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Baculovirus late RNAs are transcribed by a four-subunit RNA polymerase that is virus encoded. The late
viral mRNAs are capped and polyadenylated, and we have previously shown that capping is mediated by the
LEF-4 subunit of baculovirus RNA polymerase. Here we report studies undertaken to determine the mecha-
nism of 3’-end formation. A globin cleavage/polyadenylation signal, which was previously shown to direct
3'-end formation of viral RNAs in vivo, was cloned into a baculovirus transcription template. In vitro assays
with purified baculovirus RNA polymerase revealed that 3’ ends were formed not by a cleavage mechanism but
rather by termination after transcription of a T-rich region of the globin sequence. Terminated RNAs were
released from ternary complexes and were subsequently polyadenylated. Mutational analyses indicated that
the T-rich sequence was essential for termination and polyadenylation, but the poly(A) signal and the GT-rich
region of the globin polyadenylation/cleavage signal were not required. Termination was not dependent on ATP

hydrolysis, indicating a slippage mechanism.

mRNA 3’-end formation is a complicated process that re-
quires protein-nucleic acid and protein-protein interactions.
The 3’ ends of most eukaryotic RNA polymerase II transcripts
are produced by a coupled cleavage/polyadenylation reaction
that requires multiple factors (reviewed in references 8, 22, and
43). The processing machinery is recruited to transcription
complexes by TFIID (9) and is targeted to the phosphorylated
carboxy-terminal domain (CTD) of RNA polymerase II during
transcription elongation (27). Recent studies have shown that
RNA polymerase II itself is an essential factor in the polyad-
enylation step (20).

Transcription termination by RNA polymerase II occurs
downstream of the cleavage site and is less well understood.
Termination is defined as the process of disrupting the tran-
scription ternary complex, in which the RNA polymerases
cease their elongation function, the nascent transcripts are
released, and the RNA polymerases step off from the DNA
templates. Disassembly of an RNA polymerase ternary com-
plex is mediated by termination sequences that are recognized
by the RNA polymerase or by termination factors (reviewed in
references 37 and 39). Failure of the elongating polymerase to
stop transcription before reaching an adjacent gene can lead to
a reduction in the expression of the downstream gene by de-
stabilizing the assembly of transcription initiation factors on
the adjacent promoter (3, 15, 16, 19, 31). This is especially
important to the gene expression programs of compact ge-
nomes, such as yeast and viruses, which have short intergenic
sequences.

Baculoviruses are large double-stranded DNA viruses that
have been extensively used as protein expression vectors. The
genomes of several baculovirus species have been sequenced
and shown to be highly compressed (1, 2, 14). Viral gene
expression is regulated in a temporal pattern (4, 11, 30) in
which immediate- and delayed-early genes are transcribed by
host cell RNA polymerase 11, while late and very genes are
transcribed by a virus-encoded RNA polymerase (18). The
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promoters used for overexpression in baculovirus vectors be-
long to these late-expression categories; therefore, regulation
of viral late transcription has received considerable attention in
the last decade (reviewed in references 23 and 28).

Baculovirus late and very late mRNAs have typical methyl-
7-guanosine caps at their 5’ ends and poly(A) tails at the 3’
ends (32, 41). Baculovirologists have long assumed that the 3’
ends of baculovirus late and very late transcripts were formed
by host cleavage and polyadenylation enzymes. This assump-
tion initially arose from transcript mapping analyses showing
the presence of AAUAAA motifs near the 3" end of viral
transcripts and was further supported by studies showing that
a globin cleavage/polyadenylation signal could be effectively
used as a 3'-end processing signal for baculovirus very late
genes (41). This conclusion was so well accepted by the bacu-
lovirus community that most baculovirus expression vectors
were developed with the simian virus 40 cleavage/polyadenyl-
ation signal sequences downstream of the polyhedrin promoter
(26).

We recently purified the baculovirus RNA polymerase that
transcribes late genes and showed that it was a complex of four
viral proteins (18). None of these viral proteins has a CTD-like
domain, which raises the question of how the cellular machin-
ery could recognize the viral RNA polymerase and its associ-
ated transcripts. In addition, we noticed that the AATAAA
and AATTAA sequences are not consistently located 10 to 30
bp upstream, as expected for a cleavage/polyadenylation signal.
Furthermore, the 3’ noncoding regions of many baculovirus
late and very late genes tend to be very AT rich, so even the
occurrence of polyadenylation signals in the expected position
relative to the 3’ ends could just be coincidental. Together,
these observations suggested to us that 3'-end formation of
baculovirus late RNA was probably not mediated by the host
cleavage/polyadenylation machinery. Rather, we hypothesized
that 3’ ends were formed by termination at U-rich sequences,
which are present both in the globin signal and in most bacu-
lovirus 3’ noncoding regions. This model is also consistent with
our previous studies showing that the LEF-4 subunit of viral
RNA polymerase is an mRNA capping enzyme (17, 21). Cap-
ping enzymes, like the polyadenylation machinery, are targeted
to substrates through interactions with the CTD of RNA poly-
merase II. Thus baculoviruses, which lack this motif, have
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evolved a unique mechanism for coordinating transcription
and 5’-end processing and incorporated the capping function
into the RNA polymerase complex.

To test whether the globin cleavage/polyadenylation signal is
recognized by baculovirus RNA polymerase as a termination
signal, we cloned the sequence into our standard transcription
template. In vitro transcription assays revealed that the 3’ ends
of late viral mRNAs are formed by termination, which is ap-
parently an intrinsic property of the four-subunit baculovirus
RNA polymerase complex. Mutational analyses indicate that
the cellular poly(A) signal is not essential for termination or
polyadenylation by viral RNA polymerase.

MATERIALS AND METHODS

Construction of DNA template for transcription termination assay. A Swal
recognition site was inserted in the C-free cassette of Polh/CFS plasmid (42),
using a QuikChange site-directed mutagenesis kit (Stratagene) as recommended
by the manufacturer. Potential mutant clones were identified by restriction di-
gestion and then verified by DNA sequence analysis. The mutant plasmid was
linearized with Swal and then ligated to a 47-bp synthetic globin sequence. A
plasmid containing an insert in the correct orientation was identified by DNA
sequence analysis and named Polh/CFS-T. The other mutants in the synthetic
globin sequence were constructed using same procedure with the appropriate
mutant oligonucleotides.

Baculovirus RNA polymerase purification. All procedures were carried out at
4°C. Nuclear extracts and RNA polymerases were prepared according to the
protocol of Guarino et al. (18). Ten-liter aliquots of infected SF-9 cells were
collected to prepare nuclear extracts. Pooled nuclear extracts were treated with
0.1% polymin P to remove nucleic acid. The soluble fraction was twice precip-
itated with 50% ammonium sulfate. Precipitated proteins were then resuspended
in column buffer (50 mM Tris [pH 7.9], 100 mM KCI, 0.1 mM EDTA, 1 mM
dithiothreitol [DTT]), loaded onto a 5-ml heparin (Pharmacia) column, and
eluted with a step gradients of 5 ml each at 10, 20, 30, 40, 50, and 100% 1 M KCl
buffer. Fractions with transcription activity were pooled and precipitated with an
equal volume of saturated ammonium sulfate at 4°C overnight. The ammonium
sulfate precipitate was collected by centrifugation, resuspended in column buffer,
and applied to a Mono Q HR 5/5 column (Pharmacia). The bound proteins were
eluted with a 20-ml linear gradient from 100 to 550 mM KCI. Fractions with
transcription activity were pooled and diluted to 80 mM KCl in the buffer. RNA
polymerase aggregates at low salt; precipitated material was collected by ultra-
centrifugation, resuspended into 200 wl of 2 M KCI-Tris buffer, and filtered
through a Superose 6 column in 2 M KCI-Tris buffer. Fractions were individually
dialyzed against RNA polymerase storage buffer (50 mM Tris [pH 7.9], 400 mM
KCl, 0.1 mM EDTA, 1 mM DTT, 50% glycerol), assayed for transcription
activity, and stored at —20°C.

In vitro transcription assays. In vitro transcription assays for transcription
termination reactions were carried out using conditions previously described
(42), with some modifications. Briefly, 50 pl of transcription reaction mixture
contains 0.2 pmol of purified RNA polymerase, 50 mM Tris (pH 7.9), 100 mM
KCl, 2 mM MgCl,, 5 mM DTT, 0.1% 3-[(3-cholamidopropyl)-dimethylammo-
nio]-1-propanesulfonate (CHAPS), 1 mM each ATP and UTP, 20 pM GTP, 5
wCi of [«-*?P]GTP, 8 U of RNasin, 0.2 U of inorganic pyrophosphatase, 0.2 pmol
of Polh/CFS or Polh/CFS-T. Reaction mixtures were incubated at 30°C for 15
min. The reactions were stopped by adding 150 pl of stop buffer (20 mM Tris [pH
7.5], 0.1% sodium dodecyl sulfate [SDS], 1 mM EDTA, 400 mM NaCl, 50 ug of
tRNA/ml). RNA transcripts were extracted once with an equal volume of phe-
nol-chloroform and precipitated by adding a 2.5X volume of 100% ethanol at
—80°C for 30 min. After centrifugation at 4°C, the RNA was resuspended into
sequence stop buffer (36) and resolved on a 6% polyacrylamide-8 M urea gel.
The gel was dried and exposed on Kodak film or PhosphorImager plates.

Northern blot analysis. After in vitro transcription, RNA transcripts were
resolved on a 6% polyacrylamide-8 M urea gel and transferred to nylon mem-
brane with 0.6X Tris-borate-EDTA (TBE) buffer at 16 V at 4°C for 16 h. The
RNA transcripts were then cross-linked to the nylon membrane using a Strat-
agene UV cross-linker. The membrane was prehybridized in hybridization buffer
(6X SSPE (1x SSPE is 0.18 M NaCl, 10 mM NaH,PO,, and 1 mM EDTA [pH
7.7]), 10 mM EDTA, 5X Denhardt’s solution, 0.5% SDS, 100 pg of sheared calf
thymus DNA/ml, 25% formamide) at room temperature for 2 h, and then a
biotin-labeled oligonucleotide probe (10 ng/ml) was added to hybridize for 16 h.
After hybridization, the membrane was rinsed with 2X SSC (1X SSCis 0.15 M
NaCl plus 0.015 M sodium citrate)-0.1% SDS, washed in 0.2X SSC-0.1% SDS
for 15 min twice, and then washed in 2X SSC for 5 min once at room temper-
ature. The hybridization signals were detected by alkaline phosphatase-conju-
gated streptavidin (Gibco) and developed with nitroblue tetrazolium and 5-bro-
mo-4-chloro-3-indolylphosphate as substrates.

Synthesis of RNA templates for in vitro cleavage assays. PCR was performed
using Pfu DNA polymerase with Polh/CFS or Polh/CFS-T plasmid as DNA
template and two oligonucleotides (GCGGTACCATTTAGTGACACTATAG
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AAGTATTTTAGTGTTTTTIGTAATTTGTAATAAAAAAATTATAAATGGG
and GGCCTCGAGCTCCATACCCTTCCTCCATCTATACCACCC) as prim-
ers. The underlined sequence corresponds to the SP6 promoter; the remaining
sequences hybridize to the C-free cassette. PCR products were inserted into a
pUCI18 plasmid previously linearized with Smal. The resulting plasmids were
called SP6/CFS and SP6/CFS-T. The RNA templates were synthesized using SP6
RNA polymerase and purified on an agarose-TBE gel.

RNA 3’ RACE. Transcription reactions were performed as described above but
incubated at 30°C for 60 min. Then the RNA transcripts were precipitated with
5 pg of glycogen and 2 volumes of ethanol at —80°C for 30 min. RNA pellets
were resuspended into diethylpyrocarbonate-treated sterile water. The RNA
samples were then used to make the first-strand cDNA using Superscript II
reverse transcriptase (Gibco) with the oligo(dT) adapter primer (AP primer;
GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTT) as recommended
by the manufacturer. Reverse transcriptase reactions were performed in the
absence of dGTP. Then the first-strand cDNA was amplified by PCR with Taq
DNA polymerase (Promega), an abridged universal amplification primer
(AUAP primer; GGCCACGCGTCGACTAGTAC) corresponding to sequence
beyond the oligo(dT) of the AP primer, and a 3’ RACE (rapid amplification of
3" ¢cDNA ends) primer (TGGAGGGGATATGGAAAGGGAAAGGAG) cor-
responding to the upstream region of the C-free cassette. The PCR products
were ligated with a linear T vector (Promega). The 3'-end sequences of RNA
transcripts were determined by sequencing using the primers that hybridized to
sequences on the T vector flanking the insert.

RNA 5’ RACE. After in vitro transcription, RNA transcripts were resolved on
a denaturing 6% acrylamide-8 M urea gel. The 130-nucleotide (nt) transcripts
were excised, crushed in buffer, and purified by centrifugation through a spin
column. RNA transcripts were then precipitated by the addition of 5 pg of
glycogen and 2 volumes of ethanol at —80°C for 30 min. The RNA pellets were
resuspended in diethylpyrocarbonate-treated sterile water. The RNA samples
were then used to make the first-strand cDNA using Superscript II reverse
transcriptase (Gibco) in the absence of dGTP, using a 3" primer (CTCCATAC
CCTTCCTCCAT) that hybridized to the C-free cassette. The cDNA samples
were purified on a Sephadex G-50 spin column to remove the free nucleotides.
The first-strand cDNAs were tailed using terminal deoxynucleotidyltransferase
(Gibco) in the presence of 1 mM dGTP. The dG-tailed cDNAs were amplified
with Tag DNA polymerase (Promega) with 3’ long primer (GGCCTCGAGCT
CCATACCCTTCCTCCATCTATACCACCC) and 5" RACE primer (GGCCA
CGCGTCGACTAGTACCCCCCCCCCCCCCCCC). The PCR products were
ligated with linearized T vector (Promega). The 5" ends of the RNA transcripts
were determined by sequencing using the primers that annealed to sequences on
the T vector flanking the insert.

RESULTS

Baculovirus RNA polymerase terminates within the syn-
thetic globin sequence. Previous studies have shown that a
synthetic globin cleavage/polyadenylation signal directs 3'-end
formation in vivo as well as the native polyhedrin signal (41).
To determine whether purified baculovirus RNA polymerase
recognizes this globin signal in vitro, a 47-nt C-free version
(Fig. 1A) was inserted into the template region of Polh/CFS,
the transcription template used for purification of viral RNA
polymerase (18, 42). The resulting construct, Polh/CFS-T,
should direct the synthesis of a 286-nt transcript if the signal is
not recognized by the baculovirus RNA polymerase (Fig. 1B).
Alternatively, if RNA polymerase terminates transcription or
cleaves the RNA transcripts within the globin signal, then the
RNA products should be approximately 88 nt shorter than
those transcribed from the standard Polh/CFS template.

In vitro transcription reactions were performed in parallel
with purified RNA polymerase and either the standard Polh/
CFS template or Polh/CFS-T. The transcription products were
resolved on a denaturing polyacrylamide gel to compare the
sizes of the transcription products. As usual, in vitro transcrip-
tion with Polh/CFS template produced two transcripts (Fig.
1C, lane 2). The major band was 239 nt, which corresponds to
the full-length transcript that initiates at TAAG and stalls at
the first C in the nontemplate strand. The minor one was
approximately 50 nt shorter than the full-length RNA tran-
scripts. The origin of this shorter transcript is unknown, al-
though we have speculated that it is a pause product (42). In
vitro transcription reactions with Polh/CFS-T generated four
different RNA products (Fig. 1C, lane 3). The size of the
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FIG. 1. The globin cleavage/polyadenylation signal is recognized by purified
baculovirus RNA polymerase. (A) Sequence of the globin cleavage/polyadenyl-
ation signal. To allow transcription in the absence of CTP, the three C’s on the
nontemplate strand of the globin sequence were changed to G. (B) Schematic
diagram of transcription templates Polh/CFS and Polh/CFS-T. (C) RNA tran-
scription pattern. Purified RNA polymerase (0.2 pmol) was incubated with 0.2
pmol of the indicated DNA template using standard transcription reaction con-
ditions at 30°C for 15 min. Lane 1, $X174/Hinfl marker; lane 2, Polh/CFS as
template; lane 3, Polh/CFS-T as template. Sizes of the transcripts produced from
Polh/CFS (left) and Polh/CFS-T (right) are indicated. (D) Transcription termi-
nation activity copurified with baculovirus RNA polymerase. RNA polymerase
was filtered through a Superose 6 size exclusion column. Fractions were collected
and dialyzed individually against polymerase storage buffer (50 mM Tris [pH
7.9], 400 mM KCI, 0.1 mM EDTA, 1 mM DTT, 50% glycerol). Fractions across
the peak of RNA polymerase were analyzed by SDS-PAGE followed by staining
with Coomassie brilliant blue (top). The same fractions were assayed for tran-
scription termination using 2 wl from each fraction and 1.0 ng of Polh/CFS-T as
template. The RNA transcripts were resolved on a 6% polyacrylamide-8 M urea
gel and exposed to X-ray film. Lane 1 contains protein (top) or DNA (bottom)
molecular markers.

largest band, 286 nt, corresponds to the size predicted for
initiation at the polyhedrin promoter and stalling at the first C
on the nontemplate strand. The minor band at 239 nt is prob-
ably equivalent to the pause product seen with Polh/CFS. The
shorter two bands were unique to the transcription reaction
with Polh/CFS-T. The major product was a heterogeneously
sized band of approximately 170 to 220 nt. There was also a
less abundant transcript of 130 nt.

To confirm that this transcription pattern was due to intrin-
sic properties of baculovirus RNA polymerase and not to con-
taminants in the enzyme preparation, we assayed for copurifi-
cation of this transcription pattern with RNA polymerase (Fig.
1D). The last step in the purification protocol is a Superose 6
gel exclusion column in the presence of 2 M KCI to disrupt
nonspecific interactions with other proteins (18). Aliquots of
the individual fractions from the Superose column were ana-
lyzed by polyacrylamide gel electrophoresis (PAGE) to con-
firm the purity of the enzyme preparation (Fig. 1D, top). The
corresponding fractions were also assayed for transcription
activity on Polh/CFS-T. As expected, the total transcription
activity increased and decreased concomitantly with the peak
of RNA polymerase. The pattern of transcripts produced was
identical in every fraction, indicating that minor contaminants
probably do not contribute to the pattern observed (Fig. 1D,
bottom). The peaks of protein and transcription activity also
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FIG. 2. Terminated transcripts are released from ternary complexes. After a
15-min transcription reaction, parallel transcription reactions were stopped im-
mediately (lane 2) or chased for 5 min at 30°C with 1 mM GTP (lane 4), 1 mM
GTP plus 1 mM CTP (lane 5), or an equivalent volume of transcription buffer
(lane 3). Sizes are indicated in nucleotides.

exactly copurified with the guanylyltransferase activity of the
RNA polymerase (data not shown).

We considered the possibility that the two smaller RNAs
were transcriptional pause products resulting from the low
concentration of GTP used in the in vitro transcription reac-
tions; [«-**P]GTP is used as the radiolabel, and so the GTP
concentration is 50 times lower than the concentration of other
nucleotides. To test this, reaction products from a 15-min re-
action (Fig. 2, lane 2) were chased with 1 mM GTP (lane 4).
All four of the major bands, including the 130- and 170- to
220-nt transcripts, were resistant to the GTP chase (lane 4).
This indicates they are not transcriptional pause products due
to limiting GTP concentration. Other minor products, how-
ever, were chased by the addition of GTP, confirming that
polymerase was still active and able to extend paused products.
Addition of 1 mM CTP and 1 mM GTP chased the 130-nt
product as well as the 239- and 286-nt transcripts (lane 5),
indicating that these transcripts were in stable ternary com-
plexes that stalled at the first C on the nontemplate strand. The
170- to 220-nt fragments, however, were not extended, indicat-
ing that these transcripts were no longer associated with RNA
polymerase ternary complexes.

Northern blot analyses were performed to confirm this re-
sult. Parallel in vitro transcription reactions with both tem-
plates were performed and separated by acrylamide gel elec-
trophoresis. The reaction products were transferred to nylon
membrane and exposed to film to locate the positions of the
reaction products (Fig. 3B). Blots were then separately probed
with biotin-labeled oligonucleotides that corresponded to
unique sequences that mapped to either the 5” or 3’ region of
the C-free cassette. Both probes hybridized to the full-length
transcripts, as expected. The 170- to 220-nt transcripts hybrid-
ized with only the 5’ probe, while the 130-nt band hybridized
with the 3’ probe but not the 5’ probe (Fig. 3C).

Purified RNA polymerase has polyadenylation, but not
cleavage, activity. The results of the Northern blot analysis
combined with the CTP chase data indicate that the 5" ends of
the 170- to 220-nt transcripts mapped to the polyhedrin pro-
moter, and so the 3’ ends must map to positions within, or
downstream of, the globin sequence. The 3" ends of the 130-nt
transcripts, on the other hand, must correspond to the last
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FIG. 3. Mapping of terminated transcripts. (A) Schematic diagram of Polh/
CFS-T with the relative positions of the 5" and 3’ probes indicated. (B) Tran-
scription reactions. RNA transcripts were resolved on a 6% polyacrylamide-8 M
urea gel, transferred to a nylon membrane, and detected by exposure to X-ray
film. Lanes: M, $X174/Hinfl marker; 1 and 3, Polh/CFS as template; 2 and 4,
Polh/CFS-T as template. (C) Northern blot analysis. The nylon membrane was
hybridized with biotin-labeled probes and detected using alkaline phosphatase-
conjugated streptavidin and a chromogenic substrate. Sizes are indicated in
nucleotides.

nucleotide of the C-free cassette. This positions the 5’ ends of
130-nt transcripts at the extreme left end of the globin cassette,
apparently upstream of the 3" ends of the 170- to 220-nt tran-
scripts. This would suggest that these two bands were not
produced by cleavage of the full-length transcript. Also arguing
against a cleavage hypothesis is the fact that the relative molar
amounts of the two products are not equivalent. The 170- to
220-nt fragments were present at an approximately fivefold
molar excess compared to the 130-nt band.

To validate this conclusion, we assayed directly for posttran-
scriptional RNA cleavage activity associated with RNA poly-
merase. The Polh/CFS and Polh/CFS-T cassettes were cloned
under the control of the SP6 promoter, and RNA transcripts
were synthesized using SP6 RNA polymerase. Transcripts
made by SP6 RNA polymerase are identical to the baculovirus
RNA polymerase-derived RNAs except for an additional G at
the 5" end. SP6 RNA polymerase-derived RNA transcripts
were incubated with purified baculovirus RNA polymerase for
15 min at 30°C in the standard in vitro transcription buffer (Fig.
4). RNAs were then analyzed for cleavage activity on a 6%
polyacrylamide—8 M urea denaturing gel. RNAs were stable
in both the presence and absence of RNA polymerase, indi-
cating that they were not cleaved by the enzyme and also did
not self-cleave. Addition of ATP alone or ATP plus GTP and
CTP resulted in the formation of longer, heterogeneously sized
products, suggesting the RNA substrates were polyadenylated
(Fig. 4, lanes 5, 6, 10, and 11). The polyadenylation reaction
was apparently not sequence dependent, since the two tran-
scripts were elongated to similar extents.

This polyadenylation activity of the purified RNA polymer-
ase suggests that heterogeneity of the 170- to 220-nt transcripts
was due to polyadenylation of the terminated transcripts. To
test this, we performed a time course experiment with Polh/
CFS-T plasmid (Fig. 5). If the terminated transcripts were
polyadenylated, they should be elongated with the extended
reaction time. Alternatively, if heterogeneity was due to ran-
dom termination or cleavage, the sizes should not change with
time of incubation.

Analysis of the time course experiment revealed that all four

TERMINATION AND POLYADENYLATION OF VIRAL RNA 8933

Q Q
e EEe EE

Z = 2
85 <5983 <
ol ++af ++
EcoocoEcooo
vOaqgacovoaaq
FO + 4+ +10O + + +

<—SP6/CFS-T
<-SP6/CFS

1234 56 78910 11

FIG. 4. Cleavage and polyadenylation activities of purified baculovirus RNA
polymerase. The two C-free cassettes were cloned under the control of the SP6
promoter, and RNA was produced in vitro using SP6 RNA polymerase. Ten
femtomoles of each RNA was analyzed directly or incubated at 30°C for 15 min
in transcription buffer with RNA polymerase and nucleotides as indicated. The
samples were then were extracted with phenol and chloroform, precipitated with
ethanol, and resolved on 6% polyacrylamide-8 M urea gel. Lanes: 1, $X174/
Hinfl marker; 2 and 7, SP6 RNA transcripts; 3 and 8, buffer only; 4 and 9, RNA
polymerase; 5 and 10, RNA polymerase plus 1 mM ATP; 6 and 11, RNA
polymerase plus 1 mM ATP and UTP plus 20 uM GTP.

reaction products were synthesized by 5 min of incubation. The
amount of product increased somewhat between 5 and 10 min
of incubation, but the four bands were relatively constant in
abundance at the later time points. The reaction products were
constant with respect to size, with the exception of the 170- to
220-nt transcripts, which were elongated with increasing time.
At later times the heterogeneous transcripts ranged in size
from 200 to >400 nt, with an average length of approximately
250 nt.

Significantly, the amount of full-length product did not de-
crease with time, and there was no evidence of cleavage of this
product. This supports our conclusion that the shorter RNAs
are not produced by cleavage of the full-length transcript.
Thus, these data suggest a model in which the 170- to 220-nt
transcripts arise by termination of transcription, followed by
posttranscriptional polyadenylation.

Viral RNA polymerase terminates at a T-rich region in the
globin cleavage/polyadenylation sequence. To determine the
site of transcription termination, the 3’ ends of the terminated
transcripts were determined by 3" RACE using oligo(dT) for
the initial reverse transcription reaction. Sequencing of cDNA
clones revealed the presence of a poly(A) tail, confirming that
the transcripts were indeed polyadenylated. The 3’ ends of
these transcripts were mapped to the two T-rich regions of the
synthetic globin sequence (Fig. 5B). Several clones had two
additional, nontemplated T residues before the poly(A) tail.
This suggests that baculovirus RNA polymerase may terminate
by a slippage mechanism.

We also performed RNA 5’ RACE on the transcription
products to determine the origin of the 130-nt product. Se-
quence analysis revealed that the 5’ end of this transcript
mapped to the poly(A) signal AATAAA (Fig. 4B). Therefore,
the 130- and 170- to 220-nt transcripts could not possibly arise
by cleavage of the full-length product, since their 5" and 3’ ends
overlap. Presumably, the 130-nt product is produced by inter-
nal initiation of transcription, although there is not a consensus
baculovirus late promoter motif (A/GTAAG) near the puta-
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FIG. 5. Terminated transcripts are polyadenylated. (A) Time course of tran-
scription and polyadenylation. In vitro transcription reactions with Polh/CFS-T
and purified RNA polymerase were stopped at the times indicated above the
lanes. RNA transcripts were resolved on a 6% polyacrylamide-8 M urea gel.
Lane 1, $X174/Hinfl marker. Positions of the relevant transcripts are indicated
in nucleotides on the right. (B) Sequences of cDNA clones. RNA 3" RACE and
c¢DNA sequencing were used to determine the sites of transcription termination.
The sequence corresponds to the nontemplate strand of the globin cleavage/
polyadenylation signal in Polh/CFS-T; the poly(A) signal is underlined. The viral
RNA polymerase terminates at the end of two T-rich sequences in the globin
sequence. Three clones contained two nontemplated T residues before the
poly(A) tails.

tive transcriptional start site. The poly(A) signal is followed by
an AG dinucleotide, and it is possible that the resulting se-
quence ATAAAAG is read as a transcription start site in this
in vitro system.

To confirm that the 130-nt transcripts were due to internal
initiation and not to cleavage of the full-length transcript, we
used the construct SP6/Polh-T as a transcription template with
purified RNA polymerase (Fig. 6A). This plasmid has the same
C-free termination cassette as Polh/CFS-T but has a bacterio-
phage SP6 promoter instead of the baculovirus polyhedrin
promoter. We found that 130-nt transcripts were transcribed
by purified viral RNA polymerase from this template (Fig. 6A,
lane 3). Transcripts were not synthesized from a similar plas-
mid in which the AATAAA motif was changed to AGGAAA,
confirming that this sequence directed internal initiation of
transcription.

Oligo(T) is the major determinant for transcription termi-
nation. The synthetic globin sequence has two major sequence
features of RNA polymerase II cleavage/polyadenylation sig-
nals: an AAUAAA motif located 10 to 30 bases upstream of
the cleavage site and a GU-rich sequence 20 to 40 bases down-
stream. To determine whether these sequence features are
essential for transcription termination by baculovirus RNA
polymerase, the hexanucleotide AATAAA in the globin C-free
cassette was changed to AGGAAA (Polh/CFS-M3) and the T
residues in the GT-rich sequence were changed to A’s (Polh/
CFS-M1). The ability of these mutant versions to direct tran-
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CFS-T: AATAAAAGATGTTTATTTTGATTAGATGTGTGTTGGTTTITITITGTIGT

CFS-M1: AATAAAAGATGTTTATTTTGATTAGAAGAGAGAAGGTTTTTTITGTGT
CFS-M2: AATAAAAGATGITTGGGTTGATTAGATGTGTGTTGGITGGGTITGTGT
CFS-M3: AGGAAAAGATGTTTATTTTGATTAGATGTGTGTTGGTTTTTITGTGT

FIG. 6. Mutational analysis of globin cleavage/polyadenylation cassette. (A)
Nonspecific transcription initiation at the globin poly(A) signal. Standard in vitro
transcription reactions were carried out with 0.2 pmol of purified RNA polymer-
ase and 0.2 pmol of the indicated templates at 30°C for 15 min. Lanes: 1,
$X174/Hintl marker; 2, Polh/CFS-T; 3, SP6/CFS-T; 4, SP6/Polh-M3 as template
in which AATAAA was changed to AGGAAA in the C-free cassette. Sizes are
indicated in nucleotides. (B) Sequence requirements for termination. Lanes: 1,
$X174/Hinfl marker; 2, RNA transcripts synthesized from Polh/CFS-T plasmid;
3, RNA transcripts from Polh/CFS-M1 plasmid; 4, RNA transcripts from Polh/
CFS-M2 plasmid; 5, RNA transcripts from Polh/CFS-T3 plasmid. (C) Sequences
of the globin cleavage/polyadenylation cassette and three mutant versions. The
relevant substituted regions are underlined.

scription termination was tested by in vitro transcription. The
termination activity of viral RNA polymerase was not affected
either by substitutions in the GT-rich sequence (Figure 6B,
lane 3) or by the poly(A) signal mutation (Fig. 6B, lane 5). This
indicates that neither of these sequence features is a major
determinant for termination in vitro.

However, transcription of the hexanucleotide mutant pro-
duced two alterations in the pattern of transcription products
(Fig. 6B, lane 5). The 130-nt product was not produced. This
was expected from the results presented in Fig. 6A, showing
that the sequence surrounding the poly(A) signal could func-
tion as a weak initiator. Also a transcript of approximately 160
nt was produced; this is apparently a transcription pause prod-
uct, because it could be chased by the addition of 1 mM GTP
(data not shown).

Sequence analysis of 3' RACE products indicated that ter-
mination occurred at the two T-rich sequences of the synthetic
globin C-free cassette (Fig. 5B). Therefore, we also con-
structed mutant versions of Polh/CFS-T to test whether T-rich
sequences are required for transcription termination. Both of
the T-rich sequences were changed to TTGGGTT to make the
double mutant Polh/CFS-M2, in which both of the T-rich se-
quences were disrupted by G residues. In vitro transcription
reactions were then performed to compare the transcription
patterns between Polh/CFS-T and the double mutant Polh/
CFS-M2. Termination was completely abolished during tran-
scription of this mutant template (Fig. 6B, lane 4). This result
confirms our hypothesis that the globin termination cassette
was able to function in 3’-end formation because it contained
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FIG. 7. ATP hydrolysis is not required for transcription termination by bac-
ulovirus RNA polymerase. Purified RNA polymerase (0.2 pmol) was incubated
with 0.2 pmol of Polh/CFS-T plasmid at 30°C for 60 min in standard transcription
buffer containing 1 mM ATP (lane 2) or 1 mM ATPrys to replace ATP. Lane 1,
$X174/Hintl marker. Sizes are indicated in nucleotides.

T-rich sequences, not because it was recognized by cellular
cleavage/polyadenylation enzymes.

The mutations in the T-rich regions also resulted in a dra-
matic decrease in the production of the nonspecific initiation
product at 130 nt. This suggests that the ability of the ATAA
AAG sequence to serve as an initiator is strongly influenced by,
and probably dependent on, the presence of a T-rich sequence
immediately downstream.

Transcription termination by baculovirus RNA polymerase
is an energy-uncoupled process. In some systems, termination
of transcription requires ATP to provide the energy to break
the hydrogen bonds between the template and the transcript.
Previous data from our lab have shown that transcription ini-
tiation and elongation are independent of ATP hydrolysis and
are able to proceed in the presence of 1 mM ATPyS (B. Xu
and L. A. Guarino, unpublished data). To test whether tran-
scription termination is coupled to ATP hydrolysis, 1 mM
ATPyS was substituted for ATP in a transcription assay with
Polh/CFS-T plasmid. There were no differences in either the
transcription or termination patterns in parallel reactions con-
taining ATP or ATPyS (Fig. 7). These data indicate that tran-
scription termination by baculovirus RNA polymerase does
not require ATP hydrolysis.

DISCUSSION

The data presented here indicate that purified viral RNA
polymerase recognizes a T-rich region within a globin cleavage/
polyadenylation sequence as a termination signal. This contra-
dicts the prevailing view of baculovirus 3'-end formation,
which holds that cellular enzymes process viral transcripts by a
cleavage and polyadenylation mechanism. We questioned this
assumption based on recent reports showing that transcription
and 3’-end processing were coordinated through interactions
between the polyadenylation machinery and the CTD of RNA
polymerase II (27). This emerging model, coupled with our
finding that the viral RNA polymerase lacked a CTD-like do-
main, suggested to us that 3’-end formation was an intrinsic
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property of the RNA polymerase and occurred independently
of host machinery.

The model invoking cellular machinery in the formation of
viral 3’ ends was based on a study showing that a synthetic
globin cleavage/polyadenylation cassette could substitute for
the native 3’ noncoding region of the polyhedrin gene (41).
This globin sequence contains the two major determinants of a
cleavage/polyadenylation signal: a hexanucleotide AAUAAA
and a downstream GU-rich sequence. In addition, the signal
contains a U-rich sequence, which we predicted would serve as
a termination signal. To test this hypothesis, we cloned the
globin sequence into a transcription template and found that
this sequence induced termination of transcription at the pre-
dicted site. The terminated transcripts were released from ter-
nary complexes and were polyadenylated.

We found that the peak of termination activity exactly co-
incided with the peak RNA polymerase protein as well as the
peaks of transcription and guanylyltransferase activities. This
suggests that these activities are intrinsic to the baculovirus
RNA polymerase, although we cannot exclude the possibility
that minor contaminants in our enzyme preparation influence
transcription termination. If there are contaminating activities,
they are more likely to be viral proteins than host proteins.
Cellular cleavage enzymes are unlikely to contribute signifi-
cantly to the activities detected here since our data indicate
that the mechanism of 3" end formation is termination and not
cleavage. Host polyadenylation enzymes are also unlikely to
contribute to polyadenylation because they preferentially add
adenylates to CA residues, which were not present in the
C-free sequence. In addition, most eukaryotic poly(A) poly-
merases recognize the AAUAAA sequence, which was not
essential for the poly(A) polymerase activity of the viral RNA
polymerase. Adenylates were added to exogenously tran-
scribed RNAs that lacked the globin termination cassette as
efficiently as an RNA containing this sequence.

Only 50% of the transcribing RNA polymerases terminated
in the T-rich region on the globin sequence (Fig. 1). This is
similar to the in vivo result in which the synthetic globin se-
quence was inserted upstream of the native polyhedrin termi-
nation sequence (41). Northern blotting analyses indicated
that about half of the RNA polymerases read through the
synthetic globin sequence in vivo and terminated downstream
at the authentic polyhedrin signal. This suggests that efficient
termination may require additional sequence features that are
not present in the globin cassette. Additional in vivo and in
vitro analyses will be necessary to fully delineate the sequence
requirements for transcription and polyadenylation.

Termination by the viral RNA polymerase was independent
of ATP hydrolysis. This suggests that the energy necessary for
transcription termination of baculovirus RNA polymerase
comes from an intrinsic feature of this viral RNA polymerase,
possibly involving a conformational change of the RNA poly-
merase and an interaction between the components of the
elongation complex. Transcription termination can be divided
into two categories: intrinsic termination such as the rho-inde-
pendent transcription termination by bacterial RNA polymer-
ase (reviewed in reference 34), and protein factor-dependent
termination, such as the rho-dependent transcription of Esch-
erichia coli RNA polymerase (reviewed in reference 34) and
the termination of vaccinia virus RNA polymerase (7) and
RNA polymerase II (reviewed in reference 43). Our data sug-
gest that transcription termination by baculovirus RNA poly-
merase is similar to rho-independent transcription termination
of E. coli RNA polymerase.

RNA 3" RACE and ¢cDNA sequencing data revealed that
baculovirus RNA polymerase terminated after transcription of
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two T-rich regions on the nontemplate strand downstream of
the poly(A) signal AAUAAA. Mutational analyses suggest
that the T-rich sequence is the major element specifying tran-
scription termination in the globin cassette. Similar T-rich se-
quences are present downstream of most, or possibly all, bac-
ulovirus late genes (41), and we suggest that this element, and
not the AAUAAA sequence, specifies 3'-end formation. How-
ever, oligo(T) is unlikely to be the only determinant because
T-rich sequences can be found within the open reading frames
of several baculovirus late and very late genes. If oligo(T) were
sufficient to specify termination of transcription, then expres-
sion of these late and very late genes would be decreased by
untimely termination of RNA polymerase during elongation. It
is possible that an antitermination factor is required to prevent
premature termination at T-rich sequences within open read-
ing frames. If true, we hypothesize that this termination factor
is not part of the core RNA polymerase and was lost during
purification.

Mutational analyses suggested that the poly(A) AAUAAA
signal is not essential for transcription termination. These
poly(A) signals have been noted in the 3" untranslated regions
of most, if not all, mRNAs of baculovirus late and very late
genes (41), suggesting that they have been conserved for some
purpose. Although our data do not support an essential role
for this signal, they also do not exclude an accessory role for
the poly(A) signal in transcription termination. For example,
the poly(A) signal could be a positioning element for termina-
tion. Once RNA polymerase passes this signal, the antitermi-
nation factor could be released or inactivated, causing RNA
polymerase to terminate at the nearest downstream T-rich
sequence. This type of role would not be detected in our
experimental system containing RNA polymerase alone but
would be essential for transcription in vivo. The role of the
poly(A) signal in transcription termination is so far inconclu-
sive based on our data and others (38, 41).

Purified RNA polymerase was able to polyadenylate nascent
transcripts as well as exogenously added templates, although
the processivity of this reaction was fairly low (Fig. 4). Vaccinia
virus also uses a mechanism of transcription termination at
oligo(T), followed by polyadenylation for the formation of
early viral 3’ ends (12, 35). In this case, polyadenylation is
mediated by a poly(A) polymerase that is distinct from the
RNA polymerase. The enzyme is a heterodimer, consisting of
VP55 and VP39 proteins (12). VP55, the catalytic subunit, can
add 30 to 35 adenylates to RNA 3’-end-related primers in a
rapid reaction. After this burst of polyadenylation, the proces-
sivity suddenly turns into a slow, nonprocessive mode. VP39
can convert this slow reaction back to a rapid semiprocessive
addition of adenylates (13). Thus, it is possible that polyade-
nylation by the baculovirus polymerase is stimulated by a dis-
sociable factor that was lost during purification.

Poly(A) polymerases have been isolated from a number of
sources, and conserved motifs are beginning to emerge (5, 6,
10, 12, 24, 25, 29, 33, 40). Comparisons of the amino acid
sequences of poly(A) polymerases from the poxviruses, yeast,
plants, and mammals have not provided a strong match to any
of the baculovirus RNA polymerase subunits. In addition, we
have been unable to demonstrate that poly(A) polymerase
activity is associated with any of the individual subunits. Pre-
viously we were able to map the guanylyltransferase and RNA
triphosphatase activities of RNA polymerase to the LEF-4
subunit by expressing this enzyme as a single subunit (17, 21).
Unfortunately, LEF-4 is the only one of the RNA polymerase
subunits that is soluble when expressed as a single subunit in
bacteria. Thus, we have been unable to identify the protein
responsible for the poly(A) polymerase activity.

J. VIROL.
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