
Vol. 44, No. 1JOURNAL OF VIROLOGY, Oct. 1982, p. 199-208
0022-538X/82/100199-10$02.00/0

In Vitro Translation of Autographa californica Nuclear
Polyhedrosis Virus Early and Late mRNAs
GALE E. SMITH,'* JUST M. VLAK,2 AND MAX D. SUMMERS1t

Department ofEntomology, Texas A&M University, College Station, Texas 77843,1 and Department of
Virology, Agricultural University, Wageningen, The Netherlands2

Received 5 March 1982/Accepted 14 June 1982

A preliminary translational map of the Autographa californica genome was
constructed. Eighteen viral DNA restriction fragments were either purified from
agarose gels or obtained from pBR322 recombinant DNA plasmids to locate
specific gene products. The DNAs were immobilized on nitrocellulose filters and
used to select viral mRNAs isolated from RNA obtained from the cytoplasm of
infected Spodoptera frugiperda cells at 21 h postinfection. The fragment-specific
mRNAs were translated in vitro in the presence of L-[3H]leucine by using a rabbit
reticulocyte lysate system and analyzed on sodium dodecyl sulfate-polyacryl-
amide gels. The approximate locations of 19 A. californica nuclear polyhedrosis
virus (AcMNPV) gene products were mapped. The genes for mRNAs present late
in viral infection were mapped to DNA fragments that represent nearly the entire
genome. The molecular weights of many of these proteins were similar to those
present in purified AcMNPV extracellular virus and to proteins being made in
infected cells at 18 to 21 h postinfection. Cytoplasmic RNA was isolated at 4 h
postinfection from infected cells, a time early in the viral infection cycle, and
hybridized to AcMNPV DNA immobilized on nitrocellulose filters. AcMNPV-
specific early RNA was translated in vitro into at least six polypeptides, the most
abundant having a molecular weight of 39,000. Viral polypeptides were detected
in cells pulse-labeled with L-[3H]leucine at 3 to 6 h postinfection, with molecular
weights similar to those of polypeptides made in vitro from early AcMNPV
mRNA.

The Autographa californica nuclear polyhe-
drosis virus (AcMNPV) genome is about 85 x
106 daltons and is large enough to code for 75 or
more proteins. Several reports, using pulse-
labeling ofAcMNPV-infected cells with radioac-
tive amino acids, have demonstrated at least two
temporal classes of virus-induced proteins: early
polypeptides made before DNA synthesis (about
6 h postinfection [p.i.]) and late polypeptides
made after DNA synthesis (1, 3, 5, 8, 16, 17).
Hybridization and translation analyses of
mRNA obtained from AcMNPV-infected cells
have shown that by 21 h p.i., late in the viral
infection cycle, essentially all of the cytoplasmic
mRNAs are virus specific (16). It was also
demonstrated that RNA sequences complemen-
tary to EcoRI restriction fragments I and J are
translated in vitro into polypeptides with molec-
ular weights of 33,000 (33K) and 39K, respec-
tively. The 33K protein was identified as
AcMNPV polyhedrin, the major protein compo-
nent of AcMNPV occlusions.
To study the organization and expression of
t Person to receive reprint requests.

the AcMNPV genome further, it is necessary to
know the location and temporal expression of
individual genes. One approach used to map the
location of viral genes is to hybridize infected
cell RNA to DNA fragments immobilized on
filters, selectively elute the restriction fragment-
specific RNA, translate the mRNA in vitro, and
characterize the radiolabeled translation prod-
ucts by polyacrylamide gel electrophoresis. In
the present study we show that AcMNPV RNA
isolated from cells at early and late stages of
infection can be translated in vitro into a large
number of virus-specific proteins. Many of the
in vitro translation products made from late viral
mRNA had the same molecular weights as those
of the virion structural proteins. The approxi-
mate location of numerous AcMNPV genes was
determined. Sequences complementary to poly-
hedrin mRNA were mapped onto HindIII frag-
ment V. Virus-specific early RNA was purified
from infected cells at 4 h p.i. and was translated
into at least six polypeptides. The possible loca-
tion of the AcMNPV genes expressed early in
the infection cycle is discussed.
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MATERIALS AND METHODS
Cells and virus. Spodoptera frugiperda IPLB-SF21

(Sf) cells were grown at 27°C in Grace insect tissue
culture medium (KC Biologicals) containing 10% calf
serum and no antibiotics. The cells were maintained in
spinner cultures, and 4 x 107 log-phase cells were
seeded in plastic Coming tissue culture flasks (150
cm2) before inoculation with virus. A plaque-purified
isolate ofAcMNPV, E2 (11), was used to infect cells at
a multiplicity of infection (MOI) of 20 PFU/cell. The
following procedure was used to produce high-titer
first-passage virus used in these experiments. Tricho-
plusia ni larvae were infected with AcMNPV E2 virus
per os. At 4 to 5 days p.i. the hemolymphs of diseased
larvae were collected into an equal volume of 10 mM
Tris (pH 6.8)-2 mM dithiothreitol-150 mM NaCi,
diluted with Grace medium, and used to infect Sf cells
at an MOI of 0.1 PFU/cell. At 48 h p.i., medium
containing extracellular virus (ECV; first-passage vi-
rus) was separated from infected cells by differential
centrifugation. The virus-containing medium had titers
of 2 x 108 to 3 x 108 PFU/ml. No significant reduction
in titer was observed when the inoculum was stored at
4°C for 1 year.

Radiolabeled proteins and gel electrophoresis. To
label cell proteins, we infected Sf cells at an MOI of 20
PFU/cell. The cells were washed at various times after
infection in defined medium (11) lacking L-leucine and
pulse-labeled for 3 h in defined medium containing 100
,uCi of L-[4,5-3H]leucine (46 Ci/mmol; ICN) per ml.
The labeling medium was removed, and the cells were
washed twice with ice-cold phosphate-buffered saline
and boiled for 3 min in sodium dodecyl sulfate protein
disruption buffer (125 mM Tris-hydrochloride [pH
6.8], 2% sodium dodecyl sulfate, 10% glycerol, 5% 2-
mercaptoethanol, and 0.001% bromophenol blue).
Proteins were analyzed on 10 or 12% polyacrylamide
slab gels as described by Laemmli (6); electrophoresis
was at 9 W (constant power) for 3 h. Fluorography was
performed as described by Laskey and Mills (7). The
gels were exposed to Kodak X-Omat RP film at
-80°C. Protein molecular-weight standards (Amer-
sham Corp.) were "4C-methylated phosphorylase (mo-
lecular weight, 93K), bovine serum albumin (69K),
ovalbumin (46K), and lysozyme (14K).

Purification of 3H-labeled ECV. Sf cells (4 x 107 cells
per 150-mm2 Coming cell culture flask) were infected
at an MOI of 10 with AcMNPV first-passage virus. At
4 h p.i. the cells were washed twice with defined
medium, and then 20 ml of defined medium with 1 mCi
of L-[4,5-3H]leucine was added to each flask. At 48 h
p.i. the 3H-labeled ECV was purified by sucrose
density gradient centrifugation as described previously
(11).

Isolation of RNA from infected cells. Infected cells
were harvested at 4 or 21 h p.i. and washed with ice-
cold phosphate-buffered saline. The cells were lysed in
30 mM Tris-hydrochloride (pH 7.5)-10 mM magne-
sium acetate-1% Nonidet P-40 for 10 min on ice and
were intermittently blended in a Vortex mixer. The
nuclei were pelleted by centrifugation at 1,500 x g for
5 min, and the supernatant (cytoplasmic fraction) was
poured into sterile polypropylene centrifuge tubes. A
0.1 volume of 2.0 M potassium acetate (pH 5.0)-4%
sodium dodecyl sulfate-0.30 M EDTA was added, and
the RNA was extracted twice with phenol (saturated

with 10 mM Tris-hydrochloride [pH 7.51-10 mM
EDTA)-chloroform-isoamyl alcohol (24:24:1) and
twice with chloroform-isoamyl alcohol (24:1). Two
volumes of ethanol were added to the aqueous phase,
and the RNA was precipitated at -80°C for 15 min.
The RNA precipitate was collected by centrifugation
at 3,000 x g for 30 min, washed twice with 95%
ethanol, lyophilized, suspended in sterile distilled wa-
ter, and stored at -80°C. Polyadenylic acid-containing
RNA [poly(A)+ RNA] was isolated by oligodeoxythy-
midylic acid-cellulose chromatography as described
previously (16).

Purification of DNA restriction fragments. AcMNPV
DNA was isolated from purified virus and cleaved
with restriction enzymes as described previously (12).
Individual restriction fragments were isolated from
agarose gels after electrophoresis, using the electro-
phoretic extraction method described by Smith and
Summers (12). Three of the DNA restriction fragments
used in this study (HindIII fragments F, V, and T) had
been cloned in pBR322 plasmids (Smith et al., manu-
script in preparation). Recombinant DNA plasmids
were amplified and purified as described by Holmes
and Quigley (4). All of the cloning experiments were
conducted in accordance with the current National
Institutes of Health guidelines.

Hybridization selection and in vitro translation of
AcMNPV RNA. Cytoplasmic RNA was hybridized to
AcMNPV DNA, which had been immobilized on
nitrocellulose filters, as described by McGrogan et al.
(9), with minor modifications (16). AcMNPV DNA
fragments, isolated from 100 p.g of total DNA restric-
tion digests, were bound to individual filters (1-cm
diameter) and hybridized to 1 mg of cytoplasmic RNA.
Translation of RNA was performed in an mRNA-
dependent rabbit reticulocyte lysate system (Bethesda
Research Laboratories, Inc.) as described previously
(16). In vitro-synthesized proteins were labeled with L-
[4,5-3H]leucine (55 Ci/mmol; ICN).

RESULTS

Infected cell-specific proteins. The induction of
AcMNPV-infected cell-specific proteins (ICSPs)
and the reduction of host cell protein synthesis
have recently been shown to be affected by the
MOI (8). At a high MOI, ICSPs were detected
earlier and host cell protein synthesis was re-
duced more rapidly than at a low MOI. We also
observed that background host cell protein syn-
thesis was lower in Sf cells infected with first-
passage virus than in cells infected with later-
passage virus (data not shown). Therefore, in
the present report, Sf cells were infected with
first-passage virus at an MOI of 20. These condi-
tions resulted in the appearance of many polyhe-
dra in most cells between 18 and 21 h p.i.,
indicating an apparently synchronous infection.
A comparison of proteins in infected Sf cells

labeled with L-[3H]leucine at early (3 to 6 h p.i.)
and late (18 to 21 and 48 to 51 h p.i.) times is
shown in Fig. 1. Host cell protein synthesis (lane
a) was slightly reduced by 3 to 6 h p.i. (lane b),
and was minimal at 18 to 21 h p.i. (lane c). At 48
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MAPPING OF AcMNPV TRANSCRIPTS 201

to 51 h p.i. (lane d) most ICSPs were no longer
synthesized, except for two major late proteins
with molecular weights of 33K and 10K. Since
the molecular weights of the low-molecular-
weight proteins are not accurately measured by
sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis as described by Laemmli (6), we
consider these to be only estimates. At 18 to 21 h
p.i. at least 35 ICSPs were synthesized, and
several ICSPs were detected early at 3 to 6 h
p.i. About 25 ICSPs that were produced be-
tween 18 and 21 h p.i. had electrophoretic mobil-
ities similar to those of polypeptides present in
purified ECV (Fig. 2, lane c). To better resolve
the low-molecular-weight proteins, pulse-la-
beled cell proteins (18 to 21 h p.i.) and purified
ECV were electrophoresed in a 12% polyacryl-
amide gel (Fig. 2, lanes d and e, respectively).
For each of the virus structural proteins (indicat-
ed by their molecular weights in Fig. 2, lanes c
and e), there was a polypeptide of the same
molecular weight being made in infected cells
between 18 and 21 h p.i. (Fig. 2, lanes a and d).
The other ICSPs, which may be either occluded
virus structural proteins or nonstructural virus
proteins, are listed in Fig. 2, lane a.
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FIG. 1. Comparison of pulse-labeled infected cell

proteins and purified AcMNPV ECV proteins. Auto-
radiogram of mock-infected (lane a) and AcMNPV-
infected (lanes b through d) S. frugiperda cells and
ECV (lane e). Cells were labeled for 3 h with L-
[3H]leucine at 3 to 6 h p.i. (lane b), 18 to 21 h p.i. (lane
c), or 48 to 51 h p.i. (lane d). ECV was obtained from
infected cell cultures continuously labeled from 4 to 48
h p.i. with L-[3H]leucine. The molecular weights of the
polypeptides are indicated (x 103). The proteins were
analyzed on a 10% polyacrylamide gel, prepared for
fluorography, and exposed for 4 days at -80°C.
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FIG. 2. A comparison of in vivo- and in vitro-
synthesized infected cell proteins. AcMNPV-infected
S. frugiperda cells, pulse-labeled with L-[3IHleucine at
18 to 21 h p.i., and L-[3H]leucine-labeled ECV were
electrophoresed in 10%o polyacrylamiide (lanes a and c,
respectively) and 12% polyacrylamide gels (lanes d
and e, respectively). Poly(A)+ RNA was isolated from
AcMNPV-infected cells at 21 h p.i., and translated in
vitro in the presence of L-[3H]leucine (lane b). Molecu-
lar weights of the ECV polypeptides are indicated (x
103) adjacent to lanes c and d. Molecular weights of
additional ICSPs, not observed in purified ECV, are
indicated (x 103) adjacent to lane a. Fluorography was
as described in the legend to Fig. 1.

The 10K polypeptide was the most abundant
labeled ICSP being synthesized between 18 and
21 h p.i. (Fig. 1, lane d); but it was not detected
early in infection (3 to 6 h). The 10K polypeptide
was neither a major component of AcMNPV
ECV (Fig. 1, lanes c and e) nor a major structur-
al protein in AcMNPV occluded virions purified
from polyhedra (not shown). AcMNPV polyhe-
drin (33K) was not being made at a high level in
infected cells at 18 to 21 h p.i. However, by 48 to
51 h p.i., polyhedrin and the 10K polypeptide
were the major translation products (Fig. 1, lane
d).
When infected cells were pulse-labeled with L-

[35S]methionine instead of L-[3H]leucine, no
10K polypeptide could be detected up to 48 h
p.i. (not shown). Therefore, it is likely that the
10K polypeptide is deficient in the amino acid L-
methionine and thus was not detected in previ-
ous investigations in which L-[35S]methionine
was used as a radioactive tracer (1, 3, 5, 8, 17).
The polyhedrin protein was also less efficiently
labeled with L-[35S]methionine than with L-
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[3H]leucine. This is consistent with an earlier
report (13) in which it was shown (using amino
acid analysis) that AcMNPV polyhedrin is defi-
cient in L-methionine. To test whether 10K or
any other induced protein has an unusually high
or low L-leucine content, we pulse-labeled in-
fected cells at 18 to 21 h p.i. with a mixture of L-
3H-labeled amino acids. The protein patterns
were similar to those obtained with L-[3H]leu-
cine (not shown).

Hybridization selection and in vitro translation
of early RNA. RNA was purified from the cyto-
plasm of infected cells at 4 h p.i. and hybridized
to filters containing AcMNPV DNA, and the
virus-specific RNA was eluted and translated in
vitro (Fig. 3). AcMNPV-specific RNA from 4 h
p.i. translated into at least six polypeptides with
molecular weights of 47K, 39K, 32K, 31K, 29K,
and 25K, the most abundant being 39K and 29K
(lane d). The 47K in vitro-synthesized polypep-
tide was minor but clearly visible on the autora-
diogram. There were also some low-molecular-
weight proteins synthesized from virus-specific
RNA which could be seen in lane d when the
autoradiogram was exposed longer (n6t shown).
An ICSP of 39K was the major virus-induced
polypeptide observed in cells pulsed-labeled
from 3 to 6 h p.i. (lane g). ICSPs of 47K, 32K,
31K, and 29K were also detected in these cells.
Although it is possible that the in vitro-translat-
ed 25K protein was due to premature termina-
tion and not to an authentic early protein, we
have recently used cloned DNA restriction frag-
ments and have selected for an early mRNA that
translated into a 25K polypeptide (Smith et al.,
in preparation). A control of the same amount of
mock-infected Sf cell RNA was hybridized to
similar AcMNPV DNA filters. No detectable
polypeptides were synthesized from mock-in-
fected-cell RNA selected against AcMNPV
DNA filters (lane b).

Translation of poly(A)+ RNA from cells
isolated at 4 h p.i. (Fig. 3, lane e) showed
numerous polypeptides with electrophoretic mo-
bilities similar to those of polypeptides from
poly(A)+ RNA from uninfected cells (lane c),
with the exception of a few virus-specific poly-
peptides (lane d). For example, 39K, 29K, and
25K polypeptides were easily detected among
the translation products from RNA isolated at 4
h p.i. (compare lanes e and c). This indicated
that poly(A)+ RNA present at 4 h p.i. was
predominantly of host cell origin, in contrast to
poly(A)+ RNA isolated at 21 h p.i. (lane f),
which has been shown to be virus specific (16).

In vitro translation of 21-h RNA. In a previous
study (16) we demonstrated that poly(A)+ RNA
and AcMNPV-specific RNA obtained by hy-
bridization selection from cytoplasmic RNA iso-
lated at 21 h p.i. could be translated into an
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FIG. 3. In vitro translation of AcMNPV early

RNA. Poly(A)+ RNA was translated in vitro after
isolation from mock-infected cells (lane c), cells infect-
ed for 4 h (lane e), and cells infected for 21 h (lane f).
AcMNPV-specific RNA was isolated by hybridization
selection to AcMNPV DNA filters and translated in
vitro, using RNA from mock-infected Sf cells (lane b)
and cells infected for 4 h (lane d). Lane a shows
products of endogenous protein synthesis, and the
major product observed is marked (e). The molecular
weights of the major ICSPs are indicated (x 103).
Proteins pulse-labeled in mock-infected cells (M; lane
h) and in infected cells labeled for 3 to 6 h p.i. (3-6;
lane g) are shown for comparison. Electrophoresis and
fluorography were as described in the legend to Fig. 1.

identical set of virus-specific proteins. A few of
these proteins were the same size as ECV pro-
teins, and the 33K polypeptide was identified by
using immunoprecipitation as polyhedrin. In this
report we extend this information further by a
comparison of in vitro translation products to
ICSP and virion structural proteins by poly-
acrylamide gel electrophoresis (Fig. 2). The in
vitro translation products between about 16K
and 64K daltons were similar both in size and in
relative abundance to those made in infected
cells (Fig. 2, lanes a and b). Only two polypep-
tides (with molecular weights of 20K and 30K)
were present in infected cells but were not
detected among the in vitro translation products.
A minor polypeptide of 31K was present in in
vitro-synthesized proteins, but no correspond-
ing polypeptide was found in infected cells. Five
virion proteins (from 70K to 105K) were synthe-
sized at a lower level than that observed in
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FIG. 4. In vitro translation of AcMNPV DNA re-
striction fragment-selected RNA. RNAs were selected
by hybridization to purified DNA fragments, eluted,
and translated in vitro in the presence of L-[3H]leu-
cine. Poly(A)+ RNA isolated from cells at 21 h p.i. was
translated in vitro and labeled with either L-[35S]methi-
onine or L-[3H]leucine, and the translation products
were electrophoresed in the first and second slots,
respectively. The molecular weights of several in vitro
translation products are indicated (x 103). Polypep-
tides observed in an endogenous protein synthesis
reaction are marked (e). Proteins were electropho-
resed in 10o polyacrylamide gels, and fluorography
was for 12 days at -80°C.

infected cells (Fig. 2). We have not detected in
vitro translation products larger than 105K.
Whether high-molecular-weight mRNAs were
selectively degraded during isolation or whether
they were not as efficiently translated in vitro is
not known.
The presence of a large quantity of unlabeled

globin and serum albumin in the reticulocyte
lysate used for in vitro translation interfered
with the mobilities of 10K and 68K polypep-
tides, respectively. RNA isolated 21 h p.i. and
translated in vitro produced a large amount of
labeled protein that migrated in the gel just
below rabbit globin (Fig. 2, lane b). In a control
in which no exogenous RNA was added to the in
vitro translation system there was only a minor
amount of labeled protein in this same region
(Fig. 4). Therefore, the mRNA for the 10K
protein was most likely present in RNA isolated
at 21 h p.i. and translated in vitro. We also
observed a slight increase in the electrophoretic
mobility of the 64K protein, probably due to the
interference from rabbit serum albumin. It is
also possible that the slight difference in molecu-

lar weights was due to the fact that in infected
cells this protein is modified, whereas when
translated in vitro it is not.

In vitro translation of restriction fragment-
specific AcMNPV RNA. AcMNPV DNA restric-
tion fragments were isolated from preparative
agarose gels, and the identities and purities of
the fragments were checked by analytical ag-
arose gels as detailed previously (16). Restric-
tion fragments that could be easily separated
from other fragments were chosen to minimize
contamination. The 18 DNA fragments used (see
Fig. 6 [in black]) are representative of nearly all
of the AcMNPV genomes. HindIlI fragments F,
V, and T were obtained from purified recombi-
nant plasmid DNAs. To avoid competition with
the same viral DNA sequences for RNAs during
hybridization, each hybridization mixture con-
tained filters with DNA fragments having non-
overlapping sequences. For example, filters
containing Hindlll fragments G and F were not
included in the same hybridization mixture with
filters containing BamHI fragment B.
The in vitro translation products obtained

from restriction fragment-selected RNAs are
shown in Fig. 4 and 5. We have shown in a
previous study (16) that an mRNA for a 39K
polypeptide was selected from EcoRI-J and that
AcMNPV polyhedrin mRNA is selected by
EcoRI fragment r. Four DNA fragments were
chosen, representing the sequences within
EcoRI fragment I: HindIII fragments F, V, and
T and BamHI fragment C. At least one of these
fragments would be expected to have sequences
complementary to polyhedrin mRNA. A 33K
polypeptide was translated only from RNA se-
lected by HindIII fragment V. Thus, sequences
complementary to polyhedrin mRNA included
HindIII fragment V. The approximate location
of other AcMNPV genes was determined by
comparing the molecular weights of in vitro
translation products of RNAs isolated from
DNA fragment filters. For example, a 41K poly-
peptide was made from Sacl fragment D-specific
RNA (Fig. 4), and a 41K polypeptide was also
made from SmaI fragment C-specific RNA (Fig.
5). Therefore, sequences that at least in part
specify for the 41K were mapped to the region of
the genome that is common to both Sacl frag-
ment D and SmaI fragment C (Fig. 6). The
AcMNPV translation products that were
mapped in this manner are listed in Table 1, and
the approximate location of the genes that speci-
fy for these proteins is shown in Fig. 6. Most of
the viral genes were mapped from an analysis of
in vitro translation products made from viral
RNAs selected from overlapping DNA restric-
tion fragments as described above. Because no
overlapping DNA fragments for translation
products of 23.5K, 25K, 32K, 36K, and 38K
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FIG. 5. In vitro translation of AcMNPV DNA restriction fragment-specific RNA. DNA fragment-specific
RNAs were translated in vitro and electrophoresed as described in the legend to Fig. 4. Fluorography was for 14
days at -80°C.

polypeptides were included in these experi-
ments, their locations have not been confirmed.
The mRNAs for 23.5K and 38K were selected
for by adjacent restriction fragments: Sacl-C
and -F and HindIII-G and -F, respectively. This
suggests that the gene sequences for 23.5K and
38K polypeptides are on adjacent restriction
fragments (Fig. 6).
A significant increase in the amount of radio-

labeled protein which migrates just in front of
the approximately 10K globin band was ob-
served with RNA selected from the overlapping
XhoI fragment K and BamHI fragment B. This
suggests that the gene for a 10K polypeptide
includes sequences in XhoI fragment K. Hybrid-
ization analysis of 32P-labeled cDNA synthe-
sized from RNA isolated at 48 h p.i. and north-
ern gel analysis have also located a major late
transcript from this region of the genome (Smith
et al., in preparation). However, an increased
amount of labeled protein migrating in front of
rabbit globin was also observed with RNA se-
lected from three other regions of the genome,
i.e., Sacd fragments D, E, and F. Whether these
are authentic low-molecular-weight viral transla-
tion products, artifacts caused by degradation of
RNA during hybridization, or products of pre-
mature termination of in vitro translation is not
known. Additional minor in vitro translation
products were observed with several restriction
fragment-selected RNAs. We do not know the
origin of these proteins.
To detect any proteins that are deficient in

either L-leucine or L-methionine, the poly(A)+
RNA isolated at 21 h p.i. was translated in vitro
and labeled with L-[3H]leucine or L-[35S]methi-

onine as a radioactive tracer, and the products
were compared by gel electrophoresis (Fig. 4).
The 10K polypeptide was not as efficiently la-
beled with L-methionine as with L-leucine,
which was similar to the results seen in pulse-
labeled cells. Polyhedrin (33K) was more effi-
ciently labeled with L-leucine, most likely due to
the fact that AcMNPV polyhedrin is deficient in

TABLE 1. Location of AcMNPV in vitro
translation products

In vitro
translation
product
(mol wt)

64K
57K
54K
52K
47K
41K
39K
38K
38K
36K
33K
32K
31K
29K
25K
24K
24K
23.5K
10K

mRNA derived from DNA fragmentsa:

SmaI-B and KpnI-D
SmaI-B and KpnI-D
BamHI-B and HindIII-G, but not XhoI-K
SmaI-B and KpnI-D
SmaI-C and SacI-D
SmaI-C and SacI-D
SacI-E, EcoRI-J, and possibly Sacl-C
BamHI-B and HindIII-G and F
BamHI-C, but not EcoRI-I
SacI-G or H
EcoRl-I and HindIII-V
SacI-G or H
SmaI-B and KpnI-D
SmaI-C and SacI-D
SacI-E, but not EcoRI-J
BamHI-B and HindIII-G, but not XhoI-K
SacI-D, but not SmaI-C
Sacl-C and Sacl-F
BamHI-B and XhoI-K, but not HindIII-G

a EcoRI-I- and EcoRI-J-specific mRNA in vitro
translation products were as reported previously (16).
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38

32436
FIG. 6. Map of AcMNPV in vitro translation products. The restriction map is oriented with 0%o between

EcoRI-B and I and the location of restriction sites is as described by Vlak and Smith (15a). The black restriction
fragments were those used for hybridization selection of AcMNPV mRNA. The bars around the outside of the
map define the location ofAcMNPV translation products that have been mapped as described in the text. The
identity of a specific gene product is indicated by its molecular weight x 103.

L-methionine (13). On the other hand, a 54K
polypeptide incorporated more L-methionine
than L-leucine (Fig. 4). Since L-[3H]leucine was
used in our translation experiment, we were not
able to locate the 54K protein gene on the
genome.

DISCUSSION

The molecular weights and relative abundance
of virus-induced early and late polypeptides in
AcMNPV-infected cells were similar to those

reported in previous studies (1, 3, 5, 8, 16, 17).
One exception was a major AcMNPV-induced
polypeptide of about 10K. When infected cells
were pulse-labeled with L-[3H]leucine at 18 to 21
h p.i., 10K was the most abundant labeled
polypeptide. By 48 h p.i. nearly all of the protein
being made in infected cells was either 10K or
polyhedrin (33K), and both were being made at
approximately the same rates. In addition, both
of these viral proteins accumulate in infected S.
frugiperda cells (Smith et al., in preparation).
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The function of 10K protein is not known, but it
is a major viral gene product that is a very minor
component of AcMNPV virions, and its synthe-
sis cannot be detected until late in the infection
cycle. At 21 h p.i. the 10K protein is being made
at high levels, whereas polyhedrin is not; at 48 h
p.i., both proteins are synthesized in abundance.
This suggests that the expression of 10K and
polyhedrin genes is being differentially regulated
at 21 h p.i. Since 10K and 33K were mapped
about 17 kilobases apart, it is possible that they
are under the control of separate promoters.
However, RNA splicing of leader sequences is
known to occur over this distance, e.g., in
adenovirus-2 late mRNAs (10). There might also
be controls over the expression of 10K and
polyhedrin which are similar since very late in
the infection cycle both gene products are made
at high levels.

Purified AcMNPV ECV is composed of at
least 25 polypeptides of which the 41K and 64K
polypeptides are two major components (11, 15)
that are labeled with L-[3H]leucine. A polypep-
tide with a molecular weight of about 17.5 K is
also a major AcMNPV virus structural protein
found both in AcMNPV ECV and in virions
purified from occlusions (11). This protein is not
labeled with either L-[35S]methionine (11) or, as
shown in the present report, with L-[3H]leucine.
The 41K polypeptide is a major viral capsid
protein (14), and the 64K polypeptide is a major
ECV protein but a minor component of occluded
viruses (11, 15). The 64K polypeptide is phos-
phorylated and occurs predominantly in the cy-
toplasm of infected cells (8). Polypeptides of
41K and 64K were among the proteins translated
in vitro from RNA isolated at 21 h p.i. In a
previous study (16) it was shown that AcMNPV
polyhedrin is present in infected Sf cells at 21 h
p.i. and that a polypeptide of the same size can
be translated in vitro from RNA isolated at 21 h
p.i. and immunoprecipitated with polyhedrin-
specific antiserum. In that study and in the
present report we observed a good correlation
between the sizes of proteins made in vitro from
RNA isolated from infected cells and the sizes of
proteins being synthesized in infected cells. Fur-
thermore, all of the detectable ECV structural
polypeptides were being made in infected cells
between 18 and 21 h p.i., and many polypeptides
of the same size were made in vitro from RNA
isolated at 21 h p.i. We conclude that AcMNPV
mRNAs were efficiently translated in vitro into
proteins whose molecular weights are similar to
those of authentic viral proteins. Further identi-
fication of in vitro-synthesized proteins will be
necessary to confirm that they are identical to
viral proteins which have similar molecular
weights.
We have used in vitro translation of RNA

complementary to purified AcMNPV DNA re-
striction fragments to map the locations of spe-
cific viral mRNAs. Cytoplasmic RNA isolated
from infected cells at 21 h p.i. was used in these
studies because all of the virion structural pro-
teins, polyhedrin, 10K, and at least 10 other
virus-specific proteins were being synthesized at
this time. One of the more striking features
about the organization of AcMNPV genes was
that many of the genes for the major structural
and nonstructural proteins were located in re-
gions that together represent nearly the entire
genome (Fig. 6 and Table 1). The locations of
AcMNPV genes for two major virion polypep-
tides, 41K and 64K, as well as those for other
virion polypeptides do not appear to be clus-
tered. This suggests that many AcMNPV late
genes may be under the control of different
promoters. These results are consistent with the
observation that in vitro-radiolabeled poly(A)'
RNA isolated at 21 h p.i. hybridized to all
AcMNPV BamHI and EcoRI DNA restriction
fragments (16). In addition, Vlak et al. (16) also
observed that sequences homologous to EcoRI-
P are more abundant than most other sequences
present in poly(A)+ RNA isolated at 21 h p.i. In
the present report we showed that AcMNPV
mRNA spepific for this region of the genome
was translated into a 10K polypeptide. There-
fore, the high level of translation of the 10K
polypeptide at 21 h p.i. can likely be correlated
with a high steady-state level of the mRNA for
10K.

In a previous report we concluded that the
polyhedrin gene was located on fragment EcoRI-
I (16). We could not exclude the possibility that
leader sequences could be responsible for the
hybridization of polyhedrin mRNA to EcoRI-I.
However, none of the other fragments used in
this study, which represent the entire AcMNPV
genome, selected for polyhedrin mRNA. With-
in fragment EcoRI-I, only mRNA selected
from HindIII-V, but not from adjacent frag-
ments HindIII-F and -T, could be translated into
polyhedrin. Fragment HindIII-V is about 930
base pairs long, and the mRNA, as detected by
northern blotting experiments, has a length of
1,100 to 1,200 bases (Smith et al., in prepara-
tion). Since the mRNA for polyhedrin is polya-
denylated (16) the actual coding sequences can
be estimated to be about 1,000 bases. Therefore,
it is likely that HindIII-V to a large extent
contains the coding sequence for polyhedrin.
We have additional evidence that the actual gene
extends into the adjacent HindIII-F, but that
there are too few complementary sequences to
form a stable DNA/RNA hybrid in the hybrid-
ization reaction (Smith et al., in preparation).
The specific selection of polyhedrin mRNA only
from HindIII-V also demonstrated that there
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was one polyhedrin gene copy on EcoRI-I and
most likely on AcMNPV DNA as a whole.
We do not know whether RNA splicing of

non-coding sequences, e.g., 5' leader se-
quences, was responsible for the hybridization
selection of RNAs, which would lead to a misin-
terpretation as to the location of the coding
sequences for particular mRNAs. However,
most of the mRNAs mapped in this report were
selected for by DNA fragments from only one
region of the genome. Two exceptions were
mRNAs for 24K and 38K polypeptides, each of
which was mapped to two different regions.
Although this could be a result of RNA splicing
of noncontiguous sequences, it is just as likely
that there were AcMNPV genes specifying for
two different 24K and two different 38K poly-
peptides.

Early AcMNPV mRNA isolated at 4 h p.i.
was translated in vitro into at least six polypep-
tides. ICSPs of the same size were detected in
cells pulse-labeled 3 to 6 h p.i. In several previ-
ous studies it was concluded that AcMNPV
proteins induced early in infected cells are also
being synthesized at least as late as 21 h p.i. (1,
3, 8, 17). We can speculate that either early
mRNAs are being transcribed and translated
continuously, or the mRNAs which were made
before DNA replication are stable, or both. In
any event, many of the mRNAs specific for
early proteins are most likely present at 21 h p.i.
Those mRNAs, which were present late and
have been mapped in the present report, may be
the same as those transcribed early. These
mRNAs map within two regions of the
AcMNPV genome: mRNAs for 25K and 39K
polypeptides map between 15 and 22 map units,
and the mRNAs for 29K, 32K, and 47K polypep-
tides map between 45 and 60 map units. Several
other important conclusions can be made re-
garding early transcription: (i) based on a com-
parison of molecular weights only, none of the
early polypeptides become major components of
the virus; (ii) the 39K polypeptide was the major
early polypeptide, was made at relatively high
levels throughout most of the infection cycle,
and most likely plays an important regulatory
role; (iii) there were no detectable host proteins
whose syntheses were increased as a result of
viral infection.

In most instances in which quantitative or
qualitative changes occur in protein synthesis in
eucaryotic cells, there is a corresponding shift in
the steady-state levels of specific mRNAs in the
cytoplasm. This is also generally true in virus-
infected animal cells (for review, see Darnell
[2]). In the present report we have demonstrated
that changes that occur in protein synthesis in
AcMNPV-infected cells early and late in the
infection cycle were concomitant with the pres-

ence of specific mRNAs, as assayed by in vitro
translation of hybridization-selected viral
mRNAs. We have also mapped the approximate
location of AcMNPV DNA sequences for spe-
cific mRNAs present late in infected cells. These
results help to define those regions of the
genome which will be of interest for more de-
tailed studies in the future.
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