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The baculovirus lef-12 (orf41) gene is required for transient expression of baculovirus late genes. To analyze
the role of LEF-12 in the context of infected cells, two mutant viruses were constructed. Both mutants were
viable in Trichoplusia ni High 5 and Spodoptera frugiperda Sf9 cells. Single-step growth curves, however,
indicated that virus yields were reduced approximately fivefold in the absence of LEF-12. Pulse-labeling of
infected cells revealed that LEF-12 mutant viruses entered the late phase and synthesized late proteins at levels
equivalent to or only twofold lower than those of wild-type virus-infected cells. Western blot analyses confirmed
that LEF-12 was not synthesized in cells infected with mutant virus. In wild-type virus-infected cells, LEF-12
was not detected until 18 h postinfection, and accumulation of LEF-12 peaked at 24 to 36 h postinfection.
Primer extension mapping revealed that lef-12 mRNA was synthesized by 12 h postinfection and peaked
between 18 and 24 h postinfection. Furthermore, synthesis of lef~12 mRNA and LEF-12 protein were inhibited
by the addition of aphidicolin, indicating that lef-12 is expressed after DNA replication.

In the baculovirus system, most of the viral proteins involved
in expression of late genes have been identified by transient-
expression assays (25). In Spodoptera frugiperda cells, 19 viral
proteins, called late expression factors (LEFs), are required for
expression of a reporter gene cloned under the control of a late
Autographa californica nuclear polyhedrovirus (AcNPV) pro-
moter. Baculovirus late gene expression is absolutely depen-
dent on viral DNA replication, and therefore these 19 genes
include early transcription factors and DNA replication pro-
teins as well as proteins directly involved in late transcription
(21).

The identification of 19 LEFs is broadly applicable to all
baculoviruses, although a few virus-specific and cell line-spe-
cific differences have been noted. For example, the apoptosis
suppressor p35 can be replaced by inhibitor of apoptosis genes
from other baculoviruses, and it is not required for expression
in Trichoplusia ni cells because of the inherent resistance of
this cell line to apoptosis (1, 10, 21, 29). In addition, three
ACNPYV genes (ie-2, lef-7, and lef-12) are essential or strongly
stimulatory for transient expression of late genes in Spodoptera
frugiperda cells but not in Trichoplusia ni cells (20, 22). Instead,
transient late expression in 7. ni requires HCF-1, which is
nonessential for replication in S. frugiperda cells.

IE-2 transactivates early gene expression, stimulates DNA
replication, and inhibits the host cell cycle in S. frugiperda cells
(5, 6,21, 24). IE-2 is expressed only transiently during the early
phase of replication. Therefore, it seems likely that it is not
directly involved in late gene expression but rather helps to
establish viral replication factories. Little is known concerning
the functions of LEF-7 and HCF-1, but they are also required
for efficient transient DNA replication and therefore may also
play an indirect role in late gene expression (9, 22).

LEF-12 is the only cell line-specific factor that does not
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affect transient DNA replication and thus was predicted to
function directly at the stage of late transcription (25). The fact
that LEF-12 is required for transient late gene expression in S.
frugiperda cells but not in T. ni cells suggested to us that it
might not be essential in the context of virus replication in T.
ni. We decided to address this question through the construc-
tion of a mutant virus containing an interrupted lef-12 gene.
We found that lef-12 was not essential for viral replication in
either S. frugiperda or T. ni cells, although yields of virus were
reduced in the mutant-infected cells. Analysis of lef-12 gene
expression revealed that it was dependent on viral DNA rep-
lication, indicating that it should be classified as a late gene.

MATERIALS AND METHODS

Construction of lef-12 (orf41) mutant viruses. To construct mutant viruses that
do not express functional LEF-12, a fragment of DNA encoding the B-galacto-
sidase gene was cloned into the lef-12 open reading frame. To do this, a 6-kb
Pst1-Kpnl fragment, which represents the left half of the PstI-F fragment of the
AcNPV genome and contains /ef-12, was cloned into the PstI and Smal sites of
pUCS. The resulting clone, named PstF-PK, was digested with Apal and then
treated with T4 DNA polymerase in the presence of deoxynucleoside triphos-
phates to make blunt ends. The repaired DNA was then ligated with Bg/II linkers
(GAAGATCTTC). This DNA was subsequently digested with Bg/II and then
ligated to a 3.1-kb fragment encoding the B-galactosidase gene which had pre-
viously been purified from plasmid DP502 after digestion with BarmHI. Colonies
expressing the LEF-12-B-galactosidase fusion under the control of the lef-12
promoter were selected as blue colonies when grown in the presence of 5-bromo-
4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal). DNA sequence analysis was
performed to confirm that the construction was correct, and the final clone was
named pLEF12-Bgal.

The vLEF12-Bgal mutant virus was constructed by cotransfecting wild-type
viral DNA and pLEF12-Bgal into T. ni High Five (Invitrogen) tissue culture cells.
Viruses that formed blue plaques when grown in the presence of X-Gal were
picked, purified by plaque assay three additional times, and screened for the
presence of the B-galactosidase gene within the lef-12 open reading frame by
Southern blot analysis.

A second mutant virus was constructed in which the initiation codon for lef-12
was altered. To do this, QuickChange mutagenesis (Stratagene) was used to
make substitutions within the methionine initiation codon of LEF-12 as well as
the methionine at the third amino acid position. For ease in screening, the
substitutions were planned so that a HindIII site was inserted at the 5 end of the
open reading frame in PstF-PK. The sequence ATGACTATG was changed to
ATAAGCTTG, which alters the first three amino acids in the LEF-12 open
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reading frame from Met-Thr-Met to Ile-Ser-Leu. The mutant virus vLEF12-
AATG was constructed by digesting VLEF12-Bgal DNA with Bsu36I, which cuts
viral DNA once within the B-galactosidase gene. Linearized viral DNA and
pLEF12-AATG were cotransfected into S. frugiperda Sf9 cells, and white plaques
were picked and amplified.

To screen for the presence of the LEF12-AATG mutation in recombinant
viruses, the plaques were amplified by PCR with a primer named lef12.s3 (GT
ACCACCGATCTCGGCAC) that hybridized 322 nucleotides upstream of the
start codon and a primer named lef12.as2 (AATCAACGTGATTGACGACG
AG) that hybridized to the 3’ end of the lef-12 open reading frame. The PCR
products were subsequently digested with HindIII and analyzed by agarose gel
electrophoresis.

Production of LEF-12 antiserum. To produce antiserum against LEF-12 in
rabbits, the protein was cloned into a bacterial expression system. QuickChange
mutagenesis (Stratagene) was used to construct an Ndel site at the ATG codon
for lef-12. The resulting plasmid was digested with Ndel and EcoRV, and the
resulting 570-bp fragment was cloned into the Ndel and BamHI (repaired with
Klenow) sites of pET28a.

pET28a-lef12 was transformed into BL21(DE3)GroESL cells, and a 100-ml
culture was grown in the presence of kanamycin and chloramphenicol at 30°C
until the optical density at 280 nm reached 0.6. Expression of LEF-12 was
induced by the addition of 0.5 mM isopropylthiogalactopyranoside, followed by
incubation at 25°C overnight. Bacteria were resuspended in 5 ml of TEBG buffer
(50 mM Tris [pH 7.5], 1 mM EDTA, 1 mM B-mercaptoethanol, and 10%
glycerol). The resuspended cells were subsequently incubated in the presence of
5 wpl of ReadyLyse (Epicentre Technologies). After 5 min at room temperature,
the bacteria were lysed by the addition of 0.2% sodium deoxycholate. Nucleic
acids were then digested with 5 pl of Omnicleave endonuclease (Epicentre
Technologies) for 15 min at room temperature. Inclusion bodies were collected
by centrifugation. Inclusion bodies were solubilized with 0.5% sodium dodecyl
sulfate (SDS), and LEF-12 was purified by metal affinity chromatography on
Talon (Clontech) in the presence of 0.1% SDS. Purified LEF-12 was subse-
quently dialyzed against Tris-buffered saline and injected into rabbits to produce
polyclonal antibody by following a standard protocol (16).

LEF-12 transcriptional analysis. Sf9 cells were gown in 100- or 500-ml spinner
flasks and infected with wild-type virus at a multiplicity of infection (MOI) of 5.
Cells were harvested at the indicated times postinfection, and RNAs were pu-
rified by guanidine-isothiocyanate extraction. RNAs prepared for the time
course experiment in S. frugiperda cells were purified by ultracentrifugation in
CsCl gradients as previously described (13). Additional RNAs were prepared by
affinity chromatography according to the recommendations of the manufacturer
(Eppendorf). The oligonucleotide lef12.gsp2 (GTTTCATCATTGTGGCGA
TC) was labeled at the 5 end with T4 polynucleotide kinase and [y->*P]ATP
(27). Labeled primer was hybridized with 10 pg of total RNA isolated from
infected cells at different times postinfection. Primer extension assays were
performed as previously described (27). A sequencing reaction was performed
with the same primer and Sequenase as recommended by the manufacturer
(USB).

For reverse transcription (RT)-PCR analysis, RNAs were further purified by
digestion with DNase I, followed by precipitation with 2.5 M LiCl. Reverse
transcriptase reactions were performed with 1 ug of RNA, 20 pmol of LEF-
12.pe2 primer (CCTGTTGCGTGCAATAGCCCTGCTG), and 1 pl of ImPro-
mlII reverse transcriptase (Promega) in a 20-pl reaction volume. Then 1 pl of the
reverse transcription reaction was amplified in a 25-pl reaction mix with 2X PCR
MasterMix (Promega) and 10 pmol each of lef12.gsp2 and lef12.5prime (GTG
CTCCAACCGGGTG). RT-PCR products were separated on 2.5% agarose gels
and photographed under UV light.

Analysis of viral protein expression. Cells were infected with virus at an MOI
of 5 and harvested at different times postinfection. Radiolabeling was performed
in TNMF medium minus methionine and cysteine in the presence of 3>S-Express
(New England Nuclear) at 20 wCi/ml for 4 h. Soluble proteins were extracted by
incubation with extraction buffer for 20 min on ice as previously described (12).
Samples were used for immunoprecipitation by following a standard protocol
(16). Unlabeled protein samples were prepared in the same manner and ana-
lyzed by immunoblot analysis (16).

Expression of polyhedrin was measured indirectly by viewing the formation of
occlusion virus in the nuclei of infected cells. S. frugiperda cells were grown in
Lab-Tek chamber slides and infected at an MOI of 5. At 36 and 48 h postinfec-
tion, cells were rinsed in phosphate-buffered saline and fixed in methanol at
—20°C. Cells were examined under a Zeiss Axiophot microscope, and images
were captured with a charge-coupled device camera. For each time point, six
fields of cells at x40 were scored for the presence of polyhedra.
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RESULTS

Construction of vVLEF12-Bgal. To determine whether lef-12
was essential for replication of AcNPV, we constructed a plas-
mid with the gene for B-galactosidase inserted into a unique
Apal site in the lef-12 open reading frame (Fig. 1A). The Apal
site was chosen for the site of insertion because it has previ-
ously been used to produce frameshift mutants that are not
capable of stimulating late gene expression (18, 25). The chi-
meric plasmid was then transfected into 7. ni (High 5) cells for
in vivo recombination with wild-type viral DNA. The transfec-
tion and subsequent plaque purification were done in 7. ni cells
because we expected that LEF-12 might be essential in S.
frugiperda but not in T. ni. Plaques with a blue phenotype in the
presence of X-Gal were selected and amplified in 7. ni cells.

The viral DNA was digested with PstfI and separated on
0.8% agarose gel (Fig. 1B). Visualization of the ethidium bro-
mide-stained gel revealed that the PstI-F band was missing in
the mutant DNA. Digestion at the PstI site within the B-galac-
tosidase gene produced two fragments containing portions of
PstI-F. This was expected because cloning of the B-galactosi-
dase gene into the lef-12 open reading frame resulted in the
insertion of an additional PstI site immediately downstream of
the insertion site. One of the new fragments, which represents
the right portion of the PstI-F fragment fused to the B-galac-
tosidase gene, has a predicted size of 9.4 kb, and it migrated
more slowly than PstI-F at 8.9 kb. The other fragment, which
comigrated with the PstI-N band at approximately 2.6 kb, rep-
resents the right portion of the PstI-F fragment.

The correct assignment of the two restriction fragments was
confirmed by Southern blot analysis (Fig. 1C). Probing of the
digested DNAs from the mutant virus with the PstI-F fragment
labeled both the 9.4-kb band and the 2.6-kb band and only
PstI-F in the wild-type viral DNA. Radiolabeled B-galactosi-
dase fragment hybridized only to the larger 9.4-kb band in the
mutant viral DNA. As expected, the B-galactosidase probe did
not hybridize to the wild-type viral DNA, and the PstI-F probe
hybridized only to the PstI-F fragment. The particular viral
isolate represented in Fig. 1 was named vLEF12-Bgal.

The fact that we were able to rescue lef-12 mutant virus from
T. ni cells indicated that this protein is not essential for repli-
cation of the virus in this cell line. To determine whether
functional LEF-12 was required for replication in S. frugiperda
Sf9 cells, the two cell lines were infected separately with the
vLEF12-Bgal and wild-type viruses at a multiplicity of infection
of 2. Virus supernatants were harvested from both cell lines at
48 h postinfection, and viruses were counted on 7. ni cells.
These experiments revealed that mutant virus replicated in
both cell lines, although the yields of mutant virus were 60 to
70% of those of wild-type virus; there were 1.4 X 10% = 0.16 X
10% and 1.0 X 10® = 0.08 X 10® wild-type viruses on 7. ni and
S. frugiperda cells, respectively, versus 8.2 X 107 = 1.2 X 107
and 7.4 X 107 = 1.0 X 107 mutant viruses, respectively (means
+ standard error of the mean). This result indicates that
LEF-12 is not essential for replication of AcNPV in either Sf9
or High 5 cells, although it may be required for optimal rep-
lication.

Construction of vVLEF12-AATG. The finding that viruses
with an interrupted lef-12 gene were viable in S. frugiperda cells
was somewhat surprising because lef-12 is required for tran-
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FIG. 1. Construction of vVLEF12-Bgal. (A) Strategy. The recombinant virus vVLEF12-Bgal encodes the first 96 amino acids of LEF-12 fused in
frame with B-galactosidase. This virus was constructed by in vivo recombination between wild-type viral DNA and a plasmid containing the
B-galactosidase gene (shaded) inserted into an Apal site within the open reading frame of lef-12. This virus was selected as a blue plaque
recombinant when plated in the presence of X-Gal. The positions of the Apal sites converted to Bg/II sites are indicated by A/B. The genome
positions of the PstI and Apal sites are indicated. (B) Restriction enzyme digest. DNA purified from wild-type virus (lane 2) and vLEF12-Bgal virus
(lane 3) was digested with PstI, and fragments were separated on a 0.8% agarose gel. Lambda DNA digested with HindIII was run in an adjacent
lane as molecular size markers (lane 1). The locations of the genomic fragments are indicated on the right, and the sizes of the relevant lambda
markers are indicated on the left (in kilobases). The PstI-F fragment in wild-type virus and the two PstI-F subfragments in the mutant virus are
indicated by white arrowheads. (C) Southern blot. Duplicate sets of digests were transferred to nitrocellulose membranes and separately probed
with uniformly radiolabeled PstI-F genomic DNA fragment (lanes 1 and 2) and B-galactosidase DNA (lanes 3 and 4).

1sanb Aq 8T0Z ‘2T Jequaldas uo /Bio wse’IAl/:dny woly papeojumoq


http://jvi.asm.org/

VoL. 76, 2002

sient late gene expression in that cell line (18, 25). We consid-
ered the possibility that the LEF-12—3-galactosidase fusion
protein had residual LEF-12 activity, because the B-galactosi-
dase portion was inserted after residue 91 of the 181-amino-
acid protein. This seemed unlikely, because a frameshift mu-
tant constructed at the Apal site had previously been shown to
be incapable of stimulating late gene expression (18, 25), but
we believed that our results would be strengthened by con-
struction of additional mutants.

The promoter for the adjacent p47 gene is contained within
the lef-12 open reading frame, and therefore it did not seem
reasonable to delete the N terminus of lef-12 or to insert the
B-galactosidase gene closer to the N terminus. p47 is a com-
ponent of the virus-encoded RNA polymerase and is essential
for replication of the virus in infected cells and for transient
expression of late genes (7, 15, 30). Therefore, we decided to
alter the initiating methionine codon for lef-72. The N termi-
nus of the lef-12 open reading frame encodes Met-Thr-Met.
Since we were not sure which of the methionine codons was
used for initiation, both were changed by site-directed mu-
tagenesis, with concurrent insertion of a HindlIIl restriction
enzyme site at the 5’ end of the open reading frame (Fig. 2A).
This changed the first three codons to Ile-Ser-Leu, and there-
fore LEF-12 protein should not be produced in the absence of
a methionine initiation codon. These substitutions did not af-
fect the coding sequences for p47, although the N termini of
lef-12 and p47 overlap by 2 nucleotides.

This virus, called vLEF12-AATG, was constructed by homol-
ogous recombination between a plasmid containing the desired
mutation and VLEF12-Bgal DNA linearized at the unique
Bsu36I site within the B-galactosidase gene. Plaques that were
colorless in the presence of X-Gal were picked and amplified.
Viral DNA was screened by PCR and restriction digestion with
HindIII (Fig. 2B). A primer set that was predicted to amplify a
fragment of 865 bp containing the complete lef-12 open read-
ing frame and 322 bp of upstream sequences was used. With
wild-type viral DNA and VLEF12-AATG DNA, an 865-bp
band was obtained, as expected. The migration of the wild-type
DNA fragment was not altered after digestion with HindIII, as
expected because there are no HindIII sites in this region of
the AcNPV genome. But with vVLEF12-AATG DNA, HindIIl
cut the 865-bp fragment into two smaller bands of approxi-
mately 320 and 540 bp, as expected due to the insertion of a
HindlIlIl site in the mutant. The same primer set amplified a
4-kb fragment on vLEF12-Bgal DNA. Digestion of this PCR
product with HindIII produced two fragments of 3.4 and 0.6 kb
due to the presence of a HindIIl site at the 5 end of the
B-galactosidase gene.

A virus with a wild-type copy of lef-12 was constructed from
vLEF12-Bgal to use as a revertant control. This was con-
structed by homologous recombination of pPstl-F and
vLEF12-Bgal DNA linearized at the unique Bsul site. Plaques
that were colorless in the presence of X-Gal were picked and
screened by PCR and HindlII digestion as described above. A
plaque with the same size of PCR fragment as wild-type virus
was named VLEF12-R (data not shown).

Single-step growth curves of mutant virus. To examine the
kinetics of viral infection, all four viruses were propagated and
titrated in Sf9 cells, and then Sf9 cells were separately infected
with wild-type and mutant viruses at an MOI of 5 (Fig. 3).
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Infected cells were harvested at 12, 18, 24, 36, and 48 h postin-
fection, and virus in the supernatant was counted on Sf9 cells.
As shown in Fig. 3, the rates of virus production were equiv-
alent in cells infected with the wild-type and vLEF12-R viruses.
The titers for the two mutant viruses were three- to fivefold
lower at all times postinfection than those for the wild-type
virus. This indicates that the mutant viruses were viable, al-
though impaired in virus production.

Late gene expression in the absence of LEF-12. Most of the
viral structural proteins are encoded by late genes. Therefore,
the titration experiments suggested that cells infected with the
lef-12 mutant virus entered the late phase and synthesized late
proteins with normal or nearly normal kinetics. To directly
address this issue, radiolabeling experiments were performed.
Sf9 cells were separately infected with mutant or wild-type
virus and pulse-labeled for 4 h prior to harvest at 12, 24, 36, or
48 h postinfection. Analysis of SDS-polyacrylamide gels re-
vealed that the patterns of late protein synthesis were similar,
though not identical, in wild-type and mutant virus-infected
cells (Fig. 4). At 24 h, several highly expressed late proteins
were synthesized at lower levels in mutant-infected cells than
in the cells infected with the wild-type or the reconstructed
wild-type virus. These differences were less obvious at 36 and
48 h.

To specifically examine the synthesis of particular proteins,
radioimmunoprecipitation experiments were performed with
antibodies raised against several highly expressed late proteins
(Fig. 5). Significant decreases in expression were observed for
P39 (ORF89) capsid protein and P24 (ORF129) capsid-asso-
ciated protein (Table 1). Both of these genes are transcribed
exclusively during the late phase (2). On the other hand, PP31
(ORF36) and GP64 (ORF128) were expressed at wild-type
levels in mutant-infected cells. pp37 and gp64 are regulated by
tandem early and late promoters (4, 14). At 24 h postinfection,
most of the pp3! and gp64 mRNAs originate from their re-
spective late promoters, although early transcripts are still
present and are relatively stable throughout the late phase of
infection. The presence of early transcripts may account for the
higher levels of expression of PP31 and GP64 as opposed to
the strictly late proteins, P39 and P24.

Production of occluded virus in mutant-infected cells. To
monitor production of occluded virus, which is dependent
upon expression of very late genes, infected cells were exam-
ined under a light microscope (Fig. 6). At 36 h postinfection,
75% of cells infected with wild-type virus were filled with
polyhedra. In mutant virus-infected cells, only 33% of the cells
contained polyhedra, and those contained fewer polyhedra per
cell than wild-type-infected cells. In most of the cells lacking
polyhedra, the virogenic stroma was clearly evident. This indi-
cates that the cells were infected but were progressing through
the infection cycle more slowly than the wild-type-infected
cells. At 48 h postinfection, 86% of cells infected with the
vLEF12-Bgal virus contained polyhedra, 90% of cells infected
with VLEF12-AATG contained polyhedra, and 96% of the
wild-type virus-infected cells contained polyhedra. The mu-
tant-infected cells had fewer polyhedra per cell even at this late
time, although most cells contained numerous polyhedra,
which made it difficult to quantitate the number of polyhedra
per cell. Cells infected with the reconstructed (revertant) wild-
type virus had approximately the same percentage of cells with
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FIG. 2. Construction of vVLEF12-AATG. (A) Strategy. A set of PCR primers flanking the lef-12 gene were used to amplify DNA prepared from
the wild-type, vVLEF12-Bgal, and vVLEF12-AATG viruses. The diagram in the middle shows the orientation of the lef-12 gene and an upstream
fragment of the p47 gene in the PCR product. The diagram at the top indicates the position of insertion of the 3-galactosidase gene in LEF12-Bgal
DNA. The B-galactosidase gene is not drawn to scale. The sequences below the diagram show the nucleotide and predicted amino acid sequence

of the 5’ ends of the lef-12 open reading frame in the wild-type and LEF12-AATG mutant viruses. The leftward-pointing arrow indicates the start

codon for p47, which is encoded on the opposite strand from lef-712. (B) PCR analysis of wild-type (WT), LEF12-Bgal (lane Bgal), and
VvLEF12-AATG (lane AATG). Viral DNAs were amplified by PCR. The reaction mixes were split into two parts, and one part was digested with
HindIll. Reaction products were separated on 2% agarose gels and stained with ethidium bromide. The positions of the LEF-12 PCR products
and HindlIII digestion products are indicated on the right. A DNA digested with HindIII was run as molecular size markers (first lane), and the

positions of the \ fragments are indicated on the left (in kilobases).
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FIG. 3. Single-step growth curves. S. frugiperda cells were infected
with wild-type (WT), vVLEF12-Bgal (Bgal), VLEF12-AATG (AATG), or
vLEF12-R (R) virus at an MOI of 5. Cells were harvested at the
indicated times, and viruses in the supernatants were counted on S.
frugiperda cells. Titers represent means of duplicate determinations of
triplicate infections. Standard deviations were plotted for every point,
although most of the error bars are smaller than the data points.

polyhedra as the wild-type-infected cells at 36 and 48 h postin-
fection (data not shown).

Immunodetection of LEF-12 expression in infected cells. To
confirm that the mutant viruses were not able to direct synthe-
sis of LEF-12, antiserum was raised in rabbits against protein
produced in bacteria. This antiserum was first used to examine
the profile of LEF-12 synthesis in cells infected with wild-type
virus. Infected cells were harvested at different times postin-
fection, and proteins were separated on 12% acrylamide-SDS
gels (Fig. 7A). A very weak LEF-12 signal was detected at 12 h
postinfection, and this increased in intensity by 18 h postinfec-
tion. Accumulation of LEF-12 peaked at 24 h postinfection
and then declined somewhat at later times.

These kinetics of expression suggested that lef-12 was ex-
pressed during the late phase of infection. To directly test
whether LEF-12 expression was dependent on viral DNA rep-
lication, cells were infected and then grown for 24 h in the
presence of 5 pg of aphidicolin per ml (Fig. 7B). LEF-12
expression was detected in control cells, which were exposed to
the solvent dimethyl sulfoxide (DMSO) only, but there was no
LEF-12 signal in the aphidicolin-treated cells. Aphidicolin is
an inhibitor of the virus-encoded DNA polymerase, and there-
fore this result indicates that LEF-12 synthesis is dependent on
viral DNA replication.

Immunoblot analysis with LEF-12 antiserum was performed
to confirm that mutant viruses did not synthesize LEF-12 pro-
tein (Fig. 8). Soluble extracts were prepared from the mutant
virus-infected cells at 24 h postinfection, at which time synthe-
sis of LEF-12 protein was maximal in the wild-type virus in-
fection. A large protein with a molecular weight of approxi-
mately 100,000 was detected in the cells infected with vLEF12-
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Bgal. This is the expected position for the fusion protein of
B-galactosidase with LEF-12. The intensity of this band was
much stronger than that of the wild-type LEF-12 protein, sug-
gesting that the fusion protein was more stable than native
LEF-12. No LEF-12 signal was detected in cells infected with
the LEF12-AATG mutant. There was also no indication that
shorter versions of LEF-12 were produced in cells infected
with the vVLEF12-AATG mutant.

Truncated LEF-12 could potentially arise from initiation of
translation at downstream methionine codons. The lef-12 open
reading frame has two in-frame methionines, 22 and 23 resi-
dues downstream of the native start site. Initiation at either
methionine is predicted to encode proteins with molecular
weights of 18,615 and 18,484, respectively. If produced, these
proteins would migrate slightly slower than the 17,000-molec-
ular-weight marker, yet they were not observed. The signal
from VLEF12-R was equal in intensity to that of wild-type
virus, confirming that the lack of LEF-12 synthesis was directly
related to the mutations that were introduced.

Primer extension analysis of LEF-12. The AcNPV lef-12
gene was predicted to be expressed as an early gene due to the
presence of an early initiator element and the absence of late
transcription motifs in the promoter-proximal region. To iden-
tify the start site and also to confirm the kinetics of lef-12
transcription, primer extension analysis was performed (Fig.
9A). The primer used in this experiment was lef12.gsp2, which
corresponds to positions 33453 to 33434 of the AcNPV map.
Two extension products were observed with RNAs harvested
during the early phase of infection and also in the mock-
infected cells. The intensity of each band was constant
throughout the time course, indicating that RNA levels were
constant. The fact that these bands were detected in the mock-
infected cells suggested that they arose from a host RNA that
is homologous to the lef-12 primer.

A similar pattern of host RNAs was obtained with another
lef-12 primer, called lefl12.pe2, which corresponds to nucleo-
tides 33590 to 33483. In this case, three different primer ex-
tension products were observed, also with equal intensities at
each time point (data not shown). Extension products were not
produced with uninfected 7. ni cell RNA as template (Fig. 9A,
lane 14) or with tRNA as template (Fig. 9A, lane 13). The
RNAs used for primer extension reactions shown in lanes 12 to
17 were purified by affinity chromatography, while the time
course RNAs (Fig. 9A, lanes 2 to 8) were purified by CsCl
centrifugation. In addition, older preparations of RNA, which
have been used successfully in the past for primer extension
mapping of other viral genes, also gave identical results (data
not shown) (15, 26). Together, these controls suggest that the
primer extension products obtained with uninfected RNAs
suggest the presence of an S. frugiperda gene that is homolo-
gous to the lef-12 primers and not contamination of RNA
preparations.

Virus-specific RNAs initiating upstream of the lef-12 open
reading frame were not detected until 12 h postinfection. Ex-
tended products of three different lengths were observed, and
the intensities of each were relatively constant from 12 to 48 h
postinfection. This timing of transcription was consistent with
classification of lef-12 as a late gene, and this was further
confirmed by analysis of a culture infected in the presence of 5
pg of aphidicolin per ml and harvested at 24 h postinfection.
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FIG. 4. Kinetics of late protein synthesis. S. frugiperda cells were infected with wild-type virus (lanes W), vVLEF12-Bgal (lanes ), VLEF12-AATG
(lanes A), or vLEF12-R (lanes R). Cells were pulse-labeled with a mixture of [**S]methionine and [**S]cysteine for 4 h prior to the time of harvest
(indicated at the top of the gel; hpi, hours postinfection). Total proteins were resolved on 12% acrylamide-SDS gels. Uninfected cells are shown
in lane UL The migration of prestained molecular size markers is shown on the left. The sizes of the markers are indicated in kilodaltons.

The virus-specific extension products were compared with a
sequencing ladder primed with the same oligonucleotide (Fig.
9B, lanes 9 to 12). This analysis revealed that the early CAGT
initiator element, at map positions 33326 to 33329, was not
used for transcription. Rather, the results suggest that RNA
synthesis initiated at three distinct sites further upstream, at
map positions 33095, 33146, and 33190. This predicts that the
5" leader of lef-12 mRNAs is relatively long for a baculovirus
gene and also indicates the presence of a short minicistron
upstream of the lef-12 open reading frame. Primer extension
analyses performed with lef12.pe2 as the primer also produced
three virus-specific extension products with identical kinetics
of expression (data not shown). These transcripts mapped to

U w g A R
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P24
1 2 3 4 5

FIG. 5. Radioimmunoprecipitation of viral proteins. Cells were la-
beled and harvested at 24 h postinfection as described in the legend to
Fig. 4. Individual panels show precipitation of the specific viral pro-
teins indicated on the left.

the same position on the viral genome as the transcripts
mapped with lef12.gsp2.

The primer extension reactions indicate that lef-12 RNAs
are transcribed during the late phase but do not correspond to
canonical late transcription start sites. To confirm that RNAs
initiated at these locations and were not produced by RNA
splicing, 5’ rapid amplification of cDNA ends (RACE) was
conducted with RNA harvested at 24 h postinfection. Sequenc-
ing of 10 5" RACE clones identified ¢cDNAs with 5’ ends
corresponding to the promoter-proximal start site at position
33190. In addition, one clone with a 5" end mapping upstream
of the p47 open reading frame was identified, as well as several
shorter clones that may represent incomplete extension prod-
ucts.

RT-PCR analysis of LEF-12 transcripts. To further confirm
that the primer extension products obtained with RNAs from

TABLE 1. Radioimmunoprecipitation of viral late proteins”

% of wild-type radioactivity

Protein
vLEF12-Bgal VvLEF12-AATG Revertant
gp64 93+4 96 =3 106 £ 6
p39/capsid 46 = 15 52=*5 89 =5
pp31 107 = 11 86 =12 97 = 11
p24 588 60 =8 88 =19

@ 8. frugiperda cells were separately infected with four different viruses and
pulse-labeled with [**S]methionine from 20 to 24 h postinfection. Viral proteins
were immunoprecipitated and separated by SDS-polyacrylamide gel electro-
phoresis. Gels were quantitated by PhosphorImager analysis, using the object
average of the uninfected sample to subtract background. Values are expressed
as percentages of the wild-type value. The values shown here represent means
and standard deviations of triplicate determinations.
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FIG. 6. Very late protein synthesis in LEF-12 mutant virus. Cells were infected in 60-mm dishes with wild-type (wt), vVLEF12-Bgal (Bgal), or
vLEF12-AATG (AATG). At 36 and 48 h postinfection, cells were harvested, concentrated, spotted onto glass slides, and photographed with a Zeiss

Axiophot video camera system.

uninfected and mock-infected S. frugiperda cells were really
due to host RNAs and not viral contamination, RT-PCR anal-
yses were performed. The rationale was that we should be able
to identify a 5’ primer that hybridized with viral DNA but not
with the homologous host gene, thereby generating a specific
RT-PCR product with infected cells but not uninfected cells.
To this end, RNAs from the time course experiment shown in
Fig. 9 were first extended with lef12.pe2 and reverse transcrip-
tase and then amplified by PCR with lefl2.gsp2 and
lef12.5prime (Fig. 10). Agarose gel analysis of the RT-PCR
products revealed the presence of the predicted 95-bp product
during the late phase of viral infection. No bands were ob-
served in reactions primed with RNAs prepared from unin-
fected T. ni cells or with uninfected or mock-infected S. frugi-
perda cells.

RNAs prepared during the early phase of infection were also
not capable of directing the synthesis of a specific RT-PCR
product, as were cells infected in the presence of aphidicolin.
Lanes 2 to 9 served as controls to verify that PCR amplification
was dependent upon reverse transcription, indicating that the
RNA preparations were not contaminated with viral DNA.
These results also serve to confirm that lef-12 is not transcribed
during the early phase of viral infection or in the presence of
aphidicolin. The highly sensitive RT-PCR should have de-
tected even very small amounts of transcript that are below the
level of detection by primer extension.

DISCUSSION

The results presented here indicate that the lef-12 gene of
AcNPYV is not essential for replication of virus in tissue culture
cells. This finding was unexpected because it has been reported
that LEF-12 is required for gene expression from a late viral
promoter in transient assays (18, 25). One possibility that we
considered was that the B-galactosidase insertion construct
retained partial activity. LEF-12 has 181 amino acids, and the
N-terminal 96 amino acids should be synthesized and fused to
B-galactosidase. The insertion was made at an Apal site, which
had previously been used to construct lef-12 frameshift mutants
that lacked activity (18, 25). This would argue that the N-
terminal 96 amino acids were not functional in the absence of
the C-terminal portion of the protein. But there may be an
essential difference between these two types of mutations (B-
galactosidase insertion versus premature termination) with re-
spect to the stability of the proteins. We observed that the
LEF-12-B-galactosidase fusion protein was stable and accumu-
lated to higher levels than authentic LEF-12. The fate of the
LEF-12 truncation was not analyzed, and it may have been
degraded (18, 25).

Therefore, an additional mutant was made in which the
initiating methionine residues were removed, which should
prevent the synthesis of LEF-12 protein in the mutant virus
vLEF12-AATG. Both of these mutants replicated in tissue
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FIG. 7. Western blot analysis of LEF-12. (A) Time course of LEF-12 protein synthesis. Extracts of soluble proteins from S. frugiperda cells
infected with wild-type virus were harvested at the indicated times (hours) postinfection, separated on 12% gels, transferred to nitrocellulose
membranes, and probed with rabbit antibody raised against LEF-12. (B) Expression of LEF-12 requires viral DNA synthesis. Cells were infected
with wild-type virus in the presence of aphidicolin (Aph, lane 4) or an equal concentration of DMSO (lane 3) and harvested at 24 h postinfection
(hpi). Molecular size markers were run in lane M of each panel, and the positions and sizes of the markers are indicated on the left (in kilodaltons).
Antisera from two different rabbits were used in this figure, and therefore some of the background bands are different. Both antisera cross-reacted
with the 17,000-molecular-weight marker (lysozyme); only one reacted with the 33,000-molecular-weight marker (triosephosphate isomerase). The
position of LEF-12 is indicated on the right. The blot was developed with SuperSignal West Femto substrate (Pierce). Ul, uninfected cells.

culture cells, with only a modest decrease in overall yields of
virus. Furthermore, analysis of viral protein synthesis revealed
that the mutants produced late proteins at normal or 50%
reduced levels, indicating that late protein synthesis was not
significantly impaired. Viruses were also occluded in the nu-
cleus, although at a decreased rate compared to the wild type.

WT pgal A R

. w———

170- <-LEF12-Bgal

- ~ <-LEF-12

1 2 3 4

FIG. 8. Analysis of LEF-12 expression in mutant virus-infected
cells. S. frugiperda cells were infected with wild-type (WT), vVLEF12-
Bgal (Bgal), VLEF12-AATG (A), or vLEF12-R (R) virus and harvested
at 24 h postinfection. LEF-12 was detected by immunoblot analysis as
described in the legend to Fig. 7, except that the blot was developed
with the ECL kit (Amersham). The positions and sizes of molecular
size markers are indicated on the left (in kilodaltons). The positions of
LEF-12 and the LEF-12—B-galactosidase fusion are indicated on the
right.

Together, these mutants provide compelling evidence that
the lef-12 gene is not essential for replication of AcNPV or for
expression of late genes. This suggests that another viral pro-
tein may be functionally redundant with LEF-12, and therefore
it is not required in the context of the whole genome. This
hypothesis is consistent with previous results showing that
LEF-12 was stimulatory but not essential for late gene expres-
sion when the LEFs were supplied on large genomic fragments
(18, 25). It was only when the individual LEFs were supplied
on separate plasmids, each containing only a single open read-
ing frame, that LEF-12 was absolutely required.

Another possibility is that the requirement for LEF-12 is
limited to certain late genes, like vp39 capsid, which was the
late promoter used in both previous transient-expression
screens (18, 25). We examined the effects of LEF-12 on the
expression of four late genes. Only expression of VP39 capsid
and P24 was significantly lower in the mutant-infected cells
than in the wild-type virus-infected cells. The other two pro-
teins, PP31 and GP64, were expressed at wild-type levels in the
absence of LEF-12. PP31 is an abundant viral protein that
forms the nuclear matrix, and GP64 is the major membrane
protein of budded virus. Both pp37 and gp64 are expressed
from tandem early and late promoters (4, 14). It has previously
been shown that at 24 h postinfection, when the samples were
harvested, the late RNAs for pp31 and gp64 are far more
abundant than the early messages. Therefore, synthesis of
PP31 and GP64 should primarily reflect levels of late mRNAs
for these genes, although the early transcripts are presumably
active and likely contribute to protein synthesis. Both vp39 and
p24 are expressed solely from late promoter motifs (2, 3, 28,
31), and it is possible that they were more severely affected
because late transcription is influenced by LEF-12, while early
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33061 ACCACCGATCTCGGCACACAAGCTGTAGCATTTTQAXATCGTGATCGCTCAAGCTATTAA
33121 TTCTGGTTAGATTTATATAGTCGTCZATATCCTCGGGCGTGGTTTGCGTCATGTCTGTAA
33181 AACGTGCAAKATCAAALATTTTTILGTTGTAGTCGAATCTAACAAATCCATCGGCGTTCA
*
33241 CTTGCACTTCGCGCTTTACAAAAISGAgGTAGCGTGTAATCGAACCCGTTTAAATAGATTG

33301 CGTACAAAACCAGCACTTCATCTTCCAGTTTGCACGCTTGCGGCARAAATTGTGTGGTGT

33361 GCTCCAACCGGGTGACAAACATGACTATGGAAAATAACGCGGAATTCAACAGACGACTAG
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FIG. 9. Primer extension analysis of LEF-12 transcription. (A) Primer extension reactions. Total cellular RNA was isolated from wild-type
AcNPV-infected S. frugiperda cells at the indicated times postinfection (lanes 1 to 8). The 5’ ends of LEF-12 transcripts were mapped by primer
extension analysis with lef12.gsp2. The sequencing ladder was generated with the same primer (lanes 9 to 12). The samples in lanes 14 to 17 were
harvested at 24 h after mock infection of 7. ni cells (Tni, lane 14) or S. frugiperda (Sf) cells (lane 15) or infection in the presence of aphidicolin
(5 pg/ml) (A+, lane 17) or an equal concentration of DMSO (A—, lane 16). Lane 13 shows the products of a primer extension reaction conducted
in the absence of added RNA. The sequence ladder is antisense relative to the sequence of the lef-12 promoter shown in panel B. (B) Sequence
of the lef-12 promoter. The transcriptional start sites mapped by primer extension are indicated by double arrowheads above the sequence. The
N-terminal sequence of LEF-12 is indicated by the single-letter amino acid code. The ATG codon for a short minicistron downstream of the
5'-proximal start site is underlined, as are the two ATG codons at the N terminus of the lef-12 open reading frame. Two nucleotide substitutions
noted for the E2 isolate of AcNPV compared to the published AcNPV sequence are indicated by lowercase underlined residues. The 5'-most
substitution is a silent mutation in the p47 open reading frame, and the other results in a substitution of isoleucine for methionine at codon 62 in
the p47 open reading frame. The Bombyx mori nuclear polyhedrovirus p47 gene encodes isoleucine at position 62, and therefore it is likely to be

a functional mutation.
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FIG. 10. RT-PCR analysis of LEF-12 expression. (A) Time course analysis. The same RNA preparations used for primer extension in Fig. 9
were subjected to RT-PCR. In lanes 2 to 9 and 11 to 18, cells were harvested at the indicated times postinfection. Lanes 2 to 9 are controls showing
PCR products in the absence of reverse transcription. (B) Mock-infected and aphidicolin-treated cells. RT-PCR of RNAs prepared from
mock-infected 7. ni (lane 2), mock-infected S. frugiperda cells (lane 3), infected S. frugiperda cells at 24 h postinfection (lane 4), and infected S.
frugiperda cells at 24 h postinfection in the presence of DMSO (lane 6) and 24 h postinfection in the presence of aphidicolin (lane 7). (C) Diagram
of 1,000 bp surrounding the lef-12 open reading frame, showing the primers used for RT-PCR. The 5" and 3’ ends of the open reading frame are
shown below the line, and the 5’ ends of the primers are shown above.

transcription is independent of LEF-12. Further understanding
of the mechanism of LEF-12 function should help to define its
role in the expression of viral late genes.

The yields of infectious virus were 20 to 40% of the level
obtained with wild-type and revertant viruses. This is roughly
equivalent to the decrease in synthesis of the capsid and P24
proteins. A more dramatic effect on the rate of virus occlusion
in the nucleus was noted. A decrease in both the number of
cells with polyhedra and the number of polyhedra per cell was
evident at 36 h postinfection. At 48 h postinfection, the num-
ber of mutant-infected cells with polyhedra was only slightly
less than the number of wild-type-infected cells with polyhedra,
although the number of polyhedra per cell was still lower.
Occlusion of virus particles into polyhedra is the final step in
virus infection and thus is sensitive to any mutations that de-
crease the rate of viral protein synthesis as well as the rate of
virus assembly.

Immunoblot analysis of LEF-12 expression revealed that
protein did not accumulate to detectable levels until 18 h
postinfection. Furthermore, LEF-12 was not detected when
cells were infected in the presence of aphidicolin, an inhibitor
of viral DNA synthesis. Together, these results suggest that
lef-12 should be classified as a late gene. This conclusion con-
flicts with earlier predictions that lef-12 would be expressed as
an early gene due to the presence of a CAGT initiator element
in the proximal upstream region (25). These authors also noted

that the nearest late transcription motif (TAAG) is 711 bp
upstream of the lef-12 initiation codon. Transcripts initiating at
this point are unlikely to direct synthesis of LEF-12 because
there are numerous AUG codons between this TAAG motif
and the /lef-12 initiation codon. Northern blot analyses of the
p47/lef-12 region in Choristoneura fumiferana also suggested
that lef-12 was expressed as an early gene in that virus, al-
though aphidicolin and primer extension mapping experiments
were not done to confirm the timing of expression or the start
site (17).

To directly analyze the kinetics of lef-12 transcription in
AcNPV-infected cells, we performed primer extension assays.
Transcripts extending through the lef-12 open reading frame
were not detected until 12 h postinfection. The levels of tran-
script were constant through 48 h postinfection. The timing is
consistent with the transcription pattern of other viral late
genes. Furthermore, we found that the early CAGT motif
upstream of lef-12 was not used for transcription initiation and
that lef-12 was not transcribed in the presence of aphidicolin.
These observations confirm the protein data and indicate that
lef-12 should be classified as a late gene.

Questions still remain concerning the mechanism of lef-12
transcription. The transcription initiation sites do not corre-
spond to late promoter motifs. The sequence A/GTAAG is
believed to be the major determinant for transcription initia-
tion by the virus-encoded RNA polymerase and has been
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found at the 5’ ends of most viral late RNAs. While the non-
canonical start site of lef-712 is unexpected, it may help to
explain the observations of Li et al. (18), who found that a
region approximately 2.5 kb downstream of lef-12 was required
for optimal activity. This downstream region was apparently
not due to the presence of an open reading frame, but rather
appeared to be a nucleotide sequence that increased expres-
sion of lef-12. Activation of expression by very distal sequences
has not been reported previously for any baculovirus genes.
These observations of Li et al., as well as the transcriptional
mapping presented here, indicate that the regulation of lef-12
expression differs from that of other previously described bac-
ulovirus late genes.

Eukaryotic ribosomes usually initiate translation at the 5’'-
proximal AUG. LEF-12 mRNAs are predicted to contain a
short 5’ open reading frame. A number of baculovirus clones
with minicistrons upstream of open reading frames have been
identified. The minicistrons apparently have a regulatory func-
tion and affect the efficiency of translation initiation (8).

The finding that lef-12 is expressed as a late gene is consis-
tent with our conclusion that lef-12 is not essential for expres-
sion of late genes. Baculovirus DNA is infectious, and thus, it
is obvious that late genes cannot be essential for their own
expression. Most of the other transcription LEFs have been
analyzed for their expression patterns, and their transcripts
were detected by 3 to 6 h postinfection and protein by 4 to 8 h
postinfection (7, 11, 15, 19, 23). Yet expression of two highly
expressed late genes was lower in the mutant-infected cells,
indicating that LEF-12 does have an effect on late gene ex-
pression. The exact mechanism of its action and whether it
affects transcription or translation remain to be determined.
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