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A 78-kDa protein was produced in bacteria from a clone of the 1,629-nucleotide open reading frame located
immediately downshteam from the polyhedrin gene of Autographa californica nuclear polybhedrosis virus. The
identity of this protein was confirmed by its reactivity with peptide antiserum and amino terminal peptide
sequencing after purification from transformed bacteria. The poypeptide was used to produce polyclonal antisera
in rabbits. Immunoblot analysis ofinsect cells infected with the baculovirus indicated that two related proteins with
molecular masses of 78 and 83 kDa were synthesized late in infection. Biochemical fractionation studies indicated
that both of these proteins were present in purified nucleocapsids from budded and occluded virus preparations.
Immunoprecipitation of 32P-labeled proteins and treatment of purified nucleocapsids with alkaline phosphatase
demonstrated that the 83-kDa protein was a phosphorylated derivative of the 78-kDa protein. Furthermore,
immunoelectron microscopy revealed that the proteins were localized to regions of nucleocapsid assembly within the
infected cell and appeared to be associated with the end structures of mature nucleocapsids.

Autographa califomica nuclear polyhedrosis virus (AcM
NPV) is a member of the Baculoviridae, a family of double-
stranded DNA viruses with rod-shaped capsids which infect
a number of arthropods. After infection, these viruses pro-
duce two different types of virions (6). The extracellular, or
budded virus (BV), is required for cell-to-cell transmission
and acquires an envelope by budding from the plasma
membrane of the infected cell. The occluded, or polyhedron-
derived virus (PDV), is required for transmission in the
external environment. This viral type acquires its envelope
in the nuclei of infected cells and may contain single or
multiple nucleocapsids. The PDVs are embedded within
nuclear occlusion bodies (OBs), also known as polyhedra,
which protect them from the environment until they are
ingested by a susceptible insect. Once exposed to the
alkaline conditions of the insect midgut, the OBs are dis-
solved, the virions are released, and the infectious cycle
proceeds.

Several baculovirus genes encoding virion-associated pro-
teins have been identified previously and are described in a
recent review by Rohrmann (37). Some of these proteins
appear to be unique to each type of virion. For example,
gp67 (or gp64) is an envelope protein required for membrane
fusion and is present only in the BV (5, 7, 47), while gp4l (or
p40), a protein whose function is not presently known, has
been reported to be localized in the space between the PDV
nucleocapsid and its envelope (22, 26, 27, 45, 46). In addi-
tion, the gene encoding a protein (p74) which is required for
PDV infectivity has been identified (15, 19), but it is not
presently clear whether this protein is actually associated
with the PDV or is a component of the OBs. Recently, Gross
et al. (12) described a protein (p16) which appears to be
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associated with a temporary viral envelope in the cytoplasm
of infected cells. This envelope is obtained from the nuclear
membrane as the nucleocapsids bud into the cytoplasm and
is not present in BV or PDV. In contrast to the proteins
described above, the nucleocapsid proteins identified thus
far are common to both PDV and BV. The major capsid
protein, as determined by its abundance and distribution
throughout the nucleocapsid, is p39 (3, 4, 32, 38, 43). A
second capsid protein, p87 of Orgyia pseudotsugata NPV,
and p80, its homolog in AcMNPV, have also been described
(21, 25). However, this protein is not as abundant as p39, and
its function is presently unknown. Recently, a 24-kDa pro-
tein associated with both BV and PDV nucleocapsids was
identified and it seems to be evenly distributed throughout
the nucleocapsids (2, 11, 28, 47, 51). Finally, a small basi-
cally charged DNA-binding protein, p6.5-7.9, is associated
with both virion types. This protein may be involved in
packaging of the viral genome (23, 39, 48-50).

Recently, a 1,629-nucleotide open reading frame (ORF8)
from the EcoRI-I fragment of AcMNPV was sequenced and
predicted to encode a proline-rich protein with a molecular
mass of 60.6 kDa (35). Transcriptional analysis determined
that ORF8 is expressed late in infection (29, 33, 35) and may
be regulated by transcription from the polyhedrin gene,
which is located adjacent to ORF8 (29). In addition, ORF8
transcription differs between cells in culture and in different
insect tissues; a cellular homolog(s) may also be present in
uninfected insect cells (33). Finally, ORF8 appears to be
essential to the viral life cycle in culture because a mutant
virus at this locus could not be propagated in the absence of
wild-type helper virus (35). In this report, we describe the
synthesis, biochemical characterization, and localization of
p78/83, the translated product of ORF8. Polyclonal antibod-
ies were raised against p78 produced in bacteria. Subsequent
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immunoblot analysis demonstrated that p78/83 is synthe-
sized late in AcAMNPV infection and is a component of the
nucleocapsid. It is present in phosphorylated and unphos-
phorylated forms. Finally, immunoelectron microscopy
studies suggest that p78/83 is associated with an end struc-
ture of baculovirus nucleocapsids.

MATERIALS AND METHODS

Cells and virus. Spodoptera frugiperda (Sf9) insect cells
and AcMNPV were obtained from Max Summers, Texas
A&M University, College Station. Virus and cells were
propagated as previously described (41). Infections were
performed by incubating cells with virus at a multiplicity of
infection of 5 PFU per cell for 1 h followed by removal of the
viral inoculum. The zero point of infection corresponded to
the addition of virus to cells.
Recombinant bacterial plasmid construction and expres-

sion. A DNA fragment containing ORF8 was synthesized by
polymerase chain reaction (PCR) with oligonucleotide prim-
ers corresponding to the 5' (ACGAATCGTAGATATGAA)
and 3' (TTAAGCGCTAGA1TCTGT) ends of the ORF8
coding sequence (35). The PCR product was cloned into the
bacterial expression plasmid pT7-7 (42) at the unique EcoRI
site which had been made blunt by treatment with DNA
polymerase Klenow fragment. This cloning procedure re-
sulted in fusion of a Met-Ala-Arg-Ile peptide derived from
the vector to the amino terminus of the ORF8-encoded
protein. The resulting plasmid was introduced into Esche-
nichia coli BL21(DE3), and the recombinant gene was ex-
pressed by induction with 0.4 mM isopropyl-3-D-thiogalac-
topyranoside (IPTG) as previously described (40).

Antisera and immunoblots. Antipeptide antibodies against
amino acids 513 through 527 of the ORF8 translation product
(35) were prepared by standard methods (36). Polyclonal
antibodies against the ORF8 protein (PAbORF8) were pre-
pared by immunization of rabbits with gel-purified bacterial
p78 as follows. Proteins synthesized by the recombinant
bacteria described above were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
and the band corresponding to p78 was excised and electro-
eluted from the gel. The partially purified protein was
subsequently injected into rabbits for the production of
polyclonal antibodies (14). For subsequent immunoblot anal-
ysis, bacterial and AcMNPV-infected insect cells were sus-
pended in SDS sample buffer (20), and the proteins were
resolved by SDS-PAGE, transferred onto nitrocellulose
membranes, and probed with antibodies by standard proce-
dures (14). Antibody-antigen complexes were detected by
addition of alkaline phosphatase-conjugated donkey anti-
rabbit immunoglobulin G antibodies (Jackson Immunore-
search Laboratories) in the presence of the substrates nitro-
blue tetrazolium, 5-bromo-4-chloro-3-indolyl phosphate, and
phenazine methosulfate (Sigma).

Metabolic protein labeling. Proteins were labeled with
Tran[35S] label (ICN) as follows. At various times postinfec-
tion, 4 x 106 Sf9 cells were incubated in methionine-free
medium _(41) for 20 min, followed by the addition of 150 ,XCi
of Tran[3 S] label per ml in methionine-free medium. After a
45-min incubation period, the labeling medium was removed
and the cells were washed with phosphate-buffered saline
(PBS).

32p labeling of proteins was performed as follows. At 24 h
postinfection, the culture medium was removed and re-
placed with TNM-FH medium lacking phosphates (41).
After a 3-h incubation, 1 mCi of [32P]orthophosphate (ICN)

per ml in phosphate-free medium was added and the cells
were incubated for a further 3 h. The labeling medium was
removed, and the cells were washed with PBS. The 32p_
labeled cells were then incubated in 500 ,ul of lysis buffer (150
mM NaCl, 0.5% Nonidet P-40, 50 mM Tris hydrochloride
[pH 8.8]) in the presence of 1 mM phenylmethylsulfonyl
fluoride and 4 ,ug of aprotinin per ml as protease inhibitors.
Insoluble matter was removed by centrifugation, and the
lysate containing 32P-labeled soluble proteins was stored at
-800C.

Cell fractionation and immunoprecipitations. Unlabeled
and 35S-labeled proteins were separated into cytoplasmic
and nuclear fractions by detergent treatment of cells fol-
lowed by centrifugation as previously described (16). Immu-
noprecipitations were carried out on 100 ,ul of fractionated
lysate or 32P-labeled soluble proteins (described above) in 1
ml of RIPA buffer (150 mM NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS, 50 mM Tris hydrochloride
[pH 7.5]) containing 0.1% bovine serum albumin (BSA) and
protease inhibitors. Immunoprecipitations were cleared with
preimmune serum and Immuno-precipitin (Bethesda Re-
search Laboratories) for 1 h followed by centrifugation. The
resulting supematant was then incubated with 2 pl of
PAbORF8 for a minimum of 2 h. Antibody-antigen com-
plexes were precipitated by the addition of Immuno-preci-
pitin and incubation for 1 h followed by centrifugation. The
pellet was washed twice with RIPA buffer and twice with 10
mM Tris hydrochloride (pH 8.0) prior to SDS-PAGE. The
gels were dried, and radiolabeled proteins were detected by
autoradiography.
Virion and nucleocapsid purification. BV from infected cell

medium was purified through a sucrose gradient as previ-
ously described (41), while PDV was obtained from OBs as
follows. OBs were purified from infected cells by detergent
treatment and sucrose gradient centrifugation essentially as
previously described (44) with the following modifications.
After cell lysis, OBs were centrifuged through a 30% sucrose
cushion at 10,000 x g for 15 min. The pellet was resuspended
in lysis buffer (44) containing 0.2% SDS, and OBs were
purified from a discontinuous sucrose gradient as previously
described (24). PDV was obtained from solubilized OBs by
alkali treatment with 0.17 M Na2CO3-0.01 M dithiothreitol
followed by centrifugation through a sucrose gradient as
described above for BV. Nucleocapsids were purified from
BV and PDV by detergent treatment as previously described
for PDV (43).

Phosphatase treatment. PDV was incubated for 4 h at 37°C
in the presence of 3.4 U of calf intestinal alkaline phos-
phatase (Pharmacia) as previously described (30). NaH2PO4
(10 mM) was included in some reactions as a phosphatase
inhibitor.
Immunoelectron microscopy. AcMNPV-infected Sf9 cells

were collected at 60 h postinfection and fixed in 4%
paraformaldehyde-0.5% glutaraldehyde in a phosphate
buffer. The cells were infiltrated with LR White, polymer-
ized, cut into thin sections, and placed onto nickel grids.
Antibody staining was performed as follows. The grids were
placed on drops of PBS containing 1% BSA for 30 min
followed by a 2-h incubation with protein G-Sepharose-
purified PAbORF8 at a 1:500 dilution in PBS-0.05% Tween
20. They were then washed in PBS-0.05% Tween 20 and
incubated for 30 min in a 1:20 dilution of donkey anti-rabbit
immunoglobulin G conjugated to 12-nm gold particles (the
use of protein A rather than secondary antibody resulted in
nonspecific immunogold labeling of various infected cell
structures). Finally, the grids were washed with PBS-0.05%
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FIG. 1. Expression of the 1,629-nucleotide ORF8 ofAcMNPV in
bacteria. A Coomassie blue-stained gel (A) and immunoblot (B) of
the ORF8 fusion protein (see Materials and Methods) are shown
with proteins from bacteria containing ORF8 prior to induction (lane
1) and 4 h after induction (lane 2) with 0.4 mM IPTG. The
immunoblot was probed with antiserum raised against a synthetic
peptide predicted by the 1,629-nucleotide ORF8 sequences. Lane M
contains protein molecular mass markers; numbers correspond to
sizes in kilodaltons. The position of p78 is indicated.

Tween 20 followed by water and stained for 5 min with
uranyl acetate and 2 min with lead citrate prior to visualiza-
tion through a Philips EM-400 microscope.

RESULTS
Bacterial expression of ORF8 and production of antibodies

against the p78 protein. The 1,629-nucleotide ORF8 located
immediately downstream of the AcMNPV polyhedrin gene
is predicted to encode a 543-amino-acid protein with a
molecular mass of 60.6 kDa (35). This ORF was synthesized
by PCR and cloned into the pT7-7 bacterial expression
vector under the control of the T7 RNA polymerase pro-
moter. The resulting plasmid was introduced into a bacterial
strain which contains an inducible T7 RNA polymerase (see
Materials and Methods). Growth of the bacteria in the
presence of the inducer (IPTG) resulted in synthesis of a
protein with an apparent molecular mass of 78 kDa as
determined by its mobility through SDS-PAGE (Fig. 1A).
This protein, p78, reacted with peptide antiserum directed
against a portion of the ORF8 translation product (Fig. 1B).
This antiserum also cross-reacted with smaller proteins,
which were not related to p78 because they were present in
both uninduced and induced cells (Fig. 1B) as well as in
bacteria which did not contain the expression plasmid (data
not shown). The antibodies did not react specifically with
any proteins from baculovirus-infected cells (data not
shown). This may have been because of low levels of
synthesis of the 1,629-nucleotide ORF8 translation product
in infected cells.
The 78-kDa protein produced in bacteria was eluted from

the SDS-polyacrylamide gel, and its identity was confirmed
by microsequencing the amino terminus through Edman
degradation. The gel-purified protein was subsequently used
to raise polyclonal antibodies (PAbORF8) against the full-
length p78 protein (see Materials and Methods).
Time course analysis of p78/83 synthesis and localization in

baculovirus-infected cells. Total proteins from AcMNPV-

21.5

FIG. 2. Time course analysis of p78/83 accumulation in AcM
NPV-infected Sf9 cells. Proteins from 2 x 10' cells were collected at
various times postinfection, separated through SDS-PAGE (10%
polyacrylamide), and reacted with PAbORF8. The numbers along
the top indicate hours postinfection. The position of the 78- and
83-kDa doublet is indicated on the right; the positions of molecular
mass markers (in kilodaltons) are indicated on the left.

infected cells collected at various times postinfection were
resolved by SDS-PAGE, transferred onto nitrocellulose, and
subjected to immunoblot analysis with PAbORF8 as de-
scribed above. The results of this time course analysis are
shown in Fig. 2. Two major polypeptides with molecular
masses of 78 and 83 kDa were detected late in infection,
while a pair of smaller proteins appeared very late in
infection. The 78-kDa protein was first observed at 10 h
postinfection and was present at very low levels until 16 h
postinfection. At this point, a dramatic increase in the
expression of the 78-kDa protein was observed, which
coincided with the appearance of an 83-kDa polypeptide.
Although the 83-kDa protein was not initially as abundant as
the 78-kDa form, by 36 h postinfection they were present in
nearly equal amounts. At this time in infection, a pair of
smaller proteins (49 and 51 kDa) were detected by
PAbORF8. These bands were present in much smaller
amounts than the 78- and 83-kDa proteins and may represent
products of alternate transcription and/or translation start
sites of ORF8. Ooi and Miller (29) have previously identified
several RNAs which contain 5' ends within the 1,629-
nucleotide ORF8. Translation from these RNAs may result
in truncated forms of p78/83. It is also possible that these
smaller polypeptides are proteolytic derivatives of full-
length p78/83.
The profile of p78/83 synthesis and its intracellular distri-

bution were determined by a combination of immunoprecip-
itation and Western blot (immunoblot) analyses. Immuno-
precipitations of 35S-labeled proteins from cytoplasmic and
nuclear fractions at various times postinfection revealed a
pattern of p78/83 synthesis typical of baculovirus late pro-
teins. It was actively produced by 18 h postinfection, reach-
ing a maximum between 24 and 48 h, followed by a substan-
tial reduction in synthesis by 65 h postinfection (Fig. 3A).
Under the labeling conditions described in Materials and
Methods, only the 78-kDa form was detected and it was
predominantly cytoplasmic at all times postinfection. None-
theless, both the 78- and 83-kDa proteins were detected in
equal quantities in the cytoplasmic and nuclear fractions
when these were analyzed by Western blotting at later times
of infection. At 18 h postinfection, the majority of p78/83 was
present as the 78-kDa form in both fractions (Fig. 3B). These
results suggested that the 83-kDa protein resulted from a
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FIG. 4. Immunodetection of p78/83 associated with AcMNPV
virions. Virion (V) and nucleocapsid (N) proteins from BV and PDV
were separated through SDS-PAGE (10% polyacrylamide) and were
detected by Coomassie blue stain (A) or immunoblot analysis with
PAbORF8 (B). Lane M contains molecular mass markers (numbers
correspond to molecular mass in kilodaltons). The positions of gp64
and the 78- and 83-kDa forms of p78/83 are indicated.

0 18 24 48 65

N CC N C N C N C N

- 83
78

FIG. 3. Synthesis and intracellular distribution of p78/83 at var-
ious times postinfection. (A) Autoradiogram of 35S-labeled proteins
immunoprecipitated by PAbORF8 (ORF8) or preimmune antiserum
(PI) resolved through SDS-PAGE (10% polyacrylamide). The posi-
tions of p78 and p31 are indicated on the right. The numbers on the
left indicate the positions of molecular mass markers (in kilodal-
tons). (B) Immunoblot analysis of fractionated proteins resolved
through SDS-PAGE (7% polyacrylamide). The positions of the 78-
and 83-kDa forms of p78/83 are indicated on the right. The numbers
along the top indicate hours postinfection. C, cytoplasmic; N,
nuclear.

posttranslational modification of the 78-kDa polypeptide and
that this process was relatively slow, because the 83-kDa
protein was not detected in the immunoprecipitations of
3S-labeled proteins. Also, when proteins were pulse-chase
labeled at 24 h postinfection and immunoprecipitated at
various times thereafter, the 35S-labeled 83-kDa protein was
not detected until 2 h after labeling (data not shown).

In addition to p78, a protein approximately 31 kDa in size
was also observed in the immunoprecipitations (Fig. 3A).
However, this protein was precipitated nonspecifically by
PAbORF8 because it was also present when preimmune
serum was used in place of PAbORF8. A similar protein in
baculovirus-infected cell immunoprecipitations has been
previously reported and may represent the abundant poly-
hedrin protein (13).

p78/83 is a nucleocapsid protein associated with both the
BVs and OBs. The identification of ORF8 as a late gene by
transcription (35) and protein synthesis analyses (described
above) suggested that it might encode a structural protein. In
order to determine the localization of p78/83, BV and PDV
were purified from infected-cell medium and solubilized
OBs, respectively. The purified virions were treated with
detergent to remove their envelopes, and the virion and

nucleocapsid proteins were subjected to SDS-PAGE and
subsequent immunoblot analysis with PAbORF8. Removal
of envelopes from the nucleocapsids was demonstrated by
the absence of several polypeptides (including gp64, the BV
envelope glycoprotein) in the detergent-treated virions as
determined by analysis of Coomassie blue-stained gels (Fig.
4A). The polyclonal antibodies detected both the 78- and
83-kDa polypeptides in BV as well as PDV nucleocapsids
(Fig. 4B). However, p78/83 appears to be a minor constitu-
ent of AcMNPV nucleocapsids, because a corresponding
pair of bands was not readily detected in the protein profiles
of purified nucleocapsids stained with Coomassie blue (Fig.
4A). These only became apparent when very large amounts
of purified virion or nucleocapsid proteins were resolved by
SDS-PAGE (unpublished observations). The smaller bands
observed in the Western blot may represent degradation
products or truncated forms of p78/83 arising from alternate
transcription and/or translation start sites.

Posttranslational modifications of p78/83. The presence of
two major polypeptides in the immunoblot analysis of in-
fected cells and purified nucleocapsids suggested that the
ORF8 translation product may have undergone posttransla-
tional modifications. The predicted amino acid sequence of
ORF8 contains several potential phosphorylation and
N-linked glycosylation sites. However, p78/83 does not
appear to be a glycoprotein because treatment of infected
cells with tunicamycin, an inhibitor of N-linked glycosyla-
tion, had no effect on the mobility of p78/83 in SDS-PAGE
(data not shown).

In order to determine the phosphorylation states of p78/83,
infected-cell proteins were metabolically labeled with [32p]
orthophosphate and immunoprecipitated with PAbORF8.
The results of these immunoprecipitations are shown in Fig.
5. Although several phosphorylated proteins were observed
in the immunoprecipitations, only one protein band was
specific for PAbORF8; this phosphoprotein was not precip-
itated by preimmune serum. The PAbORF8-specific phos-
phoprotein migrated through SDS-PAGE somewhat more
slowly than 35S-labeled p78. Western blot analysis of immu-
noprecipitated 32P-labeled proteins detected both forms of
the protein in the immunoprecipitations, but when this
membrane was subjected to autoradiography, only the 83-
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FIG. 5. Analysis of p78/83 phosphorylation in AcMNPV-in-
fected Sf9 cells at 24 h postinfection. An autoradiogram of 32p_
labeled proteins separated through SDS-PAGE (10% polyacryl-
amide) is shown. Lanes: 1, soluble AcMNPV-infected Sf9 cell
proteins; 2, proteins immunoprecipitated with preimmune anti-
serum; 3, proteins immunoprecipitated with PAbORF8. The posi-
tion of p83 is indicated on the right. Numbers correspond to sizes (in
kilodaltons) of molecular mass markers.

kDa protein was detected (data not shown). This result
suggested that the 83- and 78-kDa polypeptides represented
the phosphorylated and unphosphorylated translation prod-
ucts of ORF8, respectively. In order to confirm this hypoth-
esis, purified PDV was treated with calf intestinal alkaline
phosphatase, the proteins were separated through SDS-
PAGE, and then the proteins were subjected to immunoblot
analysis. Phosphatase treatment resulted in the disappear-
ance of the 83-kDa protein but had no effect on the 78-kDa
form (Fig. 6). This effect was prevented in the presence of
the phosphatase inhibitor, NaH2PO4. These data, together
with the immunoblot analysis of 32P-labeled proteins,
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FIG. 6. Alkaline phosphatase treatment of p78/83. Immunoblot
of purified PDV subjected to phosphatase treatment and separated
through SDS-PAGE (7% polyaciylamide). The presence (+) and
absence (-) of calf intestinal alkaline phosphatase (CLAP) and
phosphatase inhibitor (INH) are indicated above each lane. The
positions of the 78- and 83-kDa forms of p78/83 are indicated on the
right. The positions and sizes of molecular mass markers (in
kilodaltons) are indicated on the left.

strongly indicate that the 83-kDa protein is a phosphorylated
form of p78/83.

Immunoelectron microscopy. The association of p78/83
with virions and nucleocapsids was verified by immunogold
staining of baculovirus-infected cells at 60 h postinfection.
PAbORF8-specific staining was observed in areas of nucleo-
capsid assembly surrounding the virogenic stroma and in
mature virions within OBs (Fig. 7). However, whereas
p78/83 appeared to be randomly distributed throughout the
areas of nucleocapsid assembly (Fig. 7A), staining of mature
virions (within the OBs) appeared to be specific to the ends
of the nucleocapsids (Fig. 7B). Immunogold staining was not
observed along the lengths of the nucleocapsids or in cross
sections through the middle of the nucleocapsids. It was not
conclusive from these studies whether both or only one end
of the nucleocapsids contained p78/83. Even though p78/83
was shown to be present in both BV and PDV nucleocapsids
by Western blot analysis (described above), immunogold
staining of BV nucleocapsids in the cytoplasm or at the
plasma membrane was not detected. This may have been
due to a combination of the relative paucity of BV as
opposed to PDV in infected cells and the requirement for
cross sections to bisect the nucleocapsids at the ends in
order for the p78/83 protein to be labeled. Preimmune
antiserum and nonspecific antibodies did not result in stain-
ing of either nucleocapsids or virions (data not shown).

DISCUSSION

The results of this study reveal that the 1,629-nucleotide
ORF8 immediately downstream of the polyhedrin gene of
AcMNPV encodes a protein, p78/83, which is produced late
in infection and is a component of both the BV and PDV
nucleocapsids. The protein is present in phosphorylated and
nonphosphorylated forms and appears to be associated with
structures at the end(s) of the baculovirus nucleocapsid.
The translated product of ORF8 located in the EcoRI-I

fragment of AcMNPV has a predicted molecular mass of
60.6 kDa (35). However, immunoblot analysis of the gene
product demonstrated that it is expressed in AcMNPV-
infected Sf9 cells as two polypeptides with apparent molec-
ular masses of 78 and 83 kDa according to SDS-PAGE (Fig.
2). The large discrepancy between the calculated and ob-
served molecular size does not appear to be due to post-
translational modification events. Although the amino acid
sequence of ORF8 contains several potential N-linked glyco-
sylation and phosphorylation sites, p78/83 is not glycosy-
lated (unpublished observations) and the nonphosphorylated
form migrates as a 78-kDa protein (Fig. 6). Further evidence
for the size of unmodified p78/83 was deriVed from immuno-
blot analysis of p78 produced in bacteria (Fig. 1) and an in
vitro translation system (34). Thus, the retarded migration of
p78/83 in SDS-PAGE appears to be due to the high content
and uneven distribution of proline residues in the protein
(35). The presence of these proline-rich regions may result in
an extended, rigid conformation which affects the mobility of
p78/83 in SDS-PAGE.
Our virion fractionation results indicate that p78/83 is

associated with AcMNPV nucleocapsids (Fig. 4). Homology
searches through protein data banks resulted in the identifi-
cation of various proline-rich proteins which generally be-
long to either transcriptional or structural classes of pro-
teins; p78/83 appears to belong to the latter. Virus-encoded
transcription proteins associated with the virion are usually
required for transcription of immediate-early viral genes
(e.g., VP16 of herpes simplex virus). However, the baculo-
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FIG. 7. Immunogold staining of nuclear structures from infected cells at 60 h postinfection viewed by electron microscopy. (A)
Association of p78/83 with areas of nucleocapsid assembly (indicated by arrows) surrounding the virogenic stroma (S). (B) Staining of
nucleocapsids within OBs. Each bar represents 0.25 pLm.

virus immediate-early genes are transcribed by the host cell
machinery in the absence of any viral proteins, as demon-
strated by the ability of transfected baculovirus DNA to
initiate a productive infectious cycle. In addition, it has been
recently reported that the presence of the 1,629-nucleotide
gene has no effect on the levels of transcription from late and

very late baculovirus promoters in a transient expression
assay (31). This does not exclude p78/83 from having an
effect on other aspects of baculovirus transcription, such as
tissue specificity or timing of gene expression. However, it
seems more likely that p78/83 is a structural component of
the baculovirus nucleocapsids.
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Previous immunogold microscopy studies determined that
two other baculovirus proteins, p39 (the major capsid pro-
tein) and p24, are distributed throughout the nucleocapsids
(38, 51). The precise localization of a third capsid protein,
p87, has not yet been determined (25). Immunogold staining
of AcMNPV-infected Sf9 cells revealed that p78/83 is asso-
ciated with the ends of nucleocapsids in mature virions
found embedded within OBs (Fig. 7). Baculovirus nucleo-
capsids contain distinctive end structures (1, 9) which are
apparently composed of proteins different from the rest of
the nucleocapsid (8). The appearances of the cap structures
are different at each end of the nucleocapsid and have been
previously termed the apical cap and basal structure (10).
These end structures (the apical cap in particular) have been
implicated in various processes, including packaging of the
nucleoprotein core (10), initiation of nucleocapsid envelop-
ment within the infected-cell nucleus (10, 17), and budding
through the nuclear and cytoplasmic membranes (10, 18).
The presence of p78/83 in the areas in which nucleocapsid
assembly and PDV envelope acquisition occur is consistent
with any of the functions described above and may explain
the essential requirement for the p78/83 gene in the baculo-
virus life cycle (35).
The significance of p78/83 phosphorylation could not be

resolved from this study, but it does not seem to be involved
in determining either the localization of the protein within
the infected cell or the localization of the protein to BV or
PDV. Both forms of p78/83, phosphorylated and nonphos-
phorylated, are present in the cytoplasm and in the nucleus
(Fig. 3) as well as in both virion types (Fig. 4). Nonetheless,
phosphorylation of p78/83 may play a role in nucleocapsid
assembly through interactions with the nucleoprotein core or
other structural proteins; the amino acid sequence of p78/83
encodes a potential leucine zipper domain which may direct
protein-protein interactions. Altematively, phosphorylation
may be involved in regulating interactions with the enve-
lopes during the maturation of virions.
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