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The phenotypic defects of two mutants of vaccinia virus, the lesions of which map to gene G2R, were
characterized in vivo, and the results suggest a role for the G2R protein in viral transcription elongation. Both
a temperature-sensitive mutant, Cts56, and an isatin-3-thiosemicarbazone-dependent deletion mutant, G2A, in
gene G2R have a characteristic and unique defect in late viral gene expression. The G2R mutants synthesize
early viral RNA, early viral proteins, and viral DNA normally under nonpermissive conditions. In G2R
mutants, late viral protein synthesis begins at the normal time, low-molecular-weight viral proteins are
synthesized in normal quantities, but synthesis of high-molecular-weight viral proteins is reduced in amount.
Intermediate and late promoter utilization is normal in G2R mutants, but intermediate and late RNAs are
reduced in size. The reduction in length of the intermediate and late mRNAs represents a truncation of mRNA
3’ ends. Thus, intermediate and late RNAs are too short to encode large proteins but long enough to encode
small proteins, therefore accounting for the protein synthesis phenotype. These results suggest that the G2R
protein acts to regulate the elongation potential of the viral RNA polymerase late during a vaccinia virus

infection.

Vaccinia virus, the prototypic member of the orthopoxvirus
family, unlike other DNA viruses, carries out its nucleic acid
synthesis in the cytoplasm of infected cells (19). The virus
encodes the vast majority of enzymes necessary for viral DNA
and mRNA synthesis and modification; thus, the contribution
of the host cell nucleus to nucleic acid metabolism is minimal
(21, 24). Many of the enzymes involved in vaccinia virus nucleic
acid metabolism bear structural and functional similarities to
host cell enzymes; thus, vaccinia virus provides a simple model
system for genetic and biochemical analysis of eucaryotic nu-
cleic acid metabolism.

Vaccinia virus gene expression is controlled primarily at the
level of transcription. Vaccinia virus genes are transcribed in a
cascade composed of three distinct gene classes: early, inter-
mediate, and late (2, 13). All three gene classes are transcribed
by the same multisubunit core viral RNA polymerase. Individ-
ual gene classes are distinguished by a discrete set of biochem-
ically and genetically well defined promoter elements and
trans-acting transcription initiation factors (20). The structures
of intermediate and late vaccinia virus mRNAs differs signifi-
cantly from the structure of early viral mRNAs primarily as a
result of differences in the formation of mRNA 3’ ends (15).
Early gene transcription is actively terminated at a conserved
sequence element in the mRNA in a process catalyzed by a
virus-coded frans-acting factor (26, 28). Early viral mRNAs are
therefore discrete in size, with homogeneous 5’ and 3’ ends. In
contrast, at intermediate and late times during infection, early
termination signals are ignored, and intermediate and late
transcripts do not appear to be terminated at unique sites on
the genome (15). Intermediate and late transcripts are there-
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fore heterogeneous in length, with discrete 5’ ends and heter-
ogeneous 3’ ends.

We have taken a genetic approach to studying regulation of
gene expression in vaccinia virus. Pursuant to this goal, we have
isolated and mapped a number of conditional lethal mutants of
vaccinia virus and conducted phenotypic analysis of several of
these mutants that display defects in gene expression (7). Pre-
liminary characterization of mutants in gene G2R showed a
defect in late viral protein synthesis under nonpermissive con-
ditions (6, 16). Characterization of the G2R gene predicts that
it encodes a 26-kDa protein that is expressed early during
infection. The predicted amino acid sequence of G2R contains
no recognizable functional motifs and shows no significant
homologies to other proteins currently in published protein
databases.

Studies on the mechanism of action of the antipoxvirus drug
isatin-B-thiosemicarbazone (IBT) imply that gene G2R affects
viral transcription. In wild-type (wt)-infected cells, IBT induces
promiscuous transcription, that is, transcriptional activation
late during infection of regions of the genome which are nor-
mally transcriptionally silent (3). Inactivation of gene G2R
results in a virus which is dependent on IBT for growth, dem-
onstrating that inactivation of gene G2R compensates for or
counteracts promiscuous transcription (17). To further test the
hypothesis that G2R plays a role in viral transcription, we have
conducted a detailed phenotypic analysis of mutations in vac-
cinia virus gene G2R. The results reported here suggest that
the G2R protein influences viral transcription elongation.

MATERIALS AND METHODS

Cells and viruses. BSC40 cells, vaccinia viruses Cts56 and G2A, and the
conditions for virus growth, infection, and plaque titration have been described
previously (5, 6, 17). IBT was prepared as described previously (22) and used at
a final concentration of 45 WM.

Riboprobes. Reactions for synthesis of antisense riboprobes were done essen-
tially as described in the Promega “Protocols and Applications Guide,” using
either linearized plasmid DNA or PCR products as templates for T7 or SP6
RNA polymerase (Table 1). Riboprobes had a specific activity of 2 X 108
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cpm/png. The probes were used for both Northern (RNA) blot analysis and
RNase protection studies. Plasmid and PCR templates are described separately
below and in Table 1.

Plasmids 1 to 3 (Table 1) were kindly provided by Bernard Moss (1). Plasmids
4 to 7 were constructed by PCR amplification of the indicated region of either
gene A10L or gene F17R, using primers that contain sequences complementary
to vaccinia virus genomic DNA and additional restriction sites for cloning.
Amplified DNA fragments were cloned into the plasmid vector pGEM3Zf—,
using standard techniques (25).

Templates 8 to 11 (Table 1) are double-stranded DNA molecules produced by
PCR, using primers complementary to indicated vaccinia virus sequences. In
each case, the downstream primer contained the consensus T7 RNA polymerase
promoter sequence, 5’ tgTAATACGACTCACTATA 3’ (uppercase letters rep-
resent the T7 RNA polymerase promoter, and the lowercase letters represent
extra nucleotides deemed necessary for efficient T7 RNA polymerase binding)
(18). PCR products were purified on 10% polyacrylamide-50% urea gels.

Protein pulse-labeling. Pulse-labeling of proteins in virus-infected cells was
done as described previously (5). Briefly, confluent monolayers of BSC40 cells in
35-mm-diameter dishes were infected with vaccinia virus at a multiplicity of
infection (MOI) of 15 or mock infected. At various times after infection, cells
were metabolically labeled with 10 p.Ci of Tran[**S]-label (ICN Biochemical,
Irvine, Calif.) in 0.5 ml of phosphate-buffered saline (PBS). Cells were lysed on
the dishes by addition of sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis (PAGE) sample buffer, and solubilized proteins were analyzed by
SDS-PAGE, using 10% separating gels (14). The gels were Coomassie blue
stained, dried, and autoradiographed. For Fig. 1C, proteins were quantified with
a Molecular Dynamics, Inc., model 400S PhosphorImager.

DNA accumulation. Accumulation of viral DNA in vaccinia virus-infected cells
was measured essentially as described by Ensinger (9). Briefly, confluent mono-
layers of BSC40 cells in 35-mm-diameter dishes were infected at an MOI of 15
with wt or mutant virus. At various times after infection, the cells were washed
with PBS, scraped from the dishes, and concentrated by centrifugation. The cells
were resuspended in 0.3 ml of loading buffer (10X SSC [1X SSC is 0.15 M NaCl
plus 0.015 M sodium citrate] containing 1 M ammonium acetate). The samples
were frozen and thawed three times and diluted with 4 volumes of loading buffer.
One microliter of each sample was then denatured by dilution into 100 pl of a
solution containing 0.25 N NaOH and 0.5 M NaCl and incubation at room
temperature for 10 min. Ten microliters of each denatured sample was diluted
into 990 pl of a solution containing 0.1X SSC and 0.125 N NaOH. One hundred
microliters of each sample was then loaded onto a GeneScreen (New England
Nuclear) membrane, using a Schleicher & Schuell slot blot apparatus, and filters
were washed and UV cross-linked according to the GeneScreen instructions. The
membrane was hybridized with an excess of HindIII-digested genomic vaccinia
virus DNA labeled with [a->?P]dCTP by random priming (10). Hybridizations
were done in 50% formamide hybridization buffer as described in the Gene-
Screen manual.

Northern blot analysis. RNA was purified from infected cells essentially as
described previously (3). Briefly, confluent monolayers of BSC40 cells in 100-
mm-diameter dishes were infected at an MOI of 15 with mutant or wt virus. At
various times after infection, cells were harvested in 1 ml of GTC buffer (4 M
guanidine thiocyanate, 0.1 M Tris-HCI [pH 7.5], 0.5% Sarkosyl, 0.1 M mercap-
toethanol). RNA samples were pelleted through a CsCl cushion (5.7 M CsCl,
0.01 M EDTA [pH 7.5]) for 24 h in a Beckman SW55 rotor at 35,000 rpm. The
RNA pellet was dissolved, precipitated with ethanol, resuspended in water, and
quantitated by measuring the 4,4.

Purified RNA was denatured in formamide and electrophoresed through 1.2%
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formaldehyde-agarose gels as described previously (25). RNAs were transferred,
prehybridized, and hybridized, and radioactivity associated with each lane was
quantitated by PhosphorImager analysis as previously described (3).

RNase protection analysis. Ten micrograms of total RNA isolated from in-
fected cells was added to 5 ng of [3>P]CTP-labeled riboprobe, and the mixture
was precipitated with 0.3 M sodium acetate and 2.5 volumes of ethanol at —20°C.
The precipitated RNA was redissolved in 30 .l of hybridization buffer [40 mM
piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES; pH 6.4), 1 mM EDTA, 400
mM NaCl, 80% formamide], heated for 5 min at 85°C, and then incubated at
42°C overnight. Following hybridization, 300 ul of digestion buffer (10 mM
Tris-HCI [pH 7.5], 5 mM EDTA, 300 mM NaCl, 4 ug of RNase A per ml, 10 U
of RNase T, per ml) was added, and samples were incubated at 37°C for 1 h.
After RNase digestion, 20 pl of a solution containing 10% SDS and 100 wg of
proteinase K was added, and samples were incubated at 37°C for an additional
15 min. The entire reaction mixture was then extracted with phenol-chloroform,
and the aqueous layer was removed and precipitated with 1 wl of glycogen (20
mg/ml) and 1 ml of 100% ethanol at —20°C. The precipitated RNA pellet was
resuspended in 10 pl of stop solution (95% formamide, 20 mM EDTA, 0.05%
bromophenol blue, 0.05% xylene cyanol), heated for 5 min at 70°C, and electro-
phoresed through a 6% acrylamide-8 M urea gel (Sequagel; National Diagnos-
tics). The gel was dried and autoradiographed.

RESULTS

G2R mutant viruses. The sequence of the G2R gene pre-
dicts a protein 221 amino acids in length. Conditional lethal
mutants of vaccinia virus with lesions mapping to the G2R
gene have been isolated previously (17). One mutant, desig-
nated Cts56, was isolated during a large-scale screen for vac-
cinia virus mutants which were temperature sensitive (¢s) for
plaque formation (6). Cts56 contains a single nucleotide
change of a G to an A at nucleotide (nt) 451 (codon 151),
resulting in an amino acid change from glycine to arginine in
the G2R gene. Cts56 has a complex growth phenotype. One-
step growth experiments have confirmed that in the absence of
IBT, this virus is zs for growth (11). In the presence of IBT,
Cts56 grows at both 31 and 40°C, the permissive and nonper-
missive temperatures for growth in the absence of the drug.
Thus, Cts56 is IBT resistant at 31°C and IBT dependent at
40°C (17). The second mutant, an IBT-dependent deletion
mutant designated G2A, contains a 10-bp deletion from nt 268
to 277 (codons 90 to 93) that results in a frameshift beginning
at codon 90 and a translation stop at codon 93. This virus is
unable to form plaques at 37°C in the absence of IBT (17).

Protein synthesis in mutant-infected cells. Protein pulse-
labeling experiments were done to characterize the pattern of
viral gene expression in G2R mutant-infected cells. Monolay-
ers of BSC40 cells were pulse-labeled with [**S]methionine at
various times following infection with either wt or G2R mutant

TABLE 1. Riboprobes

Position”

Construct . qu ing Probe 3’ vector Probe 5’ vector Probe - Protected
o, Riboprobe  Gene (class)® Template  size Translation ) . sequence (nt)  sequence (nf) length  length
(bp) ATG stop Probe 3’ Probe 5 (nt) (nt)
1 pGEM-VGF Cl11R (E) Clone 425 +59 +480 —322 +316 ND¢ ND 678 316
2 pGEM-30K G8R (I) Clone 779 +5 +784 —200 +300 ND ND 530 300
3 pGEM-11K F17R (L) Clone 330 +4 +307 —544 +126 ND ND 682 126
4 pPB4a5’ A10L (L) Clone 2,672 +4 +3144 +4 +173 5 43 225 177
5 pPB4a3’ AI10L (L) Clone 2,672 +4 +3144 +2504  +2657 0 11 164 153
6 pPB11KS5’ F17R (L) Clone 330 +4 +307 —4 +143 8 26 173 139
7 pPB11K3’ F17R (L) Clone 330 +4 +307 +165 +310 8 26 179 145
8 4a-5' AI10L (L) PCR 2,672 +4 +3144 +4 +89 6 6 97 85
9 4a-nt 1000 A10L (L) PCR 2,672 +4 +3144 +993  +1115 6 6 134 122
10 4a-nt 2000 AI10L (L) PCR 2,672 +4 +3144 +2012  +2172 6 6 172 160
11 4a-3' A10L (L) PCR 2,672 +4 +3144 +2414  +2624 6 6 222 210

“E, early; I, intermediate; L, late.
’ Relative to mRNA 5’ end at +1.
¢ ND, not determined.
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FIG. 1. Protein synthesis in wt- and G2R mutant-infected cells. BSC40 cells
were infected with wt or G2R mutant virus at an MOI of 15 and then pulse-
labeled for 15 min with Tran[*>S]-Label at the times postinfection (hours) indi-
cated above the lanes. Lane M, mock infection. Infected cells were harvested,
electrophoresed on SDS-10% polyacrylamide gels, and autoradiographed. (A)
Top panels, wt; bottom panels, Cts56; left panels, 31°C; right panels, 40°C. (B)
Top panels, wt; bottom panels, G2A; left panels, incubation at 37°C in the
absence of IBT; right panels, incubation at 37°C in the presence of 45 uM IBT.
Molecular weights (MW) are given in thousands. (C) Proteins designated by the
arrows in panel B were quantified by PhosphorImager analysis. Graphical rep-
resentation of the 10-, 12-, and 14-h postinfection (hpi) time points are shown as
a ratio of G2R mutant to wt protein.

virus, and the labeled proteins were analyzed by SDS-PAGE
and autoradiography (Fig. 1). The wt infections shown in Fig.
1A and B illustrate the normal pattern of viral protein synthe-
sis at 31 and 40°C (permissive and nonpermissive conditions
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for ts mutants; Fig. 1A) and at 37°C in the absence of IBT
(nonpermissive conditions for the G2R deletion mutant G2A;
Fig. 1B). In wt-infected cells, host protein synthesis is shut off
within 4 to 6 h postinfection. Early viral protein synthesis, best
represented in these experiments by a protein of approximately
30 kDa, begins by 2 h postinfection, peaks between 2 and 4 h
postinfection, and is shut off by 6 to 8 h postinfection. Late viral
protein synthesis, represented best by five proteins ranging in
molecular mass from 25 to 92 kDa (Fig. 1A and B), begins
between 4 and 6 h postinfection and continues throughout the
experiment. During infection with Cts56 under permissive con-
ditions (31°C; Fig. 1A), the schedule of host shutoff and viral
protein synthesis is virtually identical to that for the wt virus
infection; however, synthesis of late proteins is slightly reduced
in quantity. During infection with Cts56 under nonpermissive
conditions (40°C; Fig. 1A), the schedule of host shutoff and
viral protein synthesis is also virtually identical to that for the
wt virus infection; however, synthesis of large late proteins is
drastically reduced, while small late proteins seem to be syn-
thesized in normal amounts. Infection with the G2R deletion
mutant G2A under nonpermissive conditions (Fig. 1B, —IBT)
results in a pattern of viral protein synthesis which is strikingly
similar to that for the Cts56 infection done under nonpermis-
sive conditions. As expected, addition of IBT to the G2A
infection restores the expression of large late viral proteins to
near wt levels (Fig. 1B). As described previously, infection with
wt virus in the presence of IBT induces promiscuous transcrip-
tion, which in turn results in overproduction of double-
stranded RNA, stimulation of the 2-5A pathway, and cessation
of protein synthesis late during infection (3). In summary,
these results indicate that during infection with G2R mutants,
host shutoff and early viral protein synthesis are normal, late
viral protein synthesis begins at the normal time, low-molecu-
lar-weight late viral proteins are synthesized in normal quan-
tities, but synthesis of high-molecular-weight late viral proteins
are reduced in amount.

To confirm that synthesis of high-molecular-weight viral pro-
teins was specifically defective in G2R mutant-infected cells,
synthesis of each of the five late proteins designated in Fig. 1B
was quantified with a PhosphorImager. Quantities of each of
the five proteins synthesized in either G2A or wt infections
were determined by using the 10-, 12-, and 14-h pulse-labeling
time points shown in Fig. 1B. Figure 1C shows that for each
time point, equal quantities of the 25-kDa protein were syn-
thesized in wt- and G2R mutant-infected cells and that the
ratio of G2A to wt protein synthesis decreased as the apparent
molecular weight of the proteins increased.

Viral DNA accumulation in mutant-infected cells. Because
intermediate and late viral gene expression is coupled to viral
DNA replication, any defect in late viral protein synthesis
could theoretically result indirectly from a defect in viral DNA
replication. Viral DNA accumulation in infected cells was
therefore measured to determine if the G2R mutants were
defective in viral DNA synthesis. To assay viral DNA accumu-
lation, BSC40 cells were infected with either wt or G2R mutant
virus, and at various times following infection, total cell lysates
were prepared. The lysates were denatured in alkali, blotted to
a GeneScreen membrane by using a slot blot apparatus, and
hybridized to an excess of random-primed vaccinia virus
genomic DNA. The hybridization was quantified with a Phos-
phorImager. The results (Fig. 2) show that the kinetics of DNA
accumulation in G2R mutant infections done under nonper-
missive conditions are not significantly different from the ki-
netics of DNA accumulation observed during G2R infections
done under permissive conditions or during a wt infection.
Therefore, it seems unlikely that a defect in DNA replication
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FIG. 2. DNA accumulation in wt- and G2R-infected cells. BSC40 cells were
infected with wt or G2R mutant virus at an MOI of 15; crude cell extracts were
made, denatured in alkali, and slot blotted onto GeneScreen membranes. The
membranes were probed with [>?P]dCTP-labeled vaccinia virus DNA and auto-
radiographed. Bound probe was quantified by PhosphorImager analysis. —IBT,
absence of IBT.

is responsible for the protein synthesis phenotype observed in
the G2R mutant-infected cells.

Steady-state mRNA levels in mutant-infected cells. The pro-
tein synthesis profile in G2R mutant-infected cells could be
explained by a deficiency in viral mnRNA metabolism. Northern
blot analysis was therefore used to measure the quantity, size,
and kinetics of synthesis of early, intermediate, and late viral
mRNAs in G2R mutant-infected cells. Monolayers of BSC40
cells were infected with either wt or G2A mutant virus, and
total RNA was purified from the infected cells at various times
postinfection. Equal amounts of total RNA were fractionated
on formaldehyde-agarose gels and transferred to GeneScreen,
and the RNAs of interest were detected by using riboprobes
(Table 1, probes 1 to 3) specific for the 5" ends of an early
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(C11R), an intermediate (G8R), or a late (F17R) gene (Fig. 3).
The wt time course illustrates both the expected size distribu-
tion and kinetics of synthesis of viral mRNA for each probe
used. Specifically, the early C11R mRNA (Fig. 3A) is synthe-
sized as a discrete band which appears by 1.5 h postinfection,
peaks at 6 h postinfection, and disappears by 12 h postinfec-
tion. The intermediate GSR mRNA (Fig. 3B) is synthesized as
a smear which appears by 6 h postinfection, peaks at 9 h
postinfection, and decreases at 12 h postinfection. The late
F17R mRNA (Fig. 3C) is synthesized as a smear which appears
by 6 h postinfection and persists at high levels throughout the
experiment. In the G2A mutant-infected cells, the synthesis of
the early C11R mRNA is identical to that in wt infections. By
contrast, in G2A mutant-infected cells, the intermediate GER
and late F17R mRNAs are synthesized in similar amounts and
at similar times compared with the wt infection, but the
mRNAs are reduced in size. The absolute sizes of the inter-
mediate and late RNAs made in G2A-infected cells are simi-
lar, approximately 300 to 1,500 nt. Significantly, this size is
large enough to encode proteins in the size range of 10 to 50
kDa but too small to encode proteins with sizes greater than 50
kDa.

To determine whether promoter utilization is normal in
G2R mutant infections, mRNA 5'-end analysis was done by
using RNase protection performed with the same early, inter-
mediate, and late gene riboprobes used in the Northern blot
analysis described above (Table 1, probes 1 to 3). Total infect-
ed-cell RNA was hybridized to an excess of uniformly labeled
antisense riboprobe, and the hybrids were digested with RNase
in high salt, denatured, and analyzed by electrophoresis on
polyacrylamide-urea gels and autoradiography (Fig. 4). The
riboprobes used contain antisense RNA sequence from both
upstream and downstream of the previously determined
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FIG. 3. Northern blot analysis of RNA synthesized in wt- and G2A mutant-infected cells. BSC40 cells were infected with wt or G2A mutant virus at an MOI of 15,
and infected cells were harvested at the times postinfection (hours) indicated above the lanes. Total RNA was purified on CsCl gradients, and equal amounts of RNA
were fractionated on formaldehyde-agarose gels, transferred to GeneScreen membranes, and probed with uniformly labeled antisense RNA riboprobes specific for an
early, C11R (Table 1, probe 1) (A), an intermediate, G8R (Table 1, probe 2) (B), and a late, F17R (Table 1, probe 3) (C), viral mRNA. Arrows between panels B and
C indicate the positions of RNA size markers. Lanes M contain uninfected cell RNA. Below each autoradiograph is the PhosphorImager quantification of hybridized

mRNA at each time point.
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FIG. 4. Analysis of viral mRNA 5’ ends in wt- and G2A mutant-infected cells by RNase protection. Total RNA was isolated from infected BSC40 cells at the times
indicated and was hybridized to uniformly labeled antisense RNA specific for the 5" end of the early, C11R (Table 1, probe 1) (A), the intermediate, G8R (Table 1,
probe 2) (B), or the late, F17R (Table 1, probe 3) (C), gene. After RNase digestion, the protected probe fragments were analyzed by denaturing PAGE and
autoradiography. Phosphorlmager quantification of the expected protected fragments for each probe in both wt and mutant infections is shown below each

autoradiograph.

mRNA 5’ ends (Table 1). The sizes of the protected fragments
shown in Fig. 4 correspond precisely to the mRNA 5’ ends
previously determined for each gene tested (1). In wt infections
(Fig. 4), the kinetics of appearance of 5'-end protected frag-
ments for each gene were similar to the kinetics of mRNA
synthesis detected by Northern blot analysis (Fig. 3). In G2A
infections (Fig. 4), protected fragments which are the same size
as those detected in the wt infection were detected, and the
fragments appear with similar kinetics and in similar amounts
compared with the wt infection. We interpret these data to
mean that for the C11R, G8R, and F17R genes, promoter
utilization in the G2R-mutant infected cells is normal com-
pared with a wt infection. Thus, the defects in late protein
synthesis and intermediate and late mRNA synthesis observed
in G2R mutant infections cannot be explained by a defect in
initiation of early, intermediate, or late transcription.

Since in G2R mutant-infected cells, intermediate and late
promoter utilization is normal but mRNAs are abnormally
short, we hypothesize that the reduction in mRNA size repre-
sents a truncation of mRNA 3’ ends. Furthermore, since the
defect appears to affect synthesis of large but not small pro-
teins, we hypothesize that a truncation of mRNA 3’ ends
would affect the 3’ coding sequences of large but not small
genes. We tested this hypothesis first by performing Northern
blot analysis using probes specific for the 5’ and 3’ ends of a
small (F17R) and a large (A10L) late gene. The sequences
chosen for the riboprobes represent in each case the 5’ and 3’
ends of the protein coding sequence and do not contain 5’ or
3’ untranslated sequences (Table 1, probes 4 to 7). For the
F17R gene (Fig. 5A and B), the Northern blots prepared by
using either the 5" (Fig. 5SA) or the 3’ (Fig. 5B) riboprobe are
similar to the Northern blots for the F17R gene presented in
Fig. 3C. Specifically, with either probe, the RNAs detected in
G2A-infected cells appear with similar kinetics and in similar
amounts compared with wt infections but are reduced in size.
Most importantly, the result obtained with the 3’ probe is
virtually identical to the result obtained with the 5’ probe.

Northern blot analysis of RNA from wt- and G2A-infected
cells by using the gene A10L 5’ probe (Fig. 5C) reveals a
pattern of RNA metabolism which is similar to the pattern
observed for the G8R gene (Fig. 3B) and the 5" and 3’ ends of
the F17R gene (Fig. 3C and 5A and B). Specifically, RNA
detected by the A10L 5’ probe appears with similar kinetics
and in similar amounts in wt- and G2A-infected cells, but in
G2A infections, the RNA is smaller than in the wt infection.
The results with the A10L 3’ probe (Fig. 5D) are distinctly
different from results with any other probe tested. Most im-
portantly, the intensity of the hybridization to RNA from G2A
infections is reduced by 5- to 10-fold compared with a wt
infection. Thus, sequences representing the 3’ end of a large
gene are present in reduced amounts in the G2A infection.
Interestingly, the RNAs detected by the A10L 3’ probe in a
G2A infection are not reduced in size relative to the wt infec-
tion. This observation is consistent with the interpretation that
the A10L 3’ probe detects a small quantity of RNA that is
initiated properly at the A10L promoter and extended to the
end of the A10L coding region. Interestingly, the absolute sizes
of the F17R and A10L mRNAs are different in wt-infected
cells but similar in G2A-infected cells. Specifically, in wt-in-
fected cells, the bulk of the F17R mRNA is approximately 2 kb
in length and the A10L mRNA is approximately 3 kb in length,
whereas in G2A infected cells, the RNAs from both genes are
300 to 1,500 nt in length. In summary, these results support the
hypothesis that the reduction in mRNA size observed in G2R
mutant infections represents a truncation of mRNA 3’ ends.
To further confirm and more precisely quantify the trunca-
tion of RNA 3’ ends, RNase protection analysis was done with
the same gene, F17R and A10L, 5’ and 3’ probes used in the
assays described above (Table 1, probes 4 to 7). Because these
probes do not contain 5’ and 3’ untranslated sequence, the
protected fragments produced in these experiments represent
complete protection of the viral sequence contained in each
probe. The intensities of the signal detected with the F17R 5’
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FIG. 5. Northern blot analysis of the A10L and F17R transcripts. Total RNA
was isolated from wt- or G2A mutant-infected cells at the times indicated,
fractionated on formaldehyde-agarose gels, and transferred to GeneScreen
membranes. The blots were probed with a uniformly labeled antisense RNA
riboprobe specific for the 5’ end of the F17R open reading frame (Table 1, probe
6) (A), the 3’ end of the F17R open reading frame (Table 1, probe 7) (B), the
5’ end of the A10L open reading frame (Table 1, probe 4) (C), or the 3’ end of
the A10L open reading frame (Table 1, probe 5) (D). The diagrams above the
lanes illustrate the sizes of the genes (not to scale) and specificities of the
corresponding riboprobes.

and 3’ probes and with the A10L 5’ probe were identical in the
wt and G2A infections (Fig. 6A to C). Consistent with the
results of the Northern blot analysis (Fig. 5D), the intensity of
the signal detected with the A10L 3’ probe was 5- to 10-fold
less in the G2A infection than in the wt infection (Fig. 6D).
One possible explanation for the observed truncation of
RNA 3’ ends described above is that the processivity of the
RNA polymerase during intermediate and late transcription is
compromised in G2R mutant infections. Were this the case,
then one would expect that compared with a wt infection, in a
G2R mutant infection, the quantity of RNA from any inter-
mediate or late transcription unit would decrease as a function
of distance from the transcription start site. We therefore as-
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FIG. 6. RNase protection analysis of the 5’ and 3’ ends of the A10L and
F17R open reading frames. Total RNA was isolated from wt- or G2A-infected
cells and hybridized to uniformly labeled antisense riboprobes specific for the 5’
end of F17R (Table 1, probe 6) (A), the 3’ end of F17R (Table 1, probe 7) (B),
the 5" end of A10L (Table 1, probe 4) (C), or the 3’ end of A10L (Table 1, probe
5) (D). Following RNase digestion, the protected probe fragments were analyzed
by denaturing PAGE and autoradiography. The diagrams at the bottom show the
sizes of the genes and positions of the probes.

sayed transcription across the entire A10L coding sequence by
RNase protection, using a series of uniformly labeled, non-
overlapping antisense riboprobes (Fig. 7 and Table 1, probes 8
to 11). Riboprobes were constructed such that the 5’-proximal
probe produced a relatively small protected fragment, and the
size of the protected fragment increased as a function of dis-
tance from the 5’ end. As in the RNase protection experiment
described above (Fig. 6), the protected fragments represent
complete protection of the viral sequences contained in the
riboprobe; the reduction in size of each probe observed during
RNase digestion represents removal of nonviral sequences
from the probe. RNA was purified at 12 h postinfection from
cells infected with wt virus at 31, 37, and 40°C, with Cts56 at 31
and 40°C, or with G2A at 37°C. Total RNA was hybridized to
a mixture containing an excess of each of the four riboprobes,
and RNase-resistant fragments were analyzed by PAGE and
autoradiography (Fig. 7A). The protected fragments for each
probe were quantified with a PhosphorImager, and the results
are expressed as a ratio of arbitrary units of radioactivity under
each nonpermissive condition to the arbitrary units of radio-
activity under the relevant permissive condition. The results
confirm that compared with wt infections, in G2R mutant
infections, the steady-state quantity of A10L RNA present in
infected cells decreases as a function of distance from the
transcription start site.

DISCUSSION

Our in vivo characterization of vaccinia virus G2R mutants
demonstrates that the G2R gene plays an essential role in viral
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FIG. 7. RNase protection analysis of transcription across the A10L open
reading frame. (A) For lanes 1 to 8, total RNA was isolated from wt-infected
cells at 12 h postinfection. RNA was hybridized to the 5" A10L probe (lane 2),
the nt 1000 A10L probe (lane 4), the nt 2000 A10L probe (lane 6), or the 3" A10L
probe (lane 8) and digested with RNase in high salt, and the protected fragments
were electrophoresed on a denaturing polyacrylamide gel. Undigested ribo-
probes were electrophoresed in lane 1 (5 A10L), lane 3 (nt 1000 A10L), lane 5
(nt 2000 A10L), and lane 7 (3" A10L). A mixture of the four undigested ribo-
probes was electrophoresed in lane 9. For lanes 10 to 15, total RNA was isolated
at 12 h postinfection from wt virus-infected cells at 31°C (lane 10), wt virus-
infected cells at 37°C (lane 11), wt virus-infected cells at 40°C (lane 12), G2A
virus-infected cells at 37°C (lane 13), Cts56 virus-infected cells at 31°C (lane 14),
or Cts56 virus-infected cells at 40°C (lane 15). RNA was hybridized to the probe
mix and digested with RNase in high salt, and the protected fragments were
electrophoresed on a denaturing polyacrylamide gel. Undigested riboprobes are
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mRNA metabolism. During G2R mutant infections, initiation
of early, intermediate, and late gene transcription appears to
be normal and early mRNA structure is unaffected, while in-
termediate and late mRNAs are reduced in size. The observed
reduction in mRNA size represents a truncation of mRNA 3’
ends. The limited reduction in the size of intermediate and late
viral mRNAs accounts for the fact that late during G2R mu-
tant infections, small proteins are synthesized in normal
amounts while large proteins are synthesized in reduced quan-
tities. There are three possible explanations for the effects of
G2R mutants on mRNA size. First, it is possible that the G2R
protein normally functions in DNA metabolism and that in the
absence of G2R function, the viral DNA template is damaged
in a fashion that results in premature termination of interme-
diate and late gene transcription. Second, it is possible that the
abnormally short mRNAs result from increased degradation of
mRNA 3’ ends. Finally, it is possible that the truncation of
mRNA 3’ ends observed in G2R mutant infections results
from a decrease in the elongation potential of the viral RNA
polymerase. Our experiments do not eliminate the first two
possibilities. However, we favor the hypothesis that the G2R
gene affects synthesis of mRNA 3’ ends since other genetic
experiments, described below, suggest that the G2R protein
directly affects transcription. Ultimately, proof of this hypoth-
esis will require a rigorous biochemical definition of the activ-
ity of the G2R protein.

To date, very little is known about the mechanism of forma-
tion of intermediate and late vaccinia virus mRNA 3’ ends.
The structures of intermediate and late mRNAs imply that
once initiated, the vaccinia virus RNA polymerase terminates
at a very large number of sites between 1 and 4 kb downstream
of the promoter. Our results imply that this process is influ-
enced by the activity of the G2R gene. Specifically, the phe-
notype of the G2R mutants implies that during a wt infection,
the G2R gene product enhances transcription elongation. Nu-
merous examples of control of transcription elongation have
been reported (12). The efficiency of elongation by eucaryotic
RNA polymerase II is increased by the factors TFIIS (hu-
mans), SII (mice), and DmSII (Drosophila spp.), which act by
suppressing RNA polymerase pausing at cis-acting elements.
During human immunodeficiency virus infection, the efficiency
of elongation by RNA polymerase II is increased by the Tat
protein, which acts by modulation of the initiation complex
assembled at the viral long terminal repeat. During bacterio-
phage lambda infection, RNA polymerase elongation is regu-
lated by competition between an N-protein-mediated antiter-
mination complex and an inhibitor of antitermination.
Interestingly, one subunit of the vaccinia virus RNA poly-
merase, E4L, which is also required for specific initiation of
intermediate gene transcription, exhibits limited homology to
the human transcription elongation factor TFIIS (23). It is
interesting to speculate that E4L, G2R, and perhaps other
vaccinia virus gene products act together to regulate transcrip-
tion elongation by using mechanism(s) analogous to those de-
scribed above.

indicated by open symbols, and the protected fragments are indicated with the
corresponding filled symbols. The diagram at the bottom shows the position of
each probe (not to scale) relative to the coding sequence for the A10L gene. (B)
Protected fragments in lanes 10 to 15 of panel A were quantitated by Phosphor-
Imager analysis. Data were normalized for the number of radiolabeled cytosine
residues incorporated in each protected fragment. For each lane, the 5'-end
protected fragment was arbitrarily assigned a value of 1, and values for the
remaining fragments were then normalized to that value. The ratios of the values
obtained for protected fragments under nonpermissive and permissive condi-
tions were next determined and are presented graphically.
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Consideration of the IBT dependence phenotype of lethal
G2R mutations implicates specific vaccinia virus genes in an
interaction with the G2R gene product. In wt-infected cells,
IBT induces promiscuous transcription, that is, transcriptional
activation late during infection of regions of the genome which
are normally transcriptionally silent (3). Interestingly, #s muta-
tions in the vaccinia virus gene A18R, which encodes a DNA
helicase (27), result in a promiscuous transcription phenotype
which is indistinguishable from the effects of IBT on a wt
infection (3). Since lethal mutation of G2R compensates for
promiscuous transcription induced by IBT, and since lethal
mutation of A18R also induces promiscuous transcription, it
seems likely that mutation of G2R can compensate for defects
in AI8R. In fact, we have recently succeeded in constructing
viable recombinants of vaccinia virus which contain both a fs
mutation in A18R and a deletion mutation in G2R, and we
have shown that second-site phenotypic revertants of A18R s
mutants which map to G2R can be isolated (8). These results
suggest that the A18R and G2R proteins interact and that their
activities are complementary in vivo. Finally, it is noteworthy
that mutation of the second-largest subunit of the viral RNA
polymerase can induce resistance to IBT (4), reinforcing the
hypothesis that IBT, G2R, and A18R all directly affect tran-
scription. In summary, we speculate that the G2R protein may
interact directly with the A18R protein and that the complex of
these two proteins may interact with the viral RNA polymerase
to modulate transcription elongation.

Precise biochemical characterization of the activity of the
G2R gene product will require reproduction of the in vivo
phenotype described here in an in vitro biochemical assay. To
date, the in vitro assays which have been used to study vaccinia
virus transcription have been constructed such that they are
sensitive to factors affecting primarily transcription initiation
but not elongation. Thus, fractionation of extracts from vac-
cinia virus virions or infected cells has resulted in the identifi-
cation of many of the factors necessary for initiation of each
specific class of vaccinia virus genes (20). The G2R and A18R
proteins are conspicuously absent from the inventory of vac-
cinia virus transcription factors purified to date. Biochemical
experiments designed to measure the activity of the G2R pro-
tein in vitro are under way.
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