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38K (ac98) of Autographa californica multiple nucleopolyhedrovirus (AcMNPV) is a highly conserved baculo-
virus gene whose function is unknown. To determine the role of 38K in the baculovirus life cycle, a 38K
knockout bacmid containing the AcMNPV genome was generated through homologous recombination in
Escherichia coli. Furthermore, a 38K repair bacmid was constructed by transposing the 38K open reading frame
with its native promoter region into the polyhedrin locus of the 38K knockout bacmid. After transfection of these
viruses into Spodoptera frugiperda cells, the 38K knockout bacmid led to a defect in production of infectious
budded virus, while the 38K repair bacmid rescued this defect, allowing budded-virus titers to reach wild-type
levels. Slot blot analysis indicated that 38K deletion did not affect the levels of viral DNA replication.
Subsequent immunoelectron-microscopic analysis revealed that masses of electron-lucent tubular structures
containing the capsid protein VP39 were present in cells transfected with 38K knockout bacmids, suggesting
that nucleocapsid assembly was interrupted. In contrast, the production of normal nucleocapsids was restored
when the 38K knockout bacmid was rescued with a copy of 38K. Recombinant virus that expresses 38K fused
to green fluorescent protein as a visual marker was constructed to monitor protein transport and localization
within the nucleus during infection. Fluorescence was first detected along the cytoplasmic periphery of the
nucleus and subsequently localized to the center of the nucleus. These results demonstrate that 38K plays a

role in nucleocapsid assembly and is essential for viral replication in the AcMNPYV life cycle.

The family Baculoviridae comprises a diverse group of ar-
thropod-specific DNA viruses. They have been reported world-
wide from over 600 host species, mostly from insects of the
order Lepidoptera but also from the orders Diptera and Hy-
menoptera (5). Baculoviruses are characterized by a circular
double-stranded DNA genome (ranging from 80 to 180 kbp)
packaged within a rod-shaped capsid and enclosed by a lipid
envelope (16, 17). Their life cycle typically involves the pro-
duction of two virus forms, the budded virus (BV) and the
occlusion-derived virus (ODV). Although the nucleocapsids of
BVs and ODVs are similar in structure, the composition of
their envelopes is different to accommodate their respective
functions in an infection cycle (7). The ODVs, which are em-
bedded within a paracrystalline matrix consisting mainly of
virus-encoded polyhedrin protein, initiate a primary infection
of the animal by infecting epithelial cells of the midgut when
virus is released by the alkaline pH of the gut. The BVs are
produced from the infected midgut epithelial cells and can
initiate a secondary infection. Thus, these two virus forms play
significantly different roles in the virus life cycle (10).

The baculovirus infection cycle in cultured cells can be sub-
divided into three major phases of viral gene transcription:
early, late, and very late. The switchover from early to late viral
gene expression coincides with the start of viral DNA replica-
tion and intranuclear development of the viral replication
center, called the virogenic stroma. During the late phase of
infection, newly replicated viral DNA is condensed and pack-
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aged into tubular capsid structures to form nucleocapsids
within the virogenic stroma. These nucleocapsids egress from
the cell nucleus and bud through a modified plasma membrane
to acquire a loosely fitting envelope important for BV infec-
tivity. Later in infection, nucleocapsids remain within the nu-
cleus, become bundled together, and are enveloped by a mem-
brane elaborated within the nucleus. The resulting ODVs are
embedded within large proteinaceous paracrystalline occlusion
bodies, also known as polyhedra (35).

The first baculovirus to be completely sequenced was Autog-
rapha californica nucleopolyhedrovirus (AcMNPV), which is
the type species and the most widely studied of the Baculov-
iridae (2). AcMNPV contains a covalently closed circular ge-
nome of 134 kbp, about 154 putative open reading frames
(ORFs) based on the criterion that the ORF be a single,
contiguous, nonoverlapping coding region (2). Comparative
analysis of the 29 currently completely sequenced baculovirus
genomes shows that there are 29 identified genes in common,
which are grouped as the baculovirus core set genes (12, 16).
The poor conservation of the gene order between baculovirus
genomes indicates that extensive genome rearrangements have
occurred during the course of baculovirus evolution. It is thus
particularly notable that only one core gene cluster of four
genes has remained in same relative position in all sequenced
baculovirus genomes (16), including one dipteran baculovirus
(1) and two hymenopteran baculoviruses (12, 20). This core
gene cluster is composed of helicase, lef5, ac96, and 38K.

Helicase, also referred to as P143, is a DNA binding protein
with DNA-unwinding activity (19, 26); LEF-5 functions as a
transcription initiation factor (13) and has a zinc ribbon that is
homologous to a domain in the eukaryotic transcription elon-
gation factor SII (14). Although both 38K and ac96 are mem-
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bers of the 29-gene baculovirus core set, which is indicative of
their having a potentially vital biological role in the baculovirus
life cycle, the functions of the two genes are unknown.

The AcMNPV 38K ORF was first identified by nucleotide
sequence analysis of the 60.1 to 65.5 map units of AcMNPV
(23), and its 1.1-kbp transcript was expressed at late phase
during infection (24). 38K was found to be able to increase
early, late, and very late gene expression by the late expression
factor assay (15). Tagged versions of 38K were used to show
that 38K accumulates in the nuclei of transfected cells and
interacts with itself to form homo-oligomers (15). The failure
to construct a 38K-null mutant virus suggested that 38K may be
crucial to the AcMNPV life cycle (15).

In this study, we used an AcMNPV bacmid to generate a 38K
knockout mutant by homologous recombination in Escherichia
coli to determine the role of 38K in AcMNPYV viral replication.
Our data indicated that the 38K gene is essential for budded
virus production, although deletion of 38K does not affect viral
DNA replication. Immunoelectron microscopic analysis dem-
onstrated that the 38K gene is required for normal nucleocap-
sid assembly.

MATERIALS AND METHODS

Viruses and cells. Bacmid bMON14272, containing an AcMNPV genome, can
propagate in E. coli DH10B as a large plasmid that confers resistance to kana-
mycin and can complement a lacZ deletion present on the chromosome to form
blue colonies (Lac™) in the presence of the chromogenic substrate 5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside (X-Gal) and the inducer isopropyl-B-D-
thiogalactopyranoside (IPTG) (25). It contains a mini-a#tTn7 attachment site to
allow generation of a recombinant bacmid following transposition of a pFastBac
expression construct by helper plasmid pMON7124, which encodes the trans-
posase (25). The Sf-9 insect cell line, the clonal isolate 9 from IPLB-Sf21-AE
cells derived from the fall armyworm (Spodoptera frugiperda) (33), was cultured
at 27°C in Grace’s medium (Invitrogen Life Technologies) supplemented with
10% fetal bovine serum, penicillin (100 wg/ml), and streptomycin (30 pg/ml). In
all experiments, the virus inoculum was allowed to adsorb for 1 h upon infection
or 5 h upon transfection at 27°C and then was replaced with fresh medium. Time
zero was defined as the time when the virus was replaced with fresh medium.

Generation of the 38K knockout AcMNPV bacmid. Using the bacmid
bMONI14272, a 38K knockout AcMNPV was generated through homologous
recombination in E. coli as previously described (4, 22). First, a transfer vector in
which the 38K locus region was replaced with a chloramphenicol resistance gene
(Cm) for antibiotic selection in E. coli was constructed as follows. A 540-bp
fragment homologous to the 5’ region of the 38K ORF (AcMNPV nucleotides
85490 to 86017) was PCR amplified from the AcMNPV bacmid using the primers
38K-US-1 (5'-GAGCTCTAAATAAGGCGTAACTGGTC-3') and 38K-US-2
(5'-GGATCCTCCTGCAAGCTGTCATACAC-3") (Sacl and BamHI sites, re-
spectively, are underlined). The PCR product was digested with Sacl and BamHI
and then ligated into vector pUCI18 to generate the recombinant plasmid
pUCI18-US. With the primers CmU (5'-GGATCCCTTCGAATAAATACCTG
TGA-3") and CmD (5'-CTGCAGAACCAGCAATAGACATAAGC-3") (BamHI
and Pstl sites, respectively, are underlined), a 1,039-bp fragment containing the
Cm gene cassette was PCR amplified from plasmid pKOV-KanF (18). The
resulting product was digested with BamHI and PstI and ligated into plasmid
pUCI18-US, which was also digested with the same BamHI-Pstl mixture to
generate the recombinant plasmid pUC18-US-Cm. With primers 38K-DS-1 (5'-
CTGCAGGTGCAAGATTGGGAACATTATCAC-3") and 38K-DS-2 (5'-AAG
CTTCGCTCTATTATTACTTGGACTCGGC-3") (Pstl and HindIII sites, re-
spectively, are underlined), a 527-bp fragment homologous to the 3’ region of the
38K ORF (AcMNPV nucleotides 84581 to 85095) was PCR amplified from the
AcMNPV bacmid. The PCR product was digested with Pstl and HindIII and
cloned into plasmid pUC18-US-Cm, which was digested with Pstl/HindIII to
generate a final 38K knockout transfer vector named pUC18-US-Cm-DS. This
transfer vector was digested with Sacl and HindlIII, and the resulting linear
2.1-kbp fragment containing the Cm gene cassette and 38K flanking region was
gel purified and suspended in distilled water to a final concentration of 200 ng/ul.

To facilitate homologous recombination between the Cm gene and the bacmid
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target sequence, DH10Bac cells (DH10B contains AcMNPV bacmid bMON14272)
were transformed with pBAD-gbaA (27). pBAD-gbaA contains the \ red recom-
binase genes gamma, beta, and alpha, which encode a RecBC inhibitor, a single-
strand-DNA-annealing protein, and a 5'—3" double-strand-DNA exonuclease,
respectively (27). The resulting clone cells were induced by addition of L-arabi-
nose to allow expression of the \ red system, made competent, and electrotrans-
formed with 1 pg of the purified linear 2.1-kbp fragment as previously described
(29). The electroporated cells, containing an altered genotype of the recombi-
nant bacmid, were incubated at 37°C for 1 h in 1 ml SOC medium (25) and
subsequently spread onto agar medium containing 20 pg of chloramphenicol per
ml, 50 pg of kanamycin per ml, and 7 pg of tetracycline per ml. Plates were
incubated at 37°C for 2 days, and colonies resistant to chloramphenicol and
kanamycin were selected and verified by PCR analysis and Southern blot anal-
ysis. The resulting 38K knockout bacmid was named vAc*$<-KO,

PCR confirmation of recombinant bacmids. Two pairs of specific PCR primers
were used to confirm the replacement of 38K by the chloramphenicol-resistant
gene in the 38K locus of bMON14272. Primers CmU and CmD were used to
detect the correct insertion of the Cm gene cassette. Primers Ac9852 (5'-GGA
TCCATGGCCTCCTCGCTTCAAA-3") and Ac9834 (5'-TCTAGATTTAATA
AAATATTGTTCGTA-3"), which are just outside the flanking sequence for
recombination, were used to confirm the deletion region. Primer pair Ac9852/
CmD and primer pair CmU/Ac9834 were used to examine the recombination
junctions of the upstream and downstream flanking regions.

Southern blot analysis. Southern blot hybridization analysis was used to con-
firm the absence of 38K in the AcMNPV bacmid and the replacement of it by the
Cm gene. A deletion fragment of 38K was PCR amplified from the AcMNPV
bacmid with primers ET-38K-P1 (5'-GTTGCACGAGATGGGTTGCGTTTTA-
3") and ET-38K-P2 (5'-GGGGGTGGGGCATCGTTTGACTTTG-3'). The
PCR product was purified and digoxigenin (DIG High Prime labeling and de-
tection starter kit I; Roche Biochemicals) labeled overnight for use as a probe for
Southern blot hybridization to detect the deletion of 38K. Meanwhile, the frag-
ment containing the Cm gene was PCR amplified with primers CmU and CmD,
and the PCR product was also labeled with digoxigenin-dUTP and was used as
a probe to detect the replacement of Crm gene. AcMNPV bacmid DNA (wild-
type [wt] AcMNPV, 38K-positive control) and vAc**¥KO were isolated from E.
coli cells according to the Bac-to-Bac protocol (Invitrogen Life Technologies).
HindIII-digested bacmid DNA was run overnight in ethidium bromide-stained
0.8% agarose gels, and DNA was transferred to a Nytran N nylon transfer
membrane (Schleicher & Schuell). Hybridization and colorimetric detection with
nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate were performed ac-
cording to the manufacturer’s recommendations.

Construction of knockout, repair, and wt AcMNPV bacmids containing poly-
hedrin and gfp. Bacmid bMON14272 has an occlusion-minus phenotype because
the polyhedrin gene has been inserted so as to be inactive (25). In order to
determine if 38K deletion has any effect on occlusion morphogenesis and to
facilitate examination of virus infection, polyhedrin and an enhanced green flu-
orescence protein gene (egfp) were inserted into the polyhedrin locus by site-
specific transposition as previously described (9). egfp was from pUC19egfp
(donated by J. M. Vlak), and we refer to egfp as gfp in this study. Briefly,
polyhedrin and gfp genes were inserted into the pFastBacl (Invitrogen Life
Technologies) plasmid under the control of the polyhedrin promoter and the
AcMNPYV iel promoter, respectively, to generate the donor plasmid pFB1-PH-
GFP according to an identical method described by Dai et al. (9). A 1,522-bp
fragment containing the wt 38K gene with its own promoter and poly(A) tail was
PCR amplified using primers Ac9855 (5'-CTGCAGGGGCGGCTTTATGTCA
AACAGT-3") and Ac98310 (5'-TCTAGATCATCGTAGTAATCATTTTAAT
ACATTT-3") (PstI and Xbal sites, respectively, are underlined). The PCR prod-
uct was digested with Pstl/Xbal and ligated with pFB1-PH-GFP, which was
digested with the enzymes used previously to give pFB1-38K-PH-GFP. Electro-
competent DH10B cells containing helper plasmid pMON7124 and the bacmid
bMON14272 were transformed with pFB1-PH-GFP to generate a wt control virus
named vAcPHSFP_ Electrocompetent DH10B cells containing pMON7124 helper
plasmid and vAc***K© were transformed with donor plasmids pFB1-PH-GFP and
pFB1-38K-PH-GFP to generate the 38K-null bacmid vAC*SK-KOPH-GFP apq the 38K
repair bacmid VACSKREP-PH-GEP regpectively. After 4 h of incubation at 37°C in 1
ml SOC, cells were spread onto agar medium containing 50 ug of kanamycin per ml,
7 pg of gentamicin per ml, 10 pg of tetracycline per ml, 100 pg of X-Gal per ml, and
40 pg of IPTG per ml. Plates were incubated at 37°C for 48 h; white colonies were
selected and restreaked onto fresh plates to verify the phenotype, which was then
confirmed by PCR.

Bacmid purification. The correct recombinant bacmids VAc
VACHSKKOPHGEP - and yACISK-REP-PH-GEP were electroporated into E. coli
DHI10B cells, and the resulting colonies were screened for tetracycline sensitivity
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to ensure that the isolated bacmids were free of helper plasmids. Bacmid DNA
was extracted and purified with a QIAGEN large-construct kit and quantified by
optical density.

Analysis of viral growth curve. To assess whether 38K is required for virus
production, a viral growth curve analysis was performed. Sf-9 cells (2 X 10°) were
transfected in triplicate with 2.0 wg of the appropriate bacmid DNA using
Cellfectin liposome reagent (Invitrogen Life Technologies) or infected with BV
at a multiplicity of infection (MOI) of 5. The cell monolayers were incubated for
5 h after transfection or 1 h after infection, washed twice with Grace’s medium,
and replenished with 2 ml of fresh Grace’s medium supplemented with 10% fetal
bovine serum, penicillin (100 wg/ml), and streptomycin (30 pg/ml). Virus super-
natants were collected at selected time points. The titers of BV were determined
by a 50% tissue culture infective dose (TCIDs) end point dilution assay on Sf-9
cells (28).

Plaque assay. Sf-9 cells (2 X 10° per 35-mm-diameter dish) were transfected with
0.01 pg of each bacmid (VACPHCFF yACISKKOPH-GEP o y A 38K-REP-PH-GEP)
After a 5-h incubation period, the medium was removed and the cells were
washed with 1 ml of Grace’s medium. Cells were overlaid with 2 ml of Grace’s
medium containing 1% low-melting-point agarose (SeaPlaque) preequilibrated
to 37°C, followed by incubation at 27°C in a moist box for 4 days before obser-
vation by fluorescence microscopy.

Slot blot analysis. To examine viral DNA replication in infected cells, 2 X 10°
Sf-9 cells were transfected in triplicate with 2.0 pg of each bacmid DNA (vAcPH-GF]
VACHSKKOPH-GEP -1 y A SSK-REP-PH-GEP) “ At gelected time points, cells were
harvested, and each cell pellet was washed twice with PBS; 1 X 10* cells were
resuspended in 250 ul of a 0.4 M NaOH-10 mM EDTA solution and heat
treated at 100°C for 10 min. The samples were chilled on ice for 5 min, neutral-
ized by adding 250 ! of cold 2 M ammonium acetate (pH 7.0), and then blotted
under a vacuum onto a Nytran N nylon transfer membrane (Schleicher &
Schuell) by using a slot blot apparatus (Bio-Dot SF microfiltration apparatus;
Bio-Rad, Inc.) according to the instruction manual. The blotted membrane was
prehybridized for 4 h at 68°C and then hybridized with a [*?P]dCTP-labeled
AcMNPV DNA probe, which was labeled by random priming (Random Primer
DNA labeling kit, version 2.0; TAKARA). The blot was visualized by exposure
to Amersham Phosphorscreen, developed with a Typhoon 8600 variable-mode
imager, and quantified by Quantity One 1-D analysis software (Bio-Rad, Inc.).

Electron microscopy. Sf-9 cells (5 X 10°) were transfected with 5 pg
VACPH-GEP |y A (3SK-KO-PH-GEP |y y A 38K-REP-PH-GEP ' rognectively. Mock-trans-
fected cells were treated similarly but without the addition of virus DNA. By 72 h
posttransfection (hpt), cells were dislodged and pelleted at 1,000 X g for 5 min.
Cells were fixed, dehydrated, embedded, sectioned, and stained as described
previously (21). For immunoelectron microscopy, the polyclonal antibody against
AcMNPV capsid antigen VP39 was produced in this lab (unpublished data);
rabbit polyclonal antibody against glutathione S-transferase was used as a neg-
ative control. Colloidal gold particles (10 nm) coated with protein A were
prepared and donated by Dongwei Hu. vVA¢3SKKO-PH-GEP_ransfected Sf-9 cells
at 72 hpt were fixed in 2.5% (vol/vol) glutaraldehyde in 100 mM phosphate-
buffered saline, pH 7.2, for 4 h at 4°C. Dehydration and embedding were per-
formed according to a previously described procedure (21). Ultrathin sections
were carried out using a diamond knife and collected on Formvar-coated nickel
grids. The ultrathin sections were first floated on a drop of double-distilled water
for 5 min and then transferred to blocking solution (1% bovine serum albumin,
0.02% PEG 20000, 100 mM NaCl, 1% NaN3) for 60 min, incubated for 60 min
on VP39 antiserum at a dilution of 1:100 with blocking solution, floated on
blocking solution again for 60 min and on protein A-gold at a dilution of 1:50
with blocking solution for 60 min, washed thoroughly with double-distilled water
for several changes, and air-dried. Grids were then stained for 20 s on drops of
aqueous 1% uranyl acetate and for 20 s with 0.2% lead citrate. Samples were
viewed with a JEM-1230 transmission electron microscope at an accelerating
voltage of 80 kV.

Generation of recombinant GFP fusion-containing bacmids and confocal mi-
croscopy. To monitor the localization of 38K in AcMNPV-infected insect cells,
38K was expressed in-frame with GFP to create a 38K-GFP chimera. The 38K
gene without the stop codon (TAA) was amplified from AcMNPV bacmid
bMON14272 with the PCR primers Ac9852 and Ac9833 (5'-TCTAGATTTAA
TAAAATATTGTTCGTA-3") (Xbal site is underlined). The 38K PCR product
was digested with BamHI and Xbal and then inserted into BamHI/Xbal-digested
pUCIS to create pUCI18-38K. The ORF of gfp was digested with Xbal and PstI
from pUC19egfp, and the resulting fragment was cloned into the Xbal/PstI site
of pUC18-38K to generate pUCI18-38KGFP. The fragment that the 38K ORF
was upstream of and that was in-frame with the GFP ORF was cut from pUC18-
38KGFP with BamHI/Pstl and then cloned into pFastBacl to generate donor
plasmid pFB1-38KGFP. According to the Bac-to-Bac instruction manual (In-
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vitrogen Life Technologies), DH10Bac cells which contain AcMNPV bacmid
bMON14272 and helper plasmid pMON7124 were transformed with pFB1-
38KGFP, and the 38K-GFP chimera was site-specifically transposed into the
AcMNPV bacmid polyhedrin locus. Thus, 38K is expressed with a GFP tag under
the control of the polyhedrin promoter in the resulting bacmid, which is referred
to as VACPP38KGFF The control bacmid vAcP"SF) in which only GFP is ex-
pressed under the control of the polyhedrin promoter, was generated in a pro-
cedure similar to that for vAcP"38KSFP In order to determine if there is any
difference between 38K-GFP chimera expression from the polyhedrin promoter
and that from the 38K native promoter in virus-infected insect cells, a recombi-
nant bacmid in which 38K can be expressed in frame with GFP under the control
of its own promoter was also constructed as follows. The polyhedrin promoter was
moved from pFastBacl to create pFB1-ph™~ as previously described (9). The 38K
ORF (without the stop codon, TAA) and its own promoter was amplified from
the AcMNPV bacmid using primers Ac9856 (5'-GAATTCGGGCGGCTTTAT
GTCAAACAGT-3") (EcoRlI site is underlined) and Ac9833. The EcoRI/Xbal-
digested PCR product was inserted into pFB1-ph™ to generate pFB1-ph™38K.
The gfp fragment described above was cloned into pFB1-ph~38K to create donor
plasmid pFB1-ph~ 38KGFP. This donor plasmid was transposed into the AcM-
NPV bacmid polyhedrin locus to generate the recombinant bacmid vAc3$€SFF,
All three recombinant AcMNPV bacmids mentioned above retained the wt 38K
gene locus.

Sf-9 cells (2 X 10°) were transfected with 2 pg vAcPNOFP| yAcPISSKGEP
VACPSKGEP hacmid DNA. At 96 hpt, supernatants were collected, and the titers
of BV were determined by TCIDs, end point dilution assay on Sf-9 cells. For
confocal microscopy, Sf-9 cells (1 X 10°) were seeded onto glass coverslips and
left to stand for several hours to allow cell attachment. Cells were infected with
VACPROTFP yACPPISKGEP | 1 y A 3SKGEP yiryg at an MOI of 10. At 16, 24, 48, and
72 h postinfection (hpi), cells were visualized with a Leica TCS SP2 confocal laser
scanning microscope for fluorescence using a laser line wavelength of 488 nm for
GFP. All images were digitally recorded and merged by the use of Leica soft-
ware.

RESULTS

Construction of 38K knockout AcMNPV bacmid. To deter-
mine whether 38K is essential for viral replication, we gener-
ated an infectious bacmid containing a knockout in the 38K
gene via the \ red recombination system in E. coli as described
previously (4, 22). For this procedure, we constructed a trans-
fer vector (pUC18-US-Cm-DS) in which the 38K locus region
was replaced with a Cm gene for antibiotic selection in E. coli.
Four hundred ninety-two base pairs of the 5" end and 75 bp of
the 3’ end of the 38K coding region were retained so that the
deletion of 38K in AcMNPYV bacmid would not affect transcrip-
tion of ac97 and lef-5 (Fig. 1A). DH10Bac cells containing
AcMNPV bacmid were transformed with pBAD-gbaA and
were induced by L-arabinose to allow expression of the \ red
system, and then the cultures were transformed with the linear
DNA fragment containing the Cm gene cassette and 38K
flanking region. The remaining 394 bp of the 38K coding re-
gion in the AcMNPV bacmid was replaced by the Cm gene
cassette via homologous recombination. The resulting bacmid,
VAC®RKO was selected by growth on medium containing
kanamycin and chloramphenicol (Fig. 1A) and was confirmed
by PCR analysis and Southern blot analysis.

Four primer pairs were used to confirm that 38K had been
deleted from the 38K locus of the AcMNPV bacmid genome.
Primers CmU and CmD were used to detect the correct inser-
tion of the Cm gene cassette. Primers Ac9852 and Ac9834 were
used to confirm the loss of the 394 bp within the 38K coding
region. Primers Ac9852 and CmD and primers CmU and
Ac9834 were used to examine the recombination junctions of
the upstream and downstream flanking regions (data not
shown).

The absence of 38K and its replacement with Cm in the
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FIG. 1. Construction of 38K knockout, repair, and wt AcMNPV bacmids. (A) Strategy for construction of a 38K knockout bacmid containing
a deletion of the AcMNPV 38K gene by recombination in E. coli. A 394-bp portion of the 38K ORF was deleted and replaced with the
chloramphenicol resistance gene (Cm). (B) Southern blot analysis of wt AcMNPV and vAc*®¥© using the ET38K and Cm probes to confirm the
deletion of 38K and its replacement with Cm. (C) Schematic diagram of three viruses, VAc?SKKO-PH-GFP 1y AISKREP-PH-GEP 51y yAcPH-GFP)
showing the polyhedrin (polh) and gfp genes inserted into the polyhedrin locus by Tn7-mediated transposition. (D) PCR analysis of the presence

or absence of sequence modifications in vAc

38K-KO-PH-GFP’ VAC}SK-REP-PH-GFP7 and VAC

PH-GEP The virus templates are shown above each lane, and

the primer pairs used are shown below. (E) Positions of primer pairs and probes used to confirm disruption of the 38K ORF and the correct

insertion of the Cm cassette.

AcMNPV bacmid were also confirmed by Southern blot hy-
bridization analysis. The PCR-amplified 394-bp fragment from
the AcMNPV bacmid, which is the deleted part of the 38K
gene, was purified and digoxigenin labeled and was used as a
probe (ET38K probe) to detect the 38K gene (Fig. 1E). The
PCR-amplified 1,039-bp fragment containing the Cm gene was
also labeled with digoxigenin-dUTP and was used as a probe
(Cm probe) to detect the Cm gene (Fig. 1E). wt AcMNPV
bacmid (bMON14272, 38K-positive control) and vAc**% O
were digested with HindIII and hybridized with the ET38K
probe and Cm probe, respectively. A 5.5-kbp HindIII-J frag-
ment, which contains the 38K gene located in the AcMNPV
bacmid genome, hybridized strongly to the ET38K probe; how-

ever, there was no signal with vAc***%° (Fig. 1B). Since a
394-bp fragment of 38K was replaced by a 1,039-bp Cm gene in
VACKO | the AcMNPV bacmid 5.5-kbp HindIII-J fragment
was lengthened to 6.1 kbp. As expected, in vAc****° a 6.1-kbp
HindIII-J fragment of vAc***¥© hybridized strongly to the
Cm probe, but there was no signal with wt AcMNPV (Fig. 1B).
These results demonstrated that 38K was successfully replaced
by the Cm gene and no intact 38K gene cassette existed in the
VACPRKO genome.

Construction of knockout, repair, and wt AcMNPV bacmids
containing polyhedrin and gfp. To determine if 38K deletion
has any effect on occlusion morphogenesis and to facilitate
examination of virus infection, a 38K knockout mutant,
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FIG. 2. Analysis of viral replication in Sf-9 cells. (A) The top and middle panels show Sf-9 cells transfected with vAcP™-OFF yAISK-KO-PH-GFP

or VAC38K-REP-PH-GFP

at 24 and 72 hpt, respectively. The bottom panels show plaque assay results at 96 hpt. The arrows show single infected cells,

indicating the inability of vAc*$KKO-PH-GFP 1 gpread the infection. (B) Light microscopy of VAcPHGFP. yAISKKOPH-GEP_"5q yA ISK-REP-PH-GEP_
transfected cells at 48 and 96 hpt. (C) Virus growth curves generated from a transfection or infection of virus in Sf-9 cells. For the transfection
curves, Sf-9 cells were transfected with 2 pg of bacmid DNA from each virus. Cells culture supernatants were harvested at the selected time points
and assayed for the production of infectious virus by TCIDs, assay. For the infection curves, cells were infected with each virus at an MOI of 5,
and cells culture supernatants were harvested and assayed for the production of infectious virus by TCIDs, assay. Each datum point represents
the average from three independent transfections or infections. Error bars represent standard errors.

VACPSK-KO-PH-GEP  containing polyhedrin and gfp genes was

constructed by transposition of polyhedrin and gfp genes into
the polyhedrin locus of vAc*®*XC, using the Bac-to-Bac system
(Fig. 1C). For rescue and confirmation of the phenotype resulting
from the 38K knockout, a repair bacmid, VAP REFPI-GEP 'y qq
generated by inserting 38K under the control of its own pro-
moter as well as polyhedrin and gfp into the polyhedrin locus by
transposition (Fig. 1C). polyhedrin and gfp were also inserted
into the polyhedrin locus of AcMNPV bacmid bMON14272 to
generate a wt bacmid named vAcT™"SF? which was used as a
positive control (Fig. 1C).

All constructs were confirmed by PCR analysis as described
above. Positions of primer pairs used to confirm these recombi-

nant bacmids are shown in Fig. 1E, and the results are shown
in Fig. 1D. Primers Ac9852 and Ac9834 produced single
fragments of 975 bp and 1,620 bp for vAcP™CFF and
VACPSKROPH-GEP - regpectively, but both fragments for
VACPSK-REP-PH-GEP (Rio D), Primers CmU and CmD
produced no PCR product in vAc"™SFF but produced a
single 1,039-bp fragment in both vAc3$K-KO-PH-GFP 5p4q
VACSK-REP-PH-GEP (Rio D). Primers Ac9852 and CmD
produced no PCR product in vAc"™S*F but produced a sin-
gle 1,575-bp fragment in VACPSKKOFH-GFP  4nd
VACPSK-REP-PH-GEP (Rig 1D). Similarly, primers CmU and
Ac9834 produced no PCR product in vAc"™SFF but pro-
duced a single 1,128-bp fragment in vAc*SK-KO-PH-GFPF 3n4
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FIG. 3. Slot blot analysis of viral DNA replication. (A) Slot blot analysis of intracellular viral DNA replication in transfected Sf-9 cells. Cells
(2 X 10°) were transfected with 2.0 pg of each bacmid (VACPH-GFP| yA(IEK-KOPH-GEP |1 y 7 (3SK-REP-PH-GEP) At the indicated times, 1 X 10* cells
were harvested, processed, and applied to a nylon membrane using a slot blot apparatus. Hybridization was performed with AcMNPV DNA labeled
with [**P]dCTP. (B) Quantitative analysis of viral DNA replication detected in the slot blot. The blots were visualized by exposure to Amersham
Phosphorscreen, developed with a Typhoon 8600 variable-mode imager, and quantified with Quantity One 1-D analysis software (Bio-Rad, Inc.).
Means * standard deviations from three independent experiments are shown.

VACPSK-REP-PH-GEP (Ris  1D). Transposition events were
confirmed later by GFP expression and occlusion body for-
mation in bacmid DNA-transfected Sf-9 cells as described
below.

Analysis of knockout, repair, and wt AcMNPV bacmids rep-
lication in transfected Sf-9 cells. To determine the effect of
disruption of 38K on virus replication, Sf-9 cells were transfected
Wlth VACPH_GFP, VAC38K_KO_PH_GFP, and VAC38K—REP—PH-GFP’ re-
spectively. Infected cells were monitored by fluorescence due to
expression of gfp, which was under the control of the AcMNPV
iel promoter. No difference was observed among the three viruses
at 24 hpt, indicating comparable transfection efficiencies of
approximately 30% (Fig. 2A). Fluorescence was observed in
almost all VACP™CFF. or vACSKREPPHGEP_transfected cells
by 72 hpt (Fig. 2A), indicating that the wt and 38K repair
bacmids could generate infectious budded virions from the
initial transfection. In contrast, however, vAcSKKO-PH-GFP_
transfected cells showed almost no increase in the number of
infected cells (Fig. 2A), indicating that there was no spread of the
virus beyond the cells initially transfected with the 38K knockout
bacmid DNA. To further compare the spread of virus between
VACPH-GFP’ VAC38K-KO-PH-GFP’ and VAC38K-REP-PH-GFP’ plaque
assays were performed to observe the spreading of virus to
adjoining cells. By 4 days posttransfection, vAcP™"SF* and
VACPBKREPPH-GEP hoth produced large normal plaques (Fig.
2A). In contrast, the VAC?*KOPH-GFP glaques consisted of
only a single cell (Fig. 2A), indicating that this virus is unable
to spread.

Microscopic analysis showed that occlusion bodies formed in
VACPTCFP_ and vACPSKREP-PH-GEP transfected cells as well as
in VACPKROPHGEP_ransfected cells. At 48 hpt, only a small
proportion of the cells contained occlusion bodies, correspond-
ing closely to the number of cells initially transfected (Fig. 2B).

However, by 96 hpt, significant differences were observed be-
tween VACPTCGFP. or vACISKREP-PH-GEP-trangfected cells and
VACPSK-KO-PH-GFP_transfected cells. Almost every single cell
transfected with vAC"5F- or vACPSKREP-PH-GEP contained oc-
clusion bodies, whereas the number of the vAc3SK-KO-PH-GFP_
transfected cells containing occlusion bodies showed no increase
(Fig. 2B).

These results showed that the deletion of 38K leads to a
defect in infectious BV production. To further assess the effect
of deleting 38K on virus replication and determine the repli-
cation kinetics of virus constructs, a virus growth curve analysis
was performed. For these experiments, Sf-9 cells were either
transfected with bacmid DNA or infected with BVs; at selected
time points, the BV titers were determined by a TCIDs,, end
point dilution assay. Sf-9 cells transfected with vAc"-S*" and
VACPSK-REP-PH-GEP reyealed a steady increase in virus produc-
tion (Fig. 2C). In contrast, no titer was detectable at any time
point up to 120 hpt for vAPSKOPI-GFP trangfected cells
(Fig. 2C). To determine whether 38K repair bacmid could
rescue the defect of infectious BV production, a second growth
curve was obtained with the BV produced from vAcPH-GFF.
and vVACPSK-REP-PH-GFP_transfected cells at an MOI of 5. These
growth curves revealed that the 38K repair virus was as profi-
cient in virus production as the wt virus (Fig. 2C). Hence, these
data showed that the defect in 38K knockout virus was due to
the deletion of 38K, because the defect can be rescued by the
insertion of 38K back into the polyhedrin locus of the 38K
knockout bacmid.

38K deletion does not affect viral DNA replication in Sf-9
cells. To determine whether 38K is essential for viral DNA
replication, a slot blot analysis was performed to compare the
initiation and levels of viral DNA replication in vAcP™CFP-,
VACPSK-KO-PH-GFP_" 5 yACSSK-REP-PH-GFP_transfected cells.
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FIG. 4. Electron microscopic analysis of transfected Sf-9 cells to characterize 38K mutants. (A) Portion of a cell transfected with
VACPSK-REP-PH-GEP “Normal nucleocapsids are dispersed at the electron-dense edges of the stroma. The inset shows several nucleocapsids

enveloped in one virion. (B) Image of polyhedra within the nucleus of the cell transfected with vAc
embedded in the polyhedra. (C) Image of the nucleus of a cell transfected with vAc
structures at the electron-dense edges of the stroma. (D) Polyhedra within a nucleus of a cell transfected with vAc®

38K-REP-PH-GFP ' showing normal virions

showing masses of electron-lucent tubular
SK-KO-PH-GFP showing no normal

38K-KO-PH-GFP

virions embedded, although in some cases a few lucent tubular structures could be discerned. Bar, 500 nm.

Equal amounts of virus-transfected Sf-9 cells were collected at
designated time points, and cell lysates were prepared and
subjected to slot blot analysis. Replication of viral DNA was
detected by hybridization with [**P]dCTP-labeled AcMNPV
genomic DNA and quantified by measuring relative intensity.
At 0 hpt, similar signals for viral DNA were detected from cells
transfected with each bacmid construct, indicating equal
amounts of input DNA (Fig. 3). Three viruses had the same
time of onset of viral replication at 24 hpt (Fig. 3), indicating
that 38K is not required for viral DNA synthesis. Analysis of
viral DNA replication from 48 to 96 hpt revealed a substantial
and steady increase in viral DNA generated by the wt and 38K
repair bacmids; however, the level of viral DNA generated by
the 38K knockout bacmid did not increase (but plateaued to
about 25% of the wt control and 38K repair bacmids) (Fig. 3B).
Because the same number of cells was analyzed at each time
point, these data suggest that the wt and 38K repair bacmids
can initiate a secondary infection leading to an increase in the
number of cells containing viral DNA, whereas the 38K knock-
out bacmid can replicate only in cells that were initially trans-
fected. Thus, the slot blot analysis indicated that deletion of
38K does not affect viral DNA replication in Sf9 cells.
Electron microscopic analysis of 38K wt, knockout, and re-
pair bacmid-transfected cells. The results described above in-
dicated that there could be a total defect in BV production or

that noninfectious particles could be produced in insect cells
transfected with 38K knockout virus. To further analyze
whether 38K affects nucleocapsid structure, electron micros-
copy was performed with thin sections generated from bacmid-
transfected cells (Fig. 4). Virus-transfected cells could be easily
distinguished from mock-transfected cells by the presence of
the virogenic stroma, which is an electron-dense, baculovirus-
induced structure seen within the nucleus (data not shown).
The virogenic stroma is thought to be the active site for viral
DNA replication, condensation, and packaging into capsids
(11, 37). Nucleocapsids are usually observed at the electron-
dense edges of the stroma and occasionally seem to be in the
process of acquiring a condensed core of DNA (11). Matu-
ration of the virogenic stroma yielded a significant and mor-
phologically distinct peristromal compartment of the nucleo-
plasm, called the ring zone. Nucleocapsids align with
vesicle-like structures of de novo envelopes, and bundles of
nucleocapsids prior to occlusion in the protein-crystalline
matrix of the developing occlusion bodies are often ob-
served within this region (35).

As expected, events such as rod-shaped nucleocapsids
associating with electron-dense edges of the virogenic
stroma, nucleocapsids aligning with vesicle-like structures of
de novo envelopes, and bundles of nucleocapsid embedding
into the developing polyhedra within the ring zone were fre-
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quently observed in vAcP™SFP.transfected cells (data not
shown). Observations of cells transfected with the 38K repair
bacmid (VACPSK-REPPH-GEPY revealed the presence of elec-
tron-dense rod-shaped nucleocapsids that were morphologi-
cally indistinguishable from those observed in cells transfected
with the wt bacmid (Fig. 4A). However, in contrast to cells
transfected with the wt virus, all vAc38KKO-PH-GFP_transfected
cells completely lacked nucleocapsids and showed masses of
electron-lucent tubular structures at the electron-dense edges
of the stroma (Fig. 4C). A cross-section of these tubular struc-
tures indicated that they lack an electron-dense core, which
would be indicative of nucleoprotein (Fig. 4C). These electron-
lucent tubular structures seem to be the empty capsid sheaths
which are devoid of a nucleoprotein core, indicating that the
viral DNA genomes failed to be condensed or packaged into
the tubular structures. Clusters of elongated tubular structures
that appear to lack an electron-dense core were observed to
localize to the inner nuclear membrane in vA¢>$KKO-PH-GFP_
transfected cells (data not shown). Interestingly, such struc-
tures have been observed in cells transfected with a vif-1
knockout bacmid (21, 32). VLF-1 of AcMNPV is a putative
tyrosine recombinase and is required for both very late gene
expression and budded-virus production (31).

Polyhedra were observed in nuclei of 38K wt, knockout, and
repair bacmid-transfected cells. The sizes and shapes of the
polyhedra in vAcPKROPH-CFP_rangsfected cells (Fig. 4D) are
similar to those in wt-transfected (data not shown) and repair-
virus-transfected (Fig. 4B) cells. Enveloped virions had been
occluded or were being occluded into polyhedra within the ring
zone of wt-transfected (data not shown) and repair-virus-trans-
fected (Fig. 4B) cells. However, in 38K knockout virus-transfected
cells, no virions were observed to be embedded in polyhedra (Fig.
4D). Examination of the VAc*®*-KO-PH-GFP_transfected cells at 24
hpt revealed formation of profiles of membrane material jux-
taposed to the nuclear membrane. These membrane profiles
likely represent the source of virion envelopes (data not
shown). However, nucleocapsids aligning with de novo mem-
branous profiles end-on to acquire their envelope were not
observed up to 72 hpt. In contrast, in wt- or repair virus-
transfected cells, multiple nucleocapsids with nucleoprotein

B ! !
FIG. 5. Immunogold staining of the VP39 protein in thin sections of 38K knockout bacmid-transfected Sf-9 cells. (A) Portion of the virogenic
stroma in the nucleus. Electron-lucent tubular structures appeared to be reactive with the VP39 polyclonal antibody, as indicated by the position

of the gold label. (B) Cross-section of polyhedron. Arrows show the tubular structures in the abnormal polyhedra labeled with immunogold. Bar,
500 nm.

cores were enveloped in one virion (Fig. 4A, inset). These
observations indicated that deletion of 38K does not abrogate
occlusion body morphogenesis.

To determine whether the electron-lucent tubular structures
observed in cells transfected with the 38K knockout bacmid
(VACPSKKO-PH-GEPy qre related to capsids, immunoelectron
microscopy was performed. Figure 5A is an electron micro-
graph of a portion of virogenic stroma in a cell transfected with
VACBKKO-PH-GEP ot 72 hpt. The lucent tubular structures within
the virogenic stroma appeared to be reactive with the VP39 poly-
clonal antibody, as indicated by the position of the gold label.
Similar positioning of label was observed in the abnormal poly-
hedra (Fig. 5B), indicating that the tubular structures can be
embedded within the polyhedra. No immunogold localization
was seen in the control section (data not shown). Together,
these data indicated that the aberrant capsid structures ob-
served in cells transfected with the 38K knockout bacmid were
the result of a structural or enzymatic deficiency associated
with 38K and suggested that 38K is required for proper capsid
assembly.

Localization of 38K in AcMNPV-infected insect cells. To
detect the subcellular localization of 38K, three recombinant
baculoviruses, VAcPPCFP yAcPP3SKGFP and vACKOIT | were
constructed (Fig. 6A). The 38K-GFP chimera was inserted into
the polyhedrin locus of the AcMNPV bacmid by site-specific
transposition, and the native 38K locus was left intact. GFP was
fused to the C terminus of 38K and was expressed under the
control of the polyhedrin promoter and 38K native promoter in
VACPPISKGEP and vACPKCTP | respectively. As a control, GFP
alone was expressed under the control of the polyhedrin pro-
moter (Fig. 6A).

Sf-9 cells infected with VACP"CFP  yACPI3SKGFP o
VACKCTP at an MOI of 10 were examined for GFP-specific
fluorescence by confocal laser scanning (Fig. 6B). The ob-
served intranuclear localization of 38K-GFP changed over
time in a similar pattern in both vAcP***¥SF ¥ _infected cells and
VAC**¥CFP infected cells. Fluorescence localized along the
outer periphery of the nucleus at 16 hpi, moved into the nu-
cleus at 24 hpi, accumulated in the center of the nucleus at 48
hpi, and at 72 hpi became highly condensed within the center
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FIG. 6. Subcellular localization of 38K-GFP fusion protein in Sf-9 cells transfected with GFP-tagged bacmids. (A) Schematic map of
construction of GFP-tagged recombinant bacmids. Nonfused gfp was transposed into the polyhedrin locus of the AcMNPV bacmid to generate
VACP"SFP 38K fused with the GFP tag under the control of polyhedrin promoter or its own promoter was transposed into the polyhedrin locus of
the AcMNPV bacmid, and the resulting recombinant bacmids were named vAcPP38KGFP or yA c38KGEP

cells. Cells were infected with vAc**KGFP
microscopy. Cells infected with vAcPPCF?
merged micrographs. Bar, 10 pm.

of the nucleus and had the appearance of a net, which may be
the virogenic stroma, the viral DNA replication and nucleo-
capsid assembly site (Fig. 6B). Sporadic small foci of 38K-GFP
fluorescence were detected in the ring zone of the nucleus and
within the cytoplasm of the infected cells (Fig. 6B). Fluores-
cence was observed throughout the cytosol and the nucleus of
VACP"SFPinfected cells at any time point selected from 16 hpi
to 72 hpi (Fig. 6B). These results are consistent with our
previous observation that 38K is involved in nucleocapsid as-
sembly.

DISCUSSION

The main finding of the present study is that the 38K gene
is essential for AcMNPV replication and is required for
nucleocapsid assembly. First, the role of 38K in the context
of an AcMNPV infection in Sf-9 cells was examined with an
AcMNPV 38K knockout virus which can propagate as a bacmid
in E. coli. The 38K knockout virus was unable to propagate
after transfection into Sf-9 cells, and the infection was re-
stricted to the cells that were initially transfected, which was
confirmed by plaque assay. This defect in replication could be
rescued by the reinsertion of the 38K gene into the polyhedrin
locus of the same bacmid. The results confirmed that the ob-
served phenotype resulted from the 38K knockout, not from a
second site mutation or from disruption of regulatory elements
located at the 38K locus. Therefore, our studies indicated that
the 38K gene is essential for AcMNPYV replication in Sf-9 cells.

, respectively. (B) Confocal images of Sf-9

at an MOI of 10. At 16, 24, 48, and 72 hpi, cells were examined for fluorescence by confocal laser scanning
were used as a control. For each time point, GFP-specific fluorescence micrographs are shown above the

Second, slot blot analysis using [**P]dCTP-labeled viral
DNA as a probe showed that the onset of viral DNA replica-
tion appeared to be similar between the 38K knockout and wt
virus or repaired virus, which indicated that 38K is not required
for viral DNA replication. The reasons that the 38K knockout
virus could replicate only to about 25% of the levels of the wt
control and 38K repair bacmids may be as follows. (i) 38K is
essential for AcMNPV replication and can therefore replicate
only in initially vAc**< O-FH-GFP_transfected cells. (ii) Compa-
rable transfection efficiencies were approximately 30% among
VACPH—GFP_’ VAC38K_KO_PH-GFP-, and VAC38K—REP—PH—GFP_tranS_
fected cells at 24 hpt (Fig. 2A), so the cell cycle of infected cells
would be arrested by expression of some AcMNPV genes, such as
ie2 (30); meanwhile, the remaining uninfected cells would prop-
agate normally. Due to the cell population doubling time and the
maximum cell density, only a portion of the remaining uninfected
cells could propagate once, so the total amount of viral DNA in
VACPRKOPHGFP transfected cells is about 25% of that in
VACPTCGFP_ or yACPSKREPPH-GEP trangfected cells from 48
hpt onwards. This result is similar to that in some previous
studies (9, 22).

Third, electron microscopy and immunoelectron microscopy
performed with a 38K knockout virus demonstrated that the
failure of production of budded viruses was due to a defect in
nucleocapsid assembly. Immunoelectron microscopy revealed
masses of electron-lucent tubular structures, which reacted
specifically with a polyclonal antibody to the major capsid
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protein VP39, present in cells transfected with the 38K knock-
out virus. These structures represent incomplete capsid parti-
cles which were waiting for nucleic acids. Baculovirus nucleo-
capsids are composed of a tubular capsid shell with distinct cap
structures on each end, enclosing an inner nucleoprotein core
in which the genome is condensed about 100-fold (8). One
previously proposed model suggests that viral DNA is pack-
aged into a preassembled capsid sheath (11). Another previous
study on normal AcMNPV nucleocapsid assembly suggested
that nucleocapsid components, such as the capsid and the
DNA core, assemble in successive stages rather than simulta-
neously (3). Our results support the hypothesis that the defect
in nucleocapsid assembly is due to the failure of viral DNA
packaging.

Excessively long tubular structures containing capsid protein
were located primarily in the nucleus and were associated with
the inner nuclear membrane of the 38K knockout virus-trans-
fected cells. Another investigation also found that long tubular
structures largely devoid of viral DNA were located primarily
in the nucleus and were associated with the inner nuclear
membrane of AcMNPV-infected cells in the presence of cy-
tochalasin D (34). Although capsid antigen is synthesized and
transported to the nucleus and viral DNA is synthesized, nor-
mal-sized nucleocapsids are only rarely seen. Cytochalasin D is
a specific inhibitor of actin microfilament elongation. The ob-
servation that cytochalasin D interfered with the assembly of
normal capsids indicated that actin microfilaments were some-
how involved in this intranuclear event (34).

Recently, a similar observation, i.e., the appearance of ab-
errant long capsid structures in the nuclei of cells transfected
with a vIf-1 knockout bacmid, was reported (21, 32). VLF-1 has
been shown to play a role in baculovirus capsid structure (32).
VLF-1 of AcMNPV is a putative tyrosine recombinase and is
an essential capsid component (31, 36). Interestingly, it was
found that these aberrant capsid structures remained apart
from the virogenic stroma, localizing instead to the inner nu-
clear membrane. The virogenic stroma is thought to be the
center for DNA replication and packaging, so it was proposed
that the long capsid structures need further processing to gen-
erate legitimate capsid precursors and the aberrant capsid
structures remain incomplete due to the lack of VLF-1 (31).
However, in our study, masses of electron-lucent tubular struc-
tures of normal length appeared at the electron-dense edges of
the stroma in cells transfected with the 38K knockout virus,
indicating that the processing of long capsid precursors had
occurred. 38K does not interfere with viral DNA replication.
Therefore, it may be involved in DNA transactions during the
late stages of the replication cycle; namely, it may facilitate
packaging into viral capsids.

Using a recombinant virus that expresses 38K fused to GFP
as a visual marker to monitor protein transport and localiza-
tion within the nucleus during infection, we found that in the
late phase of virus infection, 38K mainly localized to the center
of nucleus, where it may be the virogenic stroma. In previous
studies, computer analysis has indicated that 38K possesses a
zinc finger motif (2) and is a nuclear protein (15), suggesting a
regulatory role in baculovirus infection. The local accumula-
tion of 38K at the center of the nucleus in the present study
implies that this protein may interact with viral DNA or an-
other protein to play a role in nucleocapsid assembly in the

J. VIROL.

virogenic stroma. The sporadic small foci of 38K-GFP fluores-
cence detected in the ring zone of the nucleus and within the
cytoplasm of the infected cells suggest that 38K may be incor-
porated into ODVs as a consequence of protein abundance or
colocalization, or these foci may be a component of BVs or
ODVs which can progress out of the nucleus and then pass
through the cytoplasm or can be embedded within the polyhe-
dra in the ring zone, respectively. However, we are not aware of
any previous reports, including an investigation using multiple
approaches to identify the proteins associated with AcMNPV (6),
which showed that 38K is a component of AcMNPV. Thus, there
may be other explanations for the sporadic cytosolic foci. Anti-
serum generated to 38K protein and used to probe purified viri-
ons would determine whether 38K is present in BVs and/or
ODVs.

Additionally, we demonstrated that the 38K knockout virus
could progress through the very late phase in Sf-9 cells, as
evidenced by the abnormal development of occlusion bodies in
the nuclei of transfected cells; although no embedded virions
could be observed within the polyhedra. 38K does not appear
to associate with polyhedra, even though its deletion results in
aberrant capsid structures and defects in ODV formation. In
two previous studies, however, when cells were treated with
cytochalasin D (34) or transfected with a vIf-I knockout bac-
mid (32), the aberrant capsid structures appeared and no poly-
hedron formation was observed.

Nucleoprotein core encapsidation generally involves a set of
highly ordered protein-DNA and protein-protein interactions
that lead to the assembly of a nucleocapsid. 38K is one of the
29 baculovirus core set genes and one of four genes which
make up the only core gene cluster in the 29 currently com-
pletely sequenced baculovirus genomes. 38K is a highly con-
served gene, but no significant sequence similarities between
38K and nonbaculovirus proteins with known functions have
been reported. Herein we demonstrate that 38K is required for
assembly of the viral nucleocapsid, although its exact role in
the assembly process is unclear. The present study will lead to
a better understanding of the molecular aspects of this protein
and the molecular basis for factors governing the assembly of
the nucleocapsid.
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