 cells visualized with
a fluorescence microscope. (D) Comparison of plaques formed by v�A30.5
and wild-type VACV strain WR on RK-A30.5-V5 cells. After 72 h, plaques
were visualized by staining with antibody to VACV followed by anti-protein A
conjugated to alkaline phosphatase. (E) One-step growth curve of v�A30.5.
RK-A30.5-V5 and RK-13 cells were infected with 3 PFU/cell of v�A30.5. At the
indicated times, the infected cells were harvested and virus titers were deter-
mined in duplicate by plaque assay on RK-A30.5-V5 cells. Data from two
independent experiments were averaged.
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the entry of the D13 scaffold protein into the lumen where it can
interact with the A17 protein in the nascent viral membrane.

Effect of the A30.5 deletion on the localization of other viral
proteins. Previous studies had shown that some viral proteins are
abnormally localized when L2 is not expressed, presumably be-
cause of the absence of normal IV and MV membranes. Confocal
microscopy was used to compare the location of the core protein
A3, the MV membrane proteins A13, A14, A17, and D8, and the
IV scaffold protein D13 in HeLa cells infected with vA30.5-V5 and
v�A30.5. In the cells expressing A30.5, the A3 protein had a punc-

tate distribution within the cytoplasmic viral factories (Fig. 9, left).
In contrast, A3 appeared as rings in the factory regions of cells not
expressing A30.5 (Fig. 9, right). The rings outline the dense inclu-
sions of viroplasm seen by electron microscopy and result from
the inability of the antibody to penetrate them after fixation. Sim-
ilarly, A13, A14, and D8 membrane proteins formed rings in the
cells infected with v�A30.5 but not vA30.5-V5, consistent with
the presence of crescent membranes around the dense inclusions.
The A17 and D13 proteins had a punctate appearance in cells
infected with both viruses and in the v�A30.5-infected cells ap-
peared more widely dispersed than A13, A14, and D8.

We also examined the distribution of proteins in RK-13 cells
that were infected with v�A30.5 (Fig. 10). The A3 core protein
also appeared as rings around the inclusions, whereas A14 and
A13 membrane proteins had faint ring staining and the D8 mem-
brane protein localized mostly with the ER. These differences were
consistent with the electron microscope data showing absence of
the short crescent membranes around the inclusions in RK-13
cells infected with v�A30.5.

Effect of the A30.5 deletion on the accumulation of other vi-
ral proteins. In our previous studies (16, 17), we found that the

FIG 7 Transmission electron microscopy images of dense inclusions in cells infected with v�A30.5. BS-C-1 (A and B), HeLa (C), and RK-13 (D) cells were
infected with 5 PFU/cell of v�A30.5. After 16 h, the cells were fixed and prepared for transmission electron microscopy. Insets are at higher magnification to reveal
spicules on the convex surfaces of the crescents. Arrows in panels point to crescents; arrows in insets point to spicules on the crescents. Scale bars are at the
bottoms of panels and insets.

TABLE 1 Frequency of virus structures

Structuresa

BS-C-1
(23 cells)

HeLa
(20 cells)

RK-13
(22 cells)

DV without crescents 0 0 19
DV with crescents 22 19b 0
IV-like 4 3 14
IV, MV, WV 0 0 0
a DV, dense mass of viroplasm.
b Crescents were larger than in BS-C-1 cells.

Maruri-Avidal et al.

12320 jvi.asm.org Journal of Virology

http://jvi.asm.org


absence of L2 results in instability of certain viral membrane proteins,
particularly those comprising the entry-fusion complex (EFC). In
view of the association of A30.5 with L2 and the similar mutant phe-
notypes, we suspected that there would be instability of the same
proteins in cells infected with v�A30.5. Western blots of 15 viral pro-
teins from HeLa cells that were infected with �A30.5 and with
vA30.5-V5 and wild-type VACV WR controls are shown in Fig. 11. In
cells infected with v�A30.5, the following proteins in addition to
A30.5 were specifically reduced or not detected: the EFC proteins L1,

A21, H2, L5, and G3 and the A11 membrane protein required for IV
formation. In addition, the A14 protein had reduced mobility, appar-
ently due to glycosylation, and the A3 and A17 membrane proteins
were unprocessed. However, the absence of A30.5 appeared to have
only mild effects on the amounts of the D13 scaffold protein, the
membrane proteins L2, A13, and D8, and the A27 protein, which
associates with the MV membrane proteins via attachment to A17.
The reductions in specific proteins in the A30.5 deletion mutant were
similar to findings with L2-null mutants (16, 17).

FIG 8 Transmission electron microscopy images of crescent- and IV-like structures associated with ER in cells infected with v�A30.5. HeLa (A) and RK-13 (B
through F) cells were infected and prepared for transmission electron microscopy as described in the legend to Fig. 7. Clusters of IV-like structures surrounded
by ER membranes are shown in panels A and B. Insets have higher magnification images of ER membranes next to IV-like structures with spicules. In panel C
there is a cluster of IV-like membranes within the expanded lumen of the membrane surrounding the nucleus (Nu). A single IV-like structure within the ER
lumen is seen in panel D. In panels E and F, crescent membranes are continuous with the ER membrane and the convex surfaces face the lumen, which contains
IV-like structures. Symbols: arrowheads, ER membrane; arrows, spicules; asterisks, crescents.
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DISCUSSION

Our previous studies of the L2 and A11 proteins and the corre-
sponding null mutants provided strong support for the origin of
viral membranes from the ER (16, 17, 21). Those findings led us to
investigate whether other viral proteins with a related function
might be associated with L2. We discovered such an association
with the previously uncharacterized A30.5 protein by mass spec-
trometric analysis of proteins that copurified with affinity-tagged
L2 and confirmed the association by Western blotting. In the ab-
sence of cross-linking, A30.5 migrated as a 5-kDa protein by SDS-
PAGE, whereas, after cross-linking, A30.5 was identified in a more
slowly migrating complex associated with the 10-kDa L2 protein.
The A30.5L ORF had been annotated in VACV and some other

poxvirus genomes but not in others, presumably because of its
small size. However, by examining sequences of representatives of
all chordopoxvirus genera, we detected a short ORF adjacent to
and in the same direction as the A30L ORF in each case. Although
the amino acid identities of the short ORFs with VACV A30.5 were
highly conserved among orthopoxviruses, they were widely diver-
gent among other chordopoxvirus genera. Whether the sequence-
divergent ORFs have a similar function remains to be determined.

The small size of the A30.5 protein and the failure to recognize
the presence of related ORFs in other chordopoxviruses can ex-
plain why the protein was not previously characterized. Inspec-
tion of the A30.5L ORF revealed a putative transmembrane do-
main but no signal peptide or any other conserved motif except

FIG 9 Confocal microscopy of HeLa cells infected with vA30.5-V5 or v�A30.5. (A) HeLa cells were infected with 5 PFU/cell of vA30.5-V5 or v�A30.5. After 10
h, the infected cells were fixed, permeabilized, and stained with primary polyclonal antibodies for A3, A17, D13, and calnexin and the mouse MAbs to A13, A14,
D8, and V5 followed by goat anti-rabbit IgG and goat anti-mouse coupled to Alexa Fluor 594 and 647 and DAPI. Three-color merges include DAPI.
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for a potential N-glycosylation site near the C terminus. In con-
trast to L2, A30.5 was synthesized exclusively after DNA replica-
tion. However, like L2, A30.5 colocalized with ER throughout the
cytoplasm. As predicted from cross-linking data, A30.5 and L2
colocalized with each other as determined by confocal micros-
copy. However, the association of A30.5 with the ER was not de-
pendent on L2 expression. We have been unable to specifically
determine the localization of A30.5 by immunoelectron micros-
copy, in contrast to our results with confocal microscopy, and
other epitope tags may be needed. However, since we have located
L2 by electron microscopy, we can presume that A30.5 would have
a similar association with viral crescents.

Our inability to produce a viable A30.5L deletion mutant by
conventional procedures led us to create a cell line that stably

expressed A30.5 and which served as the basis for isolation of an
A30.5L deletion mutant. The mutant replicated as well as wild-
type virus in the complementing cell line but did not produce
infectious virus in normal cells. The A30.5-expressing cell line is
only the fifth example of a VACV-complementing cell line; the
other cell lines express the D4 replication protein (41), the A8 and
A23 transcription factors (42), and the L2 (17) and H7 (23) mor-
phogenesis proteins. While conditional lethal mutants are ex-
tremely valuable and usually straightforward to produce, deletion
mutants eliminate the possibility of low but significant levels of
expression of a functional protein. This appears to be the case for
the H7 protein, for which the deletion mutant appeared to be
more stringent than an inducible mutant (23).

The most significant findings of the present study relate to the

FIG 10 Confocal microscopy of RK-13 cells infected with vA30.5-V5 or v�A30.5. (A) RK-13 cells were infected with 5 PFU/cell of vA30.5-V5 or v�A30.5. After
10 h, the infected cells were fixed, permeabilized, and stained with primary polyclonal antibodies for A3, D13, A11, and calnexin and the mouse MAbs to A13,
A14, and D8 followed by goat anti-rabbit IgG and goat anti-mouse coupled to Alexa Fluor 594 and 647 and DAPI. Three-color merges are shown on the right.
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phenotype of the A30.5L deletion mutant, which mimicked that of
the L2R- and A11R-null mutants (17, 21), and the implications for
IV formation. The absence of A30.5 synthesis resulted in a block in
viral early morphogenesis and the absence of MVs or typical IVs. A
conspicuous feature was the accumulation in the cytoplasm of
large electron-dense inclusions. Such inclusions occur with a va-
riety of mutants that exhibit absent or reduced IV formation. The
electron-dense material has the same appearance as the viroplasm
within normal IVs and contains the core proteins (19). It is rea-
sonable to infer that the core precursors aggregate when not par-
titioned by membranes. In infected BS-C-1 and HeLa cells, many
of the inclusions had short membrane crescents on their surfaces,
whereas the inclusions were naked in RK-13 cells. In addition to
the inclusions and separated from them were scaffold-coated
membrane structures that resembled crescents and IVs devoid of
viroplasm. These structures were present in large clusters in most
v�A30.5-infected RK-13 cell sections but were less frequent in
infected BS-C-1 and HeLa cells. A similar disparity between the
predominant structures in BS-C-1 and RK-13 cells had previously
been noted with an A11R mutant (21). In our previous studies of
RK-13 cells infected with L2R and A11R mutants, we demon-
strated the presence of A17 and A14 viral membrane proteins and
D13 trimers in the IV-like membranes and the protein disulfide
isomerase and calnexin ER proteins in the closely associated
smooth membranes (17, 21). In the present study, we provided
images from cells infected with the A30.5L deletion mutant that
showed clusters of spicule-coated IV-like structures in the greatly
expanded lumens of partially interrupted ER membranes. The

presence of IV-like structures within the lumen derived from the
membrane surrounding the nucleus was unambiguous. Addi-
tional images showed continuity between the crescent membrane
precursors of the IV-like structures and the ER membrane. Re-
markably, the convex scaffold-coated side of most crescent-like
membranes faced the ER lumen. While this orientation seems
counterintuitive because of the cytoplasmic location of the D13
scaffold protein and the N terminus of the A17 protein, which
interacts with D13 (43, 44), we suggest that the arrangement en-
sures that the crescents form only after the ER membrane is par-
tially broken. Moreover, the topology implies a preference for
interactions of viral proteins with cellular proteins or lipids on the
luminal side of the ER membrane. An important difference be-
tween the formation of IV-like structures and that of normal IVs is
that the membrane of the enlarging crescents remained continu-
ous with the ER membrane until the spherical IV-like structures
pinched off and were trapped in the lumen. The membranes of
crescents that form during wild-type VACV infection appear to be
connected to short open membrane structures when analyzed by
electron tomography (7). Importantly, IV-like structures identical
to those seen in cells infected with v�A30.5 were also seen in cells
infected with L2 and A11 mutants. It will be interesting to deter-
mine whether an IV-like membrane as well as dense inclusions
form in cells infected with the H7 (22, 23)- and A6 (25)-null mu-
tants.

The failure to produce normal IVs and MVs has a profound
effect on the stability of certain membrane-associated proteins.
This phenomenon was previously shown for A11 (19)-, L2 (16,
17)-, and A6 (25)-null mutants and was also true for the A30.5
mutant described here. The EFC proteins show the most dramatic
decreases, with some not detected at all in the absence of A30.5 or
other proteins needed to form IVs. We previously showed that the
decrease is due to rapid degradation (16) and suggested that the
affected proteins may transit directly to IV or MV membranes
during normal infection, which cannot occur when early stages of
morphogenesis are interrupted. The failure of A17 processing and
increased glycosylation of the A14 protein in cells infected with
v�A30.5 were similar to those found with other mutants that have
defects in morphogenesis (17, 19, 25, 45). The glycosylation site
on A14 as well as the cysteines that form disulfide-linked dimers
are consistent with a luminal location of the C terminus of A14
(44, 45). Based on our present experiments, this would place the N
and C termini of A14 on the surfaces of the IV and MV rather than
the interior as previously thought. Two- and four-membrane-
spanning topological models for A17 have been considered (10,
29, 44, 46). However, both models predict that the N and C ter-
mini would be in the cytoplasm, which is consistent with in vitro
translation in the presence of microsomes. In addition, the two-
membrane-spanning model places the intramolecular disulfide
bond in the lumen (46). However, our present electron micros-
copy images clearly show crescents with D13 on the luminal side
of the ER; the N-terminal segment of A17 must also be on the
luminal side since it interacts with D13 (43, 44). Further topolog-
ical studies of A17 are needed to resolve the apparent differences.

A tentative model for viral-membrane formation in mutant
and WT virus-infected cells is presented in Fig. 12. We posit that
the VMAPs comprising A30.5, L2, A11, H7, and A6 work in con-
cert with unidentified cellular proteins to produce breaks in the
ER membrane containing the viral A17 and A14 transmembrane
proteins, stabilize the broken membrane ends, and elongate the

FIG 11 Western blots of proteins from cells infected with v�A30.5. HeLa cells
were infected with 3 PFU/cell of (1) vA30.5-V5, (2) wild-type VACV WR, and
(3) v�A30.5. After 9 h, the cells were lysed with lithium dodecyl sulfate, re-
solved by SDS-PAGE, and analyzed by Western blotting with antibodies to the
viral proteins indicated on the right. MAbs were used to detect A30.5-V5 and
GAPDH as a loading control. Proteins were visualized by chemiluminescence.

Maruri-Avidal et al.

12324 jvi.asm.org Journal of Virology

http://jvi.asm.org


crescents by membrane fusion. In the absence of A30.5 or other
members of this group, these functions are impaired in a cell-type-
dependent manner. Breaks in the ER, which are caused or stabi-
lized by the association of VMAPs, occur rarely in RK-13 cells. The
breaks in the ER membrane allow the association of D13 with
the N terminus of A17, which is on the luminal side of the ER. The
curvature imposed by D13 and A17 leads to the formation of an
IV-like sphere that pinches off the modified ER into the lumen
(Fig. 12). The sequestration of viral membranes in the lumen pre-
vents their interaction with core proteins, which form masses of
dense viroplasm unadorned by membranes. For undetermined
reasons, more stabilized breaks occur in the ER membrane of BS-
C-1 and HeLa cells, leading to the formation of short crescent-like
structures that can escape from the lumen and associate with vi-
roplasm. However, the crescent-like structures are unable or have
limited ability to elongate by membrane fusion, resulting in their
decoration of the large dense occlusions (Fig. 12). By extrapolat-
ing from the analysis of the mutants, we propose a model for IV
formation by WT virus. Thus, the VMAPS promote ER breakage
and stabilize membrane segments containing the A17 and A14
proteins. These segments interact with viroplasm and elongate by
fusion with additional ER-derived membranes to form spherical
IVs (Fig. 12). A further consequence of our model is that the outer
surface of the MV, which is derived from the IV, represents the
luminal side of the ER. This topology can explain the exposure of

phosphatidylserine, which is more abundant on the luminal side
of the ER (47, 48), on the surface of the MV (49).
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