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Budded virions (BV) of the baculovirus Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV)
contain a major envelope glycoprotein known as GP64, which was previously shown to be palmitoylated. In the
present study, we used truncation and amino acid substitution mutations to map the palmitoylation site to
cysteine residue 503. Palmitoylation of GP64 was not detected when Cys503 was replaced with alanine or serine.
Palmitoylation-minus forms of GP64 were used to replace wild-type GP64 in AcMNPV, and these viruses were
used to examine potential functions of GP64 palmitoylation in the context of the infection cycle. Analysis by
immunoprecipitation and cell surface studies revealed that palmitoylation of GP64 did not affect GP64
synthesis or its transport to the cell surface in Sf9 cells. GP64 proteins lacking palmitoylation also mediated
low-pH-triggered membrane fusion in a manner indistinguishable from that of wild-type GP64. Cells infected
with viruses expressing palmitoylation-minus forms of GP64 produced infectious virions at levels similar to
those from cells infected with wild-type AcMNPV. In combination, these data suggest that virus entry and exit
in Sf9 cells were not significantly affected by GP64 palmitoylation. To determine whether GP64 palmitoylation
affected the association of GP64 with membrane microdomains, the potential association of GP64 with lipid
raft microdomains was examined. These experiments showed that: (i) AcMNPV-infected Sf9 cell membranes
contain lipid raft microdomains, (ii) GP64 association with lipid rafts was not detected in infected Sf9 cells,
and (iii) GP64 palmitoylation did not affect the apparent exclusion of GP64 from lipid raft microdomains.

The Baculoviridae are a family of large, enveloped, double-
stranded DNA viruses with rod-shaped nucleocapsids. Histor-
ically, these viruses have been used as agents for biological
control of certain insect pest species and as important pro-
tein expression vectors. More recently, certain properties
of baculoviruses have stimulated an interest in their use as
potential agents for gene therapy. The best-studied baculo-
viruses (Autographa californica multicapsid nucleopolyhedrovi-
rus [AcMNPV], Orgyia pseudotsugata MNPV [OpMNPV], and
Bombyx mori NPV [BmNPV]) are closely related and are clas-
sified within the so-called “group I NPVs” of this virus family.
In the baculovirus life cycle, two types of infectious virus par-
ticles (virion phenotypes) are generated. During the very late
phase of infection, nucleocapsids are enveloped within the
nucleus, and these virions are subsequently embedded within
a viral occlusion body protein. These occluded virions are
referred to as “occlusion-derived virions” (ODV). Occlusion
bodies are highly stable in the environment, but when con-
sumed by a susceptible insect host, they disassemble in the
midgut and ODV are released. ODV are highly infectious to
midgut epithelial cells but are not highly infectious to other
tissues. The second virion phenotype is formed during the late
phase when progeny nucleocapsids are transported to the
plasma membrane, where they bud from the cell surface to
generate budded virions (BV). BV of AcMNPV appear to be
highly promiscuous and may enter many cell types in the in-

fected animal. BV thus serve to disseminate infection from cell
to cell within the infected animal. Laboratory studies have
shown that AcMNPV BV can enter many types of cultured
cells, including many mammalian cells (18, 39). Thus, in recent
years, there has been considerable interest in cellular entry by
BV and the role of the major envelope protein.

Budded virions of group I NPVs such as AcMNPV contain
a highly abundant envelope protein known as GP64, which is
required for virion entry and exit. GP64 is initially involved in
virion attachment at the cell surface (9). After uptake of BV by
receptor-mediated endocytosis, GP64 mediates a pH-triggered
membrane fusion event that releases the nucleocapsid into the
cytoplasm (4, 7, 17, 19, 23, 26, 43). The GP64 protein is also
necessary for egress of the virus from infected cells. Deletion
of the gp64 gene from the AcMNPV genome demonstrated
that the GP64 protein is essential (27). GP64-null viruses ex-
hibited an approximately 98% reduction in virion budding
(30), indicating that in addition to its essential role in virus
entry, GP64 is necessary for efficient budding and production
of infectious virions. GP64 is a type I integral membrane pro-
tein that is present on the infected cell surface and in the virion
as a trimer (31). Homotrimers of GP64 are associated by both
intra- and intermolecular disulfide bonds, and these trimers
appear to comprise the spike structures observed at the ends of
BV and at the sites of BV budding (43). Studies of the synthe-
sis of the OpMNPV GP64 protein show that GP64 is trimer-
ized rapidly (within approximately 15 min after synthesis), and
monomeric GP64 appears to be degraded within the cell (31).
GP64 is also extensively modified posttranslationally. In OpM-
NPV-infected cells, GP64 is rapidly glycosylated, but subse-
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quent processing of carbohydrates occurs over an extended
period with halftimes of 45 to 75 min (31). However carbohy-
drate processing does not appear to be required for GP64
transport or function (15). The AcMNPV GP64 protein is
glycosylated at four of the five predicted N-linked glycosylation
sites (16), and no single N-linked glycosylation site is necessary
for GP64 synthesis, transport, or association with BV. However,
glycosylation at certain sites contributes to virion attachment
to host cells (16). GP64 is also posttranslationally modified by
phosphorylation (24, 41) and acylation (34). While little is
known regarding GP64 phosphorylation, palmitate was identi-
fied as a covalently linked acyl moiety, and several sites near
the transmembrane domain were suggested as possible sites
for GP64 palmitoylation (34). In many cases, acylation of viral
proteins affects protein function or association with specific
membrane domains. In the present study, we used C-terminal
truncations and amino acid substitutions of GP64 to identify
the GP64 palmitoylation site. Genes encoding palmitoylation-
minus forms of GP64 were inserted into a gp64-null AcMNPV
virus genome to generate recombinant viruses. Using these
viruses, we compared the activities of wild-type and palmitoy-
lation-minus forms of GP64 proteins in the context of a viral
infection. We found that GP64 palmitoylation is not necessary
for GP64 synthesis or transport, BV production or infectivity,
or membrane fusion activity. We also examined Sf9 cells for
the presence of membrane microdomains known as lipid rafts
and examined the localization of GP64 in cell membranes.
Lipid rafts are regions of cell plasma membranes that are rich
in sphingolipid and cholesterol and are believed to exist in a
state similar to a liquid-ordered (lo) phase described in artifi-
cial membranes (6). The high concentrations of cholesterol
and long-chain saturated fatty acids in lipid raft regions are
believed to result in increased bilayer thickness and lower
fluidity of proteins and phospholipids. Many, although not all,
palmitoylated proteins are found in lipid rafts. A number of
important viral envelope proteins are palmitoylated and are
associated with lipid raft domains, including the influenza virus
hemagglutinin (HA) protein and the human immunodeficiency
virus type 1 (HIV-1) gp120/41 envelope protein. In those cases,
lipid rafts appear to be important for viral budding (29, 37,
38). In this study, we identified lipid raft microdomains in
AcMNPV-infected Sf9 cells. However, GP64 was not detected
in lipid rafts, and GP64 palmitoylation did not affect the ap-
parent exclusion of GP64 from lipid rafts.

MATERIALS AND METHODS

Cells, transfections, and infections. Spodoptera frugiperda Sf9 cells were main-
tained in complete TNMFH medium (TNMFH medium plus 10% fetal bovine
serum) at 27°C (11). For transient transfections, Sf9 cells (9 � 105) were plated
in each well of 35-mm-diameter six-well plates, and 10 �g of plasmid or bacmid
was used to transfect cells for 4 to 5 h as described previously (2–4). For viral
infection, virus was incubated on cells for 1 h, and afterwards cells were washed
three times in TNMFH. Times postinfection (p.i.) were calculated from the end
of the 1-h viral absorption period.

Drosophila melanogaster S2 cells were maintained in complete Schneider’s
medium (Invitrogen) plus 10% fetal bovine serum (FBS) at 27°C. For transient
transfections, S2 cells (3 � 106) were plated, allowed to grow for 6 to 16 h, and
then transfected with plasmid pRmHa3-FasI as described previously for Sf9 cells
(2–4). At 24 h posttransfection, copper sulfate was added to a final concentration
of 500 �M to induce protein expression, and cells were harvested 24 h after
induction.

Site-specific mutagenesis and construction of bacmids. Modified gp64 genes
were generated from plasmid p166B�1AcSpe/Bgl (26) by site-directed mutagen-
esis with the QuikChange site-directed mutagenesis kit (Stratagene). The fol-
lowing oligonucleotides were used to generate substitutions at cysteine residue
503: C503A� (5�-GTGATTTTATTTTTGTACgcTATGATTcGAAACCGTAA
TAGAC-3�), C503A� (5�-GTCTATTACGGTTTCgAATCATAgcGTACAAA
AATAAAATCAC-3�), C503S� (5�-GTGATTTTATTTTTGTACTcTATGATT
cGAAACCGTAATAGAC-3�), and C503S� (5�-GTCTATTACGGTTTCgAATC
ATAgAGTACAAAAATAAAATCAC-3�). Modified codons are underlined, and
nucleotide changes are indicated in lowercase. A TfiI site (double underlined) was
also introduced by adding a single nonsense nucleotide change. The C-terminal
region of the mutated gp64 open reading frame (ORF) was excised as a 540-bp
restriction fragment by digestion with AatII and SpeI. The C-terminal region of the
wild-type gp64 ORF in the Fastbac vector pdFB/gus(R)Acgp64 (21) was subse-
quently removed by AatII and AvrII and then replaced with each of the modified
C-terminal regions to generate mutant gp64 ORFs containing either an alanine
substitution at cysteine 503 (pFB-gp64C503A) or a serine substitution at cysteine 503
(pFB-gp64C503S). The mutant gp64 genes were confirmed by restriction enzyme
digestion and DNA sequencing.

To introduce the modified gp64 genes into the AcMNPV genome, each mod-
ified gp64 gene was introduced into a gp64-null bacmid. The gp64-null bacmid
was originally generated by deleting the gp64 gene from the AcMNPV genome in
bacmid bMON14272 (20) by homologous recombination in Escherichia coli (21).
The modified gp64 genes were inserted into the polyhedrin locus of the gp64-null
bacmid (AcMNPV gp64-null bacmid) by Tn7-mediated transposition as de-
scribed previously (20). Viral DNAs from mutant viruses were purified, and the
modified regions were sequenced to confirm the modified codon.

To construct a recombinant baculovirus expressing the D. melanogaster Fas-
ciclin I (FasI) protein, the D. melanogaster FasI gene (47) was excised from
plasmid pRmHa3-FasI (14) as an EcoRI fragment and used to replace the gp64
gene in vector pdFB/gus(R)Acgp64 (21). The construct was confirmed by restric-
tion enzyme digestion and DNA sequencing across the cloning sites. The result-
ing construct contained the Drosophila FasI coding region under the transcrip-
tional control of the AcMNPV gp64 promoter. The FasI gene was inserted into
the polyhedrin locus of bacmid bMON14272 by Tn7-mediated transposition as
described earlier.

Metabolic labeling and immunoprecipitation. For [35S]methionine labeling of
viral proteins, Sf9 cells (2 � 106) were infected at a multiplicity of infection
(MOI) of 30, and at 34 h p.i., cells were starved by incubation in Grace’s medium
without methionine (Grace’s � met) for 1.5 h. Cells were then incubated in 800
�l of the same medium containing 100 �Ci of [35S]methionine (EasyTag EXPRE
35S protein labeling mix; 1,175 Ci/mmol; Perkin-Elmer) per well for 8 h. For
[3H]palmitate labeling of viral proteins, cells were similarly infected and then
starved for 1.5 h by incubation in Grace’s medium without FBS. Viral proteins
were then labeled by incubation of infected cells in 800 �l of Grace’s medium
containing 0.5% FBS and 500 �Ci of [3H]palmitate per well. For immunopre-
cipitations, labeled Sf9 cells were lysed in 700 �l of radioimmunoprecipitation
assay (RIPA) buffer (150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1%
sodium dodecyl sulfate [SDS], 50 mM Tris [pH 8]) containing leupeptin (10
�g/ml) by agitation for 1 h at 4°C. Insoluble material was cleared by centrifuga-
tion (16,000 � g, 10 min), 50 �l of an anti-GP64 monoclonal antibody (MAb; a
supernatant from hybridoma line AcV1) was added to the cleared supernatant,
and the supernatant was then incubated for 1 h at 4°C, followed by addition of
50 �l of ImmunoPure Plus (G) immobilized protein G (Pierce) and incubation
for 1 h at 4°C. Immunocomplexes were pelleted (16,000 � g, 10 min), washed
twice with RIPA buffer, and then resuspended in 40 �l of 1� disruption buffer
(125 mM Tris-HCl, 1% SDS, 2.5% mercaptoethanol, 10% glycerol, 0.2% bro-
mophenol blue) and incubated at 100°C for 10 min. Proteins were separated by
SDS-polyacrylamide gel electrophoresis (PAGE) in 1.5-mm 12% polyacrylamide
gels and then fixed in a 25% isopropanol–10% acetic acid solution for 30 min.
Gels containing [3H]palmitate-labeled proteins were impregnated with Amplify
(Amersham) for 30 min according to the manufacturer’s instructions and then
dried. After drying, gels containing [3H]palmitate-labeled proteins were used to
expose Kodak BIOMAX film at �70°C for 60 to 180 days. Proteins labeled with
[35S]methionine were detected on storage phosphor screens (Molecular Dynam-
ics).

Western blot analysis, CELISA, and syncytium formation assays. To detect
GP64 or FasI by Western blot analysis, infected or transfected Sf9 cells (2 � 106)
and D. melanogaster S2 cells (3 � 106) were washed with phosphate-buffered
saline (PBS) before lysis in 1� disruption buffer and prepared as described
previously (4, 22). Blots were incubated with either an anti-GP64 MAb (AcV5;
1:1,000 dilution) or an anti-FasI MAb (h5F7; 1:1,000 dilution) (13), and proteins
were detected with an alkaline phosphatase-conjugated goat anti-mouse second-
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ary antibody. For analysis of cell surface localization of GP64 proteins by cell
surface enzyme-linked immunosorbent assays (CELISA), transfected or infected
cells were fixed in glutaraldehyde, and cell surface-localized GP64 was detected
with MAb AcV5 as described previously (26). Briefly, infected cells were rinsed
twice in PBS (pH 7.4) and fixed in 0.5% glutaraldehyde for 10 min at room
temperature so that cells were not permeabilized. Fixed cells were washed once
with PBS and blocked by incubation for 2 h in PBS containing 1% gelatin at 27°C.
Cells were then incubated in MAb AcV5 (hybridoma culture supernatant diluted
1:25 in PBS containing 0.5% gelatin) for 45 min at 27°C. Cells were washed three
times in PBS and then incubated in a secondary goat anti-mouse antibody
conjugated to �-galactosidase (GAM-�gal; diluted 1:750 in PBS containing 0.5%
gelatin) for 45 min at 27°C. Cells were washed four times in PBS and then
incubated in 1 mM o-nitrophenyl-�-D-galactopyranoside (ONPG) in ONPG sub-
strate buffer (10 mM Tris base, 10 mM NaCl, 10 mM MgCl2, 10 mM �-mercap-
toethanol) at 37°C. Aliquots were removed, and absorbance at an optical density
405 nm (OD405) was determined at multiple time points. For comparisons of
relative GP64 cell surface expression levels, averaged readings from triplicate
wells containing cells expressing wild-type GP64 were assigned a value of 1.0.

For syncytium formation assays of membrane fusion activity, Sf9 cells were
infected with each virus at an MOI of 10. At 36 h postinfection, TNMFH medium
was removed, and cells were washed once with PBS at pH 7.4. The PBS at pH 7.4
was then replaced with PBS at various pHs from 5.0 to 6.0. After a 20-min
incubation, cells were washed again with PBS at pH 7.4 and then returned to
TNMFH. After a 4-h incubation at 27°C, cells were fixed with 2% paraformal-
dehyde in PBS for 10 min and scored for the presence of syncytia. The criterion
for identification of syncytia was the presence of at least five nuclei.

Virus growth curves. Sf9 cells were infected in triplicate with AcMNPV,
vAcGP64wt, vAcGP64C503A, or vAcGP64C503S virus at an MOI of 5. After an initial
1-h infection period, cells were washed three times with TNMFH and then
incubated in TNMFH at 27°C. Supernatants were collected from infected cells at
the indicated time points. Data from each time point represent accumulated
infectivity from infection through the indicated time. The titers of all superna-
tants were determined by 50% tissue culture infective dose (TCID50) assay on
Sf9 cells.

Detergent extraction and membrane flotation assays. For analysis of GP64
association with membrane microdomains, Sf9 (2 � 106) or S2 (3 � 106) cells
were infected or transfected in 35-mm-diameter plates. At 72 h p.i. or posttrans-
fection, cells were washed three times with PBS and then incubated in 1 ml of
extraction buffer (0.5% Triton X-100, 10 mM PIPES, 0.1 M KCl, 3 mM MgCl2,
10 mM EDTA, 0.3 M sucrose [pH 7.5]) for 3 min at either 4, 27, or 37°C. The
soluble and insoluble fractions were then separated by centrifugation at 10,000 �
g for 10 min. Insoluble fractions (pellets) were dissolved in 40 �l of 1� disruption
buffer at 100°C for 10 min and used for Western blot analysis. Proteins in the
soluble fraction (supernatant) were precipitated by adding 0.5 ml of ice-cold 20%
trichloroacetic acid (TCA) and incubation on ice for 30 min, followed by cen-
trifugation (2,000 � g) for 20 min. To the precipitated material, 1 ml of ice-cold
acetone was added. After brief mixing and then centrifugation (2,000 � g, 10
min), the resulting pellet was dissolved in 40 �l of 1� disruption buffer, incu-
bated at 100°C for 10 min, and then used for Western blot analysis.

For membrane flotation assays, 5.3 � 106 Sf9 or S2 cells were transfected or
infected (MOI of 10) in a T25 flask. At 72 h p.i. or posttransfection, cells were
washed once in PBS and resuspended in 0.25 ml of PBS and 0.25 ml of ice-cold
2� lysis buffer (20 mM Tris [pH 8.0], 100 mM NaCl, 2 mM sodium orthovandate,
60 mM sodium pyrophosphate � 10H2O, 20 mM sodium glycerophosphate, 0.04
U of aprotinin per ml, 0.02% sodium azide) containing 0.1% Triton X-100 and
2 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF). After a brief mixing,
cells were lysed on ice for 10 min. An equal volume (0.5 ml) of 80% sucrose
(wt/vol) was added to the lysate and mixed well, and then this mixture was
overlaid with 2 ml of 30% sucrose and 1 ml of 5% sucrose. The step gradient was
then centrifuged (250,000 � g) for 16 h. Fractions of 0.5 ml were collected from
the top of the gradient, and proteins from each fraction were precipitated with
TCA and acetone as described earlier. Proteins were denatured in 40 �l of 1�
disruption buffer and examined by SDS-PAGE and Western blot analysis.

RESULTS

Identification of the GP64 palmitoylation site. Many viral
envelope proteins are palmitoylated at cysteine residues within
or near their membrane-spanning domains (32). To map the
GP64 palmitoylation site, we first used a series of recombinant
viruses in which the wild-type gp64 gene was replaced with
genes encoding C-terminally truncated forms of GP64 (30). To

determine if the palmitoylation site was located near the C ter-
minus, wild-type or truncated GP64 proteins were metaboli-
cally labeled with [3H]palmitate and immunoprecipitated from
infected cell lysates with anti-GP64 MAb AcV1 (12) (Fig. 1A
and B). To determine whether the truncations of GP64 af-
fected synthesis or accumulation of the GP64 protein, infected
cells were also labeled in parallel with [35S]methionine and
similarly immunoprecipitated. All forms of GP64 were equiv-
alently labeled with [35S]methionine, indicating that the trun-
cations did not affect GP64 synthesis or accumulation (Fig. 1B,
lower panel). In [3H]palmitate labeling experiments, we found
that wild-type GP64 or constructs containing C-terminal dele-
tions of 4 and 7 amino acids were labeled with [3H]palmitate
(Fig. 1B, WT, �C-4, and �C-7), indicating that the palmitoyl-
ation site was not removed by deletion of seven C-terminal
amino acid residues. However, when 11 or 14 amino acids were
deleted from the C terminus (Fig. 1B, constructs �C-11 and
�C-14), incorporation of [3H]palmitate into the GP64 protein
was not detected. Thus, the AcMNPV GP64 palmitoylation
site was mapped between amino acids 501 and 506 of the
AcMNPV GP64 protein. The predicted transmembrane (TM)
and cytoplasmic tail domain (CTD) of AcMNPV GP64 con-
tains a single cysteine residue located at position 503 (Fig. 1A),
and this cysteine residue (Cys503) is highly conserved among
GP64 proteins. Therefore, we hypothesized that Cys503 was
the likely palmitoylation site.

To test this hypothesis, the Cys503 codon of the gp64 gene
was modified by site-directed mutagenesis to encode either
alanine or serine (Fig. 1C, C503A and C503S). Each modified
gp64 gene (C503A or C503S) was inserted into the polyhedrin
locus of a gp64-null AcMNPV genome (21), resulting in viruses
vAcGP64C503A and vAcGP64C503S, respectively. As an additional
control, a virus containing the wild-type gp64 gene reinserted
into the polyhedrin locus of a gp64-null AcMNPV genome was
also used, and this virus is referred to as a “repair” virus
(vAcGP64wt) (21). In each case, the gp64 coding region was
under the transcriptional control of the wild-type gp64 pro-
moter and was inserted into the polyhedrin locus by Tn7-
mediated transposition as described in Materials and Meth-
ods. To examine the GP64 proteins expressed from the mutant
and control viruses, Sf9 cells were infected with either wild-
type AcMNPV, the repair virus expressing wild-type GP64
(vAcGP64wt), or viruses expressing GP64 with substitutions at
Cys503 (vAcGP64C503A and vAcGP64C503S). As described above,
infected cells were pulse-labeled with either [35S]methionine
or [3H]palmitate, and GP64 was immunoprecipitated and ex-
amined by SDS-PAGE. Examination of proteins labeled with
[35S]methionine shows that wild-type and modified GP64 pro-
teins were expressed and accumulated at similar levels (Fig.
1D, lower panel, lanes 2 to 7). We also examined GP64 ex-
pression by Western blot analysis of lysates from infected cells
and observed similar results (data not shown). Thus, the ala-
nine and serine substitutions at Cys503 do not appear to in-
fluence GP64 expression or accumulation. In [3H]palmitate
labeling experiments, [3H]palmitate labeling was not detected
in GP64 proteins containing either the C503A or C503S sub-
stitution (Fig. 1D, upper panel, lanes 4 to 7), although wild-
type GP64 was labeled with [3H]palmitate (Fig. 1D, upper
panel, lanes 2 and 3). These data indicate that the palmitoyl-
ation site was eliminated in GP64 proteins containing substi-
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tutions at Cys503. Thus, the AcMNPV GP64 palmitoylation
site was mapped to Cys503.

GP64 palmitoylation and cell surface localization. To exam-
ine possible effects of GP64 palmitoylation on GP64 transit
through the secretory pathway and localization at the cell sur-
face, we used a semiquantitative CELISA (26) to compare the
relative levels of wild-type and palmitoylation-minus GP64
at the cell surface. Sf9 cells were infected with wild type
AcMNPV, a repair virus expressing wild-type GP64 (vAcGP64wt),
or two viruses expressing palmitoylation-minus GP64 proteins
(vAcGP64C503A and vAcGP64C503S). At 48 h p.i., cells were fixed
by using a protocol that does not permeabilize cells (see Ma-
terials and Methods), and GP64 on the cell surface was de-
tected with an anti-GP64 MAb (AcV5) by CELISA. No sig-
nificant differences in GP64 surface localization were detected
when the wild-type GP64 construct was compared with palmi-
toylation-minus GP64 constructs (Fig. 2). Thus, palmitoylation
does not appear to influence GP64 surface localization or
accumulation in cultured Sf9 cells.

GP64 palmitoylation and pH-triggered membrane fusion.
Previous studies established that GP64 is necessary and suffi-
cient for pH-triggered membrane fusion activity (4, 42). Cells
expressing the GP64 protein mediated membrane fusion and
syncytium formation in a pH-dependent manner. To deter-
mine whether palmitoylation influences the membrane fusion
function of GP64, we compared membrane fusion in cells
expressing either wild-type or palmitoylation-minus GP64 pro-
teins. For these studies, we compared Sf9 cells infected with
AcMNPV viruses expressing various forms of GP64 by using a
standard syncytium formation assay (30). Viruses used for
these studies included wild-type AcMNPV and a control GP64
repair virus (both expressing the wild-type GP64 protein) and
viruses expressing the two palmitoylation-minus GP64 mutants
(vAcGP64C503A and vAcGP64C503S). Results from syncytium for-
mation assays showed that the two mutant GP64 proteins
(C503S and C503A) mediated pH-triggered membrane fusion
activity in a manner similar to wild-type GP64 (Fig. 3). In all
cases, syncytia were formed after exposure to a pH of 5.5 or
lower. In these studies, syncytia were not observed when GP64-
expressing cells were exposed to a pH of 5.6 or higher. Thus,
GP64 palmitoylation did not alter the threshold pH required
for membrane fusion in syncytium formation assays in Sf9 cells.

AcMNPV budded virus production. The GP64 protein is
necessary for both viral entry and exit from the host cell. In the
absence of GP64, virion budding from AcMNPV-infected Sf9
cells is reduced by approximately 98% (30). In addition, virions
that bud in the absence of GP64 are completely noninfectious.
To determine if GP64 palmitoylation affected production
of infectious AcMNPV in Sf9 cells, we used one-step growth

FIG. 1. Palmitoylation of truncated or substituted GP64 proteins.
(A) A diagrammatic representation of the GP64 protein shows the
locations of the signal peptide (SP), fusion domain (F), epitopes
(B12D5 and AcV5), predicted amphipathic alpha helix (Helix), trim-
erization domain (TR), transmembrane domain (TM), and cytoplas-
mic tail domain (CTD). The names of GP64 constructs containing
deletions in the CTD and TM domain are indicated on the right,
and Cys503 is underlined. (B) GP64 labeling with [3H]palmitate or
[35S]methionine. Cells infected with wild-type AcMNPV (WT) or re-
combinant viruses expressing truncated forms of GP64 (�C-4, �C-7,
�C-11, and �C-14) were pulse-labeled with [3H]palmitate or [35S]me-
thionine, and then GP64 was immunoprecipitated with MAb AcV1.
Results from [3H]palmitate labeling are shown in the upper panel, and
those from [35S]methionine labeling are shown in the lower panel.
(C) Sequences of the transmembrane and cytoplasmic tail domain of
AcMNPV GP64 proteins. The wild-type AcMNPV (WT) sequence is
shown above sequences of two mutant GP64 proteins containing sub-
stitutions at Cys503 (C503A and C503S). Substitutions are indicated by

underlined amino acids. (D) GP64 labeling with [3H]palmitate or
[35S]methionine and immunoprecipitation were performed as de-
scribed for panel B. Cells were infected with viruses expressing wild-
type GP64 (AcMNPV and vAcGP64wt) or GP64 proteins with substitu-
tions at Cys503 (vAcGP64C503A and vAcGP64C503S). The lower panel
shows GP64 labeling with [35S]methionine, and the upper panel shows
labeling with [3H]palmitate. For immunoprecipitations from cells in-
fected with vAcGP64C503A and vAcGP64C503S, duplicate infection and
immunoprecipitation experiments are shown (lanes 4 and 5 and 6 and
7, respectively).
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curve experiments to compare viruses expressing wild-type
GP64 proteins to those expressing palmitoylation-minus GP64
proteins. For those experiments, two control viruses (wild-type
AcMNPV and a GP64 repair virus, vAcGP64wt) and two viruses
expressing palmitate-minus forms of GP64 (vAcGP64C503A and
vAcGP64C503S) were used to infect Sf9 cells, and titers of infec-
tious progeny budded virus were determined at various times
p.i. (Fig. 4). BV production from cells infected with viruses
expressing palmitate-minus GP64 was similar to that from cells
infected with the control viruses expressing wild-type GP64.
Therefore, we concluded that palmitoylation of GP64 was not
required for efficient production of infectious BV in cultured
Sf9 cells.

Analysis of GP64 and cellular membrane microdomains. A
number of well-studied viral envelope proteins associate with
cellular membrane microdomains commonly referred to as
“lipid rafts” or “detergent-resistant membranes” (DRMs). Ex-
amples of viral envelope proteins identified in lipid rafts in-
clude HIV GP120/41 (36) and the influenza virus HA protein
(38). Proteins associated with the dense lipid raft microdo-
mains of membranes are resistant to extraction with detergents
(such as Triton X-100) at low temperatures, and this property
is believed to result from insolubility of these membrane do-
mains due to the presence of highly ordered acyl chains. Many
proteins associated with lipid rafts are palmitoylated, and in
some cases, palmitoylation is required for raft association (25).
To determine if such membrane microdomains are found in
membranes of AcMNPV-infected Sf9 cells, we constructed a
recombinant baculovirus expressing FasI, a protein that is
associated with lipid rafts in D. melanogaster cells (13, 33).
FasI was expressed under the transcriptional control of the
AcMNPV gp64 early-late promoter (see Materials and Meth-
ods). We then performed cold detergent membrane solubility

assays with Sf9 cells infected with the FasI-expressing baculo-
virus. Cell membranes were treated with Triton X-100 at 4, 27,
or 37°C. Insoluble and soluble membrane fractions were sep-
arated by centrifugation and examined for the presence of FasI
by using FasI-specific antibodies. FasI was found primarily in
detergent-soluble fractions at 37 and 27°C, but was found pri-
marily in the detergent-insoluble fraction when extractions
were performed at 4°C (Fig. 5, top panel). Experiments exam-
ining FasI that was transiently expressed in Drosophila S2 cells

FIG. 2. Relative levels of GP64 at the cell surface. Relative levels
of cell surface GP64 were determined on infected Sf9 cells expressing
either wild-type AcMNPV GP64 or GP64 proteins containing sub-
stitutions at Cys503. Sf9 cells were infected with either wild-type
AcMNPV, a GP64 repair virus (vAcGP64wt), or viruses expressing mod-
ified GP64 proteins (vAcGP64C503A and vAcGP64C503S). Relative levels
of surface-localized GP64 were determined by CELISA analysis with
MAb AcV5, as described previously (26). Data points represent results
from triplicate infections, and error bars represent the standard devi-
ation from the mean. Relative GP64 expression levels are indicated on
the y axis, with all constructs normalized to wild-type AcMNPV-in-
fected cells (assigned a value of 1).

FIG. 3. Analysis of GP64-mediated membrane fusion. (A) Sum-
mary of results from syncytium formation assays of cells infected with
viruses expressing wild-type GP64 (AcMNPV and vAcGP64wt) or vi-
ruses expressing palmitoylation-minus GP64 proteins (vAcGP64C503A

and vAcGP64C503S). Sf9 cells were infected with the indicated viruses at
an MOI of 10. At 36 h p.i., cells were incubated in PBS buffer that was
adjusted to the indicated pH value (from pH 5.0 to 6.0) for 20 min.
Cells were scored as positive for syncytium formation when at least five
nuclei were detected in a syncytial mass (���, �20 syncytia per well;
��, 11 to 20 syncytia per well; �, 1 to 10 syncytia per well; �, no
syncytia observed). (B) Examples of syncytium formation in Sf9 cells
expressing wild-type GP64 and exposed to PBS at pH 5.0 or 6.0.
Syncytial masses are indicated by open arrowheads.
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produced results identical to those illustrated in Fig. 5 (data
not shown). Because FasI expressed in Sf9 cells behaved as
expected for a typical lipid raft-associated protein, these data
suggest that AcMNPV-infected Sf9 cells contain DRMs or
lipid rafts and that the FasI lipid raft protein was associated
with those raft domains. To determine whether the AcMNPV
GP64 protein was associated with lipid rafts in AcMNPV-
infected Sf9 cells, we examined the same detergent extracts for
the presence of GP64 by using an anti-GP64 MAb. In contrast
to the control lipid raft protein (FasI), GP64 was solubilized in
Triton X-100 at all temperatures examined (Fig. 5, GP64 wt).
This suggested that GP64 is not a lipid raft-associated mem-
brane protein.

To confirm the results presented above, membrane fractions
containing GP64 and the FasI raft-associated protein were also
examined with membrane flotation gradients. For these stud-
ies, infected cells were lysed, and membranes were solubilized
in Triton X-100 at 4°C, adjusted to 40% sucrose and placed at
the bottom of a 5/30/40% sucrose step gradient, and then
centrifuged at 250,000 � g for 16 h. The resulting gradients

were fractionated, and each fraction was examined for the
presence of GP64 or FasI with the appropriate antibodies.
Typically, fractions in the upper portion of the gradient are
enriched for lipid rafts because the lower density (buoyancy) of
the insoluble lipid rafts causes them to “float.” In contrast,
proteins that are solubilized in the detergent extraction remain
in the lower portion of the gradient. FasI, the lipid raft marker,
was detected in fractions 2 to 4 (which correspond to the lipid
raft fraction) and fractions 7 and 8 (the soluble protein frac-
tion) (Fig. 6, top panel). This type of distribution is typical for
lipid raft proteins (25, 46). Similar results were observed when
the FasI protein was transiently expressed in Drosophila S2
cells and analyzed in the same manner (data not shown). In
contrast to the results with FasI, GP64 was detected only in
fractions 7 and 8 at the bottom of the gradient, which repre-
sents proteins solubilized in the cold detergent extraction.
GP64 was not detected in the upper portion of the gradient.
Thus, in both membrane solubility studies and analysis by
flotation gradients, AcMNPV GP64 was not detected in frac-
tions associated with lipid raft proteins, suggesting that GP64 is
not found in lipid raft microdomains in infected Sf9 cells.

Because protein palmitoylation is known to affect the asso-
ciation of proteins with lipids in membranes, we next asked
whether GP64 palmitoylation might result in exclusion of
GP64 from lipid rafts. To address this question, detergent
solubility experiments were carried out as described above, but
with cells infected with viruses expressing either the wild-type
GP64 protein, or palmitoylation-minus GP64 proteins. The
localization of GP64 in raft or nonraft domains was then de-
termined for each GP64 construct. Results from initial exper-
iments showed that both of the palmitate-minus GP64 proteins
were soluble in Triton X-100 at lower (4°C) and higher (27 and
37°C) temperatures (Fig. 5, lower panels). In addition, data
from flotation gradients showed that the palmitate-minus
GP64 proteins were detected only in the lower (non-raft) frac-
tions (Fig. 6, lower panels) and did not “float” with the control

FIG. 4. Budded virus production. Viral one-step growth curves
for AcMNPV viruses expressing wild-type GP64 (AcMNPV and
vAcGP64wt) and viruses expressing palmitoylation-minus GP64 proteins
(vAcGP64C503A and vAcGP64C503S). Data points represent titers derived
from triplicate infections, and error bars represent the standard devi-
ation from the mean. IU, infectious units.

FIG. 5. Analysis of cold detergent extraction of FasI and GP64
proteins in Sf9 cells and the effect of GP64 palmitoylation. (Top two
panels) Infected Sf9 cells expressing both FasI and wild-type GP64
were lysed in 0.5% Triton X-100 at 4, 27, or 37°C. The soluble (S) and
insoluble (I) fractions were separated by centrifugation as described in
Materials and Methods and subjected to Western blot analysis with
either an anti-FasI MAb (top panel) or anti-GP64 MAb AcV5 (second
panel). Sf9 cells infected with viruses expressing palmitoylation-minus
forms of GP64 (C503A or C503S) were treated as described above,
and GP64 was detected with MAb AcV5 (bottom two panels).
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raft protein, FasI. Therefore, the membrane localization of
these palmitate-minus GP64 proteins was indistinguishable
from that of wild-type GP64, suggesting that palmitoylation
does not cause the apparent exclusion of GP64 from lipid rafts
in infected cells.

DISCUSSION

GP64 is an essential AcMNPV BV structural protein that is
important for viral entry into and exit from host cells. Previous

studies demonstrated that GP64 was posttranslationally mod-
ified by the addition of palmitate (34). However, the palmi-
toylation site of GP64 was not determined, and the function of
palmitoylation in GP64 was not previously examined. In the
studies described here, we used a combination of truncation
and site-specific mutagenesis to map the AcMNPV GP64 pal-
mitoylation site to a single cysteine residue at amino acid 503.
GP64 proteins are found in a subgroup (group I NPVs) of the
Baculoviridae (1, 10), and within this subgroup, GP64 proteins
are very highly conserved. Among the GP64 proteins, the high-
est degree of conservation is found among the predicted GP64
ectodomains, and a lower degree of conservation is found
among the predicted signal peptides and transmembrane do-
mains. The predicted GP64 cytoplasmic tail domains are very
short (3 to 8 amino acids), not highly conserved, and arginine
rich (Fig. 7). The AcMNPV Cys503 is highly conserved, since
each GP64 protein contains a single cysteine residue at the
same location near the cytoplasmic border of the predicted
transmembrane domain. While palmitoylation of other GP64
proteins has not been examined, the conservation of this res-
idue suggests that other GP64 proteins may be similarly palmi-
toylated at this single site.

By inserting genes encoding palmitoylation-minus forms of
GP64 into a recombinant baculovirus in which the wild-type
gp64 gene was deleted, we examined several potential func-
tions of GP64 palmitoylation in the context of the AcMNPV
infection cycle. Palmitoylation of GP64 did not substantially
affect GP64 synthesis or the transport of GP64 to the cell
surface. In addition, we detected no effects of GP64 palmitoyl-
ation on yields or infectivity of BV generated from infected Sf9
cells. GP64 proteins lacking palmitoylation were capable of
mediating pH-triggered membrane fusion in syncytium forma-
tion assays, and the pH required for triggering was unaffected
by the absence of palmitoylation. These data suggest that virus
entry and exit in Sf9 cells were not dependent on or signifi-

FIG. 6. Flotation gradient analysis of GP64 and FasI association
with lipid raft microdomains. Sf9 cells infected with a virus expressing
wild-type (w.t.) GP64 and the FasI protein (top two panels) were
subjected to Triton X-100 extraction at 4°C. Insoluble membranes
were isolated by flotation gradient fractionation. Proteins from each
sucrose gradient fraction were examined by Western blot analysis with
either an anti-FasI MAb (top panel) or an anti-GP64 MAb (lower
three panels). Fractions 2 to 4 represent the more buoyant insoluble
membranes associated with lipid rafts, and fractions 7 and 8 represent
soluble non-raft portions of the membrane. Sf9 cells infected with
viruses expressing palmitoylation-minus forms of GP64 (C503A and
C503S) were treated as described above and probed with anti-GP64
MAb AcV5 (lower two panels).

FIG. 7. Alignments of the cytoplasmic tail domains (CTD) and transmembrane (TM) domains of baculovirus GP64 proteins. The predicted
transmembrane (shaded) and cytoplasmic tail domains of 11 baculovirus GP64 proteins are aligned. Cysteines corresponding to Cys503 in the
AcMNPV transmembrane domain are indicated (C503). Predicted GP64 amino acid sequences are from viruses AcMNPV, Anagrapha falcifera
MNPV (AnfaMNPV), Rachiplusia ou MNPV (RaouMNPV), BmNPV, OpMNPV, Choristoneura fumiferana MNPV (CfMNPV), Antheraea pernyi
NPV (AnpeNPV), Hyphantria cunea NPV (HycuNPV), Anticarsia gemmatalis MNPV (AgMNPV), C. fumiferana DEF NPV (CfDEF), and Epi-
phyas postvittana NPV (EppoNPV).
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cantly affected by GP64 palmitoylation. However, we cannot
rule out the possibility that more subtle effects of GP64 pal-
mitoylation on viral entry or exit were present but not detected.
Because protein palmitoylation may affect the interaction of
proteins with cellular membranes, we also examined infected
Sf9 cells to determine (i) if lipid raft microdomains are present
in AcMNPV-infected Sf9 cells, (ii) if GP64 is localized to lipid
raft microdomains, and (iii) if GP64 association with or exclu-
sion from such domains was affected by palmitoylation. We
show that a previously characterized raft protein from D. mela-
nogaster (FasI) was identified in cold DRM fractions in
AcMNPV-infected Sf9 cells, suggesting the presence of lipid
raft domains. However, in the same experiments, GP64 parti-
tioned into detergent-soluble membrane fractions, suggesting
that GP64 is not associated with DRMs or lipid rafts. When
palmitoylation-minus forms of GP64 were examined in a sim-
ilar manner, those GP64 proteins were also found in soluble
membrane fractions, suggesting that GP64 palmitoylation
plays no substantial role in excluding GP64 from lipid rafts in
the Sf9 cell membrane.

Lipid raft domains have been shown to play roles in the
infection cycles of viruses such as HIV-1 and influenza virus.
The influenza virus HA protein is palmitoylated at three con-
served cysteine residues located at the C-terminal end of the
transmembrane domain and in the cytoplasmic domain (40).
Palmitoylation at all three cysteine residues is necessary for
lipid raft localization of HA (25). Influenza virus budding oc-
curs at the apical surface of polarized epithelial cells, with
viruses appearing to utilize lipid raft domains as budding sites.
However, in viruses containing cysteine substitutions that dis-
rupt palmitoylation and lipid raft association of HA, virion
budding continues to be associated with apical surfaces. There-
fore, localization of HA to lipid rafts does not appear to de-
termine the polarity of budding (28, 46), and the full signifi-
cance of the HA association with lipid raft domains is not yet
clear. The HIV-1 envelope protein gp160 is palmitoylated at
two cysteine residues in the cytoplasmic tail domain, and pal-
mitoylation at those residues is important for its association
with lipid raft domains (36, 45). Budding of HIV-1 is thought
to occur selectively from lipid rafts (29). Since gp160 is not
necessary for virion budding, the association of gp160 with
lipid rafts is believed to be important for its inclusion in bud-
ding virions. Palmitoylation-minus forms (mutants) of gp160
are not efficiently targeted to lipid rafts and are found in
virions at much reduced levels compared to wild-type gp160
(36). This also results in decreased infectivity of the resulting
virions. Thus, palmitoylation of gp160 appears to be important
for recruitment of the envelope protein into virions and thus
for virion infectivity. The vesicular stomatitis virus (VSV) G
protein is also palmitoylated through a cysteine residue in the
cytoplasmic tail domain (35), but in contrast to influenza virus
HA and HIV-1 gp160, palmitoylation at this site does not
appear to result in localization of G to lipid raft domains (37).
In addition, palmitoylation of VSV G protein is not necessary
for either membrane fusion activity or assembly of G protein
into VSV virions (44). Thus, palmitoylation of some viral en-
velope proteins appears to play an important role in lipid raft
association, which in turn may affect either virion assembly or
infectivity. In other cases, envelope protein palmitoylation ap-
pears to have no detectable role in cultured cells. A major

difference between the above examples is the addition of
palmitate at multiple sites within each protein. Proteins that
localize to lipid rafts may require two or more palmitoylation
sites. In this regard, palmitoylation of the AcMNPV GP64
protein appears to be similar to that of the VSV G protein,
with both proteins having a single palmitoylation site and with
both proteins absent from lipid raft domains. We detected no
effect of GP64 palmitoylation on protein trafficking, membrane
fusion activity, or BV production or infectivity, and this was also
similar to the results from studies of VSV G protein (35, 44).

Our observation that GP64 was not associated with DRM
fractions is also consistent with prior studies of the membrane
composition of AcMNPV BV. Lipid rafts are characterized by
high concentrations of cholesterol, sphingolipid, and long-
chain saturated fatty acids. Previous studies (5) indicated that
BV envelopes contained low ratios of saturated to unsaturated
fatty acids and that cholesterol levels were relatively low. Al-
though it has been reported that the levels of cholesterol in the
plasma membranes of Sf9 cells are lower than those from most
mammalian cells (8), we were able to isolate cold DRMs con-
taining a known lipid raft protein (the FasI protein) in Sf9 cell
membranes, indicating that Sf9 cells contain the membrane
microdomains described as lipid rafts. Thus, the present study
in combination with prior studies suggests that while lipid rafts
are present in Sf9 membranes, they are not likely to be a major
component of AcMNPV BV envelopes. In addition, we did not
detect the lipid raft protein FasI in isolated AcMNPV BV
(data not shown), whereas cellular lipid raft proteins have been
identified in the envelopes of viruses such as HIV-1, which bud
from lipid raft domains (29). Thus, current data are consistent
with a model in which the AcMNPV BV envelope is comprised
largely or entirely of non-raft domain membrane.

In this study, the single palmitoylation site in GP64 was
mapped, and potential roles of GP64 palmitoylation were ex-
amined. GP64 palmitoylation had no detectable effect on
GP64 synthesis, transport, or membrane fusion activity and
was not required for BV production or infectivity in Sf9 cells.
GP64 was not detected in lipid raft domains, and GP64 pal-
mitoylation was found to have no detectable effect on its mem-
brane microdomain localization. That GP64 was not identified
in lipid rafts suggests GP64 may be located in more fluid
portions of the membrane. Therefore, it is possible that GP64
palmitoylation may serve to modulate or regulate the mobility
of GP64 in the membrane. Because all studies described here
were performed with cultured Sf9 cells, an intriguing addi-
tional possible role for GP64 palmitoylation is the targeting of
GP64 in polarized epithelial cells of the insect midgut, where
GP64 is targeted basolaterally for budding of virions into the
hemocoel. Future studies will examine these and other possible
functions of GP64 palmitoylation.
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