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The nucleotide sequence of a trans-activating regulatory gene (IE-1) of the baculovirus Autographa
californica nuclear polyhedrosis virus has been determined. This gene encodes a protein of 581 amino acids with
a predicted molecular weight of 66,856. A DNA fragment containing the entire coding sequence of IE-1 was

inserted downstream of an RNA promoter. Subsequent cell-free transcription and translation directed the
synthesis of a single peptide with an apparent molecular weight of 70,000. Quantitative S1 nuclease analysis
indicated that IE-1 was maximally synthesized during a 1-h virus adsorption period and that steady-state levels
of IE-1 message were maintained during the first 24 h of infection. Northern blot hybridization indicated that
several late transcripts which overlap the IE-1 gene were transcribed from both strands. The precise locations
of the 5' and 3' ends of these overlapping transcripts were mapped using Si nuclease. The overlapping
transcripts were grouped in two transcriptional units. One unit was composed of IE-1 and overlapping -y

transcripts which initiated upstream of IE-1 and terminated downstream of IE-1. The other unit, transcribed
from the opposite strand, consisted of y transcripts with coterminal 5' ends and extended 3' ends. The shorter,
more abundant transcripts in this unit overlapped 30 to 40 bases of IE-1 at the 3' end, while the longer
transcripts overlapped the entire IE-1 gene. Transcription of several early A. californica nuclear polyhedrosis
virus genes, in addition to 39K, was shown to be trans-activated by IE-1, indicating that IE-1 may have a central
role in the regulation of ,8-gene expression.

The baculovirus Autographa californica nuclear polyhe-
drosis virus (AcNPV) has a double-stranded, covalently
closed, circular DNA genome of 130 kilobases (kb). The
expression of AcNPV genes in infected cells is coordinately
regulated and sequentially ordered (6, 26, 40). Four general
classes of genes are expressed from the AcNPV genome: a

or immediate early, or delayed early, -y or late, and 8 or
very late (14, 19, 28).
The regulation of baculovirus gene expression is an area of

considerable interest. Several lines of evidence indicate that
baculovirus gene expression is primarily regulated at the
level of transcription. Hybridization mapping and cell-free
translation of AcNPV transcripts purified at different times
postinfection indicate that the composition of viral mRNA
changes with time of infection (10, 11, 23, 38). Overlapping
transcripts have been mapped in several regions of the
AcNPV genome (12, 24, 29), although splicing of baculovirus
transcripts does not appear to be common (23). Many of
these overlapping units consist of transcripts of different
temporal classes with coterminal 3' ends and extended 5'
ends. It has been suggested that this type of overlapping
transcriptional unit regulates temporal expression of
baculovirus genes by sequential activation of upstream pro-
moters and deactivation of downstream promoters (12).
Some overlapping transcriptional units are composed of
transcripts which share a common 5' end and have extended
3' ends. All units of this type reported to date are composed
of either all early or all late transcripts which belong to a

single temporal class (12, 29), indicating that 3' extensions
may not play a role in temporal regulation.

Little is known concerning the mechanisms which control
temporal expression during baculovirus infection. Recently
we described an a gene, IE-1, which trans-activates tran-
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scription of the , gene 39K (15). Expression of 39K was
enhanced 1,000-fold when a baculovirus repeated element
was cis-linked to the 39K gene (16, 17). The AcNPV en-

hancer was not active in the absence of the IE-1 gene,
indicating that IE-1 may regulate the enhancer as well as the
39K promoter.
To further probe the function of IE-1, we determined the

nucleotide sequence of the regulatory gene and compared
the sequence of IE-1 with those of heterologous viral trans-
activating genes. We also show that at least four other
AcNPV early genes in addition to 39K require IE-1 for their
expression in transient assay, suggesting that IE-1 has a

central role in regulation of,-gene expression.

MATERIALS AND METHODS

Virus and cell culture. The conditions for cell culture and
transfections have been described previously (15). Spo-
doptera frugiperda cells were infected with AcNPV E2 at a

multiplicity of infection of 20. The virus was allowed to
adsorb for 1 h at 24°C. The inoculum was removed, and the
cells were incubated at 27°C for the indicated times. Zero
time postinfection is defined as the end of the adsorption
period.

Cell-free transcription and translation. Sequences in the
5'-flanking region of IE-1 upstream of the initiating AUG
were deleted with BAL 31, according to standard procedures
(25). The plasmid pHindIII-G, which contains the complete
IE-1 gene, was linearized with Clal and digested with BAL
31 for various lengths of time. The DNA was then digested
with Sall and religated after repair of the ends with Klenow
fragment. After an initial screening by agarose gel electro-
phoresis, several deletions were sequenced. One clone
(pIE-33), in which the 5'-flanking sequences were deleted up
to base 537 (Fig. 1), was digested with BamHI, which cuts in

2091

Vol. 61, No. 7

 on S
eptem

ber 12, 2018 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


2092 GUARINO AND SUMMERS J. VIROL.

A
I ATCGATGTCTTTGTGATGCGCCGACATTTTTGTAGGTTATTGATAAAATGAAC GGATACAGTTGCCCGAC ATTATC ATTAAATCCTTGGC GTAGAATTTGTCGGGTC CATTGTCCGTGT G

121 CGCTAGCATGCCCGCTAAC GGACCTCGTACTTTTGGCTTCAAAGGTTTTGCGC ACAGACAAAATGTGC CACACTTGCAGCTCTGCATGTGTGC GCGTTAC CACAAATC C CAAC GGCGCAG

241 TGTACTTGTTGTATGCAAATAAATC TCGATAAAGGCGCGGCGCGCGAATGCAGCTGATCACGTACGCTC CTC GTGTTC CGTTCAAGGACGGTGTTATC GAC CTCAGATTAATGTT TATCG

3B 1 GCCGACTGTTTTCGTATCCGC TCACCAAAC GCGTTTTTGCATTAACATTGTATGTC GGCGGATGTTC TATA TC TAATTTGAATAAA TAAACGATAACCGCGTTGGTTTTAGAGGGCATAA

4 81 TAAAAGAAATATTGTTATC GTGTTCGCCATTAGGGCAGTATAAATTGACGTTCATGTTGGATATTGTTTCAGTTGCAAGTTGACAC TGGCGGCGACAAGATC GTGAACAACCAAGTGAC T

.5
601 ATGACGCAAATTAATTTTAACGC GTCGTACACCAGC GCTTCGAC GCCGTCCCGAGCGTCGTTCGACAAC AGCTATTCAGAGTTTTGTGATAAAC AACCCAACGAC TATTTAAGTTATTAT

M T Q I N F N A S Y T S A S T P S R A S F D N S Y S E F C D K Q P N D Y L S Y Y

7 21 AACCATCCCACCCCGGATGGAGCCGACACGGTGATATCTGACAGC GAGACTGCGGCACGTTCAAACTTTTTGGC AAGCGTCAACTC GTTAACTGATAATGATTTAGTGGAA TGTTTGCTC
N H P T P D G A D T V I S D S E T A A R S N F L A S V N S L T D N D L V E C L L

841 AAGACCACTGATAATCTCGA'AGAAGCAGTTAGTTC TGCTTATTATTCGGAATC CCTTGAGCAGCCTGTTGTGGAGC AACCATCGC CCAGTTCTGCTTATCATGCGGAATCTTTTGAGCAT
K T T D N L E E A V S S A Y Y S E S L E QP V V E Q P S P S S A Y H A E S F E H

961 TCTGCTGGTGTGAACCAACCATCGGCAACTGGAACTAAACGGAAGCTGGACGAATACTTGGACAATTCACAAGGTGTGGTGGGC CAGTTTAACAAAATTAAATTGAGGCCTMAAATACAAG
S A G V N Q P S A T G T K R K L D E Y L D N S QG V V G Q F N K I K L R P K Y K

1081 AAAAGCACAATTCAAAGCTGTGCAACCCTTGAACAGACAATTAATCACAACACGAACATTTGCACGGTC GCTTCAACTCAAGAAATTACGCATTATTTTAC TAATGATTTTGC GCCGTAT
K S T I Q S C A T L E Q T I N H N T N I C T V A S T Q E I T H Y F T N D F A P Y

1201 TTAATGCGTTTCGACGACAAC GACTACCAATTC CAACAGGTTCTCGACCATATGTCCGAAACTGGTTATTACATGTTTGTGGTTAAAAAAAGTGAAGTGAAGC CGTTTGAAATTATATTT
L M R F D D N D Y Q F Q Q V L D H M S E T G Y Y M F V V K K S E V K P F E I I F

1321 GCCAAGTACGTGAGCAATGTGGTTTACGAATATACAAACAATTATTACATGGTAGATAATC GCGTGTTTGTGGTAAC TTTTGATAAAATTAGGTTTATGATTTCGTACAATTTGGTTAA A
A K Y V S N V V Y E Y T N N Y Y M v D N R V F V V T F D K I R F M I S Y N L V K

1441 GAAACCGGCATAGAAATTCCTCATTCTCAAGATGTGTGCAACGACGAGACGGCTGCACAAAATTGTAAAAAATGCCATTTCGTCGATGTGCACCACACGTTTAAAGCTGCTCTGACTTCA
E T G I E I P H S QD V C N D E T A A Q N C K K C H F V D V H H T F K A A L T S

1561 TATTTTAATTTAGIATATGTA'TTACGCGCAAACCACATTTGTGACTTTGTTACAATCGTTGGGCGAAAGAAAATGTGGGTTTCTTTTGAGCAAGTTGTACGAAATGTATCAAGATAAAAAT
Y F N L D M Y Y A Q T T F V T L L Q S L G E R K C G F L L S K L Y E M Y QD K N

1C81 TTATTTACTTTGCCTATTATGC TTAGTCGTAAAGAGAGTiATGAAATTGAGAC TGCATC'TAATAATTTCTTTGTATCGCCGTATGTGAGTCAAATATTAAAGTATTCGGAAAGTGTGCAG
L F T L P I M L S R K E S N E I E T A S N N F F V S P Y V S Q I L K Y S E S V Q

1801 TTTCCCGACAATCCCCCAAACAAATATGTGGTGGACAATTTAAATTTAATTGTTAACAAAAAAAGTACGCTCACGTACAAATACAGCAGCGTC GCTAATC TTTTGTTTAATAATTATAAA
F P D N P P N K Y V V D N L N L I V N K K S T L T Y K Y S S V A N L L F N N Y K

1921 TATCATGACAATATTGCGAGTAATAATAAC GCAGAAAATTTAAMMAGGTTAA GAAGGAGGACGGCAGCATGCACATTGTCGAACAGTATTTGACTCAGAATGTAGATAATGTAAAGGGT
Y H D N I A S N N N A E N L K K V K K E D G S M H I V E Q Y L T Q N V D N V K G

2041 CACAATTTTATAGTATTGTC TTTCAAAAAC GAGGAGCGATTGACTATAGCTAAGAAAAACAAAGAGT TTTATTGGATTTCTGGCGAAATTAAAGATGTAGAC GTTAGTCAAGTAATTCAA
H N F I V L S F K N E E R L T I A K K N K E F Y W I S G E I K D V D V S Q V I Q

2181 AAATATAATAGATTTAAGC ATCACATGTTTGTAATCGGTAAMGTGAACCGAAGAGAGAGC ACTACATTGCACAATAATTTGTTAAAATTGTTAGC TTTAATATTACAGGGTCTGGTTCC G
K Y N R F K H H M F V I G K V N R R E S T T L H N N L L K L L A L I L Q G L V P

2281 TTGTCCGACGCTATAACGTTTGCGGAACAAAAACTAAATTGTAAATATAAAAAATTC GAACTTTAATTAATTATACATATATTTTGAATTTAATTAATTATACATATATTTTA TATTATT
L S D A I T F A E Q K L N C K Y K K F E L*3

2401 TTTGTCTTTTATTATCGAGGGGC CGTTGTTGGTGTGGGGTTTTGCATAGAAATAAC AATGGGAGTTGGC GACGTTGCTGCGCCAACACCACCTCCTTCCTCCTC CTTTCATCATGTATC T

2621 GTAGATAAAATAAAATATTAAACCTAAAAACAAGAC CGCGCCTATCAACAAAATGATAGGCATTAACTTGC GTGACGCTGTCACTAACGTTGGACGATTTGCCGACTAAACCTTCATC GC

2841 CCAGTAACCAATCTAGACCCAAGTCGCCAACTAAATCACCAAACGAGTAMGGTTC GATGC'ACATGAGTGTTTGGC CCGCAGGAAGATCGCTAATATCTACGTATTGAGGCGAATCTGGGT

27B1 CGGCGGACGGATCGCTGCCG'CGACAAACTGTTTTTTCTACTTCATAGTTGAATC CTTGGCACATGTTGGTTAGTTC GGGCGGATTGTTAGGCAACAAGGGGTCGAATGGGCAAATGGTAA

2881 CATCCGACTGATTTAGATTGGGGTCTTGAC'GACAAGTGCGCTGCAATAACAAGC AGGCCTCGGCGATTTCTC CGGCGTCTTTAC CTTGCACATAATAACTTCCGCCGGTGTTATTGATGG

... . . ..5 ..

3001 CGTTGATTATATCTTGTAC TAGTGTGGCGG'CGCTAAACAAGAAATAGCCCCGGTGGCCAAGAGTATGCC CGTTCCTCCTACTTTTAAGC TT 3091

B
SIl Hincli Hincil s )I S PI Hinf HTflI

Cla MlIu Ssp IMluI EcoRV Hinfi Stul Ndel Hinfl Hinfl Hincll PhiI AccI SSPI Sspi Xbal Hindlil
L I I I I I I f I I
4 4 ±±~~-0..4 4- 4f.
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SEQUENCE AND EXPRESSION OF A REGULATORY GENE 2093

the multiple cloning sites, and XbaI, which cuts downstream
of the translation termination codon. This 2.1-kilobase-pair
(kbp) BamHI-XbaI fragment was cloned into the BamHI and
XbaI sites of the vector Blue Scribe M13 + (Stratagene
Cloning Systems, San Diego, Calif.). After linearization with
XbaI, the plasmid pBS-33 was used for in vitro transcription
with T7 polymerase according to the procedure recom-

mended by the manufacturer, except that the DNase treat-
ment was omitted. The RNA transcript was purified from the
DNA template by gel electrophoresis in low-melting-
temperature agarose.

After elution from agarose, the uncapped RNA transcript
was translated in vitro with a rabbit reticulocyte lysate
(Promega Biotech, Madison, Wis.) in the presence of
[35S]methionine. A 2-,ul sample of the translation mix was

diluted in loading buffer, and the proteins were separated on

a 12% sodium dodecyl sulfate-polyacrylamide gel (21).
DNA sequence analysis. Appropriate restriction fragments

were subcloned into bacteriophage M13 (27) and sequenced
by the chain termination procedure (33). BAL 31 deletions of
IE-1, constructed using standard protocols, were also se-

quenced. The sequences were compiled and analyzed by the
programs of Devereaux et al. (9). The National Biomedical
Research Foundation databank, release 9.0, was searched
for homology to the IE-1 protein.
RNA extraction and gel electrophoresis. Whole-cell RNA

was prepared by guanidinium isothiocyanate solubilization
(7). Selection of poly(A)+ RNA was by established tech-
niques (25). Poly(A)+ RNA was separated by electrophore-
sis through 1.5% agarose gel containing 2.2 M formaldehyde.
The gels were transferred to nitrocellulose and hybridized
with pIE-1 DNA uniformly labeled by nick translation or

with strand-specific probes by standard procedures (25).
Nuclease S1 analysis was performed with 10 ,ug of whole-

cell RNA from infected or transfected cells, as previously
described (39). The hybridization temperatures were deter-
mined empirically for each probe and are indicated in the
figure legends. The probes were labeled at the 5' end, using
T4 polynucleotide kinase, or at the 3' end, using the Klenow
fragment of Escherichia coli DNA polymerase or T4 DNA
polymerase, following standard protocols (25). The S1-
protected DNAs were analyzed in 4% polyacrylamide-7 M
urea gels, using 4X174-HaeIII fragments as molecular stan-
dards.

RESULTS

Nucleotide sequence of IE-1. To sequence IE-1, appropri-
ate restriction fragments were isolated, subcloned into M13
vectors, and sequenced by the chain termination method (27,
33). The sequencing strategy is indicated in Fig. 1B. The
complete nucleotide sequence of pIE-1 and the predicted
amino acid sequence of the longest open reading frame are

presented in Fig. 1B. The polarity of the longest open
reading frame is consistent with the direction of transcription
previously determined for IE-1 (15).
The sequence indicates that the IE-1 gene product is

composed of 581 amino acids with a molecular weight of
66,856. The protein is highly charged with the acidic residues
aspartic acid, glutamic acid, asparagine, and glutamine,

accounting for 25% of the total amino acids. The basic amino
acids arginine, lysine, and histidine account for 13% of the
residues, giving a net negative charge of 8. The hydrophobic
residues account for only 6% of the total residues.
The 5' end of the IE-1 mRNA was previously mapped to a

position 341 bp upstream of a Hinfl site (15). Comparison of
the sequence and mapping data indicates that the 5' end is
located approximately 50 bp upstream of the initiation
codon. A putative TATA box (TATAAATT) is located 25 to
32 bp upstream of the cap site. A sequence similar to the
consensus CAAT box (GGCATAAT) is located 69 to 77 bp
upstream of the start site for transcription.
The 3' end of IE-1 was mapped as described in the legend

to Fig. 3B. The 3' end is located 31 bp downstream of the
translation termination codon. Although the 3' end of IE-1 is
contained within a 100-bp adenine-plus-thymine-rich region
(92% A+T), there are no consensus polyadenylation signals
on the IE-1 coding strand. This A+T-rich region also serves
as the major transcriptional termination region for messages
which are initiated downstream of and transcribed in the
opposite orientation from IE-1 (see below and Fig. 6).
To gain insight into the possible function of IE-1, we

compared the nucleotide sequence and the predicted amino
acid sequence with the sequences of heterologous viral
genes which are functionally analogous to IE-1. Comparison
with adenovirus type 5 Ela protein (37), herpes simplex
virus ICP4 (40), bovine papillomavirus E2 protein (6), simian
virus 40 T antigen (31), Epstein-Barr virus nuclear antigen 1
(2), or the Tat protein of human T-cell lymphotrophic virus
(34) exhibited no significant homology at either the nucleo-
tide or amino acid level. In addition, we searched the
National Biomedical Research Foundation databank for
similar proteins. This search also revealed no significant
homologies with other proteins.

Cell-free translation of IE-1 message. The plasmid pBS-33
was constructed as diagrammed in Fig. 2A. IE-1 message-
sense RNA was generated in vitro from pBS-33 with the use

of T7 polymerase. This uncapped RNA was used as a

template for translation in a rabbit reticulocyte lysate. Cell-
free translation yielded a polypeptide of apparent molecular
weight 70,000 on sodium dodecyl sulfate-polyacrylamide
gels (Fig. 2B). This empirical value is close to that predicted
for the sequence (66,856). The synthesis of a protein of
identical mobility was directed by poly(A)+ RNA from
AcNPV-infected cells but not from uninfected-cell RNA.
The relative amount of the 70,000-molecular-weight protein
directed by 6-h RNA was greater than that directed by 18-h
RNA.
Time course of IE-1 transcription. To determine the peak

time of IE-1 synthesis, quantitative S1 nuclease analysis was
performed with an 892-nucleotide (nt) ClaI-Hinfl fragment
specifically 5' end labeled at the Hinfl site. Whole-cell RNA
(10 ,ug) purified from S. frugiperda cells 0, 3, 6, 12, 18, and
24 h postinfection with AcNPV was hybridized with an

excess of probe. After treatment with S1, the protected
DNAs were analyzed on 4% polyacrylamide-7 M urea gels.
The amount of IE-1-specific probe protected by infected-cell
RNA (341 bp) was essentially constant during the early
phase and declined slightly at later times (Fig. 3, left panel).
With late RNA (12 to 24 h), the entire probe was also

FIG. 1. Nucleotide sequence and deduced amino acid sequence of AcNPV IE-1 (A). The restriction fragments indicated in panel B were
subcloned into M13 and sequenced by the chain termination method (27, 33). The amino acid sequence of the longest open reading frame
beginning with an initiation codon is indicated. The 5' and 3' ends of IE-1 are indicated, and the putative TATA and CAAT boxes are
indicated.
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transcripts which overlap IE-1, Northern blotting experi-
ments were performed with polyadenylated RNA derived
from S. frugiperda cells 6 and 18 h postinfection. Figure 4
shows the results obtained with pIE-1 DNA uniformly
labeled by nick translation (lanes 1 through 3). During the
early phase only one major transcript was evident. The size
of this transcript (1.9 kb) is consistent with the size predicted
for IE-1 message based on the 5'- and 3'-end mapping. Late
in infection, several additional RNA transcripts were de-
tected.
To determine whether these late transcripts were tran-

scribed from the same or opposite strand as IE-1, poly(A)+
RNA was hybridized with strand-specific probes. The plas-
mid pBS-33 was digested with BamHI, and RNA was
transcribed using T3 polymerase in the presence of [32P]CTP
to generate a probe which hybridized to IE-1 and to over-
lapping mRNAs transcribed from the same strand. Larger
transcripts of 3.7, 3.5, and 3.1 kb overlap IE-1 on the same
strand (Fig. 4, lanes 4 and 5). Digestion of pBS-33 with XbaI
and transcription using T7 polymerase generated a probe to
detect RNAs transcribed from the opposite strand to IE-1.
The major 1.3-kb transcript was synthesized from the oppo-
site strand as well as several less abundant, larger transcripts
of 1.5, 2.1, 2.3, and 4.1 kb (Fig. 4, lanes 6 and 7).
The Si nuclease data and Northern blot data presented

above indicated that at least one transcript initiated up-
stream of the IE-1 promoter and terminated downstream of
IE-1. To map this transcript(s), a 1.2-kbp BstEII-Clal frag-
ment, specifically labeled at the ClaI site, was hybridized
with 6- and 18-h RNA. After Si treatment, the size of the
protected fragments was determined by denaturing poly-
acrylamide gel electrophoresis (Fig. 5A). Two Si-resistant
fragments (522 and 330 nt) were resolved when the probe
was hybridized with 18-h RNA, but not with uninfected or

1 2 3 4 5 6

FIG. 2. Synthesis of IE-1 protein in cell-free translation system.
(A) Construction of the plasmid pBS-33. Nucleotide sequences
upstream of the IE-1 initiation codon were removed by BAL 31
nuclease. Then the coding sequence for IE-1 was cloned into the
plasmid Blue Scribe M13+. Uncapped RNA transcribed in vitro
from pBS-33 using T7 polymerase was translated in a rabbit reticu-
locyte lysate in the presence of [35S]methionine (lane 5). The
translation products were analyzed on a 12% sodium dodecyl
sulfate-polyacrylamide gel (B). Lane 1, Endogenous synthesis (no
RNA added); lane 2, translation products from uninfected-cell
poly(A)+ RNA; lane 3, translation products from 6-h-infected
poly(A)+ RNA; lane 4, translation products from 18-h-infected
poly(A)+ RNA. Lane 6, Translation products from brome mosaic
virus RNA which were used for molecular size markers.

protected, indicating that at least one transcript which over-

lapped IE-1 was initiated upstream of the ClaI site.
The 3' end of IE-1 was mapped using a 642-bp Hinfl-XbaI

fragment exclusively labeled at the Hinfl site using the
Klenow fragment of E. coli DNA polymerase. A single
363-nt, Si-resistant fragment was observed when the 3'
probe was hybridized to RNA isolated at 6 and 18 h
postinfection. The locations of the 5' and 3' ends of IE-1
predict a size of 1,801 nt for IE-1 transcript, excluding the
poly(A)+ tail and assuming that the message is not spliced.
With 18-h RNA, the entire probe was also protected, indi-
cating that the transcripts which overlap the 5' end of IE-1
are not 3' coterminal with IE-1.

Identification of overlapping transcripts. To identify the

2a,-

M P li (1 3 6 1 2 18 24 M P lJ 6 18

FIG. 3. Quantitative S1 nuclease analysis of the time course of
transcription of the IE-1 gene. Whole-cell RNA (10 ,ug), uninfected
(U) or at 0, 3, 6, 12, 18, and 24 h postinfection. Time zero refers to
the end of a 1-h adsorption period. RNA was hybridized at 42°C with
an IE-1-specific 5'-end probe, an 892-nt ClaI-Hinfl fragment specif-
ically labeled at the Hinfl site (lanes 2 through 9), or at 49°C with an

IE-1-specific 3'-end probe, a 642-nt Hinfl-XbaI fragment (lanes 10
through 12). <>X174-HaeIII molecular size markers are shown in
lane 1.

- -
_-
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FIG. 4. RNA blot hybridization and S1 analysis of transcripts
which map to the IE-1 region of the AcNPV genome. (A) Poly(A)+
RNA was purified from uninfected (lane 1) S. frugiperda cells or

AcNPV-infected cells 6 h (lanes 2, 4, and 6) or 18 h (lanes 3, 5, and
7) postinfection. RNA samples were separated on a 1.5%
agarose-2.2 M formaldehyde gel, transferred to nitrocellulose, and
hybridized with uniformly labeled pIE-1 DNA (lanes 1 through 3) or

strand-specific probes (lanes 4 through 7). The molecular size
markers are indicated on the left.

6-h RNA. The Si-protected fragment at 300 nt was not
consistently observed.
The 3' ends of the overlapping transcripts were mapped

using a 431-bp XbaI-HindIII probe, exclusively 3' end
labeled at the XbaI site (Fig. SB). After hybridization and
nuclease Si treatment, a protected band of 423 nt was

observed with 18-h infected-cell RNA. No Si-resistant
bands were detected with uninfected or 6-h RNA. Based on

the location of the 5' and 3' ends, these transcripts presum-

ably corresponded to the 3.7- and 3.5-kb transcripts ob-
served in Fig. 4. The origin of the 3.1-kb transcript detected
in Fig. 4 is not clear from this analysis. An explanation
consistent with the size of the 3.1-kb trancripts is that they
arose from initiation at the IE-1 start site and termination at
the late transcriptional termination site.
To map the approximate location of the transcripts which

hybridize to the opposite strand, Northern blot experiments
were performed with subclones of pIE-1. The results indi-
cated that all transcripts hybridized to the right-most se-

quences of IE-1, while only the longer transcripts hybridized
to the left-most sequences (data not shown). This result
suggested that the transcripts formed a nested set of mRNAs
with extended 3' ends and a common 5' end which maps

downstream of IE-1.
The precise location of the common 5' end of the nested

transcripts was determined by nuclease Si mapping. A
713-bp HindIII-EcoRV fragment, specifically 5' end labeled
at the HindIII site (Fig. 5C), was hybridized with total cell
RNA and treated with S1 nuclease, and the protected
fragments were sized on acrylamide gels. Late RNA pro-

tected 434 nt of probe, whereas no Si-resistant fragments
were detected with uninfected or early RNA.
The 3' end of the major 1.3-kb transcript was mapped

using a 667-bp XbaI-SphI fragment specifically labeled at the

XbaI site (Fig. 5D). Si analysis with late RNA revealed a
band with some heterogeneity at 312 nt and a single band at
324 nt. On a longer exposure of this gel a larger, less
abundant fragment at 512 nt was observed (data not shown).
Based on the location of the 5' and 3' ends, the transcripts
which terminate 312 and 324 nt left of the XbaI site would
both comprise the 1.3-kb transcript. The longer transcript
presumably accounts for the 1.5-kb transcript. The smaller
transcripts terminate in the A+T rich region to the left of the
IE-1 termination site. Therefore, IE-1 and the 1.3-kb tran-
script share 30 to 40 nt of complementary sequence. The
larger transcript contains 230 bp of sequence complementary
to IE-1. Analysis of the nucleotide sequence in this region
indicated that there were consensus polyadenylation signals
(ATTAAA) located 20 to 30 bp upstream of the 3' ends of the
transcripts.
The entire probe was also protected, indicating that the

longer transcripts terminate to the left of the SphI site. These
were mapped using an AccI-ClaI fragment specifically 3' end
labeled at the AccI site (Fig. SD). Hybridization and Si
nuclease analysis indicated that transcripts terminate 430
and 600 nt to the left of the AccI site. This accounts for the
2.1- and 2.3-kb transcripts. The largest transcript (4.1 kb)
which maps to the opposite strand apparently terminates to
the left of the ClaI site, and the exact map location of this
transcript was not determined.

Figure 6A summarizes the mapping of the overlapping
transcripts, and Fig. 6B shows the location of open reading
frames in the region of IE-1. All of the transcripts are
synthesized late, with the exception of IE-1. These tran-
scripts represent two separate transcriptional units, all of
which overlap each other to some degree. The unit contain-
ing IE-1 consists of transcripts with 5' and 3' ends both
extended. The cluster containing the major 1.3-kb transcript
consists of transcripts with common 5' ends and extended 3'
ends. The transcripts in this unit are potentially protein
coding (Fig. 6B and unpublished data). There is also an open
reading frame opposite and left of IE-1. Although transcripts
which map to this region were not detected by Northern blot
analysis (Fig. 4), S1 analysis indicated the presence of a
transcript which would encode this open reading frame (data
not shown).

Additional genes trans-activated by IE-1. To determine
whether IE-1 trans-activated transcription of other viral
genes in addition to 39K, we analyzed transient expression
of several early genes of AcNPV. The plasmid pHindIII-Q
contains the promoter for two early transcripts which share
a common 5' end. These transcripts are maximally synthe-
sized at 12 h postinfection. S. frugiperda cells were cotrans-
fected with pHindIII-Q in the presence and absence of IE-1.
RNA was purified 24 h posttransfection and hybridized with
an 890-bp XhoI-EcoRV probe, specifically 5' end labeled at
the XhoI site (Fig. 7A). A single 600-nt fragment was
protected with RNA purified from cells cotransfected with
both fragments. This is in good agreement with the previ-
ously reported 588 nt from the Xho site to the 5' end for these
transcripts (30). No protected bands were observed with
RNA from cells transfected with pHindIII-Q alone.

Several transcripts have been mapped to the HindIII-K
fragment of AcNPV DNA (12, 13). Four of these have been
classified as a transcripts; two are maximally synthesized at
2 h postinfection and two are synthesized at 6 h postinfec-
tion. S. frugiperda cells were transfected with BglII-D,
which contains all of HindIII-K, in the presence and absence
of pIE-1. RNA was isolated 24 h posttransfection and
hybridized with specific 5'-end-labeled probes (Fig. 7B). A
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1.7-kbp HindIII-XhoI probe labeled at the HindlIl site was

used to detect the transcripts which extend 440 bases and
830 bases 5' from the HindIll site (12). In this analysis, 435-
and 800-nt fragments were protected after hybridization with
RNA from cells cotransfected with both plasmids and sub-
sequent Si nuclease treatment. No protected fragments
were observed with untransfected cell RNA or with RNA
from cells transfected with BglII-D alone.
The same 1.7-kbp HindIII-XhoI probe was specifically 5'

end labeled at the XhoI site to detect the two early RNAs
transcribed from the opposite strand (13). Only one of the
Si-resistant fragments which were protected with 6-h RNA
was observed with RNA from cells cotransfected with IE-1
and pBglII-D. No protected bands were detected with RNA
purified from cells transfected with pBglII-D alone or with
untransfected cell RNA.

DISCUSSION

The AcNPV a regulatory gene IE-1 trans-activates
expression of thea gene 39K (15). To learn more about this
regulatory gene, we determined the nucleotide sequence of
the gene, studied its temporal expression, and tested
whether IE-1 trans-activated other viral genes.

Transcription of IE-1 reached its maximal level by the end
of a 1-h adsorption period (time zero), and essentially
constant levels ofIE-1 were maintained for 24 h. Because Si
nuclease analysis measures steady-state levels, it was not
clear from this experiment whether IE-1 continues to be
synthesized throughout infection or whether the message

made during the adsorption period persists for 24 h. In other
regions of the genome, early transcripts appear to peak at 2,
6, or 12 h postinfection and then dramatically decline (12,
30). It will be of interest to determine whether the IE-1
message continues to be synthesized during the late phase
and whether the IE-1 gene product is synthesized throughout
infection. The presence of "antisense" message late in
infection would be expected to arrest translation.

Overlapping transcripts have been described for several
regions of the AcNPV genome (12, 24, 30). This report,
which correlates Si mapping and sequence data, indicates a

remarkable conservation of nucleotide sequence in this
region of the AcNPV genome. There are only 65 nt separat-
ing IE-1 and the open reading frame opposite and to the left
of IE-1 and only 50 nt separating IE-1 and the open reading
frame opposite and to the right of IE-1. This close apposition
of coding sequences necessitates overlapping of both 5' and
3' ends of transcripts and, presumably, overlapping of tran-

scriptional regulatory signals on one strand with coding
sequences on the opposite strand.

IE-1 trans-activates at least four AcNPV genes in addition
to 39K in transient assay experiments, suggesting that IE-1
plays a central role in the temporal regulation of the AcNPV
gene expression. The fact that IE-1 did not trans-activate
one of the early tandem promoters of Hindlll-K is an

intriguing result. This suggests tht a clue to the mechanism of
IE-1 trans-activation may be found in a comparison of the
two adjacent Hindlll-K promoters.

The results reported here indicate that three of the four
early transcripts which map to the HindIII-K fragment
should be classified as P genes based upon their requirement
for IE-1 in transient assay experiments. Two of the HindlIl-
K transcripts which are activated by IE-1 have previously
been categorized as (x genes based upon their (2 h) time of
maximum synthesis (12). It is noteworthy that IE-1 is

maximally synthesized well before this time. The other two

HindIII-K transcripts activated by IE-1 were originally
classified as i transcripts based upon their time of maximal
synthesis (6 h). However, this classification was subse-
quently changed to a based upon the fact that these tran-
scripts were synthesized in the presence of cycloheximide
(13). It has been well established that cycloheximide-
blocking experiments in adenovirus-infected cells can pro-
duce artifactual results (22, 29). Early genes which are
trans-activated by the adenovirus Ela gene product are
actually synthesized at higher levels in the presence of
cycloheximide than in its absence. Presumably this is due to
the fact that leakage through the cycloheximide block can
produce sufficient levels of Ela protein to trans-activate the
other early genes. We have previously shown that even low
levels ofIE-1 can efficiently trans-activate the 39K promoter
in the presence of the AcNPV enhancer elements.

trans-Activating regulatory proteins have been identified
in many viruses. These include the simian virus 40 large T
antigen (20), the adenovirus Ela protein (4, 18), the imme-
diate-early herpesvirus proteins (8), the E2 gene product of
bovine papillomavirus (36), the nuclear antigen 1 of Epstein-
Barr virus (30), and the Tat proteins of human T-cell
leukemia virus types 1 and 2 (34). Although the mechanism
of action of these regulatory proteins is unknown, they can
be arranged into two groups based on their target sequences.
Some of these proteins, namely, Epstein-Barr virus nuclear
antigen 1, the E2 protein of bovine papillomavirus, the Tat
proteins, and IE-1 of AcNPV, trans-activate transcriptional
enhancers, whereas the other proteins apparently do not
regulate enhancers. Epstein-Barr virus nuclear antigen 1 and
the E2 protein have recently been shown to bind to the
enhancers that they activate (1, 32), whereas simian virus 40
T antigen and herpes simplex virus ICP4 bind to the viral
promoters (3, 5). It will be of interest to determine whether
IE-1 binds to the AcNPV enhancer or the 39K promoter or
both, or whether IE-1 interacts with a host cell factor which
in turn activates viral gene expression. The nucleotide
sequence of IE-1 presented here will be valuable in designing
these experiments.
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