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To demonstrate the essential nature of the baculovirus GP64 envelope fusion protein (GP64 EFP) and to
further examine the role of this protein in infection, we inactivated the gp64 efp gene of Autographa californica
multicapsid nuclear polyhedrosis virus (AcMNPV) and examined the biological properties of this virus in vivo.
To provide GP64 EFP during construction of the recombinant GP64 EFP-null AcMNPV baculovirus, we first
generated a stably transfected insect cell line (Sf9°F%4-°) that constitutively expressed the GP64 EFP of Orgyia
pseudotsugata multicapsid nuclear polyhedrosis virus (OpMNPV). The AcMNPYV gp64 efp gene was inactivated
by inserting the bacterial lacZ gene in frame after codon 131 of the gp64 efp gene. The inactivated gp64 gene was
cloned into the AcMNPYV viral genome by replacement of the wild-type gp64 efp locus. When propagated in the
stably transfected insect cells (Sf9°F%4¢ cells), budded virions produced by the recombinant AcMNPV GP64
EFP-null virus (vAc®*%) contained OpMNPV GP64 EFP supplied by the Sf9°F%4-¢ cells. Virions propagated in
Sf9OF64-6 cells were capable of infecting wild-type Sf9 cells, and cells infected by vAc®** exhibited a blue
phenotype in the presence of X-Gal (5-bromo-4-chloro-3-indolyl--p-galactopyranoside). Using cytochemical
staining to detect vAc®*** infected cells, we demonstrated that this GP64 EFP-null virus is defective in
cell-to-cell propagation in cell culture. Although defective in cell-to-cell propagation, vAc*** produces occlusion
bodies and infectious occlusion-derived virions within the nucleus. Occlusion bodies collected from cells
infected by vAc®*“ were infectious to midgut epithelial cells of Trichoplusia ni larvae. However, in contrast to
infection by a control virus, infection by vAc®** did not proceed into the hemocoel. Analysis of vAc®*Z occlusion
bodies in a standard neonate droplet feeding assay showed no virus-induced mortality, indicating that occluded
virions produced from vAc®*“ could not initiate a productive (lethal) infection in neonate larvae. Thus, GP64
EFP is an essential virion structural protein that is required for propagation of the budded virus from cell to

cell and for systemic infection of the host insect.

Baculoviruses are large double-stranded DNA viruses that
are pathogens of insects. Infection of the host begins when
insect larvae acquire the virus orally. Infection is first observed
in the epithelial cells of the midgut, and this is followed in most
cases by systemic infection. One hallmark of the baculovirus
infection cycle is the production of two structurally and func-
tionally distinct virion phenotypes. One virion phenotype, the
occlusion-derived virus (ODV), is found within the protective
occlusion bodies. Once released from the occlusion body by
the alkaline pH of the gut, the ODV initiates infection of the
animal by infecting epithelial cells of the midgut. A second
virion phenotype, the budded virus (BV), is produced by bud-
ding from the surfaces of infected cells. The BV is initially
produced from infected midgut epithelial cells (12, 22) and is
believed to be essential for systemic infection, mediating move-
ment of the virus from the midgut to other tissues and prop-
agating the infection from cell to cell within the infected ani-
mal. BVs are highly infectious to tissues of the hemocoel and
to cultured cells, whereas ODVs appear to be less infectious in
cell culture or when injected into the hemocoel (39, 40). The
two virion phenotypes also differ in entry mechanisms, since
the BVs enter cells via endocytosis (36), while the ODVs ap-
pear to fuse directly with the plasma membrane at the cell
surface (12, 16).

The major envelope protein of the BV is the GP64 envelope
fusion protein (GP64 EFP) (also known as GP67), which is an
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extensively processed type I integral membrane glycoprotein
that has been studied in some detail (5, 8, 20, 25, 26, 28, 29, 35,
37, 41). Densely packed peplomers found on the surface of the
BV are believed to be composed of the GP64 EFP protein
(38), and these peplomers are acquired by the virion during
budding. Recent studies of a soluble form of GP64 EFP indi-
cate that the native form of GP64 EFP is trimeric (26), and
thus, each peplomer is likely composed of a single trimer of
GP64 EFP. The important role of GP64 EFP in BV infectivity
is demonstrated by the neutralization of BV infectivity with
antibodies specific to GP64 EFP (15, 25, 28, 38). By using
syncytium formation assays and cells expressing GP64 EFP, it
was shown that GP64 EFP is both necessary and sufficient for
low-pH-activated membrane fusion activity (5, 25). In addition,
two functional domains have been identified in GP64 EFP: (i)
an oligomerization domain necessary for trimerization and
transport and (ii) a small internal hydrophobic membrane fu-
sion domain (25). Thus, functional studies of GP64 EFP show
that GP64 EFP mediates membrane fusion in a pH-dependent
manner, consistent with an essential role for GP64 EFP during
viral entry by endocytosis.

While indirect data on the role of GP64 EFP in the infection
cycle strongly suggest that GP64 EFP is essential for infectivity
of the BV, conclusive data have been lacking. No temperature-
sensitive mutants with mutations in the GP64 EFP gene are
known, and previous attempts to generate a helper-indepen-
dent virus containing a GP64 EFP deletion were unsuccessful
(24a). To demonstrate the essential nature of GP64 EFP and
to further characterize the role of GP64 EFP in infection, we
generated a stably transfected cell line that constitutively ex-
presses the GP64 EFP of Orgyia pseudotsugata multicapsid
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nuclear polyhedrosis virus (OpMNPV) and used the cell line to
generate a recombinant GP64 EFP-null Autographa californica
multicapsid nuclear polyhedrosis virus (AcMNPV) baculovi-
rus. We then examined the effect of the GP64 EFP-null mu-
tation on viral transmission in both cell culture and insect
larvae.

MATERIALS AND METHODS

Cells, insects, and antibodies. For production of stably transfected cell lines
and propagation of AcMNPV, Spodoptera frugiperda Sf9 cells were cultured in
TNM-FH complete medium containing 10% fetal bovine serum at 27°C (14, 32).
For neonate and larval bioassays, larvae of Trichoplusia ni were reared as de-
scribed previously (18). Monoclonal antibody (MAb) AcV5 (15) was used to
detect GP64 EFP of both AcMNPV and OpMNPV. MAb OpE4A was raised
against a purified soluble form of OpMNPV GP64 EFP (GP64 EFP**) (26).
Because OpE4A recognizes both native and denatured forms of OpMNPV GP64
EFP and does not cross-react with GP64 EFP of AcMNPV, OpE4A was used to
distinguish between OpMNPV and AcMNPV GP64 EFPs. MAb 39 (42) was used
to detect the AcMNPV capsid protein, P39. A commercially available anti-B-
galactosidase MAb (Promega) was used to detect the GP64—B-galactosidase
fusion protein. A rabbit polyclonal antiserum was also generated against purified
soluble OpMNPV GP64 EFP (GP64 EFP*!) (26). The anti-GP64 EFP*! anti-
serum reacts with both sodium dodecyl sulfate (SDS)-denatured and native
GP64 EFPs of both OpMNPV and AcMNPV.

Virus preparation. Viral DNA used for the generation of recombinant viruses
was prepared from the E2 strain of AcMNPV (30) by standard methods (27). For
production of BV stocks and occlusion bodies of the wild-type and recombinant
viruses, cells (Sf9 or SF9OP64-¢ cells [see below]) were infected at a multiplicity of
infection (MOI) of 0.1 and incubated at 27°C for 5 to 7 days. Supernatants were
harvested, and titers were determined by end-point dilution. The titers of re-
combinant AcMNPV virus lacking gp64 expression were determined on the
Sf9OP64-6 cells, and those of the wild-type AcMNPV virus and recombinant virus
VAC™Z were determined on Sf9 cells. Occlusion bodies were purified from
infected cells by sequential washing with 0.5% SDS, 0.5 M NaCl, and distilled
water as described previously (27). For analysis of BV structural proteins, BVs
were isolated from viral stocks by pelleting through a 25% sucrose pad and then
by centrifugation on 25 to 60% sucrose gradients (27). The BV band was col-
lected, diluted in phosphate-buffered saline (PBS) (pH 6.2), pelleted, and resus-
pended in SDS lysis buffer for SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) on 10% acrylamide gels.

Isolation of stably transfected insect cell lines expressing OpMNPV GP64
EFP. To generate stably transfected insect cells, Sf9 cells were transfected with
two plasmids. One plasmid (p64-166 [5]) encodes the OpMNPV gp64 efp open
reading frame (ORF) under the control of its own 166-bp promoter. The second
plasmid (pAc ie1-Neo) encodes a bacterial neomycin resistance gene under the
control of the AcCMNPV iel promoter and was constructed by using the approach
described by Jarvis et al. (19). Transfection and G418 selection were performed
essentially as described previously (21, 31). Briefly, Sf9 cells were plated at a
density of 10° cells per well (34-mm diameter). The cells were transfected with 2
g of p64-166 plasmid plus 1 pg of pAc iel-Neo by calcium phosphate precip-
itation (32). One day after transfection, the cells were replated at low density in
75-cm? flasks and maintained for 2 weeks in TNM-FH complete medium con-
taining 1 mg of G418 (Geneticin; GIBCO-BRL) per ml. During this period,
mock-transfected Sf9 control cells died as a result of the G418 selection. The
G418-resistant transfected cells were replated in TNM-FH complete medium
(lacking G418) at a low density. Single colonies were isolated and transferred to
individual wells of a 24-well plate. Isolated lines were screened for GP64 EFP
expression by cell surface staining of paraformaldehyde-fixed cells with MAb
AcVS5 and an alkaline phosphatase-conjugated goat anti-mouse secondary anti-
body. Isolated lines were also screened for GP64 EFP fusion activity by a
syncytium formation assay (5, 25).

Quantification and analysis of GP64 EFP expression in stably transfected cell
lines. To analyze GP64 EFP expression in stably transfected cell lines, we quan-
tified the levels of GP64 EFP expressed in stably transfected Sf9 cells, transiently
transfected Sf9 cells, and AcMNPV-infected Sf9 cells, using quantitative en-
hanced chemiluminescence (ECL)-Western blots (immunoblots), cell surface
enzyme-linked immunosorbent assay (CELISA), and flow cytometry. For all
three assays, the following cells were analyzed under the following conditions: (i)
two cell lines (Sf9°F64¢ and Sf9OP64-2) constitutively expressing OpMNPV GP64
EFP were plated at passage 39 and analyzed at 44 h after being plated, (ii) Sf9
cells transfected with plasmid p64-166 (encoding OpMNPV GP64 EFP) at 3.75
g of plasmid per 3 X 10° cells were analyzed at 44 h posttransfection, (iii) Sf9
cells infected with AcMNPV (MOI, 10) were analyzed at 24 h postinfection (p.i.),
and (iv) Sf9 cells were analyzed at 44 h after plating as a negative control. Values
for this negative control were subtracted as background in quantitative analysis
of CELISA and ECL-Western blots.

Quantitative ECL-Western blot analyses were performed by comparison of
cell lysates with a standard dilution series of purified GP64 EFP*°!, using MAb
AcVS5 to detect GP64 EFP and GP64 EFP*°!. A preparation of GP64 EFP!
(purity of >95% as judged by SDS-PAGE and Coomassie blue staining) was
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quantified by measurements of 4,g,. The predicted molar extinction coefficient
of pure, native GP64 EFP*! at 280 nm was calculated as 77,510 M~ ' cm ™! on the
basis of the predicted amino acid content of 14 Cys, 11 Trp, and 11 Tyr residues
per molecule (11). The molecular mass of mature GP64 EFP*°' predicted from
the amino acid sequence is 52,519 Da (amino acids 18 to 477 of OpMNPV GP64
EFP). To prepare a standard curve, purified GP64 EFP*! was added to Sf9 cell
Iysates in SDS lysis buffer (30,960 cells per 20 pl of lysate) at concentrations of
0.1 to 40 ng of GP64 EFP*°! per 20 pl of lysate (equivalent to 1.3 X 10* to 5 X
10° trimers of GP64 EFP*! per cell). Triplicate cell samples and standard curve
samples were electrophoresed on SDS-PAGE gels and blotted to polyvinylidene
difluoride membranes, and GP64 EFP was detected with MAb AcV5 by ECL
(Amersham). For quantification of films by densitometry, ECL exposure times
were chosen to avoid film saturation. Exposed films were digitized on a flat-bed
scanner, and the ECL signals (below saturation) were quantified with Image-
quant software (Molecular Dynamics). Quantitative measurements of GP64 EFP
expression from the samples of infected, transiently transfected, or stably trans-
fected cells were performed by comparison of the mean ECL signal with the
GP64 EFP*' standard curve. The mean ECL signal from each triplicate cell
sample was divided by the estimated number of cells in the sample, which was
determined by counting the cells present in triplicate wells of an identically
treated replicate plate. Conversion from nanograms of GP64 EFP*! per cell to
trimers per cell used the predicted mass of GP64 EFP*°": (52,519 g/mol)/(6.02 X
10?* molecules per mol) = 8.72 X 10720 g per GP64 EFP**! molecule = 2.62 X
10~ g per GP64 EFP*! trimer. Because both GP64 EFP*°! and GP64 EFP were
detected with a MAb that recognizes a single defined epitope (25), the ECL
signal is proportional to the number of molecules rather than to the mass.

Relative levels of GP64 EFP localized on the cell surface were determined by
a previously described CELISA technique (25) with minor modifications. Cells
were fixed for 10 min at room temperature (RT) with 0.5% glutaraldehyde in
PBS (pH 7.4), and surface GP64 EFP was detected with MAb AcV5. The mean
CELISA signal from each triplicate cell sample was normalized to the estimated
number of cells per well, determined as described above for quantitative ECL
analysis.

To examine the variation of GP64 EFP surface density in populations of cells,
uninfected Sf9 cells, AcMNPV-infected Sf9 cells, the stably transfected cell lines,
and transiently transfected Sf9 cells were analyzed by flow cytometry with anti-
GP64 EFP*°! antiserum. For flow cytometry, cells were gently suspended in
TNM-FH complete medium containing 0.02% (wt/vol) sodium azide (NaN,) and
incubated for 20 min at RT. Cells (10° cells per 250 pl) were incubated with
anti-GP64 EFP*! antiserum (diluted 1:20,000 in binding buffer; binding buffer is
PBS [pH 7.0] containing 1% [wt/vol] gelatin and 0.02% NaN,) for 40 min at RT.
The cells were washed twice with PBS-NaN; (PBS [pH 7.0] containing 0.02%
NaN3) and then incubated with a fluorescein isothiocyanate-conjugated goat
anti-rabbit secondary antibody (diluted 1:100 in binding buffer) (Pierce). Cells
were washed four times in PBS-NaN; and resuspended in 350 pl of PBS-NaN;
for flow cytometry. For each cell type, control samples were incubated without
antibodies or with only the secondary antibody. Fluorescence was analyzed by
flow cytometry (EPICS; Coulter Corp.), and fluorescence data were collected for
10* cells from each sample. Dead cells were excluded from analysis by gating of
the live cell population on the basis of the ratio of forward to side scatter.

Generation of a GP64 EFP-null AcMNPV baculovirus. To construct a transfer
vector for allelic replacement of the gp64 efp locus of the AcCMNPV genome, the
4,718-bp EcoRI-Smal fragment (corresponding to nucleotides 107,326 to 112,043
from the EcoRI H fragment [1]) of AcMNPYV strain E2 was cloned into the pBS
vector (Stratagene) to generate the plasmid pAcEcoHASma. This plasmid con-
tains 2,327 bp upstream of the gp64 efp ORF, the gp64 efp ORF, and 853 bp
downstream of the gp64 efp ORF. To disrupt the AcMNPV gp64 efp gene by
insertional mutagenesis, we generated an in-frame fusion between gp64 efp and
the Escherichia coli lacZ gene in an AcMNPV GP64 EFP expression plasmid,
pAcNru(BKH). The pAcNru(BKH) expression plasmid contains an 18-bp in-
frame linker encoding unique Bg/II, Kpnl, and HindIII restriction sites, inserted
at the Nrul restriction site within the gp64 efp ORF of plasmid p166B+1 Ac
Spe/Bgl (25). A 3,072-bp BamHI fragment containing the /lacZ ORF (derived
from pMC1871 [7]) was subcloned into Bg/II-digested pAcNru(BKH). The re-
sulting construct [pAcNru(lacZ)] contains a gp64-lacZ fusion after codon 131 of
gp64 efp (3, 41), and the fusion gene ORF terminates at the end of the lacZ
insertion. The 3,447-bp BsmlI-Sacll fragment of pAcNru(lacZ) (containing the
lacZ cassette and the flanking portions of gp64 efp) was subcloned into BsmlI-
Sacll-digested pAcEcoHASma, to generate plasmid pAcGP64Z (see Fig. 2A).
Finally, to ensure inactivation of the gp64 efp gene, the downstream portion of
the gp64 efp ORF was truncated by digesting pAcGP64Z with Ncol, removing the
resulting 54-bp Ncol-Ncol fragment, and then blunting and religating to generate
PAcGP64ZANco. This deletion results in a frameshift mutation and terminates
the gp64 efp OREF after codon 452, 30 codons upstream of the predicted trans-
membrane domain. Recombinant viruses were generated by standard protocols
(27), by cotransfecting viral DNA from wild-type AcMNPV strain E2 and
pAcGP64ZANco plasmid DNA into the GP64 EFP-expressing SF9°P%4- cells. A
recombinant virus (vAc®*%) was isolated from the culture supernatant by plaque
purification on Sf9OF%4¢ cells, using X-Gal (5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside) in the agarose overlay to identify the recombinant plaques.

The structure of the gp64 efp locus in vAc®*# was analyzed by PCR amplifi-
cation and restriction mapping. DNA was extracted from infected Sf9 cells at 24
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h p.i., or viral DNA was isolated from BV pelleted through a 25% sucrose
cushion (27). For PCR analysis, the following primers, homologous to the 5" and
3’ ends, respectively, of the gp64 efp ORF, were used (see Fig. 2A): GB111
(5'-GAGCTGATCGACCGTTGGGG-3") and GB152 (5'-CGGTTTCTGATC
ATACAGTACA-3"). To verify the presence of the Ncol deletion in vAc®%,
PCR amplification was performed with primers flanking the deletion site (see
Fig. 2A): GB53 (5'-CCAGCGGCTGGTCGTTTATCGCCC-3") and GB152.

For comparisons of infection in Sf9 cells and 7. ni larvae, a control virus
(vAcPZ; kindly provided by P. Roelvink) was used. vAc"™# contains the bacterial
lacZ gene (under the control of the Drosophila hsp70 promoter) in the p0 locus
and lacks a functional p10 gene (vAc"™? is identical to recombinant virus AcNPV/
As3 [34]).

Assays. (i) Cell-to-cell transmission in cell culture. To monitor the cell-to-cell
transmission of infection in cell culture, Sf9 cells were infected at an MOI of 0.1
with VAC®*? or vAc"Z. After a 1-h incubation at RT, the inoculum was removed
and the cells were rinsed twice with complete TNM-FH medium and then placed
in complete TNM-FH medium and incubated at 27°C. At 20, 48, and 72 h p.i., the
cells were fixed and stained for B-galactosidase activity to detect cells infected by
the lacZ-marked viruses (33).

(ii) Larval feeding assays. Neonate bioassays were performed by the droplet
feeding assay (18), using occlusion bodies prepared either from wild-type-AcM-
NPV-infected Sf9 cells or from vAc®*%-infected Sf9°F¢*© cells. Occlusion bodies
were suspended in distilled water, counted in a hemacytometer, and then diluted
to various concentrations in distilled water containing blue food coloring. After
the droplet feeding, larvae that had imbibed were identified by their blue color
and were placed in individual cups with an artificial diet and maintained at 29°C
in darkness. Because a low level of nonviral neonate mortality is sometimes
observed, larvae that died within the first 24 h after feeding were discarded from
the analysis. Virus-induced mortality was scored at 4 days postfeeding. For late
larval bioassays, newly molted fourth-instar 7. ni larvae were starved for 1.5to 2 h
after molting and then fed occlusion bodies prepared from either vAc®-in-
fected Sf9OFO+C cells or vAch“-infected Sf9 cells. Each larva was fed 1 wl of a
suspension containing 1,000 occlusion bodies per pl, 5% (wt/vol) sucrose, and
blue food coloring. The larvae were kept in empty cups for 2 h after feeding and
then were placed in individual cups with an artificial diet and maintained at 27°C
in darkness. At various times postfeeding, larvae were dissected in PBS (pH 7.4)
by a single longitudinal incision through the dorsal cuticle and pinned to expose
the gut and hemocoel. Dissected larvae were fixed for 30 min at RT by immersion
in 0.01% (wt/vol) glutaraldehyde-2% (wt/vol) paraformaldehyde in PBS (pH
7.4). After fixation, the larvae were rinsed three times for 5 min in PBS (pH 7.4)
and stained with X-Gal (1 mg/ml) in PBS (pH 7.4) containing 3 mM K;Fe(CN),
and 3 mM K, Fe(CN); (10). Staining times were typically 2 h at RT (for Fig. 5A,
C, and D), but they were extended to 18 h at RT to verify the lack of systemic
infection with vAc®** (for Fig. 5B).

RESULTS

Generation of stably transfected cell lines. Because previous
studies using anti-GP64 EFP antibodies suggested that GP64
EFP might be an essential component of BVs, we used a
strategy in which the GP64 EFP protein was provided in frans,
to complement the inactivation of the gp64 efp gene in the
virus. To provide GP64 EFP in frans, a stably transfected cell
line that constitutively expresses the OpMNPV GP64 EFP
protein was generated by cotransfection with plasmids encod-
ing GP64 EFP and the bacterial neomycin resistance gene,
followed by selection for G418 resistance. To express the
OpMNPV GP64 EFP, we used a GP64 EFP expression plas-
mid (p64-166) (5) that contains the OpMNPYV gp64 efp ORF
under control of an OpMNPV gp64 efp early promoter con-
struct that has been studied in detail (2, 4, 23, 24). Transfected
Sf9 cells that were resistant to G418 were selected, and isolated
cell lines were established.

Quantitative analysis of GP64 EFP expression in stably
transfected cell lines. Expression of GP64 EFP from two stably
transfected cell lines (Sf9°P%+¢ and Sf9°F542) was compared
with that from AcMNPV-infected Sf9 cells (at 24 h p.i.) and
with transient GP64 EFP expression from Sf9 cells transfected
with plasmid p64-166 (at 44 h posttransfection). For these
analyses, we used several quantitative techniques to determine
the absolute and relative levels of GP64 EFP: (i) absolute
levels of GP64 EFP from whole cells were determined by
quantitative ECL-Western blots, (ii) relative surface levels of
GPo64 EFP were determined by CELISA, and (iii) the variation
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in the average surface density of GP64 EFP was determined by
flow cytometry (Fig. 1).

A soluble secreted form of GP64 EFP (GP64 EFP™') was
used to generate a standard curve for quantitative ECL anal-
ysis (see Materials and Methods) (Fig. 1A, inset). Comparisons
of GP64 EFP present in the whole-cell extracts from tran-
siently transfected Sf9 cells, AcMNPV-infected Sf9 cells, and
two stably transfected cell lines are shown in Fig. 1A. The
quantity of GP64 EFP detected in AcMNPV-infected Sf9 cells
at 24 h p.i. corresponds to approximately 1.3 X 10° trimers of
GP64 EFP per cell. The quantity of GP64 EFP detected in the
stably transfected line Sf9°%4¢ (2.5 X 10° trimers per cell) was
approximately 19% of that detected in AcMNPV-infected cells
at 24 h p.i. The total GP64 EFP levels from line Sf9°7%*2 were
lower (1.6 X 10° trimers per cell), corresponding to approxi-
mately 12% of that detected in AcMNPV-infected cells. Inter-
estingly, transiently transfected Sf9 cells assayed at 44 h post-
transfection (included as a control) showed the highest average
levels of GP64 EFP expression, approximately 3.2 X 10° trim-
ers per cell, or 2.5 times that detected in AcMNPV-infected Sf9
cells.

Detection and quantification (by CELISA) of the average
relative levels of surface-localized GP64 EFP (Fig. 1B) showed
that the level of surface-localized GP64 EFP from Sf9°Fe4-¢
cells was similar to that from AcMNPV-infected Sf9 cells at
24 h p.., a time when virion budding is occurring. The aver-
age surface levels of GP64 EFP on Sf9°F%*2 cells were low-
er, corresponding to approximately 70% of that detected on
AcMNPV-infected Sf9 cells or Sf99F*¢ cells. Transiently
transfected Sf9 cells assayed at 44 h posttransfection expressed
the highest average levels of surface GP64 EFP, corresponding
to approximately 2.7 times that detected on AcMNPV-infected
Sf9 cells at 24 h p.i.

Because GP64 EFP expression levels may vary between in-
dividual cells in a population, we also used flow cytometry to
determine the degree of variation. The degrees of variation (of
GP64 EFP surface densities) within populations were com-
pared for AcMNPV-infected Sf9 cells at 24 h p.i., stably trans-
fected cell lines Sf9°9F4¢ and Sf9°F%42 and transiently trans-
fected cells at 44 h posttransfection (Fig. 1C to G). Analysis of
cells from each population showed that both stably transfected
cell lines (Sf9°T°*+° and Sf9°**2) and transiently transfected
Sf9 cells contain a significantly wider variation in GP64 EFP
surface densities than do AcMNPV-infected Sf9 cells, as indi-
cated by the broader peaks (compare Fig. 1E, F, and G with
Fig. 1D). A small proportion of cells in both of the stably
transfected cell populations and in the transiently transfected
cell population showed higher levels of surface GP64 EFP
(relative fluorescence intensities of approximately 200 to 300)
than did infected Sf9 cells (maximum fluorescence intensity of
approximately 150).

Thus, by several measurements, the average surface density
of GP64 EFP on stably transfected Sf9°F4¢ cells appears to
be comparable to that on AcMNPV-infected Sf9 cells at 24 h
p-i., a time at which active budding of virions is occurring.
Therefore, the level of GP64 EFP expressed by Sf9°FP64- cells
was judged to be sufficient to complement inactivation of the
gp64 efp gene in the AcMNPYV viral genome.

Generation of vAc**“. To inactivate the gp64 efp gene in
AcMNPV, we used insertional mutagenesis. The AcMNPV
gp64 efp gene was inactivated by inserting the bacterial lacZ
ORF (in frame) into the gp64 efp ORF after codon 131 (Fig.
2A). Although the lacZ ORF contains a translation termina-
tion codon, we also created a frameshift mutation after codon
452 of gp64 efp, by removing a 54-bp Ncol restriction fragment.
This frameshift resulted in a translation termination codon
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FIG. 1. Expression of GP64 EFP by transiently transfected Sf9 cells (transfected), AcMNPV-infected Sf9 cells (infected), and two stably transfected Sf9 cell lines
(Sf9OP64-6 and Sf9OP44-2). For analysis of infected cells, Sf9 cells were infected with wild-type AcMNPV at an MOI of 10 and analyzed at 24 h p.i. Transiently transfected
cells were transfected with plasmid p64-166 (encoding OpMNPV GP64 EFP) and analyzed at 44 h posttransfection. Stably transfected cell lines Sf9OP*4-¢ and Sf9©Ore42
were analyzed at 44 h after plating. (A) ECL-Western blot quantification of total GP64 EFP. Cell lysates were prepared from triplicate samples of each cell type and
analyzed by Western blotting with ECL detection using MAb AcV5. Two exposures of the triplicate samples of each cell type are shown below the graph. Absolute
quantities of GP64 EFP per cell were determined by densitometry and extrapolation from a standard curve prepared with purified GP64 EFP*' (inset). The inset shows
two exposures of a series of standard concentrations (in nanograms per 20 ul) of GP64 EFP*°!. Each bar in the graph represents the calculated mean number of GP64
EFP trimers per cell; error bars represent the standard deviations for triplicate samples for each indicated cell type. All data were normalized to those for Sf9 cells
analyzed at 44 h after plating. (B) CELISA of surface-localized GP64 EFP. Relative levels of surface-localized GP64 EFP were determined by CELISA of
glutaraldehyde-fixed cells with MAb AcV5. Each bar represents the mean CELISA signal for triplicate samples, normalized to the estimated mean number of cells
present in each sample. Error bars represent the standard deviations for triplicate samples for each indicated cell type. All data were normalized to those for Sf9 cells
analyzed at 44 h after plating. (C to G) Flow cytometry analysis of surface-localized GP64 EFP on individual cells. Unfixed cells from each indicated population were
incubated with an anti-GP64 EFP*°! polyclonal serum in the presence of sodium azide. Bound antibodies were detected with a fluorescein isothiocyanate-conjugated
secondary antibody (2° Ab). Each graph plots the cell count versus the relative fluorescence level. For each population, samples analyzed included cells incubated
without antibodies, cells incubated with the secondary antibody only, and cells incubated with both primary and secondary antibodies. For reference, the mean
fluorescence intensity for the negative control (Sf9 cells incubated with the anti-GP64 EFP primary antibody and the fluorescein isothiocyanate-conjugated secondary
antibody) is indicated by the vertical dashed line.
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FIG. 2. Insertional mutagenesis of the AcMNPV gp64 efp gene. (A) Con-
struction of the gp64-lacZ transfer vector pAcGP64ZANco. Plasmid names are
indicated for each construct (diagrams are not to scale). The lacZ OREF is
shaded, the gp64 efp OREF is indicated in white, and AcMNPV sequences flanking
the gp64 efp ORF are indicated in black. The small arrows below the bottom
diagram indicate the locations of primers (GB111, GB53, and GB152) used for
PCR analysis. (B) Map of the gp64-lacZ transfer vector pAcGP64ZANco. The
transfer vector contains 2,327 bp of flanking sequences upstream of the gp64 efp

RECOMBINANT BACULOVIRUS LACKING GP64 EFP 4611

immediately upstream of the GP64 EFP transmembrane do-
main and ensured inactivation of the gp64 efp gene. The gp64-
lacZ fusion gene was then cloned into a transfer vector con-
taining sequences flanking the gp64 efp locus in AcMNPV (Fig.
2B) (pAcGP64ZANco). Recombination of this transfer vector
into the gp64 efp locus of wild-type AcMNPV results in a virus
wild type for all genes except gp64 efp. To generate recombi-
nant viruses defective for GP64 EFP, transfections, recombi-
nation, and viral growth were carried out with the ST9°F54° cell
line. A recombinant virus (vAc®*%) was isolated by plaque
purification on Sf9°F4-° cells, using X-Gal in the plaque over-
lay to detect B-galactosidase expression. Although the gp64 efp
promoter is active in both early and late phases of infection,
B-galactosidase activity was not detectable before 5 to 7 days
p-i., unless the plaque assay plates were subjected to a freeze-
thaw cycle to disrupt the infected cells. This result suggested
that active GP64—B-galactosidase fusion protein was not se-
creted into the medium, despite the presence of the GP64 EFP
signal peptide in the GP64—B-galactosidase fusion protein.

To confirm the location of the gp64-lacZ insertion in vAc®*%,
the gp64 efp locus of the vAc®*# recombinant virus was exam-
ined by PCR amplification with primers complementary to the
5" and 3’ ends of the gp64 efp gene (Fig. 2A) (GB111 and
GB152). As control templates for PCR, we used a plasmid
containing the wild-type AcMNPV gp64 efp gene (negative
control), DNA from cells infected with wild-type AcMNPV, or
plasmid DNA of the transfer vector pAcGP64ZANco (positive
control). Amplification from the plasmid containing the wild-
type gp64 efp gene or AcMNPV viral DNA resulted in a
1.17-kb product, as predicted from the sequence (Fig. 2C, lanes
1 and 3). Amplification from the pAcGP64ZANco transfer
vector or DNA from cells infected by vAc®*# resulted in a
single 4.22-kb product, as predicted from allelic replacement of
the gp64 efp locus by the gp64-lacZ fusion gene (Fig. 2C, lanes
4 and 6). PCR analysis (with primers GB53 and GB152 [Fig.
2A]) was also used to verify that the recombinant virus vAc®*4
lacked the Ncol fragment deleted from the downstream region
of the gp64 efp ORF (data not shown). The structure of the
recombinant virus vAc®** was also examined by restriction
enzyme digestion of viral genomic DNA. As expected, the
EcoRI-BamHI restriction profile of vAc®*# differed from that
of wild-type AcMNPV only in the EcoRI H and BamHI G
fragments, confirming replacement of the gp64 efp locus (data
not shown). Thus, PCR analysis, restriction mapping, and
B-galactosidase activity indicate that the recombinant virus
vACc®*# contains only the gp64-lacZ fusion gene in the gp64 efp
locus, and cells infected with vAc®*“ express B-galactosidase
activity.

To verify that the gp64 efp gene was inactivated, vAc
infected Sf9 cells were examined by ECL-Western blot analysis
(Fig. 3A). Cells were infected with either vAc®*# or wild-type
AcMNPV, and cell lysates were prepared at 24 and 48 h p.i.

647 _

OREF and 853 bp of flanking sequences downstream of the wild-type gp64 efp stop
codon. Also indicated are the locations and orientations of genes flanking the
gp64 efp locus (vcath, p24, gp16, and pp34 [pep]). (C) PCR amplification of the
gp64 efp locus of wild-type AcMNPV or vAc®*#. Primers flanking the lacZ
insertion (GB111 and GB152 [see panel A) were used to amplify the gp64 efp
locus. The templates used for PCR amplification were plasmid DNA containing
a wild-type AcMNPYV gp64 efp gene (P), DNA extracted from Sf9 cells infected
with wild-type AcMNPV (WT), DNA extracted from Sf9 cells infected with
VACc®? (Z), and plasmid DNA from the transfer vector pAcGP64ZANco (TV).
The intact gp64 efp ORF is predicted to yield a 1.17-kb PCR product, while the
disrupted gp64 efp OREF resulting from lacZ insertion and the Ncol deletion is
predicted to yield a 4.22-kb product. Lanes 2 and 5 contain molecular size
standards (M), indicated on the right in kilobase pairs.
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FIG. 3. Analysis of GP64 EFP in infected Sf9 cells (A) and purified BVs (B)
and protein synthesis in infected Sf9 cells (C). (A) Western blot analysis of
expression of the GP64-B-galactosidase fusion protein (B-gal), GP64 EFP
(GP64), and the major capsid protein (P39) in Sf9 cells infected with either
VAC®? (Z) or wild-type AcMNPV (WT). Sf9 cells were infected at an MOI of 10
with vAc®Z (lanes 1, 2, 6, 7, 11, 12, 16, and 17) or with wild-type AcCMNPV (lanes
4, 5,9, 10, 14, 15, 19, and 20); mock-infected cells (M) were included as a
negative control (lanes 3, 8, 13, and 18). Cell lysates were prepared for SDS-
PAGE and Western blot analysis at 24 h p.i. (lanes 1, 4, 6, 9, 11, 14, 16, and 19)
or 48 h p.i. (lanes 2, 5, 7, 10, 12, 15, 17, and 20). Replicate blots were probed with
either a MAD directed against E. coli B-galactosidase (lanes 1 to 5); MAb AcVS5,
which is directed against GP64 EFP (lanes 6 to 10); or MAD 39, which is directed
against P39 capsid protein (lanes 11 to 15). Lanes 16 to 20 were probed with a
mixture of all three MAbs. Bound antibodies were detected by ECL. Positions of
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Replicate blots were probed with MADs specific to 3-galacto-
sidase (Fig. 3A, lanes 1 to 5), GP64 EFP (Fig. 3A, lanes 6 to
10), or P39 capsid protein (Fig. 3A, lanes 11 to 15). A replicate
blot was also probed with a mixture of all three antibodies (Fig.
3A, lanes 16 to 20). Expression of B-galactosidase was detected
only in cells infected with vAc®*# (Fig. 3A, lanes 1 and 2) and
not in cells infected with wild-type AcMNPV (Fig. 3A, lanes 4
and 5). GP64 EFP expression was not detectable in cells in-
fected with vAc®*# (Fig. 3A, lanes 6 and 7). However, expres-
sion of the capsid protein P39 was detected in cells infected
with either vAc®*# or wild-type AcMNPV (Fig. 3A, lanes 11,
12, 14, and 15).

To demonstrate the presence of OpMNPV GP64 EFP on
BVs produced by vAc®*“-infected Sf9°F*4° cells, BVs were
purified from tissue culture supernatants by sucrose gradient
centrifugation and examined by Western blot analysis (Fig. 3B,
lanes 2, 4, and 6). As a control, BVs were also purified from
tissue culture supernatants of AcMNPV-infected Sf9 cells (Fig.
3B, lanes 1, 3, and 5). Replicate blots were probed with either
(i) a MAD that reacts only with the OpMNPV GP64 EFP (Fig.
3B, lanes 1 and 2) (OpE4A), (ii) a MAD that reacts with GP64
EFPs of both OpMNPV and AcMNPV (Fig. 3B, lanes 3 and
4) (AcV5), or (iii)) a MAb that reacts with the P39 capsid
protein (Fig. 3B, lanes 5 and 6). GP64 EFP was detected in
purified BVs of both AcMNPV and vAc®*4 by MAb AcV5
(which cross-reacts with GP64 EFPs of both AcMNPV and
OpMNPYV), and capsid protein P39 was also detected in both
BV preparations (Fig. 3B, lanes 3 to 6). Using the OpMNPV
GP64 EFP-specific MAb (OpE4A), we detected the OpMNPV
GP64 EFP in purified BVs of vAc®**# (Fig. 3B, lane 2) but
not in BVs of AcMNPV (Fig. 3B, lane 1). Thus, vAc®*“ BVs
produced from Sf9°F¢4-¢ cells contained the OpMNPV GP64
EFP protein.

To verify that the infection cycle proceeds normally in
vAc®*“-infected cells, the kinetics of the infection cycle were
examined by pulse-labeling of proteins (Fig. 3C). In vAc®**-
infected Sf9 cells, the overall pattern of protein synthesis was
similar to that in Sf9 cells infected with wild-type AcMNPV. At
24 h p.i., a labeled band of approximately 64 kDa was observed
in wild-type-AcMNPV-infected cells but not in vAc®*“-infected
cells (Fig. 3C, compare lanes 6 and 7). Because 24 h p.i. is the
time of maximal GP64 EFP synthesis in AcMNPV-infected Sf9
cells (20), this 64-kDa band is likely GP64 EFP. Comparison of
the temporal progression of infection confirms progression
into the late phase between 6 and 12 h p.. and therefore
suggests that the viral infection cycle of vAc®*# is not signifi-
cantly affected by the lack of GP64 EFP expression.

Because sequences flanking the gp64 efp genes of AcCMNPV

protein size standards are indicated on the left in kilodaltons. (B) Detection of
OpMNPV GP64 EFP on vAc*# BVs. BVs were purified from supernatants of
AcMNPV-infected Sf9 cells (lanes 1, 3, and 5) or vAc®*%-infected Sf9O4° cells
(lanes 2, 4, and 6) by centrifugation on 25 to 60% sucrose gradients. The BV
bands were collected and analyzed by SDS-PAGE and Western blotting. Dupli-
cate blots were probed with MAb OpE4A, which recognizes only the GP64 EFP
of OpMNPYV (lanes 1 and 2); with MAb AcV5, which recognizes the GP64 EFPs
of both AcCMNPV and OpMNPV (lanes 3 and 4); or with MAb 39, which
recognizes the P39 capsid protein (lanes 5 and 6). Bound antibodies were de-
tected by ECL. Positions of protein size standards are indicated on the left in
kilodaltons. (C) Kinetics of infection-specific protein expression. Sf9 cells were
infected at an MOI of 20 with either vAc®*# (lanes 3, 5, 7, 9, and 11) or wild-type
AcMNPYV (lanes 2, 4, 6, 8, and 10). At the indicated times p.i., the cells were
pulse-labeled for 2 h with [>*S]methionine. As a negative control, mock-infected
cells (M) were labeled at the first time point (lane 1). After the labeling period,
the cells were lysed and labeled proteins were analyzed by SDS-PAGE and
PhosphorImager analysis. Positions of protein size standards are indicated on the
left in kilodaltons.
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FIG. 4. Role of GP64 EFP in cell-to-cell transmission in cell culture. Sf9 cells were infected at a low MOI (0.1) with either a virus containing an inactivated gp64
efp gene (VAc*Z) (A to C) or a control virus expressing B-galactosidase from the hsp70 promoter (vAc™%) (D to F). To identify infected cells, B-galactosidase activity
was detected. Cells were fixed with glutaraldehyde and stained with X-Gal at 20 h p.i. (A and D), 48 h p.i. (B and E), or 72 h p.i. (C and F).

and OpMNPV are present in the recombinant virus vAc®**

and in the Sf9°F%* cell line, respectively, and the two genes
are highly similar (3), there exists the formal possibility that
recombination between the heterologous genes in the virus
and the cell line might result in replacement of the gp64-lacZ
fusion gene with a functional (OpMNPV) gp64 efp gene. In
addition, selection pressure might force integration of the
OpMNPV gp64 efp gene at random sites within the genome.
Such recombination products were not detected in DNA from
the vAc®“ viral stocks, using PCR amplification with primers
specific for the OpMNPV gp64 efp gene (data not shown). In
control experiments, OpMNPYV viral DNA was detectable with
the OpMNPV-specific primers when mixed with AcMNPV
DNA at a molar ratio of 1 part OpMNPV DNA to 10* parts
AcMNPV DNA, but it was not detectable at 1:10°. Our in-
ability to detect OpMNPV gp64 efp in vAc**# viral stocks there-
fore indicates that if any recombinant viruses carrying the
OpMNPV gp64 efp gene were present, they occurred at a fre-
quency of less than 1 in 10* particles. Because the most likely
recombination events that might restore the gp64 efp gene
would also remove the lacZ gene, expression of the lacZ
marker gene was used as the indicator of infection in subse-
quent analyses of vAc5*# infectivity.

Cell-to-cell transmission. To determine if GP64 EFP is re-
quired for the production of infectious virions and cell-to-cell
transmission of the virus, Sf9 cells were infected at a low MOI
(0.1) with vAc®*# or with a lacZ-marked control virus (vAc™%).
At various times p.i., the cells were fixed and stained with
X-Gal to detect spread of the lacZ-marked viruses from the
initially infected cells (Fig. 4). At 20 h p.i., single infected cells
were detected in the cultures infected with vAc®*# (Fig. 4A) or

with the control virus (Fig. 4D). At 48 h p.i. the control virus
had spread from the initially infected cells, resulting in large
clusters of infected cells (Fig. 4E), and by 72 h p.i. the control
virus had infected most or all cells in the culture (Fig. 4F). In
contrast, cultures infected with vAc®** showed no evidence of
cell-to-cell movement, with only single infected cells detected
at 48 and 72 h p.. (Fig. 4B and C, respectively). Thus, these
data indicate that GP64 EFP is required for the production of
infectious virions and for cell-to-cell movement in cell culture.

To examine the role of GP64 EFP during infection in the
animal, vAc®*# occlusion bodies were purified from infected
Sf9OFe+6 cells and fed to early-fourth-instar 7. ni larvae (1.5 to
2 h postmolt). As a control, a second group of larvae was fed
occlusion bodies from the lacZ-marked control virus (vAc™%).
At various times postfeeding, animals were dissected and fixed,
and infected cells were identified by whole-mount X-Gal stain-
ing (Fig. 5). Infected cells in the midgut epithelium were de-
tected at 4 h postfeeding in five of six animals fed vAc®**
occlusion bodies and in five of six animals fed vAc™# occlusion
bodies (data not shown). By 24 h postfeeding, many midgut
cells contained B-galactosidase activity in animals fed either
vAc®*# occlusion bodies (Fig. SA) (three of five animals) or
vAC™? occlusion bodies (Fig. 5C) (four of five animals), indi-
cating infection. By 4 days postfeeding, all animals fed the
control virus vAc™* were quiescent and moribund (five of five
animals). After X-Gal staining, these animals exhibited exten-
sive B-galactosidase staining in many tissues, indicating sys-
temic infection (Fig. 5D). In parallel experiments, all animals
fed vAc™? occlusion bodies underwent tissue liquification
(typical of late-stage infection by nuclear polyhedrosis viruses)
by 5 days postfeeding. In contrast, animals fed vAc®** occlu-
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FIG. 5. Role of GP64 EFP in systemic infection in the insect host. Newly molted fourth-instar 7. ni larvae were fed a suspension of occlusion bodies (1,000 occlusion
bodies per wl) from either the GP64 EFP-null virus (vAc®%) (A and B) or the control virus (vAc™Z%) (C and D). The larvae were dissected, fixed, and stained with
X-Gal to detect B-galactosidase expression in infected cells at either 1 day postfeeding (A and C) or 4 days postfeeding (B and D). Infected midgut epithelial cells were
observed as blue cells in the midgut at 1 day postfeeding in larvae fed either the GP64 EFP-null virus (A) or the control virus (C). By 4 days, postfeeding, larvae fed
VACc®? appeared healthy, and only occasional infected cells were detected in the midgut epithelium (B [inset is a higher magnification]). The larvae fed the control virus
vAC™Z (D) exhibited widespread systemic infection of many tissues, and this was consistent with their moribund state.

sion bodies appeared healthy at 5 days postfeeding and con-
tinued to develop normally. When examined at 4 days post-
feeding by X-Gal staining, these animals did not exhibit
infection in any tissues, except for occasional isolated midgut
cells containing B-galactosidase activity (Fig. 5B, inset). Thus,
occluded virions of vAc®*# were infectious to midgut cells and
established a primary infection, but the infection by vAc®**
failed to escape the midgut. Thus, GP64 EFP was not required
for infection by ODVs but was essential for the escape of the
infection from the midgut into the hemocoel.

To further assess the biological effects of GP64 EFP inacti-
vation, we used a sensitive neonate droplet feeding assay to
determine the lethality of vAc®** to neonate larvae (Table 1).
T. ni neonates were allowed to feed on a suspension of occlu-

TABLE 1. Comparative mortalities of neonates fed vAc***

and AcMNPV in droplet feeding assays

Expt Virus ( OB?"(E?) o) n % Mortality
I AcMNPV 1 30 30.0
5 30 80.0
10 30 93.3
VACHZ 1 30 0
5 30 0
10 30 (3.3)°
II Control 0 57 0
AcMNPV 0.1 57 1.8
1 58 20.7
10 57 65.0
VACH# 10 53 0
100 55 0
1,000 52 0

“ OB, occlusion body.
® One animal died, but not because of polyhedrosis.

sion bodies of either vAc®*# or wild-type AcMNPV. Because
each larva typically consumes a volume of 8 to 13 nl (17, 18),
occlusion bodies were diluted to a concentration of 1, 5, or 10
occlusion bodies per 10 nl, and neonate larvae were allowed to
feed for estimated doses of 1, 5, or 10 occlusion bodies per
larva. By 4 days p.i., neonates fed 5 or 10 occlusion bodies of
wild-type AcMNPV exhibited 80 and 93% mortality, respec-
tively, while larvae fed an average of 1 occlusion body of
wild-type AcMNPV exhibited 30% mortality (Table 1, experi-
ment I). These observations are consistent with previously pub-
lished data for wild-type AcMNPYV in the droplet feeding assay
(13). In contrast, larvae fed vAc®*# occlusion bodies at doses of
one or five occlusion bodies per 10 nl exhibited no virus-
induced mortality. In the group of larvae fed 10 vAc®** occlu-
sion bodies, one animal died, but upon microscopic examina-
tion, no evidence of polyhedrosis was found. In a second ex-
periment, doses of 10 occlusion bodies of wild-type AcMNPV
per 10 nl resulted in 65% mortality (Table 1, experiment II).
However, doses of vAc®*# of as many as 1,000 occlusion bodies
per 10 nl (100 times the measured 65% lethal dose of wild-type
AcMNPV in this experiment) resulted in no virus-induced
mortality by 4 days p.i. Thus, the vAc®*# virus was not lethal to
T. ni neonate larvae at any dose tested.

DISCUSSION

Generation of a virus lacking GP64 EFP. To study the role
of the baculovirus GP64 EFP protein in the context of a viral
infection, we generated a recombinant baculovirus that con-
tains an insertionally inactivated gp64 efp gene and examined
the effects of that mutation on viral infectivity and on propa-
gation of the virus in cell culture and in animals. Previous
studies of the GP64 EFP protein demonstrated that some
anti-GP64 antibodies are capable of neutralizing the infectivity
of the virus (15, 25, 28, 38). Because of the likelihood that
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inactivation of the gp64 efp gene would be difficult, we chose to
supply the GP64 EFP protein in trans, from a stably transfected
cell line, and to then use homologous recombination for gen-
erating an inactivated gp64 efp gene in the context of an oth-
erwise wild-type AcMNPYV baculovirus.

One disadvantage of this approach is that if the gp64 efp
gene is essential, a very strong selection pressure for regener-
ating a GP64 EFP* virus may result in recombination between
the virus and the gp64 efp gene within the cell line. To reduce
this possibility and ensure that we examined only virus con-
taining the inactivated gp64 efp gene, we used the following
strategies: (i) for generating the stably transfected cell line, we
selected a heterologous gp64 efp gene (derived from a different
baculovirus, OpMNPV); (ii) recombinant vAc®*# virus stocks
were screened by restriction analysis, Western blots, and PCR
for significant levels of any revertant virus; and (iii) a lacZ
marker gene was fused in frame with the wild-type AcMNPV
gp64 efp gene, and analyses of the loss-of-function phenotype
of the recombinant virus relied on detection of the B-galacto-
sidase marker. Thus, the analysis of only cells expressing the
lacZ marker gene ensured that we exclusively analyzed viruses
carrying the inactivated gp64 efp gene.

Constitutive expression of GP64 EFP on Sf9°¥%4 cells. The
first step in the above-described strategy involved the produc-
tion of cell lines that constitutively expressed the GP64 EFP
protein from OpMNPV. In addition to facilitating the con-
struction of the recombinant virus, the use of a heterologous
gp64 efp gene also allowed us to determine whether the highly
conserved (but not identical) OpMNPV GP64 EFP could func-
tionally replace the AcMNPV GP64 EFP protein. After con-
structing the OpMNPV GP64 EFP-expressing cell lines, we
performed several quantitative studies to compare GP64 EFP
expression from AcMNPV-infected cells, stably transfected
cells, and transiently transfected cells. For one aspect of these
studies, we measured the quantities of GP64 EFP expressed on
a per-cell basis. At 24 h p.i., AcMNPV-infected Sf9 cells con-
tained on average approximately 3.9 X 10° molecules of GP64
EFP per cell (equivalent to 1.3 X 10° trimers per cell). Stably
transfected Sf9°F4¢ cells contained only approximately 7.6 X
10° molecules (equivalent to 2.5 X 10° trimers) of GP64 EFP
per cell. While the total quantity of GP64 EFP per infected cell
was approximately five times higher than the quantity detected
per Sf9OF46 cell, a further (CELISA) analysis of the average
levels of GP64 EFP at the surface of these cells indicated that
the level of GP64 EFP at the surface of the Sf9°Y%*¢ cells was
similar to that at the surface of infected cells. Flow cytometry
analysis of surface GP64 EFP levels on individual cells in each
population indicated that there was less cell-to-cell variability
among AcMNPV-infected cells than among Sf99F4¢ cells.
Greater variability of GP64 EFP surface density appeared to
be a general feature of transfected cells, since both the
Sf9OF64-2 cell line and transiently transfected cells also exhib-
ited wider variations in GP64 EFP surface levels. The narrower
range of GP64 EFP surface levels in infected Sf9 cells is likely
due to the synchronization of GP64 EFP expression during
infection, since at 24 h p.i., GP64 EFP expression is primarily
from the late promoter. In contrast, GP64 EFP in transfected
cells results from constitutive expression by the early promoter
and accumulation of the protein in a population of asynchro-
nously dividing cells. In transient transfections, variable levels
of GP64 EFP expression may also arise from cell-to-cell vari-
ations in DNA uptake during transfection.

Because cell surface levels of GP64 EFP from infected and
Sf9OP646 cells were similar, and yet an approximately fivefold
difference in the total quantity of GP64 EFP was detected,
these data suggest that no more than 20% of the total GP64
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EFP protein detected in AcMNPV-infected Sf9 cells (at 24 h
p.i.) is found at the cell surface. Using this estimate of surface
localization (20%) in combination with quantitative ECL data
derived from whole-cell measurements of GP64 EFP, we esti-
mate that AcMNPV-infected Sf9 cells (MOI of 10, 24 h p.i.)
contain an average surface density of 2.6 X 10° trimers of
GP64 EFP per cell, at most. These preliminary studies sug-
gested that the SF99F646 cell line produces sufficient quantities
of surface localized GP64 EFP to yield reasonable titers of BVs
when infected by a virus lacking a gp64 efp gene. Production of
infectious vAc®*# BV from Sf9°F°*° cells was on the order of
2 X 107 to 3 X 107 infectious units per ml (determined from
the 50% tissue culture infective dose [TCIDs,] on Sf9OFe+6
cells). The presence of GP64 EFP on the surface of the
Sf9OP64-6 cells apparently did not interfere with infection, since
the TCID,,, titer of the wild-type AcMNPV stock determined
on the Sf99F%*6 cells was approximately 1.3-fold higher than
the titer determined on Sf9 cells. In addition to being useful for
production of recombinant baculoviruses containing deletions
or mutations in GP64 EFP, these stably transfected cell lines
constitutively expressing GP64 EFP will also be useful for
studies of GP64 EFP-mediated membrane fusion.

gp64 efp is an essential baculovirus gene. The production of
infectious BVs by vAc®*“-infected Sf9°F*¢ cells demonstrates
that the OpMNPV GP64 EFP can functionally substitute for
the AcMNPV GP64 EFP in the production of BVs. In addi-
tion, vAc®*# virions (produced in Sf9°F%*S cells) were infec-
tious to Sf9 cells, indicating that this aspect of host range was
apparently unaffected. Thus, the GP64 EFP proteins from
these two related baculoviruses appear to be interchangeable.
Of particular importance, we demonstrated that vAc®** BVs
produced in Sf9OF%*S cells are able to enter and infect Sf9
cells, but in the absence of the gp64 efp gene, the vAc®*# virus
is unable to transmit the infection to uninfected neighboring
cells. Thus, gp64 efp is an essential baculovirus gene, and the
GP64 EFP protein is required for the cell-to-cell transmission
of the infection. Studies to identify the cause of the defect in
viral transmission are now in progress. Preliminary studies
suggest that virion budding is defective in the absence of GP64
EFP.

GP64 EFP is not essential for infectivity of occluded virions.
In previous studies, the transmission of virus from the midgut
to the hemocoel has been studied by using marker genes to
follow the progression of tissues infected (9, 10). Virions bud-
ding from the basal side of the midgut epithelial cells have
been observed (12), and virion budding is believed to serve as
the primary mode of viral movement from the midgut epithe-
lium to the hemocoel. Hemocytes (22), cells of the tracheal
system (9), and basal lamina-associated muscle and tracheal
cells (10) have been proposed as the primary cells infected
after the first round of replication in midgut epithelial cells. It
has also recently been suggested that the tracheal system may
serve as a conduit for BV transmission across the basal lamina
of the midgut epithelium to other tissues within the hemocoel
9).

In the current study, we examined the role of GP64 EFP
during infection in the animal by feeding occlusion bodies
prepared from vAc®*“-infected cells to either neonate or early-
fourth-instar 7. ni larvae. Using whole-mount histological
staining of fourth-instar 7. ni larvae to detect infection, we
found that the vAc®** ODVs were capable of infecting cells of
the midgut epithelium, but infection by vAc®** did not move
beyond the midgut. The ability of vAc®*#* to produce infectious
occluded virions in the absence of GP64 EFP expression is
consistent with previous studies that found no detectable GP64
EFP protein associated with the occluded virus (3, 6, 15), and
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it clearly demonstrates the virion phenotype specificity of the
GP64 EFP protein.

As perhaps the most sensitive indicator of systemic propa-
gation of viral infection, we examined mortality in neonate
larvae fed occlusion bodies of vAc®*#. At doses of up to 100
times the 65% lethal dose of AcMNPV, the vAc®*# virus was
nonlethal to 7. ni neonates. The lack of vAc®*“-induced mor-
tality in 7. ni neonate larvae thus confirms the observations in
tissues of whole fourth-instar larvae and demonstrates that the
inability of the vAc®** virus to escape from the midgut epithe-
lium results in a nonlethal infection in the animal. These re-
sults therefore demonstrate an absolute requirement for GP64
EFP in the progression of the infection from the midgut epi-
thelium to the systemic form of the disease in tissues of the
hemocoel.
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