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A short sequence, located between the A14L and A15L open reading frames (ORFs) of vaccinia virus, was
predicted to encode a hydrophobic protein of 53 amino acids that is conserved in orthopoxviruses, leporipox-
viruses, yatapoxiruses, and molluscipoxviruses. We constructed a recombinant vaccinia virus with a 10-codon
epitope tag appended to the C terminus of the A14.5L ORF. Synthesis of the tagged protein occurred at late
times and was blocked by an inhibitor of DNA replication, consistent with regulation by a predicted late
promoter just upstream of the A14.5L ORF. Hydrophobicity of the protein was demonstrated by extraction into
the detergent phase of Triton X-114. The protein was associated with purified vaccinia virus particles and with
membranes of immature and mature virions that were visualized by electron microscopy of infected cells.
Efficient release of the protein from purified virions occurred after treatment with a nonionic detergent and
reducing agent. A mutant virus, in which the A14.5L ORF was largely deleted, produced normal-size plaques
in several cell lines, and the yields of infectious intra- and extracellular viruses were similar to those of the
parent. In contrast, with a mouse model, mutant viruses with the A14.5L ORF largely deleted were attenuated
relative to that of the parental virus or a mutant virus with a restored A14.5L gene.

The poxviruses, of which vaccinia virus is the prototype, are
large, enveloped, DNA viruses that replicate in the cytoplasm
of infected cells (19). Analysis of the genome of vaccinia virus
revealed approximately 200 largely nonoverlapping open read-
ing frames (ORFs) of at least 60 amino acids (12). The lower
limit for the number of amino acids, however, was arbitrary,
and some shorter ORFs may be significant. For example, in the
sequenced Copenhagen strain of vaccinia virus, the ORF en-
coding one of the RNA polymerase subunits was less than 60
amino acids, although it is 63 amino acids long in the WR
strain (2). More recently, an analysis of the genome of mol-
luscum contagiosum virus revealed two nonoverlapping ORFs
that are conserved in orthopoxviruses and are predicted to
encode hydrophobic proteins of less than 60 amino acids (24).
In vaccinia virus, one of these putative membrane proteins is
53 amino acids long and is located between ORFs A14L and
A15L. This short ORF, named A14.5L, is the subject of the
present study.

Poxviruses assemble two types of membranes that form the
outer layers of the intracellular mature virion (IMV) and the
extracellular enveloped virion (EEV). Thus far, 11 vaccinia
virus proteins have been reported to be associated with the
IMV membrane (16, 28), and 6 have been associated with the
EEV membrane (8, 11, 13, 15, 21–23). Here, we demonstrated
that the A14.5L ORF was expressed at late times after vaccinia
virus infection and the protein product was incorporated into
the IMV membrane. Although the protein was not essential

for vaccinia virus replication in tissue culture cells, deletion of
the ORF reduced the virulence of vaccinia virus in mice.

MATERIALS AND METHODS

Cells and viruses. CV-1 (ATCC CCL-70) and BS-C-1 (ATCC CCL-26) cells
were grown in Earle’s minimal essential medium (Quality Biologicals, Inc.)
containing 10% fetal bovine serum in a 5% CO2 atmosphere at 37°C. Vaccinia
virus strain WR (ATCC VR-1354) and recombinant vaccinia virus vT7lacOI (1)
were propagated in HeLa cells as previously described (9).

Plasmids. The A14.5L ORF, modified to contain an NdeI restriction endonu-
clease site at the initiation codon and the influenza virus hemagglutinin (HA)
epitope tag sequence YPYDVPDYAS followed by a termination signal and a
BamHI site, was generated by PCR with vaccinia virus genomic DNA and
oligonucleotide primers TB27 (GGGGGGGGGCATATGATAAGTAATTAC
GAGCCGTTGC) and TB15 (GGGGGATCCTTAAGATGCATAGTCAGGA
ACGTCATAAGGATAAATCGCCGAATGAACAAAG). The PCR product
was cut with NdeI and BamHI and inserted into the corresponding sites in
plasmid pVOTE.2 (30) to produce plasmid pVote-27.

A 518-bp PCR product corresponding to the downstream-flanking region of
the A14.5L gene (right flank) was produced from viral genomic DNA with
primers TB17 (GGGACTAGTAACGTTAACTCTTTAGCGTTAAAAAATTC
CCAAGCGG) and TB18 (GGGGTCGACCGGCTCGTAATTACTTATCATT
TACTAGACG), which contain SpeI and SalI sites, respectively, at the 59 ends.
The left end of the right flank was 21 bp upstream of the A14.5L initiation codon
and included the stop codon of the A15L gene. This fragment was cloned into
SpeI and SalI sites of plasmid pZIPPY, which contains Escherichia coli neomycin
resistance (neo) and b-glucuronidase (gus) genes regulated by vaccinia virus
promoters and flanked by multiple cloning sites (a gift of T. Shors), producing
plasmid pZIPPY-17.

A 586-bp PCR product corresponding to the region upstream of the A14.5L
gene (right flank) was produced from viral DNA by using primers TB19 (GGG
GAGCTCTTATATGGTTTATATTCCACTTTGTTCATTCGGC) and TB20
(GGGCCGCGGAACTTGGTATTTTTTGGTTCTGGAGGAGGCG), which
contain SstI and SstII sites, at their respective 59 ends. The right end of this flank
region started 57 bp upstream of the A14L initiation codon and included the late
promoter sequences of the A14L gene. This DNA was cloned into pZIPPY-17,
producing plasmid pZIPPY-1719.

A 509-bp PCR product corresponding to the region downstream of the A14.5L
gene (right flank) was produced from viral DNA by using primers TB38 (GGG
GGGACTAGTACATTGGTTGTAATATCTGTTATTTTC) and TB67 (GGG
GGGG TCGAC T TAAGATGCATAG TCAGGAACG TCATAAGGATAAAT
CGCCGAATGAACAAAGTGGAATATAAACC), which contain SpeI and SalI
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sites, respectively, at the 59 ends. The left end of this region contained the HA
epitope sequence followed by the stop codon of the A14.5L gene. This DNA was
inserted into the SpeI and SalI regions of the plasmid pZIPPY, producing
plasmid pZIPPY-67. The left flank sequence, described above, was cloned into
SstI and SstII regions of the plasmid pZIPPY-67, producing plasmid pZIPPY-
6719.

Construction of recombinant viruses. Recombinant viruses were made essen-
tially as described previously, and the genome modifications were confirmed by
PCR (10). vT7lacOI-A14.5LHA (code no. v27) was derived by infection of CV-1
cells with vT7lacOI, transfection with pVOTE-27, and selection with mycophe-
nolic acid. vA14.5LHA (code no. v67) and vA14.5LDneo/gus (code no. v17) were
derived by infecting CV-1 cells with vaccinia virus strain WR and transfecting
them with pZIPPY-6719 and pZIPPY-1719, respectively, selecting for two
rounds of replication in the presence of 2 mg of Geneticin (Gibco Life Tech-
nologies) per ml, and picking plaques that stained blue with 5-bromo-4-chloro-
3-indolyl-b-D-glucuronide (X-Glu). vA14.51 (code no. v207) was derived by
infecting BS-C-1 cells with vA14.5LDneo/gus, transfecting them with a 1,440-bp
PCR product containing the intact A14.5L gene obtained with primers TB149
(TCGATATAATCATCGTAACTGCTTCTAACGG) and TB152 (GTTACAT
GAGTGCACCGACGAATCTAG), and isolating plaques that did not stain with
X-Glu. vA14.5LD (code number vD10) was derived by infecting BS-C-1 cells with
vA14.5LDneo/gus and transfecting them with a 1,327-bp PCR product obtained
with primers TB149 and TB150 (CGTCTAGTAAATGATAAGTAATTTGGT
TTATATTCCACTTTGTTC) and TB152 and TB151 (GAACAAAGTGGAAT
ATAAACCAAATTACTTATCATTTACTAGACG) and then using both prod-
ucts for PCR with primers TB149 and TB152 and isolating plaques that did not
stain with X-Glu.

SDS-PAGE and immunoblotting. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (12.5% polyacrylamide) was performed as de-
scribed previously (17), and proteins were electrophoretically transferred to a
nitrocellulose membrane. The blot was incubated in 5% nonfat milk in phos-
phate-buffered saline (PBS) overnight at 4°C and then for 1 h with monoclonal
antibody (MAb) 12CA5 to the HA epitope tag (Covance, Richmond, Calif.) or
with an antipeptide serum to the predicted N-terminal amino acids of the mature
A17L protein (4) in PBS. The blot was washed three times in PBS before
incubation for 1 h with secondary antibody (antirabbit or antimouse) coupled to
alkaline phosphatase (Sigma) or with 125I-labelled protein A (Amersham Phar-
macia). The blot was washed several times with PBS and developed with the
BCIP-NBT (5-bromo-4-chloro-3-indolylphosphate–nitroblue tetrazolium) phos-
phatase substrate system (Kirkegaard & Perry Laboratories, Inc.) or exposed to
Kodak Biomax MS film.

Analysis of virion extracts. Vaccinia virus virions, purified by sucrose gradient
centrifugation (9) from cells infected with vaccinia virus WR or vA14.5LHA,
were incubated at 37°C for 30 min in 10 mM Tris (pH 7.4) or in 1% NP-40 in 10
mM Tris (pH 7.4) in the presence or absence of 10 mM dithiothreitol. Soluble
and insoluble fractions were separated by centrifugation in a 42.2 Ti rotor at
30,000 3 g for 30 min and resuspended to equal volumes in SDS-containing
sample buffer. Equivalent amounts of each fraction were loaded on a 12.5%
polyacrylamide gel and subjected to electrophoresis. The separated proteins
were transferred to a nitrocellulose membrane and analyzed by Western blotting

with anti-HA MAb 12CA5. The blot was washed and incubated with sheep
anti-mouse antiserum conjugated to horseradish peroxidase (Amersham Life
Sciences) followed by Supersignal West Pico chemiluminescent substrate
(Pierce, Rockford, Ill.). The signal was visualized by exposing the blot to Biomax
ML film (Kodak).

Electron microscopy. BS-C-1 cells were grown in 60-mm-diameter dishes and
infected with either vA14.5LHA or vaccinia virus strain WR at a multiplicity of
infection of 10. After 18 h, the cells were fixed and prepared for freezing as
previously described (33). Ultrathin sections were cut with a Leica/Reichert
Ultracut FSC, collected on formvar-coated grids and stained using standard
protocols. The primary antibody used was mHA.11, a mouse monoclonal immu-
noglobulin G1 (IgG1) to the HA tag (Covance). Grids were subsequently incu-
bated with a secondary antibody, rabbit IgG fraction to whole mouse IgG (Cap-
pel-ICN Pharmaceuticals, Aurora, Ohio), followed by protein A conjugated to
10-nm-diameter colloidal gold particles (Department of Cell Biology, Utrecht
University School of Medicine, Utrecht, The Netherlands). Immunostained sec-
tions were viewed with a Philips CM100 transmission electron microscope.

Determination of virulence in mice. The virulence of vaccinia virus was de-
termined essentially as described previously (18, 29, 32). Groups (n 5 4) of
5-week-old female BALB/c mice weighing between 15 and 20 g were anesthe-
tized and inoculated intranasally with 103 to 106 PFU of purified vaccinia virus
strain WR or mutant viruses in 10 ml of 10 mM Tris-HCl (pH 9.0). Titers of
aliquots of the viruses used for infection were redetermined in order to confirm
the doses administered. Individual animals were weighed daily, and those that
lost greater than 30% of their original body weight were terminated.

RESULTS

Expression of the A14.5L ORF. The 53-amino-acid coding
sequence, located between the vaccinia virus A14L and A15L
ORFs, was designated A14.5L. Analysis of the DNA sequences
of two isolates of vaccinia virus (3, 12), two isolates of variola
major virus (26), and a variola minor virus isolate (27) indi-
cated the presence of ORFs of the same length and sequence
indicating a high degree of conservation among orthopoxvi-
ruses. In addition closely related proteins were predicted to be
encoded by members of other Chordipoxvirus genera, including
two leporipoxviruses (6, 31), a yatapoxvirus (Medline accession
no. AB015885), and a molluscipoxvirus (25) (Fig. 1A). As
indicated in Fig. 1B, the A14.5L protein was predicted to be
largely hydrophobic. Even though such hydrophobic proteins
are usually poorly immunogenic, peptides corresponding to the
N terminus, C terminus, or the short, central, slightly hydro-
philic region were conjugated to keyhole limpet hemocyanin
and used to immunize rabbits. Disappointingly, when blots

FIG. 1. Sequence homology and predicted hydrophobicity of the A14.5L ORF. (A) The sequence of the vaccinia virus (Vac) A14.5L ORF and the identical variola
virus (Var) ORF is shown aligned with the orthologous ORFs of Shope fibroma virus (SFV), myxoma virus (Myx), molluscum contagiosum virus (MCV), and Yaba
monkey tumor virus (Yaba). The numbers correspond to the codons of the longest ORF. (B) Hydrophilicity plot of the vaccinia virus A14.5L ORF.
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containing lysates of vaccinia virus-infected cells were probed
with the antisera, no protein of the expected size was detected.
Therefore, we tried another way to identify the putative
A14.5L protein.

Ten codons representing the influenza virus HA epitope tag
were inserted between the C-terminal and stop codons of the
A14.5L ORF so that the protein product could be detected
with an available MAb. For the initial experiment, an inducible
vaccinia virus expression system (30) was chosen to provide a
high level of protein synthesis, permit the retention of the
unmodified A14.5L ORF in case it was essential, and allow
stringent regulation should the HA-tagged version of the
A14.5L protein exert a dominant-negative effect on virus rep-
lication. The HA-tagged A14.5L ORF was constructed and
amplified by PCR and cloned into the pVOTE.2 transfer vec-
tor (30). The gene was then inserted by homologous recombi-
nation into vaccinia virus vT7lacOI, which contains an induc-
ible copy of the T7 RNA polymerase gene and the E. coli lac
repressor under control of a constitutive early/late promoter
(1). The recombinant virus vT7lacOI-A14.5LHA was isolated
by selection with mycophenolic acid and repeatedly plaque
purified. The genomes of the parental vaccinia virus strain WR
and vT7lacOI-A14.5LHA are represented in Fig. 2A and B,
respectively.

Lysates of cells infected with vT7lacOI-A14.5LHA in the
presence of various concentrations of IPTG (isopropyl-b-D-
thiogalactopyranoside) were subjected to SDS-PAGE and the

proteins were transferred to a membrane and probed with an
anti-HA MAb. An IPTG-inducible polypeptide of 10 kDa was
detected, somewhat larger than the 7 kDa predicted for the
HA-tagged protein (Fig. 3A). Maximal expression occurred at
100 to 200 mM IPTG. The mobility of the A14.5L-HA protein
was unchanged by treatment with endo-F–peptide–N-glycosi-
dase F (Oxford Glycosystem, Rosedale, N.Y.) for 3 h at 37°C
in 1% NP-40, indicating that the potential N-glycosylation site
(NFT, Fig. 1A) was not utilized (data not shown).

The results obtained thus far indicated that the A14.5L-HA
protein could be synthesized in a relatively stable and nontoxic
form from a gene with a T7 promoter in vaccinia virus. The
expression of the ORF under endogenous transcriptional sig-
nals, however, remained to be demonstrated. We noted a typ-
ical late promoter sequence (7) just upstream of the A14.5L
ORF. To determine whether the A14.5L ORF can be ex-
pressed under its natural promoter, another recombinant vac-
cinia virus was constructed in which the HA tag was inserted
between the C-terminal and stop codons of the endogenous
A14.5L ORF so that the gene remained under its own tran-
scriptional and translational regulatory signals. The transfer
plasmid used to append the HA tag also contained the neo and
gus genes between the A14.5L and A14L ORFs, as indicated in
Fig. 2C, to allow selection and detection of the recombinant
virus vA14.5LHA. Positive plaques were picked three times in
succession, and the presence of the HA tag was demonstrated
by PCR. When BS-C-1 cells were infected with vA14.5LHA,

FIG. 2. Representations of parental and recombinant viral genomes. (A) Parental vaccinia virus strain WR. (B) vT7lacOI-A14.5LHA. (C) vA14.5LHA. (D)
vA14.5LDneo/gus. (E) vA14.5LD. (F) vA14.5L1. The vaccinia virus ORFs A14L, A14.5L, and A15L; the antibiotic selection markers neo and gpt; and the reporter gene
gus are indicated above the bars. An arrow below the bar indicates the direction of transcription of each ORF. The symbol // signifies additional portions of the vaccinia
virus genome. vT7lacOI-A14.5LHA contains a T7 RNA polymerase gene, an E. coli lac repressor gene, and a T7 promoter and lac operator regulating expression of
A14.5L-HA, which are not shown. VA14.5L1 is a revertant of vA14.5LDneo/gus and has the same gene arrangement as the parental vaccinia virus.
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the HA-tagged protein was detected at 12 h and accumulated
through 24 h, similar to that of the previously described late
membrane protein A17L (Fig. 3B). Synthesis of the A14.5L-HA
protein was not detected in the presence of a 40-mg/ml con-
centration of AraC, an inhibitor of DNA replication, consis-
tent with late promoter regulation (data not shown). Because
the A14.5L protein was predicted to contain multiple serines
and threonines, as well as one tyrosine, we attempted to label
it with 32Pi; the results, however, were negative, suggesting that
the A14.5L protein is not phosphorylated (data not shown).

Partition of the A14.5L-HA protein in the Triton X-114
detergent phase. The potential of the A14.5L-HA protein to
associate with membranes was evaluated by Triton X-114 par-
titioning (5) of extracts of cells infected with vA14.5LHA.
After temperature-induced phase separation, the location of

the HA-tagged protein was determined by SDS-PAGE and
immunoblotting. As a control, the blot was also probed with
antibody to the previously characterized A17L membrane pro-
tein. Both proteins were detected exclusively in the detergent-
rich phase, indicating sufficient hydrophobicity for membrane
association (Fig. 4).

Association of the A14.5L-HA protein with purified virus
particles. Virus particles, from the lysate and medium of cells
infected with vA14.5LHA, were purified by sedimentation
through a sucrose cushion followed by CsCl gradient centrif-
ugation. Because of additional membranes, the intracellular
enveloped virions (IEV) and EEV have a lower buoyant den-
sity than the IMV. Fractions were collected from the CsCl

FIG. 3. Expression of the HA-tagged A14.5L ORF. (A) Expression of the
epitope-tagged A14.5L protein from an IPTG-inducible bacteriophage T7 pro-
moter. BS-C-1 cells, in a six-well plate, were infected with 10 PFU of vT7lacOI-
A14.5LHA per cell. After 1 h at 37°C, fresh medium containing 0 to 200 mM
IPTG was added to each monolayer. The cells were harvested at 18 h and lysed
in 50 ml of extraction buffer (4), and 20 ml of cleared supernatant was analyzed
by SDS-PAGE and Western blotting with MAb 12CA5 to the HA epitope. (B)
Expression of the epitope-tagged A14.5L protein from the natural A14.5L pro-
moter. A Western blot of lysates from BS-C-1 cells harvested at 2 to 24 h after
infection with vA14.5LHA is shown. BS-C-1 cells were infected with
vA14.5LHA, as in panel A, except that no IPTG was added. At intervals from 2
to 24 h, cells from duplicate wells were harvested and analyzed by Western
blotting with MAb 12CA5 or polyclonal antibody to the A17L protein. The
positions and masses of marker proteins are indicated to the left of each panel.

FIG. 4. Partition of the A14.5L-HA protein in the Triton X-114 detergent
phase. BS-C-1 cells were infected with vA14.5LHA (10 PFU/cell). After 18 h, the
cells were washed with PBS and resuspended in 0.2 ml of 10 mM Tris-HCl, 0.15
M NaCl, and 1% (vol/vol) Triton X-114 (pH 7.4). The phase separation was
carried out as described previously (14). Equal volumes of total extract (T), the
aqueous phase (A), and the detergent phase (D) were analyzed by SDS-PAGE
and Western blotting with MAb 12CA5 or polyclonal antibody to the A17L
protein. The positions and masses of marker proteins are indicated to the left.

FIG. 5. Association of the A14L-HA protein with the membrane fraction of
virus particles. (A) BS-C-1 cells were mock infected or infected with 10 PFU of
vA14.5LHA per cell. After 18 h, the medium was harvested, and the cells were
disrupted with a Dounce homogenizer. Virus particles were purified by sedimen-
tation through a sucrose cushion and CsCl centrifugation (23). The virus band
was diluted with Tris-HCl (pH 9), collected by centrifugation, and resuspended
in Tris buffer. The lysates of mock-infected cells (U) or infected cells (I) were
analyzed in parallel with CsCl gradient fractions by SDS-PAGE and Western
blotting with MAb 12CA5 (a-HA) or polyclonal antibody to the A34R protein
(a-A34R) or A17L protein (a-A17R). Fractions containing IMV and IEV or
EEV are indicated. Small differences in the electrophoretic mobilities of proteins
from lysates and CsCl gradients could be due to the ionic strengths. The bands
corresponding to A14.5L-HA, A34R, and A17L are indicated by asterisks. The
positions and masses of marker proteins are indicated to the left. (B) Vaccinia
virions, purified by sucrose gradient centrifugation (9) from cells infected with
vaccinia virus WR or vA14.5LHA, were incubated with 10 mM Tris (pH 7.4) or
1% NP-40 in 10 mM Tris (pH 7.4) in the presence or absence of 10 mM
dithiothreitol. Soluble (S) and insoluble (P) fractions were separated by centrif-
ugation and resuspended to equal volumes in SDS-containing sample buffer. An
equivalent amount of each fraction was subjected to electrophoresis, and the
separated proteins were transferred to a membrane and analyzed by Western
blotting with anti-HA MAb 12CA5.
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FIG. 6. Immunogold labeling of viral membranes with antibody to the HA tag. BSC-1 cells that had been infected with vA14.5L-HA for 24 h were fixed in
paraformaldehyde, cryosectioned, and incubated with a mouse MAb to the HA tag, rabbit IgG to mouse IgG, and then with 10-nm-diameter gold particles conjugated
to protein A. Electron microscopic images are shown with a 500-nm marker. (A) Field containing large numbers of IEV. (B) Field containing large numbers of
immature virons. Arrows point to examples of gold particles.
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gradient and the fractions corresponding in density to IMV
and IEV or EEV were analyzed by Western blotting after
SDS-PAGE. Replicate samples were probed with antibodies to
the HA tag, the A34R EEV membrane protein, and the A17L
IMV membrane protein. The A14.5L-HA protein, like the
A17L protein, was in both the IMV and IEV or EEV, whereas
the A34R protein was only in the latter (Fig. 5A). Since IMV
proteins are also present in EEV, these data suggested that the
A14.5L protein is a component of the IMV.

Membrane proteins can usually be extracted from purified
vaccinia virions with either a nonionic detergent or a combi-
nation of detergent and reducing agent. The A14.5L protein
required dithiothreitol in addition to NP-40 for efficient re-
lease into the supernatant fraction (Fig. 5B).

Immunogold electron microscopy. The localization of the
A14.5L-HA protein was further investigated by successively
incubating ultrathin sections of infected BS-C-1 cells with an
anti-HA MAb, a secondary antibody to mouse IgG, and pro-
tein A conjugated to colloidal gold. As expected, clusters of
immature virions were typically found in virus factory areas
near the nucleus, whereas IMV and IEV were in more periph-
eral parts of the cytoplasm. The gold particles were associated
with the membranes of both the mature (Fig. 6A) and imma-
ture (Fig. 6B) virions. In control cells infected with vaccinia
virus lacking the HA-tagged A14.5L ORF, only occasional,
widely dispersed gold particles were detected (data not
shown).

The A14.5L ORF is nonessential for replication in vitro. To
determine whether the A14.5L ORF is essential for vaccinia
virus replication, a recombinant virus, vA14.5LDneo/gus, was
constructed (Fig. 2D). The A14.5L ORF was deleted, except
for 23 and 47 bp at either end, and replaced with the neo and
gus genes. The recombinant virus was isolated by antibiotic
selection and detected by staining with X-Glu. Deletion of the
A14.5L ORF was confirmed by PCR analysis (data not shown).

The vA14.5LDneo/gus virus formed normal-size plaques in a
variety of cell lines (monkey BS-C-1 and CV-1, human
TK2143B and A549, rabbit kidney 13, and baby hamster kid-
ney 21 cells). Moreover, the yields of intra- and extracellular
vA14.5LDneo/gus and the parental strain WR virus were sim-
ilar in BS-C-1 cells (Fig. 7). Thus, the A14.5L protein is non-
essential for vaccinia virus replication in those tissue culture
cells examined.

Effect of the A14.5L deletion on the virulence of vaccinia
virus for mice. When administered intranasally, the WR strain
of vaccinia virus causes weight loss and death in BALB/c mice.
Initial experiments indicated that vA14.5LDneo/gus was signif-
icantly attenuated in this respect. Although this finding sug-
gested that the A14.5L gene was required for virulence, we
needed to rule out other explanations. To eliminate the pos-
sibility that expression of the neo and gus genes was attenuat-
ing, either because of the gene products themselves or polar
effects on expression of neighboring genes, the neo and gus
genes were deleted from vA14.5LDneo/gus without restoring
the A14.5L ORF. Plaques that did not stain blue were purified,
and the loss of the neo and gus genes was confirmed by PCR.
This mutant virus, called vA14.5LD, retained only 13 bp of the
start and 37 bp of the end of the A14.5L ORF (Fig. 2E).
Because of the large size of the vaccinia virus genome, we also
considered that vA14.5LDneo/gus might have an unrelated
attenuating mutation. To rule this out, vA14.5L1 with a re-
stored A14.5L ORF was constructed from vA14.5LDneo/gus
by recombination (Fig. 2F). Again, plaques that did not stain
blue were purified, and an intact A14.5L gene was confirmed
by PCR.

Groups of 5-week-old female BALB/c mice were anesthe-
tized and inoculated intranasally with diluent or with 103 to 106

PFU of vaccinia virus strain WR, vA14.5LDneo/gus, vA14.5LD,
or vA14.5L1. Of these viruses, WR and vA14.5L1 contained
the A14.5L gene whereas vA14.5LDneo/gus and vA14.5LD did
not. The virulence of the different viruses was assessed by loss
of weight and death, which occurred between 7 and 10 days
after infection. With viruses containing A14.5L, deaths were
noted at 104 PFU, and a majority or all of the mice were
deceased at 105 PFU and above (Fig. 8A). With viruses lacking
A14.5L, deaths were first noted at 106 PFU (Fig. 8A). Corre-
spondingly, more severe weight losses occurred in mice in-
fected with viruses containing A14.5L than with viruses lacking
A14.5L. The weight changes for the 103-PFU challenges, which
were nonlethal for all groups, are shown in Fig. 8B. The gains
in the mean weights of the mice infected with vA14.5LDneo/
gus or vA14.5LD virus were similar to those of uninfected
controls, whereas the mice infected with intact A14.5L genes
suffered appreciable weight losses (Fig. 8B). Although some
weight loss occurred when 104 or 105 PFU of the viruses lack-
ing A14.5L was administered, by day 12, the weights had re-
bounded and approached or exceeded the levels at the start of
the experiment (data not shown).

DISCUSSION

Comparative genomics is useful for identifying short ORFs
that can be overlooked when analyzing a large poxvirus ge-
nome. Thus, the potential significance of the A14.5L ORF of
vaccinia virus and other orthopoxviruses was first appreciated
when a homologous ORF with typical late promoter sequences
was detected in a distantly related poxvirus (25). Further anal-
ysis indicated that orthologous genes are present in all verte-
brate poxviruses examined, including orthopoxviruses, lepori-
poxviruses, yatapxoviruses, and molluscipox viruses. Here, we
have shown that the 53-amino-acid ORF was expressed under

FIG. 7. Replication of an A14.5L deletion mutant. B-SC-1 cells in a six-well
plate were inoculated with 10 PFU of vaccinia virus strain WR or vA14.5LDneo/
gus per cell for 1 h at 37°C. The cells were then washed twice with medium. At
appropriate times, the medium was removed and saved, and the cells were
harvested by scraping. The media and cells were centrifuged, and the virus titers
in the supernatants of the former (dashed lines) and the pellets of the latter
(solid lines) were determined by plaque assay on BS-C-1 cells.
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its natural promoter as a viral membrane protein and that
deletion of the ORF attenuated the virulence of vaccinia virus
for mice.

Our inability to generate an antibody to the extremely hy-
drophobic A14.5L protein made it necessary to rely on a short
epitope tag which was added between the C-terminal and stop
codons of the A14.5L ORF. Since neither transcriptional nor
translational signals were altered by this addition and the ORF
remained in its original location within the genome, we are
confident that the late expression of the epitope-tagged protein
accurately reflected the temporal expression of the unmodified
one. Moreover, the tagged protein was specifically incorpo-
rated into virus particles.

The hydrophobic nature of the A14.5L protein was pre-
dicted from its amino acid composition and confirmed by Tri-
ton X-114 phase partitioning. When infected cells were cryo-
sectioned, immunostained, and examined by electron
microscopy, the protein A-conjugated gold particles were
found in association with immature and mature virus particles,
usually on or adjacent to the membrane envelope. Although
there is an N-terminal hydrophobic segment, it was not pre-
dicted to be a signal peptide (20), and further studies are
needed to determine the topology of the A14.5L protein.

The conservation of the A14.5L ORF among distantly re-
lated poxviruses, its expression during vaccinia virus infection,
and the association of the protein with the membranes of virus
particles suggested that it has a significant role and is not a
useless remnant of some longer ancestral ORF. Nevertheless,
deletion of the A14.5L ORF had no discernible effect on
plaque size or virus yield in tissue culture cells. This result was
not too surprising, because poxviruses have many genes that
are not essential in tissue culture. In some cases, however, the
gene deletions decrease virulence in animal models. Our initial
studies indicated that the deletion mutant vA14.5LDneo/gus
was attenuated, compared to the parental vaccinia virus strain
WR, when administered intranasally to mice. To be sure that
the effect was due to the deletion of the A14.5L gene, two
additional recombinant viruses were made: one had the neo

and gus genes removed from the site of the deletion, and the
other had the A14.5L ORF fully restored. The viruses WR and
vA14.5L1 with the A14.5L gene present caused significantly
more weight loss and death than the viruses vA14.5LDneo/gus
and vA14.5LD with the A14.5L gene deleted. Whether the
A14.5L membrane protein enhances virus replication and dis-
semination in vivo or protects the virus against innate or ac-
quired immune responses remains to be determined.
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