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In vertebrates, p5S3 participates in numerous biological processes including cell cycle regulation, apoptosis,
differentiation, and oncogenic transformation. When insect SF-21 cells were infected with a recombinant of the
baculovirus Autographa californica nuclear polyhedrosis virus (AcMNPV) overexpressing human p53, p53
formed a stable complex with the product of the AcMNPV orf92, a novel protein p33. The interaction between
p53 and p33 was further confirmed by immunoprecipitation studies. When individually expressed in SF-21
cells, human p53 localized mainly in the nucleus whereas baculovirus p33 displayed diffuse cytoplasmic
staining and punctuate nuclear staining. However, coexpression of p33 with p53 resulted in exclusive nuclear
localization of p33. In both SF-21 and TN-368 cells, p53 expression induced typical features of apoptosis
including nuclear condensation and fragmentation, oligonucleosomal ladder formation, cell surface blebbing,
and apoptotic body formation. Coexpression of p53 with a baculovirus inhibitor of apoptosis, p35, OpIAP, or
CpIAP, blocked apoptosis, whereas coexpression with p33 enhanced p53-mediated apoptosis approximately
twofold. Expression of p53 in SF-21 cells stably expressing OpIAP inhibited cell growth in the presence or
absence of p33. Thus, human p53 can influence both insect cell growth and death and baculovirus p33 can

modulate the death-inducing effects of p53.

The p53 gene, a tumor suppressor gene which is mutated in
more than 50% of human cancers, encodes a multifunctional
protein which plays a pivotal role in the regulation of cell cycle
progression and programmed cell death (reviewed in refer-
ences 2, 17, 18, 25, 26, 30, 31, and 58). A number of factors
affect the decision of cells to undergo cell cycle arrest or apo-
ptosis. p53-mediated apoptosis prevails under conditions in
which DNA is damaged, survival factors are limiting, or an
activated oncogene forces the cell into a replicative cycle. Reg-
ulation by p53 may be exerted by direct protein signaling
and/or by its ability to transcriptionally activate other genes.

p53, a sequence-specific transcriptional activator (reviewed
in reference 53), has been shown to activate under physiolog-
ical conditions a number of cellular genes which mediate its
roles in cell cycle arrest and apoptosis. p21 is likely to be its
main effector in inducing a G, block (reviewed in reference
26), while a more recently identified target, 14-3-30, has been
proposed to be responsible, at least in part, for its G, arrest
(22). The ability of p53 to induce apoptosis is more complex
because in some cases the transactivation function of p53 has
been shown to be required, while in others, a transactivation-
independent function was demonstrated (reviewed in refer-
ence 26). p53 target genes which play roles in apoptosis include
bax and IGF-BP3 (reviewed in references 17 and 26). Addi-
tionally, it was recently shown that a class of genes termed PIG
genes, some of which function in reactive oxygen species me-
tabolism, are specifically induced by p53 during the apoptotic
process (43). In keeping with its function as a transcriptional
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activator, p53 has been shown to interact with several polypep-
tide components of the general transcription factors TFIID
and TFIIH (17, 26) and also with the p300/CBP coactivators
(3, 19, 32). There is evidence that p53 may interact with and
regulate DNA repair and/or replication factors as well (26).

The transcription-independent role of p53 in apoptosis is not
fully understood, but protein interactions with p53 may be
involved. Perhaps the best-studied p53 interactor is the onco-
protein MDM?2, which binds to the N terminus of p53 (9, 28,
39, 40, 42). MDM?2 both inhibits the ability of pS3 to activate
transcription (39, 40, 51) and targets p53 for proteasome-me-
diated degradation (7, 21, 27). Some additional proteins which
may functionally interact with p53 include the c-Abl nuclear
tyrosine kinase (16), the Wilms’ tumor suppressor protein Wtl
(35), and the p33"Y“’ tumor suppressor (15).

Many DNA viruses encode p53 binding proteins that affect
pS3 function. The simian virus 40 large tumor antigen binds to
the p53 central conserved region and represses its transactiva-
tion function (5, 13). The adenovirus 55-kDa protein E1B
binds to the p53 activation domain in a region which overlaps
the MDM?2 interaction region (33) and causes p53 to repress
transcription (60), while the adenovirus E4orf6 product inter-
acts with p53 and abrogates TATA binding protein-associated
factor binding (12). The interaction of the human papilloma-
virus E6 product with p53 leads to ubiquitin-mediated degra-
dation of the p53 protein (24). It has also been reported that
the hepatis B virus X protein (57) as well as Epstein-Barr
virus-encoded EBNA-5 (49) and BZLF1 (61) can bind to p53.
The fact that a number of viruses encode gene products that
can interact with p53 suggests that alteration of p53 apoptotic
function is a prerequisite for mounting a productive viral in-
fection (reviewed in references 50 and 58).

Baculoviruses have two classes of genes which can block
apoptosis induced during viral infection: p35-like genes and
inhibitor of apoptosis (IAP) genes (reviewed in reference 11). p35
of Autographa californica nuclear polyhedrosis virus (AcM-
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FIG. 1. Alignment of baculovirus p33 proteins. The N-terminal sequence of the purified p33 protein determined by Edman degradation is boxed. Identical amino
acids are indicated by dots below the AcMNPYV sequence. Gaps inserted to facilitate alignment are shown by dashes. AcMNPV, BmNPV, and OpMNPV sequences

are from references 4, 36, and 46, respectively.

NPV) is a general, stoichiometric inhibitor of caspases, a fam-
ily of cysteine proteases which are activated by proteolytic
processing and are involved in the execution of cell death.
AcMNPYV infection of Spodoptera frugiperda SF-21 cells acti-
vates SF-caspase-1 (1, 37, 47). Whereas p35 blocks the activity
of mature SF-caspase-1, some members of the IAP family (e.g.,
baculovirus OpIAP) block the processing and activation of this
caspase (47). The mechanism by which baculoviruses activate
caspases remains unclear, but it is known that baculovirus
DNA replication and/or late viral gene expression are required
for maximum levels of apoptosis (10, 29). Overexpression of
ie-1, a baculovirus gene involved in both viral DNA replication
and gene expression, is sufficient to induce apoptosis in SF-21
cells (44), but other factors are also likely to be involved.

In the present study, we have found that AcMNPV encodes
a 33-kDa protein which interacts with the human p53 protein.
This observation led us to investigate the activity of human p53
in insect cells and how p33 binding influences p53 activity. We
provide evidence that p53 expression induces either cell growth
arrest or apoptosis, depending on the presence of a member of
the IAP family of apoptosis inhibitors in insect cells, and that
baculovirus p33 enhances p53-mediated apoptosis in insect cells.

MATERIALS AND METHODS

Cells and media. S. frugiperda TPLB-SF21 (SF-21) (52), hsOpIAPpacR (38),
and Trichoplusia ni TN-368 (23) cells were maintained at 27°C in TC-100 growth
medium (GIBCO BRL, Gaithersburg, Md.) supplemented with 10% fetal bovine
serum and 0.26% tryptose broth (Difco Laboratories, Inc., Detroit, Mich.) as
described previously (41).

Plasmids. phsEHp53 was constructed by replacing the ced9 open reading
frame (ORF) within the BglII-EcoRI fragment of phsEpihisced-9VI™ (48) with
a BgllI-Smal fragment containing the human p53 ORF. The human p53 insert
was prepared by PCR using pEV55Hp53 as a template, a 5’ primer in the sense
orientation (5'-CGAGATCTGAGGAGCCGCAGTCAGATC), and a 3 primer
in the antisense orientation (5'-TCCCCCGGGTCAGTCTGAGTCAGGCC).
The PCR product was digested with Bg/II and Smal before ligation. phsORF92F
was constructed by inserting a Bg/II-Smal-digested PCR product, containing the
baculovirus orf92 (4), in place of the cat ORF within the Bg/II-EcoRI fragment
of pHSP70PLVI* CAT (10). The primers used for PCR were 5'-GCGAGATC
TATGATACCGCTGACGC (corresponding to the 5’ orf92 end) and 5'-TCCC
CCGGGTTATTTGTCATCGTCGTCCTTGTAGTCTTGCAAATTTAAC (cor-
responding to the 3’ end of 0rf92), extended with the sequence DYKDDDDK,
constituting a Flag tag. pXE2213 was used as the template and was constructed
by cloning the 2,213-bp Xhol-EcoRI fragment containing the AcMNPV orf92 (4)
into pBluescript I1 KS* (Stratagene, La Jolla, Calif.). Plasmid phsFlagHisVI™
was constructed to facilitate the N-terminal tagging of proteins with a Flag
epitope and a nickel binding site (His, tag). to construct phsFlagHisVI™, Op-iap,
the gene encoding OpIAP, was removed from a plasmid expressing Flag-Op-iap
(54) and replaced with overlapping oligonucleotides coding for a His, tag and
containing sites of restriction endonucleases Bg/II, Bsu361, Xmal, and Notl. The
sequence of plasmid phsFlagHisVI* in the Flag-His, tag region was 'ATGAG
CTCCCGAGACTACAAGGACGACGATGACAAACTCGATCGAGATTCC
CGGCATCATCATCATCATCACAGATCTCCTGAGGCCCGGGCGGCCG
C%, where the translation initiation codon is from nucleotides (nt) 1 to 3,

followed by a Flag tag (nt 13 to 36), a His, tag (nt 54 to 72), and a polylinker (nt
73 to 98). To construct phsFHORF92, PCR-amplified orf92 was digested with
Bglll and Smal and inserted between the Bg/II and Smal sites of phsFlagHisVI™.
The 5’ primer for orf92 amplification was same as that used to construct
phsORFI2F; the 3’ primer was 5'-TCCCCCGGGTTATTGCAAATTTAAC.
Plasmids expressing car (pHSP70PLVI"CAT), p35 (pHSP35VI"), Op-iap
(pHSOpIAPVI™), Cp-iap (pHSCpIAPVI™), Ac-iap (pHSACIAPVI™), N-termi-
nally hemagglutinin (HA).11His,-tagged cat (pHSP70VI* EpihisCAT) or Op-iap
(pHSP70VI*EpihisOpIAP), and C-terminally Flag-tagged rpr (pHSP70VI™*
RPR-Flag) were previously described (10, 20, 54).

Coimmunoprecipitations and immunoblotting. SF-21 cells (10°) in 60-mm-
diameter culture dishes were transiently transfected by using Lipofectin (41) and
4 pg of each plasmid expressing Flag- or HA.11 epitope (Epi)-tagged genes
under Drosophila melanogaster hsp70 promoter (P),,,7) control. At 16 h after
transfection, cells were mock or AcMNPYV infected at a multiplicity of infection
of 5 and heat shocked 6 h following infection for 30 min at 42°C as described
previously (10). At 3 h after heat shock, cells were harvested, pelleted at 2,000 X
g for 3 min, and lysed in 200 pl of 50 mM Tris-HCI (pH 8.0)-50 mM NaCl-0.5%
Nonidet P-40 (NP-40)-1 mM dithiothreitol-1 mM phenylmethylsulfonyl fluoride
(NP-40 lysis buffer). The lysate was centrifuged at 2,000 X g for 5 min, and 20 pl
of the supernatant was reserved for Western blotting as a positive control of
expression. Ten microliters of anti-Flag M2 affinity resin (Eastman Kodak Co.,
New Haven, Conn.) was incubated with the remainder of the supernatant for 3 h
at 4°C with vigorous agitation. The resin was washed five times in 1 ml of NP-40
lysis buffer, and bound proteins were eluted with 0.1 M glycine-HCI (pH 3.5) as
recommended by manufacturer. The lysate and eluted samples were subjected to
electrophoresis through sodium dodecyl sulfate (SDS)-10% polyacrylamide gels,
and proteins were transferred onto Hybond ECL enhanced chemiluminescence
membranes (Amersham, Buckinghamshire, United Kingdom). Epi-tagged pro-
teins were detected with mouse HA.11 (anti-Epi) monoclonal antibody and
rabbit anti-mouse immunoglobulin G (IgG)-horseradish peroxidase conjugate
(Amersham). Flag-tagged proteins were detected with mouse anti-Flag mono-
clonal antibody M2 (Eastman Kodak) and rabbit anti-mouse IgG-horseradish
peroxidase conjugate. Immunoblots were visualized with the ECL Western blot-
ting system.

Immunofluorescence. SF-21 cells (0.5 X 10°) were seeded on glass coverslips
in 35-mm-diameter culture dishes and transfected with 1 pg of each plasmid
expressing Flag- or Epi-tagged genes under Py, control. Transfected cells were
infected and then heat shocked as described above. At 3 h after heat shock, cells
were fixed and treated as previously described (45). Flag- or Epi-tagged proteins
were detected with mouse anti-Flag (M2) or mouse anti-Epi monoclonal anti-
bodies and lissamine rhodamine-conjugated goat anti-mouse IgG-IgM antibod-
ies (Jackson ImmunoResearch Laboratories, Inc., West Grove, Pa.). Nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI; Sigma, St. Louis, Mo.). Im-
munofluorescent images and DAPI staining were visualized on a confocal mi-
croscope as described previously (20).

Apoptosis assays and internucleosomal DNA fragmentation. SF-21 or TN-368
cells (0.8 X 10°) were seeded in 60-mm-diameter culture dishes and transfected
with 1 pg of the indicated plasmids. Cells were heat shocked 18 h after trans-
fection and examined by light microscopy 12 or 24 h later. Phase-contrast pho-
tography of transfected cells was performed on an Olympus IX50 inverted
microscope equipped with a PM-10AK camera. To determine the percentage of
apoptosis (48), viable cells excluding trypan blue (10) were counted as described
previously (44). For nucleosomal ladder preparation, cells were harvested at
various times after heat shock, pelleted at 12,000 X g for 2 min, and resuspended
in 20 mM Tris-HCl (pH 7.6)-10 mM EDTA-0.2% Triton X-100-200 pg of
protease K per ml. After 12 to 18 h at room temperature, lysates were extracted
four times with 1:1 (vol/vol) phenol-chloroform. DNA was precipitated with 2
volumes of ethanol and 0.1 volume of 5 M NaCl, treated with RNase A, and then
subjected to electrophoresis through 1.2% agarose gels.



VoL. 73, 1999

A N | —1

phsEHp5S3
EH-p53
P— oRsORFILF
p33-F
- phsFHORF92
Pyw  FH-p33
L
2
—
m &
24 61224 h
"
iy
1 2 3 4 5 6 7

Transfection Transfection
+ Infection

@ (]
u ? u b4
3— I —> a—> & —>
ma i m @ Fra
312 312 3 2461224 6 1224 h
E Pr——
‘ - <

1234 567
Transfection

8 9 10 11 12 13 14

Transfection
+ Infection

FIG. 2. Construction and expression of epitope-tagged versions of human
wild-type p53 and baculovirus p33. (A) Schematic representation of the plasmids
encoding epitope-tagged p53 and p33. The p53 and p33 genes were placed under
the transcriptional control of the D. melanogaster Py, indicated by a flag. The
Epi and Flag tags are denoted by the filled regions; a sequence encoding six
histidines (checkered region) was included in phsEHp53 and phsFHORF92. The
identity of each chimeric protein or plasmid is shown below or on the right. (B
and C) Immunoblot analysis of the expression of Epi-tagged p53 (B) and Flag-
tagged p33 (C). SF-21 cells were mock transfected (m) or transfected with a
plasmid expressing the protein indicated above each lane. Cells were harvested
after induction by heat shock as indicated above each lane in the left-hand
panels. Equal amounts of cell lysates were analyzed by SDS-polyacrylamide gel
electrophoresis followed by Western blotting with the mouse anti-Epi monoclo-
nal antibody (B) or with the mouse anti-Flag monoclonal antibody M2 (C).
Positions of full-length proteins are indicated by arrowheads on the right. To
analyze the expression of tagged p53 and p33 during infection (right-hand pan-
els), transfected SF-21 cells were infected 18 h after transfection and then heat
shocked at 6, 12, or 24 h postinfection (as indicated above each lane). Cells were
harvested 3 h after heat shock, and equal amounts of cell lysates were analyzed
as described above.

Cell division assays. hsOpIAPpacR cells (0.25 x 10°) were seeded in 60-mm-
diameter culture dishes and transfected with 0.5 pg of the appropriate plasmid.
Cells were heat shocked 18 h after transfection and examined, as described
above, over a 5-day period.

RESULTS

Association of human p53 and baculovirus p33 in insect
cells. Baculoviruses are widely used as vectors for expression of
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biologically active proteins, and the AcMNPV recombinants
expressing mammalian p53 proteins were previously con-
structed for this purpose. In the course of this work, we ob-
served that a 33-kDa polypeptide (p33) consistently copurified
with either murine or human p53. To identify p33, a human
p53 was expressed in SF-21 cells by using VEVHp53wt (14) and
purified by immunoaffinity procedures (56). Copurified p33
was separated from p53 by SDS-polyacrylamide gel electro-
phoresis and sequenced by Edman degradation. The sequence
of the amino-terminal 17 residues was identical to that of the
predicted product of the AcMNPV orf92 (Fig. 1). Alignment of
AcMNPYV p33 with its homologs in Bombyx mori nuclear poly-
hedrosis virus (BmNPV) and O. pseudotsugata nuclear polyhe-
drosis virus (OpMNPV) shows that the OpMNPV homolog
contains a 24-amino-acid insertion near the C terminus of the
protein but otherwise is well conserved, with approximately
81% sequence identity between the OpMNPV homolog and
the AcMNPV or BmNPV homolog (Fig. 1). Computer-based
analysis of the orf92-encoded protein sequences revealed no
significant sequence homology to any other proteins in the
available databases.

To confirm that p33 binds to p53, we performed immuno-
precipitation studies. To facilitate detection of p53 and p33,
Epi and His, tags were fused to the p53 amino terminus (EH-
p53) and a Flag tag was fused to the C terminus of the p33
protein (p33-F) or to the N-terminus along with a His, tag
(FH-p33) (Fig. 2A). These epitope-tagged versions of p53 and
orf92 were transiently expressed in uninfected or in AcMNPV-
infected SF-21 cells by using an insect heat shock promoter
(P, 70)- Both mock- and AcMNPV-infected SF-21 cells trans-
fected with plasmid phsEHpS53-expressed EH-p53, which was
detectable for at least 3 h following heat shock induction (Fig.
2B). The C- and N-terminally tagged forms of p33 expressed
from phsORF92F and phsFHORF92, respectively, differed
significantly in their levels of expression or stability. FH-p33
was easily detectable in both mock- and virus-infected insect
cells from 1 to 3 h after heat shock and at various times after
infection. In contrast, p33-F was detected only at 6 h after
infection, and other, smaller products (possibly degradation
products) were observed (Fig. 2C). Based on the expression
data in Fig. 2, we selected 6 h after infection to heat shock
transfected cells and 3 h after heat shock to examine the ability
of p33 to interact with p53.

To determine if p53 interacts with p33, lysates of mock- or
AcMNPV-infected SF-21 cells transfected with plasmids ex-
pressing Epi- or Flag-tagged proteins were immunoprecipi-
tated with anti-Flag antibody resin. Coprecipitating Epi-tagged
proteins were detected by Western blot analysis using an anti-
Epi antibody (Fig. 3). An N-terminally Epi- and His,-tagged
version of CAT (EH-CAT) served as a negative control. A
C-terminally Flag-tagged version of Reaper (RPR-F) and an
N-terminally Epi- and His-tagged version of OpIAP (EH-
OpIAP) served as a positive control for interaction (54). To
ensure that EH-p53 did not bind to the anti-Flag resin, we used
lysates of cells transfected with phsEHp53 and phsFlagHisVI™
(data not shown) or phsEHp53 and pHSP70VI " EpihisCAT
(Fig. 3, lane 3). EH-p53 was not precipitated by the resin. All
proteins were appropriately expressed. Both FH-p33 and
p33-F interacted with EH-p53 (Fig. 3, lanes 5 and 7) but not
with EH-CAT (Fig. 3, lane 8), confirming that baculovirus p33
proteins and human p53 form a complex in the context of both
infected and uninfected SF-21 cells.

Subcellular localization of the p53 and p33 proteins in in-
sect cells. The ability of FH-p33 or p33-F to bind EH-p53
suggested that these proteins should localize to the same sub-
cellular location when coexpressed during infection or trans-
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FIG. 3. Baculovirus p33 forms a stable complex with human p53. SF-21 cells were transfected with plasmids expressing the indicated combinations of Flag- and
Epi-tagged genes under Py, control (indicated by plus signs). Transfected cells were further mock or AcMNPV infected (indicated by plus signs adjacent to ACMNPV)
and heat shocked 6 h following infection. At 3 h after heat shock, aliquots of cell lysates were immunoprecipitated with anti-Flag monoclonal antibody (MAD) resin.
Bound proteins were eluted with 0.1 M glycine-HCI (pH 3.5), separated by SDS-polyacrylamide gel electrophoresis, transferred onto a Hybond ECL membrane, and
probed with the anti-Flag monoclonal antibody (D). To detect coprecipitating Epi-tagged proteins, the membrane was stripped and reprobed with the anti-Epi
monoclonal antibody (B). Expression of the tagged proteins was confirmed by immunoblotting aliquots of the total-cell lysates with the anti-Flag (C) or anti-Epi (A)
monoclonal antibody. The identities of visualized proteins are indicated on the right; antibodies used for Western blotting are shown on the left. Lanes 9 are indicated
by an asterisk and show a positive control for coprecipitation: Flag-tagged Reaper and Epi-tagged OpIAP.

fection. To determine their subcellular locations, infected a punctate staining pattern in the nucleus. In the presence of
SF-21 cells were transfected with plasmids expressing p33-F in EH-p53, p33-F was localized exclusively to the nucleus and
the presence or absence of EH-p53. In the absence of EH-p53, displayed a punctate staining pattern (Fig. 4). The same stain-
p33-F displayed a diffuse staining pattern in the cytoplasm and ing patterns were observed in uninfected cells and in AcMNPV-

p33-F
+
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Immunofiuorescence
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anti-Flag MAb anti-Epi MAb

FIG. 4. Subcellular localization of human wild-type p53 and baculovirus p33 expressed in AcMNPV-infected insect cells. SF-21 cells were transfected with plasmids
expressing the indicated proteins. Transfected cells were further infected with AcMNPV and heat shocked after 6 h. At 3 h after heat shock, the cells were fixed in
methanol and double stained with DAPI (bottom row) and antibody. EH-p53, EH-CAT, and p33-F were visualized with the mouse anti-Flag monoclonal antibody
(MADb) M2 and the mouse anti-Epi monoclonal antibody, as indicated at the bottom) and then with lissamine rhodamine-conjugated goat anti-mouse IgG and IgM
antibodies (top row). The same field of cells was examined with a confocal microscope for both DAPI and immunofluorescence.
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FIG. 5. Expression of human p53 in insect cells induces typical apoptosis. (A)
Light microscopy of SF-21 and TN-368 cells transfected with plasmids expressing
EH-p53 or, as a negative control, EH-CAT. Photographs were taken at 12 h
(SF-21) or 24 h (TN-368) after heat shock, using an Olympus IX50 microscope.
(B) Insect cells were transfected with plasmids expressing the proteins indicated
the lanes. Total DNA was harvested at various times after heat shock (indicated
at the bottom) and analyzed by agarose gel electrophoresis. M, DNA molecular
weight markers (1-kb DNA ladder).

24481224
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infected SF-21 cells transfected with plasmids expressing FH-
p33 alone or with EH-p53 (data not shown). EH-p53 was
localized to the nuclei of both infected (Fig. 4) and transfected
(data not shown) cells in the presence or absence of p33, and
it appeared to be distributed more uniformly than p33. Cells
expressing EH-CAT or DAPI staining served as controls for
cytoplasmic or nuclear localization. Thus, p53 appears to fa-
cilitate or direct p33 to the nucleus, where p33 targets a limited
number of subnuclear sites, possibly in association with a por-
tion of the nuclearly localized p53 protein.

p53 induces apoptosis in insect cells. An insect equivalent of
pS3 has not been identified, and it was of interest to determine
if human p53 exerts any of its biological effects in the context
of insect cells. To test if p53 induces apoptosis in insect cells,
SF-21 and TN-368 cells were transfected with phsEHp53 or
with pHSP70VI* EpihisCAT expressing EH-CAT as a control.
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FIG. 6. Inhibition of p53-induced cell death in insect cells by antiapoptotic
genes. SF-21 cells were cotransfected with plasmids expressing the proteins
indicated at the top. Cellular DNA was harvested 24 h after heat shock and
examined by electrophoresis in a 1.2% agarose gel (A). Positions of DNA
molecular weight markers (1-kb DNA ladder) are indicated at the right. The
percentage of cells undergoing apoptosis was determined by trypan blue exclu-
sion 24 h after heat shock (B). A plasmid expressing CAT was used as a negative
control and to balance plasmid DNA concentrations. The percentage of apopto-
tic cells was calculated relative to the CAT control, set at 0%, which was similar
to the level for mock-transfected controls.

Cells expressing EH-p53 exhibited extensive membrane bleb-
bing and apoptotic body formation (Fig. 5A, top row), but cells
expressing EH-CAT had no signs of apoptotic activity (Fig. SA,
bottom row). Nuclear condensation and fragmentation were
confirmed by DAPI staining in cells exhibiting membrane bleb-
bing (data not shown). Expression of EH-p53, but not EH-
CAT, also resulted in cleavage of cellular DNA into oligonu-
cleosomal fragments as early as 8 h after heat shock in SF-21
cells and by 24 h after heat shock in TN-368 cells (Fig. 5B).
Therefore, p53 induces in insect cell lines SF-21 and TN-368
cell death with the morphological and biochemical features of
apoptosis.

The baculovirus p35 and IAPs block p53-induced apoptosis.
Baculoviral p35 and IAPs were coexpressed with EH-p53 to
determine whether these proteins could block p53-induced
apoptosis. Coexpression of p35, OpIAP, or CpIAP with EH-
pS3 resulted in a complete inhibition of p53-induced apoptosis
(Fig. 6A). Both OpIAP and CpIAP completely restored via-
bility of cells compared to the cells expressing CAT alone (Fig.
6B). AcIAP, also known as AcIAP1 (4, 11), was unable to
block p53-induced apoptosis, consistent with previous obser-
vations that this baculoviral IAP is unable to block apoptosis in
SF-21 cells (10). Cotransfection of phsEHp53 with a plasmid
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FIG. 7. Expression of human p53 in insect cells blocks cell growth. S. frugi-
perda hsOpIAPpacR cells stably expressing Op-iap were transfected with plas-
mids expressing the indicated proteins. Cells were photographed 72 h after heat
shock, using an Olympus IX50 microscope (A). Viable cells were counted in the
presence of trypan blue (B). A plasmid expressing EH-CAT was used as a
negative control and to balance plasmid DNA concentrations.

expressing p35 resulted in a threefold reduction in the percent-
age of apoptotic cells. However, the number of viable cells
observed when p35 was cotransfected with CAT was less than
that observed for the cells transfected with CAT alone, but no
membrane blebbing was observed. This is consistent with pre-
vious observations that p35 may reduce cell growth in SF-21
cells (44). No protection was observed with a plasmid express-
ing AcIAP (Fig. 6). Thus, p35, OpIAP, and CpIAP, but not
ACIAP, are able to block apoptosis initiated by p53 in transient
expression assays.

P33 blocks cell growth in the presence or absence of p33 in
insect cells. To determine if p53 is able to affect insect cell
growth, we examined p53 expression in the SF-21-derived cell
line hsOpIAPpacR, which stably expresses OpIAP and is par-
tially resistant to apoptosis (38). hsOpIAPpacR cells were
transfected with phsEHp53 or pHSP70VI " EpihisCAT, as a
negative control, and heat shocked at 18 h after transfection.
There was no evidence of unusual morphology, apoptosis, or
necrotic cell death in these transfected cells (Fig. 7A and data
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FIG. 8. Baculovirus p33 enhances the ability of p53 to induce apoptosis.
SF-21 cells were cotransfected with plasmids expressing the indicated proteins.
The percentage of cells undergoing apoptosis was determined by trypan blue
exclusion 24 h after heat shock and calculated relative to the CAT control (A).
Cellular DNA was harvested 24 h after heat shock and analyzed by agarose gel
electrophoresis (B). Positions of DNA molecular weight markers are indicated at
the right. A plasmid expressing EH-CAT was used as a negative control and to
balance plasmid DNA concentrations.

not shown). Instead, there were twofold more viable EH-CAT-
expressing cells than EH-p53-expressing cells at 50 h after heat
shock and threefold more by 90 h (Fig. 7B). Thus, p53 blocks
cell growth in insect cells in the presence of an antiapoptotic
IAP. Expression of EH-p33 or p33-F alone in hsOpIAPpacR
cells did not increase or reduce the rate of cell growth com-
pared to the cells expressing the control EH-CAT (Fig. 7B).
Coexpression of FH-p33 or p33-F with EH-p53 in this cell line
had no influence on the ability of p53 to block cell growth.
Baculovirus p33 enhances p53-mediated apoptosis in insect
cells. Since many other viruses encode p53 binding proteins
which abrogate the function of p53, we determined if p33 could
affect pS3-mediated apoptosis. Cotransfection of SF-21 cells
with plasmids coexpressing either FH-p33 or p33-F with EH-
pS3 increased the number of apoptotic cells twofold compared
to the cells expressing EH-p53 only (Fig. 8A). Expression of
FH-p33 or p33-F alone did not induce apoptosis in SF-21 cells,
as determined both by the number of apoptotic cells and the
absence of oligonucleosomal ladder formation (Fig. 8).

DISCUSSION

While using AcMNPV as a gene expression vector, we un-
expectedly discovered that human p53 forms a complex with
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the product of viral orf92, p33. This previously uncharacterized
protein is conserved among sequenced baculoviruses but has
no obvious sequence relationship to other known proteins in
the databases. Because p33 was the only protein found asso-
ciated with purified p5S3 and the complex was stable through a
variety of purification procedures (data not shown), we con-
sidered this interaction to be potentially informative regarding
p33 function and have investigated it further. Interaction with
human p53 directs p33 to distinct subnuclear locations, indi-
cating that this interaction occurs in vivo as well as in vitro.
Since there are no known invertebrate homologs of p53, the
question of the biological relevance of this interaction remains
unclear. However, human p53 exhibits biological activity in
insect cells which is remarkably similar to its known activities in
mammalian cells, and it thus seems likely that p53-associated
pathways are conserved in insect cells.

We have found that human p53 induces apoptosis in SF-21
and TN-368 cells and that it can also block cell growth in SF-21
cells which express the antiapoptotic baculovirus gene Op-iap.
Human p53 is considered to be the “guardian of the genome”
in mammals, based on its ability to regulate cell cycle progres-
sion from G, to S and its ability to induce apoptosis in response
to DNA damage (reviewed in references 26 and 31). The
ability of insect cells to respond to p53 in such a similar manner
as mammalian cells indicates the conservation of the basic
pathways and suggests that insect cells have a p53 homolog or
a functional equivalent. Coexpression of p33 with p53 accen-
tuates the ability of p53 to induce apoptosis which may reflect
a functional as well as physical interaction of p33 and p53.

It is not clear what role, if any, p33 stimulation of p53-
induced apoptosis might have in baculovirus infection. Like
many large DNA-containing viruses, AcMNPV is known to
induce apoptosis during infection of some host cells. In the
case of SF-21 cells, the induction of apoptosis is correlated with
the activation of caspases (6, 8), and the activation of SF-
caspase-1 (1) is specifically implicated in this process (47).
Whereas p35 blocks active SF-caspase-1, OpIAP prevents the
activation of this caspase during virus infection (47). OpIAP, in
turn, is known to bind and inhibit a number of insect apoptotic
inducers, including Reaper, HID, GRIM, and Doom (20, 54,
55), which have no known homologs in vertebrates. Thus the
involvement of a p53-like protein during baculovirus infection
remains unclear, but the possibility that IAPs also interact with
p53-like proteins is not precluded. There is evidence to suggest
that viral DNA replication may be involved in triggering the
induction of apoptosis (10, 34), and this might effectively mimic
DNA damage or unscheduled cell cycle progression, which, in
turn, might elicit a p53-like apoptotic response. The role of p33
in accentuating p53-mediated apoptosis would then be related
to viral alteration of cellular factors in preparation for viral
DNA replication, which might predispose the cell to p53-me-
diated apoptosis. Although overexpression of the AcMNPV
ie-1 gene is sufficient to cause apoptosis in SF-21 cells (44), the
dynamics of this induction suggest that other factors or events
are also involved.

We have attempted to mutate orf92 by insertion of the lacZ
gene into this locus, but all attempts to isolate stable double-
crossover recombinants have been unsuccessful (data not
shown), suggesting that orf92 is an essential baculovirus gene.
It may be possible to further explore the function of p33 by
finding an insect protein which interacts with p33 by using an
interaction-based screening system. If such a protein exists, it
would be interesting to determine if it has p53-like properties.
Although p53 homologs have been identified in numerous
vertebrates, none have yet been found in invertebrates.
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