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The A19L open reading frame of vaccinia virus encodes a 9-kDa protein that is conserved in all sequenced chordopoxviruses, yet
until now it has not been specifically characterized in any species. We appended an epitope tag after the start codon of the A19L
open reading frame without compromising infectivity. The protein was synthesized after viral DNA replication and was phos-
phorylated independently of the vaccinia virus F10 kinase. The A19 protein was present in purified virions and was largely resis-
tant to nonionic detergent extraction, suggesting a location within the core. A conditional lethal mutant virus was constructed
by placing the A19 open reading frame under the control of the Escherichia coli lac repressor system. A19 synthesis and infec-
tious virus formation were dependent on inducer. In the absence of inducer, virion morphogenesis was interrupted, and spheri-
cal dense particles that had greatly reduced amounts of the D13 scaffold accumulated in place of barrel-shaped mature virions.
The infectivity of purified A19-deficient particles was more than 2 log units less than that of A19-containing virions. Neverthe-
less, the A19-deficient particles contained DNA, and except for the absence of A19 and decreased core protein processing, they
appeared to have a similar protein composition as A19-containing virions. Thus, the A19 protein participates in the maturation
of immature vaccinia virus virions to infectious particles.

The Poxviridae family is a family of complex viruses that infect
invertebrate or vertebrate hosts (1). Despite their linear, dou-

ble-stranded DNA genomes, which range from 130 to 300 kbp, all
poxviruses replicate entirely in the cytoplasm. Vaccinia virus
(VACV), the best-characterized member of the family, has a ge-
nome of nearly 200 kbp encoding approximately 200 proteins. Of
these proteins, 90 are conserved in all Chordopoxvirinae (2, 3). The
conserved genes have been studied to various degrees, and most
are thought to be essential for virus replication. Their functions
include transcription, genome replication, virion assembly, mor-
phogenesis, and virus entry. Although the A19L open reading
frame (ORF) is conserved in all chordopoxviruses, it has not been
specifically analyzed in any species. However, there have been a
few references to the A19 protein as part of large screening studies.
For example, a VACV genome-wide yeast two-hybrid analysis re-
vealed an interaction of the A12 virion protein with A19 (4). One
mass spectrometry study suggested that the A19 protein is a minor
component of purified virions (5), which contain about 80 pro-
teins, although A19 was not detected in two other such studies (6,
7). A genome-wide analysis indicated that the A19 ORF is tran-
scribed at the intermediate and late stages of VACV replication
(8). In view of its conservation, an important role for the A19
protein in poxvirus replication is predicted. We now describe
combined genetic, biochemical, and microscopic studies demon-
strating that the A19 protein is required for a late step in virion
morphogenesis.

VACV morphogenesis is a complex process that remains to be
fully elucidated (9). The first recognizable step is the formation of
a crescent-shaped membrane structure stabilized by trimers of the
D13 protein, which forms a honeycomb lattice on the cytoplasmic
side of the membrane (10, 11). The crescents engulf core proteins
and enlarge to become spherical immature virions (IVs) contain-
ing the DNA genome. The subsequent transition to barrel-shaped
infectious mature virions (MVs) involves the disruption of the
D13 scaffold, proteolytic processing of certain membrane and
core proteins, and the formation of intramolecular disulfide

bonds (12–14). Here we show that spherical, electron-dense par-
ticles with little or no infectivity are formed when expression of the
A19L ORF is repressed, indicating a role for this protein in the
transition from IVs to MVs.

MATERIALS AND METHODS
Cells and viruses. African green monkey kidney epithelial BS-C-1 cells
(ATCC CCL-26) were grown in minimum essential medium with Earle’s
salts supplemented with 10% fetal bovine serum, 100 units of penicillin,
and 100 �g of streptomycin per ml (Quality Biologicals, Gaithersburg,
MD). The recombinant viruses vT7LacOI (15) and vF10-V5i (16) have
been described. Virus particles were purified by centrifugation through a
36% sucrose cushion and banding on 25 to 40% sucrose density gradient
(17).

Construction of recombinant viruses. A recombinant virus express-
ing the A19 protein with the fused FLAG- and streptavidin-binding (FS)
tandem affinity peptide tag at the N terminus (vFS-A19) was constructed
by homologous recombination as follows. The FS-A19 ORF under the
control of the natural promoter was inserted into the endogenous locus
along with the enhanced green fluorescent protein (GFP) ORF regulated
by the VACV P11 late promoter to enable fluorescent selection of recom-
binant virus plaques. A modified two-step version of the pVOTE system
(18) was used to construct an A19L-inducible virus. The FS-A19 ORF
under the control of a T7 RNA polymerase promoter and encephalomyo-
carditis virus cap-independent translation enhancer element was cloned
into the pVOTE-DsRED plasmid, which was modified from pVOTE.1 by
replacing the Escherichia coli gpt gene with DsRED. In the first recombi-
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nation event, T7-FS-A19 DNA was inserted into parental vT7LacOI virus
genome at the A56L locus. The intermediate virus vT7LacOI-FS-A19i-
DsRED was plaque purified, followed by replacement of the original A19
gene with the P11-GFP gene. The final inducible A19 virus, named vFS-
A19i for short, was clonally purified, and the relevant regions were con-
firmed by DNA sequencing. The vFS-A11 virus, used as a control in this
study, expressed the A11 ORF with the FS tandem affinity tag and was also
constructed by homologous recombination.

Western blotting. Proteins were resolved by electrophoresis in 4 to
12% NuPAGE gels and blotted onto a nitrocellulose membrane (iBlot;
Life Technologies). The nitrocellulose membrane was blocked with 5%
nonfat milk in phosphate-buffered saline containing 0.05% Tween 20 and
then incubated with a primary antibody for 1 h at room temperature or
overnight at 4°C. Unbound antibodies were removed by washing twice
with phosphate-buffered saline containing Tween 20 followed by phos-
phate-buffered saline without detergent. Secondary donkey anti-mouse
IRDye 800 and donkey anti-rabbit IRDye 680 antibodies were used at
1:10,000 dilution and analyzed with a LI-COR Odyssey infrared imager
(LI-COR Biosciences, Lincoln, NE). Antibodies used for Western blotting
included the following: mouse monoclonal antibodies (MAbs) M2 to
FLAG (Sigma-Aldrich, St. Louis, MO) and to glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (Covance, Princeton, NJ) and rabbit
polyclonal antibodies against A3 (R. Doms and B. Moss, unpublished
results), A17 (19), L1 (20), F9 (21), D13 (22), and I7 (23).

Pulse-chase analysis. BS-C-1 cells were infected with 3 PFU of
vT7LacOI or vFS-A19i virus per cell and incubated in regular medium at
37°C. Eight hours postinfection, the medium was replaced with cysteine-
and methionine-free medium for 30 min at 37°C and pulse-labeled for 15
min with 100 �Ci per ml of a mixture of [35S]methionine and [35S]cys-
teine (PerkinElmer, Waltham, MA). The cells were harvested immediately
after pulse-labeling or washed and chased for an additional 16 h with
unlabeled medium and harvested. The cells were lysed directly in 1�
NuPAGE sample buffer containing 1� reducing agent (Life Technolo-
gies, Grand Island, NY) by heating at 100°C for 15 min. The proteins were
separated in 4 to 12% Novex NuPAGE acrylamide gels (Life Technolo-
gies), dried, and imaged by exposure of phosphorimager film (Typhoon
scanner; GE Healthcare, Waukesha, WI).

Protein phosphorylation. BS-C-1 cells were infected with 3 PFU of
virus per cell and incubated for 7 h at 37°C in regular medium. The cells
were then washed three times and then incubated in phosphate-free me-
dium containing 100 �Ci of 32Pi per ml. At 24 h after infection, the cells
were harvested, lysed in buffer containing 50 mM Tris (pH 8.0), 200 mM
NaCl, 1% Triton X-100, and 1 mM sodium orthovanadate, a general
phosphatase inhibitor, for 30 min at 4°C. Soluble extracts obtained by
low-speed centrifugation were allowed to bind to streptavidin-agarose
beads (Millipore, Billerica, MA) for 3 h at 4°C. The beads were washed
three times with the same buffer, and bound proteins were eluted with
buffer containing D-biotin (1 mg/ml). The proteins were resolved by elec-
trophoresis in 4 to 12% NuPAGE gels and either dried and exposed to
phosphorimager film or blotted onto a nitrocellulose membrane (iBlot;
Life Technologies) for Western blotting as described above.

Electron microscopy. BS-C-1 cells in 60-mm-diameter dishes were
infected with 3 PFU of vFS-A19i virus per cell in the presence or absence of
100 �M isopropyl-�-D-thiogalactopyranoside (IPTG). After 9 or 18 h, the
cells were fixed with 2% glutaraldehyde and embedded in EmBed-182
resin (Electron Microscopy Sciences, Hatfield, PA), or cryosections were
immunogold labeled as described previously (24). The sections were
viewed with a FEI Tecnai Spirit transmission electron microscope (FEI,
Hillboro, OR).

Virus counter. Purified virus samples were analyzed using the virus
counter 2100 (Virocyt, Denver, CO) per the manufacturer’s instructions.
Briefly, purified virus samples were diluted in sample buffer at 1:20 dilu-
tion and subsequent 10-fold dilutions. The diluted sample (200 �l) was
transferred to a Virocyt vial and incubated with 100 �l of Combo dye,
which stains nucleic acids and protein, for 30 min at room temperature in

the dark. Nucleic acid and protein peaks were recorded, and coincident
peaks were defined as virus particles using the Virocyt software.

RESULTS
Expression and localization of the A19 protein. The transcrip-
tional program of A19 was classified as postreplicative intermedi-
ate or intermediate/late based on global screening of VACV pro-
moters by a transfection protocol (8). To confirm protein
expression during virus infection and affinity purify A19 in later
experiments, we generated a recombinant VACV expressing A19
with an N-terminal fused FLAG- and streptavidin-binding (FS)

FIG 1 Expression and characterization of the A19 protein. (A) Schematic
representation of the DNA construct used for generating recombinant vFS-
A19. The FLAG- and streptavidin-binding peptide tag fused at the N terminus
of the A19 ORF (FS) is indicated. The arrows denote the direction of transcrip-
tion. (B) A19 expression. BS-C-1 cells were infected with 3 PFU of vFS-A19 per
cell in the absence or presence of AraC for 24 h. Whole-cell lysates were ana-
lyzed by SDS-PAGE followed by transfer to a nitrocellulose membrane and
Western blotting. Mouse MAbs were used to detect FLAG fused to A19 and
GAPDH, and a rabbit polyclonal antibody to A3 was used to detect the latter
protein. The time after infection (in hours postinfection [hpi]) is shown above
the lanes. M, mock infected. (C) Virion association of A19. BS-C-1 cells were
infected with vFS-A19, and virions were purified from cell extracts (CE) by
centrifugation through a cushion of sucrose (SC) and sucrose density gradient
centrifugation to yield purified virus particles (PV). Fractions from successive
stages of purification were analyzed by SDS-PAGE and Western blotting as
described above for panel B. (D) Detergent extraction of purified virions.
Purified vFS-A19 virions were incubated with buffers containing (�) the com-
ponents (DTT, dithiothreitol) indicated, and soluble (S) and pellet (P) frac-
tions were analyzed by SDS-PAGE and Western blotting with antibodies to
A19 (FLAG), the core protein A3, and the membrane protein L1.
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epitope tag regulated by its natural promoter (Fig. 1A). The tagged
virus formed normal-size plaques, indicating that the additional
amino acids did not adversely affect virus replication. A protein of
approximately the size predicted for the 14.6-kDa FS-A19 fusion
protein was detected by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blotting with anti-
FLAG MAb between 6 and 9 h after infection with vFS-A19, coin-
cident with synthesis of the late A3 protein, which appears as a
doublet due to proteolytic processing (Fig. 1B). At 9 and 12 h,
there appeared to be a minor band migrating slightly slower than
the major FS-A19 band. Inhibition of A19 synthesis by the DNA
replication inhibitor cytosine arabinoside (AraC) confirmed
postreplicative expression (Fig. 1B).

The A19 protein was detected in purified virions (Fig. 1C),
confirming results obtained by mass spectrometry (5). To evaluate

the relative degree of A19 incorporation into virions, we com-
pared the amounts of A19 and A3 (a major core protein) in cell
extracts and two successive purification steps. The relative
amount of A19 recovered in purified virions compared to cell
extract was much less than for A3, suggesting that A19 is a less
abundant component. The virion-associated A19 largely re-
mained in the pellet fraction after extraction with nonionic deter-
gent, suggesting an internal location, although some release oc-
curred with detergent and reducing agent (Fig. 1D).

A19 is phosphorylated. Several VACV proteins are phosphor-
ylated by virus-encoded or cellular kinases, and A19 has multiple
serine and threonine residues. Evidence that A19 is phosphory-
lated was obtained by incubating vFS-A19-infected cells with 32Pi.
The cells were lysed and incubated with streptavidin beads in or-
der to capture the A19 protein. Since A11 is known to be phos-
phorylated (25), vFS-A11-infected cells were labeled and analyzed
in parallel as a positive control. Western blot analysis demon-
strated binding of the two proteins to streptavidin beads (Fig. 2A).
When the samples were analyzed by autoradiography, the pres-
ence of radioactively labeled bands of the expected sizes indicated
that A19 and A11 were phosphorylated, although the latter was
more intense (Fig. 2B).

An F10-inducible virus was employed to determine whether
the VACV-encoded F10 kinase was responsible for A19 phosphor-
ylation. In preliminary experiments, we confirmed the previously
reported (26) IPTG dependence of F10 expression by this recom-
binant virus. Cells were infected with the inducible virus in the
presence or absence of IPTG and transfected with an FS-A19 ex-

FIG 2 A19 phosphorylation. (A) Western blot analysis. BS-C-1 cells were
infected with vFS-A11 and vFS-A19 in the presence of 100 �Ci/ml 32Pi. After
18 h, the cells were lysed, and the soluble extract was bound to streptavidin-
agarose beads. Bound proteins were eluted with biotin and analyzed by SDS-
PAGE and Western blotting using anti-FLAG antibodies. The positions and
masses (in kilodaltons) of marker proteins are shown to the right of the gel. (B)
Same as panel A except that the gels were dried and exposed to a phosphor-
imager screen. (C and D) Repression of F10 kinase. BS-C-1 cells were infected
with vT7LacOI (T7) or vF10-V5i in the absence (F10�) and presence (F10�)
of IPTG. After 1 h of adsorption, the cells were transfected with an FS-A19-
expressing plasmid for an additional 18 h. Cells were lysed, and FS-A19 was
affinity purified using streptavidin-agarose beads. The A19 protein and phos-
phorylation were detected by Western blotting (C) and phosphorimager anal-
ysis (D), respectively.

FIG 3 Construction of A19-inducible virus. (A) Schematic representations of
portions of the VACV genome in vFS-A19i. Abbreviations: T7pol, bacterio-
phage T7 RNA polymerase ORF; LacI, E. coli lac repressor ORF; GFP, green
fluorescent protein ORF; DsRED, red fluorescent protein ORF; P11, VACV
late promoter; P7.5, VACV early/late promoter; PT7, bacteriophage T7 pro-
moter; lacO, lac operator, EMC, encephalomyocarditis virus cap-independent
translation enhancer element; FS, fused FLAG and streptavidin epitope tags.
J2R, A19L, and A56R refer to the ORFs that were deleted or interrupted by
insertion of DNA. The arrows show the direction of transcription. (B) Plaque
formation of A19-inducible virus. BS-C-1 cells were infected with vFS-A19i in
the absence (�) and presence (�) of 100 �M IPTG for 48 h. The plaques were
visualized by staining with crystal violet or by GFP fluorescence. A single flu-
orescent plaque is shown at high magnification.
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pression plasmid. Upon labeling with 32Pi, A19 was captured with
streptavidin-agarose beads and analyzed by SDS-PAGE. The au-
toradiograph revealed that the phosphorylation of A19 was inde-
pendent of F10 expression (Fig. 2C and D).

A19 is essential for VACV replication. To determine whether
A19 is required for replication, we modified the pVOTE system,
which enables a gene to be placed under the stringent control of
the Escherichia coli lac operator (18). The parent VACV for this
system is vT7LacOI, which expresses the bacteriophage T7 RNA
polymerase regulated by a VACV late promoter and the E. coli lac
operator and constitutively expresses the E. coli lac repressor. The
FS-A19 gene under the control of a T7 promoter and lac operator
was inserted into a modified pVOTE vector that contained the
DsRED ORF regulated by the VACV P11 late promoter flanked by
segments of the A56R gene. The plasmid was transfected into cells
that had been infected with vT7LacOI virus. Recombinant virus
plaques were identified and isolated by screening for red fluores-
cence. In the next step, homologous recombination was used to
replace the original A19L ORF with GFP regulated by the P11
promoter using a similar screening procedure (Fig. 3A). The final
virus vFS-A19i, containing only an inducible copy of A19, was
clonally purified in the presence of the inducer IPTG.

The requirement of A19 for VACV replication was ascertained
by infecting BS-C-1 cells with vFS-A19i in the presence and ab-
sence of 100 �M IPTG. Plaques similar in size to the parental virus
formed in the presence of the inducer, whereas plaques were pin-

point in size in the absence of inducer (Fig. 3B). A defect in plaque
formation could be due to failure of virus replication or spread. To
distinguish between these steps, virus yields were determined un-
der synchronous infection conditions. BS-C-1 cells were infected
with vFS-A19i in medium containing a range of IPTG concentra-
tions, since in some cases excess inducer can have a negative effect.
The expression of A19 was determined by Western blotting, and
virus yields were measured by determining plaque numbers in
BS-C-1 cells in the presence of 100 �M IPTG. A19 was undetect-
able in the absence of IPTG and increased between 20 and 80 �M
(Fig. 4A). From 0 to 20 �M IPTG, the virus yield increased by
nearly 2 log units and then plateaued with higher IPTG concen-
trations (Fig. 4A). Virus replication increased between 6 and 24 h
after infection under one-step growth conditions in the presence
of 100 �M IPTG (Fig. 4B). Following the eclipse period, only a
slight increase in virus yield occurred in the absence of added
IPTG (Fig. 4B). Thus, repressions of A19 synthesis and virus rep-
lication were IPTG dependent.

A trans-complementation experiment was carried out to con-
firm the specific role of A19 and rule out neighboring gene effects.
Cells were infected with vFS-A19i in the absence of IPTG and
transfected with a plasmid containing the FS-A19 ORF with its
natural promoter or a control plasmid FS-H7, encoding a protein
needed for viral membrane formation, with its natural promoter.
An increase in virus yield was obtained with FS-A19, but it did not
reach the level of the control with IPTG (Fig. 4C) as usual in such

FIG 4 Dependence of virus replication on A19 synthesis. (A) IPTG dependence. BS-C-1 cells were infected with FS-A19i in the presence of the indicated
concentration of IPTG. Virus yields were determined after 24 h by titration on BS-C-1 cells in the presence of 100 �M IPTG (top). In a parallel experiment, A19
synthesis was determined by Western blotting with anti-FLAG antibodies (bottom). (B) One-step growth curve. BS-C-1 cells were infected with 3 PFU per cell
of vFS-A19i in the absence or presence of 100 �M IPTG. Virus yields were determined as described above for panel A at the indicated times after infection. (C)
trans-Complementation. BS-C-1 cells were infected with vFS-A19i in the absence of IPTG and transfected with plasmids expressing FS-H7 or FS-A19 from their
natural promoters. Complementation efficiency was determined by plaque assay as described above for panel A. (D) Western blot analysis. Samples used in panel
C were analyzed for protein by Western blotting with anti-FLAG antibody.
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experiments. Transfection of the FS-H7 plasmid had no effect on
virus yield (Fig. 4C), although FS-H7 was expressed (Fig. 4D).

Viral protein synthesis and processing. Because of the shut-
down of host protein synthesis, VACV proteins can be detected by
radioactive amino acid pulse-labeling at 6 or more hours after
infection. Pulse-labeling at 8 h after infection indicated that viral
protein synthesis was similar in cells infected with vFS-A19i in the
presence and absence of inducer (Fig. 5A). The labeled cells were
resuspended in fresh medium, and incubation was continued to
determine whether there was a defect in proteolytic processing of
certain proteins, which can reveal a morphogenesis defect (12).
For a control, cells were infected with the parental virus vT7LacOI
in the absence or presence of rifampin, a drug known to inhibit
morphogenesis at an early stage of viral membrane formation (27,
28), and also pulse-labeled. Cell lysates, obtained following the
pulse and chase, were analyzed by SDS-PAGE and autoradiogra-
phy. Inspection of the autoradiographs revealed several altera-
tions in the intensity of bands following the chase, the most no-

ticeable change indicated by the arrow in Fig. 5A corresponded to
the processed form of A3. The appearance of this band was largely
inhibited in the presence of rifampin and partially reduced in the
absence of IPTG compared to the presence of IPTG. Western blot-
ting showed a relatively small effect of A19 repression on A3 pro-
cessing, compared to the greater effect of rifampin (Fig. 5B). Un-
processed and processed forms of the A17 protein were detected in
the presence and absence of IPTG (Fig. 5B). These data suggested
that A19 might be involved in core morphogenesis.

A19 is required for the transition of IVs to infectious MVs. To
determine whether morphogenesis is dependent on A19 expres-
sion, vFS-A19i-infected cells were analyzed by transmission elec-
tron microscopy. Low- and high-magnification images are shown
in Fig. 6. Cells infected with vFS-A19i for 9 h in the presence of
IPTG had all morphological forms that are normally observed
with wild-type virus (Fig. 6A). Cells infected in the absence of
IPTG had crescent-shaped membranes and IVs. Although nucle-
oids could be discerned in some IVs, in about half of the cases they
appeared abnormal looking and were surrounded by low electron
density. Most striking, however, was the absence of the barrel-
shaped MVs and the presence of numerous dense spherical parti-
cles (Fig. 6B). The failure to form fully mature particles in the
absence of IPTG was not merely due to a delay since the differ-
ences between the characteristics seen in the presence and absence
of IPTG persisted even when samples obtained at 18 h after infec-
tion were analyzed (Fig. 6C and D). Occasional dense spherical
particles were found wrapped in membranes and exocytosed, sim-
ilar to that of normal extracellular enveloped virions (EVs) (Fig.
6B, inset, and D). The numbers and types of different particles
present at 9 and 18 h after infection in the presence and absence of
IPTG were enumerated (Table 1).

Removal of D13 from spherical, dense particles. The spheri-
cal shape of IVs is maintained by a honeycomb lattice, comprised
of D13 trimers (11, 29). Removal of the scaffold is coincident with
processing of the A17 membrane protein by the I7 protease, pre-
ceding further steps in morphogenesis (14). Immunoelectron mi-
croscopy was carried out to determine whether the spherical,
dense A19-deficient (A19�) particles retained D13. Cells infected
with vFS-A19i in the presence or absence of IPTG were cryosec-
tioned and probed with antibody to D13 followed by gold spheres
conjugated to protein A. In the presence of IPTG, the gold spheres
heavily decorated the IVs (Fig. 7A), but few grains were observed
on MVs (Fig. 7B). Gold spheres also decorated the IVs formed in
the absence of IPTG (Fig. 7C) but were largely absent from the
dense, spherical particles (Fig. 7D). This result was consistent with
processing of the A17 membrane protein and disruption of the
D13 scaffold.

Comparison of A19� and A19� virus particles. Virus particles
were purified from cells infected with vFS-A19i in the presence
and absence of IPTG in order to compare their infectivity and
protein content. The purified virus particles were characterized
and quantified with a virus counter, which is a specialized dual-
channel flow cytometer that scores the coincidence of particles
containing DNA and protein (Table 2). Analysis of the data indi-
cated that the two preparations had similar numbers of particles
per milliliter containing both DNA and protein with similar aver-
age peak heights. However, when we compared the specific infec-
tivities of A19� and A19-containing (A19�) virions, the former
were more than 100-fold-less infectious (Table 3).

The A19� and A19� virus particles were analyzed by SDS-

FIG 5 Viral protein synthesis and processing. (A) Pulse-chase analysis.
BS-C-1 cells were infected with parental vT7LacOI in the absence (�) or pres-
ence (�) of 100 �g/ml rifampin (Rif) or vFS-A19i virus in the absence (�) or
presence (�) of 100 �M IPTG for 8 h. The cells were pulse-labeled with
[35S]methionine and [35S]cysteine for 15 min and either harvested immedi-
ately or chased for an additional 16 h. Proteins in the whole-cell lysates were
resolved by SDS-PAGE, and the dried gels were exposed to phosphorimager
screens. P and C denote pulse and chase, respectively. The arrow points to the
processed A3 protein. (B) Western blot analysis. BS-C-1 cells were infected
with vT7LacOI or vFS-A19i for 18 h. Lysates were analyzed by SDS-PAGE and
Western blotting with antibodies to FLAG (A19), A3, A17, and GAPDH.
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FIG 6 Electron micrographs of vFS-A19i-infected cells. (A to D) BS-C-1 cells were infected with vFS-A19i at 3 PFU per cell in the presence (A and C) or absence
(B and D) of IPTG. After 9 h (A and B) or 18 h (C and D), the cells were fixed and embedded, and thin sections were prepared for transmission electron
microscopy. Abbreviations: IV, immature virion; nu, nucleoid; MV, mature virion; WV, wrapped virion; EV, extracellular enveloped virion; D, dense spherical
particle; c, crescent; DEV, dense EV-like particle. The inset in panel B shows examples of EV-like dense, spherical particles protruding from the cell surface.
Magnification is indicated by the bar at the bottom left-hand corner of each panel.
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PAGE. The protein patterns visualized by staining with Coomas-
sie blue dye appeared similar (Fig. 8A). Samples from the cell
lysate, sucrose cushion, and sucrose gradient centrifugation steps
were further analyzed by Western blotting. Virus particles made in
the absence of IPTG lacked A19, whereas those made in the pres-
ence of IPTG contained A19 as expected (Fig. 8B). We analyzed
two additional core proteins, A3 and I7, and two membrane pro-
teins, F9 and A17, as well as the scaffold protein D13. The major
core protein A3 was present in virus particles made in the presence
and absence of IPTG (Fig. 8B). Both the precursor (top) and
cleaved (bottom) form of A3 were present in the A19� and A19�

virus particles, but the relative amounts of precursor were higher
in the latter. The I7 protein, which is the protease responsible for
A3 cleavage, was detected in both preparations (Fig. 8B). There
were similar amounts of unprocessed and processed A17 associ-
ated with the A19� and A19� virus particles (Fig. 8B). A17 is also
cleaved by I7 but at an earlier stage of morphogenesis than A3. The
F9 membrane protein, involved in cell entry, was also present in
A19� and A19� particles. Similar small amounts of residual D13,
which forms a honeycomb lattice on the exterior of immature
virions, were detected in the A19� and A19� particle preparations
(Fig. 8B). Thus, protein contents of A19� and A19� virus particles
appeared to be similar.

TABLE 1 Structures in the presence and absence of A19 proteina

Virus structure

No. of viral structures at the indicated time
after infection:

9 h 18 h

�IPTG �IPTG �IPTG �IPTG

Crescent-shaped membrane
structure

203 155 600 473

Immature virion 394 420 1,383 883
Immature virion �

nucleoid
103 51 55 44

Mature virion 47 0 55 0
Dense particle 1 8 5 99
Wrapped mature virion 46 0 593 0
Wrapped dense particle 0 2 0 16
Extracellular mature virion 62 0 190 4
Extracellular dense particle 0 3 0 95
a HeLa cells were infected with 3 PFU/cell of vA19i in the presence (�) or absence (�)
of IPTG for 9 and 18 h. Samples were prepared for transmission electron microscopy,
and a thin section of 50 cells of each sample was examined. The numbers and types of
structures are indicated.

FIG 7 Absence of D13 on dense spherical virus particles. (A to D) BS-C-1 cells were infected with 5 PFU of vFS-A19i per cell in the presence (A and B) or absence
(C and D) of IPTG for 18 h. Cells were fixed, embedded, and stained with antibodies against D13 protein followed by protein A conjugated to gold spheres. Fields
with IVs (A and C) and MVs (B) and dense spherical particles (D) are shown.
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DISCUSSION

Except for the A19 protein, the proteins encoded by previously
annotated ORFs that are conserved in all chordopoxviruses (2)
have been characterized to different degrees. Here, we demon-
strated that the A19L ORF encodes a protein that is phosphory-
lated and expressed following viral DNA replication. A cellular
enzyme probably carried out phosphorylation, since this modifi-
cation was not dependent on the VACV-encoded F10 kinase. Al-
though A19 was detected in purified virions, it was not enriched
relative to the amount in the cytoplasm, as was the abundant core
protein A3, suggesting that it is a minor component in agreement
with a previous mass spectrometry analysis (5).

A requirement of A19 for VACV replication was determined by
constructing a recombinant virus with the ORF under stringent E.
coli lac operator control. The recombinant virus exhibited a con-
ditional lethal phenotype: A19 synthesis, plaque formation, and
production of infectious virus were dependent on the addition of
inducer. In the absence of A19, the early stages of morphogenesis
appeared normal, but electron-dense spherical particles accumu-
lated instead of barrel-shaped virions. The A19� and A19� par-
ticles were purified by sucrose gradient centrifugation and ap-
peared to have similar ratios of DNA to protein, as determined
using a specialized virus flow cytometer. Nevertheless, the spe-
cific activity of the A19� particles was more than 2 log units
lower than that of A19� virions. Despite the absence of A19, the
virus particles appeared to have a full complement of the major
proteins as judged by Coomassie blue staining of SDS-poly-
acrylamide gels and Western blotting of representative pro-
teins. There was, however, partial impairment in processing of
core proteins as found for other morphogenesis mutants and
consistent with the electron microscopic images. Nevertheless,
the I7 protease, which is responsible for processing of core
proteins, was detected by Western blotting in both A19� and
A19� particles. Apparently a proper structure is needed for
efficient I7 protease activity on core proteins.

A honeycomb lattice, comprised of D13 trimers, is thought to
impose the spherical shape on IVs (10, 11, 30). This scaffold is
normally lost during succeeding steps of maturation (22, 31, 32).

The I7 protease is responsible for cleaving the A17 membrane
protein, and repression of I7 synthesis leads to the formation of
dense spherical particles that retain D13 (14). Although repression
of A19 also resulted in the accumulation of electron-dense spher-
ical particles, very little D13 was retained. This result was similar to
that found for dense spherical particles that form when G1 protein
is repressed (14). Thus, disruption of the D13 honeycomb lattice is
necessary but not sufficient for the transition of IVs to barrel-
shaped MVs. The observation that some aberrant particles were
wrapped and exocytosed, which has also been found for other core
protein mutants (33), suggests a normal complement of mem-
brane proteins on their surface.

TABLE 2 Data from virus counter

Parametera

Value for parameter

A19� particles A19� particles

NA event counts 11,745 9,976
Protein event counts 8,428 6,651
Simultaneous event counts 8,380 6,611
Avg peak ht NA 2.79 3.06
Avg peak ht protein 1.77 1.67
No. of virus particles/ml 2.1 � 107 1.7 � 107

a NA, nucleic acid.

TABLE 3 Specific infectivity of virus particles

Virus
particle

No. of
PFU/mla

No. of
particles/PFUb

A19� 4.37 � 107 2.75 � 104

A19� 5.84 � 109 2.05 � 102

a Determined by plaque assay.
b Determined by optical density.

FIG 8 Analysis of proteins associated with purified virus particles. (A) SDS-
PAGE. Equal amounts of sucrose gradient-purified A19� and A19� virus par-
ticles were analyzed by SDS-PAGE and stained with Coomassie blue. The
positions of molecular mass markers (in kilodaltons) are indicated to the right
of the gel. (B) Western blots. Cells infected with vFS-A19i virus in the presence
and absence of IPTG were lysed, and virus particles were purified by centrifu-
gation through a sucrose cushion and sucrose gradient. Samples were analyzed
by Western blotting with antibodies to A19 (FLAG), A3, A17, F9, D13, and I7.
Abbreviations: SC, pellet after centrifugation through a sucrose cushion; PV,
purified virus particles following sucrose gradient centrifugation.

TABLE 4 Mutants that produce spherical, dense staining virus particles

ORF Mutation(s)a

DNA
packagedb Role Reference(s)

I7L I, ts � Cysteine protease 23, 40, 41
G1L I � Putative

metalloprotease
42, 43

A12L I � Not determined 44
G5R D � Double-strand break

repair
37

A32 I � DNA packaging
ATPase

34

A22R I � HJ resolvase 36
I6L ts � Telomere binding 35
D6R I � Early transcription

factor
38

A8R I � Early transcription
factor

39

a I, inducible; ts, temperature sensitive; D, deletion.
b �, DNA packaged; �, DNA not packaged.
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Electron-dense spherical particles, which resemble to different
degrees those produced by repression of A19 synthesis, have also
been shown to accumulate during infection with other condi-
tional lethal mutants under nonpermissive conditions (Table 4).
Unlike the A19 mutant, defective virions resulting from the ab-
sence of A32 (34), I6 (35), A22 (36), and G5 (37) lack DNA. In
other cases, the aberrant particles caused by mutation or absence
of D6 (38), A3 (33), A7 (39), I7 (23, 40, 41), G1 (42, 43), and A12
(44) contain the viral genome. The above proteins have a spec-
trum of roles with a common feature that they are incorporated
into the virus core. An association between A12 and A19 was dem-
onstrated by a genome-wide yeast two-hybrid screen (4). In the
accompanying report (45), we describe interactions of A19 with
additional proteins.
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