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Vaccinia virus replicates in the cytoplasm of the host cell and encodes its own RNA polymerase and
transcription factors. The proteins that target the poxvirus RNA polymerase to intermediate- and late-class
promoters have not been identified. In this study, representatives of the intermediate and late promoters were
characterized at the nucleotide level to identify essential motifs. Both intermediate and late viral promoters are
shown to have an essential element suggestive of TATA boxes, which are potential targets for the TATA-binding
protein (TBP). Several approaches were used to test for TBP requirement in vaccinia virus transcription,
including overexpression of TBP, expression of a dominant negative mutant of TBP, RNA interference, and
expression of adenovirus E1A protein, which inactivates TBP. In each case, the results support an essential role
for TBP in vaccinia virus intermediate- and late-gene transcription. These findings indicate that poxviruses
have integrated TBP as a central feature into an otherwise heterologous transcription system. A model for
transcriptional switching, in which both intermediate and late promoter elements are targeted by TBP that
recruits viral transcription factors to assemble a functional complex on their cognate promoters and a

dysfunctional, repressed complex on the other class, is proposed.

Vaccinia virus is the prototypal member of the poxvirus
family, which is comprised of a number of animal and human
pathogens, including smallpox. These viruses have the largest
DNA genomes of all animal viruses, typically encoding some
200 different proteins (reviewed in reference 23). They are
unique among DNA viruses in their residence exclusively in
the cytoplasm of the host cell, where they replicate DNA,
synthesize mRNA, and assemble progeny virus. This apparent
autonomy from the nucleus is possible because these viruses
encode many of the proteins that function in nucleic acid
biosynthesis, including a DNA polymerase, RNA polymerase,
transcription factors, and a nearly complete repertoire of
mRNA modification enzymes.

Vaccinia virus coordinates its progression through its repli-
cative cycle by expressing individual proteins at specific times.
The temporal regulation of gene expression is controlled at the
level of transcriptional initiation (reviewed in reference 4). The
multisubunit viral mRNA polymerase, which structurally re-
sembles its cellular counterparts, is responsible for all mRNA
synthesis. Virus-encoded transcription factors are required for
transcription of the early, intermediate, and late classes of
genes which are activated in that order. The factors required
for activation of each class are products of the preceding class,
establishing a cascade for gene activation. The early-class
genes have a characteristic promoter element centered 20 nu-
cleotides upstream of the transcriptional start site that is tar-
geted by the virus-encoded protein ETF. Intermediate gene
transcription in vitro has been reported to require the viral
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E4L gene product (28), the viral capping enzyme (41), and
virus-encoded VITF-3 (30). A fourth factor called VITF-2 that
stimulates transcription in vitro, was reported to be a cellular
factor (29) recently identified as G3BP, a putative RNA bind-
ing protein, and/or p137 (15). Cellular transcription factor
YY1 was reported to target a promoter element at the tran-
scriptional start site in the I1L promoter, now known to be an
intermediate-class promoter, suggesting that YY1 activates
this promoter (6). Recent evidence, however, indicates that
YY1 represses rather than activates the I1L promoter (unpub-
lished results). Late transcription also requires three virus-
encoded proteins for transcription in vivo and in vitro: the
A1L, A2L, and G8R gene products (16). No role for any of the
late factors in transcription is known. Cellular heterogeneous
nuclear riboproteins A2/B1 and RBM3 were reported to stim-
ulate transcription from a late vaccinia virus promoter in vitro
and were reported to have affinity for poly(T) tracts (42). Some
vaccinia virus late promoters have T-rich sequences (10), but
these are not a universal feature of late promoters. Evidence
supporting the activation of vaccinia virus transcription in vi-
rus-infected cells has not been reported.

None of the vaccinia virus-encoded intermediate and late
transcription factors has been demonstrated to have promoter
binding activity, raising the possibility that host proteins may
fulfill that function. In this study, systematic analyses of the
sequence requirements for a vaccinia virus intermediate and a
vaccinia virus late promoter were performed. The results indi-
cate that an essential element for both classes of promoters
resembles a TATA box as found in RNA polymerase II pro-
moters in nuclear genes. The TATA box is the target for the
widely important cellular transcription factor TATA-binding
protein (TBP; reviewed in references 7 and 25). TBP is utilized
by RNA polymerases I, II, and III as an integral component of
transcription factors selectivity factor I, TFIID, and TFIIIB,
respectively. The incorporation of TBP into the seemingly in-
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dependent vaccinia virus transcription system located in the
cytoplasm of the cell was unexpected. Several approaches to-
ward assessing the importance of TBP in vaccinia virus inter-
mediate and late gene transcription are described.

MATERIALS AND METHODS

Cell culture, virus infection, and DNA transfections. HeLa S-3 cells were
grown in monolayers in 6 (9-cm?)- or 12 (3.7-cm?)-well trays in Dulbecco’s
modified Eagle medium supplemented with 10% bovine serum. Cells were in-
fected with 10 PFU/cell vaccinia virus Western Reserve strain. Where indicated,
hydroxyurea (HU) was included in the culture medium at 10 mM. Expression
plasmids were constructed by ligating double-stranded synthetic oligonucleotides
with the desired sequence in front of the Escherichia coli B-galactosidase gene.
After 1 h of virus infection, plasmid transfections were performed in triplicate
with 2 ug DNA/well, using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. TBP and adenovirus serotype 5 E1A cDNAs were
gifts from Arnold Berk (University of California, Los Angeles) and Ourania
Andrisani (Purdue University). Site-directed mutagenesis was performed as de-
scribed by Tyagi et al. (36). Cells were harvested 16 to 18 h after transfections,
and reporter enzyme assays for B-galactosidase were performed in duplicate or
triplicate with o-nitrophenyl-B-p-galactoside as the substrate as described by
Miller (22). Enzyme activity was normalized to protein content as determined
with Bradford reagent (Bio-Rad).

RNA interference. The RNA oligonucleotides UUGUAUCCACAGUGAAU
CUdTdT (d is 2’ deoxy) and AGAUUCACUGUGGAUACAAJTAT were de-
signed against TBP mRNA, and GGAGCGCACCAUCUUCUUCUU and GA
AGAAGAUGGUGCGCUCCUU were designed against enhanced green
fluorescent protein (GFP) (19). The siRNAs were purchased as annealed du-
plexes (Dharmacon). RNA transfections were performed with 20 uM RNA and
10 pl Oligofectamine transfection reagent (Invitrogen) according to the manu-
facturer’s instructions. After 3 days, cells were infected with virus and transfected
with reporter gene as described above.

Immunoblotting. Total cell proteins were separated by electrophoresis on a
12% polyacrylamide gel and transferred onto nitrocellulose. Blots were probed
with antibody directed against the N-terminal 12 amino acids of TBP (sc-204;
Santa Cruz) and visualized by chemiluminescence with ECL reagents (Amer-
sham). Antibody against B-actin was from Covance.

DNA binding assays. DNA oligonucleotides of the indicated sequences were
chemically synthesized (Integrated DNA Technologies), labeled at their 5’ ends
with T4 kinase, and annealed to form duplex DNA. DNA binding reactions were
performed 20 ul of a solution containing 60 mM KCI, 10 mM HEPES-KOH, pH
7.9, 5 mM MgCl,, 2 mM dithiothreitol, 8% glycerol, 100 ng bovine serum
albumin, 100 ng poly(dG-dC), and 200 fmol radiolabeled DNA. Where indi-
cated, 100 ng human TBP was added to the solution which was incubated for 30
min at 37°C. Protein-DNA complexes were resolved by electrophoresis in a 6%
polyacrylamide gel in 25 mM Tris-HCl, pH 8.0, 190 mM glycine, and 10 mM
EDTA (37). Gels were dried and analyzed by autoradiography and phosphorim-
age scanning.

RESULTS

Sequence requirements for vaccinia virus intermediate and
late gene transcriptional promoters. A systematic analysis of
the DNA sequence requirements for a single vaccinia virus
intermediate promoter has been reported. Baldick and Moss
described two essential elements in the GSR promoter: a
TAAAA sequence on the nontemplate strand at nucleotides
—1 to +4 relative to the transcriptional start site, and another
of the sequence TTTAAATAATT at —27 to —13 (2). In the
current study, the vaccinia virus I1L promoter was selected for
analysis because it has exceptionally high activity (20) and
therefore would be expected to have optimized promoter ele-
ments. The promoter was linked to the E. coli B-galactosidase
gene that served as a reporter for promoter activity and trans-
fected into HeLa cells previously infected with vaccinia virus.
The T1L promoter was originally reported to be a late pro-
moter (31). This promoter is shown here to be enhanced in the
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presence of the DNA synthesis inhibitor HU in a transfection
experiment (Fig. 1E), a hallmark of an intermediate promoter
(16). A plasmid construct with 30 nucleotides upstream of the
transcriptional start site was determined to retain full activity
compared to one with 100 nucleotides upstream (not shown),
and 6 nucleotides downstream were required for optimal ac-
tivity (Fig. 1A). Therefore, the I1L promoter with nucleotides
—30 to +6 served as the starting point for analysis of essential
sequence elements. Initially, blocks of five nucleotides were
replaced with C residues to scan across the promoter to rule
out nonessential sequences (not shown). A segment spanning
nucleotides —5 to —10 was determined to have little effect on
promoter strength (Fig. 1A and B). Nucleotides in blocks
found to be essential were replaced individually with C resi-
dues (or a G residue if originally a C). This analysis identified
the sequence TATTTAAAAGT at nucleotides —29 to —14 as
important for promoter activity as well as the sequence TAA
ATGG from —1 to +6 (Fig. 1B). Thus, the nucleotides iden-
tified here as important for the function of the I1L promoter
are similar in location to those identified in the G8R promoter
(2), they are similar in being very AT rich but have difference
sequences.

An analysis of the sequence requirement for the L4R late
promoter was reported (10). That study identified a sequence
of TAAAT at nucleotides —1 to +4 on the nontemplate strand
of the promoter as being essential for transcription. No other
nucleotide at any of the five positions was tolerated. An oligo(T)
tract at nucleotides —15 to —9 was found to be important as
well, although not all nucleotides immediately upstream of the
transcriptional start site were tested. The TAAAT motif was
also shown to be essential for the F17R promoter (13). In the
current study, the sequence requirements for the I2L promoter
were determined systematically as described above for the I1L
promoter. Reporter gene expression from the I2L promoter
was reduced by HU (Fig. 1E), demonstrating that it is a late-
class promoter. Fifteen nucleotides upstream of the transcrip-
tional start and six nucleotides downstream were determined
to be sufficient to retain full activity of the promoter (Fig. 1C).
Nucleotide replacements identified one functional element at
nucleotide positions —14 to —8 and another at nucleotide
positions —1 to +6 (Fig. 1D). Therefore, both an intermediate
and a late vaccinia virus promoter have two essential elements:
one at the transcriptional start site and another upstream.
Hereafter, the element at the start site for transcription here-
after is referred to as the initiator element, and the upstream
element is referred to as the core element.

Interconversion of intermediate and late promoters. Com-
parison of the I1L promoter sequence with those of other
vaccinia virus intermediate promoters and a comparison of
that of the I2L promoter with those of other late promoters
reveal similarities between the two promoter types. Both in-
termediate and late promoters have an initiator element con-
taining the sequence TAAATGG at the transcriptional start
site in which the two G residues are found in a subset of these
promoters. This sequence is nearly invariant. The upstream
core elements of both intermediate and late promoters are
clearly AT-rich sequences; however, the sequences are highly
variable and do not seem to conform to a consensus as such.
The primary difference between intermediate and late pro-
moter appears to be the length of the spacer between the
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FIG. 1. Dissection of the vaccinia virus intermediate I1L and late I2L promoters. The I1L promoter (panels A and B) and I2L promoter (panel
C and D) were linked to the B-galactosidase gene and transfected into HeLa cells that had been infected with vaccinia virus. Panels A and C show
the activity of shortened promoters to determine the upstream and downstream boundaries of promoter elements. Panels B and D show activities
of promoters with individual nucleotide substitutions. A, T, and G residues were replaced with C residues, and C residues were replaced with G
residues. Bars labeled with five nucleotides are a block substitution. NP, no promoter; WT, wild-type sequence. Panel E shows the effect of HU
in the culture medium on the activity of the I1L and I2L promoters. —HU, absence of HU; +HU, presence of HU. Error bars denote standard

deviations.

initiator and core elements. To test this hypothesis, the number
of nucleotides in the spacer region in intermediate and late
promoters was varied by deletion or addition of nucleotides,
respectively. At the same time, the effect of the DNA synthesis
inhibitor (HU) on the promoters was monitored to discrimi-
nate between intermediate and late promoter behavior (16).
Nucleotides were deleted incrementally from the spacer of the
I1L promoter. The first few nucleotide deletions imposed a
sharp reduction in promoter activity (Fig. 2A). As the number
of deletions was increased, the activity of the promoter was
restored partially, until optimal restoration occurred at 11 base
pairs (bp) of deletion. The activity of the promoter with the
11-bp deletion appears to be low, but this is in comparison to
the high activity of the native I1L promoter. The activity of the
deleted promoter is actually quite comparable to other vac-
cinia virus promoters such as that for the HIL promoter (Fig.
2A, inset). Significantly, the levels of activity of the promoters
with 9 to 11 bp deleted were inhibited by HU, demonstrating
that they behaved as though they were late promoters. The
activity of the promoter restored with the 11-bp deletion re-
quired both the initiator and the newly created late core ele-
ments (Fig. 2B). Replacement of nucleotides at the original
position of the wild-type I1L promoter (—25 to —21) did not

affect the activity of the restored promoter (Fig. 2B). These
results indicate that transcription from the newly created late
promoter was initiating within the initiator element and not
elsewhere in plasmid construct. The complementary experiment
was performed with the I2L promoter. Nucleotides were added
incrementally up to 12 bp of additional sequence. Promoter ac-
tivity actually increased with the addition of the first nucleotide,
but declined with further nucleotide addition (Fig. 3C). Promoter
activity was restored partially with the addition of 10 to 12 nucle-
otides and was optimal with an 11-bp addition. The restored
promoters were stimulated by HU, demonstrating that they had
the properties of an intermediate promoter. The activity of the
promoter restored by the 11 bp addition also required both the
initiator and newly created intermediate core element, but not
the nucleotides at the —12 to —8 positions corresponding to
the position of the original late core element (Fig. 2D). It was
concluded that intermediate and late promoters could be in-
terconverted by deletion and addition, respectively, of 11 nu-
cleotides between the core and initiator promoter elements.
The helical repeat of B-form DNA is 10.5 bp. The data pre-
sented here argue for two sites of protein interaction in vac-
cinia virus intermediate and late promoters that must reside on
the same face of the DNA helix.
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