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The organization of viral genes within the 3.7-kilobase-pair HindIII-KIEcoRI-S region of the Autographa
californica nuclear polyhedrosis virus genome (85 to 88 map units) was determined by using a combination of
nucleotide sequencing, transcriptional mapping, and in vitro translation of hybrid selected RNA. Two
nonoverlapping genes, extending in opposite directions and encoding polypeptides with molecular weights of
35,000 and 94,000 (35K and 94K polypeptides), were identified. Unspliced, messenger-active RNAs were
transcribed from both genes early (2 h) after infection. Indicative of immediate-early genes, transcription of the
divergent RNAs was unaffected by the protein synthesis inhibitor, cycloheximide. Late in infection, abundant
RNAs were transcribed from promoters located at least 2.5 kilobase pairs upstream from the gene encoding the
35K polypeptide. These transcripts completely overlapped both the 35K and 94K polypeptide genes but
apparently lacked protein-coding potential, suggesting that the transcripts may play a role in the suppression
of early viral gene expression.

Autographa californica nuclear polyhedrosis virus
(AcNPV), a member of the family Baculoviridae, possesses
a double-stranded, circular DNA genome of approximately
128 kilobase pairs (kb). Viral replication occurs in the
nucleus of the host insect cell and results in the production of
two infectious forms, nonoccluded and occluded virus.
Expression of the genome, including the synthesis of both
viral forms, is temporally controlled through a cascade of
regulatory events. On the basis of the requirement for de
novo protein synthesis or viral DNA replication, expression
can be divided into at least three phases: early (subdivided
into immediate early and delayed early), late, and very late
(occlusion specific) (15; for a review, see reference 7). An
immediate-early gene (IE1) within the regulatory cascade
has been identified; IEl modulates the transcription of at
least one later AcNPV gene via interaction with cis-acting
enhancer elements (10, 11).
AcNPV transcription is characterized by the synthesis of

a multitude of overlapping, polyadenylated RNAs. Tran-
scripts with maximum synthesis during each of the temporal
phases have been mapped throughout the viral genome (3, 6,
20, 30). Overlapping nests of transcripts composed of RNAs
with identical 5' or identical 3' termini are common (6, 21,
28), yet splicing does not appear to be involved in the
generation of these RNAs (20). The functional significance of
the nests of overlapping RNAs is not clear.
The 3.7-kb HindIII-KJEcoRI-S region, located between 85

and 88 map units (m.u.) of the AcNPV genome, is tran-
scribed into a complex set of overlapping RNAs with com-
mon 3' ends (6). The transcriptional unit is bordered on one
side (the Hindlll B2/EcoRI H fragments; 81 to 85 m.u.) by a
different set of 3' coterminal RNAs (21, 22) and on the other
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side, by one of the AcNPV enhancers, hr5 (11). Within the
HindIII-K unit, separate promoters are involved in the
transcription of early and late RNAs. The region is of
additional interest since it is the site of integration (86.7
m.u.) of the retrotransposon TED, within the AcNPV mu-
tant FP-D (25). TED transposes from the host insect cell
(Trichoplusia ni) to the AcNPV genome during the infection
process and promotes the transcription of new and abundant
RNAs extending from the element into flanking HindIII-K
sequences (8). Thus, analogous to the retroviruses and other
transposable elements which act as insertion mutagens, TED
integration alters the expression of nearby viral genes.
To analyze these alterations and to investigate the func-

tional significance of the overlapping HindIII-K RNAs, we
determined the organization of viral genes within this region.
We report here that the HindIll KlEcoRI S genome frag-
ments contained two nonoverlapping genes extending in
opposite directions and encoding viral proteins of 35 and 94
kilodaltons (35K and 94K proteins). Transcription of each
gene occurred as early as 2 h after infection and was
unaffected during inhibition of protein synthesis, indicative
of immediate-early genes. Integration of TED disrupted the
coding region of the 94K protein gene.

MATERIALS AND METHODS

Cells and virus infection. Spodoptera frigiperda IPLB-SF-
21 cells (34) were inoculated with extracellular AcNPV L-1
(19) at a multiplicity of 20 PFU per cell as described
previously (6). To block protein synthesis, growth medium
containing 100 ,ug of cycloheximide per ml was added to cell
monolayers (107 cells per 100-mm plate) 30 min prior to
infection. The viral inoculum, subsequent washes, and final
growth medium also contained 100 FLg of cycloheximide per
ml.
Northern blot analysis. Poly(A)' RNA, isolated from the

cytoplasmic fraction of infected cells, was subjected to
electrophoresis, blotted to nitrocellulose, and hybridized to
DNA probes as described previously (6). Glyoxalated DNA
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FIG. 1. Strand-specific Northern hybridization of HindIII-K AcNPV RNAs. Poly(A)+ RNA, isolated 6 and 18 h after infection from cells
incubated continuously in the presence (+CX) or absence of cycloheximide, was fractionated by electrophoresis and blotted to nitrocellulose.
The filters were hybridized to the radiolabeled, single-stranded DNA probes shown in panel A (wavy lines); probes fRX (861-nucleotide
EcoRI-XhoI insert) and fR4 (907-nucleotide insert proceeding leftward from the EcoRI site) extended right to left (5' to 3'), while probes fHX
(1,266-nucleotide HindIII-XhoI insert) and fXR (861-nucleotide XhoI-EcoRI insert) extended left to right (5' to 3'). Previously mapped 3'
coterminal RNAs transcribed from left to right (clockwise) are shown (panel A, top); sizes are in kilobases. (B) Hybridization of probes fRX
and FR4 (bottom DNA strand) to RNAs transcribed from left to right (clockwise). (C) Hybridization of probes fHX and fXR (top DNA strand)
to RNAs transcribed from right to left (counterclockwise). Shown are autoradiograms of a 2-h exposure. H, Hindlll; R, EcoRI; X, Xho.

fragments were used as size standards. Blots were subjected
to autoradiography by using XAR5 film (Eastman Kodak
Co., Rochester, N.Y.). To prepare strand-specific DNA
probes, a 13-base oligonucleotide probe primer (Bethesda
Research Laboratories, Gaithersburg, Md.) was annealed to
single-stranded M13 bacteriophage DNA and extended with
the Klenow fragment of Escherichia coli DNA polymerase I
(Bethesda Research Laboratories) as described previously
(24). By using a single radiolabeled nucleotide, [a-32P]dCTP
(3,000 Ci/mmol; New England Nuclear Corp., Boston,
Mass.), specific activities were found to range from 0.5 x 108
to 1.0 x 108 cpm/p.g. The cloned insert remained single
stranded.
DNA cloning and sequencing. The restriction enzyme

HindlIl K, HindlIl B2, EcoRI S, and XhoI I fragments of the
AcNPV L-1 genome were cloned into E. coli plasmids
pBR322, pUC18, and pUC19 by using standard procedures
(23). Various restriction fragments were further subcloned
into the replicative forms of M13, mpl8, and mpl9. Over-

lapping deletions were constructed from M13 clones by
using the exonuclease III target breakpoint method of
Henikoff (12). The recombinant phage DNAs were se-
quenced by the dideoxy chain termination method of Sanger
et al. (32) by using a 17-base universal primer (Bethesda
Research Laboratories) and [35S]dATP(ox-S) (500 Ci/mmol;
New England Nuclear). Nucleotide sequences shown were
determined for both strands of DNA.

Si nuclease analysis. The 5' and 3' ends of the 94K protein
gene transcripts were determined by using the Si nuclease
procedure of Weaver and Weissmann (35). DNA probes
were prepared by cleaving appropriate recombinant plas-
mids with a single restriction enzyme, radiolabeling the 5' or

3' ends with T4 polynucleotide kinase or T4 DNA polymer-
ase (Bethesda Research Laboratories; 23), respectively, and
cleaving with a second restriction enzyme. The desired DNA
fragments, labeled exclusively at one end, were purified by
agarose gel electrophoresis. Hybridization ofDNA probes to
poly(A)+ RNA (10 ,ug) was conducted for 12 h at 42 or 47°C
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FIG. 2. Si nuclease mapping of the 5' and 3' ends of the 2.63-kb a3 RNA. Poly(A)+ RNA, isolated 6 and 18 h after infection from an equal
number of cells treated with cycloheximide (+CX) or without, was hybridized at 42°C to a 3'-end-labeled probe (805-bp HincII-MspI fragment
[3' Hc-M]) or at 47°C to a 5'-end-labeled probe (844-bp EcoRI-HindIII fragment [5' R-H]) as diagrammed in panel A; the * denotes the position
of the end label. After treatment with Si nuclease, the resistant 3'-end-labeled fragments (B) and the resistant 5'-end-labeled fragments (C)
were subjected to polyacrylamide gel electrophoresis and autoradiography. Each panel includes the Si-resistant fragments generated after
hybridization to mock-infected (mi) RNA (lanes h and m) and end-labeled DNA probes (PR) prior to Si treatment (lanes b and n). Sizes of
molecular weight standards (lane a) are indicated in nucleotides.

as previously described (6). Si-resistant fragments were

denatured and subjected to electrophoresis on 43-cm-long
6% polyacrylamide-8 M urea-TBE (100 mM Tris borate [pH
8.3], 2 mM EDTA) gels. Size standards consisted of 3'-end-
labeled MspI-digested plasmid pUC19 and dideoxy chain
termination sequencing ladders.
Hybrid selection and in vitro translation. Viral RNA was

hybrid selected as described by Esche and Siegmann (4),
except that strand-specific DNA was used. In brief, 10 to 20
jig of single-stranded M13 recombinant phage DNA was

denatured and added dropwise to nitrocellulose filters (1
cm2; Schleicher & Schuell, Inc., Keene, N.H.). The filters
were washed with 6x SSC (lx SSC is 0.15 M NaCl plus
0.015 trisodium citrate [pH 7.0]) and then baked for 2 h at
80°C in a vacuum. Hybridization was conducted for 12 h at

42°C in 50% formamide-10 mM PIPES [piperazine-N,N'-
bis(2-ethanesulfonic acid)] (pH 6.4)-0.4 M NaCl-1 mM
EDTA with total cytoplasmic RNA (1 to 3 mg) isolated from
cells 6 h after infection. The filters were washed with ix

SSC-0.1% sodium dodecyl sulfate-2 mM EDTA, and the
bound RNA was eluted by boiling for 1 min in 1 mM EDTA
containing 10 ,ug of calf liver tRNA (Boehringer Mannheim
Biochemicals, Indianapolis, Ind.). In vitro translation in
rabbit reticulocyte lysates (Promega Biotec, Madison, Wis.),
made mRNA dependent by the method of Pelham and
Jackson (26), was conducted at 30°C for 1 h by using
[35S]methionine (1,200 Ci/mmol; New England Nuclear) and
conditions described previously (33).

Intracellular viral proteins were radiolabeled by incubat-
ing cell monolayers (106 cells per 35-mm plate), infected
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FIG. 3. Distribution of ORFs within the overlapping group of HindIII-K RNA transcripts. Translational termination codons TAG, TGA,
and TAA (vertical bars) between 85 and 88 m.u. are depicted for all six reading frames (1, 2, and 3, top DNA strand; and 1', 2', and 3', bottom
DNA strand). The location ofRNA transcripts and their relative abundance are indicated; RNAs al, c3, and Y2 represent the most abundant
species. ORFs were identified by using Cornell DNA sequence analysis programs (9). H, HindIII; N, NsiI; R, EcoRI; S, Sall; V, EcoRV; X,
XhoI.

previously with 20 PFU per cell, in methionine-deficient
growth medium containing 250 ,uCi of [35S]methionine per

ml. After 1-h incubations at 6, 12, and 24 h after infection,
cells were collected, washed with phosphate-buffered saline
(19), and lysed by the addition of sodium dodecyl sulfate and
,B-mercaptoethanol to 1%. Intracellular proteins and in vitro
translation products were subjected to electrophoresis on
10% polyacrylamide gels (18), followed by autoradiography
using Kodak XAR5 film.

RESULTS
Transcription of AcNPV early and late HindIII-K RNAs.

During infection, the HindIII-KIEcoRI-S region is tran-
scribed from left to right (clockwise on the circular AcNPV
map) into an overlapping group of RNAs with common 3'
ends (Fig. 1A). The smallest RNAs are transcribed earliest (2
to 6 h) and are replaced in time with larger RNAs initiated
from promoters located further upstream (6). Previous stud-
ies indicated that the early RNAs are transcribed in the
presence of the protein synthesis inhibitor, cycloheximide,
and the DNA synthesis inhibitor, aphidicolin, while the later
RNAs are not (29). This suggests that the HindIII-K region
is transcribed into both immediate-early (a) and late (-y)
RNAs.
To map these RNAs more precisely, Northern blots of

poly(A)+ RNA were hybridized to strand-specific DNA
probes of the HindIII K fragment (Fig. 1A). Probe fR4
hybridized to the two smallest RNAs (1.07 and 1.38 kb) early
(6 h) after infection (Fig. 1B, right panel). Early accumula-
tion of the 1.07-kb a, RNA was unaffected by cyclohexi-
mide, while that of the 1.38-kb a2RNA was reduced. By late
times (18 h), the a RNAs were replaced by a heterogeneous
group of longer RNAs (2.63 and 3.50 kb and larger) also
transcribed from left to right. These late fy RNAs were not
detected in cells treated with cycloheximide; instead, small
amounts of the a, RNA remained. The location of these
RNAs was confirmed by an additional probe, fRX, located
entirely upstream from the a, and a2 transcripts. fRX
hybridized to the late -y RNAs (18 h) but only from cells not
treated with cycloheximide (Fig. 1B, left panel).

Probes fHX and fXR, derived from the opposite (top)
strand of the HindIlI K fragment, detected several RNAs
transcribed from right to left (Fig. 1C). The most abundant
transcript, a3 (2.63 kb), hybridizing to both probes, was

synthesized early (6 h) but disappeared later (18 h). Early
accumulation of RNA a3 was unaffected by cycloheximide.
By 18 h, only a single minor RNA (3.16 kb), sensitive to
cycloheximide, was detected; longer exposures indicated
that this RNA hybridized to both fHX and fXR probes.
Probe fXH, but not fXR, also hybridized to a smaller 1.40-kb
early RNA (Fig. 1C, left panel).
Mapping of 5' ends of the divergent a RNAs to a common

210-bp region. The 5' and 3' ends of the early a1 and a2

RNAs (1.07 and 1.38 kb), transcribed left to right (clock-
wise), were mapped previously (6). The counterclockwise
2.63-kb a3 transcript, on the other hand, represented a

cycloheximide-insensitive RNA which previously escaped
detection because of its similar electrophoretic mobility with
another RNA, yo (2.63 kb), transcribed in the clockwise
direction (Fig. 1A). To map the 5' end of the a3 RNA,
poly(A)+ RNA was hybridized to an 844-base-pair (bp)
EcoRI-HindIII probe, 5' end labeled exclusively at the
EcoRI site (Fig. 2A). Early RNA (6 h) protected three
fragments of 260, 326, and 436 bp from Si nuclease (Fig. 2C,
lane i). All three fragments were also protected by RNA
isolated both early (6 h) and late (18 h) from cells treated with
cycloheximide (lanes j and 1); 6 h after infection, the 260-bp
fragment was enhanced relative to the other two. Consistent
with the early window for synthesis of the a3 RNA, none of
the three 5' ends were detected 18 h after infection (lane k).
No fragments were protected by RNA from mock-infected
cells (lane n). These and additional data (below) indicate that
the 2.63-kb RNA possessed at least three 5' ends; the most
frequently used RNA start site (a3) mapped approximately
160 bp away from the divergent a1 start site (Fig. 2A).
The 3' end of the 2.63-kb RNA was mapped by using a

805-bp HincII-MspI probe, 3' end labeled exclusively at the
MspI site (Fig. 2A). Early (6-h) RNA protected a tightly
clustered group of fragments ranging in size from 144 to 149
bp, with the 148-bp fragment predominating (Fig. 2B). The
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same 3' fragments were protected by RNA from cyclohexi-
mide-treated cells both early (6 h) and late (18 h) but not by
RNA from untreated cells late in infection. Identical frag-
ments were also protected by very late RNA (24 h) isolated
from cells infected with the AcNPV mutant (FP-DS) (lane g).
Thus, the (X3 RNA and the abundant RNAs extending
leftward from the TED long terminal repeat (LTR), inserted
(87.6 m.u.) within the HindlIl K fragment (8), terminated at
a common 3' site.

Location of ORFs within the Hindlll K/EcoRI S fragments.
To facilitate determination of the organization of viral genes,
the AcNPV genome was sequenced from 85 to 88 m.u. and
analyzed for possible protein-coding regions, as evidenced
by the presence of long open reading frames (ORFs; Fig. 3).
The largest ORF encoded by the top DNA strand was 0.92
kb long, corresponding to 307 codons, and mapped to a
location most directly transcribed by the 1.07-kb cx RNA.
While the longer RNAs ((2, yo, yl, and Y2) also contained
this ORF, numerous translational termination codons were
located at the 5' portion of each. The largest ORF encoded
by the bottom strand was 2.42 kb long, corresponding to 808
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FIG. 4. In vitro translation products of the early ot, and cs3
RNAs. Specific RNA, selected from total cytoplasmic RNA (6 h
after infection) by hybridization to single-stranded M13 clones of
AcNPV DNA, was translated in mRNA-dependent extracts of
rabbit reticulocytes. The radiolabeled polypeptides synthesized in
response to no RNA (lane g), fR4-selected RNA (lane h), and
fXR-selected RNA (lane i) were subjected to electrophoresis on 10%
polyacrylamide gels along with [35S]methionine-labeled intracellular
proteins of mock-infected (mi, lane b) and L-1 AcNPV-infected cells
6, 12, and 24 h after infection (lanes c to e). Also included were
pulse-labeled proteins of cells infected with the AcNPV mutant,
FP-DS, 24 h after infection (lane f). The positions of molecular
weight standards (lane a) and endogenous (endog) reticulocyte
proteins are indicated. A 3-day autoradiogram is shown.

codons, and was completely transcribed by the 2.63-kb (X3
RNA (Fig. 3).

Identification of viral proteins encoded by the early a, and
a3 RNAs. The presence of two long ORFs (307 and 808
amino acids) suggests that the HindIII-K region encodes at
least two viral proteins and that the early RNAs ao and (3
represent messengers for the two viral genes. To identify the
viral gene products, these RNAs were independently hybrid
selected from early (6-h) RNA and translated in protein
synthesis cell extracts (Fig. 4).
Probe fR4, complementary to RNA ot, (Fig. 1), selected

RNA which directed the synthesis of a predominant 35K
polypeptide and several minor polypeptides ranging from 26
to 30 kilodaltons (Fig. 4, lane h). The size of the 35K
polypeptide was in good agreement with the molecular
weight (34,800) of the a, gene product predicted from its
nucleotide sequence (Fig. 5). Electrophoretic examination of
intracellular proteins radiolabeled at intervals after infection
(Fig. 4, lanes c to e) revealed an abundant virus-induced
polypeptide which comigrated with the 35K protein in vitro
(arrow). Its early period of intracellular synthesis, from 2 to
12 h after infection (data not shown), paralleled the presence
of the ot, RNA in infected cells (6), suggesting that this
protein is a likely intracellular candidate for the a1 gene
product.
Probe fXR, complementary to the at3 RNA, hybrid se-

lected RNA which directed the synthesis of a predominant
94K polypeptide (Fig. 4, lane i). The size of this protein was
in close agreement with the molecular weight (94,400) pre-
dicted for the a3 gene product (Fig. 6). In vitro translation of
fXR-selected RNA exhibited a higher background of lower-
molecular-weight products than did that selected by fR4.
These heterogeneous products did not correspond to those
translated in response to total cytoplasmic RNA (6 h after
infection) and most likely represented premature termination
products of the 94K protein, rather than products of RNAs
nonspecifically hybridized to fXR DNA.

Unlike the 35K protein, an intracellular candidate for the
94K protein was not detected in pulse-labeled infected cell
lysates (Fig. 4). In an attempt to facilitate such identification,
the proteins of cells infected with wild-type AcNPV and
mutant FP-DS were compared. Since the insertion of the
270-bp LTR in virus FP-DS (8) disrupted the 94K ORF, the
normal 94K protein should be absent in FP-DS-infected
cells. While there were several differences between the
polyacrylamide gel profiles (Fig. 4, lanes e and f) of wild-type
and FP-DS-infected cells, no differences were observed in
the 80- to 100-kilodalton protein range. Thus, intracellular
synthesis of the 94K protein was either obscured by the
synthesis of similar-sized host proteins early in infection or it
was processed into a protein(s) with an altered mobility.

DISCUSSION

Gene organization of the HindlIl KJEcoRI S genome frag-
ments. We used a combination of transcriptional mapping,
nucleotide sequencing, and in vitro translation of hybrid-
selected RNA to determine the organization and regulation
of genes from 85 to 88 m.u. on the circular AcNPV genome.
Our findings are summarized in Fig. 7.
Two genes encoding 35K and 94K viral polypeptides were

identified within the HindIII-K/EcoRI-S region. The coding
frames extended uninterrupted in opposite directions and
were separated from one another by 210 bp. Transcription of
the poly(A)+ mRNAs for the 35K and 94K protein genes, a1
(1.07 kb) and a3 (2.63 kb), respectively, occurred as early as

J. VIROL.
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Soil 4* 94 K ORF
TyrTyrAspSerAsnThrSerLeuSerAspAspThrAlaTyrValTyrTyrAsnIleMET
GTAATAGTCCGAGTTTGTCGACAAGGAATCGTCGGTGGCGTACACGTAGTAGTTAATCATCTTGTTGATTGATATTTAATTTTGGCGACGGATTTTTATATACACGAGCGGAGCGGTCAC

Nrul TATA
a

o

GTTCTGTAACATGAGTGATCGTGTGTGTGTTATCTCTGGCAGCGCGATAGTGGTCGCGAAAATTACACGCGCGTCGTAACGTGAACGTTTATATTATAAryATTCAACGTTGCTTGTATT

+1 Ms I
AAGTGAGCATTTGAGCTTTACCATAGCAAAATGTGTGTAATTTTTCCEG'TAGAAATCGACGTGTCCCAGACGATTATTCGAGATTGTCAGGTGGACAAACAAACCAGAGAGTTGGTGTAC

METCysValIlePheProValGluIleAspValSerGlnThrIleIleArgAspCysGlnValAspLysGlnThrArgGluLeuValTyr

GTCGATGAACAATTTGATCAACTAGAACGCGATTACAGCGATCAAATGGATGGATTCCACGATAGCATCAAGTATTTTAAAGATGAACACTATTCGGTAAGTTGCCAAAATGGCAGCGTG
ValAspGluGlnPheAspGlnLeuGluArgAspTyrSerAspGlnMETAspGlyPheHisAspSerIleLysTyrPheLysAspGluHisTyrSerValSerCysGlnAsnGlySerVal

Hind III SolI
TTGAAAAGCAAGTTTGCTAAAATTTTAAAGAGTCATGATTATACCGATAAAAAGTCTATTGAAGCTTACGAGAAATACTGTTTGCCCAAATTGGTCGACGAACGCAACGACTACTACGTG
LeuLysSerLysPheAlaLysIleLeuLysSerHisAspTyrThrAspLysLysSerIleGluAlaTyrGluLysTyrCysLeuProLysLeuValAspGluArgAsnAspTyrTyrVal

MSD I
GCGGTATGCGTGTTGAAGCCGGGATTTGAGAACGGCAGCAACCAAGTGCTATCTTTCGAGTACAACCCGATTGGTAACAAAGTTATTGTGCCGTTTGCTCACGAAATTAACGACACGGGA
AlaValCysValLeuLysProGlyPheGluAsnGlySerAsnGlnValLeuSerPheGluTyrAsnProIleGlyAsnLysValIleValProPheAlaHisGluIleAsnAspThrGly
CTTTACGAGTACGACGTCGTAGCTTACGTGGACAGTGTGCAGTTTGATGGCGAACAATTTGAAGAGTTTGTGCAGAGTTTAATATTGCCGTCGTCGTTCAAAAATTCGGAAAAGGTTTTA
LeuTyrGluTyrAspValValAlaTyrValAspSerValGlnPheAspGlyGluGinPheGluGluPheValGlnSerLeuIleLeuProSerSerPheLysAsnSerGluLysValLeu
TATTACAACGAAGCGTCGAAAAACAAAAGCATGATCTACAAGGCTTTAGAGTTTACTACAGAATCGAGCTGGGGCAAATCCGAAAAGTATAATTGGAAAATTTTTTGTAACGGTTTTATT
TyrTyrAsnGluAlaSerLysAsnLysSerMETIleTyrLysAlaLeuGluPheThrThrGluSerSerTrpGlyLysSerGluLysTyrAsnTrpLysIlePheCysAsnGlyPheIle

polyAT T END

TyrAspLysLysSerLysValLeuTyrValLysLeuHisAsnValThrSerAlaLeuAsnLysAsnValIleLeuAsnThrlleLys
EcoRI

GTCATTGCTTGTCATTTATTAATTTGGATGATGTCATTTGTTTTTAAAATTGAACTGGCTTTACGAGTAGAATTC

FIG. 5. Nucleotide sequence and predicted amino acid sequence of the early gene encoding the 35K polypeptide. The gene extends left
to right (5' and 3', clockwise) from 87.1 to 87.8 m.u. on the AcNPV genome. The DNA strand having the polarity of the major al RNA (1.07
kb) is shown and numbered from the intitator codon (ATG, +1). The 5' start site (position -34) and the 3' termination site (position +908)
of the a, RNA are underlined. Potential regulatory signals for transcription, including the TATA box and polyadenylation signal, are indicated
along with the start of the divergent 94K ORF located in the opposite DNA strand.

2 h after infection. Intracellular transcription of both RNAs,
originating from within the intergenic region, was unaffected
by the protein synthesis inhibitor cycloheximide (Fig. 1).
Thus, the apparent lack of a requirement for de novo viral
protein synthesis and the very early transcription of these
RNAs classified the 35K and 94K protein genes as immedi-
ate-early genes. Conversely, transcription of the -y RNAs
(2.63 kb and longer), initiated from promoters upstream from
the 35K protein gene late in infection (Fig. 7), was not
detected in cells arrested for protein synthesis. That the
DNA synthesis inhibitor, aphidicolin, also blocked the tran-
scription of these RNAs (29) demonstrated the additional
requirement for viral DNA synthesis and classified these
transcripts as late.

Nucleotide sequence of the 94K protein gene. The protein-
coding region of the 94K protein gene extended uninter-
rupted for 2,409 bp (803 amino acids; Fig. 6). Three different
RNA start sites, a3, a4, and a5 (-13, -79, and -194) were

mapped by Si nuclease analysis (Fig. 2C). While the 5'
leader of the a3 RNA was unusually short (13 nucleotides),
the sequences surrounding the first encountered initiator
codon, ATG (+1), conformed to the consensus for eucary-
otic mRNAs, including the adenosine residue at -3 (16, 17);
this was also the case for the translation initiator of the 35K
protein gene (Fig. 5). The sequence at the most frequently
used RNA start sites, a3 and a4 (Fig. 6), closely matched a

well-conserved heptanucleotide, ATCA(G,T)T(C,T) found
at the 5' end of many insect genes (13, 16). An AT-rich
sequence containing a consensus TATA box was positioned
25 bp upstream from the a3 start but downstream from the a4

start. Interestingly, transcription from the a3 start was

stimulated in cells treated with cycloheximide, while that
from 4 and a5 was reduced slightly (Fig. 2C). Termination

of 94K protein gene transcription occurred within an AT-rich
sequence (+2449 to 2455) located 10 bp downstream from
the second of two polyadenylation signals, AATAAA (5).
Thus, the expected size of an unspliced 94K protein gene
transcript (2.47 to 2.65 kb) corresponded well to the size of
the major 2.63-kb a3 RNA (Fig. 1), which included a 130- to
150-nucleotide poly(A) tract.
Another early, but less abundant, RNA (1.4 kb) was

homologous to the C-terminal end of the 94K protein gene
(Fig. 1C). Preceded by a consensus TATA box, a potential
start site for this RNA was located (+ 1186) which resembled
the a3 and a4 sites (Fig. 5). The messenger activity, if any, of
this RNA has yet to be determined. Only 50 bp further
upstream, a rarely used transcriptional termination site
(+1140) was previously mapped (8). This AT-rich sequence
is directly preceded by a polyadenylation signal (+ 1126) and
raises the interesting question of why a majority of the 94K
protein gene transcripts ignored this termination site for the
preferred site 1.3 kb downstream (+2453). The relative
frequency of termination at the upstream signal (+1140)
increased dramatically after integration of the solo TED
LTR within the 94K protein gene (+384, Fig. 6); the LTR
directed transcription of abundant RNAs extending in both
directions into the 94K and 35K protein genes (8).

Nucleotide sequence of the 35K protein gene. The coding
region of the 35K protein gene extended for 897 bp (299
amino acids) in the direction opposite that of the adjacent
94K protein gene (Fig. 5). Only a single RNA start site, a1

(-35), was mapped immediately upstream by Si nuclease
and primer extension analyses (6). Transcriptional termina-

tion occurred in an AT-rich sequence (+908) located 10 bp
downstream from a single polyadenylation signal; thus, the

size of the expected 35K protein gene transcript corre-

-151

-31

90

ATTAACAAGATTATGAACACGCAATTGACAAAACCCGTTCTCATGATGTTTAACATTTCGGGTCCTATACGAAGCGTTACGCGCAAGAACAACAATTTGCGCGACAGAATAAAATCAAAA 210
IleAsnLysIleMETAsnThrGlnLeuThrLysProValLeuMETMETPheAsnIleSerGlyProIleArgSerValThrArgLysAsnAsnAsnLeuArgAspArgIleLysSerLys

330

450

570

690

810

930
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*- 35K ORF
GlnCysAspArgIleIleThrGlnSerValAspIleGluValProPheIleValCysMET a.
CTGACAATCTCGAATAATCGTCTGGGACACGTCGATTTCTACCGGAAAAATTACACACATTTTGCTATGGTAAAGCTCAAATGCTCACTTAATACAAGCAACGTTGAATATTTATAATAT -151

a4
Nrul !7 TATA

AAACGTTCACGTTACGACGCGCGTGTAATTTTCGCGACCACTATCGCGCTGCCAGAGATAACACACACACGATCACTCATGTTACAGAACGTGACCGCTCCGCTCGTGLTATA AAAAYC -31

al.,, +1 Sall Mlul
CGTCGCCAAAATTAAATATCAATCAACAAGATGATTAACTACTACGTGTACGCCACCGACGATTCCTTGTCGACAAACTCGGACTATTACTTTAACAAGAACGCGTTACAAACTTTAGAA 90

METIleAsnTyrTyrValTyrAlaThrAspAspSerLeuSerThrAsnSerAspTyryrTPheAsnLysAsnAlaLeuGInThrLeuGlu

CAATTTCAGAATGAAATCGAAAACATCAGTAGTTGCGACAAAGTTTTGTATTTGCATTGGAGTGCTTATTGCCGCCAAAAAGAAATCGGAGACGTCAAGAGTCGTTATTTGCGCCGCAAT 210

GlnPheGlnAsnGluIleGluAsnIleSerSerCysAspLysValLeuTyrLeuHisTrpSerAlaTyrCysArgGlnLysGlulleGlyAspValLysSerArgTyrLeuArgArgAsn
EcoRi

GGCGAGGGTACTGACACCAGGCCCAGCGAATTCATAAAGTGGATTCACAAGAATATAAACTTGCTCGAC GGCAAGTTGAAA CTTTTGTACATGGTGACC GACG GCCAAATTTCCAAAAAT 33 0

GlyGluGlyThrAspThrArgProSerGluPhelleLysTrpIleHisLysAsnIleAsnLeuLeuAspGlyLysLeuLysLeuLeuTyrMETValThrAspGlyGlnIleSerLysAsn
GAGGCAAACGTTTGCAAAAATTTGCTAAACGAAAAACCGTTTAGTTTCGAACGCATTGTGTTTTATGCCATCAATAATAACACGGAACAGATTGATTTGTCCGTTGCCTCGGCGTTTGTC 450

GluAlaAsnValCysLysAsnLeuLeuAsnGluLysProPheSerPheGluArgIleValPheTyrAlaIleAsnAsnAsnThrGluGlnIleAspLeuSerValAlaSerAlaPheVal
EcoRV

AACAACTCGGACTGCAAGATTTATCGCAACGATGAAATGGTCGAATGGGTCAATTTAACCAAAGAATTTAACTACGATATCATTACAACCGAAAATTTTATATCGAAAAAAGATGAACTG 570O
AsnAsnSerAspCysLysIleTyrArgAsnAspGluMETValGluTrpValAsnLeuThrLysGluPheAsnTyrAspIleIleThrThrGluAsnPheIleSerLysLysAspGluLeu
CTGTCTTTTGTTCGGTTCAAATTTATCAATTCCATGCCGACGGACGCCAACGTGTTAAACGAGGTGGACAAGCTGAAGCGTCTCCGCCAGCGGCTATTCAGCGAAATCAAACAAACTAAC 690

LeuSerPheValArgPheLysPheIleAsnSerMETProThrAspAlaAsnValLeuAsnGluValAspLysLeuLysArgLeuArgGlnArgLeuPheSerGluIleLysGlnThrAsn
AATTCTAGTATGAATTTTGACCAGATTAAAAATAAAAATGAGTTTGTAAACACGTTCAAGTCAACAGAATTTTATAAAACGTTGTATAACGCCGATGTTCTCAATTTTGATAAAATTATC 810

AsnSerSerMETAsnPheAspGlnIleLysAsnLysAsnGluPheValAsnThrPheLysSerThrGluPheTyrLysThrLeuTyrAsnAlaAspValLeuAsnPheAspLysIleIle
GACAGCACCATTAGCACGGCCATAAATTATTTGCACAATCGCAACAAGTCATACGCTTTTGATGTAATGAAAAATTTACACTATCAGAACAAGTTAGCGAGCGTTAACGCCGAAACCGAC 930

AspSerThrIleSerThrAlaIleAsnTyrLeuHisAsnArgAsnLysSerTyrAlaPheAspValMETLysAsnLeuHisTyrGlnAsnLysLeuAlaSerValAsnAlaGluThrAsp
Msp

GATGTTGTTGCCAACGACGACGACGAAGCGTACGATTACAGCAACGTAGAAAATATTCGATTCCCCGATTGTATTTTAGCCAACGATAGCGGTGTGCCGGCCATATTGTTAACACATTAC 10150
AspValValAlaAsnAspAspAspGluAlaTyrAspTyrSerAsnValGluAsnIleArgPheProAspCysIleLeuAlaAsnAspSerGlyValProAlaIleLeuLeuThrHisTyr

Xhol polyA 3' END
AACTTGTTTGAAACAATTCAGGGCAGTTTGACCAAGTTTAAAAGCCGACTCGAGTTTCCTCTTTTATGGAGCCAAAATAAAGAGATTAAAAATTCAATTGAATATTGTTATAATTTGGAA 1170
AsnLeuPheGluThrIleGlnGlySerLeuThrLysPheLysSerArgLeuGluPheProLeuLeuTrpSerGlnAsnLysGluIleLysAsnSerIleGluTyrCysTyrAsnLeuGlu

* Miul Narl
AGTTTGAAGCAGTTGATTCAGCATGGAACGCGTTTGTCACCGCGCAGCAGACGCCCTTTTACGGGCGCCATAGTGCCCAACGAGCAATTCGACGAATACAACGATTACGTGTTGGCGTGC 1290

SerLeuLysGlnLeuIleGlnHisGlyThrArgLeuSerProArgSerArgArgProPheThrGlyAlaIleValProAsnGluGlnPheAspGluTyrAsnAspTyrValLeuAlaCys
ACGTATTTTGACGCTAAAAAGGTCGCGTTTAACGCGGGCCTTATGTACTATTTGCTGTACAAGCACATAAACGACGCAAAATACATTGACGATAATGTAAAGGACTACTTCAAACGATAT 1410
ThrTyrPheAspAlaLysLysValAlaPheAsnAlaGlyLeuMETTyrTyrLeuLeuTyrLysHisIleAsnAspAlaLysTyrIleAspAspAsnValLysAspTyrPheLysArgTyr
GTCATTTACCGCATTAACAACACAGAATGCATGATCGGGTTCAGCAATTTGGCTATGGAGCCGCTGATTAAAGTGAAATTGCCCACGGCTTTGTGGTATGTCTCGGAAATTTCAACGTTG 1530

ValIleTyrArgIleAsnAsnThrGluCysMETIleGlyPheSerAsnLeuAlaMETGluProLeuIleLysValLysLeuProThrAlaLeuTrpTyrValSerGluIleSerThrLeu
CTTTTTAAACACGACAATCAACATTTTGGAAAAGAAAAGCTGCGGCAGTTCGCGCATTTTGCCGAGGACATGTTGCAAATCCTGCAATGGTGCGACTACACGGACGTGAACGTTGAGGCG 1650

LeuPheLysHisAspAsnGInHisPheGlyLysGIuLysLeuArgGInPheAlaHisPheAlaGluAspMETLeuGlnIleLeuGInTrpCysAspTyrThrAspValAsnValGluAla
GTAAAAAAACGAGCGTATTGTCTAAAACGTATCAACATGTTTAAACGCATGTCCGTTTTGGACGCTGTGGAGTGGATTGCAAACAGAGCGTTTGAATGCAAAGACAAATTTATTATCAAC 1770

ValLysLysArgAlaTyrCysLeuLysArgIleAsnMETPheLysArgMETSerValLeuAspAlaValGluTrpIleAlaAsnArgAlaPheGluCysLysAspLysPheIleIleAsn
AAGTTGACCAACGCGGACGCTTTGCAAGATTTGAAATTTTTGAAAGTAAATCATAACGGAGTTGTTGACGAACATGTTTTAAACGACACGTCCATAAACGCGGAGAGATATTTGTATTTC 1890

LysLeuThrAsnAlaAspAlaLeuGlnAspLeuLysPheLeuLysValAsnHisAsnGlyValValAspGluHisValLeuAsnAspThrSerIleAsnAlaGluArgTyrLeuTyrPhe
TATCATATAATTGAAGATTTTGACAAGTACATAAGCGTTGTAGATAACACGATGCGCCCCGCGTTTGTGCTTGAAGAAGGAAAAACTTTTTACGACAGTTTATTGAAACAATTGCAAAGT 2010

TyrHisIleIleGluAspPheAspLysTyrIleSerValValAspAsnThrMETArgProAlaPheValLeuGluGluGlyLysThrPheTyrAspSerLeuLeuLysGlnLeuGlnSer
GTACATTTCAACGGTCAAGAAATAACTTTTGAGAAATGTTCTCGTTTGGATTTTAACAGAATTTTGTCACTGCACAAATTGTACATTGAATGCGTCAAGAGTTTAAACAAATATCCTACG 2130
ValHisPheAsnGlyGlnGluIleThrPheGluLysCysSerArgLeuAspPheAsnArgIleLeuSerLeuHisLysLeuTyrIleGluCysValLysSerLeuAsnLysTyrProThr
CTGGAAGAATATCAAAACTATGTATACAATCAAAAACATGTCAAATTTAATAGAATTGCCATTTTTCCCGAAAACATTCTACAAAACCTGGCCGCAGTGCACAATGAGTACGCAAACAAA 2250
LeuGluGluTyrGlnAsnTyrValTyrAsnGlnLysHisValLysPheAsnArgIleAlaIlePheProGluAsnIleLeuGlnAsnLeuAlaAlaValHisAsnGluTyrAlaAsnLys

MS I MlUl HindlillATTGTTAATTTGCCAGTTGAGGAGTTTATTGTTCGCGCCAACAATACCGTAAAC'CEGATTACGCGCATTCAAAACGAACGCGTTGGCAGCCCTTTGCAAGCCGAAGAAATTGACAAGCTT 2370
IleValAsnLeuProValGluGluPheIleValArgAlaAsnAsnThrValAsnArgIleThrArgIleGlnAsnGluArgValGlySerProLeuGlnAlaGluGluIleAspLysLeu

polyA polyA 3'END
ATTAAACTTTCTGAACAACGAGTCAATATTTGTCGTAAATAAAATTGTATAAACAAATGTATAAAT~AAAAGAATTATATATAATATAAAGGTTTATTTTATTTCCAAATAATATACACAG 2490
IleLysLeuSerGluGlnArgValAsnIleCysArgLys A

FIG. 6. Nucleotide sequence and predicted amino acid sequence of the early gene encoding the 94K polypeptide. The gene extends right
to left (5' to 3', counterclockwise) from 86.8 to 85.0 m.u. on the AcNPV genome. The DNA strand having the polarity of the major aL3 RNA
(2.63 kb) is shown and is numbered from the initiator codon (ATG, +1). The 5' start sites at3, a4, and a5 (positions -13, -79, and -194,
respectively) and the 3' termination site (+2453) are underlined. The location of potential regulatory signals for transcription are shown. The
four bases, CATT (+384), duplicated upon integration of the retrotransposon TED (8) are overlined. The start of the coding region of the
divergent gene encoding the 35K protein is located 210 bp upstream from the 94K protein gene in the opposite DNA strand.
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FIG. 7. Genetic and transcriptional organization of the AcNPV genome from 85 to 88 m.u. The 3.7-kb region encompassed by the HindIll
K (85.1 to 87.5 m.u.) and EcoRI S (86.8 to 87.9 m.u.) fragments contains two divergent genes encoding 35K and 94K proteins. The coding
region of each gene is depicted by open arrows. Both genes are transcribed by multiple, overlapping RNAs. The locations of the most
abundant RNAs, al, a3, and Y2, are shown. The site of integration (V) of the retrotransposon TED of AcNPV mutant FP-D is within the gene
encoding the 94K polypeptide. The hr5 region, containing multiple EcoRI sites (87.9 to 88.5 m.u.) and involved in the enhancement of AcNPV
gene transcription (11), is located immediately downstream from the gene encoding the 35K polypeptide. The HindIII K and Q fragments are
marked. H, HindIII; R, EcoRI; X, XhoI.

sponded well to the 1.07-kb a, RNA identified by Northern
blots (Fig. 1B). The 5' end of the minor 1.38-kb a2 RNA (Fig.
7) mapped approximately 450 bp upstream from the 35K
protein gene initiator codon. The presence of numerous 5'
termination codons suggests that, if messenger-active, this
RNA also encodes the 35K protein. Like the nearby 94K
protein gene promoter region, an AT-rich sequence contain-
ing a consensus TATA box was located 20 bp upstream from
the cxl start site. While sequences at or near the ax start site
bore partial homology to the 94K protein gene a3 and a4
starts, the al start also resembled a portion of the highly
conserved 12-mer (AATAAGTATTTT, matches underlined)
located at or near the transcriptional start of baculovirus
hyperexpressed genes (31). The significance of this sequence
in viral gene expression is currently unclear.
The function of the 35K and 94K proteins remains to be

determined. The early window (2 to 12 h) for the synthesis of
their mRNAs suggests an early role in viral replicative
processes. The isolation of AcNPV mutants, FP-D and
FP-DS, which carry insertions of the retrotransposon TED
(7.3 kb) or a single TED LTR (0.27 kb), respectively,
suggests that the 94K gene is nonessential for viral replica-
tion. Insertion of the TED sequences, containing numerous
translational termination codons, disrupted the 94K protein
gene ORF (8). Not ruled out is the possibility that a trun-
cated 94K protein or proteins translated from the new RNAs
originating from within the TED LTR provide essential
functions normally provided by the intact 94K protein gene.

Potential regulatory functions for the overlapping HindlIl-
K RNAs. Late in infection (12 to 24 h), the HindIII-K region
was transcribed into heterogeneous RNAs whose 5' ends lay
2 kb or more upstream from the 35K protein gene (Fig. 7).
The 3.50-kb Y2 RNA is an abundant representative of this
group. The numerous translational termination codons found
in all three reading frames of the 5' half of the _Y2 RNA (Fig.
3) suggest that this RNA encodes a disproportionately small
protein, if any. We found no evidence for frequent splicing of
this RNA, although the presence of spliced RNAs in low
abundance was not ruled out. The abundance of the y RNAs

and the observation that they overlap both the 35K and 94K
protein genes suggest an alternative role for these late
transcripts, involving the regulation of the early genes. Since
the y RNAs are complementary to the overlapping 94K
protein gene (Fig. 7), they possess the capacity to hybridize
to the 94K protein gene a3 transcripts and thereby block
translation. Such an antisense mechanism (14, 27) would
facilitate the turnoff of 94K protein synthesis no longer
required late in infection. Additionally, transcriptional inter-
ference (promoter occlusion) caused by transcription com-
plexes initiating from the upstream y promoters and blocking
transcriptional initiation at downstream promoters (1, 2, 6)
would further down-regulate the expression of the 94K and
35K protein genes. Both cis-acting mechanisms may operate
in concert with other diffusable viral gene products to turn
off early a gene expression.
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