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Reverse Genetics Analysis of Poxvirus Intermediate Transcription

Factors
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Vaccinia virus transcription is regulated in three stages. An intermediate transcription factor, comprised of virus-encoded poly-
peptides A8 and A23, was previously identified by in vitro analyses. To investigate its role, we engineered cells that stably ex-
pressed both subunits and complemented the replication of A8 and A23 deletion mutant viruses. Without A8 or A23, viral early
gene expression and DNA replication occurred but intermediate and late gene expression and resolution of genome concatemers

were not detected.

oxviruses are large double-stranded DNA viruses that repro-

duce within the cytoplasm of eukaryotic cells (14). Their abil-
ity to replicate outside the nucleus is dependent on the expression
of viral proteins that enable DNA synthesis and transcription. The
transcriptional program is divided into early, intermediate, and
late stages regulated by stage-specific promoters and transcription
factors in concert with a multisubunit RNA polymerase. Recent
studies suggest that there are 118 early, 53 intermediate, and 38
late genes, although some have multistage promoters (22-24).
The enzymes and factors required for early transcription are syn-
thesized late in infection and packaged within the infectious virus
particle (9, 16, 21), allowing early gene expression to occur soon
after the core enters the cytoplasm (2). Early genes encode the
multisubunit RNA polymerase and proteins required for viral
DNA replication and intermediate transcription; intermediate
genes encode late transcription factors. Intermediate and late gene
transcription require viral DNA replication and take place within
cytoplasmic factories (11).

Most of the DNA replication proteins of vaccinia virus
(VACV), the prototype poxvirus, were first recognized by isola-
tion of conditional lethal, temperature-sensitive mutants and sub-
sequently further characterized (10, 15). In contrast, VACV tran-
scription factors were identified by in vitro complementation
assays (1, 5,12, 17). Therefore, it is important to establish the roles
of VACV transcription factors in vivo by genetic methods. In gen-
eral, genes regulated by intermediate and late promoters can be
conditionally repressed (25), a procedure that was effectively used
to demonstrate the role of the G8 late transcription factor (26).
However, the intermediate transcription factor subunits A8 and
A23 are regulated by early promoters (17) and are not amenable to
the technology that has been used for stringent repression, and no
temperature-sensitive mutants have been mapped to these genes.
An alternative approach involving the construction of a comple-
menting cell line to isolate a deletion mutant was successfully used
for VACV in only one instance, to demonstrate the role of the D4
protein in VACV DNA replication (8). The goal of the present
study was to construct a cell line that expresses both the A8R and
A23R genes, which encode the A8 and A23 proteins, and that
would be capable of complementing VACV A8R or A23R deletion
mutants for further analysis.

Construction of a cell line that expresses the VACV A8 and
A23 proteins. Since it is convenient to have an epitope tag on a
protein, we investigated whether A8 and A23 function would be
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impaired by such an addition. In initial experiments, homologous
recombination was used to add V5 and hemagglutinin (HA)
epitope tags following the initiation codons of the VACV A8R and
A23R genes, respectively, using methods described for other con-
structs (19). The recombinant viruses vV5-A8 and vHA-A23 rep-
licated normally (data not shown) and expressed the tagged pro-
teins, as determined by Western blotting with specific antibodies
(Fig. 1). The expected masses of the A8 and A23 proteins are 33.5
kDa (plus 1.4 kDa for the V5 tag) and 44.6 kDa (plus 1.1 kDa for
the HA tag), respectively. Assuming that A8 and A23 are required
for VACV replication, the above-mentioned result indicated that
the tags did not interfere with protein function.

For the next step, the V5-A8 and HA-A23 genes were chemi-
cally synthesized in order to optimize expression of mammalian
codons and remove any sequences that might potentially interfere
with mRNA processing in the nucleus and transport to the cyto-
plasm (see Fig. S1 in the supplemental material). The synthetic
genes were then inserted into the pBudCE4.1 dual expression vec-
tor (Invitrogen Life Technologies). The V5-A8 and HA-A23 open
reading frames (ORFs) were regulated by the EF-1-alpha and cy-
tomegalovirus (CMV) promoters, respectively, in the same plas-
mid to ensure both would be expressed in transfected cells. To
generate stable transfectants, RK13 cells (ATCC CCL-37) in 6-well
plates were transfected with 1 pg of Pvul-linearized plasmid in
Lipofectamine. The medium was changed after an overnight in-
cubation, and the cells were allowed to recover in drug-free me-
dium for 48 h. Cells from each well were seeded into 75-cm? flasks
to adhere overnight. The next morning, medium containing 100
g of zeocin (shown to kill RK13 cells in preliminary experiments)
was added, and the medium was changed every 2 days for a total of
10 days of drug selection. The surviving cells were then diluted and
plated in 6-well dishes so that individual wells produced single
colonies. The cells were maintained in 100 pg of zeocin (changed
every 3 days) until confluence and then expanded in 75-cm? flasks
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FIG 1 Expression of epitope-tagged A8 and A23 in recombinant viruses and
stably transfected cells. Proteins from uninfected, stably transfected, and in-
fected cell extracts were resolved by electrophoresis in an SDS 4 to 12% poly-
acrylamide gel, transferred to a nitrocellulose membrane, probed with anti-
body to the HA and V5 epitope tags, and detected by fluorescence. Lanes: M,
marker proteins; 1, uninfected RK13 parent cells; 2, RK13-A8/A23 stable cell
line 11 expressing V5-A8 and HA-A23 proteins; 3, RK13-A8/A23 stable cell
line 22 expressing V5-A8 and HA-A23 proteins; 4, RK13 cells infected with
vV5-A8; 5, RK13 cells infected with vHHA-A23. The masses in kDa and electro-
phoresis positions of marker proteins are indicated on the left. The positions of
the tagged A23 and A8 proteins are indicated on the right. The blot was re-
probed with antibody to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as a loading control.

and further expanded in 150-cm? flasks in drug-containing me-
dium. The clones were tested for expression of V5-A8 and HA-23
by Western blotting, and two positive clones (numbers 11 and 22)
that grew well and could be recovered after freezing were used for
further studies. Frozen aliquots of these cells were stored in liquid
nitrogen, and after thawing, the cells were expanded in 50 pg/ml
of zeocin. Western blots of extracts of clone numbers 11 and 22 are
shown in Fig. 1. The proteins comigrated with authentic V5-A8
and HA-A23 synthesized by recombinant VACV, although the
HA-A23 band was weaker in intensity, suggesting a lower level of
expression or stability.

Confocal microscopy was carried out to evaluate the unifor-
mity of V5-A8 and HA-A23 expression in the stably transfected
cells. Of 208 cells counted, 95% had detectable V5-A8 expression
above background, though the intensity varied greatly between
cells and the fluorescence was distributed throughout the cyto-
plasm and nucleus. In contrast, HA-A23 was difficult to detect
above background by confocal microscopy, precluding accurate
quantitation.

Construction of VACV A8R and A23R deletion mutants. The
first step in engineering deletion mutants was to construct knock-
out transfer plasmids. In one plasmid, the gene encoding en-
hanced green fluorescent protein that was regulated by the VACV
P11 late promoter (4) was flanked by sequences of the A7L and
A9L genes that retained 50 bp at the N terminus and 54 bp at the C
terminus of the A8R open reading frame so as not to interfere with
regulatory sequences of A7L or A9L. In the other plasmid, the gene
encoding DsRed that was regulated by the P11 promoter was
flanked by sequences from the A22R and A24R genes that re-
tained 50 and 75 bp at the N and C termini, respectively, of the
A23 open reading frame. The next step was to infect the RK13-
A8/A23 cells with VACV and separately transfect the above-
described plasmids. In each case, the infected and transfected
cells were harvested after 3 days and then the lysates were di-
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luted and inoculated into fresh RK13-A8/A23 monolayers. Af-
ter 3 days, the monolayers were examined with an inverted
fluorescence microscope, and plaques formed by the deletion
mutants were recognized by green or red fluorescence. The
plaques were picked, and the procedure was repeated until all
plaques exhibited green or red fluorescence. Deletion of the
A8R and A23R genes in the vA8A and vA23A viruses was con-
firmed by PCR using internal and external primers.

Complementation of vA8A and vA23A virus infectivity in
RK13-A8/23 cells. Further experiments demonstrated that the
vA8A and vA23A viruses were unable to form plaques on the
parental RK13 cells (Fig. 2A). However, both mutant viruses
formed plaques on RK13-A8/A23 cells, although the plaques were
smaller at 48 h than those of the wild-type (WT) VACV. The
specific ability of the vA8A and vA23A viruses to replicate in
RK13-A8/A23 cells was also demonstrated by one-step growth
curves (Fig. 2B). The yields and titers of the virus stocks were 168
PFU/cell and 3.4 X 10°/ml for the vASA mutant and 223 PFU/cell
and 4.5 X 10°/ml for the vA23A mutant, values which are compa-
rable to those of WT VACV.

A8 and A23 are required for intermediate and late gene ex-
pression. We carried out a variety of experiments to define the
stage at which replication of the vA8A and vA23A viruses was
arrested in RK13 cells. Abundant viral proteins can be readily
detected by pulse-labeling infected cells with radioactive amino
acids at successive hours postinfection (hpi) and analyzing the
lysates by SDS-polyacrylamide gel electrophoresis followed by au-
toradiography. RK13 and RK13-A8/23 cells were infected with 10
PFU/cell of WT, vA8A, or vA23A VACV. At the indicated hpi, the
cells were washed and incubated with methionine- and cysteine-
free medium for 30 min at 37°C and then for another 30 min in the
same medium with 100 p.Ci of a mixture of [*>S]methionine and
[**S]cysteine at 37°C. The cells were then washed and lysed, and
the proteins were resolved by SDS-polyacrylamide gel electropho-
resis and detected by autoradiography. Prominent viral proteins
were readily discerned in autoradiographs of RK13 cells at 6, 12,
and 24 hpi with WT virus but not with either vA8A or vA23A virus
(Fig. 3A). With the mutant viruses, host protein synthesis contin-
ued in RK13 cells. In contrast, the labeling patterns of WT VACV
and the deletion mutants were similar in RK13-A8/A23 cells ex-
cept for a lower intensity of bands in the case of the AA8R virus
(Fig. 3B).

It is difficult to discern early proteins by metabolic labeling
because of their low abundance and synthesis of host proteins.
However, Western blot experiments demonstrated that the early
E3 protein was synthesized by the vA8A and vA23A viruses in both
RK13 and RK13-A8/A23 cells (Fig. 4A), whereas the late A3 (P4B)
protein was made only in RK13-A8/A23 cells (Fig. 4B). The over-
loaded gel emphasizes the total absence of the viral late protein in
RK13 cells infected with the deletion mutants despite the robust
expression of the viral early protein.

A quantitative assessment of intermediate- and late-stage ex-
pression was made by transfecting plasmids that express firefly
luciferase regulated by the intermediate G8R promoter (pG8-
LUC) and the late F17R promoter (p11-LUC) (3) into RK13 and
RK13-A8/A23 cells infected with 1 PFU/cell of WT or mutant
virus. At 10 hpi, luciferase activity was measured with a luminom-
eter. As expected, WT VACV enabled the expression of pG8-LUC
and p11-LUC in either cell type (Fig. 5A). In contrast, the vA8A
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FIG 2 Replication of A8R and A23R gene deletion mutant viruses in the complementing RK13-A8/A23 cell line. (A) Plaque formation. Suitable dilutions of WT
VACV and mutant vA8A and vA23A VACV were added to RK13 and RK13-A8/A23 cell (clone number 11) monolayers and covered with a methylcellulose
overlay. After 48 h at 37°C, the cells were stained with crystal violet. Plaques appear as round white areas against a dark background. (B) One-step growth curve.
RK13 cells (left panel) or RK13-A8/A23 cells (right panel) were infected with 10 PFU/cell WT VACV or mutant vA8A or vA23A virus. The cells were harvested

at the indicated times, and the virus titers were determined by plaque assay.

and vA23A viruses enabled expression of pG8-LUC and p11-LUC
only in complementing RK13-8/23 cells (Fig. 5A).

A further experiment was carried out to determine whether the
block in intermediate gene expression occurred at the transcrip-
tional level in RK13 cells infected with vA8A and vA23A VACV.
RK13 and RK13-A8/A23 cells were infected with 10 PFU/cell of
WT, vA8A, or vA23A virus, incubated at 37°C, and harvested at 0,
2, 4, 6, and 10 hpi. Following electrophoresis and transfer to a
membrane, RNA was detected with a **P-labeled, 200-nucleotide
riboprobe complementary to the GSR mRNA sequence and quan-
tified with a Typhoon PhosphorImager. In RK13 and RK13-A8/
A23 cells infected with WT VACYV, the G8 transcript peaked at 2 h
and decreased thereafter (Fig. 5B), in agreement with previous
studies of WT VACYV infection of HeLa cells (2). In contrast, vASA
or vA23A VACV transcribed G8R only in RK13-A8/23 cells, al-
though the peak was slightly lower and delayed compared to that
of WT VACV (Fig. 5B).

A8and A23 arerequired for processing of viral DNA concate-
mers. At least seven early genes are directly involved in VACV
genome replication (15). Since our data indicated that early gene
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expression occurred when RK13 cells were infected with vA8A or
vA23A virus, we anticipated that viral DNA would be synthesized.
RK13 cells were infected with 10 PFU/cell of WT, vA8A, or vA23A
VACV and harvested at times between 0 and 24 h. Proteinase-
treated total DNA was denatured, loaded on a positively charged
membrane, cross-linked, and probed with a digoxigenin-dUTP-
labeled F17R probe. The results showed that viral DNA was syn-
thesized in RK13 cells infected with WT, vA8A, or vA23A VACYV,
indicating that neither A8 nor A23 proteins were required for
VACV DNA replication (Fig. 6A).

VACV DNA is synthesized as long concatemers that are
cleaved into unit-length genomes by the A22 Holliday junction
resolvase (6, 7), which has an intermediate promoter (24). Thus,
we predicted that resolution of viral DNA concatemers would fail
to occur in the absence of intermediate transcription mediated by
the A8 and A23 proteins. Pulsed-field gel electrophoresis is a
method that has been used to separate ~200,000-bp VACV ge-
nomes from longer, unresolved VACV DNA concatemers that
remain at or near the sample well (13). RK13 cells were infected
with 10 PFU/cell of WT, vA8A, or vA23A VACYV, the cell pellets
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FIG 3 Analysis of polypeptide synthesis following infection with WT and
deletion mutant viruses. RK13 (A) and RK13-A8/A23 (B) cells were infected
with WT, vA8A (8), or vA23A (23) VACV and pulse-labeled for 30 min at 0, 2,
6, 12, or 24 hpi with a mixture of [**S]methionine and [**S]cysteine. Proteins
were resolved by SDS-polyacrylamide gel electrophoresis and detected by au-
toradiography. The positions and masses of marker proteins are indicated on
the left.

were embedded in molten agarose plugs to prevent shearing, and
proteins were digested with proteinase K in SDS and EDTA. After
washing, the gel plugs were incubated with or without the restric-
tion endonucleases Bgll and EcoRI, which have 6- and 4-bp rec-
ognition sites, respectively. Electrophoresis was carried out in a
1% agarose gel in a CHEF-DR III apparatus (Bio-Rad) as de-
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FIG 4 Synthesis of representative early and late viral proteins. RK13 and
RK13-A8/A23 cells were uninfected or infected with WT, vA8A, or vA23A
VACYV at a multiplicity of 10 PFU/cell. After approximately 24 h, the cells were
lysed and the proteins were analyzed by Western blotting with mouse mono-
clonal antibody to the early E3 protein (20) (A) and rabbit polyclonal antibody
to the late A3 (R. Doms and B. Moss, unpublished) (P4B) protein (B) and
visualized by chemiluminescence. Where indicated, cells were infected with
WT virus in the presence of AraC. The positions and masses of marker proteins
are indicated on the right. Note that there are two translation start sites for E3,
accounting for the double band.
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FIG 5 Reporter gene assays and Northern blotting. (A) Firefly luciferase re-
porter gene expression. RK13 cells were infected with WT, vA8A, or vA23A
VACYV and then transfected with plasmids containing the firefly luciferase gene
under the control of the intermediate G8R (pG8-LUC) or the late p11 (pl11-
LUC) promoter. After 10 hpi, lysates were prepared and luciferase activity was
measured in relative light units (RLU). (B) Northern blot analysis of G8R
intermediate-stage transcription. RK13 and RK13-A8/A23 cells were infected
with 10 PFU/cell of WT, vA8A, or vA23A VACV and harvested at 0, 2, 4, 6, and
10 hpi. Following electrophoresis and transfer to a membrane, RNA was de-
tected with a **P-labeled G8R riboprobe and quantified in Phosphorlmager
units.

scribed previously (18). Following electrophoresis, Southern blot-
ting was performed using digoxigenin-dUTP-labeled DNA from
purified virions to specifically hybridize to viral DNA. Undigested
viral DNA from RK13 cells infected with wild-type VACV mi-
grated predominantly as a 195-kbp genome-length molecule, and
the minor band above it corresponds to an unresolved dimer (18);
very little viral DNA remained near the top of the gel (Fig. 6B). In
contrast, most of the undigested viral DNA from RK13 cells in-
fected with vA8A or vA23A virus remained as concatemers near
the top of the gel with only a very faint band at the size of unit-
length molecules (Fig. 6B).

There are three Bgll restriction sites in the VACV genome,
giving rise to two end fragments of 117 kbp and 22 kbp and two
middle fragments of 44 kbp and 12 kbp. Three additional frag-
ments of 234 kbp, 44 kbp, and 139 kbp, representing head-to-
head, tail-to-tail, and head-to-tail junction fragments, respec-
tively, can form from BglI digestion of concatemers. Bgll digestion
of DNA from RK13 cells infected with WT VACV yielded the four
fragments expected from a unit genome and only faint 234-kbp
and 139-kbp junction bands from concatemeric DNA (Fig. 6B).
The 44-kbp junction fragment cannot be resolved from the 44-
kbp middle fragment. In contrast, the two end fragments of 117
kbp and 22 kbp were missing from the Bgll digests of DNA from
RK13 cells infected with vA8A and vA23A VACYV, and in their
place were the junction fragments of 234 kbp and 139 kbp that
were derived from concatemers, indicating a failure of concatemer
resolution.
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FIG 6 Viral DNA synthesis and concatemer resolution. (A) Slot blot analysis. Total DNA samples isolated at 0, 4, 8, 12, and 24 hpi from RK13 and RK13-A8/A23
cells infected with WT, vA8A, or vA23A VACV or WT VACYV in the presence of AraC were subjected to slot blot analysis using a digoxigenin-dUTP-labeled
VACV DNA probe. (B) DNA from RK13 cells infected with WT, vA8A, or vA23A VACV was embedded in molten agarose, deproteinized, and incubated without
restriction endonuclease (lanes 1 to 3) or with the restriction endonucleases BglI (lanes 4 to 6) and EcoRI (lanes 7 to 9). Following pulsed-field electrophoresis,
the DNA was transferred to a membrane and hybridized to a digoxigenin-labeled VACV DNA probe. The sizes in kbp of full-length VACV genomic DNA and
Bgll restriction endonuclease fragments are shown on the left. Asterisks indicate end fragments. The sizes of the Bgll and EcoRI concatemer junction fragments

are shown on the right.

There are 59 EcoRI restriction sites in the VACV genome, and
the two end fragments are 9.4 kbp each. Thus, a single junction
fragment of 18.8 kbp, larger than any of the middle fragments, can
be derived from a concatemer. A comparison of the EcoRI digests
of DNA from RK13 cells infected with the WT and mutant viruses
confirmed the presence of the 18.8-kbp junction fragment in only
the latter DNAs (Fig. 6B).

Concluding remarks. The A8 and A23 subunits of the VACV
intermediate transcription factor were identified by in vitro tran-
scription complementation studies 12 years ago (17). Until now,
however, the role of A8 and A23 in VACV replication had not been
reported. In the original study of Sanz and Moss (17), it was shown
that A8 and A23 existed as a complex and that coexpression of
both proteins in Escherichia coli was required for transcription
factor activity in vitro. When the proteins were expressed individ-
ually and mixed, no activity was detected. Therefore, we decided
to coexpress the two subunits in order to make a complementing
cell line. As an additional precaution, the genes were chemically
synthesized to optimize translation and to remove potential se-
quences that might interfere with nuclear mRNA synthesis and
transport to the cytoplasm.

We were able to confirm expression of the two subunits by
Western blotting. Since the same plasmid contained the genes of
both proteins, we assume that all cells expressed both. However,
low sensitivity for detection of the A23 protein prevented us from
confirming this by either confocal microscopy or flow cytometry.
Importantly, however, the strategy was successful, as the stably
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transfected cells supported the replication of either an A8 or an
A23 deletion virus. The isolation of the mutant viruses allowed us
to demonstrate that both proteins are essential for expression of
intermediate genes and subsequent steps in VACV replication,
including late gene expression and resolution of viral DNA con-
catemers in untransfected cells.

The mutant viruses and complementing cell line may be useful
for further studies of structure/function relationships of A8 and
A23 and for analyzing viral early gene expression and viral DNA
synthesis in the absence of intermediate and late proteins and
without a requirement for small-molecule inhibitors. In addition,
the mutant viruses may have advantages as gene expression vec-
tors because of the decreased shutdown of host protein synthesis
and their inability to replicate, similar to the characteristics of the
D4 deletion virus (8). One difference between the D4 deletion
mutant and the A8 and A23 deletion mutants is that viral DNA is
synthesized with the latter in nonpermissive cells and this DNA
may serve as a template for recombinant gene expression. The
present study also emphasizes the usefulness of complementing
cell lines for the study of essential VACV early genes.
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