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The late expression factor 2 gene (lef-2) of baculovirus Autographa californica multiple nucleopolyhedrovirus
(AcMNPV) has been identified as one of the factors essential for origin-dependent DNA replication in transient
expression assays and has been shown to be involved in late/very late gene expression. To study the function
of lef-2 in the life cycle of AcMNPYV, lef-2 knockout and repair bacmids were generated by homologous
recombination in Escherichia coli. Growth curve analysis showed that lef-2 was essential for virus production.
Interestingly, a DNA replication assay indicated that lef-2 is not required for the initiation of viral DNA
replication and that, rather, it is required for the amplification of DNA replication. lef-2 is also required for
the expression of late and very late genes, as the expression of these genes was abolished by lef-2 deletion.
Temporal and spatial distributions of LEF-2 protein in infected cells were also analyzed, and the data showed
that LEF-2 protein was localized to the virogenic stroma in the nuclei of the infected cells. Analysis of purified
virus particles revealed that LEF-2 is a viral protein component of both budded and occlusion-derived virions,
predominantly in the nucleocapsids of the virus particles. This observation suggests that LEF-2 may be

required immediately after virus entry into host cells for efficient viral DNA replication.

The Baculoviridae family consists of a group of invertebrate-
specific viruses that contain a circular, double-stranded DNA
genome with sizes between 82 and 180 kb (15). Among this
group, Autographa californica multiple nucleopolyhedrovirus
(AcMNPYV) is the best-studied baculovirus. The size of the
AcMNPV genome is ~134 kb, and sequence analysis of the
genome showed that it contains 155 open reading frames
(ORFs) with protein-encoding potential (3). AcMNPV pro-
duces two forms of virus progeny during its infection cycle,
budded viruses (BVs) and occlusion-derived viruses (ODVs).
Although the two forms contain identical genetic materials,
they are produced at different stages of virus infection and
mediate baculovirus infection through different routes. BVs
are produced during the early stage of baculovirus infection
and mediate systematic infection within the host. BVs obtain
their envelopes as they bud off of the plasma membranes of the
infected cells, which contain baculovirus GP64 protein. GP64
is important for BV entry into neighboring cells (5). ODVs are
produced during the very late stage of baculovirus infection
and are embedded within a crystalline structure made up of
polyhedrin proteins that form occlusion bodies (OBs). OBs are
very stable in the natural environment and are disintegrated
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only under alkaline conditions, e.g., in the midguts of insects
after ingestion, releasing ODVs for primary infection.

Based on the temporal expression patterns of the viral
genes, the baculovirus infection cycle is divided into three
phases: early, late, and very late. Early genes are transcribed by
host RNA polymerase; late and very late genes are transcribed
by a virus-encoded RNA polymerase during or after viral DNA
replication. Most early gene products are involved in DNA
replication, and the expression of late and very late genes
depends on DNA replication and viral transactivators. Bacu-
lovirus late gene expression requires 20 virus-encoded factors,
termed late expression factors (LEFs) (23, 33, 37). Six of these
20 factors, encoded by ie-1, lef-1, lef-2, lef-3, p143, and dnapol,
were required for the replication of the origin-containing plas-
mid in previous transient expression experiments (16). They
were also capable of indirectly triggering apoptosis through
DNA replication events in virus-infected cells, leading to host
translational shutoff (35). Because all the LEFs were tran-
siently expressed during these experiments, it was possible to
overlook the functional importance of some factors whose
expression is regulated by other viral factors during the course
of virus infection. The development of bacmid technology has
enabled the generation of viral DNA lacking genes essential
for virus viability in Escherichia coli, which was impossible to
achieve in insect cells in the past. Based on this technique, the
functional importance of viral genes in the virus life cycle can
be studied in the context of the virus genome, providing new
insights into the functions of the genes of interest. For exam-
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ple, analysis of viral DNA lacking lef-11, which was thought
previously to be nonessential for DNA replication, demon-
strated that lef-11 is in fact essential for viral DNA replication,
as lef-11 deletion virus does not undergo viral DNA replication
(17); hence, lef-11 became known as an essential replicative lef
gene in addition to those identified by plasmid-based replica-
tion assays. It was also reported previously that ie-0 can func-
tionally substitute for ie-7 (37), and therefore, there are a total
of eight replicative LEF genes.

lef-2 was initially identified as one of the lef genes required
for origin-dependent DNA replication based on findings from
transient expression experiments (16). It was also demon-
strated previously to be one of three genes essential for late
and very late gene expression (32), and its expression level was
found to have a positive effect on the strength of the very late
polyhedrin promoter (41). A single mutation at the 3’ end of
the lef-2 gene was also shown to abolish very late polyhedrin
and pl0 promoter activities (27). In addition, the lef-2 se-
quence is part of the polyhedrin upstream sequence (pu), which
functions as a transcriptional enhancer (1, 22, 39). Through
yeast two-hybrid analysis, LEF-2 was also demonstrated to
interact with LEF-1 (10), another LEF required for viral DNA
replication. The region encompassing amino acids 20 to 60 of
LEF-2 was found to be required for the interaction of LEF-2
and LEF-1, and their interaction is a prerequisite for origin-
dependent DNA replication. Because LEF-1 is a DNA pri-
mase (28), LEF-2 was thus termed a primase-associated factor.
The data from these previous studies suggest that lef-2 is in-
volved in at least two processes during baculovirus infection:
DNA replication and late/very late gene expression. Neverthe-
less, the exact functions of LEF-2 in these two processes and its
role in the life cycle of the virus are not yet clear.

In this study, we examined the effects of /ef-2 deletion on the
various stages of baculovirus infection by generation of a lef-2
knockout bacmid. The results showed that lef-2 deletion virus
was deficient in BV production. Further dissection of the role
of lef-2 in viral DNA replication showed that lef-2 is not es-
sential for the initiation of viral DNA replication and that,
rather, it is crucial for efficient viral DNA amplification. lef-2
deletion severely impaired late vp39 and very late pI0 gene
expression, but the onset of immediate early ie-/ gene expres-
sion was not compromised. Interestingly, LEF-2 was found to
be incorporated into the nucleocapsids of BVs and ODVs,
suggesting that the function of LEF-2 may be required imme-
diately after virus entry into cells.

MATERIALS AND METHODS

Cell culture and viruses. The Spodoptera frugiperda TPLB-Sf21 cell line (here-
inafter referred to as Sf21) was cultured as a monolayer in TC-100 insect medium
containing 10% heat-inactivated fetal bovine serum (FBS) (19). It was used for
the generation and propagation of recombinant baculoviruses. Viral stocks were
prepared, and their titers were determined by 50% tissue culture infective dose
(TCIDs) and quantitative PCR (Q-PCR) analyses (21).

Construction of lef-2 knockout and repair bacmids. To generate the lef-2
deletion bacmid, a chloramphenicol acetyltransferase (CAT) cassette in which a
chloramphenicol resistance gene was flanked by ~500 nucleotides homologous
to the upstream and downstream regions of the lef-2 coding sequence was first
generated. This cassette was introduced into competent E. coli DH10Bac cells
carrying wild-type AcCMNPV genomic DNA (in parental bacmid bMON14272)
for the generation of the lef-2 knockout bacmid, designated bAc*'*?, by A Red
recombination as described previously (38). A reporter cassette containing the
heat shock 70 promoter driving the expression of the enhanced green fluorescent
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TABLE 1. Primer sequences used in this study

Primer name

orf5-F ...

Primer sequence (5'-3")

CGCATCTCAACACGACTATGAT

TATGCGCAGCGGTACTATACAC

..AATACCGGATCCATCGATCTTTTTCCC
TCTG

Glu-R..onl TAGTTACCCATGGGCATATGTTGCCAA

ACTC

orf4-F ..GTTATGACGCCTACAACTCCCCG

lef-2-BamHI-R ..CGCGGATCCTCAATAATTACAAATAGG

orf4-Kpnl-F ................ CGGGGTACCGTTGGGCATGTACGTC
CGAA

..GTCGAGCTCTTCGCGGCTTCTCGCACCA
CAACCGTGGATTTCATTTGTGGT
..GTGAGCGCGTCCAAGTTTGAATC
..CATGACCCCCGTAGTGACAACGATC
CGACAAGGCGTCTAGTTTATGTG
..ATCACAACAGCAACATTTGCAC
............................ TAATACGACTCACTATAGGGTCACAAAT
GTGGTTTGCACGTA
..TAATACGACTCACTATAGGGGCAAACG
ATTGGGTTGACTTCT

......................... CAACCAATTACCAAGACGTGTT
.ATAAGAATTATTATCAAATCAT
..TAATACGACTCACTATAGGGTTACTTGG
AACTGCGTTTACCA

protein (eGFP) was inserted into pFastBacl (Invitrogen), yielding pFashE.
pFashE was used to introduce the eGFP gene (egfp) into the wild-type ACMNPV
bacmid bAc™ and into bAcA!*2 by site-specific transposition, generating reporter
bacmids bAc*™"E and bAcA*2PE, To introduce lef-2 back into bAc*!*2, a lef-2
repair plasmid was constructed. The rabbit B-globin terminator sequence was
amplified from pTriEx-3 (Novagen) with primers Glu-F and Glu-R (Table 1) and
subsequently cloned into the pGL3-basic vector, which was digested with BamHI
and Ncol, yielding pGlobin. The region containing the lef-2 gene sequence and
its putative promoter was amplified from AcMNPV genomic DNA with orf4-F
and lef-2-BamHI-R primers (Table 1). The PCR product was digested with Xhol
and BamHI and cloned into pGlobin, which was linearized with Sall and BamHI,
generating pLef2-globin. pLef2-globin was digested with Sphl and Nhel, and the
resulting lef-2-globin gene fragment was inserted into pFashE, yielding
pFhElef2-repair. pFhElef2-repair was used to insert egfp and lef-2 into the poly-
hedrin locus of bAc*'*™ yielding repair bacmid bAcA!*t2"ReP-hE_ Confirmation of
deletion at the lef-2 locus was performed by PCR analysis with primers ko-A and
ko-B (Table 1) and subsequent digestion of the PCR product by Ascl, which has
two unique cutting sites in the CAT cassette and none in lef-2. Intact lef-2 would
yield a 945-bp product, and the replacement of lef-2 by the CAT reporter cassette
would yield a 1,400-bp fragment (data not shown).

To generate a hemagglutinin (HA)-tagged lef-2 repair bacmid, a fragment
containing the lef-2 promoter region was amplified from AcMNPV genomic
DNA with primers orf4-KpnI-F and orf5-SacI-R (Table 1) and inserted into an
HA tag-encoding plasmid, pGL3HA, yielding pGLp3HA. The lef-2 coding se-
quence and B-globin terminator sequence were amplified from pLef2-globin with
lef2-Avrll-F and RVprimer3, and the resulting PCR fragment was inserted
downstream of the lef-2 putative promoter in pGLp3HA, in frame with the HA
tag sequence, generating pG3HA-repair. The lef-2 repair fragment (the lef-2
promoter and coding region and the B-globin terminator sequence) was released
from pG3HA-repair by digestion with Sphl and Nhel and inserted into pFashE
to yield pFhElef2-HA. A fragment containing polyhedrin and its own promoter
and transcriptional terminator was amplified with polh/SphI-F and polh/NotI-R.
The PCR product was digested with SphI and NotI and inserted into pFhElef2-
HA to yield pFhElef2-HApolh. This plasmid was used to insert the egfp reporter,
lef-2 with a HA tag sequence, and polyhedrin into the polyhedrin locus of bAcA1*2,
yielding bAcPE1ef2HA-polh

Purification of bacmid DNA and transfection of cells. Bacmid DNA was first
purified with the PureLink HiPure plasmid DNA purification kit (Invitrogen),
and ElectroMAX DHI10B T1 phage-resistant cells (Invitrogen) were subse-
quently retransformed with the purified bacmid DNA. Bacterial colonies were
selected on the basis of sensitivity to tetracycline and resistance to kanamycin
and gentamicin, a pattern indicating that the bacterial clones contain only the
desired bacmid DNA and no helper plasmid, and purified for subsequent exper-



VoL. 84, 2010

iments. Sf21 cells (2 X 10°) were transfected with 2 pg of purified bacmid DNA
by using Cellfectin as the transfection reagent according to the protocol of the
manufacturer (Invitrogen).

Growth curve assay. Sf21 cells were transfected with the bacmid DNA con-
struct indicated below or infected with recombinant virus at a multiplicity of
infection (MOI) of 5. Five hours after transfection or 1 h after infection, cells
were washed with phosphate-buffered saline (PBS) and the medium was replen-
ished with fresh TC-100 culture medium containing 10% FBS. This time point
was designated time zero. Supernatants were collected from transfected or in-
fected Sf21 cells at the time points indicated in Fig. 2 and cleared by centrifu-
gation at 1,000 X g for 5 min. The titers were determined by TCIDs, analysis and
then double-checked by Q-PCR (21). The data points were plotted as averages
of infection results from triplicate assays in three independent experiments.

Dpnl replication assay. Sf21 cells (10°) were transfected with 1 pg of a gp64
knockout bacmid (bAc*8P*%), bAcA*?ME or a p143 knockout bacmid carrying
pETLE, in which the egfp coding region is driven by the et/ promoter (20)
(bACAPI43-ETLE) and at the time points indicated in Fig. 4, transfected cells were
washed with PBS and collected. The cell pellets were lysed with 500 pl of lysis
buffer (10 mM Tris, pH 8, 100 mM EDTA, 20 png/ml RNase A, 0.5% sodium
dodecyl sulfate [SDS], 80 wg/ml proteinase K) and incubated overnight at 37°C.
Samples were extracted once with phenol, once with phenol-chloroform, and
once with chloroform. Total cellular DNA was precipitated with a 0.5 volume of
7.5 M ammonium acetate and 2 volumes of ice-cold ethanol, washed with 70%
ice-cold ethanol, and resuspended in 100 wl of Tris-EDTA buffer. Two micro-
grams of total DNA was treated with 20 U of EcoRI or EcoRI-Dpnl, resolved on
a 0.8% agarose gel, and subsequently transferred onto a Hybond-N+ nylon
membrane (Amersham Biosciences). The membrane was probed with a digoxi-
genin (DIG)-labeled /lef-1 gene sequence synthesized with a PCR DIG probe
synthesis kit (Roche) using lefIp-F and lefIp-R (Table 1) and analyzed with a
DIG detection kit (Roche).

Northern blot analysis. Sf21 cells (10°) were infected with virus produced in
cells transfected with bACY'™ME or bAcAICfZReP-hE (YAVIRE o yAcAlef2-Rep-hE
virus) at an MOI of 10. Infected cells were harvested at the time points indicated
below, and total RNA was extracted with an RNeasy minikit (Qiagen, Venlo,
Netherlands). Five micrograms of total RNA was resolved on a 1% formalde-
hyde agarose gel and subsequently transferred onto a Hybond-N+ nylon mem-
brane. The membrane was probed with DIG-labeled antisense strands of lef-2
transcripts and analyzed with a DIG detection kit (Roche). To study ie-1, vp39,
and pI0 expression, 5 X 10° Sf21 cells were transfected with 1 pg of bAcYE,
bACAIME or hACAI2RePhE haemid DNA. Transfected cells were harvested at
24, 48, and 72 h posttransfection. Total RNA was extracted, and 5 pg (for vp39
and p10 transcripts) or 15 g (for ie-1 transcripts) of total RNA was resolved on
a 1% formaldehyde agarose gel. RNA samples were transferred onto a Hy-
bond-N+ nylon membrane and hybridized with DIG-labeled antisense RNA
probes for ie-1, vp39, and pl0 transcripts. The presence of target RNA was
detected with a DIG detection kit (Roche) (42). The primers used to synthesize
DIG-labeled lef-2, ie-1, vp39, and p10 RNA probes are listed in Table 1.

Localization of LEF-2 in the cell nucleus and cytoplasm. Cells (2 X 10°) were
infected with HA-tagged repair virus vAchE-ef2HAPolh 5t an MOT of 10. Infected
cells were harvested at 0, 6, 12, 16, 20, 24, 30, 36, and 48 h postinfection.
Cytoplasmic and nuclear fractions of the infected cells were prepared as de-
scribed by Fang et al. (11). One-fifth of each fraction was analyzed by SDS-10%
PAGE and Western blotting with (i) primary mouse monoclonal antibody
against HA (1:1,000; Cell Signaling) and secondary horseradish peroxidase
(HRP)-conjugated antibody against mouse (1:5,000) and (ii) primary mouse
monoclonal antibody against baculovirus GP64 (1:3,000; eBioscience) and HRP-
conjugated antibody against mouse (1:5,000).

Immunofluorescence microscopy. Sf21 cells were seeded onto chamber slides
(Nalge Nunc International) and infected with vAchE-1e2HAPolh 3¢ 4n MOT of 20.
At 16 h postinfection, infected cells were washed three times with PBS and fixed
with 2% paraformaldehyde for 10 min at room temperature. Fixed cells were
washed three times with PBS, permeabilized with 0.2% Triton X-100 for 15 min
at room temperature, and rinsed three times with PBS-T (PBS containing 0.1%
Tween 20). Cells were incubated in blocking buffer (1% normal goat serum in
PBS-T) for 1 h at room temperature before incubation with primary mouse
monoclonal anti-HA antibody (Covance) diluted 1:200 in blocking buffer at 4°C
overnight. Cells were washed four times with PBS-T for 5 min each time and then
incubated with Alexa Fluor 405 goat anti-mouse IgG antibody (Molecular
Probes) diluted 1:200 in blocking buffer for 1 h at room temperature. Following
four washes with PBS-T, cellular DNA and viral DNA were stained with pro-
pidium iodine (PI; diluted 1:10,000 in PBS [Molecular Probes]) for 5 min at room
temperature. Cells were rinsed three times with PBS before the chamber slides
were disassembled, covered with coverslips, and sealed with mounting medium.
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Cells were viewed with a 63X oil immersion lens objective on a confocal laser-
scanning microscope (LSM510 META; Zeiss). Images were taken, viewed, and
analyzed with LSM Image software (Zeiss).

Purification of virus particles from BVs and ODVs. Sf21 cells were infected
with recombinant baculovirus vAchE1e2HAPoI 4 an MOI of 5. At 4 days postin-
fection, the cells were collected and used to extract ODVs as described previ-
ously (7). For BV purification, Sf21 cells were infected with vAchE-1ef2HA-polh 4¢
an MOI of 0.5 and the supernatant was collected at 5 days postinfection and
subjected to low-speed centrifugation at 3,000 X g for 10 min. The supernatant
was then subjected to high-speed centrifugation at 80,000 X g (24,000 rpm) with
an SW28 rotor (Beckman) for 90 min. The virus pellet was resuspended in
protease inhibitor-containing PBS, and the suspension was loaded onto a 25 to
60% sucrose gradient. The sample was centrifuged at 96,000 X g (27,900 rpm)
with an SW41 rotor at 4°C for 3 h. The virus particles were collected, diluted in
PBS, and centrifuged again at 80,000 X g (21,600 rpm) with an SW41 rotor for
90 min to pellet the BVs. The purified BV particles were resuspended in Tris-
HCI (pH 8.5).

Separation of nucleocapsid and envelope proteins of BVs and ODVs. To
separate nucleocapsids from the envelopes, the purified BVs and ODVs were
incubated in separation buffer (1% Nonidet P-40 and 10 mM Tris-HCI, pH 8.5)
on a rotating platform for 30 min at room temperature (11). A 4-ml solution of
30% (wt/vol) glycerol was overlaid with the mixture, and the preparation was
centrifuged at 150,000 X g (34,000 rpm) with an SW60 rotor at 4°C for 1 h. The
pellet obtained after centrifugation contained the nucleocapsids of the virus
particles and was resuspended in 10 mM Tris-HCI, pH 7.5. The fraction above
the interface at the top of the supernatant contained the envelope proteins and
was collected and precipitated with 4 volumes of acetone. The precipitated
envelope proteins were resuspended in 10 mM Tris-HCI, pH 7.5.

Western blot analysis. To detect the presence of HA-tagged LEF-2 in BVs and
ODVs, 10 pg of BV or ODV particles and 5-pg aliquots of the nucleocapsid and
envelope fractions from purified virus particles were mixed with 2X SDS sample
buffer and resolved by SDS-10% PAGE. The protein samples were probed with
the following antibodies: (i) primary mouse monoclonal antibody against the HA
tag (1:1,000) and HRP-conjugated secondary antibody against mouse (1:5,000),
(ii) primary mouse monoclonal antibody against baculovirus GP64 (1:3,000;
eBioscience) and HRP-conjugated antibody against mouse (1:5,000), and (iii)
primary rabbit polyclonal antibody against baculovirus VP39 (1:2,500; Abnova)
and HRP-conjugated antibody against rabbit (1:5,000). The membrane was an-
alyzed with an enhanced chemiluminescence system (Immobilon Western; Mil-
lipore).

RESULTS

Generation of AcMNPV lef-2 knockout and repair bacmids.
To generate the lef-2 deletion bacmid DNA, the E. coli N Red
recombination system was exploited to replace the lef-2 gene
with a CAT expression cassette in the lef-2 locus through ho-
mologous recombination in E. coli. Replacement at the lef-2
locus in the parental bacmid (bMON14272) was confirmed by
PCR as mentioned in Materials and Methods.

In order to monitor the progression of virus infection, the
eGFP expression cassette was inserted into the polyhedrin locus in
the wild-type bacmid (bAc™") and the lef-2 knockout bacmid
(bAc*'*™) by site-specific transposition, yielding bAc*™ and
bAc*™"E (Fig. 1). A lef-2 repair bacmid was constructed in
which the lef-2 coding sequence and its own promoter region,
along with the eGFP reporter cassette, were inserted into the
polyhedrin locus of bAc*'™ to obtain bAcA'*™"ReP"E To monitor
the distribution of LEF-2 in infected cells, an additional lef-2
repair bacmid, bAcPE1ZHAPOIN \wag constructed in which the
HA tag sequence was added to the 5" end of the lef-2 coding
sequence. All clones were checked by PCR at both lef-2 and
polyhedrin loci (data not shown).

Analysis of wild-type, lef-2 knockout, and repair bacmids in
Sf21 cells. In order to determine the effects of lef-2 deletion on
virus growth, Sf21 cells were transfected with bAc““"E,
bACAZNE or bAcAICZReP-E At 24 h posttransfection, green
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FIG. 1. Schematic drawing of wild-type (WT), lef-2 knockout (lef2 KO), and repair bacmids used in this study. The lef-2 gene sequence was
replaced by the CAT gene flanked by 50-nucleotide sequences homologous to the 5'- and 3’-end sequences of the lef-2 gene. Reporter cassettes
containing the egfp gene under the control of the heat shock 70 promoter were inserted into the polyhedrin locus by site-specific transposition in

E. coli to yield a bacmid backbone for further modifications. The first bacmid, bAc

WEhE contains a wild-type bacmid backbone with the insertion

of egfp; in the second bacmid, bAc*'*™"E Jef-2 was deleted; in the third bacmid, bAc*RePhE 3 [of. 2 expression cassette was reinserted for repair;
in the fourth bacmid, bAcE1e2HA PO the HA tag sequence was inserted at the 5" end of lef-2, followed by a complete polyhedrin expression
cassette. p-hsp70, heat shock 70 promoter; p-lef2, putative lef-2 promoter; p-polh, polyhedrin promoter. Black boxes represent sequences homol-
ogous to the 5’ and 3’ ends of lef-2; the striped box represents the HA tag sequence.

fluorescence could be observed in transfected cells (Fig. 2A).
No obvious difference in the number of green fluorescent cells
among samples transfected with bAc™*™E, bAc***"E  and
bAcAeReP-hE wag observed, indicating equal transfection ef-
ficiencies even though the intensity of green fluorescence in
cells transfected with bAc*' ™ was noticeably lower than
that in cells transfected with the other bacmids. At 48 h post-
transfection, almost all cells transfected with bAc**"E fluo-
resced green, suggesting generation of BVs for secondary in-
fections. The intensity of green fluorescence reached a
maximum at 72 h posttransfection and then started to decline,
due most likely to cell lysis as a result of virus infection. The
number of green fluorescent cells and the intensity of green
fluorescence among cells transfected with bAc*'*®™E also in-
creased from 24 to 48 h posttransfection but to a much lesser
extent than the corresponding indicators among cells infected
with the wild-type virus. No further significant changes in the
number of green fluorescent cells and the intensity of green
fluorescence were observed after 48 h. Small aggregates of
green fluorescent cells, which did not develop further into infec-
tion foci (data not shown), were occasionally observed after 72 h
among cells transfected with bAc*'*"E, bAcACRRPHE repair
virus exhibited growth similar to that of the wild-type virus in
transfected Sf21 cells. The similarity in infection pattern be-
tween wild-type and repair viruses suggested that the observed
phenotype of lef-2 deletion virus was due to the absence of
lef-2.

lef-2 deletion abolished BV production. To quantify the ef-
fect of lef-2 deletion on BV production, growth curves for
bACY'™ME bACAZNE and bAcAeRePhE yiryses were deter-

mined. The supernatants from transfected cells were collected
at the time points posttransfection indicated in Fig. 2B, and the
titers were determined. The results showed that no BVs were
produced in cells transfected with the lef-2 knockout construct
up to 120 h posttransfection (Fig. 2B). On the other hand,
bACY™ME and bAcAR-Rer-hE yielded normal virus growth
curves that reached plateaus at 48 and 96 h posttransfection,
respectively (Fig. 2B). These results indicate that lef-2 deletion
impaired BV production in transfected cells. This finding was
in agreement with the green fluorescence patterns observed in
transfected cells, where green fluorescence expression was re-
stricted initially to cells transfected with bAc**™2hE,

At 12 h posttransfection, the titer of bAc*' ¢ RePhE yiryg
was consistently around 1 order of magnitude lower than that
of bAc™™"E virus. To confirm that the virus progeny produced
by the repair virus and that produced by the wild-type virus
were equally infectious, fresh Sf21 cells were infected with BVs
collected from cells transfected with bAc™ ™ or bAcA!ef-Rep-hE
at an MOI of 5. No significant phenotypic difference was ob-
served with a fluorescence microscope (data not shown). The
growth curves for vACY'™™8 and vAc*'*RePE viryses in in-
fected cells were determined (Fig. 2C). The virus titer in repair
virus-infected cells was still lower than that in wild-type virus-
infected cells at all time points, but by a much smaller margin
than that between titers in transfection experiments, and the
two viruses generated similar growth curves. This finding dem-
onstrated that the repair virus was as infectious as the wild-type
virus.

The slightly inferior growth of the repair virus may indicate
that the temporal expression of lef-2 was altered in the repair
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FIG. 2. BV production by lef-2 knockout virus is impaired. (A) Fluorescence microscopic images of Sf21 cells transfected with bAcY'™"E,
bACHRME or bACAIZRePNE 3¢ 0448 72, 96, and 120 h posttransfection (hpt). (B) Virus growth curve analysis. Sf21 cells were transfected with
bACYPE bACHPME or bACACRRePRE and virus titers were determined by TCIDs, analysis at the indicated time points. (C) Growth curve analysis
of vVAC™'"F and vAcA!e-RePhE i infected Sf21 cells. Supernatants of the infected cells were collected at time points up to 120 h postinfection (hpi),

and virus titers were determined by TCIDs, analysis.

virus since lef-2 was reinserted into the polyhedrin locus instead
of its original locus. To compare the transcriptional profiles of
lef-2 in wild-type and repair virus-infected cells, Northern blot
analysis was performed with an antisense RNA probe for lef-2
transcripts. The onset of lef-2 expression in cells infected with
repair virus was delayed by ~4 h compared to that in cells
infected with wild-type virus (Fig. 3). The lef-2-specific tran-
script from repair virus was somewhat larger than that from
wild-type virus (bands corresponding to lef-2-specific tran-
scripts are indicated by arrows in Fig. 3). This was due probably
to the presence of the B-globin terminator sequence in place of
the lef-2 putative terminator sequence in repair virus. lef-2-
specific transcripts continued to accumulate and transcripts
with higher molecular weights were detected in both wild-type
and repair virus-infected cells as infection progressed. Detec-
tion of transcripts with high molecular weights corresponding
to the lef-2 region of the AcMNPV genome during the late

stage of virus infection has been reported previously (24) (see
Discussion). We also noted that wild-type and repair viruses
expressed different patterns lef-2, which may have contributed
to the slower growth curve of the repair virus.

Dpnl sensitivity DNA replication assay. lef-2 was identified
previously as one of the lef genes required for origin-depen-
dent DNA replication (16). To further dissect the role of lef-2
in viral DNA replication, the ability of lef-2 deletion virus to
support viral DNA replication was investigated. A Dpnl sen-
sitivity DNA replication assay was performed to measure viral
DNA replication in Sf21 cells. Dpnl can recognize and digest
viral DNA introduced by transfection, whereas viral DNA that
replicates in transfected cells is resistant to Dpnl digestion.
Sf21 cells were transfected with bAc28P%4 bAcAPI43-ETLE op
bACA2ME and the transfected cells were harvested at the
time points indicated in Fig. 4. gp64 knockout virus can repli-
cate viral DNA normally and is impaired only in cell-to-cell
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FIG. 3. Temporal expression of lef-2 transcripts in infected cells.
Sf21 cells were infected with either vACY*™™E or vAc*1ef2-RephE g¢ ap
MOI of 5. Total cellular RNA was extracted from infected cells
harvested at 0, 4, 8, 12, 16, 24, 36, and 48 h postinfection. Five
micrograms of total RNA from each sample was resolved on a 1%
formaldehyde gel and stained with ethidium bromide for visualiza-
tion of 18S rRNA to ensure loading of equal sample amounts. The
samples were then transferred onto a Hybond-N+ membrane (Am-
ersham), hybridized with DIG-labeled lef-2 antisense RNA probes,
and analyzed with a DIG detection kit. Arrows indicate bands
corresponding to lef-2-specific transcripts.
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transmission of the virus particles (17, 29); therefore, bAc*eP®*

virus can serve as a positive control in a DNA replication assay.
Total cellular DNA was extracted, and 2 pg of extracted DNA
was digested with 20 U of EcoRI or EcoRI-Dpnl and probed
with a labeled lef-1 sequence (Fig. 4). Digestion with EcoRI
would yield a 2.6-kb fragment containing /lef-/, and double
digestion with EcoRI and Dpnl would yield a 1.1-kb fragment
containing lef-1. The result demonstrated viral DNA replica-
tion in cells transfected with bAc*8P°*, and viral DNA contin-
ued to accumulate up to 120 h posttransfection (Fig. 4A). On
the other hand, no viral DNA replication could be detected in
cells transfected with bAc**™™"E until 72 h posttransfection
and there was slight and gradual accumulation of the Dpnl-
resistant bands from these cells from 72 h onward, indicating
that initiation of DNA replication was possible, though greatly
delayed and inefficient, in the absence of lef-2 (Fig. 4B).

To further confirm that the viral DNA replication detected
in cells with lef-2 knockout virus was not resulting from non-
specific replication by host DNA polymerase, replication of
pI43 knockout virus DNA was also analyzed. Both lef-2 and
pl43 were previously demonstrated to be essential for viral
DNA replication in transient expression assays (16). No Dpnl-
resistant band, an indication of viral DNA replication, could be
detected for pI43 knockout virus even at 120 h posttransfec-
tion (Fig. 4C). The absence of a Dpnl-resistant band in p/43
knockout virus samples suggested that viral DNA replication
did occur, although at an extremely low level, in cells with lef-2
knockout virus. This result indicated that lef-2 is not absolutely
required for the initiation of viral DNA replication; neverthe-
less, it is required for timely and efficient viral DNA amplifi-
cation.

72hpt 96 hpt 120 hpt

Dpnl: -+ -4+

bAcAgPss;

bAcAlef2-hE.

bAcAp1 43-ETLE -

+ -+ -+ -+

FIG. 4. The timely initiation and efficiency of viral DNA replication were affected by lef-2 knockout. Sf21 cells were transfected with 1 g of
bACeP (A), bACA®ZPE (B), or bAc P43 ETLE (), Total cellular DNA was extracted from transfected cells collected at 0, 24, 48, 72, 96, and 120 h
posttransfection. Two micrograms of extracted DNA was digested with 20 U of EcoRI or 20 U of EcoRI-Dpnl and resolved on a 0.8% agarose
gel. Samples were hybridized with a DIG-labeled lef-1 gene sequence and analyzed with a DIG detection kit. —, digestion with EcoRI only; +,
double digestion with EcoRI and Dpnl. The upper bands (indicated by arrows) represent the Dpnl-resistant signal, while the lower bands represent
the Dpnl-sensitive signal. Due to the active DNA replication in cells transfected with bAc*&"**, the exposure time for panel A was much shorter

than those for other panels.
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FIG. 5. Late and very late gene expression was abolished by /lef-2
deletion. Sf21 cells (10°) were transfected with 1 pg of bAcY'™E,
bACASRE or hAcAetZ-Rep-hE DNA | Total cellular RNA was extracted
from transfected cells collected at 24, 48, and 72 h posttransfection.
Five micrograms (for vp39 and pl0 transcripts) or 15 pg (for ie-1
transcripts) of total RNA was resolved on a 1% formaldehyde gel and
transferred onto a Hybond-N+ membrane. The membrane was sub-
sequently hybridized with DIG-labeled ie-1, vp39, or pl0 antisense
RNA probes and analyzed with a DIG detection kit. Ethidium bromide
staining of 18S rRNA demonstrated loading of equal sample amounts.
Arrows indicate the expected sizes of ie-1, vp39, and p10 transcripts. M,
mock-transfected cells; W, cells transfected with bAcY™"E; K, cells
transfected with lef-2 knockout bacmid bAcA*>"E; R, cells transfected
with lef-2 repair bacmid bAc*'f-ReP-hE,

Analysis of early, late, and very late gene expression by lef-2
knockout baculovirus. Ample evidence has implied that bacu-
lovirus late and very late gene expression depends on viral
DNA replication (23, 32, 34). Origin-dependent DNA replica-
tion could not take place without /ef-2 in transient expression
assays (16), and as a consequence, the baculovirus late gene
vp39 promoter was inactive (23). However, most of the factors
in these prior experiments were transiently expressed and may
not represent the real scenario in the context of the virus
genome. Since lef-2 deletion virus can still initiate viral DNA
replication, it was necessary to examine whether late and very
late gene expression was turned on as a result of viral DNA
replication.

To estimate the transcriptional activities of early, late, and
very late genes in lef-2 knockout virus, the expression of bac-
ulovirus early gene ie-1, late gene vp39, and very late gene p10
transcripts from wild-type, lef-2 knockout, and lef-2 repair vi-
ruses was measured by Northern blot analysis. Total RNA
samples harvested from cells transfected with bacmids were
hybridized with DIG-labeled antisense RNA probes specific
for ie-1, vp39, and p10 transcripts. The data showed that vp39
or p10 transcripts could not be detected in lef-2 knockout virus
samples even at 72 h posttransfection (Fig. 5), suggesting that
late and very late gene expression was impaired upon lef-2
deletion. ie-1 transcripts could be detected in lef-2 knockout
virus samples at 24 h posttransfection, due to the use of host
transcription machinery. The Northern blot analysis showed
that transcription of late gene vp39 and very late gene p10 in
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lef-2 knockout virus was severely impaired. These results indi-
cate that, without amplification, initiation of viral DNA repli-
cation is not sufficient to support expression of late and very
late genes from the baculovirus genome.

Spatial distribution of LEF-2. The temporal and spatial
distributions of LEF-2 protein were analyzed by biochemical
separation of infected cells into cytoplasmic and nuclear frac-
tions and detection of LEF-2 by Western blot analysis. LEF-2
protein was initially detected in the cytoplasm at 16 h postin-
fection and was clearly detectable in both the nucleus and the
cytoplasm starting at 20 h postinfection (Fig. 6A). In another
experiment, we found that LEF-2 continued to accumulate in
both the cytoplasm and the nucleus for up to 72 h postinfection
and that the level of LEF-2 declined at 96 h postinfection (data
not shown). About equal amounts of LEF-2 were detected in
the cytoplasm and the nucleus at later time points postinfec-
tion; this pattern may be due to the relatively small size of
LEF-2 and the lack of a known nuclear localization sequence
in this protein (9, 13).

LEF-2 is one of the virally encoded proteins required for
viral DNA replication; however, its localization relative to viral
DNA replication sites has not yet been investigated. To study
the localization of LEF-2 relative to the sites of viral DNA
replication in vivo, localization of LEF-2 in infected cells was
visualized by immunofluorescence staining. Cellular DNA and
newly replicated viral DNA were visualized by PI staining. At
16 h postinfection, cellular chromatin lined the periphery of
the cell nucleus (30) and the heavy PI staining in the central
region of the nucleus represented the newly synthesized viral
DNA and viral DNA replication foci (Fig. 6B). LEF-2 was
shown to colocalize well with the newly synthesized viral DNA.
This finding further indicates the involvement of LEF-2 in viral
DNA replication processes.

Association of LEF-2 with nucleocapsids of both BVs and
ODVs. Previous analysis of purified ODVs revealed that five
(IE-1, LEF-1, LEF-3, DNAPOL, and P143) of the viral pro-
teins involved in DNA replication are associated with the nu-
cleocapsids of ODVs (6). This arrangement gives the virus the
ability to efficiently initiate viral DNA replication as soon as it
enters host cells. Because LEF-2 was also required for viral
DNA replication, it became a question whether LEF-2 was
also associated with the nucleocapsid of the virus particles,
along with the other replication LEFs. To this end, lef-2 repair
virus vAchE-efzHApolh i which a HA tag was added to the N
terminus of LEF-2 along with the polyhedrin gene product, was
generated. BVs were purified from the supernatant of
VAChEIeZHAPol jnfacted cells, and ODVs were extracted from
VAChEeRZHA ol jhfected cells. LEF-2 protein could be de-
tected in both purified BVs and ODVs, demonstrating that
LEF-2 is a component of virus particles (Fig. 7). To further
elucidate the localization of LEF-2 in virus particles, biochem-
ical fractionation of the purified virus particles was under-
taken, and Western blot analysis showed that LEF-2 protein
was localized predominantly in the nucleocapsids of both BVs
and ODVs (Fig. 7). To assess whether fractionation was suc-
cessful, the localization patterns of GP64, an envelope protein,
and VP39, a capsid protein, in the purified virus particles were
also analyzed with antibodies specific for GP64 and VP39.
GP64 protein was detected mainly in the envelope fraction of
BVs, with a trace amount being detected in the nucleocapsid
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FIG. 6. Localization of LEF-2 in infected Sf21 cells. (A) LEF-2 is localized in both cytoplasmic and nuclear regions in infected cells.
Localization of GP64 is shown as a control. (B) LEF-2 colocalizes with the active viral DNA replication sites, i.e., virogenic stroma, in the nuclei
of infected cells. Localization of LEF-2 was visualized by staining with Alexa 405 (blue), and DNA was stained with PI (red).

fraction. This level was considered to reflect acceptable enve-
lope contamination (<10%) of the nucleocapsid preparation
(4, 7). On the other hand, VP39 protein was detected primarily
in the nucleocapsid fraction of the purified virus particles,
indicating that the fractionation process was successful.
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FIG. 7. LEF-2 is incorporated into nucleocapsids of both BVs and
ODVs. BVs and ODVs were purified from infected cells by using a
sucrose gradient and separated into nucleocapsid and envelope fractions
by using a glycerol cushion. Ten micrograms of purified BVs (lane 1) or
ODVs (lane 4) and 5-pg samples of nucleocapsids (NC; lanes 2 and 5)
and envelopes (ENV; lanes 3 and 6) were separated on a 10% polyacryl-
amide gel and transferred onto a polyvinylidene difluoride membrane
(Millipore). The presence of LEF-2 protein was detected with mouse
monoclonal antibody against the HA tag. The same blot was also probed
with rabbit antiserum against baculovirus envelope protein GP64 and
rabbit antiserum against baculovirus nucleocapsid protein VP39.

DISCUSSION

In this work, we studied the effects of lef-2 deletion on the
baculovirus infection cycle. We found that in the absence of
lef-2, no infectious virus particles could be produced. It is
reasonable to attribute the defects in virus progeny production
to lef-2 deletion, as the repair virus exhibited a wild-type virus
growth curve (Fig. 2B and C). Findings of previous studies
showed that LEF-2 was essential for origin-dependent DNA
replication (16, 23); however, the results of our experiment
showed that without LEF-2, DNA replication can still be ini-
tiated, though at an extremely low level (Fig. 4B). On the other
hand, deletion of pI43, which is an essential gene for viral
DNA replication and encodes a helicase, completely abolishes
viral DNA replication, as no viral DNA replication could be
detected (Fig. 4C). This finding implies that the replicated
DNA detected in cells with lef-2 knockout virus is not likely to
be the result of nonspecific DNA replication. Therefore, in
contrast to results from the transient expression assays (16),
our results suggest that LEF-2 may be stimulatory rather than
essential for viral DNA replication in the course of virus in-
fection.

There are some possible explanations for this discrepancy in
results. First, in previous studies, all the viral factors were
expressed transiently, which may alter their temporal expres-
sion in comparison with that in the context of the virus. In
addition, those viral factors were expressed from subgenomic
fragments, which may accidently exclude the 5" or 3’ end or
cis-acting elements essential for gene regulation by other viral
factors. The transient expression system may not have mim-
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icked the real scenario during the normal course of virus in-
fection. Second, the replication of a plasmid containing the
standard replication origin, the homologous region (/r), was
used as an indicator for DNA replication in those studies.
However, plasmids containing viral sequences other than hr
have been shown to replicate in the presence of virus (40), and
their ability to initiate DNA replication may not rely on the
copresence of replicative lef genes. Another possibility is that
segments of the viral DNA were incorporated into the host
genome and therefore replicated along with cellular DNA,
which may also yield Dpnl-resistant products. Integration of
segments of baculoviral genomic DNA into the host genome in
mammalian cells has been demonstrated previously (26). How-
ever, this possibility may not be the case because we also used
a DIG-labeled DNA probe for the vp39 gene sequence and a
DIG-labeled DNA probe for the lef-1 gene sequence. Since
vp39 is located on the opposite end of the viral genome from
lef-1, our results suggested that the whole genome, rather than
segments, had replicated. Therefore, integration may not be
the reason for the Dpnl-resistant products observed in the
Dpnl replication assay in this study (Fig. 4).

Previous reports have suggested that baculovirus late and
very late gene expression depends on viral DNA replication
(23, 34). Most of the viral late and very late genes encode viral
structural proteins, which are components of BVs and ODVs.
As a consequence of low-level viral DNA replication, viral late
and very late gene expression was abolished by lef-2 deletion
(Fig. 5), indicating a total shutdown of the viral transcription
system. The observation that low levels of viral DNA replica-
tion were not sufficient to turn on late and very late gene
expression suggests that either vigorous viral DNA replication
activity is required to turn on viral transcription or LEF-2 itself
is involved in the transcription of late and very late genes, as
suggested previously (32). We also noticed that the growth
curve for the bAcA!RePhE repair virus indicated that it grew
more slowly than the bAc**""F wild-type virus in transfected
cells (Fig. 2B). This was possibly because lef-2 was located in a
different context in the genome of the repair virus, which
resulted in an altered profile of temporal transcription of lef-2
in the repair virus compared to that in the wild-type virus and
subsequently slowed the virus growth rate (Fig. 3). Multiple
transcripts corresponding to regions running through the lef-2
coding sequence in both repair and wild-type viruses were
detected toward late time points postinfection. The presence
of high-molecular-weight transcripts of the lef-2 coding region
and other viral genomic regions has also been reported previ-
ously (12, 24), and the transcription of these transcripts was
either initiated at regions farther upstream or terminated at
regions farther downstream of the target sequence. Antisense
probes recognizing the sequences upstream and downstream
of lef-2 will help to elucidate the exact identities of the high-
molecular-weight transcripts represented in Fig. 3.

In vivo immunofluorescence staining showed that LEF-2
colocalized with newly synthesized viral DNA (Fig. 6B). Sev-
eral replicative LEFs, including IE-1, LEF-3, P143, and DBP,
have been shown previously to localize to the sites of viral
DNA replication in vivo (14, 25, 30, 31). Our results provide
indirect evidence that LEF-2 does perform some important
functions at the sites of viral DNA replication, i.e., virogenic
stroma. Nevertheless, the exact functions of LEF-2 during viral
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DNA replication are yet to be elucidated. It was also observed
that colocalization of newly synthesized viral DNA and LEF-2
was more readily detectible after the replication foci had
passed the initial formation stage and enlarged (data not
shown). Since late and very late gene expression also takes
place in the virogenic stroma, the immunofluorescence staining
data presented herein may also implicate LEF-2 in late and
very late gene expression.

The incorporation of LEF-2 into the nucleocapsids of both
BVs and ODVs is one of the important findings in the present
study (Fig. 7). All the baculovirus replication LEFs except
LEF-2 (IE-1, LEF-1, LEF-3, DNAPOL, and P143) have been
shown previously to associate with nucleocapsids of the ODVs
(6). Our present results add LEF-2 to the list, meaning that
essentially all the replication LEFs are present in the nucleo-
capsids of the ODVs. This finding raises the possibility that
viral DNA replication may be initiated and amplified by these
capsid proteins even prior to the expression of these replica-
tion-related LEFs from the newly invading viral genome. More
recently, LEF-11 was also found to be involved in viral DNA
replication based on the results of genomic knockout experi-
ments (17). Whether or not this gene product is also a com-
ponent of the nucleocapsid of virus particles remains an inter-
esting issue for further studies.

LEF-2 is generally viewed as a primase-associated factor due
to its interaction with baculovirus-encoded DNA primase
LEF-1 (10, 28). No known function of LEF-2 besides its re-
quirement for viral DNA replication has been assigned, al-
though LEF-2 has been suggested to possess single-stranded
DNA (ssDNA) binding ability (28). The primase-associated
factor of another double-stranded DNA virus, ULS of herpes
simplex virus type 1 (HSV-1), is a component of the helicase-
primase complex, which forms part of the prereplicative sites
(18). ULS8 was also shown previously to be involved in efficient
nuclear uptake of the other two proteins of the helicase-pri-
mase complex, UL5 and ULS52, which function as a helicase
and a primase, respectively (8). This is not quite the case for
baculovirus, as LEF-2 is not required for the nuclear transport
of baculovirus-encoded helicase P143. Instead, a virus-encoded
ssDNA binding protein, LEF-3, is required for this process (2,
9). UL8 of HSV-1 is also required for efficient primer utiliza-
tion during lagging-strand synthesis (36). LEF-2 may perform
a function similar to that of ULS in this regard if binding of
LEF-2 to ssDNA and LEF-1 occurs during DNA synthesis on
the lagging strand (28). The validation of this hypothesis may
help further define the exact functions of LEF-2 during bacu-
lovirus replication processes. Moreover, elucidation of the
mechanism by which LEF-2 affects late and very late gene
expression would further our understanding of baculovirus
transcriptional regulation.
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