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The Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV) GP64 envelope glycoprotein is
essential for virus entry and plays an important role in virion budding. An AcMNPV construct that contains
a deletion of the gp64 gene is unable to propagate infection from cell to cell, and this defect results from both
a severe reduction in the production of budded virions and the absence of GP64 on virions. In the current study,
we examined GP64 proteins containing N- and C-terminal truncations of the ectodomain and identified a
minimal construct capable of targeting the truncated GP64 to budded virions. The minimal budding and
targeting construct of GP64 contained 38 amino acids from the mature N terminus of the GP64 ectodomain and
52 amino acids from the C terminus of GP64. Because the vesicular stomatitis virus (VSV) G protein was
previously found to rescue infectivity of a gp64null AcMNPV, we also examined a small C-terminal construct
of the VSV G protein. We found that a construct containing 91 amino acids from the C terminus of VSV G
(termed G-stem) was capable of rescuing AcMNPV gp64null virion budding to wild-type (wt) or nearly wt levels.
We also examined the display of chimeric proteins on the gp64null AcMNPV virion. By generating viruses that
expressed chimeric influenza virus hemagglutinin (HA) proteins containing the GP64 targeting domain and
coinfecting those viruses with a virus expressing the G-stem construct, we demonstrated enhanced display of
the HA protein on gp64null AcMNPV budded virions. The combined use of gp64null virions, VSV G-stem-
enhanced budding, and GP64 domains for targeting heterologous proteins to virions should be valuable for
biotechnological applications ranging from targeted transduction of mammalian cells to vaccine production.

Baculoviruses are enveloped viruses that contain large cir-
cular double-stranded DNA genomes ranging from approxi-
mately 80 to 180 kbp (37). Baculoviruses such as Autographa
californica multicapsid nucleopolyhedrovirus (AcMNPV) have
been studied as agents for biological control of insect pests, as
expression vectors for high-level production of heterologous
proteins, and as transduction vectors and potential agents for
human gene therapy (14, 21). AcMNPV produces two virion
phenotypes during the infection cycle (1, 7). One virion phe-
notype, the occlusion-derived virus, is adapted for stability in
the environment and serves to propagate infection from animal
to animal through oral transmission and infection of the mid-
gut epithelial cells. The occlusion-derived virus assembles in
the nucleus and contains an envelope derived from the inner
nuclear membrane (5). In contrast, the other virion phenotype,
the budded virus (BV), is adapted for propagation of infection
from cell to cell throughout the animal after infection is estab-
lished in the midgut. BV assembles at the plasma membrane as
nucleocapsids bud through that membrane and acquire the
envelope. In the case of AcMNPV, the BV contains two virus-
encoded envelope proteins, GP64 and Ac23 (2, 11, 17, 31, 43).

GP64 is the major envelope glycoprotein of AcMNPV BV.
GP64 is a type I integral membrane protein that is highly
abundant on the BV envelope. Along with the major capsid

protein (VP39), GP64 comprises one of the most abundant
virion proteins (27). Native GP64 is glycosylated, phosphory-
lated, and acylated and is found in the virion as a disulfide-
linked homotrimer (28, 33, 39, 45). BV enter cells by receptor-
mediated endocytosis, and functional studies indicate that
GP64 is involved in two major steps in BV entry, i.e., virion
attachment and membrane fusion (3, 10, 15). After binding
and endocytosis, the fusion activity of GP64 is triggered by low
pH in the endosome, leading to fusion of the BV envelope and
the endosome membrane and release of the nucleocapsid into
the cytoplasm. AcMNPV also encodes and expresses a ho-
molog of baculovirus F proteins, envelope proteins that are
found in all known lepidopteran baculoviruses. In the group II
NPVs, such as Spodoptera exigua MNPV and Lymantria dispar
MNPV, F proteins serve as membrane fusion proteins (12,
29–31, 41, 42), and pseudotyping studies have shown that they
are functional homologs of AcMNPV GP64 (16). However, the
F protein homolog (Ac23) found in AcMNPV (and other
group I NPVs, such as Orgyia pseudotsugata MNPV [OpMNPV])
does not appear to be a functional fusion protein (17, 31), and
deletion of the AcMNPV Ac23 gene has no substantial effect
on virus production or infectivity in insect cell culture (17). In
striking contrast, deletion of the AcMNPV gp64 gene is lethal,
and no infectious virus is generated in the absence of GP64
(22, 27). In addition, a well-characterized anti-GP64 mono-
clonal antibody (MAb), AcV1, neutralizes viral infectivity (11,
40, 46).

A number of prior studies have examined protein display on
AcMNPV BV, and almost all studies were performed in the
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presence of wild-type (wt) GP64 (4, 6, 8, 9, 18, 23, 24, 35, 36,
38, 44). While the presence of GP64 on virions will be advan-
tageous for some applications, other applications, such as
those requiring specific cell targeting or binding, may not be
feasible in the presence of wt GP64 because of its ability to
promiscuously mediate binding and entry. In addition, baculo-
virus virions may also be used for displaying proteins for
vaccine production, and in those applications, it would be de-
sirable to eliminate the abundant wt baculovirus envelope pro-
tein.

In prior studies of a gp64null virus, it was found that virion
production is severely reduced in the absence of GP64, and
virions that are produced are not infectious (27). Thus, GP64
is critical for both virion production and entry. Interestingly,
these critical functions of GP64 can be replaced by pseudotyp-
ing gp64null AcMNPV with certain heterologous viral enve-
lope proteins (16, 19). When the AcMNPV GP64 protein was
replaced with F protein from S. exigua MNPV or L. dispar
MNPV or with the vesicular stomatitis virus (VSV) G protein,
infectious virions were produced, and these pseudotyped vi-
ruses could be propagated in Sf9 cells. However, not all viral
envelope proteins can substitute for GP64 (16). Thus, although
some viral proteins can substitute for the budding function
of GP64, the lack of efficient budding by the gp64null virus
presents a substantial constraint on the potential use of
pseudotyped gp64null viruses in experimental systems and for
biotechnological applications such as surface display, targeted
transduction, and gene therapy.

To reconstitute efficient budding in the absence of GP64, we
examined a truncated form of the VSV G protein. We previ-
ously found that VSV G-pseudotyped gp64null viruses repli-
cated and that BV were generated at high titers in Sf9 cells (16,
19), suggesting that VSV G mediated efficient budding. In
prior studies, it was shown that a truncated form of the VSV G
protein was capable of reconstituting budding in a G-null VSV
(34). This truncated VSV G protein was comprised of a small
segment from the C-terminal portion of the ectodomain plus
the transmembrane (TM) and cytoplasmic tail (CTD) domains
of VSV G. In the current study, we generated a similar VSV G
construct that contained an N-terminal c-Myc epitope plus 42
amino acids from the C-terminal portion of the ectodomain, 20
amino acids from the predicted TM domain, and 29 amino
acids from the predicted CTD of the VSV G protein (called a
G-stem construct). To determine if the G-stem construct could
rescue the budding defect of gp64null AcMNPV, a gene en-
coding G-stem was cloned into gp64null AcMNPV. We found
that expression of the VSV G-stem construct resulted in the
efficient production of virions, thus rescuing the budding defect
observed in the gp64null virus. We also examined methods for
efficiently targeting proteins to BV produced in this manner.
Using truncated forms of GP64, we mapped regions necessary
for efficient targeting of GP64 to the virion. By fusing heter-
ologous proteins either to portions of GP64 or to G-stem
constructs, heterologous proteins were targeted to the gp64null
virions. Thus, we found that the G-stem construct rescues
virion budding in gp64null AcMNPV and can be used in com-
bination with protein fusions to target proteins to gp64null
AcMNPV virions.

MATERIALS AND METHODS

Expression of protein constructs in gp64null AcMNPV. The gp64 gene of an
AcMNPV bacmid (bMON14272; Invitrogen) was deleted from the AcMNPV
genome as reported previously (16). The resulting bacmid was used to produce
a gp64null virus, vAcgp64�, by propagating the virus in Sf9Op1D cells, which
constitutively express the OpMNPV GP64 protein (20, 25). To express a VSV
G-stem construct in the context of gp64null AcMNPV, we generated a donor
plasmid construct designated pFBcMyc-G-stem. A truncated version of the VSV
G protein that included 42 amino acids from the C terminus of the ectodomain
plus the TM domain and the CTD was generated by PCR-mediated mutagenesis
in the following manner. A forward primer with an EcoRI restriction site engi-
neered into the 5� end (5�-AAT GAATTC TTC GAA CAT CCT CAC ATT
CAA-3�) was used in combination with a reverse primer that contained an XbaI
site (5�-AA TCTAGA TTA CTT TCC AAG TCG GTT CAT CTC TAT-3�) to
amplify the “stem” portion of the VSV G gene from a wt VSV G DNA template
(pSM8141-VSV-G) (19). The PCR product was digested with EcoRI and XbaI,
purified, and ligated into the EcoRI and XbaI sites of vector pdFB-gp64sig-cMyc,
a pFastBac-derived plasmid containing the promoter, signal peptide, and signal
cleavage site from the AcMNPV gp64 gene, followed by a c-Myc epitope tag and
a cloning site (Fig. 1B) (46). The resulting construct was named pFBcMyc-G-
stem. The truncated G-stem form of the VSV G gene carried by plasmid

FIG. 1. (A) Amino acid sequence of G-stem protein construct. The
signal peptide (SP) derived from AcMNPV GP64 is shown in small
bold letters, and the signal cleavage site is indicated by an arrow. The
c-Myc tag, ectodomain, TM domain, and CTD sequences of the G-
stem construct are shown in large bold letters, and ectodomain se-
quences derived from VSV G are underlined. The bottom line shows
TM domain and CTD sequences. (B) Strategy for insertion of the VSV
G-stem construct into the polyhedrin locus of a gp64null AcMNPV
bacmid. The cassette inserted into the gp64null bacmid includes a p6.9
promoter-GUS reporter plus sequences encoding a truncated VSV G
protein (VSV G-stem) under the control of the gp64 promoter (64pro).
The VSV G-stem construct encodes the gp64 signal peptide, followed
by a c-Myc tag and a truncated version of the VSV G protein that
includes 42 amino acids of the C-terminal portion of the VSV G
ectodomain plus the TM domain and the CTD of VSV-G. Numbers
above the c-Myc–G-stem cassette (421 to 511) are amino acid se-
quence numbers for the VSV G protein. G-stem fusion protein gene
cassettes were inserted by Tn7-based transposition into the polyhedrin
locus of a gp64null AcMNPV bacmid derived from bMON14272.
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pFBcMyc-G-stem encodes an N-terminal c-Myc epitope tag linked by a Phe
residue to the truncated VSV G-stem protein. Transposition of inserts from
donor plasmids into the gp64null bacmid (14) and detection by gentamicin
resistance and blue-white colony screening were performed as described in the
Bac-to-Bac manual (Invitrogen) and were confirmed by PCR analysis and DNA
sequencing. Cells stably expressing OpMNPV GP64 (cell line Sf9Op1D) (27, 32)
were transfected with the bacmid DNA, and the resulting virus was harvested
from cell supernatants and titrated on Sf9Op1D cells. The resulting virus was
designated vAc/G-stem.

For analysis of the G-stem construct as a fusion partner for targeting heter-
ologous proteins to AcMNPV BV, we constructed a series of plasmids in which
C-terminal truncations of GP64 or the enhanced green fluorescent protein
(EGFP) coding region was cloned in frame between the c-Myc epitope and VSV
G-stem domains (see Fig. 4A) of plasmid pFBcMyc-G-stem. DNA fragments
encoding C-terminally truncated portions of the GP64 ectodomain were PCR
amplified from a wt AcMNPV DNA template. A single forward primer (EcoR57
Forward) with an EcoRI restriction site engineered into the 5� end (5�-AA
GAATTC GCG GAG CAC TGC AAC GCG-3� [corresponding to a sequence
57 bp downstream of the gp64 start codon]) was used in combination with a
downstream primer specific to each truncation. Each downstream primer also
contained an EcoRI site engineered for in-frame insertion of the AcMNPV gp64
gene into vector pFBcMyc-G-stem. Each PCR product was digested with EcoRI,
purified, and ligated into the EcoRI sites of vector pFBcMyc-G-stem to generate
a truncated GP64 open reading frame (ORF) fused in frame at the N terminus
of the VSV G-stem. To confirm the orientation of the insertions, each construct
was analyzed by PCR and by sequencing. Recombinant viruses were produced
from a gp64null AcMNPV bacmid as described above, and the viruses were
designated vAc/130-G-stem, vAc/152-G-stem, vAc/160-G-stem, vAc/166-G-stem,
vAc/175-G-stem, and vAc/EGFP-G-stem.

Constructs encoding N-terminal truncations of the GP64 ectodomain were
described previously (46) (see Fig. 3A). These constructs express proteins con-
taining an N-terminal c-Myc epitope tag linked by a Phe residue to a portion of
the GP64 ectodomain truncated at the N terminus of the mature GP64 protein.

Analysis of progeny virion production by [35S]methionine labeling. Progeny
virions from cells infected with vAcgp64�/Acgp64 (16), vAcgp64� (16), or vAc/G-
stem were labeled with [35S]methionine in the following manner. Sf9 cells (1 �
107 cells) were plated in a T-25 flask (Corning Inc.), allowed to attach for 1 h, and
then infected at a multiplicity of infection (MOI) of 10 for 1 h. At 29 h postin-
fection (hpi), the cells were starved by incubation in 3 ml methionine-free
Grace’s medium (Invitrogen) for 1 h, followed by the addition of 35S-EasyTag
Express protein labeling mix (1,175.0 Ci/mmol; Perkin-Elmer) to a final concen-
tration of 10 �Ci/ml. At 37 hpi, unlabeled methionine was added to a final
concentration of 10 mM, and cells were incubated at 27°C for an additional 48 h.
Virions were harvested from supernatants and purified by being pelleted through
a 25% sucrose cushion at 100,000 � g for 90 min at 4°C in a Beckman SW60
rotor. Virus pellets were resuspended in 300 �l phosphate-buffered saline
(pH 6.2).

Construction of plasmids and baculoviruses encoding constructs containing a
GP64-stem region. A series of plasmids encoding the C-terminal GP64 region
(the GP64-stem region) and various portions of the GP64 ectodomain was
generated using the following strategy. First, DNA fragments containing various
portions of the GP64 ORF were PCR amplified from a wt AcMNPV DNA
template. The forward primer EcoR57 Forward was used in combination with a
downstream primer specific for each truncation. Each downstream primer con-
tained a KpnI site engineered for in-frame insertion of the AcMNPV gp64 gene
into vector pFB-gp64sig-cmyc-TM-CTD, a pFastBac-derived plasmid containing
the gp64 promoter and gene sequence encoding the signal peptide and cleavage
site, a c-Myc tag, and a cloning site, followed by the coding region for 21 amino
acids from the C terminus of the GP64 ectodomain plus the GP64 TM domain
and CTD. Each PCR product was digested with EcoRI and KpnI and ligated into
the EcoRI and KpnI sites of vector pFB-gp64sig-cmyc-TM-CTD to generate a
series of constructs, with each containing the GP64-stem and various portions of
the GP64 ectodomain (see Fig. 3D). Thus, each construct expresses a protein
that contains an N-terminal c-Myc tag, a portion of the mature N-terminal region
of the GP64 protein, and the so-called GP64-stem region. Each construct was
confirmed by sequencing. Recombinant viruses were generated in a gp64null
AcMNPV bacmid and produced in Sf9Op1D cells as described above. The viruses
were designated vAc/58-TM-CTD, vAc/86-TM-CTD, vAc/158-TM-CTD, and
vAc/294-TM-CTD (see Fig. 3D).

Coinfections. For coinfection experiments, Sf9 cells (1 � 105 cells per well in
six-well plates) were coinfected at a total MOI of 10 with equal amounts of the
vAc/G-stem virus (MOI of 5) and one additional virus (also at an MOI of 5).
Viruses used for coinfections included those illustrated in Fig. 3A and B and 5A.

Progeny virions derived from coinfection experiments were purified and analyzed
as described above.

Western blot analysis. Cell lysates were prepared by washing cultured cells
with phosphate-buffered saline and resuspending cells in NET buffer (20 mM
Tris, pH 7.5, 150 mM NaCl, 0.5% deoxycholate, 1.0% Nonidet P-40, 1 mM
EDTA) to which a protease inhibitor cocktail (Complete; Roche Applied Sci-
ence) had been added according to the manufacturer’s instructions. This NET
buffer solution (500 �l) was added to 1 � 106 cells and incubated for 30 min at
4°C, and then nuclei were removed by pelleting at 4°C for 10 min at 18,000 � g.
Virus purification was performed as described above. For Western blot analysis,
10 �l of the cell lysate or purified virus was mixed with 10 �l of 2� Laemmli
buffer (125 mM Tris, 2% sodium dodecyl sulfate [SDS], 5% 2-mercaptoethanol,
10% glycerol, 0.001% bromophenol blue, pH 6.8) and heated to 100°C for 5 min
prior to SDS–10% polyacrylamide gel electrophoresis (SDS-PAGE). Gels were
blotted onto Immobilon-P membranes (Millipore) and blocked overnight at 4°C
in TBST (25 mM Tris, pH 7.6, 150 mM NaCl, 0.1% Tween 20, 5% powdered
milk). Blots were incubated for 1 h at room temperature with the following
primary antibodies diluted in TBST: anti-c-Myc MAb (hybridoma supernatant)
diluted 1:1,000, anti-VP39 MAb diluted 1:1,000, anti-hemagglutinin (anti-HA)
(chicken polyclonal antiserum; a gift from Gary Whittaker) diluted 1:100, and
anti-VSV G (MAb P5D4) diluted 1:10,000. After being washed three times in
TBST, blots were incubated with a secondary antibody consisting of an alkaline
phosphatase-conjugated goat anti-mouse or goat anti-chicken immunoglobulin
G (IgG; Promega) at a dilution of 1:10,000. Western blots were processed as
described earlier.

Construction of recombinant baculoviruses expressing chimeric HA proteins.
The portion of the influenza A/WSN/33 virus HA gene encoding the ectodomain
(amino acids 18 to 528) was PCR amplified from plasmid pEWSN-HA (25). A
forward primer (Kpn-HA Forward) with a KpnI restriction site engineered into
the 5� end (5�-AA GGTACC GAC ACA ATA TGT ATA GGC TAC CAT GCG
AAC AAC TC-3� [which includes a sequence immediately downstream of the
HA signal peptide]) was used in combination with a downstream primer. The
downstream primer (5�-AA GGTACC CTG ATA CAC CCC CAT TGA TTC
CAA TTT C-3�) contained a KpnI site engineered for in-frame insertion of the
HA gene into vectors pFB-gp64sig-cmyc-58-TM-CTD and pFB-gp64sig-cmyc-
86-TM-CTD, which are pFastBac-derived plasmids containing the gp64 pro-
moter and a sequence encoding the gp64 signal peptide and cleavage site, a
c-Myc tag, 38 or 66 amino acids of the GP64 N-terminal ectodomain, and a KpnI
cloning site, followed by 21 amino acids from the GP64 C-terminal ectodomain
and the GP64 TM domain and GP64 CTD. The PCR product was digested with
KpnI and ligated into the KpnI sites of vectors pFB-gp64sig-cmyc-58-TM-CTD
and pFB-gp64sig-cmyc-86-TM-CTD to generate constructs containing the HA
ectodomain and the GP64-stem. The resulting constructs were designated pFB-
58-HA-TM-CTD and pFB-86-HA-TM-CTD, respectively. Thus, each construct
expresses a protein that contains an N-terminal c-Myc tag, a portion of the
mature N-terminal region of the GP64 protein, the HA ectodomain, and the
GP64-stem region (see Fig. 5A). In addition, a construct containing the GP64
promoter and signal peptide combined with the HA ectodomain, TM domain,
and CTD (HA amino acids 18 to 565) was also generated by first PCR amplifying
the downstream portion of the HA gene from plasmid pEWSN-HA (25) and
then inserting it into a pFastbac plasmid. The HA sequences were amplified
using the same forward primer (Kpn-HA Forward) in combination with a down-
stream primer (5�-GAC AAGCTT catca GAT GCA TAT TCT GCA CTG CAA
AGA CC-3�). The downstream primer contained a HindIII site engineered for
insertion of the HA gene into vector pFB-gp64sig-cmyc-58-TM-CTD or pFB-
gp64sig-cmyc-86-TM-CTD. The resulting plasmids, pFB-58-HA-FL and pFB-86-
HA-FL, encode proteins that contain an N-terminal c-Myc tag, a portion of the
mature N-terminal region of the GP64 protein, the HA ectodomain, and the HA
TM domain and CTD region (see Fig. 5A).

Fluorescence microscopy. Sf9 cells (1 � 105) seeded into six-well plates were
infected at an MOI of 10 with the vAc/EGFP-G-stem virus expressing EGFP–
G-stem and incubated for 24 or 48 h. Epifluorescence microscopy was performed
with an inverted IX70 microscope (Olympus).

RESULTS

Rescue of gp64null AcMNPV budding by a VSV G-stem
construct. AcMNPV baculoviruses containing a knockout of
the gp64 gene are unable to produce virions efficiently in the
absence of the GP64 protein (27). To examine the require-
ments for virion budding, we initially generated a number of
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N-terminally truncated forms of the GP64 protein and exam-
ined them in budding assays, but we were unable to identify a
truncated GP64 construct that rescued the budding defect. For
rhabdovirus systems, it was previously shown that virion bud-
ding from G knockout viruses was dramatically reduced (20,
34). However, in the VSV system, a severely truncated form of
the VSV G protein containing only a small portion of the C
terminus of G rescues the VSV budding defect (34). Baculo-
viruses and rhabdoviruses are unrelated and represent vastly
different viral infection systems. However, both bud from the
plasma membrane, and we previously found that the VSV G
protein was able to rescue infectivity of a gp64null baculovirus
(16, 19). Therefore, we asked whether a similar small portion
of the VSV G protein might restore efficient virion budding in
gp64null AcMNPV.

In the current study, we generated a truncated VSV G gene
construct and inserted it into a gp64null AcMNPV genome
under the control of the baculovirus AcMNPV gp64 promoter.
The truncated VSV G construct contained an AcMNPV gp64
promoter and signal peptide, a c-Myc epitope tag (at the N
terminus of the mature protein), 42 amino acids from the C
terminus of the VSV G ectodomain (positions 421 to 463), and
the predicted TM domain and CTD of VSV G (Fig. 1A). This
N-terminally truncated VSV G construct which contains a c-
Myc epitope tag was designated G-stem, and construction of
the baculovirus bacmid expressing this construct is summarized
in Fig. 1B. The resulting bacmid DNA was used to generate a
virus, designated vAc/G-stem, by transfecting the bacmid DNA
into a stable cell line (Sf9Op1D) that constitutively expresses the
wt OpMNPV GP64 protein (32). To determine whether G-
stem enhanced virion budding, we performed an AcMNPV
budding assay (27) (Fig. 2). Sf9 cells were infected with control
or G-stem-expressing gp64null viruses (all previously gener-
ated and titrated in Sf9Op1D cells), and progeny virions were
metabolically labeled with [35S]methionine. Supernatants con-

taining labeled progeny virions were collected, and virions
were purified by being pelleted through 25% sucrose. In this
assay, BV are isolated from the supernatant, and only progeny
virions are labeled. Progeny virions were isolated in this man-
ner from Sf9 cells infected with viruses vAcgp64� (a gp64null
virus), vAcgp64�/Acgp64 (a gp64null virus that was repaired by
reinserting a gp64 gene), and vAc/G-stem (a gp64null virus that
expressed the G-stem construct). Purified virions were exam-
ined by SDS-PAGE, phosphorimager analysis, and Western
blotting. Western blot analysis with an anti-c-Myc antibody
showed that the G-stem construct was detected abundantly in
virions generated from the vAc/G-stem virus (Fig. 2A, lane 3).
Because VP39 (the major capsid protein) is highly abundant in
virions and the quantity of VP39 per virion appears to be
constant, the VP39 protein in virion preparations was used as
an indicator of relative virion quantity. Comparisons of
[35S]methionine-labeled VP39 bands from BV preparations
derived from equivalent quantities of cell supernatants indi-
cated that virion production from the gp64null virus expressing
the G-stem construct (virus vAc/G-stem) was approximately
2.27 times higher than that of the virus expressing wt GP64 and
about 11 times higher than that detected from the gp64null
virus (Fig. 2B, lane 3 versus lanes 1 and 2, and Fig. 2C). The
experiment shown in Fig. 2B was repeated three times with
three independently labeled viral preparations, and these data
were used to generate the graph in Fig. 2C. These quantitative
data show clearly that expression of the VSV G-stem construct
in the context of a gp64null baculovirus resulted in the rescue
of the budding defect caused by the absence of the GP64
protein. Indeed, our preliminary measurements suggested that
budding stimulated by the G-stem construct may exceed
that from a virus expressing the wt GP64 protein. Thus, BV
that contain no native GP64 protein can be generated effi-
ciently using the G-stem construct.

FIG. 2. Analysis of G-stem-mediated virion budding. (A) Western blot detection of G-stem protein in purified gp64null AcMNPV BV. BV were
purified from Sf9 cells infected with either vAcgp64�/Acgp64 (a gp64null virus repaired by reinsertion of gp64; lane 1), vAcgp64� (a gp64null virus; lane
2), or vAc/G-stem (a gp64null virus in which the VSV G-stem construct was expressed; lane 3) and examined by Western blot analysis using an
anti-c-Myc MAb. The arrowhead indicates the position of the c-Myc-tagged VSV G-stem protein. (B) Quantitative analysis of progeny BV
production from Sf9 cells infected with vAcgp64�/Acgp64, vAcgp64�, or vAc/G-stem. Sf9 cells were infected with each virus, and progeny virions were
labeled with [35S]methionine as described in Materials and Methods. Progeny virions were purified from infected cell supernatants by centrifu-
gation through a sucrose cushion, followed by separation of virions in equilibrium sucrose density gradients. Virions derived from equivalent
amounts of infected cell culture supernatants were electrophoresed in SDS-PAGE gels and examined by phosphorimager analysis of labeled proteins.
The positions of GP64 and VP39 are indicated on the left. (C) Comparisons of integrated optical densities of the VP39 proteins from various
preparations, as shown in panel B. Quantification data represent averages and standard deviations derived from three independently labeled BV
preparations. Columns 1 to 3 represent VP39 levels from purified virion preparations for vAcgp64�/Acgp64, vAcgp64�, and vAc/G-stem, respectively.
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Targeting and budding domains of GP64. Although cur-
rently unknown, it is possible that domains necessary for effi-
cient budding may be distinct and separate from those associ-
ated with targeting the protein to the virion. To examine this
question with regard to GP64, we generated a series of gp64null
baculoviruses that expressed GP64 proteins containing N- or C-
terminal truncations of the ectodomain and examined the ability
of each construct to either mediate budding or target to virions
that were generated by G-stem-enhanced budding.

Analysis of N-terminal ectodomain truncations of GP64.
The strategy for the generation of N-terminal ectodomain
truncation constructs and their insertion into the baculovirus
genome is illustrated in Fig. 3A. Each GP64 construct contains
the gp64 promoter region, the signal peptide, the cleavage site,
a c-Myc epitope, various portions of the C terminus of the
GP64 ectodomain, and the GP64 TM domain and CTD. Vi-
ruses expressing these N-terminally truncated GP64 constructs
were propagated and titrated in Sf9Op1D cells (which express
wt OpMNPV GP64) and then used to infect Sf9 cells at an
MOI of 10. Although a number of constructs could not be
expressed stably (not shown), the constructs with deletions of
104, 250, and 356 amino acids were all expressed stably and
detected in infected cell lysates (Fig. 3B, left panel). Superna-
tants were harvested from infected cells at 72 hpi and exam-
ined for BV and the presence of the truncated GP64 con-
structs. Only the full-length GP64 construct was detected (Fig.
3C, left panel, lane 4). None of the N-terminally truncated
GP64 constructs were detected in purified BV from the super-
natants (Fig. 3C). These data suggested that either BV were
not generated or the N-terminally truncated GP64 constructs
were not targeted to BV. To separate these two possibilities,
Sf9 cells were infected with each virus expressing an N-termi-
nally truncated GP64 construct and coinfected with a virus
expressing the VSV G-stem construct, a construct that rescues
virion budding. In each case, virion production was rescued by
the presence of the G-stem construct (Fig. 3C, right panel,

arrowhead). However, only the full-length GP64 construct
(and none of the N-terminally truncated GP64 proteins) was
clearly detected in progeny virions (Fig. 3C, right panel, lane 4,
open circle). These results were also confirmed by examining
purified labeled progeny virions (Fig. 3C, bottom panels) as
described previously. Thus, even the shortest N-terminal trun-
cation examined (a construct that deleted amino acids 22 to
124) was not targeted to BV of AcMNPV.

Analysis of C-terminal ectodomain truncations of GP64. To
generate C-terminally truncated GP64 ectodomain constructs,
various amounts of sequence upstream from amino acid 461
were removed from the GP64 ectodomain in a c-Myc-tagged
GP64 construct (Fig. 3D). Each construct contained the GP64
signal peptide, the signal cleavage site, and a c-Myc epitope tag
at the N terminus of the ectodomain and was anchored in the
membrane by the 52-amino-acid GP64 C-terminal “stem” do-
main (GP64-stem; amino acids 461 to 512). GP64-stem in-
cluded 22 residues from the predicted GP64 ectodomain, 23
residues from the predicted GP64 TM domain, and the 7-res-
idue CTD. While some of the deletion constructs were not
stably expressed (not shown), constructs containing either 38
(residues 21 to 58), 66 (residues 21 to 86), 138 (residues 21 to
158), or 274 (residues 21 to 294) amino acids from the N
terminus of the GP64 ectodomain were expressed, and West-
ern blots of infected cell extracts are shown in Fig. 3E (left
panel). The gp64null viruses expressing these constructs were
amplified and titrated in Sf9Op1D cells, and each virus was used
to infect Sf9 cells either alone or by coinfection with the virus
expressing the VSV G-stem protein as described earlier. Thus,
each GP64 construct was expressed either alone or in the
presence of VSV G-stem. Analysis of purified BV (Fig. 3F, left
panel) showed that each construct was detected in AcMNPV
virions, although some were detected at relatively low levels.
Coinfections with the G-stem-expressing virus generally re-
sulted in higher levels of detection of the GP64 constructs (Fig.
3F, left versus right panels). These data were also confirmed by

FIG. 3. Analysis of expression, display, and budding by GP64 constructs containing truncations of the ectodomain. GP64 ectodomain trunca-
tions from either the N or C terminus and their insertion into gp64null AcMNPV are shown in panels A and D, and Western blot analyses of
infected Sf9 cells or purified BV are shown in the panels on the right. (A) Truncations from the N terminus of the GP64 ectodomain are illustrated.
Each construct contains the 20-amino-acid GP64 signal peptide followed by a c-Myc epitope tag. Various portions of the GP64 ectodomain
downstream of amino acid 21 were deleted. (B) Western blot analysis of cell extracts from cells infected with viruses expressing fusion proteins
containing a truncated GP64 protein (left) or coinfected with viruses expressing N-terminally truncated proteins and a virus expressing the G-stem
protein (right). Small closed circles show the positions of the truncated proteins, and open circles show the position of the control construct, which
contained the full-length GP64 protein ectodomain (right panel). (C) Western blot analysis of purified BV from cells infected with viruses
expressing N-terminally truncated proteins (left) or coinfected with viruses expressing N-terminally truncated proteins and a virus expressing the
VSV G-stem construct (right). The bottom panels show relative levels of VP39 detected from purified progeny virions labeled with [35S]methionine
as described in Materials and Methods and detected by phosphorimager analysis of labeled proteins. (D) Strategy for construction of GP64
proteins with C-terminal ectodomain deletions. Each construct contained the GP64-stem domain and various portions of the GP64 ectodomain,
as illustrated. The GP64-stem domain consists of amino acids 461 to 512 from the C terminus of the AcMNPV GP64 protein, consisting of 22
residues from the predicted GP64 ectodomain, 23 residues from the predicted GP64 TM domain, and the 7-residue CTD. Various portions of the
GP64 ectodomain were fused to the GP64-stem such that in the mature protein, the stem construct was fused with a c-Myc epitope tag and 38
(residues 21 to 58), 66 (residues 21 to 86), 138 (residues 21 to 158), or 274 (residues 21 to 294) amino acids from the N terminus of the GP64
ectodomain. (E) Western blot analysis of cell extracts from cells infected with viruses expressing fusion proteins containing the GP64-stem and
C-terminal deletions of the ectodomain (left). The right panel shows results from a similar experiment in which cells were coinfected with viruses
expressing the same C-terminal GP64 ectodomain constructs and a virus expressing the VSV G-stem construct. (F) Western blot analysis of
purified BV from cells infected with viruses expressing fusion proteins containing the GP64-stem and C-terminal deletions of the ectodomain (left)
or coinfected with viruses expressing the same C-terminal GP64 ectodomain constructs and a virus expressing the VSV G-stem construct (right).
The bottom panels show relative levels of VP39 detected from purified progeny virions labeled with [35S]methionine as described in Materials and
Methods and detected by phosphorimager analysis of labeled proteins. Note that because of the low production of virions detected by Western
blot analyses (see above), the construct containing 138 (residues 21 to 158) amino acids from the N terminus of the GP64 ectodomain was not
included in the virion labeling experiment (panel F, lane 4, 158-TM-CTD).
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examining purified labeled progeny virions (Fig. 3F, bottom
panels) as described previously. Thus, each C-terminal GP64
ectodomain deletion stimulated virion budding, although none
were found in virions at the same levels as the c-Myc-tagged wt
GP64 construct (Fig. 3F, lanes 6). The observation that the
smallest construct (vAc/58-TM-CTD) was found in purified viri-
ons indicates that the minimal sequence necessary for budding
and targeting was mapped to a construct containing a combina-
tion of 38 amino acids from the N terminus of the mature GP64
protein and 52 amino acids from the C terminus (the so-called
stem domain). In all cases, virion production appeared to be
enhanced by the presence of the G-stem construct.

Construction and analysis of G-stem fusion proteins. The
results from the G-stem and GP64 studies described above
suggested that it may be possible to display foreign proteins on
the surfaces of gp64null AcMNPV BV by using a G-stem
construct to mediate efficient budding and GP64 domains to
target protein fusions to the BV. It is also possible that a
heterologous protein fused with a combination of both GP64
and G-stem domains may be sufficient for both budding and
targeting. To examine this possibility, we generated a series of
constructs in which the N terminus of the GP64 protein was
fused to the C-terminal 91-amino-acid G-stem construct (Fig.
4A). In addition, an epitope-tagged EGFP gene was also fused
directly to the G-stem construct by inserting EGFP between
the c-Myc epitope and the G-stem construct. Each construct
was inserted into a gp64null baculovirus (Fig. 4A) as described
previously and was examined for expression and targeting of
the construct to BV (Fig. 4B).

For these studies, we generated constructs that displayed
portions of the N terminus of GP64 (amino acids 21 to 130, 21
to 152, 21 to 160, 21 to 166, and 21 to 175), with each fused to
the 91-amino-acid G-stem construct. Viruses expressing these
constructs were propagated in Sf9Op1D cells, and expression of
the G-stem fusions was detected by Western blot analysis of
cell extracts or purified BV, using an anti-c-Myc antibody.
Expression of all fusion constructs was detected in infected cell
lysates (Fig. 4B, top panel, lanes 2 to 7). In BV preparations, all
G-stem fusions were present, except for the construct contain-
ing amino acids 21 to 175 from GP64 (Fig. 4B, lower panel,
lane 6). The G-stem construct alone (unfused) was found at
much higher levels in BV preparations than were the fusion
constructs (Fig. 4B, lower panel, compare lane 1 with lanes 2 to
7). Using the single c-Myc epitope present on each construct,
these data show clear relative differences in detection of the
different G-stem fusion constructs and confirm that most (all

FIG. 4. Display of GP64 peptides or EGFP on gp64null virions,
using G-stem fusion proteins. (A) Strategy for insertion of VSV G-
stem fusion protein gene constructs into the polyhedrin locus of the
gp64null AcMNPV bacmid. Constructs encoding peptides derived
from the GP64 protein ectodomain (labeled 130, 152, 160, 166, and

175) or EGFP were fused to the G-stem fusion protein and expressed
under the control of the gp64 promoter. Each construct contains the
GP64 signal peptide and cleavage site followed by the c-Myc epitope
tag and either a portion of the GP64 ectodomain or the EGFP ORF.
The cassettes were inserted into the bacmid as described in the legend
to Fig. 1. (B) Western blot analysis of infected cell lysates and BV
preparations. Cell extracts or purified BV preparations derived from
Sf9 cells infected with the gp64null viruses expressing G-stem fusion
constructs were examined for protein expression by using an anti-c-
Myc antibody. (C) Immunofluorescence of Sf9 cells infected with the
EGFP–G-stem virus. Micrographs show fluorescence from infected
cells at 24 and 48 hpi.
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but one) of these fusion constructs were displayed on gp64null
virions. Examination of cells infected with the virus expressing
the EGFP–G-stem fusion by immunofluorescence microscopy
(Fig. 4C) also further demonstrated expression of that con-
struct in the infected cells. However, Western blot analysis of
purified BV resulted in very low-level detection of the EGFP
fusion, and fluorescence was not detected in purified virion
preparations. Because most of the G-stem fusion protein con-
structs were found in the purified virion preparations, these
studies indicate that for many proteins, G-stem fusions can be
used to display foreign proteins on gp64null AcMNPV BV.
Fusion of either portions of GP64 or EGFP with the G-stem
construct permitted both the production of virions and display

of the fusion construct on those virions in the absence of wt
GP64.

Construction and analysis of HA-GP64 fusion proteins. Ex-
amination of G-stem and GP64 domains necessary for budding
and virion targeting suggested that these two concepts may be
used effectively together. We next examined whether portions
of the GP64 protein alone may be used to target foreign pro-
teins to gp64null virions. To determine if the mapped targeting
and budding domains of GP64 were sufficient for rescue of
budding and targeting of a heterologous protein to the virion,
we fused the ectodomain of influenza virus HA (A/WSN/33)
between the C-terminal GP64-stem region and various por-
tions of the N-terminal ectodomain (Fig. 5A). N-terminal fu-

FIG. 5. Targeting of HA fusions to AcMNPV BV and enhanced budding by G-stem. (A) Strategy for generating HA-GP64 fusions and
insertion of chimeric HA constructs into the polyhedrin locus of a gp64null AcMNPV bacmid. Chimeric HA-GP64 protein constructs were
generated by fusing the HA ectodomain (residues 18 to 528) with the GP64 signal peptide, various portions from the N terminus of the GP64
ectodomain, and the GP64-stem region or the native HA TM domain and CTD. Constructs were expressed under the control of the gp64 promoter.
Chimeric HA-GP64 proteins each contained an N-terminal c-Myc epitope tag, either 38 or 66 residues of the GP64 ectodomain (at the N
terminus), and a 91-amino-acid GP64-stem sequence at the C terminus (constructs 58-HA-TM-CTD and 86-HA-TM-CTD). Construct 58-HA-FL
contained a c-Myc epitope tag, 38 amino acids from the N terminus of the GP64 ectodomain, and the HA ectodomain, TM domain, and CTD
(residues 18 to 565). (B) Western blot analysis of BV preparations. Purified BV preparations derived from cells infected with viruses expressing
HA fusion proteins (lanes 7, 8, and 9) or coinfected with viruses expressing HA fusion proteins and a virus expressing the VSV G-stem construct
(lanes 3, 4, and 5) were examined for the presence of envelope protein constructs by use of an anti-c-Myc antibody (purified BV, top panel) or
an anti-HA antibody (purified BV, bottom panel). VP39 from purified [35S]methionine-labeled progeny BV (purified BV, middle panel) was
detected by phosphorimager analysis and used to more directly compare levels of progeny BV production. A control infection with only the virus
expressing the c-Myc-tagged G-stem construct is shown in lane 2. Cell extracts from the above preparations were also examined for protein
expression by using anti-c-Myc antibody (bottom).
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sions contained the GP64 signal peptide, a c-Myc epitope, and
38 or 66 amino acids from the N terminus of the GP64 ectodo-
main. The C terminus of each construct was comprised of
either the 52-amino-acid GP64-stem (58-HA-TM-CTD and
86-HA-TM-CTD) (Fig. 5A) or the wt HA TM domain and
CTD (Fig. 5A, 58-HA-FL). Each construct was inserted into a
gp64null AcMNPV genome, and the resulting viruses were
propagated in Sf9Op1D cells. Sf9 cells were then infected with
each virus, either alone or in combination with a virus express-
ing the G-stem construct. In Western blots of purified BV
preparations challenged with an anti-c-Myc antibody, the HA
ectodomain fusions were detected abundantly (Fig. 5B, upper
panel, HA). The identity of HA fusions was also confirmed by
Western blot analysis with an anti-HA polyclonal antiserum
(Fig. 5B, anti-HA). Coinfection of each of the HA fusion
constructs with a virus expressing the G-stem construct re-
sulted in higher levels of detection of the HA fusions, and in
these constructs the G-stem was detected at lower levels. When
they were expressed in the presence of the G-stem construct,
two of the ectodomain fusions (58-HA-TM-CTD and 86-HA-
TM-CTD) were detected at levels that appeared to be similar
to the abundant expression of the G-stem construct alone.
Although the HA construct that contained its own TM domain
and CTD was expressed and detected on the purified BV, the
levels were clearly lower than that of either construct contain-
ing the GP64 stem region (Fig. 5B, lane 5 versus lanes 3 and 4
and lane 9 versus lanes 7 and 8). Relative differences in BV
production were observed more directly by examining the rel-
ative levels of the major capsid protein (VP39) in purified
labeled BV preparations (Fig. 5B, labeled VP39, lane 5 versus
lanes 3 and 4 and lane 9 versus lanes 7 and 8). Thus, the
combined use of G-stem-stimulated budding and the GP64
targeting domain resulted in more efficient display of this het-
erologous protein on the AcMNPV BV. It is of special note
that most prior studies of virion display have utilized protein
expression from the very strong polyhedrin or p10 promoter (4,
6, 13, 18, 23, 26, 35, 44), whereas the constructs generated in
the current study were generated with the native gp64 early/
late promoter. Current studies are addressing the question of
whether higher expression levels will lead to more abundance
of the displayed protein on the cell surface after optimization
of budding and targeting as described here.

DISCUSSION

In the current study, we examined envelope protein target-
ing to baculovirus virions and virion budding efficiency in
AcMNPV-infected Sf9 cells. Our goals were to identify func-
tional domains of the essential GP64 protein associated with
targeting and budding and to develop tools for displaying het-
erologous proteins on the surfaces of gp64null virions. To ex-
amine the requirements for budding and protein targeting, we
used the following two approaches: (i) truncated GP64 con-
structs were used to map GP64 regions necessary for targeting
to virions and budding, and (ii) a VSV G-stem construct was
used to independently rescue GP64 budding. In addition, we
used the influenza virus HA protein as a model protein for
analysis of display on gp64null AcMNPV virions.

We found that a 91-amino-acid C-terminal G-stem construct
was capable of substituting for the budding function of the

AcMNPV GP64 protein in the context of gp64null AcMNPV
and that this construct rescued budding to near wt levels or
higher. In addition, we found that targeting of GP64 to the
virion required a portion (38 amino acids) of the N terminus of
the GP64 ectodomain in combination with a small portion of
the C terminus of GP64 (the 52-amino-acid GP64-stem do-
main). Thus, a mature protein consisting of only 90 amino
acids from GP64 was targeted to the virion, and virion budding
was detected when this construct was substituted for full-length
GP64.

The observation that a VSV G-stem construct is capable of
rescuing the budding defect of gp64null AcMNPV has impor-
tant implications with regard to the mechanism of virion bud-
ding in these two virus groups and suggests that baculoviruses
and rhabdoviruses may use similar mechanisms for virion
budding. One possible mechanistic explanation is that an
AcMNPV-encoded or -initiated budding complex is preas-
sembled and subsequently triggered by the G-stem protein. Al-
ternatively, the G-stem protein may somehow facilitate a budding
process that is distinct from that normally utilized in AcMNPV
budding, and that process is then utilized by AcMNPV.

In the absence of GP64, virion budding is severely reduced,
which suggests that GP64 must first be targeted to the appro-
priate regions of the plasma membrane and then participate in
the budding process. The requirement for GP64 in these two
processes (targeting and budding) may not be mutually exclu-
sive, since specific targeting to the site of budding may be
required prior to the actual budding process. To address this
problem and to separate these two issues experimentally, we
used a VSV G-stem construct to rescue the budding defect
caused by the gp64null virus and then mapped regions of the
GP64 ectodomain necessary for GP64 targeting to the BV. Our
data indicated that the N-terminal region of the GP64 ectodo-
main is necessary for GP64 targeting to the BV envelope. The
C-terminal GP64 stem region also appears to serve a more
specific role than simply anchoring the protein in the mem-
brane. When results for various chimeric influenza virus HA
fusion proteins were compared, we found that HA fusions that
contained identical N-terminal regions (derived from GP64)
but differed in the C-terminal stem regions (Fig. 5, 58-HA-TM-
CTD versus 58-HA-FL) showed substantial differences in their
localization to virions. Chimeras containing the GP64-stem
were detected at higher levels than those containing the native
HA stem region, suggesting a specific role for the GP64-stem
in targeting or budding.

In future studies, it will be important to examine different
combinations of the strategies outlined above and to determine
precise quantitative differences in virion budding from
gp64null viruses in the presence of G-stem alone or various
G-stem or GP64-stem chimeras. In the current studies, we
identified a solution to a substantial and important problem
associated with the use of baculovirus gp64null viruses in re-
search and biotechnology. Using VSV G-stem constructs to res-
cue budding in combination with chimeric constructs containing
GP64 targeting domains, foreign proteins may be displayed ef-
fectively on gp64null virions.
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