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The p35 gene of Autographa californica nuclear polyhedrosis virus (AcMNPV) is required to block
virus-induced apoptosis. The trans-dominant activity of p35 suppresses premature cell death and facilitates
AcMNPV replication in a cell line- and host-specific manner. To characterize the p35 gene product (P35), a
specific polyclonal antiserum was raised. As revealed by immunoblot analyses of wild-type AcMNPV-infected
cells, P35 appeared early (8 to 12 h) and accumulated through the late stages of infection (24 to 36 h).
Biochemical fractionation of cells both early and late in infection and indirect immunochemical staining
demonstrated that P35 localized predominantly to the cytosol (150,000 x g supernatant); comparatively minor
quantities of P35 were associated with intracellular membranes. The cytoplasmic localization of P35 was
independent of virus infection. The functional significance of the early and late synthesis of P35 was examined
by constructing recombinant viruses in which the timing and level ofp35 expression were altered. Delaying P35
synthesis by placingp35 under exclusive control of a strong, very late promoter failed to suppress intracellular
DNA fragmentation and apoptotic blebbing in most cells. Thus, earlier expression ofp35 was required to block
virus-induced apoptosis. Site-specific mutagenesis of the p35 promoter demonstrated that low levels of P35
were sufficient to block apoptosis, whereas higher levels were required to maintain wild-type virus gene
expression. Consistent with an early role in infection, P35 was also detected in the budded form of AcMNPV.
Because of the lack of sequence similarity and its cytosolic targeting, P35 may function in a manner that is
mechanistically distinct from other apoptotic regulators, including Bcl-2 and the adenovirus E1B 19-kDa
protein.

Productive infection of host insect cells with Autographa
califomica nuclear polyhedrosis virus (AcMNPV), a prototype
member of the family Baculoviridae, yields budded virus (BV)
by plasma membrane budding and occluded virus (OV) by
release from the nucleus upon cell lysis later in the replication
cycle (for reviews, see references 4 and 36). In contrast,
infection with AcMNPV mutants lacking a functional p35 gene
causes premature cytolysis, a reduction in BV production, and
nearly complete elimination of OV production (8, 18). Cell
death induced by p35 null mutants is the result of apoptosis
(programmed cell death) (8), an active process characterized
by the degradation of host nuclear DNA into oligonucleosome-
size fragments and the disintegration of affected cells into
smaller, membrane-bound vesicles (apoptotic bodies). Apop-
tosis can be induced by diverse stimuli, including infection by
both DNA and RNA viruses (reviewed in reference 52).
Baculovirus-induced apoptosis can be suppressed by infection
with AcMNPV that contains a wild-type copy ofp35. Thus, p35
functions as a trans-dominant regulator of virus-induced pro-
grammed cell death (8, 18). The mechanism by which p35
suppresses apoptosis, either directly or indirectly, is unknown.
Optimum replication of AcMNPV is correlated with p35-

mediated inhibition of apoptosis that is both cell line and host
specific (9, 18). Suppression ofp35 null mutant-induced apop-
tosis by trans complementation in Spodoptera frugiperda SF21
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cultures leads to increased yields of mutant virus (18). More-
over, as demonstrated by serial passage of virus mixtures, p35
confers a dramatic selective advantage to AcMNPV by facili-
tating virus replication in apoptosis-sensitive cells (32). In
contrast, p35 null mutants multiply to wild-type levels in
cultured Trichoplusia ni TN368 cells which fail to exhibit an
apoptotic response (9, 18). The striking difference between the
lethality of p35 deletion mutant BV and wild-type BV when
injected into larvae of S. frugiperda but not T. ni indicated that
p35 also affects virus multiplication in the host organism and
suggests that this gene represents a host range determinant (9).
Although it is not known whether p35 promotes virus replica-
tion independently of its antiapoptotic activity, these findings
support the general hypothesis that animal viruses, including
the baculoviruses, have evolved mechanisms regulating apop-
tosis to facilitate replication and thereby promote their own
survival (6, 8, 15-17, 33, 40).
The product of the p35 gene (P35) is required for suppres-

sion of AcMNPV-induced apoptosis (8, 18), yet little is known
about this protein and its synthesis. Transcription ofp35 begins
within the first hour of infection in response to host RNA
polymerase 11 (23, 35), suggesting that P35 represents an early
gene product. The p35 promoter contains early and late
regulatory motifs and is affected by the adjacent transcriptional
enhancer hr5 (Fig. 1) (11, 42). Based on nucleotide sequence
and in vitro translation of p35-specific mRNA from infected
cells (13), the predicted mass of P35 (299 amino acid residues)
is 35 kDa. Truncation at amino acid residue 76 by creation of
a frameshift mutation (18) or by fusion to Escherichia coli lacZ
(8) caused loss of P35 function in AcMNPV recombinants.
Similarly, the lysine-rich C terminus of P35 is required for
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FIG. 1. Gene organization of AcA4NPV recombinants with altered p35 expression. (A) Genotypes of wild-type AcMNPV and recombinant
viruses vA35K/poly-p35, vA35K/lacZ, and vA35K/lacZ/35K+. Except for wild-type (wt) AcMNPV, p35 was deleted from its normal position (87.4
map units [mu]) located adjacent to the hr5 transcriptional enhancer. The polyhedrin gene was replaced with eitherp35 (light arrow) or lacZ (dark
arrow), each under control of the polyhedrin promoter (Polyh prm). In virus vA35KAlacZ/35K+, p35 and its full-length promoter were inserted at
the polyhedrin locus (3.96 map units). The arrows depict the direction of transcription of each gene. Abbreviations forp35-specific restriction sites:
A, AluI; Av, AvaII; Bc, BclI; H, HindIll; M, MluI; N, NruI; R, EcoRI; Sp, SpeI. (B) Nucleotide sequences of p35 promoter mutations.
Oligonucleotide-mediated alterations were constructed within the p35 promoter, fused to a wild-type copy ofp35, and inserted at the polyhedrin
locus next to the lacZ gene, thereby generating viruses with a genomic organization identical to that of vA35K/lacZ/35K' (A); introduced BglII
sites are double underlined. The TATA element (overlined) is indicated along with the p35 early (E) transcription start site (+ 1). The late (L)
transcriptional start site is indicated within the consensus late TAAG motif (single underline).

protein function (18). Indicating that p35 is highly conserved
between related viruses, the AcMNPV copy of p35 exhibits
90% amino acid sequence identity to that of Bombyx moni
nuclear polyhedrosis virus (13, 26). However, P35 bears no

obvious sequence similarity with other proteins required for
apoptotic suppression, including the product of the mamma-

lian proto-oncogene bcl-2, adenovirus 19-kDa E1B, Epstein-
Barr virus BHRF1, and the product of the granulosis virus iap
gene (7, 10, 37, 50).
To gain insight into the molecular mechanism of p35 func-

tion, we first examined the synthesis and intracellular localiza-
tion of P35 upon AcMNPV infection. By using a polyclonal
antiserum, we report here that P35 is synthesized as a low-
abundance, 35-kDa polypeptide that is targeted predominantly
to the soluble, cytosolic compartment of infected cells. P35
appeared early (8 to 12 h) at the onset of viral DNA replication
and continued to accumulate later in infection. Thus, the
kinetics of P35 synthesis were consistent with an early and
possibly a late function, previously suggested by the require-
ment for p35 in maintaining late virus gene expression and
virus DNA replication (9, 18). To examine the temporal
significance of P35 synthesis, we constructed AcMNPV recom-
binants in which the timing and level of p35 expression were

altered. Very late expression ofp35 was insufficient to prevent
premature cell death and thus indicated that P35 acts earlier to
block apoptosis. Only low levels of P35 were required to block

host nuclear DNA fragmentation and cytolysis, although
higher levels were necessary to maintain AcMNPV very late
gene expression. Thus, P35 may suppress virus-induced apop-
tosis through a catalytic mechanism or by interacting with
low-abundance host death regulators.

MATERIALS AND METHODS

Cells and virus. S. frugiperda IPL-SF21 (45) and T. ni TN368
(19) cell lines were propagated in TC100 growth medium
(GIBCO Laboratories) supplemented with 10% heat-inacti-
vated fetal bovine serum (HyClone Laboratories). Wild-type
AcMNPV (L-1 strain) (31), wt/lacZ, vA35K/lacZ/35K+, and
p35 deletion mutants vA35K and vA35K/lacZ were described
previously (18). At time zero, monolayers were inoculated with
extracellular BV. After 1 h, the residual inoculum was replaced
with growth medium and the cells were incubated at 27°C. All
virus titers were obtained by plaque assay using TN368 cells. In
the case of lacZ-containing viruses, blue plaques were visual-
ized by including 100 p.g of X-Gal (5-bromo-4-chloro-3-in-
dolyl-3-D-galactopyranoside) per ml of overlay.

Plasmid DNAs and transplacement vectors. Plasmid p35K-
ORF was constructed by inserting a 1.28-kb MluI-EcoRI
fragment, derived from the EcoRI S genome fragment (86.8 to
87.9 map units) of AcMNPV, into the HinclI and EcoRI sites,
respectively, of the pBluescript (KS') vector (Stratagene)

87.4 mu
p35 hr5
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containing a BglII linker at the XmaI site; the MluI site was end
repaired with Klenow fragment prior to ligation. p35K-ORF
contains the full-length promoter, the 897-bp open reading
frame (ORF) of p35, and its polyadenylation signal.
pPRM-35K-ORF was constructed by inserting a 410-bp AluI-
HindlIl fragment containing the N-terminal half of p35 into
EcoRV and HindIll sites, respectively, of pBluescript. The
remaining portion of p35 was added by inserting a 634-bp
HindIII-XbaI fragment from the EcoRI S fragment (previously
cloned into pUC19) into HindIll and HinclI sites, respectively;
the XbaI site was end repaired prior to ligation. pPRM-35K-
ORF contains p35 from 15 bp upstream of the ATG codon
through the downstream polyadenylation signal. pIE1jhz-p35
was constructed by inserting the AcMNPV ie-1 promoter and
hr5 enhancer immediately upstream from the p35 ORF of
pPRM-35K-ORF (5). Transplacement plasmid pEV/35K was
generated by inserting the p35 ORF, located on a 1.1-kb
BglII-KpnI fragment of pPRM-35K-ORF, into the corre-
sponding sites of pEV55 (34), kindly provided by Genetics
Institute (Boston, Mass.).
The p35 promoter (Fig. 1) was mutagenized by using the

oligonucleotide-mediated site-directed method of Kunkel et al.
(28). Single-stranded DNA was prepared by VCSM13 helper
phage (Stratagene) rescue of p35KORF-hr5, a plasmid iden-
tical to p35K-ORF except that it also contains the hr5 en-
hancer. Plasmids p35KORF-hrSATATA and p35KORF-
hr5+ ATAAG were obtained by using oligonucleotides 5'-
GAATATlFFTAAGATCTAAACGTTC-3' (positions -46 to
-68 relative to the ATG codon) and 5'-GCTCACTAGA
TCTAAGCAACG-3' (positions -23 to -43), respectively;
BglII sites are underlined. p35KORF-hr5Aprm was con-
structed by inserting the 250-bp KpnI-BglII promoter fragment
of p35KORF-hrSATATA into the corresponding sites of
p35KORF-hr5+ ATAAG. Each alteration was verified by
dideoxy-chain termination sequencing, and the NruI-AvaII
promoter fragments were inserted into the corresponding sites
of p35K-ORF, thereby replacing the wild-type promoter. The
resulting 1.28-kb XhoI-XbaI p35K-ORF fragments were in-
serted into the corresponding sites of the vector pEV/lacZ (18)
to generate transplacement plasmids pEV/lacZ/35KATATA,
pEV/lacZ/35KATAAG, and pEV/lacZ/35KAprm.

Construction of AcM{NPV recombinants. Transplacement
plasmid pEV/35K and parental virus vA35K were used in
standard gene replacement procedures to generate vA35K/
poly-p35 (Fig. 1), which was identified by its occlusion-negative
plaque phenotype, using TN368 cells. To generate viruses vA35K/
lacZ/35KATATA, vA35K/lacZ/35KATAAG, and vA35K/lacZ/
35KAprm (Fig. 1), each transplacement plasmid (10 ,ug) was
linearized with NotI, mixed with -5 x 10 PFU of vA35K BV,
and transfected into SF21 cells by using Lipofectin (Bethesda
Research Laboratories) as described previously (18). Viruses
exhibiting a blue, occlusion-negative phenotype were plaque
purified by using TN368 cells. The identity of each recombi-
nant virus was established by restriction analysis of purified
viral DNA. To verify the presence of the introduced mutations,
the p35 promoter-ORF fragment was amplified from virus
DNA by PCR methods (2) using primers which hybridized
upstream of the polyhedrin promoter and downstream within
the 603 ORF. The resulting p35-specific DNA fragments were
characterized by restriction mapping.
Antiserum and immunoblot analysis. Polyclonal rabbit an-

tiserum was raised against a TrpE-P35 fusion protein contain-
ing P35 N-terminal amino acid residues 43 to 132. Plasmid
pATH22/p35 was constructed by inserting a 269-bp BglII-
HindIll p35 fragment into the BamHI and HindIll sites of
pATH22 (27); the BglII site at amino acid residue 43 was

introduced by mutagenesis of p35KORF-hr5+, using the oli-
gonucleotide 5'-CATGAGATCTGGT`'I"TTGTC-3'. Insoluble
protein was obtained from pATH22/p35-containing E. coli
JM83 and subjected to preparative sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis. The TrpE-P35 fu-
sion was excised, emulsified, and injected into New Zealand
White rabbits (-300 pLg of protein per rabbit). Anti-p35NF
immune serum (ot-p35NF) was collected 2 weeks after a second
boost. Preimmune serum was collected prior to the first
immunization. Monoclonal antibody AcV5 to AcMNPV glyco-
protein gp64 (22) was a gift from Peter Faulkner (Queen's
University) and kindly provided as hybridoma culture super-
natant by Gary Blissard (Cornell University).

For immunoblot analyses, proteins were subjected to SDS-
12.5% polyacrylamide gel electrophoresis (30) and transferred
to nitrocellulose. The membranes were blocked with 5%
nonfat dried milk in TBST (10 mM Tris [pH 7.4], 150 mM
NaCl, 0.05% Tween 20) and incubated for 1 h at room
temperature with a 1:10,000 dilution of o-p35NF or a 1:100
dilution of AcV5 hybridoma supernatant. The membranes
were then washed and incubated for 1 h with 5% nonfat dried
milk-TBST containing a 1:10,000 dilution of goat anti-rabbit
immunoglobulin (IgG; Pierce) or goat anti-mouse IgG (Jack-
son ImmunoResearch Laboratories, Inc.); both goat sera were
conjugated to alkaline phosphatase. After washing with TBST,
color development was initiated by incubation with 0.33 mg of
nitroblue tetrazolium chloride per ml and 0.17 mg of BCIP
(5-bromo-4-chloro-3'-indolylphosphate p-toluidine salt) per
ml.

Subcellular fractionation. Infected cells were collected by
low-speed centrifugation, washed twice with ice-cold phos-
phate-buffered saline (PBS; pH 6.2) (31), and suspended in
ice-cold 10 mM Tris, (pH 7.5)-5 mM MgCl2. After 5 min, the
cells were subjected to Dounce homogenization (20 strokes)
that provided >90% cell breakage. The nuclei were stabilized
by adjusting the salt concentration to that of nuclear buffer (10
mM Tris [pH 7.5], 140 mM NaCl, 40 mM KCl, 5 mM MgCl,)
(2). After centrifugation (300 x g, 5 min), the supernatant (S1)
was removed and the pelleted nuclei (N1) were washed and
suspended in nuclear buffer containing 0.25 M sucrose. The
nuclei were pelleted through a 1.6 M sucrose cushion for 45
min at 44,000 x g (SW28.1 rotor). The sucrose interface that
contained nuclei without OV was collected, whereas the
resulting pellet of nuclei (N2) that contained OV was sus-
pended in nuclear buffer. Nuclear-associated membranes were
solubilized by treating a portion of the N2 pellet with ice-cold
1% Triton X-100 for 30 min; the detergent-treated nuclei (N3)
were collected by centrifugation (300 x g). The S1 fraction (see
above) was adjusted to 5 mM with EDTA and subjected to
centrifugation (10,000 x g, 10 min). The resulting heavy
membrane pellet, including mitochondria, was washed with 5
mM EDTA and suspended in 10 mM Tris (pH 7.5)-140 mM
NaCl-40 mM KCl. The light membranes were collected by
centrifugation of the 10,000 x g supernatant for 1 h at 150,000
x g (SW41 rotor). The resulting 150,000 x g supernatant,
containing cytosolic components, was also collected. Subcellu-
lar fractions were adjusted to 1% SDS-2.5% P-mercaptoetha-
nol and boiled prior to analysis.

Immunolocalization. An adaptation of the method of Volk-
man et al. (47) was used. SF21 cells were seeded onto glass
coverslips and inoculated with virus. After 48 h, the cells were
washed with PHEM (pH 6.9), consisting of 60 mM PIPES
[piperazine-N,N'-bis(2-ethanesulfonic acid)], 25 mM HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid), 10
mM EGTA, and 2 mM MgCl,. The cells were fixed for 20 min
with 2% paraformaldehyde in PHEM and permeabilized for 2
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min with 0.5% Triton X-100-2% paraformaldehyde in PHEM.
After washing with PBS (pH 7.2), the coverslips were blocked
for 1 h with 3% normal donkey serum and incubated for 1 h
(27°C) with a 1:500 dilution of a-p35NF or a 1:25 dilution of
rabbit anti-f-galactosidase IgG (Cappel Research Products);
all dilutions were made in 3% normal donkey serum and PBS.
After the coverslips were incubated for 1 h with a 1:50 or 1:100
dilution of fluorescein isothiocyanate-conjugated donkey anti-
rabbit IgG (Jackson ImmunoResearch), they were washed with
PBS and mounted for viewing in 50 mM Tris (pH 7.8)-10%
glycerol-1 mg ofp-phenylenediamine per ml. When indicated,
the primary antiserum was precleared with an acetone powder
of vA35K-infected SF21 cells. SF21 cells (106 per plate) were
also seeded onto glass coverslips and transfected with 2.5 jg of
pIE1hr_p35 by using calcium phosphate (35). After 48 h, the
cells were fixed, permeabilized, and immunostained as de-
scribed above. All images were obtained by using a Bio-Rad
MRC-600 laser scanning confocal microscope equipped with a
krypton-argon mixed-gas laser. Optical sections of 0.56 pm
were obtained by using the 60X objective. Digitized images
were transferred to a Macintosh Quadra 700 and prepared for
presentation by Adobe Photoshop (Adobe Systems, Inc.).
BV purification. BV was collected from the growth medium

of SF21 cells 48 h after infection with vA35K or wild-type
AcMNPV by centrifugation through a 25% sucrose cushion
(80,000 x g, 75 min). Resuspended virus was subjected to
centrifugation on a 20 to 70% linear sucrose gradient at 96,000
x g for 3 h (SW41 rotor) as described elsewhere (36). After
fractionation, the BV peak was identified by applying a portion
of each fraction to nitrocellulose and staining with oa-gp64
AcV5 as described above. BV was pelleted from the pooled
fractions by centrifugation (80,000 x g, 75 min).

Internucleosomal DNA fragmentation. SF21 cells (3 x 106
per plate) were harvested 48 h after infection by low-speed
centrifugation. Apoptotic vesicles were pelleted from the
growth medium supernatant by centrifugation (14,000 x g, 15
min) at 4°C. Cells and vesicles were pooled, suspended in lysis
buffer (10 mM Tris [pH 7.5], 10 mM EDTA, 0.2% Triton
X-100), and extracted for low-molecular-weight DNA as pre-
viously described (24). DNA samples were treated with 0.6 mg
of RNase A per ml prior to electrophoresis, using 2% agarose-
Tris-borate-EDTA gels and visualization with ethidium bro-
mide.

1-Galactosidase assays. Intracellular levels of 3-galactosi-
dase were determined as described previously (18). In brief,
infected cells were harvested, washed with ice-cold PBS (pH
6.2), and suspended in 0.25 M Tris (pH 8.0). After three
freeze-thaw cycles, the lysates were clarified and assayed by
using the substrate p-nitrophenyl-I-D-galactopyranoside.
When necessary, cell lysates were diluted with 0.25 M Tris (pH
8.0) to ensure linearity of the assay.

RESULTS

Identification of the apoptotic suppressor P35 and kinetics
of synthesis. Our previous studies suggested that synthesis of
p35-specific products during infection is low compared with
that of other viral proteins (18). Thus, to identify and charac-
terize p35-derived proteins, a polyclonal antiserum (ot-p35NF)
was raised against a bacterial TrpE fusion protein that con-
tained 89 amino acids (residues 43 to 132) from a charged
domain within the N-terminal half of the predicted p35
polypeptide. Upon immunoblot analysis of total proteins from
SF21 cells infected with wild-type AcMNPV, ot-p35NF recog-
nized a single major polypeptide with a molecular mass of -35
kDa (Fig. 2). The specificity of the ac-p35NF was demonstrated

wild-type p35 \
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- 68

-43
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FIG. 2. Time course of P35 synthesis during wild-type AcAMNPV
infection. SF21 cells (3 x 106 per plate) were harvested at the indicated
times (hours) after infection (multiplicity of infection of 5), lysed with
SDS, and subjected to SDS-polyacrylamide gel electrophoresis. Immu-
noblot analysis of total cellular protein (3 x 105 cell equivalents per
lane) was conducted with ax-p35NF. Lysates prepared from mock-
infected (mi) and vA35K-infected cells 48 h after infection (multiplicity
of infection of 5) were included. The positions of molecular weight
standards (sizes in kilodaltons) and protein P35 (arrow) are indicated.

by the lack of recognition of other polypeptides in mock-
infected cells or cells infected with the p35 deletion mutant
vzX35K, as determined by immunoblotting (Fig. 2, lanes 1 and
10) and immunochemical staining of intact cells (see below).
Moreover, the 35-kDa polypeptide was specifically recognized
by ot-p35NF when p35 was expressed exclusively under the
control of the polyhedrin promoter of recombinant vA35K/
poly-p35 (see below) and when expressed from a p35-contain-
ing SP6 plasmid in reticulocyte transcription-translation ex-
tracts (29). With use of wild-type AcMNPV, the 35-kDa
polypeptide (hereafter designated P35) was first detected 12 h
after infection and reached maximum steady-state levels by 36
h. In other analyses using p35-expressing AcMNPV recombi-
nants, P35 was detected by 8 h after infection (5). Less
abundant species of P35 with an electrophoretic mobility
slightly different from that of the predominant 35-kDa
polypeptide were also detected (Fig. 2); the relative abundance
of these alternate forms of P35 varied between experiments.

Intracellular localization of P35 by biochemical fraction-
ation. To examine the subcellular distribution of P35 during
wild-type AcMNPV infection, SF21 cells were inoculated and
homogenized both early (12 h) and later (36 h), during its
maximum accumulation. Cytoplasmic and nuclear fractions
were separated by using differential centrifugation. Immuno-
blot analysis demonstrated that a majority (>95%) of the
intracellular P35 localized to the 150,000 x g cytosolic super-
natant of cells both early (Fig. 3A, lane 2) and late (Fig. 3B,
lane 2) during infection. The absence of membranes in the
150,000 x g supernatant was suggested by the lack ofAcMNPV
glycoprotein gp64 in this fraction, demonstrated by using a
gp64-specific monoclonal antibody (Fig. 3C, lane 2). Repre-
senting the major glycoprotein of BV, gp64 associates with
intracellular and plasma membranes prior to budding (3, 46,
51) and therefore provides a useful marker for membrane
proteins. As expected, gp64 localized predominantly to the
heavy and light membrane fractions (Fig. 3C, lanes 3 and 4). In
contrast, little P35 was detected in the heavy or light mem-
brane fractions early (12 h) after infection, even when a 10-fold
excess of each fraction was analyzed (Fig. 3A, lanes 3 and 4).
Later (36 h) in infection, P35 levels increased slightly in the
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FIG. 3. Subcellular fractionation of P35 in wild-type AcMNPV-

infected SF21 cells. Cells were harvested 12 and 36 h after infection
(multiplicity of infection of 10) and fractionated by Dounce homoge-
nization and differential centrifugation. The resulting fractions from
cells 12 h (A) and 36 h (B and C) after infection were subjected to
SDS-polyacrylamide electrophoresis and immunoblot analysis using
ot-p35NF (A and B) or ot-gp64 monoclonal antibody AcV5 (C). Lanes
1, total intracellular protein; 2, 150,000 x g cytosolic supernatant; 3,
heavy membrane fraction; 4, light membrane fraction; 5, intact nuclei;
6, Triton X-100-extracted nuclei; 7, Triton X-100-soluble fraction from
nuclei; 8, interface of 1.6 M sucrose cushion after sedimentation of
infected cell nuclei. In panel A, each lane contains 2.5 x 105 cell
equivalents, except for the heavy and light membrane fractions (lanes
3 and 4), which were increased 10-fold (2.5 x 10' cell equivalents). In
panels B and C, 2.5 x 105 cell equivalents (lanes 1 and 2), 2.5 x 106 cell
equivalents (lanes 3 and 4), and 5 x 105 cell equivalents (lanes 5 to 8)
were used. The positions of P35, gp64, and molecular weight standards
(sizes in kilodaltons) are indicated.

heavy and light membrane fractions which included mitochon-
dria and endoplasmic reticulum, respectively (Fig. 3B, lanes 3
and 4). No P35 was detected in the nuclear interface fraction
(lane 8) that contained nuclei lacking OV particles; the same

nuclear interface fraction contained gp64. Minor levels of P35
were detected in the fraction (lane 5) that contained intact
nuclei; at 36 h after infection, this fraction contained nuclei
with OV particles. Since microscopic examination also re-

vealed the presence of unbroken cells in the 12- and 36-h
nuclear fractions, the P35 released from such cells upon SDS
lysis contributed to the observed level of nuclear P35. Extrac-
tion of the intact nuclear fraction with nonionic detergent
solubilized both gp64 and P35 (lane 7). This finding suggested
that early and late in infection, the nuclear P35 was not tightly
associated with the nucleus or it interacted with the perinu-
clear membrane. Biochemical fractionation (not shown) indi-
cated a similar protein distribution when p35 was overex-

pressed in cells infected with vA35K/poly-p35, a recombinant
virus containing p35 under control of the polyhedrin promoter
(Fig. 1A).
Immunochemical staining of P35 in infected cells. The

cytosolic localization of P35 was confirmed by examining the

intracellular distribution of protein within intact cells. To this
end, SF21 cells were fixed, subjected to indirect immunochemi-
cal staining by using cx-p35NF, and viewed by fluorescent
confocal laser microscopy. Infection with wild-type AcMNPV
yielded a low and variable signal, which suggested that P35 was
at or below the limit of detection by immunochemical staining
with this serum. Intracellular P35 was therefore increased by
inoculating cells with a mixture of wild-type AcMNPV and
recombinant vA35K/poly-p35 (Fig. 1A); coinfection enhanced
p35 expression from the polyhedrin promoter and suppressed
premature cytolysis caused by this virus (see below). The
observed pattern of fluorescence indicated that a majority of
P35 localized to the cytoplasmic compartment (Fig. 4A and B).
In general, P35 was evenly distributed within the cytoplasm,
although in some cells, it was concentrated nearest the plasma
membrane. Little or no P35-specific fluorescence was associ-
ated with the nucleus, which was delineated by the presence of
nuclear OV (polyhedra) revealed by differential-interference
contrast (DIC; Nomarski) images of the same cells (Fig. 4A).
SF21 cells infected with p35 deletion mutant vA35K exhibited
only background staining with o-p35NF (Fig. 4E); no staining
was detected in intact cells or those undergoing cytolysis, as
indicated by the presence of apoptotic bodies (arrows in Fig.
4E).
To determine if the intracellular distribution of P35 was

dependent on virus replication, SF21 cells were transfected
with plasmid pIE1hr-p35, which directed p35 expression in the
absence of virus. Upon cx-p35NF staining, transfected cells
(Fig. 4C) exhibited a cytoplasmic distribution of P35 similar to
that of infected cells (Fig. 4A). Thus, P35 localization was

independent of viral infection. Nonetheless, comparison of
these cells suggested that the accumulation of P35 in the
cytoplasmic space next to the plasma membrane of infected
cells (Fig. 4B) was due in part to the nuclear swelling that
typically occurs during the later stages of baculovirus infection.
Consistent with this effect, a dramatic concentration of 3-ga-
lactosidase was also observed at the plasma membrane of cells
(Fig. 4D) infected with virus wt/lacZ, in which lacZ expression
is controlled by the polyhedrin promoter (18); ,B-galactosidase
is a cytoplasmic protein when synthesized in these cells (25).
P35 is associated with extracellular BV. The cytoplasmic

accumulation of P35 during the later stages of infection raised
the possibility that it is packaged into BV, conceivably at the
time when viral nucleocapsids bud from the plasma membrane.
To examine this possibility, extracellular virus was purified by
differential centrifugation and sucrose gradient sedimentation.
As expected, immunoblot analysis demonstrated that gp64 was
a major component of both wild-type BV and vA35K BV (Fig.
5); the lower abundance of vA35K gp64 was indicative of the
lower yields of this virus from SF21 cells (18). Subsequent
analysis using ot-p35NF demonstrated that P35 was present in
wild-type BV but not vA35K BV (Fig. 5). The electrophoretic
mobility of BV-associated P35 was indistinguishable from that
of intracellular P35. Compared with the major virion structural
proteins gp64 and vp39 (43), however, P35 represented a

minor component (data not shown). Further studies will be
required to determine P35's location within enveloped BV.
Reduced P35 levels cause decreased AcMNPV very late gene

expression. Besides the early appearance of P35 in infected
SF21 cells, the failure ofp35 deletion mutants to initiate and/or
maintain late and very late gene expression (9, 18) suggested
that P35 functions early in infection. To investigate the timing
and level of p35 expression required for virus replication, we
constructed a series of recombinant viruses in which P35
synthesis was altered. First, P35 accumulation was reduced by
mutagenesis of the p35 promoter (Fig. IB). In virus vA35K/
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FIG. 4. Indirect immunofluorescent localization of P35 in SF21 cells. (A) P35 immunofluorescence after coinfection with wild-type and
vA35K/poly-p35 viruses. Coincident images by DIC (left) and fluorescent confocal laser microscopy (right) of ac-p35NF (x-p35)-stained cells 48 h
after infection with a 1:5 mixture of wild-type virus and vzX35K/poly-p35, respectively, are shown. (B) Cytoplasmic distribution of P35 in
AcMNPV-infected cells. Two fields of SF21 cells are shown after infection as described for panel A and staining with at-p35NF; panels A and B
represent independent experiments. (C) Cytoplasmic distribution of P35 in plasmid-transfected cells. Two fields of ox-p35NF-stained SF21 cells are
shown 48 h after transfection with plasmid pIE1jr-p35; approximately 1 to 5% of the cells exhibited P35-specific immunofluorescence. (D)
f-Galactosidase distribution after infection with AcMNPV recombinant wt/lacZ. DIC (left) and fluorescence (right) images of SF21 cells 48 h after
infection wt/lacZ and stained with ot-3-galactosidase (o-f3-gal) serum are shown. (E) Background immunofluorescence after infection with p35
deletion mutant vA35K. DIC (left) and fluorescence (right) images of ot-p35NF-stained SF21 cells 48 h after infection with vA35K are shown. The
arrows depict apoptotic bodies. For all images, the cells were fixed, treated with detergent, and stained with preadsorbed primary antiserum
followed by secondary fluorescein isothiocyanate-conjugated antibodies. The bar represents 20 p.m.

lacZ/35KATATA, the TATA element was replaced, thereby
decreasing early promoter activity to -5% of that of the
wild-type promoter (11). In virus vA35K/lacZ/35KATAAG, the
late promoter motif TAAG (positions -2 to -5 relative to the
early RNA start, + 1) was replaced; elimination of the consen-
sus late motif (ATAAG) abolishes AcMNPV transcription
from this site (39, 42). Lastly, both motifs were simultaneously
deleted from the promoter in virus vA35K/lacZ/35KAprm.
Immunoblot analysis of total protein from infected cells

demonstrated that P35 accumulation was indeed reduced by
promoter mutagenesis (Fig. 6). Loss of the TATA element
reduced early (12 h) P35 below the limit of detection (lane 3),
whereas loss of the TAAG motif reduced P35 approximately
fivefold (lane 4) compared with that synthesized at the same
time by vA35K/lacZ/35K' with a wild-typep35 promoter (lane
1). The reduction in P35 was most evident early in infection,
since by 36 h, the level of P35 in vA35K/lacZ/35KATATA- and
vlA35K/lacZ/35KATAAG-infected cells was only slightly lower
than that of vA35K/lacZ/35K+-infected cells.
To determine the effect of reduced P35 levels on very late

viral expression, we measured lacZ expression under control of
the very late polyhedrin promoter in both SF21 and TN368
cultures after infection with each p35 promoter mutant. Since
polyhedrin promoter activity in TN368 cells is not affected by
p35 (18), the calculated SF21/TN368 ratio of accumulated
3-galactosidase provided a means to compare the levels of

97-
684-

43-

(5

C?:4

gene expression for each virus (Fig. 7). Consistent with earlier
studies, TN368 cells produced approximately twofold more
3-galactosidase than SF21 cells (SF21/TN368 ratio of 0.44)
when normal levels of P35 were synthesized from the wild-type
p35 promoter of virus vzA35K/lacZ/35K+. In contrast, 3-galac-
tosidase synthesis in SF21 cells infected with promoter mutants
vA35KIlacZ/35KATATA and vA35K/lacZ/35KATAAG was
significantly reduced, resulting in levels that were 39 and 25%
of that of produced by vA35K/lacZ/35K' (100%). As expected,
mutants vA35KMlacZ/35KAprm and vA35K/lacZ synthesized
even less ,B-galactosidase, producing only 4 and 1%, respec-
tively, of that of vA35K/lacZ/35K+ (Fig. 7). Thus, reduced P35
levels were correlated with decreased levels of very late gene
expression that was specific to apoptosis-sensitive cells. Since
the reduction in P35 was most pronounced early (12 h) in
infection, these results suggested that early P35 synthesis is
required for wild-type levels of gene expression.

Effects of reduced P35 synthesis on suppression of AcM-
NPV-induced apoptosis. To examine the level of P35 required
to block apoptosis, we tested each viral recombinant for the
capacity to suppress intracellular DNA degradation and apop-
totic cytolysis of SF21 cells. Of the three p35 promoter
mutants, only vA35KIlacZ/35KAprm failed to block intracellu-
lar DNA fragmentation into oligonucleosome-size fragments
(Fig. 8). By 48 h, approximately 50 to 75% of the cells within
A35KIlacZ/35KAprm-infected cultures were eliminated by ap-
optotic blebbing, compared with nearly all cells infected with
p35 deletion mutant vA35K/lacZ (data not shown). As ex-
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cl-gp64 cl-p35
FIG. 5. Association of P35 with wild-type BV. Extracellular wild-

type (wt) BV or p35 deletion mutant (vA35K) BV was purified by
sucrose gradient sedimentation from the growth medium of SF21 cells
48 h after infection. The BV was boiled in 1% SDS-2.5% 1-mercap-
toethanol, and duplicate samples were subjected to electrophoresis on

an SDS-12.5% polyacrylamide gel. After transfer to nitrocellulose, the
duplicate membranes were stained with co-gp64 AcV5 or o-p35NF,
respectively. Total protein lysates from wild-type AcMNPV-infected
SF21 cells (wt cell) were included; positions of gp64, P35, and
molecular weight standards (sizes in kilodaltons) are shown.

1 2 3 4 5 6 7 8 9 10
FIG. 6. Comparison of intracellular levels of P35 after infection

with AcMNPVp35 promoter mutants. SF21 cells (106 cells per plate)
were harvested 12 and 36 h after infection (multiplicity of infection of
5) with recombinant viruses vA35K/lacZ/35K' (v35K+), vA35K/lacZ
(vA35K), vA35K/lacZ/35KATATA (vATATA), vA35K/lacZ/35KATA
AG (vATAAG), and vA35K/poly-p35 (vPoly-p35). Immunoblot anal-
ysis of total cellular protein (3 x 105 cell equivalents per lane) was
conducted with ox-p35NF. Positions of molecular weight standards
(sizes in kilodaltons) and P35 are indicated. To preserve sample purity,
lanes 9 and 10 were separated during electrophoresis on the same gel
and then spliced together after immunoblot analysis.
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FIG. 7. Effect of altered p35 expression on very late gene expres-

sion. SF21 and TN368 cells (106 per plate) were inoculated (multiplic-
ity of infection of 5) with viruses vA35K/lacZ/35K' (v35K+), vA35K/
lacZ/35K.ATATA (vATATA), vA35K/lacZ/35KATAAG (vATAAG),
vA35K/lacZ/35KAprm (vAprm), and vA35K/lacZ (vA35K), harvested
48 h later, and assayed for intracellular ,B-galactosidase. The ratio of
3-galactosidase activity in SF21 to TN368 cells was calculated. The

values shown represent the averages of three infections with each virus,
including at least two independent isolates of vA35K/lacZ/35KATA
TA, vA35K/IacZ/35KATAAG, and vA35K/lacZ/35KAprm; error bars
are indicated. The percent reduction in the ratio of ,B-galactosidase
compared with that determined for vA35K/lacZ/35K' (100%) is
indicated for each viral mutant.

pected, vA35K/lacZ also caused extensive intracellular DNA
fragmentation (Fig. 8, lane 4), whereas no fragmentation was
detected in mock-infected cells or cells infected with vA35K/
lacZ/35K+ which contained p35 under control of its own
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FIG. 8. Effect of AcMNPV p35 promoter mutants on suppression
of intracellular DNA fragmentation. SF21 cells were inoculated (mul-
tiplicity of infection of 3) with recombinant viruses vA35K/lacZ/35K'
(v35K+), vA35K/lacZ (vA35K), vA35K/lacZ/35KATATA (vATATA),
vA35K/lacZ/35K.ATAAG (vATAAG), vA35K/lacZ/35KAprm (vAprm),
and vA35KIpoly-p35 (vPoly). Low-molecular-weight DNA was ex-
tracted from intact cells and associated apoptotic bodies 48 h after
infection and subjected to agarose gel electrophoresis (3 x 106 cell
equivalents per lane). DNA from mock-infected cells (mi) was in-
cluded. Positions of DNA molecular weight (MW) markers (sizes in
base pairs) are indicated.

promoter (lanes 2 and 3). Despite the reduction in P35 levels,
neither vA35KIlacZ/35KATATA nor vA35K/lacZ/35KATAAG
induced apoptosis to the extent that DNA fragmentation was
detected (lanes 5 and 6). Thus, independent loss of the TATA
or TAAG motif failed to reduce P35 below the level required
to block apoptosis. Since a low but reproducible level of
cytolysis was observed in cultures infected with vA35K/lacZ/
35KATATA but not with vA35K/lacZ/35KATAAG, the low
level of P35 synthesized by the TATA mutant was at or near
the threshold required for apoptotic suppression.

Late expression of p35 is insufficient to block AcMNPV-
induced apoptosis. To further examine the requirement for
early synthesis of P35, the effect of delaying p35 expression
until late in infection was examined by using vA35K/poly-p35.
In this viral recombinant, p35 was removed from its normal
position and placed under exclusive control of the very late
polyhedrin promoter (Fig. 1A). Analysis of the kinetics of
protein synthesis in nonapoptotic TN368 cells verified that
vA35K/poly-p35 replication was normal and that P35 was
synthesized maximally at the times (24 to 48 h) characteristic of
very late gene expression (data not shown). In contrast,
vA35K/poly-p35 infection of SF21 cultures induced apoptosis
in most cells, as demonstrated by high-level degradation of
intracellular DNA into oligonucleosome-size fragments (Fig.
8, lane 8). The extent and pattern ofDNA fragmentation were
indistinguishable from those caused by mutant vA35K (lane 4).
In addition, premature cytolysis and apoptotic body formation
were extensive, affecting more than 50% of the cells 48 h after
infection with vA35K/poly-p35.
Immunoblot analysis demonstrated that P35 was synthesized

in SF21 cultures infected with vtA35K/poly-p35, but only late in
infection (Fig. 6). At 12 h, when P35 was readily detected in
vA35K/lacZ/35K+-infected cells (lane 1), it was below the limit
of detection in vA35K/poly-p35-infected cells (lane 5). By 36 h,
however, the vw35K/poly-p35 level of P35 (lane 10) exceeded
that of vA35K/lacZ/35K' (lane 6). Thus, although the average
level of P35 was higher late in infection, such expression from
vA35K/poly-p35 was not sufficient to block apoptosis in all
cells. Since very late gene expression by p35 null mutants is
typically reduced, the late appearance of P35 suggested that at
least in some vA35K/poly-p35-infected cells, p35 expression
was sufficient to prevent premature death. Consistent with this
possibility was the observation that a small fraction of these
cells survived cytolysis, synthesized a low level of late virus
proteins, and produced higher (-10-fold) yields of BV than
did cells infected withp35 null mutants (29). Since polyhedrin-
specific RNAs have been detected as early as 6 h after infection
(12), it is likely that early, low-level expression from the
polyhedrin promoter produced sufficient P35 to promote sur-
vival of some cells.

DISCUSSION

The AcAMNPV p35 gene is required to block baculovirus-
induced apoptosis, an active process that causes premature
death of host insect cells. Current evidence indicates that p35
is a trans-dominant regulator that facilitates AcMNPV repli-
cation and provides a selective advantage in apoptosis-sensitive
cells (8, 9, 18, 32). Upon stable transfection, p35 also inhibits
apoptotic death of mammalian neural cells in a manner that
resembles protection provided by overexpression of the apop-
totic suppressor bcl-2 (38, 53). In addition, p35 expression
prevents developmental programmed cell death in transgenic
nematodes (Caenorhabditis elegans) by a mechanism that is
independent of ced-9 (44), an invertebrate regulator of cell
death that bears sequence similarity to bcl-2. Collectively, these
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findings indicate that p35 is a general suppressor of pro-
grammed cell death in a pathway that is highly conserved
among diverse organisms. Thus, it is likely that during baculo-
virus infection, p35 blocks apoptosis directly by a mechanism
that does not require other virus-encoded apoptotic regulators.
The studies reported here investigate this mechanism by
characterizing the p35 gene product, P35.

Identification of P35 during infection. Consistent with the
transcription of its gene (23, 35), P35 was detected early (8 to
12 h) in the AcMNPV infection cycle. Thus, P35 was present
prior to the first morphological signs of virus-induced apopto-
sis, including membrane blebbing beginning in some cells as
early as 12 h after infection with p35 null mutants (reference 8
and our observations). Identical early synthesis of a P35-,B-
galactosidase fusion protein was directed by p35 deletion virus
v35K-lacZ (18), in which thep35 promoter directed expression
of a nonfunctional p35-lacZ hybrid prior to apoptotic cytolysis
(29). This finding suggested that even though apoptosis is
initiated (see below), the p35 promoter is capable of directing
sufficient p35 expression to counter the host response and
thereby block premature death. In wild-type AcMNPV-in-
fected cells, P35 continued to accumulate late into infection,
reaching maximum levels from 24 to 36 h. Nonetheless, P35
represented a low-abundance protein compared with viral
structural proteins. Immunoblot analysis provided no evidence
that P35 undergoes proteolytic processing, and preliminary
studies have indicated that P35 is relatively stable in infected
cells (5). The presence of less abundant forms of P35 with
slightly altered electrophoretic mobilities suggested that P35
undergoes limited posttranslational processing. However, the
type and significance of this apparent protein processing are
unknown.

Apoptotic suppression by cytosolic P35. Our results indicate
that P35 exists predominantly as a soluble component of the
cytosol of infected cells. A majority of the P35 both early and
late during infection was concentrated in the 150,000 x g
cytosolic supernatant. Minor amounts of P35 were found in the
most dense nuclear fraction; this P35 was solubilized by
nonionic detergent, suggesting a weak association with the
nucleus or nuclear membranes. In contrast, little, if any, P35
was detected in the heavy and light membrane fractions that
included mitochondria and the endoplasmic reticulum (Fig. 3).
Low-affinity interactions with intracellular membranes have
not been ruled out, since our fractionation methods may have
disrupted such associations. Nonetheless, the cytosolic distri-
bution of P35 was independently confirmed by immunochemi-
cal staining of infected cells and cells transfected with a
p35-expressing plasmid (Fig. 4).

The cytosolic localization of P35 distinguishes it from the
apoptotic suppressors Bcl-2 (1, 20, 21) and adenovirus 19-kDa
E1B (48, 49), which localize to membranes of the mitochon-
drion, endoplasmic reticula, or nucleus. When overexpressed
in S. frugiperda SF9 cells by a baculovirus vector, Bcl-2
maintained its membrane association and exhibited little, if
any, cytosolic localization (1). It has been proposed that Bcl-2's
capacity to block oxidative death explains its association with
these membranes, since these are the sites for generation of
oxygen free radicals (21). Assuming that P35 functions at the
site of highest concentration, our results suggest that apoptosis
can also be suppressed by a soluble component of the cytosol.
Because of the low level of P35 required to block virus-induced
apoptosis, the possibility that P35 regulates cell death at a yet
undefined site has not been ruled out. Nonetheless, the
cytosolic targeting of P35, in addition to its apparent lack of
sequence similarities with known suppressors of programmed

cell death, suggests that P35 regulates apoptosis by using a
distinct molecular mechanism.

Early p35 expression is required to block AcMNPV-induced
apoptosis. By delaying p35 expression, it was demonstrated
that very late virus-directed synthesis alone was not sufficient
to prevent apoptotic death of most cells; SF21 DNA fragmen-
tation and apoptotic cytolysis were extensive when p35 was
placed under exclusive control of the very late polyhedrin
promoter of virus vA35K/poly-p35 (Fig. 8). The higher synthe-
sis of P35 in the apoptotic cells infected with this virus (Fig. 6)
did not by itself cause apoptosis, since coinfection with wild-
type virus resulted in its complete suppression and even
greater accumulation of P35. Thus, earlier synthesis of P35 was
required to suppress AcMNPV-induced apoptosis. Promoter
mutagenesis which caused as much as a fivefold reduction in
early P35 levels had little or no effect on the virus's capacity to
suppress intracellular DNA fragmentation (Fig. 8). Thus, P35
functions at low levels early in infection. This conclusion is
consistent with the finding of Crook et al. (10) that early viral
expression ofp35 (occurring from 0 to 5 h after infection) was
sufficient to block apoptosis of SF21 cells caused by the
addition of actinomycin D (1 ,ug/ml); it is unknown whether
apoptosis induced by this transcriptional inhibitor is mechanis-
tically similar to that induced by AcMNPV. The observation
that low intracellular levels of P35 are sufficient to block
apoptosis suggests that this suppressor functions by using a
catalytic mechanism or, alternatively, by interacting with other
low-abundance death regulators present in the host cell.
Although a variety of RNA and DNA viruses have the

capacity to induce apoptosis, the molecular mechanisms in-
volved are unknown (reviewed in reference 52). In the case of
AcMNPV, which uses early, late, and very late replicative
phases, the apoptotic signal appears to be induced in part by
early viral events. This is suggested by the appearance of
apoptotic manifestations (DNA fragmentation and membrane
blebbing) from 6 to 12 h after infection as well as the early
requirement for P35 synthesis. Apoptotic signaling could be
induced by viral interactions with cellular receptors, the poten-
tial activity of early AcMNPV transactivators analogous to
adenovirus ElA, which induces apoptosis (40), or metabolic
imbalances resulting from viral biosynthetic processes, includ-
ing free-radical generation. Crook et al. (10) have correlated
the beginning of AcMNPV-induced apoptosis with the reduc-
tion in host RNA and protein synthesis occurring from 9 to 12
h after infection, also suggesting that virus-induced imbalances
in host apoptotic regulators may be involved.

Differential requirements for P35 during AcMNPV replica-
tion. The observed reduction in late gene expression and DNA
replication by p35 null mutants suggested that p35 also func-
tions early in infection to maintain or accelerate virus replica-
tion (9, 18). However, it was unknown whether p35 promotes
virus replication independently of its antiapoptotic activity. We
have shown here that p35 promoter mutants which exhibited a
preferential reduction in early accumulation of P35 were also
impaired for very late gene expression, as indicated by a 60 to
75% reduction in polyhedrin promoter-directed synthesis of
,B-galactosidase (Fig. 7). In contrast, the altered levels of P35
had little or no effect on suppression of apoptosis by these
mutants (Fig. 8). Thus, although low levels of P35 were
sufficient to block intracellular DNA fragmentation and cytol-
ysis, higher levels were required to maintain wild-type virus
gene expression and replication. Since late and very late gene
expression is dependent on viral DNA replication (14, 41),
incomplete suppression of apoptotic nuclease activities may
reduce late gene transcription by nicking viral genomic DNA
without causing extensive intracellular DNA fragmentation
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and cytolysis. Thus, P35 may be indirectly required for late and
very late gene expression by protecting virus DNA from
apoptosis-induced nucleolytic activities. The higher levels of
P35 accumulation late in infection (Fig. 2) may provide
extended protection from apoptosis which occurs asynchro-
nously in SF21 cultures, beginning from 12 h and continuing
through 36 h in different cells. Alternatively, P35 may directly
influence late gene expression by providing DNA replication
or transactivation functions. Such viral functions must be cell
line specific, since multiplication of p35 null mutants is indis-
tinguishable from that of wild-type virus in certain cell lines,
including TN368 used in this study (9, 18).

Potential roles for P35 associated with infectious virus.
Immunoblot analysis revealed that P35 copurified with wild-
type BV particles of AcMNPV (Fig. 5). This finding suggested
that P35 is packaged within BV and that it may play a role in
infection when presented to the cell in this manner. Our
previous studies suggested that the progeny of p35 deletion
mutants are defective for initiating infection, since plaquing
efficiencies were reduced and higher input multiplicities were
required to elicit cytopathic effects compared with wild-type
virus (18). Thus, virion-associated P35 may affect virus stabil-
ity, attachment, or penetration of SF21 cells. Alternatively, P35
delivered to the cell by the virion may promote virus infectivity
by boosting the level of this protein early in infection. Since low
levels of P35 are sufficient to block apoptosis, virion-contrib-
uted P35 may provide additional protection of virus DNA from
apoptotic nucleases immediately after nucleocapsid uncoating.
Since p35 also accelerates the expression of other virus genes
either directly or indirectly (9, 18), increased levels of early P35
may further expedite virus replication. Additional studies will
be required to determine the exact location of P35 within the
BV particle and to examine its functional significance.
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