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Autographa californica multiple nucleopolyhedrovirus (AcMNPV) lef-3 is one of nine genes required for viral
DNA replication in transient assays. LEF-3 is predicted to contain several domains related to its functions,
including nuclear localization, single-strand DNA binding, oligomerization, interaction with P143 helicase, and
interaction with a viral alkaline nuclease. To investigate the essential nature of LEF-3 and the roles it may play
during baculovirus DNA replication, a lef-3 null bacmid (bKO-lef3) was constructed in Escherichia coli and
characterized in Sf21 cells. The results showed that AcMNPV lef-3 is essential for DNA replication, budded
virus production, and late gene expression in vivo. Cells transfected with the lef-3 knockout bacmid produced
low levels of early proteins (P143, DNA polymerase, and early GP64) and no late proteins (P47, VP39, or late
GP64). To investigate the functional role of domains within the LEF-3 open reading frame in the presence of
the whole viral genome, plasmids expressing various LEF-3 truncations were transfected into Sf21 cells
together with bKO-lef3 DNA. The results showed that expression of AcMNPV LEF-3 amino acids 1 to 125 was
sufficient to stimulate viral DNA replication and to support late gene expression. Expression of Choristoneura
fumiferana MNPV lef-3 did not rescue any LEF-3 functions. The construction of a LEF-3 amino acid 1 to 125
rescue bacmid revealed that this region of LEF-3, when expressed in the presence of the rest of the viral
genome, stimulated viral DNA replication and late and very late protein expression, as well as budded virus
production.

Members of the family Baculoviridae are large rod-shaped
enveloped viruses containing a circular double-stranded DNA
genome that varies in size from 80 to 180 kb (3). Baculoviruses
are unique viruses that only replicate in invertebrates. In gen-
eral, isolates of each baculovirus species exhibit a narrow host
range. For example, Choristoneura fumiferana nucleopolyhe-
drovirus (CfMNPV) is known to infect only the spruce bud-
worm (Choristoneura fumiferana), but Autographa californica
multiple nucleopolyhedrovirus (AcMNPV) replicates in hosts
derived from several families of Lepidoptera (14). The restric-
tion of baculovirus replication in nonpermissive hosts has been
studied, and a number of genes, expressed at different points in
the virus replication cycle, have been identified as playing some
role in this restriction (40). Most of these identified genes are
associated with viral DNA replication and late gene expres-
sion.

Nine AcMNPV genes (ie-1, ie-2, p143, dnapol, lef-1, lef-2,
lef-3, pe38, and p35) are required for directing transient repli-
cation of plasmids in transfected cells, suggesting that these
genes are involved in baculovirus DNA replication (19, 27, 46).
Only two of these genes, p143 and dnapol, have been shown to
be essential for AcMNPV DNA replication in vivo (26, 41).
Another gene, lef-11, although not essential for replication in
transient assays, is also essential for DNA replication in vivo
(24), indicating that questions concerning DNA replication

need to be studied within the context of the whole virus ge-
nome.

LEF-3 is a single-stranded DNA-binding protein (SSB) that
self-localizes to the nucleus (15, 45). LEF-3 is also responsible
for transporting P143, a predicted DNA unwinding (helicase)
protein, into the nucleus, where it is required for viral DNA
replication (26, 29, 45). LEF-3 may also regulate the activity of
a viral alkaline nuclease (AN) during viral DNA replication
(32). We have previously mapped the region carrying the nu-
clear localization signal of LEF-3 to residues 26 to 32 within
the N-terminal 56-amino-acid domain (1, 7). By fusing this
domain in frame with P143 and testing the construct in tran-
sient plasmid replication assays, we showed that additional
functions of LEF-3 are required during replication, in addition
to interacting with P143 to transport it into the nucleus. In fact,
we have demonstrated that there is a close interaction between
LEF-3 and P143 (as well as the immediate-early 1 [IE-1] pro-
tein) on viral DNA in the nucleus (17), suggesting that direct
interaction of LEF-3 and P143 is required during viral DNA
replication. The LEF-3 domain necessary for directing P143 to
the nucleus is included within the N-terminal 125 amino acids
(7). Two conserved cysteine residues in this region (C82 and
C106) are not essential for this function, so it is unknown which
specific amino acids are involved in the LEF-3–P143 interac-
tion (1).

In this study, a lef-3 knockout genome was constructed by
exploiting a baculovirus shuttle vector (bacmid) system. Bac-
mids (a baculovirus genome carrying independent origins for
replication in either bacteria or insect cells) were originally
developed to prepare recombinant baculoviruses in Esche-
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richia coli prior to transfection into insect cells (28). The sys-
tem takes advantage of the site-specific transposition proper-
ties of the Tn7 transposon to simplify and enhance the process
of generating recombinant bacmid DNA. In our case, we used
the AcMNPV-derived bacmid as a template for deletion of the
AcMNPV lef-3 gene and then examined the effect of this deletion
on viral protein synthesis, budded virus (BV) production, and
viral DNA replication. We also examined the ability of LEF-3
from another Alphabaculovirus species member, CfMNPV, to
substitute for AcMNPV in a recombinant bacmid.

MATERIALS AND METHODS

Viruses and cells. The commercially available bacmid bMON14272 (Invitro-
gen Life Technologies), derived from AcMNPV strain E2, was maintained in E.
coli strain DH10B cells. Sf21 (Spodoptera frugiperda IPLB-Sf21) (13, 42) host
insect cells were cultured at 28°C in TC100 medium supplemented with 10%
fetal bovine serum (12). The HR3 strain of AcMNPV (10) and the EC1 strain of
CfMNPV (25) were used as sources of the respective lef-3 genes.

Construction of lef-3 knockout and rescue bacmids. A knockout bacmid was
constructed in E. coli, replacing the AcMNPV lef-3 gene with the chloramphen-
icol aceytltransferase (cat) gene, using a lambda phage Red recombinase system
expressed from plasmid pKD46 (9) as described for studies with other baculo-
virus knockouts (24, 37, 41). The cat gene was amplified from pKD3 by PCR
using 70-nucleotide (nt) primers with 50 nt homologous to regions 5� and 3� to
the lef-3 gene and 20 nt of sequence flanking the cat gene (primers C-25716 and
C-25717 [Table 1]). The linear PCR product was electroporated into DH10B
cells carrying the bacmid bMON14272 and plasmid pKD46 cells. Homologous
recombination between the cat gene fragment and the lef-3 flanking sequences
was detected by plating transformants in the presence of chloramphenicol (25
�g/ml) and kanamycin (50 �g/ml).

The phenotype of the bMON14272 bacmid is polyhedrin gene negative, so all
donor plasmids constructed in this study were derived from pFAcT, which carries
the AcMNPV polyhedrin gene under the control of its own promoter (8). This

resulted in AcMNPV bacmids that more closely represented the wild-type
AcMNPV, expressing polyhedrin and allowing for visual monitoring of very late
gene expression. A rescue donor plasmid carrying the AcMNPV lef-3 coding
region, including its promoter and poly(A) signal region, was amplified with
primers C-24244 and C-24249 and using AcMNPV genomic DNA as template.
The 1.9-kb PCR product was digested with XhoI and XbaI and cloned into
XhoI-XbaI-digested pFAcT to produce pFAcT-Aclef3.

LEF-3 amino acids 126 to 385 were deleted from pFAcT-Aclef3 by the PCR
fusion mutagenesis protocol. Primers C-24271 and C-24244 were used to amplify
products upstream of the region to be deleted, while primers C-24270 and
C-24249 were used to amplify products downstream of the region to be deleted.
The two PCR products were then mixed, denatured, and used as templates in a
third PCR amplification with primers C-24244 and C-24249. The final PCR
product was digested with XbaI and XhoI and then cloned into XbaI- and
XhoI-digested pFAcT-Aclef3 to produce pFAcT-Aclef3-125.

A CfMNPV lef-3 rescue donor plasmid was constructed in which the CfMNPV
lef-3 open reading frame (ORF) was flanked by the AcMNPV lef-3 promoter and
poly(A) regions. This fragment was produced by fusion PCR using three over-
lapping PCR products. First, fragment 1, containing the AcMNPV lef-3 promoter
region (346-nucleotide sequence upstream of the AcMNPV LEF-3 start codon),
was amplified with primers C-24244 (which introduced a XbaI restriction site at
the 5� end of the fragment) and C-24245 (which included 15 additional nucleo-
tides at the 5� end homologous to the CfMNPV lef-3 ORF). Second, fragment 2,
containing the CfMNPV lef-3 ORF, was amplified with primers C-24246 (which
included 15 nucleotides at the 5� end homologous to the AcMNPV lef-3 pro-
moter region) and C-24499 [which included 15 nucleotides at the 5� end homol-
ogous to the AcMNPV lef-3 poly(A) region and 445 nt of sequence downstream
from the AcMNPV LEF-3 stop codon]. Finally, fragment 3, containing the
AcMNPV lef-3 poly(A) region was amplified with primers C-24248 (which in-
cluded 15 additional nucleotides at the 5� end homologous to the CfMNPV lef-3
ORF) and C-24249 (which introduced an XhoI restriction site at the 3� end). A
mixture of fragments 1 and 2 served as template for primers C-24244 and
C-24499 to produce fragment 4. A mixture of fragments 3 and 4 served as
template for primers C-24244 and C-24249 to produce the final 1.9-kb PCR
fragment. This product was digested with XbaI and XhoI and cloned into XbaI-

TABLE 1. Primer sequences

Application Primer Sequence

Amplification of cat with AcMNPV lef-3 flanking sequences C-25716 5�-ACTTTGATTAAATTATCTTCCAGCAGCATTGAGATTTG
ATTGAAATCCGC/GTGTAGGCTGGAGCTGCTT-3�

C-25717 5�-CCCACATATCGACAACAGCAATATGGCGACCAAAAGA
TCTTTGTCTGGAG/GCCATGGTCCATATGAATA-3�

Amplification of AcMNPV lef-3 locus C-23321 5�-CCTCTGACTAGTGTGAGCCGCTTATAAAAC-3�
C-22915 5�-CGTCGAATAGAATTAAGACCCCTTTATATTGTTC-3�

cat specific C-25459 5�-GCTCATGGAAAACGGTGTAACAA-3�

Amplification of AcMNPV lef-3 rescue gene with pFAcT C-24244 5�-AACCGCTCTAGAGC/ACGCTCAGCAAAACTATAC-3�
flanking sequences C-24249 5�-AGTCCGCTCGAGCGG/TTAGTACAGCAATATG-3�

Amplification of CfMNPV lef-3 replacement fragment C-24499 5�-AAACGTCGAATAGAA/ACCGCTTGTTTAAAGAAAAT-3�
C-24246 5�-ATCGACAACAGCAAT/ATGATGGCCACCAAACGCGA-3�

Amplification of AcMNPV lef-3 promoter C-24245 5�-TTTGGTGGCCATCAT/ATTGCTGTTGTCGATATGTG-3�

Amplification of AcMNPV lef-3 poly(A) C-24248 5�-CTTTAAACAAGCGGT/TTCTATTCGACGTTTGGTTG-3�

CfMNPV lef-3 specific C-6721 5�-GTAACACTCTTGCTCAACC-3�

Fusion PCR to delete LEF-3 amino acids 126 to 385 C-24270 5�-ACTAACAAACATTTTTAATTCTATTCGACGTTTG-3�
C-24271 5�-CGTCGAATAGAATTAAAAATGTTTGTTAGTCAAAT-3�

Real-time PCR, specific for AcMNPV DNA p95-F1 5�-GAAACGACTTTCACCAAGCGGCTC-3�
p95-B1 5�-CGGCGGCACGGGAACACATTTTAG-3�

Real-time PCR, specific for Sf21 DNA C-28093 5�-GAAGAAGCACTCACAGTTCATCGGC-3�
C-28094 5�-ATGTCATCAGCATTGCGGGTCCAG-3�
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XhoI-digested pFAcT to produce pFAcT-Cflef3. All plasmid constructs were
confirmed by DNA sequence analysis.

DH10B E. coli cells carrying both the helper plasmid pMON7124 (Invitrogen
Life Technologies) and bMON14272 or knockout bacmid DNA were trans-
formed with specific pFAcT-based donor plasmids. The transformed cells were
incubated at 37°C for 4 h in 3 ml of Super Optimal broth with catabolite
repressor (SOC) medium and then plated in the presence of chloramphenicol
(25 �g/ml), kanamycin (50 �g/ml), gentamicin (7 �g/ml), tetracycline (10 �g/ml),
5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal; 100 �g/ml), and iso-
propyl-�-thiogalactopyranoside (IPTG; 40 �g/ml). Plates were incubated at 37°C
for a minimum of 48 h, and white colonies resistant to chloramphenicol, kana-
mycin, gentamicin, and tetracycline were selected and streaked onto new selec-
tion plates to confirm the phenotype. Bacmid DNA was purified from trans-
formed bacteria using a Qiagen large-construct kit.

Bacmid growth curves and titrations. Sf21 cells were transfected with 1 �g of
purified bacmid DNA as previously described (6). At various times after trans-
fection, supernatants were harvested and titers were determined in 50% tissue
culture infective dose (TCID50) endpoint dilution assays (25) to determine the
replication properties of BV produced by the various bacmids. Transfected cells
were also observed microscopically for cytopathic effects, including the produc-
tion of polyhedra at very late times after transfection.

Analysis of protein expression. Sf21 cells were transfected with wild-type or
mutant bacmids and various previously described LEF-3 expression plasmids (1,
7) as indicated. At 6 h posttransfection, the cells were heat shocked at 42°C for
30 min and then incubated at 28°C. Whole-cell extracts were prepared at 48 h
posttransfection, and the proteins from equivalent numbers of cells were re-
solved by SDS-polyacrylamide gel electrophoresis followed by electroblotting to
Hybond C-extra nitrocellulose membranes (GE Healthcare). Monoclonal anti-
bodies directed against P143 (21), P47 (4), GP64 (16), and VP39 (44) (used at a
dilution of 1:1,000) have been previously described. Polyclonal anti-LEF-3 (1:
2,500) has been previously described (6). Monoclonal antihemagglutinin (anti-
HA; Sigma) directed against amino acid residues 98 to 106 (YPYDVPDYA) of
human influenza virus HA, known as the HA tag, was used at a dilution of
1:3,000. Immunoblot analysis was performed using enhanced chemiluminescence
reagents (GE Healthcare).

Quantitative DNA replication assays. Replication of bacmid DNA in Sf21
cells was monitored by quantitative real-time PCR (qPCR). Sf21 cells (2 � 106)
were transfected with 1 �g of bacmid DNA. At various times posttransfection,
the cells were harvested into 1 ml of phosphate-buffered saline (BAC-PBS; 4 mM
KCl, 14 mM NaCl, 0.1 mM Na2HPO4 � 7H2O, 1.05 mM KH2PO4, pH 6.2). Total
DNA was extracted with an Easy-DNA kit (Invitrogen) and resuspended in 100
�l of elution buffer (10 mM Tris-HCl, pH 8.5). Prior to PCR, 4 �g of total DNA
was digested with 20 units of DpnI (New England Biolabs) overnight to digest
input DNA. DNA samples were diluted, and 3 �l was used for qPCR. Primers
C-28093 and C-28094, designed to amplify a unique segment of genomic DNA
(264 bp), were derived from the Sf21 hsp90 gene (20). Primers p95-F1 and
p95-B1, designed to amplify a segment of AcMNPV (369 bp), were derived from
sequences upstream of the AcMNPV hr3 region. We previously reported that the
genome complement of Sf21 cells is 1.6 pg/cell (4 genome copies per cell) (5).
This value was used in determining the cell numbers and then the ratio of viral
to cell copy numbers. PCR was performed in a Rotogene 3000 cycler as previ-
ously described (5).

RESULTS

Construction of AcMNPV lef-3 knockout and rescue bac-
mids. To investigate the in vivo function of LEF-3, we con-
structed a knockout AcMNPV bacmid in which a cat gene
cassette replaced the lef-3 gene. To preserve the adjacent orf66,
99 bp of the 3� end of the lef-3 coding region were retained in
the bacmid. The 5� end of lef-3 overlaps the other adjacent
orf68 and its potential promoter region (Fig. 1A). Since the
N-terminal 56 amino acids of LEF-3 contain a known nuclear
localization signal domain and may be involved in P143 inter-
action (1, 7), it was considered important to completely remove
this region from the lef-3 knockout. This meant that the po-
tential promoter and 5� end of orf68 were deleted. No differ-
ences in production of infectious budded virus, occlusion body
formation, or the production of nucleocapsids were detected

between an orf68 knockout and a wild-type bacmid (23). The
lef-3 knockout bacmid was named bKO-lef3-cat (Fig. 1A). A
polyhedrin-positive lef-3 knockout bacmid was then con-
structed by transposition between pFAcT and bKO-lef3-cat to
produce bKO-lef3 (Fig. 1B). As a control for all subsequent
experiments, a complete wild-type AcMNPV bacmid (bAcP),
carrying the polyhedrin gene, was also constructed by trans-
posing the polyhedrin gene in pFAcT into the polyhedrin locus
of bMON14272. The presence of the AcMNPV lef-3 gene in
bAcP was confirmed by PCR with primers C-22915 and
C-23321 (Fig. 1C, Ac-lef3 [lane 1]). The deletion of lef-3 in
bKO-lef3 was confirmed by PCR using two different primer
pairs. Primers C-22915 and C-23321 confirmed the loss of the
lef-3 coding region from bKO-lef3 (Fig. 1, Aclef3, compare
lane 1 with lane 2), while primers C-25459 and C-24244 con-
firmed the recombination junction site between the cat gene
and the viral sequences within orf68 (an expected 94- bp frag-
ment when cat was present) (Fig. 1C, cat-lef3, compare lane 1
with lane 2). An AcMNPV lef-3 rescue bacmid was constructed
by transposing the entire AcMNPV lef-3 ORF and its endog-
enous promoter from the donor plasmid pFAcT-Aclef3 into
the polyhedrin locus of bKO-lef-3-cat. This produced a poly-
hedrin-positive bacmid expressing the AcMNPV lef-3 gene
(bKO-lef3-Ac). The presence of AcMNPV lef-3 and the orig-
inal cat gene in bKO-lef3-Ac were confirmed by PCR using
primers C-22915 and C-23321 (Fig. 1C, Ac-lef3 [lane 3] and
cat-lef3 [lane 3]).

To investigate viral species differences in LEF-3 function, an
AcMNPV bacmid expressing the CfMNPV lef-3 gene was con-
structed. The CfMNPV lef-3 gene under the control of the
AcMNPV lef-3 promoter from pFAcT-Cflef3 was transposed
into the polyhedrin locus of bKO-lef3-cat to produce bKO-
lef3-Cf (Fig. 1B). The presence of CfMNPV lef-3 (using prim-
ers C-24244 and C-6721) and the absence of the AcMNPV
lef-3 gene (using primers C-22915 and C-23321) in bKO-
lef3-Cf were confirmed by PCR (Fig. 1C, Aclef3 [lane 4] and
Cf-lef3 [lane 4]).

DNA replication in the lef-3 knockout bacmid. Because lef-3
has been shown to be essential for DNA replication in tran-
sient assays, the ability of the lef-3 knockout and rescue bac-
mids to replicate viral DNA in insect cells was determined.
Various purified bacmid DNAs were transfected into Sf21
cells. At 24 and 48 h posttransfection, total intracellular DNA
was harvested, and the amount of virus-specific DNA was
quantified by qPCR. To ensure that only replicated DNA was
amplified in the reactions, input bacmid DNA was eliminated
by DpnI digestion of the total DNA samples prior to the PCR.
The viral region targeted for PCR carries two DpnI sites. The
amount of viral and cellular DNA for each bacmid transfection
was determined using template-specific primers (Table 1) (5),
and the relative viral genome copy numbers (viral genome
copies per cell) of each bacmid at 24 and 48 h posttransfection
were calculated (Fig. 2). The lef-3 knockout bKO-lef3 did not
produce any detectable viral DNA at either 24 or 48 h post-
transfection. Replication function was restored to the lef-3
knockout by adding back AcMNPV lef-3 in bKO-lef3-Ac, dem-
onstrating for the first time that AcMNPV DNA replication in
vivo is absolutely dependent upon lef-3 expression. As ex-
pected, adding the CfMNPV lef-3 gene to the lef-3 knockout
did not restore any viral DNA replication. Clearly, CfMNPV
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LEF-3 even in the presence of the rest of the ACMNPV
genome cannot complement AcMNPV LEF-3 in supporting
efficient AcMNPV DNA replication in Sf21 cells, as previously
suggested by transient plasmid replication assays (6).

Budded virus production in bacmid-transfected cells. The
process of viral DNA replication is considered essential for late
gene expression leading to BV formation. To examine the
ability of the lef-3 knockout and rescue bacmids to produce
BV, Sf21 cells were transfected with 1 �g of each bacmid
construct. At various times posttransfection, the supernatants
were harvested, and titers were determined in TCID50 assays
(Fig. 3A). The lef-3 knockout bacmid bKO-lef3 produced no
detectable infectious virus, confirming that the expression of
AcMNPV lef-3 and DNA replication are also essential for BV
production. Transfection with bKO-lef3-Ac resulted in a nor-
mal virus infection cycle, with BV detectable by 24 h posttrans-
fection with increasing titers to 96 h. Transfection with bKO-
lef3-Cf resulted in no detectable BV production, even at 96 h,
indicating that on its own, CfMNPV lef-3 was sufficiently dif-
ferent that it could not complement the AcMNPV homologue
in supporting DNA replication or BV production.

Differences in DNA preparations could affect the transfec-
tion efficiency and productivity in these assays. To demonstrate
that the growth curves were an accurate representation of BV
production from the rescue bacmids, supernatants from the
original transfection mixtures were collected at 96 h posttrans-
fection. Supernatants from cells transfected with bAcP, bKO-

FIG. 1. Construction of lef-3 knockout and rescue AcMNPV bac-
mids. (A) Schematic drawing of construction of a lef-3 knockout bac-
mid (bKO-lef3-cat) from bMON14272. The relative location and ori-
entations of orf66, orf68, and orf69 in the lef-3 locus of bMON14272
(AcMNPV bacmid) are indicated. The cat gene flanked by the FLP
recognition target was amplified by PCR using primers C-25716 and
C-25717, and the product was electroporated into DH10Bac-pKD46
cells to replace the lef-3 by homologous recombination (bKO-lef3-cat).
The location and orientation of primers used to confirm the constructs
are also shown. (B) Schematic diagram of construction of polyhedrin-
positive bacmid bKO-lef3 and polyhedrin (polh)-positive rescue bac-
mids bKO-lef3-Ac and bKO-lef3-Cf from bKO-lef3-cat. The names
and locations of primers used in the donor plasmid construction and
the location of the selection antibiotic (Gen) are shown for each

construct. (C) Results of PCR confirmation of bacmid sequence mod-
ifications. Purified bacmid DNA from bAcP (lane 1), bKO-lef3 (lane
2), bKO-lef3-Ac (lane 3), and bKO-lef3-Cf (lane 4) were used as
templates with primer pairs specific for AcMNPV lef-3 (Ac-lef3;
C-23321and C-22915) or the cat gene in the appropriate locations
(cat-lef3; C-25459 and C-24244) or CfMNPV lef-3 (Cf-lef3; C-6721 and
C-24244). Primers C-23321 and C-22915 were used to confirm the loss
of the lef-3 coding region. Primers C-25459 and C-24244 were used to
confirm the recombination junction of flanking regions.

FIG. 2. Viral DNA replication in bacmid-transfected Sf21 cells.
Total intracellular DNA from Sf21 cells transfected with bAcP, bKO-
lef3, bKO-lef3-Ac, or bKO-lef3-Cf was isolated at 24 and 48 h post-
transfection. The DNA was digested with DpnI for 16 h and analyzed
by real-time PCR using host genome- and virus-specific primer pairs.
The relative viral genome copy number per cell was calculated for each
bacmid transfection. The results are expressed as the number of viral
genome equivalents per cell and are displayed as averages of samples
analyzed in triplicate from transfections performed in duplicate. Error
bars indicate standard deviations.
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lef3, bKO-lef3-Ac,or bKO-lef3-Cf were used to conduct a sec-
ond series of virus growth curve experiments. The results using
BV were very similar to those from the transfection experi-
ments (Fig. 3B). The wild-type bacmid bAcP and rescue bac-
mid bKO-lef3-Ac produced similar BV growth curves with titer
increases between 12 and 24 h postinfection and continued to
increase BV production until 72 h. The CfMNPV LEF-3 res-
cue bacmid bKO-lef3-Cf, as expected, did not produce any
detectable BV over the same time period.

Deletion mutants of LEF-3 can support late gene expres-
sion. The LEF-3 knockout bacmid provided us with a tool to
investigate the functional role of LEF-3 during the virus rep-
lication cycle. We previously showed that amino acids 26 to 32
are essential for nuclear localization of LEF-3 and are also

required for interaction with P143 (1). We have also demon-
strated that the LEF-3 N-terminal 125 amino acids carry a
domain required for nuclear transport of P143 (7). However,
both of these studies were based on transient assays with trans-
fected plasmids expressing different regions of AcMNPV
LEF-3 and could not provide any information on the possible
role that LEF-3 may play in expression of other viral genes. We
therefore investigated the expression levels of a number of
viral early and late genes in various bacmid-transfected cells.

Sf21 cells were transfected with bAcP, bKO-lef3, or bKO-
lef3-Ac. At 48 h posttransfection, cell extracts were harvested
and analyzed by immunoblotting with antibodies specific for
early (P143 and DNA polymerase [DNApol]), early/late
(GP64), and late (P47 and VP39) proteins. All of these pro-
teins were easily detected in both bAcP and bKO-lef3-Ac, and
the levels of protein expression were similar with both bacmids
(Fig. 4A, lanes 1 and 2). However, in bKO-lef3-transfected
cells, only the early proteins P143 and DNApol and early
expression of GP64 were detected. Their levels were reduced
compared to the amounts produced during infection with ei-
ther bAcP or bKO-lef3-Ac (Fig. 4A, lane 3). This level of early
gene products apparently represented the basal level of expres-
sion of P143 and DNApol in the absence of viral DNA repli-
cation. Although the gp64 gene codes for a structural envelop
protein, it is transcribed at both early and late times after
infection (2, 43). High levels of late expressed GP64 were
detected in both bAcP- and bKO-lef3-Ac-transfected cells.
Only a very weak early GP64 signal and no P47 or VP39 were
observed in bKO-lef3-transfected cells, indicating that their
late expression was dependent upon the presence of LEF-3.

We then investigated if specific regions of LEF-3 were ca-
pable of rescuing the ability of bKO-lef3 to stimulate late gene
expression. Cells were cotransfected with bKO-lef3 and plas-
mids expressing various AcMNPV LEF-3 deletions (1), and
the resulting cell extracts were examined by immunoblotting.
As expected, the expression of all early and late proteins ex-
amined was stimulated to the same level as that observed with
the bKO-lef3-Ac by cotransfecting a plasmid expressing the
whole LEF-3 ORF (Fig. 4B, lane 2). These results also dem-
onstrated that this approach could be used to examine the role
that other regions might have in stimulating gene expression.
Cotransfection of bKO-lef3 and plasmids expressing LEF-3
amino acids 1 to 83, or amino acids 190 to 385, resulted in
levels of P143, DNApol, and GP64 similar to or less than that
observed with bKO-lef3 alone, while no P47 or VP39 was
detected (Fig. 4B, lanes 5 and 6). Expression of the LEF-3
N-terminal 189 amino acids stimulated low but detectable
amounts of P47, GP64, and VP39 (Fig. 4B, lane 3). Surpris-
ingly, expression of the LEF-3 N-terminal 125 amino acids
enhanced the expression of P143 and DNApol and also stim-
ulated detectable levels of P47 and high levels of GP64 and
VP39 (Fig. 4B, lane 4). These data suggest that a region in-
cluding the N-terminal 125 amino acids is required and suffi-
cient to stimulate late gene expression. To confirm that the
differences in the abilities of the different plasmids to support
DNA replication were not an artifact related to inefficient
protein expression, cell extracts of similar cotransfections were
examined by immunoblotting using antibodies directed against
the HA tag present on each construct (Fig. 4B, HA). The
results demonstrated high levels of the full-length and various

FIG. 3. Budded virus production in bacmid-transfected and in-
fected cells. (A) Sf21 cells were transfected with bAcP, bKO-lef3,
bKO-lef3-Ac, or bKO-lef3-Cf bacmid DNA. Cell culture supernatants
were harvested at 12, 24, 36, 48, 72, and 96 h posttransfection and
titrated by TCID50 endpoint dilution assays for the presence of infec-
tious budded virus. The results represent the average titers derived
from three independent assays. Error bars represent standard devia-
tions. (B) Sf21 cells were infected (multiplicity of infection of 1) with
supernatants harvested at 96 h posttransfection from cells transfected
with bAcP, bKO-lef3, bKO-lef3-Ac, or bKO-lef3-Cf bacmid DNA. Cell
culture supernatants from these infections were harvested and titrated
by TCID50 assays for the presence of infectious budded virus. The
results represent the average titers derived from three independent
assays. Error bars represent standard deviations.
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deletion mutant LEF-3 proteins, indicating that the lack of late
protein synthesis was functionally related to the different ex-
pressed regions of LEF-3.

We also investigated the abilities of these same expression
vectors to support very late gene expression by examining sim-
ilarly cotransfected cells by using phase-contrast microscopy
for the presence or absence of polyhedra. Polyhedra were seen
in cells cotransfected with bKO-lef3 and plasmids expressing
full-length LEF-3, LEF-3 amino acids 1 to 125, or LEF-3
amino acids 1 to 189 (data not shown). No polyhedra were
observed in cells cotransfected with bKO-lef3 and plasmids
expressing LEF-3 amino acids 1 to 83 or 190 to 385 (data not
shown). Together, these data demonstrate that the LEF-3 re-
gion that includes amino acids 1 to 125 was able to rescue
LEF-3 function responsible for late and very late gene expres-
sion, while amino acids 1 to 83 could not. Interestingly, there
was a consistently lower level of early and late gene expression
in the presence of amino acids 1 to 189 versus 1 to 125 (Fig. 4B,
lane 3 versus lane 4).

Expression of LEF-3 amino acids 1 to 125 region can stim-
ulate DNA replication. Since late baculovirus gene expression
is somehow coupled to viral DNA replication, and based on
the results presented above, we investigated the ability of the
N-terminal 125 amino acids of LEF-3 to also support viral
DNA replication using transient-replication assays. Two ap-
proaches were taken. First, Sf21 cells were cotransfected with
the library of plasmids expressing a set of the minimum genes
required for viral DNA replication (ie-1, ie-2, pe38, lef-1, lef-2,
p143, dnapol, and p35) plus plasmids expressing various lef-3
constructs. At 48 h posttransfection, total intracellular DNA
was purified and analyzed for plasmid DNA replication by
DpnI digestion and Southern blotting, using a portion of the
viral DNA polymerase gene as a probe. Full-length LEF-3 was
able to stimulate DNA replication (Fig. 5A, lane 8), while very
small amounts of replicated plasmid DNA could be detected in
the presence of LEF-3 amino acids 1 to 125 (Fig. 5A, lane 10)
or, to a lesser extent, with amino acids 1 to 189 (Fig. 5A, lane
9). No plasmid replication was detected when cells expressed
LEF-3 regions 1 to 83 or 190 to 385 (Fig. 5A, lanes 11 and 12).
Immunoblotting of similarly transfected cells, probed with an
anti-HA antibody, confirmed the appropriate expression of the
various LEF-3 construct proteins (data not shown).

In the second approach, Sf21 cells were cotransfected with
bKO-lef3 bacmid DNA and the same series of LEF-3 expres-
sion plasmids to determine the effect of expressing the various
LEF-3 domains in the presence of the rest of the viral genome.
At 48 h posttransfection, total intracellular DNA was har-
vested and analyzed for viral DNA replication by DpnI diges-
tion and Southern blotting. As expected, viral DNA replication
was detected with the rescue bacmid (Fig. 5B, bKO-lef3-Ac,
lane 1). Viral DNA replication was also detected with the
knockout bacmid bKO-lef3 in the presence of full-length
LEF-3 (Fig. 5B, lane 3), as well as LEF-3 amino acids 1 to 125
(Fig. 5B, lane 5). A very faint band representing replicated
DNA was observed with long exposures for LEF-3 amino acids
1 to 189 (Fig. 5B, lane 4), but no replication was detected in the
presence of LEF-3 amino acids 1 to 83 or 190 to 385 (Fig. 5B,
lanes 7 and 8).

The levels of detection of replicated DNA based on South-
ern blotting were low. Therefore, the total intracellular DNA

FIG. 4. Viral protein expression of bKO-lef3-transfected cells in
the absence or presence of various truncations of LEF-3. (A) Sf21 cells
were transfected with bacmid bAcP (WT; lane 1), AcMNPV lef-3
rescue bacmid (Ac-R; lane 2), or AcMNPV lef-3 knockout bacmid
(KO; lane 3). Transfected cells were harvested at 48 h posttransfection
and analyzed by immunoblotting for the expression of early and late
viral proteins. Antibodies used as probes on the immunoblots were
directed against the specific proteins indicated on the right. (B) The
AcMNPV lef-3 knockout bacmid bAcKO-lef3 was transfected alone
(lane 1) or cotransfected with plasmids expressing the full-length
LEF-3 (lane 2), LEF-3 amino acids (aa) 2 to 189 (lane 3), LEF-3 aa 2
to 125 (lane 4), LEF-3 aa 2 to 83 (lane 5), or LEF-3 aa 190 to 385 (lane
5). At 48 h posttransfection, cell extracts were prepared and analyzed
by immunoblotting for the expression of early and late viral proteins.
Antibodies used as probes were directed against the specific proteins
indicated on the right. The lower panel shows the results of probing the
immunoblot with antibody directed against the HA tag fused to the
various truncated LEF-3 proteins. The results of probing mock-trans-
fected cells are also shown (lane 7).
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from cells cotransfected with bKO-lef3 and the various LEF-
3-expressing plasmids was also examined by qPCR to monitor
the level of viral DNA replication. As expected, the highest
level of replicated DNA was detected with full-length LEF-3
(about 240 copies per cell) (Fig. 5C, column 3). This was about
5-fold higher than the level seen with LEF-3 amino acids 1 to
125 (about 42 copies per cell) (Fig. 5C, column 5) and 25-fold
higher than the level seen with LEF-3 amino acids 1 to 189
(about 8 copies per cell) (Fig. 5C, column 4). However, these
levels were higher than background levels (about one copy or
less per cell) of viral DNA detected in cells transfected with
bKO-lef3 alone or with bKO-lef3 plus LEF-3 amino acids 1 to
83 (Fig. 5C, column 6) or 190 to 385 (Fig. 5C, column 7).
Together these data demonstrated that the amino acids 1 to
125 region of LEF-3 was capable of supporting viral DNA
replication in the presence of the minimum library of genes or
in the presence of the viral genome (as a cotransfected lef-3
KO bacmid). The results also demonstrated that expressing
LEF-3 amino acids 1 to 189 resulted in less efficient DNA
replication than expressing the region including a smaller re-
gion, amino acids 1 to 125. These results were also consistent
with the protein expression levels detected in experiments de-
scribed above (Fig. 4).

Optimal viral DNA replication requires full-length LEF-3.
To investigate the role that the 1–125 LEF-3 domain had in
supporting DNA replication in vivo, we constructed a rescue
bacmid expressing this particular domain. The construct
pFAcT-Aclef3-125 was introduced into the polyhedrin locus of
bKO-lef3-cat to produce a polyhedrin-positive bacmid express-
ing only the N-terminal 125 amino acids of the AcMNPV lef-3
gene (bKO-lef3-125) (Fig. 6A). To evaluate the ability of this
N-terminal LEF-3 region to support viral DNA replication in
the context of the rest of the genome, quantitative DNA rep-
lication assays were performed. Replicated bAcP DNA was
detectable by 12 h, and the level increased steadily to 24 h and
then dramatically increased at 36 and 48 h. The rescue bacmid
bKO-lef3-Ac produced a similar pattern of DNA replication,
but the amount of DNA at each time point was less than in
bAcP-transfected cells. By 48 h, the amount of viral DNA
produced was about 60% of the bAcP level, consistent with
data shown in Fig. 2. The bacmid expressing only the N-ter-
minal 125 amino acids of LEF-3 (bKO-lef3-125) produced a
profile almost identical to that of the rescue bacmid at 36 h, but
by 48 h the amount of replicated viral DNA in bKO-lef3-125-
transfected cells was about 30% of the amount seen in bAcP
and about 50% of that seen with the rescue bacmid. These
results clearly demonstrated that expression of only the N-
terminal 125 amino acids of LEF-3 resulted in substantial
levels of replicated viral DNA.

We then examined the ability of bKO-lef3-125 to produce
BV by transfecting Sf21 cells with bKO-lef3-125 or wild-type
bacmid bAcP DNA and determining the BV titers at various
times posttransfection (Fig. 6C). Transfection with bKO-lef3-
125 resulted in a normal virus infection cycle, with BV produc-
tion levels very similar to that of bAcP to 36 h. However, there
was little or no increase in infectious BV to 96 h, and the final
titer reached was about 10-fold lower than with bAcP. To
confirm the infectivity of bKO-lef3-125 budded virus, Sf21 cells
were infected with virus supernatants harvested from the orig-
inal transfection mixtures at 96 h. Both bAcP and bKO-lef3-

FIG. 5. Transient viral DNA replication assays. (A) Sf21 cells were trans-
fected with a collection of plasmids, which together expressed the AcMNPV
genes necessary for plasmid DNA replication (ie-1, dnapol, lef-1, lef-2, p35,
pe38, and ie-2) in the absence of lef-3 (lane 1) or in the presence of plasmids
expressing the full-length LEF-3 (lanes 2 and 8), LEF-3 amino acids (aa) 2 to
189 (lanes 3 and 9), LEF-3 aa 2 to 125 (lanes 4 and 10), LEF-3 aa 2 to 83
(lanes 5 and 11), or LEF-3 aa 190 to 385 (lanes 6 and 12). Following incu-
bation for 48 h, total intracellular DNA was prepared and digested with
EcoRI to linearize the plasmids or with EcoRI and DpnI to detect replicated
plasmid DNA. Restricted DNA was prepared by Southern blotting, and
replicated DNA was detected with a probe prepared from the viral DNA
polymerase gene (dnapol). (B) Sf21 cells were transfected with rescue bacmid
bKO-lef3-Ac (lane 1), bKO-lef3 (lane 2), or bKO-lef3 cotransfected with
plasmids expressing the full-length LEF-3 (lane 3), LEF-3 aa 2 to 189 (lane 4),
LEF-3 aa 2 to 125 (lane 5), LEF-3 aa 2 to 83 (lane 6), or LEF-3 aa 190 to 385
(lane 7). A control transfected with only herring sperm DNA was included
(lane 8). At 48 h, total intracellular DNA was prepared and probed as
described above. DpnI-resistant DNA was detected with a probed prepared
from the viral DNA polymerase gene (dnapol). (C) The same DNA samples
shown in panel B were digested with DpnI for 16 h and analyzed by real-time
PCR using host genome- and virus-specific primer pairs. The relative viral
copy number per cell was calculated for each bacmid transfection. The results
are expressed on a log10 scale as the number of viral genome equivalents per
cell and are displayed as averages of samples analyzed in triplicate. Error bars
indicate standard deviations.
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125 produced similar BV growth curves, with an initial increase
seen by 24 h and a steady increase in titer to about 72 h
postinfection. The final titer of BV produced by bKO-lef3-125
was about 40-fold lower than with the wild type (Fig. 6D).
Clearly, deleting amino acids 126 to 385 of LEF-3 did not
completely inhibit either viral DNA replication or BV produc-
tion.

DISCUSSION

In this study, we have shown for the first time that LEF-3 is
essential for AcMNPV DNA replication in vivo. By taking
advantage of the AcMNPV bacmid system, we demonstrated
that lef-3 is essential for all aspects of virus replication inves-
tigated, including DNA replication, BV production, and poly-
hedra formation, because all of these functions were absent in
cells transfected with the lef-3 knockout bacmid. Repairing the
lef-3 gene function by adding back the AcMNPV gene into the
polyhedrin gene region of the rescue bacmid was successful in
regenerating infectious virus, demonstrating that this single
gene was responsible for the observed phenotype. Repairing
the LEF-3 KO with the CfMNPV lef-3 gene did not rescue viral
DNA replication or late gene expression, consistent with our
previous results (6).

SSBs from other better-characterized systems are important
multifunctional proteins which physically associate with a large
number of different cellular genome maintenance proteins,
likely defining their role as nucleoprotein substrates for DNA
replication, recombination, DNA repair, and replication re-
start processes. SSBs can modulate the activity of other pro-
teins by their ability to bind to single-stranded DNA (ssDNA),
melting out double-stranded regions by contiguous coopera-
tive binding but also by direct protein-protein interactions with
proteins of the same replication system. These functions of
SSBs appear to be conserved throughout all phyla and are
essential for survival (39). The SSB family is characterized
structurally by their oligonucleotide oligosaccharide-binding
fold (OB fold), which binds to single-stranded DNA substrates

FIG. 6. Construction and characterization of bKO-lef3-125.
(A) Schematic diagram describing the construction of the LEF-3
amino acid 1 to 125 rescue bacmid, bKO-lef3-125. The location and
orientation of primers used in donor plasmid constructions and the
diagnostic PCR are shown as arrows with names. (B) Viral DNA
replication in bacmid-transfected Sf21 cells. Total intracellular DNA
was isolated from Sf21 cells transfected with bAcP, bKO-lef3-Ac,
bKO-lef3-125, or bKO-lef3-Cf at various times posttransfection. The
DNA was digested with DpnI for 16 h and analyzed by real-time PCR.
The relative viral copy number per cell was calculated for each bacmid
transfection. The results are expressed as the number of viral genome
equivalents per cell and are displayed as averages of samples analyzed
in triplicate from transfections performed in duplicate. Error bars
indicate standard deviations. (C) Budded virus growth curves in Sf21
cells transfected with bAcP or bKO-lef3-125 DNA. Supernatants were
harvested at various times posttransfection and titrated for the pres-
ence of infectious virus in TCID50 endpoint dilution assays. (D) The
virus supernatants harvested at 96 h from bacmid transfection mixtures
were used to infect Sf21 cells (multiplicity of infection, 0.1). At various
times after infection, cell culture supernatants were harvested and titer
were determined in TCID50 assays. Virus titers represent the averages
derived from three independent assays. Error bars represent standard
deviations.
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(35). The primary sequence homology and peptide-binding
homology of SSB OB folds are negligible, but structural anal-
ysis reveals common domains that can occur once (e.g., E. coli)
or as multiple OB folds (e.g., mammalian RPA) (38). Another
important aspect of SSB structures is their oligomeric form,
which appears to bring together different numbers of OB folds
to the protein’s active form (18). Viruses with DNA genomes
also require SSBs for replication of their genomes, and several
have been identified in such diverse eukaryotic virus families as
Adenoviridae, Herpesviridae, and Poxviridae. LEF-3 shares
properties with these other well-characterized SSBs: it binds
ssDNA (15, 45); it oligomerizes in solution (33, 34); it interacts
with the helicase P143 (7, 45); it closely associates with the viral
DNA polymerase and the potential initiator IE-1 on viral DNA
(17); it localizes to the nucleus (1); it can both unwind DNA
duplexes and assist in annealing cDNA strands (31).

Several functional domains in AcMNPV LEF-3 have been
identified, including a nuclear localization signal (amino acids
26 to 32) (1), ssDNA-binding domains (amino acids 28 to 326)
(33), an oligomerization region (amino acids 1 to 385) (11), a
P143-interacting domain (amino acids 1 to 125) (7), and a
region that interacts with the viral alkaline nuclease (amino
acids 1 to 311) (30). If all of these functional domains are
essential for LEF-3 function during the AcMNPV replication
cycle, the deletion of any domain might cause a significant
disruption to its structure, thus affecting the ability of LEF-3 to
function normally, as suggested by an earlier mutagenesis anal-
ysis (11). Hence, we expected that any lef-3 deletion construct
would not be able to support a complete replication cycle when
cotransfected with the LEF-3 knockout bacmid. Thus, the re-
sults of both the cotransfection experiments and analysis of a
bacmid expressing only the N-terminal 125 amino acids show-
ing that this region could support viral DNA replication, late
gene expression, and BV production were surprising.

Mutants of LEF-3 have been previously prepared and ex-
amined for their ability to support viral DNA replication (11).
The results indicated that deleting 77 amino acids from the N
terminus of LEF-3 was enough to inhibit its ability to support
DNA replication in a transient assay, in agreement with our
data which showed that up to 125 amino acids are required.
However, in that study, deleting 71 amino acids from the C
terminus also rendered LEF-3 unable to support DNA repli-
cation in transient assays (11). We did not construct a similar
expression vector, but our data with the expression of the
189-amino-acid region suggest that there may be inhibitory
effects seen if the complete LEF-3 ORF is not included in
addition to the first 125 amino acids.

Little is known about the mechanism of baculovirus DNA
replication, but most experimental data suggest that the pro-
cess includes a rolling circle mechanism combined with recom-
bination (22, 36, 47). Analysis of bacmids where the viral an
gene has been knocked out reveals that the level of DNA
replicated is normal but the by-products of replication are
subgenomic branched molecules that may not be properly
packaged into BV (36). In addition, no BV are produced in the
absence of AN (37). LEF-3 interacts with AN, and the activity
of AN is regulated in part by this interaction (30). LEF-3 has
also been shown to bind viral DNA in a complex that includes
at least P143 and IE-1 (17). Thus, LEF-3 appears to play a
significant role in several aspects of baculovirus replication by

interacting with itself as well as different proteins, including
IE-1, P143, AN, and presumably the host cell karyopherins
that are likely necessary for recognizing the LEF-3 nuclear
localization signal and actively transporting it through nuclear
pores. We have now shown that the region of LEF-3 involved
in nuclear localization and interaction with P143 is sufficient to
support viral replication and BV production. Since P143 is
likely involved in unwinding double-stranded DNA and LEF-3
is then required to stabilize the resulting single-stranded DNA,
the close interaction between P143 and LEF-3 may be essential
for the correct coordination of these processes during replica-
tion. The reduced efficiency of replication observed with the
bKO-lef3-125 construct may be related to its inefficient binding
to ssDNA. One or more LEF-3 domains may be required for
maximum DNA-binding efficiency, or other regions may be
required for cooperative binding of additional LEF-3 mole-
cules. It is also possible that other factors interact with LEF-3
during replication and that these interactions are also critical
for maximizing the efficiency of the replication process, as
suggested in other more-well-defined replication systems (18).
The failure of CfMNPV LEF-3 to complement its AcMNPV
homologue may be an indication that this ability to closely
interact with other viral factors is critical to their function
during replication. Further work is necessary to determine the
role that other regions of LEF-3 play in making this process
more efficient.
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