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Expression of the baculovirus major envelope glycoprotein gene (gp64) is regulated by transcription from
both early and late promoters. To characterize the early promoter and identify sequences involved in the
regulation of gp64 early transcription, promoter-reporter gene fusions were generated from the Orygia
pseudotsugata nuclear polyhedrosis virus gp64 promoter and were analyzed by transient expression in
uninfected insect cells. For these analyses, 5' deletion mutations were constructed in the gp64 upstream
regulatory region. Larger promoter constructs were functional in uninfected Lymantria dispar cells, indicating
that transcription from the gp64 early promoter required no additional viral gene products. Deletion analysis
of the gp64 upstream region revealed several regulatory regions. These included a putative negative regulatory
element between -319 and -166 nucleotides (nt) and multiple positive regulatory elements between -166 and
-77 nt. Deletion of the TATA box located between -77 and -62 nt resulted in the loss of transcriptional
activity. Cotransfections of reporter constructs and a plasmid containing a baculovirus transcriptional
transactivator gene (Autographa californica nuclear polyhedrosis virus MEl) resulted in transcriptional
transactivation of all constructs containing an intact TATA box. These data demonstrate that sequences
upstream of the gp64 TATA box are not essential for IEl transactivation and that only 34 nt upstream of the
early transcription start site were necessary for basal levels of transcription and for transactivation by IEl.
Function of the gp64 early promoter was also examined in cell lines from Spodopterafrugiperda and Drosophila
melanogaster.

The Baculoviridae is a family of insect pathogenic viruses
with large (88 to 150 kbp), double-stranded supercoiled DNA
genomes. They are characterized by a complex infection
cycle which produces two structurally and functionally
distinct virion phenotypes (for a review, see reference 3).
Virions of the polyhedron-derived virus (PDV) phenotype
acquire an envelope in the nucleus and are subsequently
occluded in large polyhedron-shaped occlusion bodies
(termed polyhedra). In contrast, virions of the budded virus
(BV) phenotype are not occluded and acquire an envelope
by budding through the virus-modified plasma membrane at
the cell surface. The BV phenotype serves to spread the
infection from cell to cell within an infected individual. The
major envelope glycoprotein (gp64) of the BV phenotype is
encoded by the virus and is required for endocytosis of the
virus into host insect cells (31). The genes encoding the gp64
proteins from two baculoviruses, Orygia pseudotsugata
nuclear polyhedrosis virus (OpMNPV) and Autographa cal-
ifornica nuclear polyhedrosis virus (AcMNPV), have been
located and sequenced (2, 33), and the temporal nature of
gp64 expression has been examined. Although most baculo-
virus structural proteins are expressed as late genes, gp64
gene expression is regulated by both early and late promot-
ers. Early transcripts initiate just downstream of a TATA
box within a sequence (CAGT) which is conserved at the
transcription start sites of several baculovirus early genes
(2). After the onset of DNA replication, several gp64 late
transcripts initiate farther upstream, within and around two
baculovirus late promoter core motifs (ATAAG). Although
numerous recent studies have dealt with the identification
and characterization of the basic unit of the baculovirus late
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promoter (6, 22-24, 30, 32), baculovirus early promoters
have only recently received attention (8, 11, 21, 29).

Baculovirus early promoters have been classified as im-
mediate early and delayed early on the basis of their pre-
sumed requirements for other viral gene products for tran-
scription (15). Immediate-early genes were believed to be
transcribed immediately upon entry of the virus, and de-
layed-early genes were believed to be transcribed only after
some prior viral gene expression. Experimentally, immedi-
ate-early genes were classified as genes capable of transcrip-
tional activity in transient expression assays in uninfected
insect cells (15, 21). Delayed-early genes were believed to be
inactive in uninfected cells in the absence of other required
viral gene products. However, the immediate-early and
delayed-early distinctions are currently unclear because
transcriptional activity was recently detected from the pro-
totype delayed-early promoter (AcMNPV, 39 kDa) in unin-
fected insect cells (29). We previously demonstrated that
gp64 early transcripts and the gp64 protein are present in
infected cells prior to DNA replication (2, 5). In the current
studies, we examined transcription from the gp64 early
promoter in uninfected insect cells to identify upstream
regions important for transcription early in infection. To
specifically address these questions, we initiated studies to
(i) determine whether the gp64 early promoter is transcribed
in uninfected cells, (ii) identify upstream sequences which
are required for or modulate levels of early transcription,
and (iii) determine whether transcription of the gp64 early
promoter is stimulated by a baculovirus transcriptional
transactivator protein, IEl. We also examined the expres-
sion of the OpMNPV gp64 early promoter in three insect cell
lines: Lymantria dispar (Ld), Spodoptera frugiperda (Sf9),
and Drosophila melanogaster (Dml).
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For these studies, we generated gp64 promoter-reporter
gene fusions in which the gp64 upstream region and a portion
of the gp64 open reading frame (ORF) were fused to a
bacterial chloramphenicol acetyltransferase (CAT) gene
(p64CAT plasmids). To identify regulatory regions in the
gp64 upstream sequence, a series of 5' deletion mutations
was generated and constructs were analyzed by transient
expression in several cell lines. To confirm that CAT activity
resulted from translation of mRNAs which initiated at the
authentic gp64 early start sites, cytoplasmic RNAs were
isolated from transfected cells and analyzed by primer
extension analysis. In addition, transactivation by the bacu-
lovirus IE1 gene product was examined by cotransfecting
several cell lines with p64CAT constructs and a plasmid
containing a baculovirus IEl gene.

MATERIALS AND METHODS

Construction of promoter-CAT fusions. To construct gp64
promoter-reporter fusions, we used a plasmid containing the
entire gp64 gene and approximately 1,560 nucleotides (nt) of
upstream untranslated sequence in a cloned 3.3-kbp HindIll-
BamHI fragment from OpMNPV (Fig. la and b, p64HdB)
(2). The p64HdB plasmid was digested with BamHI, filled in
with Klenow polymerase, and religated to remove the
BamHI site. The majority of the gp64 ORF (nt 21 to 1527)
and a small portion of the 3' untranslated region were
removed and replaced with a BamHI linker in the following
manner. The modified p64HdB plasmid was digested with
NcoI, followed by digestion with exonuclease III and then
AccI, and filled in with Klenow polymerase. A BamHI linker
was then added, and the resulting plasmids were subcloned.
A subclone which contained the BamHI linker inserted at nt
21 of the gp64 ORF was identified by DNA sequencing and
designated p64HdB21 (Fig. lc). The p64HdB21 plasmid was
then digested with BamHI, and a 770-bp BamHI fragment
containing the CAT ORF (18) was cloned into the BamHI
site at position +21. The resulting plasmids contained the
CAT ORF in either the same orientation as the gp64 ORF
(Fig. ld, p64CAT-1560) or in the opposite orientation
(p64CAT-1560-). Thus, plasmid p64CAT-1560 contains ap-
proximately 1,560 nt of upstream untranslated sequence, 21
nt of the gp64 ORF fused to the CAT ORF, and 195 nt of the
3' untranslated region of gp64 (which includes three poly-
adenylation signals). A similar construct which contains only
319 nt of upstream sequence was constructed by digesting
the p64CAT-1560 plasmid partially with HincII and com-
pletely with SmaI and subcloning the excised fragment into
the HincII site of a Bluescribe plasmid (pBS-). The result-
ing construct was designated p64CAT-319 (Fig. le). An
analogous construct was subcloned from the p64CAT-1560-
plasmid (which contains the CAT ORF in the opposite
orientation), and the resulting plasmid was designated
p64CAT-319-.

5' deletions of the gp64 upstream region. For functional
analysis of upstream regions, a series of 5' deletion sub-
clones was generated from plasmid p64CAT-319 (Fig. le).
The gp64 upstream region was unidirectionally deleted from
the 5' upstream end (HincII site) by digesting the plasmid
with KpnI and XbaI (sites in the pBS- multiple cloning site)
and then digesting it with exonuclease III (17). The ends of
the deleted plasmids were made flush with S1 nuclease and
Klenow polymerase, a 12-nt XhoI linker was added, and the
plasmids were ligated and subcloned. The precise location of
the deletion and XhoI linker in each selected deletion sub-
clone was determined by DNA sequencing. The number of

each deletion construct indicates the number of nucleotides
upstream of the gp64 translation start, with the A of the gp64
ATG designated as + 1 (Fig. le and f and Fig. 2). (Note: The
ATG was used as a reference point because the gp64 gene
contains at least five mRNA start sites that vary in position
by more than 100 nt.) Thus, deletion subclone p64CAT-158
contains 158 nt of sequence upstream of the gp64 ORF,
whereas deletion subclone p64CAT-77 contains only 77 nt of
upstream sequence.

Transfections, RNA isolations, primer extension analyses,
and CAT assays. Ld-652Y, Sf9, and Dml cells were propa-
gated as described previously (2, 25, 28). For isolation of
cytoplasmic RNAs, 3.5 x 106 cells were seeded on 60-mm-
diameter petri plates and transfected with 20 ,ug of plasmid
DNA by calcium phosphate precipitation (13) as modified for
insect cells (28). For larger constructs containing approxi-
mately 1,560 nt of upstream sequence, the amount of plas-
mid DNA was increased proportionately so that equimolar
amounts of plasmid DNAs were added to each well. Cells
were incubated at 27°C for 4 h in the transfection buff-
er-DNA mixture which was subsequently replaced with
fresh medium and incubated at 27°C for 48 h. Total cytoplas-
mic RNA was isolated from transfected cells by the hot
phenol method (26). For primer extension assays, 45 ,ug of
each cytoplasmic RNA was annealed to a 5'-end-labeled
oligonucleotide complementary to the 5' end of the CAT
ORF (Fig. 2). The oligonucleotide was 5' end labeled, and
primer extension analyses were performed as described
previously (1, 2). Sizes of primer extension products were
determined by comparison to a DNA sequencing ladder of a
modified pBS vector plasmid (4).
For analysis of transient expression by CAT assay, 1.2 x

106 cells were seeded on 35-mm-diameter wells of a multi-
well tissue culture plate and transfected as described above,
but with 10 ,ug of each plasmid DNA. In addition to
promoter-reporter constructs, cells were also transfected
with two control plasmids: pBS (Stratagene) and pCAT, a
plasmid containing the CAT ORF (18) but no gp64 se-
quences. For cotransfections, 10 ,ug of each DNA was added
to 1.2 x 106 cells (each well therefore received 20 ,ug of
DNA). Each p64CAT promoter construct was cotransfected
with either control DNA (a pBS- vector plasmid) or a
plasmid (pIEl) which contains the gene for the AcMNPV
transcriptional transactivator IEl (15, 16) under the control
of its own promoter. Transfected cells were incubated at
27°C for 48 h and then were removed from the plates by
being gently scraped with a rubber policeman. Cells were
gently pelleted and resuspended in 50 ,ul of 100 mM Tris (pH
7.8) and then lysed by three freeze-thaw cycles. Cell debris
were pelleted, and the supernatants containing the cell
extracts were used for CAT assays. CAT assays were
performed by the two-phase fluor diffusion assay (19). For
each CAT assay, 20 p.l of each cell extract (4.8 x 105 cell
equivalents) was used in a 250-,ul reaction mixture contain-
ing 100 mM Tris (pH 7.8), 1 mM chloramphenicol, and 0.1
pLCi ['4CJacetyl coenzyme A (4 mCi/mmol; New England
Nuclear). Reactions were performed in miniscintillation vi-
als and each reaction mixture was overlaid with 5 ml of
Econofluor (New England Nuclear). Acetylation of chloram-
phenicol was measured by direct scintillation counting at 2 h
(Ld and Sf9 cell extracts) or 18 h (Dml cell extracts) after the
start of the reaction. Reactions containing 0.01, 0.05, or 0.1
U of CAT (Sigma) were prepared and used as positive
controls to confirm the linearity of the assay at the times
sampled. For each experiment involving a single insect cell
type (Fig. 3), the counts per minute of acetylated chloram-
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FIG. 1. Construction of the p64CAT reporter plasmids. (a) Ge-
nomic map of the OpMNPV baculovirus and location of the gp64
major envelope glycoprotein gene on the HindIII-E fragment. Lo-
cations of the polyhedrin (PH), p39 capsid protein (P39), and
polyhedral envelope protein (PEP) genes are illustrated in relation to
the gp64 envelope glycoprotein gene. The location of the cloned
3.3-kbp HindIII-BamHI fragment which was used for construction
of gp64 promoter constructs is illustrated below. (b) Plasmid
p64HdB contains a cloned 3.3-kbp HindIII-BamHI fragment which
includes approximately 1,560 nt of upstream untranslated sequence,
the entire gp64 ORF, and 288 nt of downstream untranslated
sequence. (c) Plasmid p64HdB21 was constructed as described in
Materials and Methods. The majority of the gp64 ORF was removed
from p64HdB and replaced with a BamHI linker. Plasmid p64HdB21
contains a BamHI linker inserted at nt 21 of the gp64 ORF, followed
by 197 nt of 3' untranslated sequences which include three gp64
polyadenylation signals. (d) Plasmid p64CAT-1560 contains a 770-bp
CAT cassette (containing the CAT ORF) inserted in the BamHI
linker of plasmid p64HdB21. The CAT cassette is fused in frame
with the gp64 ORF at nt 21. The resulting construct contains
approximately 1,560 nt of upstream gp64 sequence and 21 nt of the
gp64 ORF fused in frame to the CAT cassette. Plasmid p64CAT-
1560- contains the CAT cassette inserted in the opposite orienta-
tion (relative to the gp64 ORF). (e) The p64CAT-319 insert contains
319 nt of sequence upstream of the gp64 ORF and was constructed
by removing approximately 1,200 nt of the upstream sequence from
p64CAT-1560 as described in Materials and Methods. (f) 5' deletion
subclones of p64CAT-319 were generated by unidirectional exonu-

clease III digestion from the 5' end of the insert. Some of the
individual deletion subclones are shown. Thick bars and negative
numbers represent the amount of 5' upstream sequence (in nucleo-
tides) remaining in each deletion subclone. Abbreviations: Ac, AccI;
B, BamHI; Hc, HincII; H, HindlIl; Ml, MluI; Nr, Narl; and Nc,
NcoI.

phenicol obtained from extracts of cells transfected with
different constructs are directly compared. To determine the
degree of variability between transfections, duplicate trans-
fections were performed for each construct and the range of
variability is indicated in Fig. 3.

RESULTS AND DISCUSSION
To determine whether the gp64 early promoter is ex-

pressed in uninfected insect cells and to identify regions
important in regulation of the gp64 early promoter, complete
p64CAT and p64CAT deletion subclones were transfected
into uninfected insect cells and assayed for transcriptional
(CAT) activity. For these studies, three insect cell lines were
used: Ld, the lepidopteran cell line in which the OpMNPV
virus replicates; Sf9, another lepidopteran cell line; and
Dml, a dipteran cell line. p64CAT constructs were ex-

pressed in uninfected cells of all three cell lines, indicating
that in uninfected insect cells, transcription from the gp64
early promoter requires no other viral gene products and is
not limited to the host in which the OpMNPV virus normally

replicates. In addition, examination of the deletion mutants
indicated that although the levels of activity varied among
the different cell lines, the overall trends observed within
each cell line were similar (Fig. 3, solid bars). Constructs
containing the greatest amount of upstream sequence (1,560
and 319 nt) did not produce the highest levels of CAT
activity but appeared to be transcribed at lower levels than
constructs containing only 166 and 158 nt of upstream
sequence (Fig. 3, -1560 and -319 versus -166 and -158,
solid bars). The dramatic increase in CAT activity observed
after deletion of sequences between -319 and -166 nt
suggests the presence of a negative regulatory element in this
region. The highest levels of CAT activity were observed
with constructs which contained 166 and 158 nt of upstream
sequence. An almost stepwise decrease in transcriptional
activity was observed as sequences between -166 and -77
Were deleted. No transcriptional activity was detected from
constructs containing 62, 50, and 10 nt of upstream sequence
as was the case for control constructs with the CAT ORF
inserted in the opposite orientation (p64CAT-1560- and
p64CAT-319-) and for control plasmids pBS and pCAT

a

J. VIROL.



TRANSCRIPTION FROM THE BACULOVIRUS gp64 EARLY PROMOTER 5823

-319
HincII

GTTAACACATAAATAATTAAATAATTATTAAAAATTAATGTAAAATATTTTAAAACGTAC

CTAAAGTGCCGCGCGTTGCAAATCCGTCAAATACAACATGTTGCCAAACAAGTTATCGTA

-166 -158
.

TTTATACTGTTGGTTATCGCGAAGATAAGATATAAATTATCGCAAGATAAGGCGCACGTT

-135 -92 -86

. . I . __

GATTGGGTCACCCGAGTGTACGTTGATAAAGTCACGTGGGCACCCAACGCGTTGATAAGC

(-43)
-77 -62 -50 Early mRNA start

. I . I .
ATGGGTATATAAGGGCCTACAGTGTTCTGGTAAATCAGTTGCACTGTGCTCTTCACAGGA

+1
-10 gp64 ORF start

. .BaLHT TLinker/fusion
ACACTACAAGACCTACAAGATGGTGAGAATTGTTGTATTTCCGGATCCGTCGAGATTTTC
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CAT ORF start

AGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATACCACCGTTGATATATC
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3' -GTGACCTATATGGTGGCAAC-5'
CAT Primer

CCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAA
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CCAGACCGTTQGCTGGATA .

Q T V Q L D ..

FIG. 2. Nucleotide sequence of the p64CAT-319 upstream re-

gion and the location of deletion subclones. Sequences upstream of
the gp64 ORF and the location of the gp64 and CAT ORF fusion are

illustrated. Locations of deletion subclones are indicated above the
sequence (negative numbers, relative to the gp64 ORF). Late
baculovirus promoter core sequences (ATAAG) are overlined, and
conserved sequences associated with early transcription are double
underlined. The locations of the translation start codons for the gp64
ORF and the CAT ORF are indicated, and amino acid sequences are
shown below the nucleotide sequence. Amino acids shown in
lowercase result from translation of the BamHI linker and the
upstream region of the CAT cassette in this fusion. The location and
sequence of the CAT primer used for primer extension analysis are

shown below the CAT ORF.

(Fig. 3). Thus, the general trend observed in all cell lines was
a reduction in CAT activity as sequences between -166 and
-77 nt were deleted from the 5' end. The largest reduction in
CAT activity (four- to eightfold in lepidopteran cells) was

observed when sequences between -166 and -135 nt were

deleted. Subsequent deletions between -135 and -77 nt
further reduced transcription but less dramatically (Fig. 2
and 3). Transcription was abolished when the sequence
containing the TATA box (-77 to -62 nt) was deleted (Fig.
2 and 3; -77 versus -62).
Because the regulation of some baculovirus early genes (9,

15, 21, 29) is influenced by a baculovirus transcriptional
transactivator, we examined the effect of the AcMNPV
transcriptional transactivator TEl on transcription from the
gp64 early promoter in uninfected cells. For these studies,
cells were cotransfected with each p64CAT construct and
plasmid pIE1, a plasmid containing the AcMNPV IE1 gene

(15). Cotransfection with pIEl stimulated p64CAT transcrip-
tion in all cell lines and from all promoter constructs which
were otherwise transcribed in the absence of IE1 (Fig. 3,
solid versus hatched bars). No significant transcriptional
activity was detected when pIEl was cotransfected with
constructs p64CAT-62, p64CAT-50, p64CAT-10, or control
plasmids. A potential result, incorporated into the design of
this experiment, was the identification of upstream se-
quences which mediated transactivation by IEL. The dele-
tion of a region containing a sequence element which medi-
ated TEl transactivation would inactivate the potential for
IEl stimulation. Cotransfection with pIEl would then result
in a level of transcriptional activity equal to the level
observed when cotransfecting with the control pBS plasmid.
However, TEl stimulation was observed with all deletion
constructs which contained a TATA box (Fig. 2 and 3;
constructs p64CAT-77 and larger), suggesting that the effect
of TEl is either (i) directly or indirectly associated with
sequences within the upstream 77 nt or (ii) indirect and not
mediated by sequence elements. It is possible that such
transactivation could involve the interaction of IEl with a
protein(s) which binds to the TATA box (e.g., TFIID) or the
entire RNA polymerase II transcription complex. The lack
of sequence specificity (upstream of the TATA box) for IEl
transactivation appears similar to observations on the ade-
novirus ElA protein which does not bind to specific up-
stream sequences but may functionally distinguish between
different TATA box sequences (12, 20, 27, 34). We are
currently examining this phenomenon in greater detail.

IEl transactivation of the gp64 promoter in Ld, Sf9, and
Dml cells also suggests that the AcMNPV IE1 promoter (on
the pIEl plasmid) is active in these three cell types. The
relative stimulation of constructs by TEl was not equivalent
for different promoter deletion subclones. For example, in
Sf9 cells, constructs -166, -158, -135, and -92 were
stimulated approximately 1.2-, 2-, 4-, and 8-fold, respec-
tively, by TEl (Fig. 3b). Also, for individual deletion clones,
stimulation by IEl was not the same when compared in
different cell lines (Fig. 3; compare -166 stimulation by TEl
in Ld, Sf9, and Dml cells). One possible explanation for
these data is that different cell lines may have different levels
of cellular transcription factors which interact with TEl, thus
resulting in different degrees of stimulation. However, IE1
consistently stimulated transcriptional activity from all de-
letion constructs containing an intact TATA box. Levels of
CAT activity detected from reporter constructs varied in the
different cell lines. The highest levels of CAT activity were
observed in Sf9 cells, followed by Ld cells. Overall, levels of
transcriptional activity were low in Dml cells. When Dml
cells were used for cotransfections of the control plasmid
and construct p64CAT-86 or p64CAT-77, no CAT activity
was detected even though the same constructs were tran-
scriptionally active in Ld and Sf9 cells. Transcription from
these constructs was, however, transactivated in Dml cells
when these constructs were cotransfected with pIEl. The
data from Ld and Sf9 cells (Fig. 3a and b) suggest that
constructs p64CAT-86 and p64CAT-77 may be transcription-
ally active in Dml cells, but the levels of activity were below
our limits of detection. However, it is clear that transcription
from these constructs was transactivated by IEl. Recently,
the IE1 gene was identified from the OpMNPV genome (29).
Preliminary experiments using the OpMNPV IEl gene for
cotransfections (not shown) resulted in transactivation sim-
ilar to that observed with the AcMNPV IEl gene.

In addition to demonstrating transcriptional activity, it is
essential to demonstrate that transcripts from plasmid con-
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FIG. 3. Relative CAT activity detected from p64CAT constructs transfected into Ld (a) Sf9 (b), and Dml (c) cells. Individual p64CAT
promoter constructs are indicated on the X axis, with deletion subclones indicated by negative numbers (see Fig. lf and 2). Negative controls
include transfections with the pCAT and pBS plasmids as well as mock transfections (No DNA). Solid bars represent average CAT activity
from p64CAT plasmids cotransfected with control plasmid (pBS). Hatched bars represent average CAT activity from p64CAT plasmids
cotransfected with the pIEl plasmid. Relative CAT activity is indicated on the Y axis as counts per minute (above background) of
14C-acetylated chloramphenicol. Error bars represent the range of activities detected from duplicate transfections.

structs initiate at the transcription start sites utilized in
OpMNPV-infected cells. Therefore, we transfected Ld and
Sf9 cells with selected p64CAT constructs, isolated cyto-
plasmic RNAs, and used primer extension analysis to exam-
ine the accuracy of transcription initiation. When uninfected
Sf9 and Ld cells were transfected with gp64 promoter
constructs containing 319, 166, and 77 nt of gp64 upstream
sequences, primer extension products of 135, 136, and 137 nt
were detected (Fig. 4). This corresponds to transcription
initiation at the A, G, and T of the conserved CAGT. Since
early transcription initiation was originally reported from a
single start site (the A of the CAGT) in OpMNPV-infected
Ld cells, it is likely that this heterogeneity represents stut-
tering of the reverse transcriptase at the end of the mRNA
rather than a heterogeneity of mRNA start sites. More
importantly though, transcription initiated within the con-
served CAGT sequence in all constructs which were tran-
scriptionally active in CAT assays (-319, -166, and -77).
Transfection with the promoter construct containing only 62
nt of upstream sequences resulted in no detectable primer
extension product, as was the case when a control Blue-
scribe plasmid (pBS-) was transfected. Thus, transcription

Sf9 Cells

0n (9

CON11r
pBS-Bgl

I I I
G A TCGP PI P

P co

P IP

initiation from the gp64 early start site in uninfected Sf9 and
Ld cells confirms that gp64 is expressed as an early gene. In
minimal promoter constructs created by 5' deletions, tran-
scription initiated accurately when only 77 nt of the up-
stream sequences remained, but transcription was abolished
when a 15-nt sequence (containing the TATA box) was
deleted. Therefore, these data show that the 77 nt upstream
of the gp64 ORF contain sufficient information to specify
accurate transcription initiation.

In addition, the TATA box appears to be an important
component of this minimal early promoter. Primer extension
analysis of RNAs from cells cotransfected with pIEl and
p64CAT plasmids indicates that the gp64 transcripts are
initiating accurately in different cell types (Sf9 and Ld) and
when stimulated by IEl (Fig. 4). While many baculovirus
early genes have TATA boxes within the 5' upstream
regions, others do not. In addition, the CAGT motif, which
is conserved at the transcription start sites of gp64, IE1,
IEN, and the 39,000-molecular-weight promoter (1, 7, 10, 14,
16, 29), is not found at the start sites of all baculovirus early
genes. Thus, regulatory sequences associated with baculo-
virus early genes may be quite variable, perhaps reflecting

Ld Cells

CO N CJ m

pBS-Bgl
GACG 1 P1 P1 PIPI'G A T C G P I P I P P P

.:4
.....o|

137
136
135

(-43, -42, -41) +1
-7 7 -62 Primer Extension Products gp64 ORF start

ATGG;GTATAiTAGGGCCTACAGTGTTCTC;-TAAATCAGTTGCACTGTGCTCTTCACAGG;AACACTACAAGACCTACAAGATG:;tTGAGAATTGTT
M V R T V

FIG. 4. Primer extension analysis of transcripts from transfected Sf9 and Ld cells. Selected p64CAT promoter constructs (Fig. lf) were
used to transfect uninfected Sf9 and Ld cells. Cytoplasmic RNAs were isolated from transfected cells and analyzed by primer extension
analysis by using a 20-nt CAT primer (Fig. 2). Numbers above the lanes indicate the promoter construct used for transfections. Numbers
represent the amount of gp64 upstream sequence remaining, and pBS represents the control pBS- plasmid (Stratagene) containing no insert.
Each promoter construct was cotransfected with either the control pBS- plasmid (P) or a plasmid containing the baculovirus IEl gene pIE1
(I). Sizes of primer extension products were determined by comparison to a sequencing ladder (pBS-Bgl). Locations of the conserved TATA
box and CAGT motif (underlined) are indicated along with mRNA start sites (Primer Extension Products) on the sequence below.
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the utilization of many different aspects of the insect cell's
transcriptional regulatory apparatus. Similar to the results
reported here, several recent studies (8, 11, 29) of baculo-
virus early genes show transcriptional activity from con-
structs containing only the TATA box and sequences down-
stream. In addition, point mutations in the conserved CAGT
(at the transcription start site of IEN) substantially reduced
CAT activity in transient assays (8), although initiation
accuracy was not examined. These data suggest that in
baculovirus early promoters containing both a TATA box
and a start site CAGT motif both elements are important. We
are currently using synthetic minimal promoter constructs
and a linker scanning analysis to elucidate the relative roles
of these elements.

In summary, we have identified regions containing up-
stream sequence elements which regulate transcription from
the gp64 early promoter in several insect cell lines. Two
putative regulatory regions which modulate the levels of
gp64 early transcripts were identified. A region between nt
-319 and -166 appears to contain a negative regulatory
element and the region between -166 and -77 appears to
contain multiple positive regulatory elements. In addition, 5'
deletions flanking the TATA box identify the 5' boundary of
a minimal promoter (containing only 34 nt upstream of the
transcription start site) capable of basal levels of accurate
transcription initiation. This suggests that the TATA box is
an important element of the gp64 early promoter. For many
vertebrate genes, the TATA box is considered to be the
minimal unit of the RNA polymerase II promoter. However,
because gp64 and a number of other baculovirus early genes
have a conserved motif (CAGT) at or near their transcription
start sites (2), this CAGT motif may also participate in the
regulation of early gp64 expression. In addition to demon-
strating function and accuracy of the gp64 early promoter in
uninfected cells of several insect cell lines, we also showed
that this early promoter was transactivated by the baculo-
virus transcriptional transactivator IE1 and that transactiva-
tion was not dependent on sequences upstream of the TATA
box.

ACKNOWLEDGMENTS

We thank Linda Guarino for providing the pIE1 plasmid and
Reginald McParland for synthetic oligonucleotide synthesis. We
also thank David Theilmann for the gift of a cloned OpMNPV IEl
gene while the manuscript was in preparation.
G.W.B. was supported in part by National Research Service

Award A107886 from the National Institutes of Health. This work
was also supported by grants A121973 and A131130 from the
National Institutes of Health and by project 1250 of the Boyce
Thompson Institute.

REFERENCES
1. Blissard, G. W., R. L. Quant-Russell, G. F. Rohrmann, and

G. S. Beaudreau. 1989. Nucleotide sequence, transcriptional
mapping, and temporal expression of the gene encoding p39 a

major structural protein of the multicapsid nuclear polyhedrosis
virus of Orgyia pseudotsugata. Virology 168:354-362.

2. Blissard, G. W., and G. F. Rohrmann. 1989. Location, se-

quence, transcriptional mapping, and temporal expression of
the gp64 envelope glycoprotein gene of the Orygia pseudotsug-
ata multicapsid nuclear polyhedrosis virus. Virology 170:537-
555.

3. Blissard, G. W., and G. F. Rohrmann. 1990. Baculovirus
diversity and molecular biology. Annu. Rev. Entomol. 35:127-
155.

4. Blissard, G. W., D. A. Theilmann, and M. D. Summers. 1989.
Segment W of Campoletis sonorensis virus: expression, gene

products, and organization. Virology 169:78-89.

5. Bradford, M. E., G. W. Blissard, and G. F. Rohrmann. 1990.
Characterization of the infection cycle of the Orgyia pseudotsu-
gata multicapsid nuclear polyhedrosis virus in Lymantria dispar
cells. J. Gen. Virol. 71:2841-2846.

6. Cameron, I. R., and R. D. Possee. 1989. Conservation of
polyhedrin gene promoter function between Autographa-califor-
nica nuclear polyhedrosis virus and Mamestra-brassicae nuclear
polyhedrosis virus. Virus Res 12:183-200.

7. Carson, D. D., L. A. Guarino, and M. D. Summers. 1988.
Functional mapping of an AcNPV immediate early gene which
augments expression of the E-1 transactivated 39K gene. Virol-
ogy 162:444 451.

8. Carson, D. D., M. D. Summers, and L. A. Guarino. 1991.
Molecular analysis of a baculovirus regulatory gene. Virology
182:279-286.

9. Carson, D. D., M. D. Summers, and L. A. Guarino. 1991.
Transient expression of the Autographa californica nuclear
polydedrosis virus immediate-early gene, IE-N, is regulated by
three viral elements. J. Virol. 65:945-951.

10. Chisholm, G. E., and D. J. Henner. 1988. Multiple early tran-
scripts and splicing of the Autographa californica nuclear poly-
hedrosis virus IE-1 gene. J. Virol. 62:3193-3200.

11. Dickson, J. A., and P. D. Friesen. 1991. Identification of up-
stream promoter elements mediating early transcription from
the 35,000-molecular-weight protein gene of Autographa cali-
fornica nuclear polyhedrosis virus. J. Virol. 65:4006-4016.

12. Flint, J., and T. Shenk. 1989. Adenovirus ElA protein: para-
digm viral transactivator. Annu. Rev. Genet. 23:141-161.

13. Graham, F. L., and A. J. Van Der Eb. 1973. A new technique for
the assay of infectivity of human adenovirus 5 DNA. Virology
52:456-467.

14. Guarino, L. A., and M. W. Smith. 1990. Nucleotide sequence
and characterization of the 39K gene region of Autographa
californica nuclear polyhedrosis virus. Virology 179:1-8.

15. Guarino, L. A., and M. D. Summers. 1986. Functional mapping
of a trans-activating gene required for expression of a baculo-
virus delayed-early gene. J. Virol. 57:563-571.

16. Guarino, L. A., and M. D. Summers. 1987. Nucleotide sequence
and temporal expression of a baculovirus regulatory gene. J.
Virol. 61:2091-2099.

17. Henikoff, S. 1987. Unidirectional digestion with exonuclease III
in DNA sequence analysis. Methods Enzymol. 155:156-165.

18. Mackett, M., G. L. Smith, and B. Moss. 1984. General method
for production and selection of infectious vaccinia virus recom-
binants expressing foreign genes. J. Virol. 49:857-864.

19. Neumann, J. R., C. A. Morency, and K. 0. Russian. 1987. A
novel rapid assay for chloramphenicol acetyltransferase gene
expression. Biotechniques 5:444 447.

20. Nevins, J. R. 1989. Mechanisms of viral-mediated trans-activa-
tion of transcription. Adv. Virus Res. 37:35-83.

21. Nissen, M. S., and P. D. Friesen. 1989. Molecular analysis of the
transcriptional regulatory region of an early baculovirus gene. J.
Virol. 63:493-503.

22. Ooi, B. G., C. Rankin, and L. K. Miller. 1989. Downstream
sequences augment transcription from the essential initiation
site of a baculovirus polyhedrin gene. J. Mol. Biol. 210:721-736.

23. Possee, R. D., and S. C. Howard. 1987. Analysis of the polyhe-
drin gene promoter of the Autographa californica nuclear
polyhedrosis virus. Nucleic Acids Res. 15:10233-10248.

24. Rankin, C., B. G. Ooi, and L. K. Miller. 1988. Eight base pairs
encompassing the transcriptional start point are the major
determinant for baculovirus polyhedrin gene expression. Gene
70:39-49.

25. Schneider, L. 1964. Differentiation of larval Drosophila eye-
antennal discs in vitro. J. Exp. Zool. 156:91-104.

26. Scott, M. R. D., K.-H. Westphal, and P. W. J. Rigby. 1983.
Activation of mouse genes in transformed cells. Cell 34:557-
567.

27. Simon, M. C., T. M. Fisch, B. J. Benecke, J. R. Nevins, and N.
Heintz. 1988. Definition of multiple functionally distinct TATA
elements one of which is a target in the hsp7o promoter for ElA
regulation. Cell 52:723-730.

28. Summers, M. D., and G. E. Smith. 1987. A manual of methods

J. VIROL.



TRANSCRIPTION FROM THE BACULOVIRUS gp64 EARLY PROMOTER 5827

for baculovirus vectors and insect cell culture procedures. Tex.
Agric. Exp. Stn. Bull. 1555.

29. Theilmann, D. A., and S. Stewart. 1991. Identification and
characterization of the IE-1 gene of Orygia pseudotsugata
multicapsid nuclear polyhedrosis virus. Virology 180:492-508.

30. Thiem, S. M., and L. K. Miller. 1990. Differential gene expres-
sion mediated by late, very late and hybrid baculovirus promot-
ers. Gene 91:87-94.

31. Volkman, L. E., and P. A. Goldsmith. 1985. Mechanism of
neutralization of budded Autographa californica nuclear poly-
hedrosis virus by a monoclonal antibody: inhibition of entry by

adsorptive endocytosis. Virology 143:185-195.
32. Weyer, U., and R. D. Possee. 1989. Analysis of the promoter of

the Autographa californica nuclear polyhedrosis virus plO gene.
J. Gen. Virol. 70:203-208.

33. Whitford, M., S. Stewart, J. Kuzio, and P. Faulkner. 1989.
Identification and sequence analysis of a gene encoding gp67, an

abundant envelope glycoprotein of the baculovirus Autographa
californica nuclear polyhedrosis virus. J. Virol. 63:1393-1399.

34. Wu, L., D. S. E. Rosser, M. C. Schmidt, and A. Berk. 1987. A
TATA box implicated in ElA transcriptional activation of a

simple adenovirus 2 promoter. Nature (London) 326:512-515.

VOL. 65, 1991


