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In vitro transcription was used to analyze the promoter specificity of the a-amanitin-resistant RNA poly-
merase that is induced late during infection of Autographa californica multicapsid nuclear polyhedrosis virus.
By modifying the preparation of crude nuclear extracts, we have established an assay that permits differen-
tiation between weak late and strong very late viral promoters. The virus-induced RNA polymerase initiates at
a TAAG sequence motif in both late and very late promoters. Based on the sensitivity of our in vitro
transcription system, we have investigated the sequences responsible for a functional TAAG motif and their
putative role with respect to the strength of very late promoters. By constructing hybrid promoters between the
early pe38 and the very late polyhedrin promoters, we demonstrated that the replacement of 7 nucleotides
upstream of the nonfunctional TAAG sequences in the pe38 promoter with the corresponding sequences of the
polyhedrin promoter was sufficient for recognition by the virus-induced RNA polymerase. The strength of the
very late polyhedrin promoter was established after replacing the 5* untranslated sequences of the pe38
promoter by those of the polyhedrin promoter in addition to the 7 nucleotides upstream of the TAAG motif.

The infection cycle of Autographa californica multicapsid
nuclear polyhedrosis virus (AcMNPV) includes a complex tem-
porally regulated gene expression cascade and results in the
production of two different infectious forms. Although repli-
cation of this DNA virus takes place in the nucleus, AcMNPV
infection induces a novel RNA polymerase activity that is re-
sistant to a-amanitin (7, 12). It is not known whether the
virus-induced RNA polymerase is virus encoded, comprising
subunits that are divergent from known RNA polymerases, or
is a host complex modified by virus-encoded subunits. The
targets of the virus-induced RNA polymerase are late and very
late viral promoters, while host RNA polymerase II recognizes
early promoters (for reviews, see references 5 and 31). Late
and very late promoters differ not only in the temporal appear-
ance of their activity but also in promoter strength. The pro-
moters of the very late genes polyhedrin and p10 are much
stronger than those of late genes, resulting in abundant protein
expression. How the virus-induced RNA polymerase contrib-
utes to the hyperexpression of the p10 and polyhedrin genes is
still under investigation.

Transcriptional initiation at late and very late promoters
occurs within a conserved TAAG sequence motif (35). Mu-
tagenesis studies of the polyhedrin and p10 promoters demon-
strate that upstream sequences have only a minor effect on
activity whereas any mutations in the TAAG sequence abolish
transcriptional initiation (26, 30, 32, 34, 43, 44). In addition,
mutations in the adenine- and thymine-rich sequences down-
stream of the TAAG motif result in dramatic reduction of
transcription. In contrast to strong very late promoter activity,
weak late expression can be sufficiently directed by a TAAG
sequence motif (13, 28).

The differential regulation of late and very late promoters

has been analyzed in vivo and in vitro. Transient-expression
studies indicate that 18 genes of AcMNPV are able to trans-
activate the late promoters vp39 and p6.9 (39, 40). An addi-
tional factor, vlf-1 (27), enhances activation only of the very
late promoters p10 and polyhedrin, without affecting the ac-
tivity of late promoters (40). It is not known how this factor
contributes to the high transcriptional efficiency or whether
additional factors are directly involved in the regulation of late
and very late promoters.

As an alternative, in vitro transcription systems were estab-
lished to identify the factors involved in baculovirus early- and
late-gene expression. These in vitro systems are based on crude
nuclear extracts (10, 45) or fractionated nuclear extracts (3)
from infected Spodoptera frugiperda cells, which support the
transcription of early, late, and very late genes. To accelerate
the analysis of late and very late in vitro-transcribed RNAs,
cytidine-free cassettes were introduced (45), although the high
transcriptional efficiency of very late promoters observed in
vivo could not be mimicked in vitro.

We have introduced a modification in the extract prepara-
tion that leads to crude nuclear protein extracts capable of
faithful in vitro transcription of baculovirus very late genes,
which allows the distinction between late and very late pro-
moters based on promoter strength. Our assay was a prereq-
uisite for determining the promoter specificity of the virus-
induced RNA polymerase in more detail. Transcriptional
initiation at TAAG sequences implies the recognition of a
rather short consensus site by the virus-induced RNA polymer-
ase, which in turn leads to the question of how AcMNPV
accomplishes the recognition of functional versus nonfunc-
tional TAAG motifs on its genome of 133,894 bp (1). One
mechanism is selection against TAAG sequences; instead of
1,410 statistically expected motifs, only 397 are present (1).
Indeed, additional mechanisms might account for the initiation
at distinct TAAG motifs. The analysis of late-promoter selec-
tion in the AcMNPV gp64 gene suggests that the immediate
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versität zu Köln, Weyertal 121, 50931 Cologne, Germany. Phone: 49-221-
4703528. Fax: 49-221-4705163. E-mail: d.moersdorf@uni-koeln.de.

2991



context, rather than the position relative to active TAAG se-
quence motifs, determines whether the TAAG sequence serves
as transcriptional initiation site (9). To analyze the role of the
immediate context of TAAG sequences in transcriptional ini-
tiation, we have constructed hybrid promoters between the
early pe38 (21) and the very late polyhedrin promoters. Close
to the early transcriptional start, the pe38 promoter contains a
TAAG motif that is not recognized by the virus-induced RNA
polymerase. By replacing the pe38 flanking sequences of the
TAAG element with those of the polyhedrin promoter, we
demonstrated the conversion of a nonfunctional into a func-
tional TAAG element. These observations led us to investigate
which additional sequences specify a very late promoter.

MATERIALS AND METHODS

Cells and viruses. S. frugiperda IPLB21 (41) cells were grown at 27°C in TC100
medium (8) supplemented with 10% fetal calf serum. For protein extract prep-
aration, S. frugiperda cells were grown in suspension culture. Infection with
AcMNPV plaque isolate E (38) was performed in monolayer culture at a mul-
tiplicity of infection of 10 PFU per cell. Time zero was defined as the time when
the inoculum was added to the cells.

Plasmid constructions and oligonucleotides. Plasmids pME53-CAT202 (19),
pPE38-CAT82 (20), pHE65-CAT474 (2), and pAcp10-CAT (17) were described
previously. The pPE38-CAT57 plasmid was generated by insertion of the oligo-
nucleotide comprising 57 bp of the pe38 promoter into the SalI-XhoI sites of
pBLCAT3 (23). This promoter construct contains 18 bp upstream and 39 bp
downstream of the transcriptional start site. Plasmid pph-CAT101 was con-
structed by inserting the polyhedrin promoter into the PstI-BglII sites of
pBLCAT3. The promoter fragment was generated by PCR amplification with
plasmid pAc-EcoH (22) as the template and the following primers carrying BglII
and PstI sites, respectively: 59TTTTCTGCAGGTTGCTGATATC39 and 59GG
GGAGATCTCCGGCATATTTATAG39. The resulting fragment contains 101
nucleotides upstream of the polyhedrin initiation codon, which is in frame with
the chloramphenicol acetyltransferase (CAT) gene.

Plasmids containing pe38/polyhedrin hybrid promoters (see Fig. 4) were all
constructed by inserting various oligonucleotides into the XbaI-XhoI sites of
pBLCAT3. Oligonucleotides were synthesized on an Applied Biosystems 381 A
DNA synthesizer. After oligonucleotides were heated at 95°C for 3 min, com-
plementary pairs were annealed for 25 min each at 60 and 37°C and then inserted
into the vector. The resulting plasmids, pPE38muTAAG/FR, pPE38mu
TAAG/R, and pPE38muTAAG/F, carry promoter fragments that are identical in
their 59 and 39 sequences and correspond to those of plasmid pPE38-CAT82
(see Fig. 4). The promoter fragments in plasmids pPE38muTAAG/F-ph,
pPE38muTAAG/FR-ph, pPE38muTAAG/R-ph, pPE38muTAAG/F-ph/IRM,
and pPE38muTAAG/F-ph/IRC have the same 59 sequences as the pe38 pro-
moter in plasmid pPE38-CAT82 and the same 39 sequences as the polyhedrin
promoter in pph-CAT101 (see Fig. 4). The hybrid promoter constructs were
named as follows: constructs are based on the pe38 promoter with mutations in
the TAAG box of 18 bp (PE38muTAAG); 7 bp in front (F) and 5 bp in the rear
(R) of the TAAG motif are replaced by those of the polyhedrin promoter; in
addition to F and R mutations, the 59 untranslated sequences of the pe38
promoter have been replaced by those of the polyhedrin promoter (ph); the
inverted repeat in the 59 untranslated region (UTR) of the polyhedrin promoter
has been mutated (IRM) or the mutated inverted repeat has been restored by
complementing mutations (IRC).

The sequence of each promoter construct was verified by sequence analysis
with an Applied Biosystems 373A DNA sequencer.

Preparation of nuclear extracts. Crude nuclear extracts from uninfected S.
frugiperda cells were prepared as described previously (20). To prepare nuclear
extracts of infected S. frugiperda cells, nuclei were purified more extensively
before their lysis, as described initially by Gorski et al. (11) for tissue-specific
transcription from the mouse albumin promoter. We have adapted the method
for nuclei of infected S. frugiperda cells as follows: 8 3 108 cells grown in spinner
cultures were harvested at various times after infection and resuspended in a
hypotonic buffer (10 mM HEPES [pH 8.3], 25 mM KCl, 0.15 mM spermine, 0.5
mM spermidine, 1 mM EDTA, 2 M sucrose, 10% glycerol) in a twofold volume
of the packed cells. The cells were broken by homogenization in a glass Dounce
homogenizer (L-pestle). The homogenate was layered over a 0.5-ml cushion of
the same buffer and centrifuged at 25,000 rpm for 30 min at 4°C in a Beckman
SW60 rotor (11). The nuclei, which accumulated on top of the cushion, were
resuspended in 1 ml of the hypotonic buffer, again in the Dounce homogenizer.
This homogenate was centrifuged under the same conditions as described above.
The nuclear fraction was resuspended in 4 volumes of nuclear extraction buffer
[15 mM HEPES (pH 8.3), 105 mM KCl, 4.4 mM MgCl2, 0.01 mM EDTA, 0.01
mM dithioerythreitol, 1 mM phenylmethylsulfonyl fluoride, 2.9 KIU of aprotinin
per ml, 340 mM (NH4)2SO4]. The nuclei were lysed by stirring for 30 min at 4°C,
and the lysate was centrifuged at 40,000 rpm in a Beckman TLS-55 rotor for 60
min at 4°C. The supernatant was dialyzed against 40 mM KCl–10 mM Tris HCl

(pH 8)–0.1 mM EDTA–1 mM dithiothreitol–10% glycerol for 4 h. The protein
yield was usually 2.5 mg/ml. The aliquots were frozen in liquid N2 and stored at
270°C.

In vitro transcription assay. The conditions for in vitro reactions, including
pH, temperature, and salt requirements, were as described previously (10).
However, preincubation was not performed for early, or late, or very late pro-
moters, since it did not influence the efficiency of transcription under our con-
ditions. The optimal DNA template concentration was 4 nM. The optimal pro-
tein concentration was determined for each extract made, ranging between 0.6
and 1.2 mg/ml.

Transcriptional analysis. The 59 ends of the in vitro-transcribed RNAs were
mapped by primer extension analyses as previously described (2) with the CAT-
specific primer 59GCCATTGGGATATATCAACGGTGGTATATCC39. The
extended products were analyzed on 8% polyacrylamide–7 M urea gels, and were
quantified by a bioimaging analyzer system (FUJIX BAS 1000, version 3.0).

RESULTS

Experimental design. We have addressed the question of
how the virus-induced RNA polymerase distinguishes func-
tional from nonfunctional TAAG motifs and subsequently dif-
ferentiates between late and very late promoters by construct-
ing hybrid promoters whose activity was tested in vitro.
Although recent studies demonstrated that late and very late
promoters can be transcribed in vitro by crude nuclear extracts
(10, 45), the transcriptional activity detected did not reflect
the strength of the very late promoters observed in vivo.
Therefore, we have initially optimized the in vitro transcrip-
tion system to differentiate between late and very late pro-
moters.

In vitro transcription assay for late and very late promoters.
To optimize the in vitro assay for late transcription, we chose
an early/late promoter unit such as the me53 promoter as the
template for early and late transcription and the p10 promoter
as the template for very late transcription. Previous experi-
ments demonstrated both early and late me53 transcriptional
start sites after infection of S. frugiperda and TN-368 cells (18),
suggesting that the me53 promoter serves as a target for both
host- and virus-induced RNA polymerases. In vitro transcrip-
tion was performed with crude nuclear extracts of S. frugiperda
cells and plasmids pME53-CAT202 and pAcp10-CAT contain-
ing the me53 and p10 promoters, respectively; this step was
followed by primer extension analysis. The extended products
of 143 and 183 nucleotides (nt) represent early and late me53
transcription, respectively (Fig. 1), and the 357-nt products
reflect p10 very late transcription (Fig. 2).

Early me53 transcription was very efficiently supported by
nuclear extracts of uninfected cells and by nuclear extracts
prepared from cells at 3 h postinfection (p.i.) (Fig. 1a), as
described by Krappa et al. (20). A decrease in transcription was
observed in extracts prepared from cells at 9, 15, and 24 h p.i.
(Fig. 1a), which corresponds to the decrease of early me53
transcription during the course of infection (18). However, late
me53 transcription was not detectable in nuclear extracts pre-
pared at 15 and 24 h p.i. (Fig. 1a). Since changing a variety of
reaction conditions did not improve late transcription, we
changed the procedure used to prepare the nuclear extracts.
After addition of a step to purify the nuclei, crude nuclear
extracts prepared at 18 h p.i. recognized the late me53 start site
and still supported early transcription (Fig. 1b). Addition of
a-amanitin abolished the accumulation of the early transcript
but did not inhibit late transcription (Fig. 1b), which indi-
cated that the late promoter is recognized by the virus-
induced RNA polymerase in the optimized crude nuclear
extracts.

To test whether the strong increase in transcription of very
late promoters can also be supported by the optimized nuclear
extracts, the p10 and polyhedrin promoters were transcribed in
vitro. The transcriptional activity of the p10 gene increases
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dramatically in vivo from 24 to 48 h p.i. (30, 37). We have
analyzed the increase in transcriptional efficiency in vitro by
comparing nuclear extracts prepared from cells at 20 and 40 h
p.i. As expected, p10 transcription was not supported by ex-
tracts from uninfected insect (S. frugiperda) and mammalian
(HeLa and BHK) cell lines (Fig. 2). Weak p10 transcription
was observed in extracts prepared from cells at 20 h p.i., while
extracts isolated at 40 h p.i. gave rise to very high p10 tran-
scriptional activity, showing a more than 50-fold stimulation
(Fig. 2). Similar results were obtained for the polyhedrin pro-
moter (Fig. 3). As a control, late me53 transcription was tested
in extracts prepared from cells at 20 and 40 h p.i., demonstrat-
ing no increase of transcriptional activity in extracts isolated at
40 h p.i. (data not shown). Therefore, our in vitro system
reflects the transcriptional burst of the p10 and polyhedrin

promoters which is observed in vivo during the very late phase
of infection. We also investigated the requirement of the virus-
induced RNA polymerase for divalent cations, since differ-
ences from the requirements of the host polymerase have been
observed in vivo (7) and in vitro (10). Our results confirmed
the preference of the virus-induced RNA polymerase for low
concentrations of Mg21 or Mn21 in vitro (Fig. 2), indicating
that the nature of the divalent cations does not seem to be
particularly important (data not shown).

FIG. 1. In vitro transcription of the early/late me53 promoter. (a) Nuclear extracts of uninfected (lanes u) or AcMNPV-infected S. frugiperda cells prepared at 3,
9, 15, and 24 h p.i. (lanes 3, 9, 15, and 24) by the method of Krappa et al. (20) were used for in vitro transcription. Plasmid pME53-CAT202 was used as the template
(lanes 1). As negative control, the DNA template was omitted (lanes 2). Transcripts were analyzed by primer extension with a 31-mer CAT-specific primer. The
extended products of 143 and 183 nt represent the early and late me53 transcriptional start sites, respectively. (b) In vitro transcription was performed in extracts of
uninfected cells (lanes u), in extracts prepared from cells at 15 h p.i. by the method of Krappa et al. (20) [lanes 15 (P)], or in extracts prepared from cells at 18 h p.i.
by the method of Gorski et al. (11) [lanes 18(G)]. The absence (2) or presence (1) of 2.5 mg of a-amanitin (a-ama) per ml is indicated below the autoradiogram.
Positions of DNA size markers (lanes M) are shown on the right. ORF, open reading frame. The localization of the extended products and the corresponding start
sites are shown below.

FIG. 2. In vitro transcription of the very late p10 promoter. Plasmid pAcp10-
CAT was used as template for in vitro transcription in nuclear extracts of the
vertebrate cell lines HeLa and BHK and of uninfected (lanes u) or AcMNPV-
infected S. frugiperda cells prepared at 20 h p.i. (lanes 20) and 40 h p.i. (lanes 40).
Nuclear extracts of uninfected and AcMNPV-infected cells were prepared by the
method of Gorski et al. (11). In vitro transcription with extracts of uninfected
cells was performed in the presence of 6 mM Mg21 and with extracts of infected
cells in the presence of either 6 mM Mg21 or 2.5 mM Mn21; a-amanitin (2.5
mg/ml) was added to each reaction mixture. The extended products of 357 nt
represent the very late p10 transcriptional start. Positions of DNA size markers
(lane M) are shown on the right. ORF, open reading frame. The localization of
the extended product and the corresponding start site are shown below.

FIG. 3. In vitro transcription of the very late polyhedrin promoter in com-
parison to early pe38 and he65 transcription. Plasmids pph-CAT101, pPE38-
CAT82, and pHE65-CAT474 were used as templates for in vitro transcription in
nuclear extracts of uninfected S. frugiperda cells (lanes u) or AcMNPV-infected
S. frugiperda cells prepared at 20 h p.i. (lanes 20) and 44 h p.i. (lanes 44) by the
method of Gorski et al. (11). In vitro transcription reactions were performed in
the presence (lanes 1) or absence (lanes 2) of a-amanitin (a-ama) (2.5 mg/ml).
The extended products of 160 nt represent the very late polyhedrin transcrip-
tional start site, and 132 nt and 145/142 nt represent the early pe38 and he65 start
sites, respectively. Positions of DNA size markers (lane M) are shown on the
right. ORF, open reading frame. The localization of the extended product and
the corresponding start site are shown below.
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Functional and nonfunctional TAAG sequence motifs in
transcriptional initiation by the virus-induced RNA polymer-
ase. In late and very late promoters, TAAG sequence motifs
from the core of transcriptional start sites recognized by the
virus-induced RNA polymerase. In addition to early transcrip-
tional start sites, some promoters such as the me53 (19) and
p35 (29) promoters carry TAAG sequences which can be rec-
ognized by the virus-induced RNA polymerase while others
such as the ie2 (6), pe38 (21), and he65 (2) promoters include
TAAG sequences that are nonfunctional during the late phase
of infection (Table 1). To analyze whether these TAAG se-
quences indeed do not serve as recognition sites of the virus-
induced RNA polymerase, we performed in vitro transcription
assays with our optimized nuclear extracts and with plasmids
pPE38-CAT82 and pHE65-CAT474 as templates, followed by
primer extension analysis. The extended products of 132 and
142 nt represent the early pe38 and he65 transcripts, respec-
tively, which were abundant when extracts were prepared from
uninfected cells and weakly present in extracts prepared from
cells at 20 or 44 h p.i. (Fig. 3). In the presence of a-amanitin,
the extended products disappeared (Fig. 3), confirming that
the pe38 and he65 promoters were not recognized by the
virus-induced RNA polymerase. As a control, strong transcrip-
tion of the polyhedrin promoter in extracts prepared from cells
at 44 h p.i. is shown in the presence of a-amanitin (Fig. 3).

These observations prompt the question of how the virus-
induced RNA polymerase differentiates between functional
and nonfunctional TAAG sequence motifs. Previous results
demonstrate that a synthetic promoter of 18 bp containing the
TAAG sequence motif is sufficient to direct late transcription
(28). Since these results suggest that only the adjacent flanking
sequences of the TAAG motif are essential for recognition by
the virus-induced RNA polymerase, we compared sequences

flanking functional and nonfunctional TAAG sequences. The
remarkable difference in AT richness led us to calculate the
helix stability of the flanking 8 and 6 nt (36), which revealed a
correlation between this thermodynamic parameter and the
recognition by the virus-induced RNA polymerase. The helix
stability was lowest for the flanking sequences of the TAAG
motif in very late promoters whereas the corresponding se-
quences of nonfunctional TAAG motifs were characterized by
a higher helix stability (Table 1). These findings support the
view that recognition by the virus-induced RNA polymerase
depends on a region that facilitates strand separation. The
presence of such a region is described for all RNA polymerases
(15, 16, 24, 25), except for RNA polymerase II, which uses the
high energy b-g bond of ATP to open the initiation site (42).

Conversion of the early pe38 promoter into a late promoter.
To confirm that sequences adjacent to the TAAG motif deter-
mine whether TAAG sequences are recognized by the virus-
induced RNA polymerase, we replaced the flanking sequences
of the nonfunctional TAAG motif in the pe38 promoter con-
struct pPE38-CAT82 by those of the functional motif in the
polyhedrin promoter. We chose pPE38-CAT82 as the shortest
pe38 promoter construct for the mutation studies, since dele-
tion of the TATA sequences in plasmid pPE38-CAT57 abol-
ished promoter activity (see Fig. 5). The promoter construct
pPE38muTAAG/FR (Fig. 4) was tested by in vitro transcrip-
tion and analyzed by primer extension. In extracts prepared
from cells at 19 h p.i., the hybrid pe38 promoter was recognized
by the virus-induced RNA polymerase (Fig. 5), indicating that
the sequence replacement converted the nonfunctional TAAG
motif into a functional TAAG motif. Transcriptional initiation
occurred accurately at the 59 end of the TAAG sequence motif
(Fig. 5). Although the sequence replacement affected the early
transcriptional start site in the pe38 promoter (Fig. 4), con-

TABLE 1. Functional and nonfunctional TAAG motifs in AcMNPV promoters

Gene Promoter type Sequencea
DG37

0 b

Total Upstream

p10 Very late 17.74 9.40

Polyhedrin Very late 17.94 9.34

me53 Early/late 20.97 9.72

p35 Early/late 23.31 11.44

pe38 Early 25.40 13.56

he65 Early 26.50 13.81

a Baculovirus early transcriptional start sites (4) and putative TATA sequences are boxed; TAAG motifs with flanking sequences are shaded.
b The value of DG37

0 for both flanking (total) and upstream (upstream) sequences was calculated by the method of SantaLucia et al. (36).
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struct pPE38muTAAG/FR still served as a target for the host
RNA polymerase II in nuclear extracts of uninfected cells and
in nuclear extracts prepared from cells at 19 h p.i. (Fig. 4 and
5). In contrast to the wild-type initiation site in construct
pPE38-CAT82 (Fig. 4), transcriptional initiation at the mu-
tated early start site in pPE38muTAAG/FR was dispersed and
5- to 10-fold less efficient (Fig. 4 and 5). The addition of
a-amanitin to nuclear extracts prepared from cells at 19 h p.i.
abolished recognition by the host RNA polymerase II and
illustrates that the hybrid pe38 promoter was recognized by the
virus-induced RNA polymerase (Fig. 5). Recognition of the
hybrid promoter by both the host and the virus-induced RNA

polymerases might be the result of either simultaneous recog-
nition or competition for the same template.

The importance of the upstream and downstream flanking
sequences of the TAAG motif was further investigated by
independently replacing each of the flanking sequences in the
pe38 promoter by those of the polyhedrin promoter. The re-
sulting plasmid pPE38muTAAG/F contains a 7-bp polyhedrin
sequence upstream of the TAAG motif, whereas construct
pPE38muTAAG/R contains a 5-bp polyhedrin sequence
downstream of the TAAG motif (Fig. 4). Both constructs were
transcribed in vitro by nuclear extracts of uninfected cells (Fig.
6). In extracts prepared from cells at 20 h p.i., only plasmid

FIG. 4. Schematic representation of the pe38/polyhedrin hybrid promoter constructs used for in vitro transcription. The putative TATA motifs and the sequences
of the early and late transcriptional start sites are boxed. The hybrid promoters are followed by the translational initiation codon of the CAT gene (ATGCAT) or
polyhedrin gene (ATGph). (a) Arrows indicate early (E) and late/very late (L) transcriptional start sites, and the thickness of the arrows is proportional to the efficiency
of initiation. (b) Arrows represent the inverted repeats; broken lines indicate the mutated sequences.
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pPE38muTAAG/F was transcribed in the presence of a-aman-
itin, indicating that the flanking sequences upstream of the
TAAG motif are responsible for the activity of the virus-in-
duced RNA polymerase (Fig. 6).

The accuracy of early transcriptional initiation was retained
in plasmid pPE38muTAAG/F, which contains the authentic
early transcriptional start site. Accordingly, initiation was
dispersed in the constructs pPE38muTAAG/R and pPE38-
muTAAG/FR (Fig. 4).

Conversion of the early pe38 promoter into a very late pro-
moter. The transcriptional activity of the constructs pPE38mu
TAAG/FR and pPE38muTAAG/F was tested in extracts pre-
pared from cells at 40 h p.i. to analyze whether the flanking
sequences of the TAAG motif have any influence on the tran-

scriptional burst observed for very late promoters. As shown in
Fig. 6, no increase in transcription was observed when the
activity in nuclear extracts prepared at 20 and 40 h p.i. was
compared. These results confirm previous mutagenesis studies
which suggest that additional promoter elements such as the 59
UTR are needed along with the TAAG sequence motif for
very late expression (34, 35, 37). Hence, we have replaced the
59 UTR of the pe38 promoter in constructs pPE38mu
TAAG/FR and pPE38muTAAG/R by the corresponding se-
quences of the polyhedrin promoter, generating plasmids
pPE38muTAAG/FR-ph and pPE38muTAAG/R-ph (Fig. 4).
Both constructs differ only in 7 bp upstream of the TAAG
motif. In plasmid pPE38muTAAG/FR-ph, this 7 bp originates
from the polyhedrin promoter, and in construct pPE38
muTAAG/R-ph, it originates from the pe38 promoter. There-
fore, the hybrid promoter in pPE38muTAAG/FR-ph consists
of a functional TAAG motif and that in pPE38muTAAG/R-ph
consists of a nonfunctional TAAG motif.

In extracts of uninfected cells or extracts prepared from cells
at 20 h p.i., construct pPE38muTAAG/FR-ph was weakly tran-
scribed in vitro (Fig. 6). A dramatic increase in transcription
was observed in nuclear extracts prepared at 40 h p.i. indicating
that the hybrid promoter in construct pPE38muTAAG/FR-ph
functions as a very late promoter which can still be recognized
rather weakly by the host RNA polymerase II. The lack of the
polyhedrin sequences upstream of the TAAG motif in con-
struct pPE38muTAAG/R-ph abolished the characteristics of a
very late promoter. The observation that this construct still
served as a target of the virus-induced RNA polymerase indi-
cates that a nonfunctional TAAG motif can be recognized by
the virus-induced RNA polymerase if the 59 UTR of a very late
promoter is present (Fig. 6). To support very late transcription,
both the upstream sequences of a functional TAAG motif and
the 59 UTR are essential.

Since we observed that the upstream sequences of a func-
tional TAAG motif were sufficient for recognition by the virus-
induced RNA polymerase, we investigated whether mutation
of the 5 bp downstream of the TAAG motif also had no
influence on the transcriptional burst. To answer this question,
we constructed a hybrid promoter which was identical to the
one in plasmid pPE38muTAAG/FR-ph except for the 5 bp
downstream of the TAAG motif, which was replaced by the
sequence from the pe38 promoter. Accordingly, the resulting
plasmid, pPE38muTAAG/F-ph, carries a mutation of 5 bp in
the 59 UTR of the polyhedrin promoter (Fig. 4). In vitro
transcription assays revealed that the activity of plasmid
pPE38muTAAG/F-ph was comparable to that of pPE38mu
TAAG/FR-ph, which indicates that the 5 bp downstream of the
TAAG motif is not essential for the transcriptional burst (Fig.
6). The recognition by the host RNA polymerase II was less
efficient for plasmid pPE38muTAAG/FR-ph than for pPE38
muTAAG/F-ph, which carries the authentic early start site of
the pe38 promoter (Fig. 4 and 5).

In comparison to the transcriptional activity of the wild-type
polyhedrin promoter, both hybrid promoter constructs
pPE38muTAAG/F-ph and pPE38muTAAG/FR-ph showed a
three- to fivefold decrease in transcription (Fig. 6 and 7), which
might be due to the absence of upstream polyhedrin sequences
that slightly enhance the activity of the promoter (30, 34).

Role of mutations in the 5* UTR of the polyhedrin promoter
in very late transcription. Previous mutagenesis studies of the
p10 (43) and polyhedrin (30) promoters suggest that integrity
of the 59 UTR is essential for very late expression. Hence, we
have not progressively mutated the 59 UTR but instead have
investigated whether 59 UTRs of known very late promoters
have common sequence elements or motifs which might play a

FIG. 5. In vitro transcription of the hybrid promoter pPE38muTAAG/FR in
comparison to pe38 transcription. Plasmids pPE38-CAT57 and pPE38-CAT82,
containing wild-type pe38 promoter sequences, and plasmid pPE38muTAAG/
FR, containing a pe38/polyhedrin promoter (Fig. 4), were used as templates for
in vitro transcription in nuclear extracts of uninfected (lanes u) or AcMNPV-
infected S. frugiperda cells prepared at 19 h p.i. (lanes 19) by the method of
Gorski et al. (11). In vitro transcription reactions were performed in the presence
(lanes 1) or absence (lanes 2) of a-amanitin (a-ama) (2.5 mg/ml). The extended
products were analyzed on a 6% polyacrylamide sequencing gel, and the results
of the precise transcriptional mapping are depicted in Fig. 4. The sequencing
ladder of the bottom strand of the pe38 promoter is shown on the left.

FIG. 6. In vitro transcription of pe38/polyhedrin hybrid promoters. In vitro
transcription of the hybrid promoters pPE38muTAAG/FR, pPE38muTAAG/F,
pPE38muTAAG/R, pPE38muTAAG/F-ph, and pPE38muTAAG/R-ph was
compared to transcription of the wild-type pe38 (pPE38-CAT82) and polyhedrin
(pph-CAT101) promoters in extracts of uninfected cells (u) in the absence of
a-amanitin (2 a-ama) or in extracts of AcMNPV-infected cells prepared at 20
and 40 h p.i. by the method of Gorski et al. (11), in the presence of a-amanitin
(1 a-ama). The extended products are indicated by arrowheads and detailed in
Fig. 4.
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role in the transcriptional burst. A previous comparison of
polyhedrin promoters among several baculoviruses showed
limited sequence homology and a structural frame that was
reminiscent of RNA polymerase III promoters (46). Our up-
dated sequence comparison revealed a perfect or imperfect
inverted repeat in the 59 UTR of all known polyhedrin pro-
moters, which is localized downstream of the TAAG sequence
motif (Fig. 8). The spacing sequence of the inverted repeats is
highly conserved, with the general consensus motif WTYRT
always located 12 bp downstream of the TAAG motif (Fig. 8).
To investigate the significance of the inverted repeat for the
transcriptional burst, plasmids pPE38muTAAG/F-ph/IRM
and pPE38muTAAG/F-ph/IRC were generated. Both con-

structs are based on pPE38muTAAG/F-ph; one contains six
mutations that abolish half of the inverted repeat
(pPE38muTAAG/F-ph/IRM), and in the second, the inverted
repeat is restored by complementary mutations (pPE38mu
TAAG/F-ph/IRC) (Fig. 4).

In extracts prepared from cells at 44 h p.i., pPE38
muTAAG/F-ph/IRM was as strongly transcribed in vitro as
were the constructs without mutations in the 59 UTR whereas
the transcriptional activity of pPE38muTAAG/F-ph/IRC was
severely reduced (Fig. 7). These results indicate that the mu-
tation of the inverted repeat comprising 12 bp immediately
downstream of the TAAG sequences (Fig. 4) does not influ-
ence transcription in vitro. Only after mutation of the second
half of the inverted repeat is the transcriptional burst lost,
demonstrating that an inverted repeat per se is not responsible
for the strong transcriptional activity of very late promoters.

DISCUSSION

In beginning to understand the mechanism of promoter rec-
ognition by the virus-induced RNA polymerase, we have de-
termined promoter elements that are sufficient for transcrip-
tional initiation. Transcription in vitro is advantageous for
these studies because it allows the definition of the minimal
sequences that are necessary to form the transcriptional com-
plex leading to accurate initiation independently of sequences
that influence proper mRNA polyadenylation, stability, and
transport. By replacing sequences of the pe38 promoter by
those of the very late polyhedrin promoter in a stepwise man-
ner, we have converted the early pe38 promoter, which serves
only as a target for the host RNA polymerase II, into a target
promoter of the virus-induced RNA polymerase. The replace-
ment of 7 nt upstream of the nonfunctional TAAG sequence
motif in the pe38 promoter by those of the polyhedrin pro-
moter was sufficient for recognition by the virus-induced RNA
polymerase. These results support our assumption that ther-
modynamic stability rather than sequence specificity of nucle-
otides located upstream of the TAAG motif might be the
deciding factor for its functionality. Reduced helix stability was
found to correlate with functional TAAG motifs (Table 1),
indicating that easier strand separation might be essential for
transcriptional initiation by the virus-induced RNA polymer-
ase. In addition, a nonfunctional TAAG motif could be com-
pensated for if the polyhedrin 59 UTR was present. The finding
that recognition by the virus-induced RNA polymerase was
dependent either on 7 bp upstream of the TAAG sequences or
on the presence of the 59 UTR of a very late promoter might
explain previous observations which led to the prediction of an
initiator element of different lengths (30, 34, 35). Based on
mutagenesis studies of the very late p10 and polyhedrin pro-
moters, an initiator of 12 bp (59AATAAGTATTTT39) (35)
and 8 bp (59TAAGTATT39) was postulated (30, 34). Further-
more, the use of linker-scanning mutations of the late vp39
promoter led to the conclusion that an 18-bp promoter, includ-
ing 8 bp upstream and 6 bp downstream of the TAAG motif,
is sufficient for late expression (28). Taken together with the
absence of conserved nucleotides upstream of the TAAG in
known very late promoters (Fig. 8), our results derived from
the analysis of hybrid promoters in vitro suggest that recogni-
tion is due simply to a TAAG motif in a sequence background
of low helix stability. This rather simple mode of recognition
implies that the virus-induced RNA polymerase needs less
stringent promoter conditions than known nuclear RNA poly-
merases.

Transcriptional regulation that leads to hyperexpression of
baculovirus very late genes is still an enigma. Previous studies

FIG. 7. In vitro transcription of pe38/polyhedrin hybrid promoters in com-
parison to constructs with mutations in the polyhedrin 59 UTR. Plasmids pPE38-
muTAAG/F-ph/IRM and pPE38muTAAG/F-ph/IRC with mutations in the poly-
hedrin 59 UTR, the parental construct pPE38muTAAG/F-ph, pPE38muTAAG/
FR-ph, and pph-CAT101 (Fig. 4) were used as templates for in vitro
transcription in nuclear extracts of AcMNPV-infected cells prepared at 44 h p.i.
by the method of Gorski et al. (11), in the presence of a-amanitin (1 a-ama).
The extended products are indicated on the left and detailed in Fig. 4. Positions
of DNA size markers (lane M) are shown on the right.

FIG. 8. Alignment of baculovirus polyhedrin sequences. Sequences down-
stream of the TAAG motif in the polyhedrin were compared among baculovi-
ruses. The conserved inverted repeat in the polyhedrin 59 UTR of AcMNPV (46)
(Ac), Bombyx mori NPV (46) (Bm), Anticarsia gemmatalis MNPV (46) (Ag),
Antheraea pernyi MNPV (M57666) (Ap), Choristoneura fumiferana NPV (Cf)
(33), Orgyia pseudotsugata MNPV (46) (Opm), Hyphantria cunea NPV (D14573)
(Hc), Mamestra brassicae MNPV (46) (Mb), Panolis flammea MNPV (46) (Pf),
Spodoptera exigua MNPV (46) (Se), Spodoptera frugiperda MNPV (46) (Sf),
Buzura suppressaria SNPV (14) (Bs), Orgyia pseudotsugata SNPV (Ops), Lyman-
tria dispar MNPV (46) (Ld), and Spodoptera littoralis NPV (D01017) (Sl) is
indicated by arrows.
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of the polyhedrin promoter suggest that the transcriptional
burst depends on the entire 59 UTR of 50 bp (30). Here, we
have demonstrated that deletion of 12 bp immediately down-
stream of the TAAG motif did not interfere with transcription
in vitro. To further dissect the 59 UTR into functional domains,
we searched for common sequence elements among known
baculovirus very late genes and identified an inverted repeat of
different lengths whose spacing sequences are always at the
same position (Fig. 8). Although the sequences of the inverted
repeats showed no significant homology, an inverted repeat per
se is not involved in the regulation of the polyhedrin promoter.
The replacement of the inverted repeat by the complementary
sequence resulted in loss of the transcriptional burst, which
was retained if only the first half of the inverted repeat was
mutated. Based on the sensitivity of our improved in vitro
transcription assay, we have provided first evidence that strong
very late transcription is the result of cooperative action be-
tween a functional TAAG motif and only part of the poly-
hedrin 59 UTR.
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