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Analysis of the temporal sequence of RNA transcription within the Autographa californica nuclear
polyhedrosis virus genome revealed individual transcription units composed of overlapping early or late RNAs,
or both. High-resolution S1 nuclease mapping within the 3.0-kilobase HindIII-K fragment located five
overlapping RNAs (1.07, 1.38, 2.63, 3.16, and 3.50 kilobases) transcribed in the same direction and terminated
at a common 3’ site. The smallest RNAs appeared early but were replaced in time by successively larger RNAs
initiated further upstream. Primer extension analysis supported the contention that this temporal regulation
involved the sequential activation of upstream promoters and the coordinate deactivation of downstream
promoters. As such, transcription from upstream genes may suppress that of downstream genes via
transcriptional interference (promoter occlusion) and thereby facilitate sequential expression of different viral
functions. In contrast, overlapping RNAs with extended 3’ ends were transcribed from the abundantly
expressed p10 and polyhedrin genes mapping to the HindIII-Q,P/EcoRI-P and HindIII-V/EcoRI-I fragments,
respectively. These RNAs were synthesized maximally during the very late occlusion phase and consisted of a

major small transcript and several larger but less abundant transcripts.

Expression of the large (ca. 128-kilobase [kb]) circular
DNA genome of Autographa californica nuclear poly-
hedrosis virus (AcNPV), an insect baculovirus, involves a
complex cascade of regulatory events culminating in an
unusual biphasic production of two infectious forms of virus:
extracellular nonoccluded virus, followed later by occluded
virus composed of multiple virions embedded within poly-
hedral inclusion particles. The complexity of this regulatory
pathway is evidenced by the sequential and, in most cases,
transient synthesis of a large number of viral polypeptides
5, 7, 23, 29, 39). Accordingly, viral protein synthesis has
been divided into four phases: immediate early a« (2 h
postinfection), early B (6 h), which defines the onset of viral
DNA synthesis, late y (10 to 12 h), and very late 3 (15 h and
on), associated with the viral occlusion process. Except for
immediate early a, each class appears to require the proper
expression of proteins of the preceding class (16, 17, 27).

It remains to be shown that regulation of AcNPV protein
synthesis occurs at the level of transcription. Early transcrip-
tion occurs at dispersed regions of the genome, and as
infection proceeds most of the genome is transcribed (8).
Several early and many late genes have been mapped to the
AcNPV genome by in vitro translation of hybrid-selected
RNA (1, 9, 19, 30); however, only one of these genes has
been assigned a function, polyhedrin (28,872 daltons), which
represents the major protein component of viral occlusion
particles. The intracellular abundance of polyhedrin and
another viral protein of unknown function, p10, is correlated
with the copious amounts of their respective mRNAs found
late in infection (1, 29, 31).

To investigate the mechanisms involved in the regulation
of ACNPV gene expression, we have hybridized recombi-
nant clones of small genomic restriction fragments or cDNA
clones of viral mRNA to Northern blots of polyadenylated
[poly(A)*] RNA isolated from cells at intervals after infec-
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tion. This has enabled us to identify various temporal
patterns of overlapping RNAs and thereby further analyze
the organization of both early and late transcription units.

We report here that, within several regions of the AcCNPV
genome, RNA transcription is under strict temporal control.
Thus, regulation at the level of transcription is responsible in
part for the synthesis of various temporal classes of viral
proteins. Two types of transcriptional units were identified.
The first was composed of overlapping early and late RNAs
with a common 3’ end. This type of organization has
important implications for the coordinate regulation of early
and late transcripts. The second type was composed of
abundant overlapping RNAs with extended 3’ ends. These
RNAs were transcribed maximally during the late occlusion
(3) phase and included the polyhedrin and p10 mRNAs.

MATERIALS AND METHODS

Cells and virus infection. Spodoptera frugiperda IPLB-SF-
21 cells (34) were propagated in TC100 medium (GIBCO
Laboratories, Grand Island, N.Y.) (11) supplemented with
2.5 mg of tryptose broth per ml and 10% fetal bovine serum
(K.C. Biologicals, Lenexa, Kans.). Cell monolayers (2 x 10’
cells per 100-mm plate) were inoculated with extracellular
AcNPV L-1 (18) at a multiplicity of 20 PFU per cell. After a
1-h adsorption at room temperature, the residual inoculum
was removed and the monolayers were washed twice with
TC100. Fresh growth medium (6 ml) was added, and incu-
bation was continued at 27°C. Time zero was defined as the
point at which the viral inoculum was removed.

RNA isolation. Cells were harvested at 2, 6, 12, and 24 h
after infection by scraping the plates with a rubber police-
man. The pooled cells were collected by low-speed (400 X g)
centrifugation, washed twice with ice-cold phosphate-buff-
ered saline (18), and resuspended in ice-cold TNM buffer (30
mM Tris-hydrochloride [pH 7.6], 0.1 M NaCl, 10 mM
MgCl,). Nonidet P-40 was added to a final concentration of
0.75%, and after a 5-min incubation on ice, the suspension
was clarified by centrifugation at 12,000 X g for 6 min (0°C).
The resulting cytoplasmic supernatant was made 25 mM in
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EDTA and 0.1% in sodium dodecyl sulfate (SDS) and then
extracted twice with phenol (1 volume) and chloroform (1/2
volume) containing 0.1% B-hydroxyquinoline. The RNA-
containing phase was extracted once with 1 volume of
chloroform and precipitated overnight (—20°C) with 2 vol-
umes of absolute ethanol.

Poly(A)* RNA was selected by the method of Hruby and
Roberts (15). In brief, total cytoplasmic RNA from 108
infected cells in 10 mM Tris-hydrochloride (pH 7.5)-0.5 M
NaCl-1 mM EDTA-0.2% SDS was heated to 65°C for 5 min,
cooled quickly on ice, and applied to a 1-ml column of
oligodeoxythymidylic acid-cellulose (Bethesda Research
Laboratories, Bethesda, Md.) equilibrated with the same
buffer. After the column was washed, the bound RNA was
eluted with 10 mM Tris-hydrochloride (pH 7.5)-1 mM
EDTA-0.2% SDS. Yields of poly(A)-containing RNA from
10® cells harvested 12 h after infection were routinely 40 to
50 pg (Asg of 1.25).

Gel electrophoresis and hybridization analysis of RNA.
Poly(A)-containing RNA (2 to 5 pg per lane) was denatured
by glyoxalation (24) and subjected to electrophoresis on
horizontal 1.7% agarose gels (18 by 15 by 0.6 cm) in 10 mM
sodium phosphate (pH 7.0)-1 mM EDTA. The RNA was
transferred to nitrocellulose (BA-85; Schleicher and Schuell,
Inc., Keene, N.H.) with 20x SSC (1x SSC is 0.15 M NaCl
plus 0.015 M trisodium citrate). The procedures for transfer
and hybridization were essentially those of Thomas (33).
RNA blots were prehybridized for 15 to 20 h at 42°C in 50%
formamide-5x SSC-50 mM sodium phosphate (pH 7.0)-5 x
Denhardt reagent (1X is 0.2% each of bovine serum albumin,
Ficoll, and polyvinylpyrrolidine)-0.1% SDS-100 pg of
sheared, denatured salmon sperm DNA per ml. Hybridiza-
tion was conducted for 24 to 36 h at 42°C with the same
mixture, except that the Denhardt reagent was reduced to
1x and 10% dextran sulfate was included.

Radiolabeled DNA probes were prepared by nick transla-
tion with [a-*?P]dCTP (3,000 Ci/mmol; New England Nu-
clear Corp., Boston, Mass.) and Escherichia coli DNA
polymerase (Bethesda Research Laboratories) (25). Probes
with specific activities of 2 X 10® to 5 x 10® cpm/ug were
denatured by heating for S min (100°C), quickly cooled on
ice, and then added to a final concentration of 2.5 ng/ml of
the above hybridization mixture. RNA blots were washed in
2x SSC-0.1% SDS at room temperature and then in 0.1X%
SSC-0.1% SDS at 50°C as described previously (33); they
were then exposed to Kodak XARS film with the aid of Du
Pont Cronex intensifying screens.

Recombinant plasmids. Hybrid pBR322 plasmids contain-
ing DNA complementary to ACNPV poly(A)-containing RNA
isolated late in the infection (27 h) were constructed previ-
ously (1). The cDNA clones (pMA) are designated by the
letters of the viral restriction fragments (HindIII, EcoRI, and
Sstl, respectively) to which they were homologous by using
adopted AcNPV nomenclature (36). The map coordinates
for each cDNA plasmid were verified as described previ-
ously (1). The AcNPV HindIII-K and -Q restriction frag-
ments and FP-DS HindIII-K subfragments (26) were cloned
by using plasmids pBR322 and pUC8 (35) as vectors. Re-
combinant plasmids were propagated in the JM83 strain of
E. coli and plasmid DNA was isolated by the lysis-by-boiling
method (13) described by Maniatis et al. (22).

S1 nuclease mapping of AcNPV RNA. The 5’ and 3’ ends of
viral transcripts were mapped by the S1 nuclease procedure
of Berk and Sharp (4) as modified by Weaver and Weissman
(38). S5'-End-labeled probes were generated by cleaving
appropriate AcNPV recombinant clones at the desired site
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with a single enzyme. The 5’ ends were dephosphorylated
with calf intestinal phosphatase (Sigma Chemical Co., St.
Louis, Mo.) and radiolabeled with T4 polynucleotide kinase
(Bethesda Research Laboratories) and [y-*?PJATP (3,000
Ci/mmol; New England Nuclear) (22). The DNA was then
cleaved with a second restriction enzyme to yield fragments
radiolabeled exclusively at one position. These fragments
were purified by agarose gel electrophoresis. 3'-Specific S1
probes were radiolabeled at a single 3’ end in a similar
manner by using T4 polymerase (Bethesda Research Labo-
ratories) and [a->?P]dCTP (3,000 Ci/mmol) (22). Specific
activities of these probes were 5 x 10° to 8 X 10° cpm/pg.

DNA-RNA hybridizations consisting of 2 g of poly(A)*-
selected cell RNA and S0 to 150 ng of probe DNA were
conducted in 30 pl of 80% formamide<40 mM PIPES
[piperazine-N,N’-bis(2-ethanesulfonic acid)] (pH 6.4)-0.4 M
NaCl-1 mM EDTA for 4 h. Optimum hybridization temper-
atures (42 or 50°C) were determined empirically. Samples
were diluted 10-fold into S1 buffer (5 mM sodium acetate
[pH 4.6], 4.5 mM ZnSO,, 0.28 M NaCl, 5% glycerol, 20 pg
of denatured salmon sperm DNA per ml) containing 500 U of
S1 nuclease (Bethesda Research Laboratories) per ml and
then incubated at 37°C for 30 min. The S1 hybrids were
precipitated with ethanol, denatured, and analyzed by elec-
trophoresis on 4% polyacrylamide-7 M urea-TBE (89 mM
Tris-hydrochloride [pH 8.3], 89 mM boric acid, 2 mM
EDTA) gels. Size standards were derived from Tagql or
Hpall digests of plasmid pUC19 (35) which were 3’ end
labeled as described above.

Primer extension analysis. A 390-base-pair (bp) Hpall-
HindIIl primer derived from the rightmost portion of the
HindIII-K fragment (see Fig. 6) was 5’ end labeled exclu-
sively at the HindIIl site by using procedures described
above. The primer (5 ng, 10° cpm/pg) was annealed to 2 pg
of poly(A)-selected RNA by using hybridization conditions
for S1 nuclease analysis described above. The primer-RNA
hybrids were diluted 10-fold with 0.2 M sodium acetate (pH
S5.2), precipitated with ethanol, and redissolved in 50 .l of
reverse transcriptase buffer (0.1 M Tris-hydrochloride [pH
8.3], 10 mM dithiothreitol, 50 mM KCI, 10 mM MgCl,, 50 pg
of actinomycin D [P-L Biochemicals, Inc., Milwaukee, Wis.]
per ml, 1 mM each of the four deoxyribonucleotides, van-
adyl ribonucleoside complex). Reverse transcriptase (Beth-
esda Research Laboratories) was added to a concentration
of 600 U/ml. The reaction was carried out under incubation
at 42°C for 1 h and then terminated with 25 mM EDTA. The
products were precipitated with ethanol, denatured, and
resolved by electrophoresis on 4% polyacrylamide-7 M
urea-TBE gels.

RESULTS

Temporal regulation of transcription in the HindIII-K re-
gion of AcNPV. The temporal sequence of RN As transcribed
from various regions of the AcNPV genome was examined
by hybridizing Northern blots of poly(A)* RNA with recom-
binant clones of viral restriction fragments or clones of DNA
complementary to viral mRNA (see below). Such analyses
revealed a dramatic example of temporal regulation of early
and late RNAs transcribed within the HindIII-K region
located between 85.1 and 87.5 map units of the AcNPV
genome (Fig. 1). Three temporal classes of RNA were
identified on the basis of the time of their maximum synthe-
sis: a (2 h), consisting of two transcripts (1.07 and 1.38 kb),
B (6 h), consisting of one transcript (2.63 kb), and y (12 h),
consisting of two transcripts (3.16 and 3.50 kb) plus several
others (4 kb and larger). Regulation involved the sequential
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FIG. 1. Northern hybridization analysis of RNA homologous to
AcNPV HindIII-K. Poly(A)-containing RNA isolated from 10’
Spodoptera frugiperda cells 2, 6, 12, and 24 h after infection with
AcNPV was glyoxalated and fractionated on a 1.7% agarose gel.
The RNA was transferred to nitrocellulose and hybridized with the
HindIII-K fragment (3.0 kb) cloned into pBR322 and radiolabeled
with ¥P by nick translation. An autoradiogram (4-h exposure) is
shown. Glyoxalated molecular weight standards derived from vari-
ous restriction digests of the plasmid pBR322 are indicated (in
kilobase pairs) at the left (lane a).

activation of increasingly larger transcripts making up the
later classes accompanied by the coordinate turnoff of the
smaller transcripts comprising the earlier classes.

To determine the approximate locations of the three
temporal classes, RNA blots were hybridized with three
nonoverlapping subclones of the HindIII-K fragment (Fig.
2). The results indicated that the early 1.07-kb and, on longer
exposure, the minor 1.38-kb «a transcript were only homol-
ogous to the rightmost P-H subclone (lane e). The 2.63-kb B
transcript hybridized to all three subclones, but less in-
tensely with the H-X subclone (lane c¢), localizing one of its
ends within the left one-third of HindIII-K. Finally, the vy
transcripts, including the major 3.50- and 3.16-kb RNAs
(lanes c through e), spanned the entire region, overlapping
the o and B RN As. On longer exposures (lane b), each of the
a, B, and vy transcripts was detected with the full-length
HindIII-K clone. Thus, to various degrees, each temporal
class of RNA was detected 12 h after infection. Northern
blot analyses of various RNA preparations (data not shown)
consistently demonstrated sequential activation of a, B, and
v RNAs; delays (=6 h) in peak synthesis or shutoff of the
different classes were occasionally observed, possibly the
result of variations in culture conditions or multiplicity of
infection.

HindIII-K RNA transcripts form an overlapping 3’ coter-
minal nest. To determine the precise location and direction
of transcription of the HindIII-K RNAs, we used the high-
resolution S1 nuclease mapping procedure of Weaver and
Weissman (38). Preliminary experiments indicated that tran-
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scription was from left to right. The 5’ ends of the B and vy
transcripts were therefore mapped by hybridizing viral
poly(A)* RNA with the leftmost 1.16-kb HindIII-Xhol frag-
ment 5’ end labeled exclusively at the Xhol site (Fig. 3, panel
A). Three Sl-resistant DNA fragments (210, 790, and 1,160
bp) were resolved when the 5’ probe was hybridized to 12-h
viral RNA (lane d). No fragments were observed when the
same probe was hybridized to RNA from mock-infected
cells (lane e). From these data and subsequent mapping of
the 3’ termini (below), we concluded that the major 210-bp,
the minor 790-bp, and the major 1,160-bp fragments corre-
spond to the 5’ ends of the 2.63-kb B, the 3.16-kb v, and the
3.50-kb v transcripts, respectively. Further analysis (not
shown) indicated that although the 3.50-kb vy transcript
appears to span the leftmost HindIII site, it does not extend
more than 40 bp in this direction.

The 5’ ends of the two a transcripts were mapped by
hybridizing the rightmost 1.02-kb PstI-HindIII fragment 5’
end labeled exclusively at the HindIII site (Fig. 3, panel B)
with poly(A)* RNA isolated at 2, 6, and 12 h after infection.
Three S1-resistant fragments were detected (lanes d through
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FIG. 2. Preliminary mapping of the HindIII-K RNA transcripts.
Nitrocellulose blots of poly(A)-containing RNA isolated from cells
12 h after infection were hybridized with three nonoverlapping
subclones of the HindllI-K fragment as shown. Lanes: c, leftmost
HindIlI-Xhol (HX) subclone; d, middle Xhol-Pstl (XP) subclone;
and e, rightmost Pstl-Hindlll (PH) subclone. Transcripts hybridiz-
ing with the full-length HindIlI-K clone (lane b) are also indicated.
Autoradiograms (3-h exposure; lanes ¢ through e) with molecular
weight standards (lane a) are shown. Subclones were derived from
the HindIIl-K fragment (3.3 kb) of the AcNPV insertion mutant
FP-DS (top), which carries a 0.3-kb copia-like long terminal repeat
(LTR) of host origin with a unique Ps?l restriction site (26).
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f). On the basis of these data and additional data presented
below, we concluded that the prominent 440-bp fragment
which decreased in intensity from 2 to 12 h after infection
corresponded to the 5’ end of the major 1.07-kb « transcript,
whereas the minor 830-bp fragment corresponded to that of
the 1.38-kb o transcript. The 1,020-bp fragment increasing
through 12 h resulted from the protection of the full-length 5’
probe (1.02 kb) by the B and <y transcripts spanning the
region from left to right at these times. Finally, a 780-bp
fragment was detected at 6 to 12 h (lanes e through f) and
accounted for a very minor transcript (1.30 kb) that was
detected only on long exposures of Northern blots. The
440-bp a-derived fragment was overrepresented relative to
the 1,020-bp B- and vy-derived fragment (Fig. 3, panel B).
This was indicated by additional analyses of the same RNA
(data not shown), which demonstrated a dramatic decrease
in the 440-bp o fragment and an increase in the 1,020-bp B
and vy fragment when higher hybridization temperatures (46
to 50°C) were used. The locations of the 5’ termini of both a
transcripts were confirmed by using a different 5’-end-
labeled probe (EcoRI-HindIll, 0.84 kb) (see Fig. 6).

The sizes of the HindIII-K transcripts mapped above
placed their 3’ termini close to one another within the
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FIG. 3. S1 nuclease mapping of the 5’ ends of the HindIII-K
RNA transcripts. Panel A: Mapping 5’ ends of the B and v
transcripts. Poly(A)-coritaining RNA (2 pg) isolated from cells 12 h
after infection and RNA (2 pg) from mock-infected cells (mi) were
hybridized at 50°C with 75 ng of the 1.16-kb HindIII-Xhol fragment
5’ end labeled exclusively at the Xhol site (see above diagram). *,
Position of the S’ label. The Sl-resistant fragments generated from
viral RNA 12 h after infection (lane d) and mock-infected RNA (lane
e) were denatured and fractionated on a 4% acrylamide-7 M
urea-TBE gel. An autoradiogram (6-h exposure) is shown. Panel B:
Poly(A)-containing RNA (2 ng) was hybridized at 42°C with 75 ng of
the 1.02-kb PszI-HindlII fragment 5’ end labeled exclusively at the
HindIII site (see diagram). The Sl-resistant fragments generated
from RNA isolated from cells 2 (lane d), 6 (lane ¢), and 12 h (lane f)
after infection as well as mock-infected RNA (lane g) were analyzed
as described above. An overexposed (36-h) autoradiogram is shown
to enhance the minor fragments. Both panels include molecular
weight standards (lanes a and b) and 5’-end-labeled DNA probes
(HX* and PH*, respectively) before S1 treatment (lane c). The sizes
of the Sl-resistant fragments are indicated in base pairs (bp).
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FIG. 4. Mapping the 3’ ends of the HindIII-K-related transcripts
within fragment HindIII-Q. Samples (2 pg) of poly(A)-containing
RNA from cells 2, 6, and 12 h after infection were hybridized at 50°C
to 150 ng of the 1.59-kb HindIII-Xhol fragment 3’ end labeled
exclusively at the HindllI site (see diagram). This probe was derived
from the AcNPV HindIlI-Q fragment cloned into plasmid pUCS.
The Sl-resistant fragments generated from viral RNA at 2 (lane d),
6 (lane e), and 12 h (lane f) after infection and mock-infected RNA
(lane g) were fractionated on a 4% polyacrylamide-7 M urea-TBE
gel. An autoradiogram (12-h exposure) with indicated molecular
weight standards (lanes a and b) and the 3’ end-labeled DNA probe
(3' HX) before S1 treatment (lane c) is shown.

adjacent HindIII-Q region (87.4 to 88.7 map units). We
therefore localized these ends by using as a probe the
1.59-kb HindIlI-Xhol fragment derived from HindIII-Q and
3’ end labeled exclusively at the leftmost HindIII site (Fig. 4,
top). A single 540-bp Sl-resistant fragment was observed
(Fig. 4, bottom) when the 3’ probe was hybridized to
poly(A)* RNA isolated 2, 6, and 12 h after infection (lanes d
through f, respectively). No fragments were protected by
mock-infected cell RNA (lane g). This indicated that each of
the a, B, and vy transcripts terminated at a common 3’ site
located 540 bp downstream from the HindIII-K/Q junction.

Figure 5 summarizes these data. The five HindIII-K
transcripts formed an overlapping nest transcribed from left
to right (5’ to 3’) on the AcNPV physical map. Although the
5’ ends extended upstream depending on time after infec-
tion, each RNA had a common 3’ end mapping immediately
upstream from HRS (6), a region of repetitive viral DNA
with multiple EcoRI sites. Although the S1 nuclease data
presented here accounted for all of the major HindIII-K
transcripts which were 3.5 kb or smaller (Fig. 1), additional
analysis indicated that the HindIII-K nest contains several
other transcripts (4 to 6 kb) whose 5’ ends extended even
further upstream into the adjacent HindIII-B, region (data
not shown).

Primer extension analysis of the 5’ terminus of the a
transcripts. The exact correlation between sizes of the
S1-resistant hybrids and the corresponding HindIII-K RNAs
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[excluding the 100 or so bases making up the 3’ poly(A)*
tracts] indicated that extensive RNA splicing had not taken
place. This did not, however, rule out limited splicing near
the ends of the transcripts occurring if the nested set of
RNAs was derived from a common precursor responsible
for donating a small (less than 50 bp) 5’ leader sequence (3,
4).

To test this possibility, we used the method of primer
extension to examine the 5’ ends of the early a transcripts.
Extension to the 5’ end of a transcript possessing a spliced 5’
leader would generate a DNA fragment detectably longer
than the corresponding DNA fragment generated by S1
nuclease treatment. A 390-bp Hpall-HindIII primer derived
from the rightmost portion of HindIII-K (Fig. 6, top) was 5’
end labeled exclusively at the HindIII site and annealed to
early viral RNA. This primer was extended with reverse
transcriptase, and the resulting products were sized on a
polyacrylamide gel along with Sl-resistant fragments de-
rived from hybridization of the same RNA with the 840-bp
EcoRI-HindIII fragment (Fig. 6, top) 5' end labeled at the
HindIII site. A single, extended DNA fragment (442 bp) was
generated from early RNA (lane f). Its size was identical (£5
bp) to the 442-bp S1 fragment protected by the 5’ end of the
major 1.07-kb o transcript (lanes d through e). Longer
exposures (not shown) also revealed an extended DNA
fragment (830 bp) whose size was identical to the 830-bp
Sl-resistant fragment derived from the 5’ end of the minor
1.38-kb « transcript. That the extension assay was capable
of detecting 5’ ends located at least 600 bp farther upstream
from the primer was demonstrated by the presence of an
additional extended fragment (1,050 bp) when primer was
annealed to RNA isolated from cells infected with the
AcNPV-mutant FP-DS (lane g). FP-DS transcribes an abun-
dant RNA (1.68 kb) whose 5’ end maps 1.0 kb upstream from
the HindIII-K/Q junction (manuscript in preparation). No
extension products were detected when primer was an-
nealed to yeast tRNA (lane h). Since the size of the extended
primer coincided with that of the 5’ end of the 1.07- and
1.38-kb « transcripts identified by S1 nuclease analysis, it
was concluded that these RNAs do not possess 5’ leaders
(greater than 5 bp) derived from splicing of noncontiguous
sequences.

Temporal regulation of overlapping RNA transcripts within
the HindIII-A/EcoRI-C regions. To search other regions of
the AcNPV genome for overlapping RNAs under temporal
regulation, poly(A)* RNA blots were hybridized with recom-
binant clones of DNA complementary to mRNAs isolated
late (27 h) after infection (1). The cDNA clones were
designated by the letters of the AcCNPV restriction fragments
to which they were homologous (see above). The use of
these cDNA probes ensured that the RNAs detected were
indeed overlapping, transcribed from either the same or
opposite DNA strands.

Two adjacent cDNA clones from the HindIII-A/EcoRI-C
region (43.2 to 52.9 map units) revealed overlapping patterns
of both early and late RNAs (Fig. 7). The pattern generated
by cDNA ACD (left panel) exhibited an activation of sequen-
tially larger transcripts with time, accompanied by the
deactivation of earlier small transcripts in a manner remark-
ably similar to that of the HindIII-K region. First to appear
was the smallest transcript (0.92 kb), from 2 to 6 h, followed
by a 2.04-kb transcript from 6 to 12 h and finally by the
largest transcripts (3.24, 3.76, and 4.95 kb) from 6 to 24 h
with peak synthesis at 12 h after infection.

The complex pattern generated by cDNA ACG (Fig. 7,
right panel), on the other hand, revealed several small
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transcripts (1.22, 1.93, and 2.14 kb) which were activated
early (6 h) yet continued to accumulate through 24 h. Several
high-molecular-weight transcripts (3.09, 3.39, 3.76, and 4.95
kb) exhibited maximum synthesis at 12 h but declined by 24
h. The 3.76- and 4.95-kb transcripts also hybridized to
cDNA ACD (left panel), which suggested that the two sets of
RNAs are located within 3 to 4 kb of one another. The
detailed organization of these two transcrlptlon units re-
mains to be established.

Overlapping RNAs transcribed from major late AcNPV
genes: p10 and polyhedrin. In sharp contrast to the above
regions, cDNA clones of the pl0 and polyhedrin genes
revealed overlapping patterns of RNAs with maximum syn-
thesis during the very late occlusion phase (3). cDNA P(Q)P
(p10 cDNA), a clone homologous to the late AcCNPV gene
pl0 previously mapped to the HindIII-Q/P junction (88.7
map units) (1) detected four transcripts (0.72, 2.56, 2.72, and
4.68 kb) (Fig. 8, right panel). The most abundant transcript
(0.72 kb), first appearing at 12 h and accumulating rapidly
through 24 h after infection, represented the mRNA for p10,
an abundant nonstructural protein (10,000 daltons) synthe-
sized from 15 to 60 h after infection (1, 28-30). The p10
mRNA is transcribed from left to right (Fig. 8, bottom) (1,
20, 31). The abundant 2.56- and 2.72-kb transcripts appeared
simultaneously with the pl0 mRNA and accumulated at
similar rates. No early a or B (2- to 6-h) RNAs were
observed. In addition to the p10 mRNA, a single transcript
(2.6 kb) was detected in this region by others (19, 29, 31) and
probably represents the 2.56- and 2.72-kb RN A pair detected
here.

An adjacent but nonoverlapping late cDNA clone PB,
mapping downstream within the HindIII-P/EcoRI-B region,
hybridized to the larger pl0-related transcripts (2.56, 2.72,
and 4.68 kb) above, a new 1.78-kb transcript, but not the
0.72-kb p10 mRNA (Fig. 8, left panel). Given that cDNA PB
(0.28 kb) was derived by oligothymidylic acid priming at the
3’ terminus of a single mRNA, the 3’ end of the most
abundant PB transcript (2.56 or 2.72 kb) mapped within the
HindIII-P/EcoRI-B region. Since these transcripts were also
homologous to the p10 [P(Q)P] cDNA located approximately
2.5 kb upstream, they must extend from left to right in the
same direction as the pl0 mRNA. Moreover, the relative
sizes of the PB transcripts suggested that these RNAs have
5’ ends identical to or very near that of the p10 mRNA. This
was confirmed by a recent report which demonstrated that
the 0.72-kb p10 transcript and the 2.6-kb transcript have a
common 5’ end located 300 bp to the left of the HindIII-Q/P
junction (20). The new 1.78-kb transcript, homologous to
cDNA PB and synthesized late (12 to 24 h), did not overlap
the p10 sequences of cDNA P(Q)P (Fig. 8) and must there-
fore be initiated from a different promoter within the region.
The direction of transcription of this RNA remains to be
determined.

Transcriptional analysis of the late viral gene for poly-
hedrin, a major protein component (28,872 daltons) of viral
occlusion bodies, revealed a similar pattern of overlapping
transcripts (Fig. 9). cDNA VI, mapping to the HindIII-
V/EcoRI-I region (3.3 map units) (1) and carrying the 3’
terminal sequences of polyhedrin, hybridized most promi-
nently to the polyhedrin mRNA (1.28 kb). This transcript
was observed as early as 6 h, even though intracellular
synthesis of polyhedrin has not been detected before 12 to 15
h after infection (5, 32, 39; unpublished results). Two other
abundant transcripts (3.39 and 4.9 kb) were synthesized with
kinetics identical to that of the 1.28-kb mRNA and were
detected earlier (19, 29, 31). Subsequent mapping by North-
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FIG. 5. Transcriptional map of the AcNPV HindIII-K region. The five poly(A)-containing RNAs were transcribed in the same direction
(left to right, 5’ to 3’) and terminated at a common 3’ site located 540 bp downstream from the HindIII-K/Q junction (87.4% of the AcNPV
genome). Sizes of the various transcripts and their period of maximum accumulation (2, 6, and 12 h postinfection) are indicated. The scale

at the bottom illustrates the size (kbp) of the region.

ern hybridization revealed that the 3.39- and 4.9-kb tran-
scripts extended downstream from the polyhedrin gene (Fig.
9, bottom), since both were homologous to the adjacent
HindIII-T fragment but not the Sall-EcoRV fragment lo-
cated 35 bp upstream of the 5’ end of the 1.28-kb polyhedrin
mRNA (data not shown). A single RNA start site has been
mapped to the region between the EcoRV site and the
HindIII-F/V junction (14, 31). These data are consistent with

extension

product —\

MAVN

a model that these transcripts initiate at a 5' site identical to
the polyhedrin mRNA but terminate at 3’ sites farther
downstream in the EcoRI-R region. Mapping the 3’ ends of
these transcripts should confirm this model.

DISCUSSION

To gain insight into the mechanisms used by large DNA
viruses to regulate gene expression, we have analyzed the
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FIG. 6. Primer extension mapping of the 5’ termini of the early « transcripts. Poly(A)-containing RNA (2 pg) from AcNPV-infected cells
(lane f), FP-DS mutant-infected cells (lane g), and 2 ug of tRNA (lane h) were annealed to 5 ng of the 390-bp Hpall-HindIII primer 5’ end
labeled exclusively at the HindIII site (see top diagram) and extended with reverse transcriptase. An autoradiogram (5-h exposure) of a 4%
polyacrylamide-7 M urea gel used to fractionate the products by size is shown. Sl-resistant fragments generated from the hybridization of
2 pg of poly(A)* RNA from cells 2 (lane d) and 6 h (lane e) after infection with 100 ng of the 840-bp EcoRI-HindlIIl probe 5’ end labeled
exclusively at the HindIII site (see diagram) were fractionated on the same gel. Molecular weight standards (lanes a and b) and the 5'-labeled
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temporal synthesis and organization of RNA transcripts in
several regions of the genome of the insect baculovirus,
Autographa californica NPV. Of 10 regions examined thus
far, 6 presented here, each contained 2 to 12 overlapping
RNAs. Two distinct transcriptional patterns were observed;
the first comprised both early and late RNAs having a
common 3’ end and the second comprised only very late
RNAs having extended 3’ ends.

Temporal regulation within an overlapping 3’ coterminal
nest of RNAs. The five transcripts (1.07 to 3.50 kb) mapped
to the HindIII-K region formed an overlapping group of
RNAs, all transcribed in the same direction (left to right or
clockwise on the circular AcCNPV map) and terminated at a
common 3’ site (Fig. 5). Although similar 3’ coterminal
patterns have been documented for other large DNA vi-
ruses, including vaccinia, herpes simplex virus, and adeno-
virus (3, 12, 21, 37), the AcNPV HindIII-K nest represented
one of the more striking examples of the coordinate regula-
tion of overlapping immediate early (a), early (B), and late
(y) genes (Fig. 1).

We initially speculated that this pattern, exhibiting a
sequential replacement of early transcripts with longer tran-
scripts initiated farther upstream, was the result of a tempo-
rally regulated splicing process. S1 nuclease mapping, how-
ever, revealed no evidence for splicing of early or late
HindIII-K RNAs, a conclusion corroborated by another
study (19) which found no evidence for splicing of major late
(24-h) AcNPV RNAs. Moreover, primer extension analysis
(Fig. 6) ruled out the possibility of limited splicing near the 5’
ends of the two a transcripts (1.07 and 1.38 kb) and sug-
gested rather that each of these RNAs was transcribed from
a unique promoter.

Since both early « RNAs were not derived via splicing of
a larger precursor, the 5'-extended B and y RNAs appearing
later in infection were the result of activation of one or more
promoters upstream of the a promoters. This is consistent
with a model in which the observed HindIII-K pattern is the
result of sequential activation of upstream promoters (i.e., ,
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FIG. 7. Northern hybridization of RNA homologous to cDNAs
ACD and ACG. Nitrocellulose blots of poly(A)-containing RNA
isolated from cells 2, 6, 12, and 24 h after infection as described in
the legend to Fig. 1 were hybridized to radiolabeled cDNA plasmids
pMA-ACD (left) and pMA-ACG (right). Autoradiograms (24- and
4-h exposures, left and right, respectively) with molecular weight
standards (MW) are shown.
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FIG. 8. Northern hybridization of RNA homologous to cDNAs
PB and P(Q)P (p10). RNA blots were hybridized with radiolabeled
cDNA plasmids pMA-PB (left) and pMA-P(Q)P (right). Autoradio-
grams (4-h exposures) are shown. Bottom: organization of major PB
and p10 overlapping transcripts. Positions of cDNA clones PB (0.28
kb) and p10 (0.60 kb) are indicated by the shaded boxes.

B, and v, respectively), accompanied by the deactivation of
downstream promoters (a and B). As such, this model raises
interesting questions about the role of the host and viral
RNA polymerase (10) in the sequential activation and deac-
tivation of these promoters. A potential mechanism for the
deactivation of the downstream promoters involves a type of
cis-acting transcriptional interference referred to as ‘‘pro-
moter occlusion’’ (2). RNA polymerase molecules initiating
upstream at highly active promoters block access of RNA
polymerase molecules to downstream promoters by way of
steric hinderance or localized distortion of the DNA struc-
ture. At least two preliminary observations were consistent
with this model: (i) in repetitive analyses, the amount of a
RNA in infected cells was inversely proportional to the
amount of B and y RNA at any one time (data not shown);
(ii) « RNA synthesis was repressed in cells infected with the
AcNPV-insertion mutant, FP-DS, which synthesized signif-
icantly reduced amounts of B and y RNA but abundant
amounts of a new, overlapping RNA whose 5’ end mapped
600 bp upstream from the 5’ end of the 1.07-kb a RNA
(manuscript in preparation).

The 5’ extended arrangement of the HindIII-K RNAs
suggested that the longer and later transcripts might there-
fore serve a dual purpose: first, to repress transcription of
earlier genes located downstream, and second, to act as
mRNAss for late viral products. Indeed, the dramatic turning
on and off of these RNAs (Fig. 1) suggested that a primary
function of this region was to provide for the highly regu-
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FIG. 9. Northern hybridization of RNA homologous to poly-
hedrin ¢cDNA VI. Poly(A)-containing RNA was transferred to
nitrocellulose as described in Fig. 1 and hybridized with cDNA
plasmid pMA-VI. An autoradiogram (4-h exposure) is shown.
Bottom: proposed model for the organization of overlapping RNA
transcripts within the HindIII-V/EcoRI-I region. The 1.28-kb polyh-
edrin mRNA is transcribed left to right (5’ to 3’), initiating 35 bp
downstream from the EcoRV site and extending approximately
1,200 bp downstream to the HindIII-V/T junction (14). The shaded
box indicates the position of the VI cDNA clone (0.74 kb).

lated synthesis of at least three viral products (i.e., a, B, and
v). In vitro translation studies should help identify the viral
polypeptides encoded by this region and, in particular, those
synthesized from the potentially polycistronic 8 and y RNAs.

Lastly, the above type of transcriptional regulation and
organization was not limited to the HindIII-K region. Al-
though the arrangement of the overlapping RNAs detected
by cDNA ACD (Fig. 7, panel A) remains to be determined,
their regulation involved a similar activation of successively
longer RNAs and a deactivation of earlier small RNAs.
Recently, two transcription nests consisting of overlapping
RNAs with a common 3’ end have also been mapped to the
HindIII-VEcoRI-F and the HindIII-By/EcoRI-H regions of
AcNPV (20). Moreover, cDNA-Northern blot analysis of the
RNAs within both of these regions has revealed a sequential
activation of early, small RNAs followed by longer RNAs
mapping further upstream (T. Mainprize and L. K. Miller,
unpublished results). These transcription units represent
additional candidates for testing the proposed model for
sequential promoter activation.

Regulation of overlapping late (8) transcripts. The abun-
dantly expressed AcNPV genes, pl0 and polyhedrin, were
each transcribed by several overlapping RNAs with peak
synthesis during the very late occlusion phase (8) from 15 to
60 h after infection. In sharp contrast to the transcripts of the
HindIII-K and HindIII-A/EcoRI-C regions, no early RNAs
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were detected. The pl0 and polyhedrin units were each
composed of a small, very abundant RNA and several
longer, less abundant RNAs, all transcribed with identical
kinetics. Our data, based on the map positions of cDNAs
constructed from the 3’ ends of poly(A)-containing tran-
scripts, indicated that the p10 unit was composed of RNAs
with 3’ extended ends. Furthermore, recent S1 nuclease
mapping has demonstrated that these RNAs have a common
5’ end (20). Similarly, the 3.39- and 4.9-kb transcripts (Fig. 9)
which overlapped the major polyhedrin mRNA (1.28 kb)
extended downstream apparently from a common 5’ site,
also consistent with previous mapping (31). The coordinate
regulation of RNAs within both units of transcription sup-
ported the contention that each overlapping RNA is tran-
scribed from a common promoter.

The functional significance of the 3’ extended transcrip-
tional units is not yet clear. A question to be resolved is
whether these RNAs represent messengers for identical
or different viral polypeptides. cDNA VI hybrid selected
mRNA which directed the cell-free synthesis of polyhedrin
and minor amounts of polyhedrin-related polypeptides (1),
suggesting that the longer VI transcripts were either messen-
ger inactive in the rabbit reticulocyte system or were also
translated into polyhedrin. A single open reading frame with
the predicted polyhedrin sequence has been identified imme-
diately downstream from the 5’ ends of these transcripts
(14). On the other hand, cDNA PB homologous to the two
larger pl0-related transcripts (2.56 and 2.72 kb) but not the
major pl0 mRNA (0.72 kb) hybrid selected mRNA which
synthesized three proteins, of 30,000, 31,000, and 52,000
daltons, respectively (1). Given that another transcript (1.78
kb) overlaps this region (Fig. 8), these proteins could not be
assigned to a specific messenger. It was not apparent whether
the larger pl0-related mRNAs also directed the synthesis of
pl0, since this polypeptide was not radiolabeled with the
[>S]methionine used.

The longer RN As of each unit are apparently derived from
readthrough of termination signals at the 3’ end of the
smallest RNA. Unlike late vaccinia virus transcripts with
heterogeneous 3' ends (21), these late AcCNPV transcripts
terminate at defined sites, since RN As of discrete sizes were
observed. The contrasting lack of readthrough at the 3’ end
of the HindIII-K nest even late during infection (Fig. 4)
suggested that pl0 and polyhedrin readthrough may be a
function of the termination sequences themselves rather
than a modification of the termination process.

Finally, the 3’ extended polyhedrin RNAs may play a role
in the suppression of transcription of early viral genes
located downstream via promoter occlusion. The extended
polyhedrin-related transcripts, in particular, overlap smaller
transcripts within the downstream HindIII-T and HindIII-N
regions (unpublished data); this raises the interesting possi-
bility of cis-acting regulation between adjacent transcrip-
tional units.
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