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The vaccinia virus A18R protein is a DNA-dependent ATPase that contains the canonical sequence motifs
associated with the DEXH group of DNA and RNA helicases. Investigation of A18R protein function during
infection indicated it functions in the early and late phases of vaccinia virus transcription. The A18R protein
shares sequence similarity with the mammalian DNA helicase ERCC3. The ERCC3 protein has a dual
function: it is a component of the transcription factor TFIIH and is an essential participant in the cellular
nucleotide excision repair pathway. Here we present evidence that the A18R protein is a DNA helicase that
unwinds duplex DNA in a 3*-to-5* direction. The A18R helicase was inactive on RNA-DNA and RNA-RNA
hybrids. The A18R unwinding activity was most efficient on DNA substrates with lengths of 20 nucleotides or
less, and its unwinding activity was not stimulated by the addition of Escherichia coli single-strand-binding
protein (SSB), the bacteriophage T4 gene 32 SSB, or the vaccinia virus I3L protein, a putative SSB. We have
used an electrophoretic gel mobility shift assay to show that the A18R protein forms a stable complex with
single-stranded DNA, and to a lesser extent RNA, in a reaction that does not require ATP.

Vaccinia virus, the prototypic member of the orthopoxvirus
family, contains a 192-kb double-stranded DNA (dsDNA) ge-
nome with the coding potential for at least 200 open reading
frames (25). The virus replicates in the cell, with limited con-
tribution from the host nucleus (44 [reviewed in references 36,
38, and 58]). Because of its replicative and transcriptional
autonomy within the cell, vaccinia virus encodes most if not all
of the proteins required for viral genome replication, recom-
bination, repair, and transcription. Vaccinia virus-encoded
proteins often share significant sequence homology with the
functionally equivalent cellular protein (e.g., references 6 and
43). Thus, vaccinia virus provides a useful model system for the
biochemical and genetic investigation of RNA and DNA me-
tabolism.
Vaccinia virus transcription occurs in a temporally regulated

cascade that is divided into three classes: early, intermediate,
and late (3 [reviewed in reference 37]). In this manner, the
transcription factors encoded by the early transcribed genes
activate transcription of the intermediate genes (or in a single
instance a viral late gene or genes [29]), which encode the
transcription factors responsible for activation of late gene
transcription. Expression of intermediate and late genes is
prevented by the inhibition of viral DNA replication, suggest-
ing an intimate association between viral gene expression and
DNA replication. Late during infection, the multisubunit viral
RNA polymerase, the heterodimeric early transcription factor
(vETF), and additional proteins necessary for early transcrip-
tion are packaged in the virion. The infectious cycle is com-
pleted with virion entry into the host cell and subsequent
initiation of viral early RNA synthesis. Biochemical character-
ization of vaccinia virus transcription in vitro has identified the
minimal essential viral cis- and trans-acting factors (references
1, 2, 13, 14, 22, and 33 and references therein) and has impli-
cated involvement of yet unidentified host proteins in vaccinia
virus gene expression (44, 60).

Genetic investigation has identified several vaccinia virus
genes not identified by biochemical methods that when mu-
tated, alter the regulated program of gene expression (re-
viewed in reference 11). For one such gene, A18R, the initial
characterization identified a complex phenotype which sug-
gested A18R protein involvement in the early and late phases
of viral transcription (39). The A18R protein is synthesized
throughout infection and is packaged in the virion core particle
(40, 54). A comparison in vitro of virion early transcription
between wild-type vaccinia virus and mutant Cts23 virus, which
synthesizes a thermolabile A18R protein, showed an overall
decrease in the amount of RNA synthesized by the mutant
virus (54). Since the wild-type virus and Cts23 virus contained
equivalent amounts of individual proteins, including RNA
polymerase and A18R protein, the transcription deficiency was
associated with the defective A18R protein. In addition, A18R
protein involvement in vaccinia virus late transcription was
observed when Cts23 virus-infected cells maintained under
nonpermissive conditions showed a striking alteration in the
late transcription pattern indicative of unregulated transcrip-
tion from regions of the genome which would be normally
transcriptionally silent (4). A direct consequence of the loss of
transcriptional regulation was the increased synthesis of com-
plementary viral RNAs and accumulation of viral dsRNA, a
potent activator of the interferon-inducible cellular endoribo-
nucleolytic ppp(A29p)nA (2-5A) pathway. Ultimately the viral
and cellular RNAs were degraded by the cellular 2-5A-acti-
vated RNase L enzyme, leading to abortion of the infection (4,
8, 39, 40). The evidence did not, however, completely eliminate
the possibility that the A18R transcription defect was a result
of A18R protein involvement in vaccinia virus DNA metabo-
lism (see Discussion).
A18R protein contains the conserved motifs associated with

nucleoside phosphohydrolase enzymes and with the helicase
superfamily II, specifically the DEXH family of DNA and
RNA helicases (19, 28). The most significant homology existed
between the A18R protein and the mammalian ERCC3 pro-
tein and the yeast homolog of ERCC3, RAD25/SSL2 (28).
ERCC3 and RAD25 have ATPase and DNA helicase activity
and function in cellular transcription as components of the
mammalian RNA polymerase II transcription complex TFIIH
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(15, 34, 47, 61) and the analogous yeast complex factor B,
respectively (16, 20, 42). In addition, the ERCC3 and RAD25
proteins function in the repair of damaged DNA as members
of the DNA nucleotide excision repair (NER) pathway (21, 57,
59). Significantly, the loss of ERCC3 protein function in tran-
scription or NER results in the extreme UV sensitivity or
neurological disorders associated with the human hereditary
conditions xeroderma pigmentosum, Cockayne’s syndrome,
and trichothiodystrophy (reviewed in reference 23). Collec-
tively, a growing body of evidence demonstrates that in mam-
malian cells, yeast cells, and bacteria, a number of proteins
originally associated with the cellular basal transcription ma-
chinery also function in DNA repair, suggesting a tight cou-
pling between transcription and DNA repair (7, 16, 23, 49).
To date, the similarity between the A18R protein and the

ERCC3 and RAD25 proteins has relied upon shared amino
acid sequence, their involvement in transcription, and, more
recently, the identification of the A18R protein as a DNA-
dependent ATPase (5). We present here evidence that like
ERCC3, the A18R protein is a DNA helicase that unwinds
DNA in a 39-to-59 direction. In addition, we show that the
A18R protein interacts with DNA and to a lesser extent with
RNA to form a stable complex that is detectable in an elec-
trophoretic mobility shift assay.

MATERIALS AND METHODS
Cells and virus. BSC40 cells; the recombinant vaccinia virus vTF7.3, which

expresses the bacteriophage T7 RNA polymerase (17); the recombinant vaccinia
virus VVTMHisA18, which contains a polyhistidine-A18R gene fusion driven by
a T7 RNA polymerase promoter (5); and the conditions for their growth, infec-
tion, and plaque titration have been described previously (9, 10).
Purification of the His-A18R protein. The amino-terminal polyhistidine-A18R

fusion protein (His-A18R) was purified from BSC40 cells coinfected with the
recombinant vaccinia viruses vTF7.3 and VVTMHisA18 as described previously
(5). Purification of the His-A18R protein by His-bind resin chromatography
(Novagen) resulted in copurification of the His-A18R DNA-dependent ATPase
(57.5 kDa) and a presumed His-A18R amino-terminal fragment with a size of 30
kDa shown previously to lack ATPase activity (5). The fractions containing
His-A18R (300 mg) were dialyzed for 24 h at 48C against four changes (500 ml)
of 40 mM Tris (pH 8)–20 mM KCl–40% glycerol (5) and were used without
further purification to assay helicase activity unless stated otherwise. The enzyme
was stored at 2208C, where it was stable for at least 9 months. In order to
independently assay the 57.5- and 30-kDa polypeptides for helicase activity, the
A18R protein from the peak His-bind column fractions (150 mg) was centrifuged
in a 15 to 30% linear glycerol gradient made in 40 mM Tris (pH 8)–20 mMKCl–1
mM dithiothreitol–0.1% Nonidet P-40 for 66 h in an SW41 rotor (Beckman) at
35,000 rpm and 48C. Gradient fractions ('250 ml) were collected dropwise and
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE [10% polyacrylamide]) (45) followed by silver staining (Bio-Rad). The
fractions were stored at 2708C.
Preparation of helicase substrates. The following DNA oligonucleotides were

annealed to bacteriophage M13mp18 single-stranded DNA (ssDNA): 17 nucle-
otides (nt), GTTTTCCCAGTCACGAC (universal sequencing primer [New En-
gland Biolabs]) (Fig. 1 to 3); 20 nt, TCGACTCTAGAGGATCCCCG (Fig. 4,
lanes 1 to 3); 25 nt, TCGACTCTAGAGGATCCCCGGGTAC (Fig. 4, lanes 4 to
6); 30 nt, TCGACTCTAGAGGATCCCCGGGTACCGAGC (Fig. 4, lanes 7 to
9); 68 nt, GTTATTGCATGAAAGCCCGGCTGACTCTAGAGGATCCCCGG
GTACGTTATTGCATGAAAGCCCGGCTG (Fig. 4, lanes 10 to 12 [12]); 47 nt,
TGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCG
AATT (Fig. 5, lanes 1 to 4); and 49 nt, TCGACTCTAGAGGATCCCCGGG
TACCGAGCTCGAATTCGTAATCATGGT (Fig. 5, lanes 5 to 8). Nucleotides
complementary to M13 are underlined. The following DNA oligonucleotide is
complementary to pGEM3ZF(1) ssDNA (Promega): 20 nt, GGCGAATTCG
AGCTCGGTAC (Fig. 6, lanes 1 to 4). The analogous RNA oligonucleotide was
synthesized in vitro by T7 RNA polymerase transcription of AvaI-linearized
pGEM3ZF(1) plasmid DNA as described previously (31). The RNA was an-
nealed to pGEM3ZF(1) ssDNA (Fig. 6, lanes 5 to 8) or annealed to a comple-
mentary in vitro-synthesized RNA made by SP6 RNA polymerase transcription
of PvuII-digested pGEM3ZF(1) plasmid DNA (Fig. 6, lanes 9 to 12). A T7 RNA
polymerase-synthesized transcript identical to the first 16 nt of the RNA 20-mer
described above and complementary to pGEM3ZF(1) ssDNA (Fig. 6, lanes 17
to 20) was synthesized from KpnI-linearized pGEM3ZF(1) plasmid made blunt
with Klenow enzyme according to the manufacturer’s recommendations (Pro-
mega) (Fig. 6, lanes 21 to 24). SP6 RNA polymerase transcription of AccI-
linearized pGEM3ZF(1) plasmid produced a 29-nt transcript capable of form-

ing a 17-nt duplex with M13 ssDNA (Fig. 6, lanes 13 to 16). pGEM3ZF(1)
ssDNA was produced with the helper bacteriophage M13K07 and bacterial strain
JM101 according to standard procedures (45).
DNA helicase substrates were prepared by phosphorylation of 10 pmol of

oligonucleotide with 50 mCi of [g-32P]ATP (6,000 Ci/mmol [Amersham]) and 10
U of T4 polynucleotide kinase (New England Biolabs) in a 25-ml volume. The
amount of reaction mixture was increased to 100 ml and made 10 mM Tris (pH
7.5)–1 mM EDTA–100 mM NaCl, and M13 ssDNA or pGEM3ZF(1) ssDNA
(400 fmol and 1.1 pmol, respectively [1 mg]) was added. The mixture was heated
to 1008C for 5 min and transferred to a 688C water bath, and the bath was
allowed to cool to room temperature overnight. Unincorporated nucleotides
were removed by G-50 spin column chromatography (Sigma), and the annealed
duplexes were isolated by Bio-Gel A5-M column chromatography (Bio-Rad) in
10 mM Tris (pH 8)–1 mM EDTA–100 mM NaCl. Phosphorylated DNA oligo-
nucleotides greater than 40 nt were purified by 10% polyacrylamide gel electro-
phoresis with 50% urea as described for RNA prior to annealing (31).
For the determination of His-A18R helicase directionality, the oligonucleotide

was radiolabeled with T4 polynucleotide kinase and annealed to M13 ssDNA as
described above and the duplex DNA was precipitated with ethanol. The DNA
was then resuspended in 10 mM Tris-HCl (pH 7.5)–5 mM MgCl2–7.5 mM
dithiothreitol and incubated with 100 mCi of [a-32P]dCTP (6,000 Ci/mmol) and
5 U of Klenow enzyme (New England Biolabs) for 30 min at 378C prior to G-50
spin column chromatography and purification through Bio-Gel A-5M equili-
brated in SmaI restriction enzyme buffer (20 mM Tris-acetate, 10 mM magne-
sium acetate, 50 mM potassium acetate, 1 mM dithiothreitol [pH 7.9, 258C]; New
England Biolabs). The purified duplexes were linearized with SmaI enzyme for
60 min at 258C and passed through a G-50 spin column equilibrated in helicase
buffer prior to use in the helicase assay. The resulting linearized M13 DNA
contained blunt-ended duplex termini separated by approximately 7.2 kb of M13
ssDNA (Fig. 5).
RNA helicase substrates were prepared as described previously (31). Briefly,

in vitro-synthesized RNA transcripts were purified by 10% PAGE with 50%
urea. The RNA was then incubated with its complementary RNA or DNA in 50
mM Tris (pH 7.5)–0.5 M NaCl–0.1% SDS–1 mM EDTA at 1008C for 5 min and
transferred to a 688C water bath, and the bath was allowed to cool to room
temperature overnight. The annealed duplex was then purified by native 8%
PAGE and resuspended in helicase buffer.
Helicase assay and ATPase assay. Helicase reaction mixtures (25 ml) con-

tained 40 mM Tris (pH 8), 50 mM KCl, 8 mM MgCl2, 8 mM ATP, 2 mM
dithiothreitol, 0.5 fmol of helicase substrate (1,600 dpm), and 350 fmol (20 ng)
of purified His-A18R protein unless indicated otherwise (standard reaction con-
ditions). Reaction mixtures were incubated at 378C for 30 min before the addi-
tion of 5 ml of stop buffer (24) and were analyzed by native 8% PAGE. The dried
gels were autoradiographed, and the percentage of oligonucleotide displaced was
determined by PhosphorImager analysis (Molecular Dynamics). The Escherichia
coli single-strand-binding protein (SSB) and the bacteriophage T4 gene 32 SSB
were purchased from Pharmacia. ATPase assays were done by the method of
Lanzetta et al. (30) as described previously (5). Briefly, the ATPase assay was
done in a 50-ml volume containing 40 mM Tris (pH 8), 100 mM KCl, 4 mM
MgCl2, 4 mM ATP, 2 mM dithiothreitol, 200 fmol of M13 ssDNA, and 1.2 pmol
of His-A18R protein. Reaction mixtures were mixed on ice, incubated at 378C for
15 min, and terminated with the addition of 5 ml of 0.5 M EDTA. The release of
Pi was determined at an optical density of 600 nm.
Electrophoretic mobility shift analysis. Oligonucleotides used for the electro-

phoretic mobility shift analysis were radiolabeled and purified as described
above. Each reaction mixture (10 ml) contained 40 mM Tris (pH 8), 50 mM KCl,
4 mMMgCl2, and 10% glycerol. Enzyme and ATP were added as indicated in the
figure. The reaction mixtures were incubated at 378C for 15 min and analyzed by
6% nondenaturing PAGE with 0.253 Tris-borate-EDTA. The gels were prerun
at 100 V for 2 h, and the samples were analyzed at 150 V. The electrophoresis
buffer was recirculated. Gels were vacuum dried prior to autoradiography.

RESULTS

Identification of His-A18R helicase activity. The expression
of His-A18R protein in vaccinia virus-infected cells and sub-
sequent purification by Ni21 affinity chromatography were de-
scribed previously and resulted in a copurification of the 57.5-
kDa His-A18R DNA-dependent ATPase and an additional
'30-kDa polypeptide that is presumed to be a His-A18R ami-
no-terminal fragment. The 30-kDa polypeptide does not con-
tain ATPase activity (5). Although it was unlikely the 30-kDa
polypeptide had helicase activity, the 57.5- and 30-kDa
polypeptides were independently tested for helicase activity.
The polypeptides were purified by Ni21 chromatography and
separated by differential centrifugation in a linear 15 to 30%
glycerol gradient. Individual gradient fractions were analyzed
by SDS-PAGE and tested for helicase activity and ATPase
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activity (Fig. 1). The helicase assay tested the ability of the
His-A18R protein to unwind a DNA duplex formed between
an M13 ssDNA and a radiolabeled 17-nt DNA oligonucleo-
tide. The unwound 17-mer was identified by its increased elec-

trophoretic mobility on nondenaturing PAGE. As seen in Fig.
1, the His-A18R helicase activity and ATPase activity cosedi-
mented with the glycerol gradient fractions containing the
57.5-kDa His-A18R protein (Fig. 1B and C, fractions 8 to 20).
Since the 30-kDa polypeptide did not contribute to the ob-
served helicase or ATPase activity, we have used the Ni21-
purified His-A18R protein in subsequent experiments.
His-A18R helicase in vitro reaction optima. The reaction

optima for His-A18R helicase activity were investigated. As
seen in Fig. 2A the His-A18R helicase activity was stimulated
by KCl and NaCl, but not NH4Cl, when incubated under stan-
dard reaction conditions. Previous experiments had indicated
that the His-A18R ATPase activity was optimal with equiva-
lent concentrations of MgCl2 and ATP; indeed, ATP in excess
of MgCl2 appeared to inhibit His-A18R ATPase activity (5). In
Fig. 2B, the His-A18R helicase was incubated with increasing
and equivalent amounts of MgCl2 and ATP. The data show the
corresponding increase in His-A18R helicase activity with in-
creasing concentrations of MgCl2 and ATP. Substitution of
various mono- and divalent salts (8 mM salt with 8 mM ATP)
for MgCl2 resulted in variable helicase activity: MgSO4 and
MnCl2 substituted with equal efficiency; Mg(CH3O2)2 resulted
in a 40% loss of activity; and CaCl2, CoCl2, NiCl2, ZnSO4,
NiSO4, and NH4C2H3O2 resulted in a 95 to 100% loss of
activity (data not shown). The data in Fig. 2C show the direct
relationship between the His-A18R enzyme concentration and
the increase in helicase activity. These experiments indicated
that the His-A18R helicase and ATPase reaction optima were
nearly identical (5). In order to confirm that the reaction con-
ditions chosen to investigate the His-A18R helicase activity did
not result in limiting the available helicase substrate and/or
ATP during the course of the reaction, the His-A18R helicase

FIG. 1. DNA-dependent ATPase activity and DNA helicase activity copurify
with the His-A18R protein. The His-A18R protein was expressed in vaccinia
virus-infected cells and purified by Ni21 affinity chromatography and glycerol
gradient sedimentation as described in Materials and Methods. The fractions
were collected from the gradient bottom and analyzed by SDS-PAGE (10% poly-
acrylamide) followed by silver staining (A). Gradient fractions are labeled (65 bot-
tom). Molecular mass markers are indicated in kilodaltons on the ordinate. The
same fractions were analyzed for DNA helicase activity (B) and DNA-dependent
ATPase activity (C). The helicase reactions shown in panel B were analyzed by
8% nondenaturing PAGE and visualized by autoradiography. Lane B contains
substrate boiled for 4 min and analyzed directly, and a reaction mixture lacking
A18R protein is indicated by a 2. The position of the nonannealed oligonucle-
otide removed by boiling or helicase activity is indicated by an arrowhead. The
percentage of oligonucleotide unwound in panel B was quantified by Phosphor-
Imager analysis and is presented in panel C (left ordinate). ATPase activity was
determined by colorimetric detection of the hydrolyzed phosphate (4, 30) and is
presented in panel C (right ordinate) as nanomoles of phosphate.

FIG. 2. Characterization of His-A18R helicase activity. (A) His-A18R pro-
tein helicase activity was analyzed in a reaction mixture containing 40 mM Tris
(pH 8), 2 mM dithiothreitol, and 0.5 fmol of substrate and supplemented with 8
mM MgCl2, 8 mM ATP, 350 fmol of enzyme, and the indicated amount of KCl,
NaCl, and NH4Cl. (B) The helicase reaction mixture described for panel A was
supplemented with 50 mM KCl and the indicated equivalent concentrations of
MgCl2 and ATP. (C) His-A18R helicase activity was analyzed in a reaction
mixture containing 40 mM Tris (pH 8), 50 mM KCl, 8 mM MgCl2, 8 mM ATP,
2 mM dithiothreitol, and 0.5 fmol of substrate and supplemented with the
indicated amount of A18R enzyme. (D) His-A18R DNA-dependent ATPase
activity and helicase activity were measured at the times indicated in the figure
under the standard reaction conditions described above (C) with 350 fmol of
His-A18R protein. Aliquots were removed, and the reactions were stopped and
assayed as described in Materials and Methods.
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and ATPase activities were tested under standard reaction
conditions of 40 mM Tris (pH 8)–50 mM KCl–8 mM MgCl2–8
mM ATP–2 mM dithiothreitol–0.5 fmol of substrate–350 fmol
of enzyme at 378C. The data in Fig. 2D show that under these
conditions, the His-A18R helicase and ATPase activities re-
mained linear for approximately 40 and 60 min, respectively.
Therefore, neither helicase substrate nor ATP is in a limiting
concentration during a standard 30-min reaction. The standard
reaction conditions result in unwinding of approximately 40%
of the helicase substrate (Fig. 2D) within 30 min and complete
removal within 240 min (data not shown). We chose these
conditions for our standard assay to permit the analysis and
detection of increased His-A18R helicase activity in the pres-
ence of accessory protein factors (e.g., SSB protein, as de-
scribed below). Since the kinetics of the His-A18R helicase
interaction with the large region of ssM13 lacking oligonucle-
otide are as yet unknown and may effectively contribute to
reducing the His-A18R helicase activity, we cannot arrive at an
unequivocal His-A18R helicase specific activity.
The activity of the His-A18R helicase with individual ribo-

nucleotides and deoxyribonucleotides was determined, and the
data are presented in Fig. 3. The His-A18R helicase has an
absolute requirement for nucleotide and shows the greatest
activity with ATP and dATP but is moderately stimulated by
the additional nucleotides tested. The His-A18R ATPase ac-
tivity showed a similar preference for ATP and dATP (5).
His-A18R helicase duplex length requirement, direction of

unwinding, and substrate specificity. It became apparent dur-
ing our experiments that the His-A18R helicase inefficiently
unwound oligonucleotides greater than approximately 20 nt in
length. To directly test this observation, the His-A18R unwind-
ing activity was investigated with 59-coterminal oligonucleo-
tides with lengths of 20, 25, and 30 nt annealed to M13 ssDNA.
The data in Fig. 4 show the His-A18R helicase efficiently un-
wound the 20-nt duplex (lanes 1 to 3) but was incapable of
unwinding the 25- and 30-nt substrates (compare lanes 1 to 3
with lanes 4 to 9). These data suggested that the His-A18R
helicase was restricted to unwinding duplex regions less than
20 to 25 nt in length, but the data did not eliminate the pos-
sibility that the His-A18R helicase activity was compromised
by the blunt-ended (non-tailed) oligonucleotides used in these
assays. To address this possibility, we investigated the His-
A18R helicase activity by using an oligonucleotide that pro-

vided a 23-nt duplex with 59 and 39 nonhybridized extensions
designed to simulate a DNA fork structure in vitro (12). The
data in Fig. 4 (lanes 10 to 12) show that the His-A18R helicase
was unable to unwind the forked DNA substrate. In summary,
the His-A18R helicase does not require a forked DNA struc-
ture for activity and is unable to unwind in vitro DNA duplexes
greater than 20 to 22 nt in length.
Helicases show a distinct polarity of DNA unwinding in vitro

relative to the ssDNA surrounding the DNA duplex (32). The
direction of A18R unwinding was analyzed with a linear M13
ssDNA containing a radiolabeled oligonucleotide at each ter-
minus (diagrammed in Fig. 5). The preferential removal of
either oligonucleotide by the His-A18R helicase defines the
direction of helicase movement relative to the M13 ssDNA
(32). To create the helicase substrate, a DNA oligonucleotide
radiolabeled at the 59 and 39 termini that contained an internal
SmaI restriction endonuclease site was annealed to M13
ssDNA. The duplex DNA was then digested with SmaI to
produce a linearized M13 ssDNA containing oligonucleotides
of asymmetric lengths at each terminus. In order to confirm the
direction of the His-A18R helicase movement, we used two

FIG. 3. His-A18R helicase unwinding activity with ribonucleotides and de-
oxyribonucleotides. His-A18R helicase activity was examined under standard
reaction conditions with mixtures supplemented with 350 fmol of His-A18R
protein and the indicated ribonucleotide or deoxyribonucleotide (8 mm). The
reactions were analyzed by 8% nondenaturing PAGE (data not shown) and
quantified by PhosphorImager analysis. NTP, nucleoside triphosphate.

FIG. 4. Analysis of His-A18R helicase activity on oligonucleotides of increas-
ing length. 59-coterminal oligonucleotides of increasing length (20, 25, and 30 nt)
in lanes 1 to 9 and an oligonucleotide that annealed to form a 23-nt duplex with
59 and 39 extensions in lanes 10 to 12 were annealed to M13 ssDNA and
incubated under standard reaction conditions in the presence or absence of
A18R protein (350 fmol). The reactions were analyzed by 8% nondenaturing
PAGE followed by autoradiography. Lanes 1, 4, 7, and 10 were heat denatured
prior to analysis. The M13-oligonucleotide substrates are diagrammed above the
autoradiograph (not to scale), and the oligonucleotide 59 and 39 termini are
indicated.
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independent oligonucleotides which when SmaI digested,
would result in a 19-nt duplex of similar sequence at the M13
59 or 39 terminus. As seen in Fig. 5, the A18R helicase un-
wound the 19-nt duplex located at the M13 59 terminus (com-
pare lanes 3 and 7) in an ATP-dependent manner (lane 8).
These data indicated that the His-A18R protein translocated
with 39-to-59 directionality. Increasing the concentration of the
A18R protein did not facilitate unwinding in the opposite
direction (data not shown). The inability of the His-A18R
helicase to unwind the 29-nt duplex at the M13 59 terminus in
lane 3 is explained by the data in Fig. 4 showing that the
helicase activity is unable to unwind a duplex greater than 20 to
22 nt in length.

Helicase enzyme activity is often stimulated in vitro with the
addition of SSBs (50, 51). We investigated the ability of the E.
coli SSB, the bacteriophage T4 gene 32 SSB, and the vaccinia
virus I3L protein, which has in vitro ssDNA binding activity
(42a), to stimulate His-A18R helicase activity. The addition of
the SSBs to a standard helicase reaction mixture at concentra-
tions up to 30 mg/ml did not stimulate or inhibit A18R helicase
unwinding of a 20-nt duplex. In addition, SSBs did not facili-
tate unwinding of a 30-nt duplex (oligonucleotides from Fig. 4
[data not shown]).
The ability of the His-A18R helicase to unwind DNA and

RNA duplexes with identical nucleotide sequences was inves-
tigated with a 20-nt DNA-DNA duplex (Fig. 6, lanes 1 to 4), a
comparable 20-nt RNA-DNA duplex (lanes 5 to 8), or the
corresponding RNA-RNA duplex (lanes 9 to 12). The His-
A18R helicase efficiently unwound the DNA-DNA hybrid in
an ATP-dependent manner but failed to unwind either the
RNA-DNA hybrid or the RNA-RNA hybrid. In order to con-
firm that the inability of the His-A18R enzyme to unwind RNA
was not related to the length of the oligonucleotide, an RNA
oligonucleotide containing the first 16 nt of the 20-mer used in
lanes 5 to 8 was annealed to DNA (lanes 17 to 20) or RNA
(lanes 21 to 24). Again, the His-A18R helicase failed to unwind
the RNA duplexes. To test the His-A18R requirement for a
forked RNA-DNA substrate, a 29-nt RNA oligonucleotide was
annealed to DNA to form a 17-nt duplex with a 59 12-nt
extension (lanes 13 to 16). The His-A18R enzyme did not
unwind this forked RNA-DNA substrate. In summary, the data
show that in vitro, the His-A18R protein has DNA helicase
activity but not RNA helicase activity.
Determination of His-A18R interaction with DNA and RNA

in vitro by electrophoretic mobility shift analysis. We have
shown previously that the virion-associated A18R protein was
capable of binding ss- and dsDNA in a southwestern (DNA-
protein) assay (54). The ability of the His-A18R protein to
form a stable DNA-protein complex in vitro that is detectable
by native gel electrophoresis was investigated. As seen in Fig.
7A, the addition of increasing amounts of His-A18R protein to
a 68-nt DNA oligonucleotide resulted in a reduced electro-
phoretic mobility of the oligonucleotide (compare lanes 1 and
2 with lanes 3 to 9). At the highest His-A18R concentration,
the protein and DNA formed a complex that was unable to
migrate into the gel (lane 9). That the mobility shift was due to
the His-A18R protein was confirmed when substitution of the
His-A18R protein with bovine serum albumin (1.5 pmol) did
not cause a DNA mobility shift (compare lanes 7 and 10). In
addition, the His-A18R interaction with DNA could be inhib-
ited by excess unlabeled oligonucleotide and excess poly(dI-
dC) (data not shown). The A18R interaction with DNA was
not affected by the addition of ATP (compare lanes 7 and 11).
Since the His-A18R protein used in the electrophoretic mo-
bility shift experiments was a mixture of the 57.5- and 30-kDa
polypeptides, we investigated the ability of the individual
polypeptides to bind DNA by using the glycerol gradient frac-
tions shown in Fig. 1A. DNA binding activity was identified in
gradient fractions 8 to 20 and was absent from fractions 22 to
30. These data indicate that the 57.5-kDa His-A18R ATPase
and helicase protein was responsible for the mobility shift seen
in Fig. 7A (data not shown).
His-A18R ATPase activity is not stimulated by ss- or dsRNA

(5), and the enzyme does not possess RNA helicase activity
(this paper). The data do not preclude the formation of a
stable A18R-RNA complex. To address this possibility, we
tested the ability of the His-A18R protein to form a complex
detectable in an electrophoretic mobility shift assay. The His-
A18R protein was allowed to interact with a 46-nt RNA oli-

FIG. 5. Directionality of A18R helicase activity. Oligonucleotides designed
to identify the polarity of A18R unwinding were 59 radiolabeled with T4 polynu-
cleotide kinase and [g-32P]ATP and annealed to M13 ssDNA. The DNA was
ethanol precipitated, and the oligonucleotide 39 terminus was radiolabeled with
Klenow enzyme and [a-32P]CTP. The M13-oligonucleotide complexes were then
purified by Bio-Gel A5-M chromatography in SmaI restriction endonuclease
buffer (New England Biolabs) and digested with SmaI restriction endonuclease
to produce the helicase substrates depicted in the figure (not to scale). The sizes
of the digested oligonucleotides are indicated in the diagram, and the M13 DNA
59 and 39 termini are indicated. The hybrids were then purified by G-50 spin
column chromatography in helicase buffer and used directly in a helicase reaction
mixture containing His-A18R and ATP as indicated in the figure. The oligonu-
cleotides in lanes 1 to 4 and 5 to 8 were analyzed in different experiments, and
therefore the relative migrations of the oligonucleotides between experiments
are not directly comparable. The reaction mixtures in lanes 1 and 5 were heat
denatured prior to analysis. The background bands in lanes 1 and 5 represent
incomplete digestion products and do not affect the interpretation of the data.
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gonucleotide, and for comparison, with a 47-nt DNA oligonu-
cleotide. As seen in Fig. 7B, the His-A18R protein appeared to
shift less of the input RNA compared with the DNA oligonu-
cleotide in reactions that occurred independently of ATP and
MgCl2 (lanes 2, 4, 6, and 8). While the data are not quantita-
tive, this experiment suggests that the mobility shift conditions
used in this experiment permitted the formation of a signifi-
cantly more stable His-A18R protein interaction with DNA
than with RNA.

DISCUSSION

Identification of the vaccinia virus-encoded proteins re-
quired for viral DNA replication, recombination, repair, and

transcription is not complete, but by analogy with known viral,
eukaryotic, and prokaryotic systems, helicases, which catalyze
the vectorial unwinding of DNA and RNA, will play a funda-
mental role in these processes (reviewed in references 32 and
35). Sequence homology has identified several putative vac-
cinia virus-encoded NTPases and helicases (19, 28), and al-
though numerous vaccinia virus proteins with NTPase activity
have been identified, only the product of the I8R gene has
been confirmed as an RNA helicase (52, 53). We have pre-
sented here evidence that the gene product of the vaccinia
virus open reading frame A18R, in addition to having DNA-
dependent ATPase activity, is a DNA helicase capable of un-
winding a DNA-DNA duplex in a 39-to-59 direction.

FIG. 6. Determination of His-A18R helicase substrate specificity. His-A18R unwinding activities were compared by using analogous DNA and RNA substrates. A
20-nt DNA oligonucleotide and its equivalent in vitro-synthesized RNA transcript were annealed to pGEM3ZF(1) ssDNA (lanes 1 to 4 and 5 to 8, respectively), or
the RNA was annealed to an in vitro-synthesized complementary RNA (lanes 9 to 12). Similarly, an in vitro-synthesized RNA transcript containing the first 16 nt of
the 20-mer used in lanes 1 to 12 was annealed to pGEM3ZF(1) DNA (lanes 17 to 20) or the RNA transcript used in lanes 9 to 12 (lanes 21 to 24). The RNA-DNA
helicase substrate in lanes 13 to 16 is unique and contains a 12-nt 59 extension. The helicase substrates are diagrammed and use thickened lines to indicate RNA (not
to scale). The DNA and RNA oligonucleotide length and 59 and 39 termini are indicated. The reaction mixtures in lanes 1, 5, 9, 13, 17, and 21 were heat denatured
prior to gel electrophoresis.
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The function of the A18R protein during vaccinia virus in-
fection is not precisely known. Previous data obtained from
experiments with a vaccinia virus expressing a thermolabile
A18R protein strongly suggested the A18R protein was di-
rectly involved in the early and late phases of vaccinia virus
transcription (4, 39, 40, 54). However, despite rigorous bio-
chemical characterization of poxvirus transcription in vitro,
evidence for involvement of A18R protein is lacking. This
conundrum can be explained by three hypotheses.
First, the A18R protein interaction with the RNA poly-

merase (complex) is a transient event not detected by current
biochemical approaches.
Second, the A18R protein is not essential in the assays

currently used for identifying vaccinia virus transcription fac-
tors. As an example, the mammalian transcription factor
TFIIH, which contains the ERCC3 helicase, the closest cellu-
lar homolog to A18R, is recruited to the polymerase complex
to function during transcription at an intermediate step,
termed ‘‘promoter clearance,’’ that occurs between formation
of the promoter open complex and transcription elongation
(18). Interestingly, ERCC3 is not required for in vitro tran-
scription of supercoiled DNA templates but is essential for
transcription of linearized templates (18, 41). Analysis of vac-
cinia virus transcription factors in vitro has typically utilized
supercoiled DNA templates, which may have overlooked a
requirement for A18R protein in transcription. In comparisons
of transcription from linear DNA and supercoiled DNA in a
vaccinia virus-infected cell extract, one study showed that su-
percoiled and linear templates were transcribed with equal
efficiency (62) while another showed that linearized templates
were transcribed three- to fivefold less efficiently (48). The

difference in transcription activity in the latter study may rep-
resent a deficiency of a specific transcription factor(s). Like-
wise, vaccinia virus in vitro transcription systems prepared in a
fashion that primarily assays initiation may not be sensitive to
activities in elongation or termination. We conclude that in-
volvement of the A18R protein in vaccinia virus transcription
initiation, elongation, or termination cannot be ruled out.
Third, the data do not eliminate the possibility that the

defect in transcription is due to the participation of A18R
enzyme in vaccinia virus DNA replication, repair, or recombi-
nation. There is ample precedent in prokaryotes and eu-
karyotes of proteins participating in both transcription and
DNA repair, including factor TFIIH/ERCC3 (7, 16, 23, 49). In
the case of the TFIIH factor, the core complex of five polypep-
tides is modified with different proteins for activity in transcrip-
tion or DNA repair (56). Although the evidence for a vaccinia
virus DNA repair system is limited, vaccinia virus can repair its
DNA during infection of cells deficient in DNA repair (27),
and vaccinia virus-encoded proteins have been identified that
could function in a vaccinia virus DNA NER pathway, includ-
ing a uracil N-glycosylase (55), DNA ligase (26), and DNases
that could serve as an apyrimidinic-apurinic endonuclease
(58). During NER, a short oligonucleotide containing the
DNA damage is excised (12 to 13 nt in prokaryotes, 27 to 29 nt
in eukaryotes), the oligonucleotide is removed by a helicase,
and the resulting gap is filled in and ligated to complete the
repair process (46). The observation that the A18R helicase
activity was unable to unwind DNA duplexes greater than 20 to
22 nt in length implicates A18R involvement in an analogous
vaccinia virus NER pathway. It is also possible that the limited
A18R helicase processivity observed in vitro may be a minimal

FIG. 7. Electrophoretic mobility shift analysis of the His-A18R interaction with DNA and RNA oligonucleotides. Increasing amounts of His-A18R protein were
incubated with 12.5 fmol of a 59-32P-radiolabeled 68-nt oligonucleotide (Fig. 5, lanes 10 to 12) at 378C for 15 min in buffer containing 40 mM Tris (pH 8), 50 mM KCl,
4 mM MgCl2, 2 mM dithiothreitol, and 10% glycerol (A). Reactions were analyzed by 6% PAGE (0.253 Tris-borate EDTA) with recirculation of the buffer. The
His-A18R mobility-shifted DNA is indicated by a solid circle, and the origin of sample loading is indicated by an arrowhead. In lane 10, the His-A18R protein was
replaced with 1.5 pmol of bovine serum albumin (BSA). The reaction mixture in lane 11 contained 1.7 pmol of His-A18R protein and was supplemented with 4 mM
ATP (indicated by a 1). (B) His-A18R protein (1.0 pmol) was incubated with an in vitro-synthesized 46-nt 32P-radiolabeled RNA oligonucleotide (lanes 1 to 4) or a
59-32P-radiolabeled 47-nt oligonucleotide (lanes 5 to 8) for 15 min at 378C. The reaction conditions and analysis were as described for panel A, with the omission or
addition of 4 mM MgCl2 and 4 mM ATP as indicated. The autoradiographic exposure time of the DNA substrate was increased to compensate for the greater number
of radiolabeled nucleotides in the RNA transcript.
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estimate of its activity, because it could be stimulated during
infection to unwind longer DNA duplexes by additional viral or
cellular proteins that were lost during the purification proce-
dure. In this regard, the addition of SSBs to the helicase reac-
tion neither stimulated nor inhibited A18R helicase activity.
Clearly, identifying proteins that interact with the A18R en-
zyme during infection will provide insights into vaccinia virus
RNA and DNA metabolism.
The data presented here permit us to address a previous

hypothesis that the A18R protein, acting as an RNA-RNA
helicase, inhibits activation of the cellular antiviral 2-5A path-
way by unwinding the dsRNA duplexes formed as a normal
consequence of vaccinia virus infection (28). We believe this is
unlikely, because the His-A18R ATPase activity was not stim-
ulated by ss- or dsRNA and the His-A18R helicase failed to
unwind the short RNA-RNA duplexes used in our in vitro
assay. Therefore, without invoking the presence of additional
viral or cellular proteins responsible for mediating a change in
A18R protein specificity in vivo, it is unlikely the A18R protein
functions directly in abrogating the effects of the 2-5A pathway.

ACKNOWLEDGMENTS

We thank Christian Gross, Edward Niles, Craig Rochester, Stewart
Shuman, and Paula Traktman for helpful discussions and/or reagents
during the course of this work. We thank E. Penelope Black and
Daniel Hassett for critical reading of the manuscript. The Phosphor-
Imager analysis equipment and oligonucleotides were provided by the
University of Florida DNA core facility.
This work was supported by National Institutes of Health grant

AI18094 (R.C.C.) and Public Health Service postdoctoral training
grant T32AI07110 (D.A.S.).

REFERENCES

1. Baldick, C. J., Jr., M. C. Cassetti, N. Harris, and B. Moss. 1994. Ordered
assembly of a functional preinitiation transcription complex, containing vac-
cinia virus early transcription factor and RNA polymerase, on an immobi-
lized template. J. Virol. 68:6052–6056.

2. Baldick, C. J., Jr., J. G. Keck, and B. Moss. 1992. Mutational analysis of the
core, spacer, and initiator regions of vaccinia virus intermediate-class pro-
moters. J. Virol. 66:4710–4719.

3. Baldick, C. J., Jr., and B. Moss. 1993. Characterization and temporal regu-
lation of mRNAs encoded by vaccinia virus intermediate-stage genes. J.
Virol. 67:3515–3527.

4. Bayliss, C. D., and R. C. Condit. 1993. Temperature-sensitive mutants in the
vaccinia virus A18R gene increase double-stranded RNA synthesis as a
result of aberrant viral transcription. Virology 194:254–262.

5. Bayliss, C. D., and R. C. Condit. 1995. The vaccinia virus A18R gene product
is a DNA-dependent ATPase. J. Biol. Chem. 270:1550–1556.

6. Broyles, S. S., and B. Moss. 1986. Homology between RNA polymerases of
poxviruses, prokaryotes, and eukaryotes: nucleotide sequence and transcrip-
tional analysis of vaccinia virus genes encoding 147-kDa and 22-kDa sub-
units. Proc. Natl. Acad. Sci. USA 83:3141–3145.

7. Buratowski, S. 1993. DNA repair and transcription: the helicase connection.
Science 260:37–38.

8. Cohrs, R. J., R. C. Condit, R. F. Pacha, C. L. Thompson, and O. K. Sharma.
1989. Modulation of ppp(A29p)nA-dependent RNase by a temperature-
sensitive mutant of vaccinia virus. J. Virol. 63:948–951.

9. Condit, R. C., and A. Motyczka. 1981. Isolation and preliminary character-
ization of temperature-sensitive mutants of vaccinia virus. Virology 113:224–
241.

10. Condit, R. C., A. Motyczka, and G. Spizz. 1983. Isolation, characterization,
and physical mapping of temperature-sensitive mutants of vaccinia virus.
Virology 128:429–443.

11. Condit, R. C., and E. G. Niles. 1990. Orthopoxvirus genetics. Curr. Top.
Microbiol. Immunol. 163:1–40.

12. Crute, J. J., E. S. Mocarski, and I. R. Lehman. 1988. A DNA helicase
induced by herpes simplex virus type 1. Nucleic Acids Res. 16:6585–6596.

13. Davison, A. J., and B. Moss. 1989. Structure of vaccinia virus early promot-
ers. J. Mol. Biol. 210:749–769.

14. Davison, A. J., and B. Moss. 1993. Structure of vaccinia virus late promoters.
J. Mol. Biol. 210:771–784.

15. Drapkin, R., J. T. Reardon, A. Ansari, J. C. Huang, L. Zawel, K. Ahn, A.
Sancar, and D. Reinberg. 1994. Dual role of TFIIH in DNA excision repair
and in transcription by RNA polymerase II. Nature (London) 368:769–772.

16. Feaver, W. J., J. Q. Svejstrup, L. Bardwell, A. J. Bardwell, S. Buratowski,
K. D. Gulyas, T. F. Donahue, E. C. Friedberg, and R. D. Kornberg. 1993.
Dual roles of a multiprotein complex from S. cerevisiae in transcription and
DNA repair. Cell 75:1379–1387.

17. Fuerst, T. R., E. G. Niles, F. W. Studier, and B. Moss. 1986. Eukaryotic
transient-expression system based on recombinant vaccinia virus that syn-
thesizes bacteriophage T7 RNA polymerase. Proc. Natl. Acad. Sci. USA
83:8122–8126.

18. Goodrich, J. A., and R. Tjian. 1994. Transcription factors IIE and IIH and
ATP hydrolysis direct promoter clearance by RNA polymerase II. Cell 77:
145–156.

19. Gorbalenya, A. E., E. V. Koonin, A. P. Donchenko, and V. M. Blinov. 1989.
Two related superfamilies of putative helicases involved in replication, re-
combination, repair and expression of DNA and RNA genomes. Nucleic
Acids Res. 17:4713–4730.

20. Gulyas, K. D., and T. F. Donahue. 1992. SSL2, a suppressor of a stem-loop
mutation in the HIS4 leader encodes the yeast homolog of human ERCC 3.
Cell 69:1031–1042.

21. Guzder, S. N., P. Sung, V. Bailly, L. Prakash, and S. Prakash. 1994. RAD25
is a DNA helicase required for DNA repair and RNA polymerase II tran-
scription. Nature (London) 369:578–581.

22. Hagler, J., Y. Luo, and S. Shuman. 1994. Factor-dependent transcription
termination by vaccinia RNA polymerase. Kinetic coupling and requirement
for ATP hydrolysis. J. Biol. Chem. 269:10050–10060.

23. Hanawalt, P. C. 1994. Transcription-coupled repair and human disease.
Science 266:1957–1958.

24. Harosh, I., L. Naumovski, and E. C. Friedberg. 1989. Purification and char-
acterization of Rad3 ATPase/DNA helicase from Saccharomyces cerevisiae.
J. Biol. Chem. 264:20532–20539.

25. Johnson, G. P., S. J. Goebel, and E. Paoletti. 1993. An update on the vaccinia
virus genome. Virology 196:381–401.

26. Kerr, S. M., L. H. Johnston, M. Odell, S. A. Duncan, K. M. Law, and G. L.
Smith. 1991. Vaccinia DNA ligase complements Saccharomyces cerevisiae
cdc9, localizes in cytoplasmic factories and affects virulence and virus sensi-
tivity to DNA damaging agents. EMBO J. 10:4343–4350.

27. Klein, B., A. R. Filon, A. A. van Zeeland, and A. J. van der Eb. 1994. Survival
of UV-irradiated vaccinia virus in normal and xeroderma pigmentosum
fibroblasts: evidence for repair of UV-damaged viral DNA. Mutat. Res.
307:25–32.

28. Koonin, E. V., and T. G. Senkevich. 1992. Vaccinia virus encodes four
putative DNA and/or RNA helicases distantly related to each other. J. Gen.
Virol. 73:989–993.

29. Kovacs, G. R., R. Rosales, J. G. Keck, and B. Moss. 1994. Modification of the
cascade model for regulation of vaccinia virus gene expression: purification
of a prereplicative, late-stage-specific transcription factor. J. Virol. 68:3443–
3447.

30. Lanzetta, P. A., L. J. Alvarez, P. S. Reinach, and O. A. Candia. 1979. An
improved assay for nanomole amounts of inorganic phosphate. Anal. Bio-
chem. 100:95–97.

31. Lee, C.-G., and J. Hurwitz. 1992. A new RNA helicase isolated from HeLa
cells that catalytically translocates in the 39 to 59 direction. J. Biol. Chem.
267:4398–4407.

32. Lohman, T. M. 1993. Helicase-catalyzed DNA unwinding. J. Biol. Chem.
268:2269–2272.

33. Luo, Y., J. Hagler, and S. Shuman. 1991. Discrete functional stages of
vaccinia virus early transcription during a single round of RNA synthesis in
vitro. J. Biol. Chem. 266:13303–13310.

34. Ma, L., E. D. Siemssen, M. H. M. Noteborn, and A. J. van der Eb. 1994. The
xeroderma pigmentosum group B protein ERCC3 produced in the baculo-
virus system exhibits DNA helicase activity. Nucleic Acids Res. 22:4095–
4102.

35. Matson, S. W., and K. A. Kaiser-Rogers. 1990. DNA helicases. Annu. Rev.
Biochem. 59:289–329.

36. Moss, B. 1990. Poxviridae and their replication, p. 2079–2112. In B. N.
Fields, D. M. Knipe, R. M. Chanock, M. S. Hirsch, J. L. Melnick, T. P.
Monath, and B. Roizman (ed.), Virology. Raven Press, New York.

37. Moss, B. 1990. Regulation of vaccinia virus transcription. Annu. Rev. Bio-
chem. 59:661–688.

38. Moyer, R. W. 1987. The role of the host cell nucleus in vaccinia virus
morphogenesis. Virus Res. 8:173–191.

39. Pacha, R. F., and R. C. Condit. 1985. Characterization of a temperature-
sensitive mutant of vaccinia virus reveals a novel function that prevents
virus-induced breakdown of RNA. J. Virol. 56:395–403.

40. Pacha, R. F., R. J. Meis, and R. C. Condit. 1990. Structure and expression of
the vaccinia virus gene which prevents virus-induced breakdown of RNA. J.
Virol. 64:3853–3863.

41. Parvin, J. D., and P. A. Sharp. 1993. DNA topology and a minimal set of
basal factors for transcription by RNA polymerase II. Cell 73:533–540.

42. Qiu, H., E. Park, L. Prakash, and S. Prakash. 1993. The Saccharomyces
cerevisiae DNA repair gene RAD25 is required for transcription by RNA
polymerase II. Genes Dev. 7:2161–2171.

42a.Rochester, C., and P. Traktman. Unpublished observations.

6138 SIMPSON AND CONDIT J. VIROL.



43. Rosales, R., N. Harris, B. Y. Ahn, and B. Moss. 1994. Purification and
identification of a vaccinia virus-encoded intermediate stage promoter-spe-
cific transcription factor that has homology to eukaryotic transcription factor
SII (TFIIS) and an additional role as a viral RNA polymerase subunit. J.
Biol. Chem. 269:14260–14267.

44. Rosales, R., G. Sutter, and B. Moss. 1994. A cellular factor is required for
transcription of vaccinia viral intermediate-stage genes. Proc. Natl. Acad.
Sci. USA 91:3794–3798.

45. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

46. Sancar, A. 1994. Mechanisms of DNA excision repair. Science 266:1954–
1958.

47. Schaeffer, L., R. Roy, S. Humbert, V. Moncollin, W. Vermeulen, J. H. J.
Hoeijmakers, P. Chambon, and J. Egly. 1993. DNA repair helicase: a com-
ponent of BTF2 (TFIIH) basic transcription factor. Science 260:58–63.

48. Schwer, B., and H. G. Stunnenberg. 1988. Vaccinia virus late transcripts
generated in vitro have a poly (A) head. EMBO J. 7:1183–1190.

49. Selby, C. P., and A. Sancar. 1993. Molecular mechanism of transcription-
repair coupling. Science 260:53–58.

50. Seo, Y. S., and J. Hurwitz. 1993. Isolation of helicase alpha, a DNA helicase
from HeLa cells stimulated by a fork structure and single-stranded DNA-
binding proteins. J. Biol. Chem. 268:10282–10295.

51. Seo, Y. S., S. H. Lee, and J. Hurwitz. 1991. Isolation of a DNA helicase from
HeLa cells requiring the multisubunit human single-stranded DNA-binding
protein for activity. J. Biol. Chem. 266:13161–13170.

52. Shuman, S. 1992. Vaccinia virus RNA helicase: an essential enzyme related
to the DE-H family of RNA-dependent NTPases. Proc. Natl. Acad. Sci. USA
89:10935–10939.

53. Shuman, S. 1993. Vaccinia virus RNA helicase. Directionality and substrate

specificity. J. Biol. Chem. 268:11798–11802.
54. Simpson, D. A., and R. C. Condit. 1994. The vaccinia virus A18R protein

plays a role in viral transcription during both the early and the late phases of
infection. J. Virol. 68:3642–3649.

55. Stuart, D. T., C. Upton, M. A. Higman, E. G. Niles, and G. McFadden. 1993.
A poxvirus-encoded uracil DNA glycosylase is essential for virus viability. J.
Virol. 67:2503–2512.

56. Svejstrup, J. Q., Z. Wang, W. J. Feaver, X. Wu, D. A. Bushnell, T. F.
Donahue, E. C. Friedberg, and R. D. Kornberg. 1995. Different forms of
TFIIH for transcription and DNA repair: holo-TFIIH and a nucleotide
excision repairosome. Cell 80:21–28.

57. Sweder, K. S., and P. C. Hanawalt. 1994. The COOH terminus of suppressor
of stem loop (SSL2/RAD25) in yeast is essential for overall genomic excision
repair and transcription-coupled repair. J. Biol. Chem. 269:1852–1857.

58. Traktman, P. 1990. The enzymology of poxvirus DNA replication. Curr.
Top. Microbiol. Immunol. 163:93–124.

59. van Vuuren, A. J., W. Vermeulen, L. Ma, G. Weeda, E. Appeldoorn, N. G.
Jaspers, A. J. van der Eb, D. Bootsma, J. H. Hoeijmakers, S. Humbert, L.
Schaeffer, and J.-M. Egly. 1994. Correction of xeroderma pigmentosum
repair defect by basal transcription factor BTF2 (TFIIH). EMBO J. 13:1645–
1653.

60. Vos, J. C., M. Sasker, and H. G. Stunnenberg. 1991. Vaccinia virus capping
enzyme is a transcription initiation factor. EMBO J. 10:2553–2558.

61. Wang, Z., J. Q. Svejstrup, W. J. Feaver, X. Wu, R. D. Kornberg, and E. C.
Friedberg. 1994. Transcription factor b (TFIIH) is required during nucleo-
tide-excision repair in yeast. Nature (London) 368:74–76.

62. Wright, C. F., and A. M. Coroneos. 1993. Purification of the late transcription
system of vaccinia virus: identification of a novel transcription factor. J.
Virol. 67:7264–7270.

VOL. 69, 1995 VACCINIA VIRUS GENE A18R ENCODES A DNA HELICASE 6139


