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gp64 is the major envelope glycoprotein in the budded form of Autographa californica multicapsid nucleo-
polyhedrovirus (AcMNPV). gp64 is essential for AcMNPV infection, as it mediates penetration of budded virus
into host cells via the endocytic pathway. In this study, we used site-directed mutagenesis to map the positions
of the N-linked glycans on AcMNPV gp64, characterize their structures, and evaluate their influence on gp64
function. We found that four of the five consensus N-glycosylation sites in gp64 are used, and we mapped the
positions of those sites to amino acids 198, 355, 385, and 426 in the polypeptide chain. Endoglycosidase H
sensitivity assays showed that N-linked glycans located at different positions are processed to various degrees.
Lectin blotting analyses showed that each N-linked glycan on gp64 contains a-linked mannose, all but one
contains a-linked fucose, and none contains detectable b-linked galactose or a2,6-linked sialic acid. The
amounts of infectious progeny produced by AcMNPV mutants lacking one, two, or three N-linked glycans on
gp64 were about 10- to 100-fold lower than wild-type levels. This reduction did not correlate with reductions
in the expression, transport, or inherent fusogenic activity of the mutant gp64s or in the gp64 content of mutant
budded virus particles. However, all of the mutant viruses bound more slowly than the wild type. Therefore,
elimination of one or more N-glycosylation sites in AcMNPV gp64 impairs binding of budded virus to the cell,
which explains why viruses containing these mutant forms of gp64 produce less infectious progeny.

Autographa californica multicapsid nucleopolyhedrovirus
(AcMNPV) is the type species of the family Baculoviridae, a
large group of DNA-containing viruses that infect inverte-
brates (reviewed in reference 32). AcMNPV produces two
distinct forms of viral progeny during infection. One form is
budded virus (BV), which is produced when viral nucleocap-
sids migrate from the nucleus to the plasma membrane and
bud from the surface of the infected cell. The other is polyhe-
dron-derived virus (PDV), which is produced when nucleocap-
sids are enveloped and embedded within polyhedra, the
paracrystalline structures that appear in the nucleus during the
very late phase of infection. It is generally accepted that PDV
and BV have different roles in the nucleopolyhedrovirus life
cycle. PDV is responsible for primary infection of insects via
the digestive tract, whereas BV disseminates the infection from
the midgut to other tissues within an infected individual. This
conclusion is supported by differences in the relative infectiv-
ities of PDV and BV for insect larvae or cultured insect cells
(51). Differences in their polypeptide compositions (5) proba-
bly account for these differences in the biological roles of PDV
and BV during AcMNPV infection.

One clear difference in the polypeptide compositions of
PDV and BV is a major envelope glycoprotein, gp64, which is
found only in BV. gp64 is concentrated on one end of the
rod-shaped BV particle, where it appears to form peplomers
(45). gp64 has pH-dependent fusogenic activity (4, 30, 33, 49),
and a gp64-specific monoclonal antibody largely neutralizes
BV infectivity without blocking viral adsorption (49, 50). Im-
munocytochemical studies have shown that this antibody pre-
vents nucleocapsids from reaching the nucleus (7). Similarly,

lysosomotropic agents such as ammonium chloride and chlo-
roquine drastically reduce BV infectivity by preventing nucleo-
capsids from reaching the nucleus (7, 49). Finally, insertional
inactivation of the AcMNPV gp64 gene precludes cell-to-cell
transmission of AcMNPV infection (34). Together, these find-
ings indicate that BV enters host cells via adsorptive endocy-
tosis and that the function of gp64 is to mediate penetration of
viral nucleocapsids into the host cell cytoplasm by promoting
fusion between the BV envelope and endosomal membranes.

gp64 is synthesized during both the early and late phases of
nucleopolyhedrovirus infections; the newly synthesized protein
enters the cellular secretory pathway, where it is chemically
modified, oligomerized, and transported to the plasma mem-
brane (3, 6, 9, 13, 18, 20, 21, 37, 39, 42, 48, 50, 53). gp64 is
incorporated into BV during the late phase of infection when
progeny virions bud from the surface of the infected cell. The
AcMNPV gp64 gene has been mapped, cloned, and sequenced
(53). The deduced amino acid sequence includes five consen-
sus N-glycosylation sites, consisting of the sequence Asn-X-
Thr/Ser (17). Relative to the translational initiation site, which
is the second in-frame ATG in the long open reading frame
(20), the asparagine residues in these five potential N-glyco-
sylation sites are located at positions 160, 198, 355, 385, and
426 (Fig. 1), and at least one site is used, as gp64 is known to
be N-glycosylated in AcMNPV-infected insect cells (6, 9, 18,
20, 21, 42, 50, 53). At least one of the N-linked glycans on gp64
is processed to an endo-b-N-acetylglucosaminidase H (endo
H)-resistant structure (20, 21, 46), and differential processing
gives rise to two different gp64 glycoforms, both of which can
reach the cell surface and assemble into progeny BV (20).
However, processing of the N-linked glycans on gp64 is not
required for its efficient transport to the cell surface, assembly
into BV, or fusogenic activity (20, 21). By contrast, N-glycosyl-
ation is required for the efficient transport, assembly, and fu-
sogenic activity of gp64, as all are dramatically inhibited when
N-glycosylation is blocked by treating AcMNPV-infected cells
with tunicamycin (6, 20, 21, 43). The inhibitory effects of tuni-
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FIG. 1. Site-directed mutagenesis of the AcMNPV gp64 gene. Two plasmids encoding full-length AcMNPV gp64 were used as the starting materials for mutagenesis
of the consensus N-glycosylation sites in the gp64 protein. The BamHI fragment of pBS-BglEDS was subcloned into M13 and used to mutagenize the consensus sites
at positions 160, 198, 355, and 385, while the BamHI-PstI fragment of p64KTV1 was subcloned into M13 and used to mutagenize the consensus site at position 426.
The mutagenized fragments then were excised from the M13 vectors and used to replace the corresponding wild-type fragments in p64KTV1 as described in Materials
and Methods. Double and triple mutations were produced by using two oligonucleotides to simultaneously mutagenize M13 subclones, by performing a second round
of mutagenesis on a single mutant in M13, or by combining different fragments from two mutants after each had been subcloned into p64KTV1. Ultimately, this strategy
yielded a large set of transfer plasmids (shown in the two boxes) which was used to isolate a set of recombinant baculoviruses encoding every possible single, double,
and triple N-glycosylation site mutation in AcMNPV gp64.
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camycin could result directly from blocking N-glycosylation of
gp64, or they might result indirectly from blocking N-glycosyl-
ation of all newly synthesized glycoproteins in the baculovirus-
infected cell. In this study, we distinguished between these
possibilities by using site-directed mutagenesis to selectively
eliminate the consensus N-glycosylation sites in AcMNPV
gp64. Analysis of the resulting gp64 mutants provided new
information on the positions, structures, and functions of its
N-linked glycans. Analysis of recombinant baculoviruses en-
coding and containing these mutant gp64s showed that elimi-
nation of one or more gp64 N-glycosylation sites reduced the
rate of binding of budded virus to the cell, which resulted in a
corresponding reduction in the amounts of infectious progeny
production.

MATERIALS AND METHODS

Cells. The Sf9 subclone of Spodoptera frugiperda IPLB-Sf21-AE (47) was
routinely maintained as a spinner culture in TNM-FH medium (14) supple-
mented with fetal bovine serum, antibiotics, and pluronic F68 (35), as described
previously (20). Radiolabeling medium was methionine-free Grace’s medium
(10) supplemented with heat-inactivated fetal bovine serum and antibiotics as
specified above. Chase medium was Grace’s medium containing 3.4 mM methi-
onine (10 times the usual concentration), 10 mg of cycloheximide per ml, and
fetal bovine serum, antibiotics, and pluronic F68 as specified above.

Construction of transfer plasmids and isolation of recombinant baculovi-
ruses. The strategy used to mutagenize the consensus N-glycosylation sites in
AcMNPV gp64 is shown in Fig. 1. In essence, we subcloned two different AcM-
NPV gp64 gene fragments into M13 vectors and used oligonucleotide-directed
mutagenesis (29) to change asparagine codons (AA[C/T]) in the consensus
N-glycosylation sites to serine codons (TC[C/T]). The gp64 fragments were
derived from either pBS-BglEDS or p64KTV1, both of which are phagemids that
include the full-length gp64 gene with the native promoter and flanking regions
from the E2 strain of AcMNPV, as described previously (18). Each M13 mutant
was checked by sequencing single-stranded DNA via the chain termination
method (40); then the mutated gp64 fragments were excised and used to replace
the corresponding wild-type fragment in p64KTV1. Double and triple N-glyco-
sylation site mutations were produced by using two oligonucleotides to simulta-
neously introduce two mutations into an M13 subclone, by performing a second
round of mutagenesis on a single mutant in M13, or by combining different
fragments from two mutants after each had been recloned in p64KTV1, as
illustrated in Fig. 1. Ultimately, these procedures yielded a set of transfer plas-
mids that encoded mutant forms of AcMNPV gp64 lacking various consensus
N-glycosylation sites. We designated the position of each potential N-glycosyla-
tion site in AcMNPV gp64 by a number which corresponds to the Asn residue in
the consensus recognition sequence (Asn-X-Thr/Ser), with the gp64 initiator
methionine defined as amino acid 1 (20, 53). The numbers following DN in the
names of the transfer plasmids indicate which sites were deleted by the mutagen-
esis procedure.

The transfer plasmids were used to produce recombinant baculoviruses en-
coding various gp64 N-glycosylation site mutants by homologous recombination
in the gp64 region. A modified calcium phosphate precipitation method (44) was
used to cotransfect Sf9 cells with individual transfer plasmids plus Bsu36I-lin-
earized viral DNA from a recombinant baculovirus called AcMNPV/p34DZ5
(54). This recombinant virus has an Escherichia coli lacZ gene inserted in frame
in the pp34 coding sequence, and the lacZ gene has a Bsu36I site that can be used
to linearize the viral DNA prior to cotransfection. This parental viral DNA was
linearized to facilitate the isolation of recombinant viruses with allelic transplace-
ments in the gp64 region, by analogy to the strategy originally developed by Kitts
and coworkers for the polyhedrin region (28). Recombinants obtained by cross-
ing Bsu36I-digested AcMNPV/p34DZ5 viral DNA with the gp64 glycosylation
site mutant transfer plasmids were tentatively identified by their white-plaque
phenotypes; after two additional rounds of plaque purification, N-glycosylation
site mutations were confirmed by sequencing PCR-amplified fragments of viral
DNA.

Expression and electrophoretic analysis of AcMNPV gp64. Generally, AcM-
NPV gp64 was expressed by transfecting Sf9 cells with plasmids or by infecting
Sf9 cells with baculoviruses encoding wild-type or mutant forms of the protein.
The cells were then radiolabeled and extracted, gp64 was immunoprecipitated,
and the washed and disrupted immunoprecipitates were resolved by discontin-
uous sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
We used a modified calcium phosphate method (44) to transfect Sf9 cells for 2 h
with 10 mg of a plasmid encoding AcMNPV IE1 (11) plus 10 mg of individual
plasmids encoding various forms of AcMNPV gp64. After washing and feeding
with TNM-FH, the transfected cells were treated as specified in the figure
legends. Similarly, we infected Sf9 cells with wild-type or recombinant baculovi-
ruses at defined multiplicities, allowed the virus to adsorb for 1 h, removed the
inoculum, and treated the infected cells as detailed in the figure legends. Titers

of all virus stocks were determined by plaque assays on Sf9 cells as described
previously (44).

Castanospermine (Calbiochem, San Diego, Calif.) was used at a concentration
of 0.2 mM to block processing of N-linked glycans in transfected or infected Sf9
cells, which accentuated differences in the relative electrophoretic mobilities of
various gp64 glycoforms (20, 21). Radiolabeling was performed with 100 mCi of
Trans[35S]-label (ICN Radiochemicals, Irvine, Calif.) per ml of radiolabeling
medium, except for pulse-chase experiments, in which cells were treated with
isotope-free radiolabeling medium, pulsed for 5 min with 500 mCi of Trans[35S]-
label per ml of radiolabeling medium, and treated with chase medium for 4 h as
described previously (20). gp64 was extracted by treating transfected or infected
cells for 10 min on ice with cold extraction buffer (50 mM Tris-HCl [pH 8.0], 100
mM NaCl, 1% [vol/vol] Nonidet P-40 [Calbiochem] 0.2 mM leupeptin [Boehr-
inger Mannheim Biochemicals, Indianapolis, Ind.]). The extracts were clarified
by centrifugation for 10 min at 4°C in a Fisher model 235C microcentrifuge, and
the clarified extracts were immunoprecipitated with AcV1 (15) and/or B12D5
(25), both of which are AcMNPV gp64-specific monoclonal antibodies. Immune
complexes were absorbed with heat-inactivated, formalin-fixed Staphylococcus
aureus strain Cowan I (27), washed three times with ice-cold extraction buffer
supplemented with 0.1% (wt/vol) SDS and 1% (wt/vol) sodium deoxycholate,
and disrupted by heating for 10 min at 65°C in Laemmli sample buffer prior to
analysis by SDS-PAGE.

Endoglycosidase assays. For endoglycosidase treatments, gp64 was extracted
from transfected or infected Sf9 cells, immunoprecipitated, and recovered by
resuspending the washed S. aureus pellets in 0.5% (wt/vol) SDS and 0.1 M
b-mercaptoethanol, heating for 10 min at 65°C, and pelleting for 10 min in a
microcentrifuge. The supernatant was harvested, adjusted to final concentrations
of 0.1 M sodium phosphate (pH 6.0) and 1% (vol/vol) Nonidet P-40, and split
into equal aliquots. One aliquot was incubated without any enzyme as a control,
while the others were incubated with various concentrations of endo H (Boehr-
inger Mannheim) (46). After various times of digestion at 37°C, the endo H
reactions were terminated by adding an equal volume of 23 Laemmli sample
buffer and heating for 10 min at 65°C, and the reaction products were analyzed
by SDS-PAGE as described above.

Lectin blotting assays. The starting material for lectin blotting assays was
partially purified BV from baculovirus-infected Sf9 cells (18). Briefly, Sf9 cells
were infected with wild-type or recombinant baculoviruses at a multiplicity of
about 0.01 PFU per cell, and the cultures were monitored daily for the appear-
ance of viral occlusions until at least 75% of the cells were occlusion positive. At
that time, the culture media were harvested and clarified by centrifugation for 15
min at about 3,000 3 g, and BV was concentrated from the supernatants by
centrifugation for 30 min at 100,000 3 g. The pellets were resuspended in
phosphate-buffered saline (PBS; 10 mM sodium phosphate, 140 mM NaCl [pH
7.2]), layered onto 10 to 74% (wt/vol in PBS) linear sucrose gradients, and
centrifuged for 1.5 h at 100,000 3 g. The opaque BV bands were harvested and
diluted with PBS, and the virus was reconcentrated by centrifugation for 30 min
at 100,000 3 g. The final BV pellets were resuspended in 0.13 TE buffer (1 mM
Tris-HCl [pH 8.0], 0.1 mM EDTA), and aliquots containing equal amounts of
gp64 were heated for 10 min at 65°C in Laemmli sample buffer and resolved by
SDS-PAGE as described above. Proteins were transferred to Immobilon poly-
vinylidene difluoride membranes (Millipore Corporation, Bedford, Mass.), the
membranes were cut into strips corresponding to individual lanes, and the strips
were blocked by overnight incubation at 4°C in Tris-buffered saline (50 mM Tris
[pH 7.5], 150 mM NaCl) containing 0.5% (wt/vol) Tween 20 (Bio-Rad Labora-
tories, Hercules, Calif.). After blocking, each strip was rinsed and incubated with
a digoxigenylated lectin (Boehringer Mannheim) for 1 h at room temperature in
the same buffer. The lectins used in this study were concanavalin A (ConA),
Aleuria aurantia agglutinin (AAA), Ricinus communis agglutinin (RCA), and
Sambucus nigra agglutinin (SNA). Immediately prior to use, each lectin was
preincubated in buffer alone or buffer containing excess competing sugar for 2 h
at room temperature to determine if lectin binding was carbohydrate specific.
Competing sugars were 0.7 M a-D-methylmannopyranoside for ConA, 0.7 M
L-(2)-fucose for AAA, 0.7 M D-(1)-galactose for RCA, and 0.2 M a-lactose for
SNA. After the unbound lectins were washed away, secondary reactions were
done with alkaline phosphatase-conjugated sheep antidigoxigenin (Boehringer
Mannheim), followed by more washes and a standard color reaction (2). Some
strips were probed with a gp64-specific primary antibody followed by alkaline
phosphatase-conjugated secondary antibody and the same color reaction, as
described previously (22).

One-step growth curves. One-step growth curves were performed by infecting
Sf9 cells at a multiplicity of 10 PFU per cell with wild-type AcMNPV or indi-
vidual recombinants encoding gp64s lacking various N-glycosylation sites. The
virus was allowed to adsorb for 1 h at 28°C, the inocula were removed, and the
cells were washed twice with TNM-FH medium and incubated for various times
at 28°C. At appropriate time points, the medium from each infected cell culture
was harvested and clarified in a microcentrifuge, and infectious virus in the
supernatants was quantitated by a limiting dilution assay as described previously
(36). The raw data were converted to PFU per milliliter by using a Microsoft
Excel spreadsheet (36) and plotted against time of infection.

Cell surface expression assays. A lactoperoxidase-catalyzed cell surface radio-
iodination method (31) was used to examine the expression of various forms of
gp64 on the infected cell surface. Sf9 cells were inoculated with wild-type or

VOL. 72, 1998 STRUCTURAL AND FUNCTIONAL ANALYSIS OF AcMNPV gp64 9461



recombinant baculoviruses at a multiplicity of about 3 PFU per cell, the virus was
allowed to adsorb for 1 h, the inocula were removed, and the cells were rinsed
and fed with TNM-FH and incubated at 28°C. At 40 h postinfection, the medium
was removed, the cells were washed three times with Dulbecco’s PBS, and the
lactoperoxidase-catalyzed radioiodination procedure was performed. After ra-
diolabeling, the cells were washed three more times with Dulbecco’s PBS and
extracted as described above, and the extracts were immunoprecipitated with
AcV1 (15) or PAb419, a monoclonal antibody specific for simian virus 40 large
tumor antigen (12). Finally, the immunoprecipitates were washed, disrupted, and
analyzed by SDS-PAGE as described above.

Cell fusion assays. Sf9 cells were transfected with a plasmid encoding AcM-
NPV IE1 (11) plus individual plasmids encoding wild-type or mutant gp64s, as
described above. At 36 h posttransfection, the cells were washed once with
Grace’s medium (pH 5.0) containing 10% (vol/vol) fetal bovine serum and then
treated with the same medium for 30 min at room temperature. The cells were
photographed with an Olympus CK2 microscope equipped with an automatic
35-mm camera system (Olympus America Inc., Melville, N.Y.).

Binding and infectious center assays. Sf9 cells were seeded into six-well
culture plates at a density of 0.5 3 106 cells per well and incubated for 24 h at
28°C. The plates were transferred to a refrigerator and cooled to 4°C for 1 h; then
the medium was removed, and triplicate wells were inoculated with 1,000 PFU of
wild-type AcMNPV or recombinants encoding gp64s lacking various N-glycosyl-
ation sites. These viruses had been partially purified, concentrated, filter steril-
ized, and titered by plaque assay on Sf9 cells as described above. The viruses were
allowed to bind to the cells for various times at 4°C; then the inocula were
removed, the cells were washed three times with cold TNM-FH, and an agarose
overlay was added. After 1 week at 28°C, plaques were counted and the average
numbers of plaques were plotted against binding time, with error bars showing
the standard deviations.

RESULTS

Number of N-linked glycans on AcMNPV gp64. The derived
amino acid sequence of AcMNPV gp64 includes five consensus
N-glycosylation sites which are necessary, but not sufficient, for
protein N-glycosylation in eucaryotic cells (17, 53). Previous
surveys have shown that only about 30% of consensus N-
glycosylation sites are actually used (52), and the rules govern-
ing site usage remain unclear. Therefore, our first goal was to
determine how many of the potential glycosylation sites in
AcMNPV gp64 are used during its biosynthesis. To address
this question, we used endo H to produce a glycoform ladder
containing various forms of gp64 with different numbers of
N-linked glycans. AcMNPV-infected cells were briefly radiola-
beled with Trans[35S]-label during the peak time of gp64 syn-
thesis, the cells were extracted, and gp64 was immunoprecipi-
tated. The immunoprecipitates were washed, disrupted, and
digested with buffer alone or various concentrations of endo H,
and the digestion products were analyzed by SDS-PAGE and
autoradiography (Fig. 2). The position of the completely gly-

cosylated protein is shown in the buffer control lanes, and the
position of the completely deglycosylated protein is shown for
a control in which gp64 was digested overnight with 1 mU of
endo H. The other reactions, in which gp64 was digested for 30
min with increasing amounts of endo H, produced the glyco-
form ladder. This ladder included five different glycoforms,
each differing from its nearest neighbors by the presence or
absence of a single glycan. The smallest glycoform has no
glycans, as it comigrated with the completely deglycosylated
control. Each of the progressively larger glycoforms has one
additional glycan, and since there were four additional glyco-
forms in the ladder, including one which comigrates with the
completely glycosylated control, gp64 appears to have a max-
imum of four N-linked glycans. These results suggest that four
of the five consensus N-glycosylation sites are used during
biosynthesis of AcMNPV gp64.

Positions of N-linked glycans on AcMNPV gp64. Our next
goal was to confirm and extend the conclusion from the partial
endoglycosidase assays by determining the positions of the
N-linked glycans on AcMNPV gp64. The approach was to
eliminate selected consensus N-glycosylation sites by using
site-directed mutagenesis to change the asparagine codons
(AA[C/T]) in those sites to serine codons (TC[C/T]). The mu-
tagenesis and cloning strategy (described in detail in Materials
and Methods and outlined in Fig. 1) yielded a large set of
plasmids which encode gp64 mutants lacking one or more
N-glycosylation sites. Each of these plasmids or a wild-type
control was used to transfect Sf9 cells, and the cells were
treated with castanospermine to block N-linked oligosaccha-
ride processing and accentuate differences in the electro-
phoretic mobilities of gp64 glycoforms containing different
numbers of N-linked glycans. Subsequently, the cells were ra-
diolabeled and gp64 was extracted, immunoprecipitated, and
analyzed by SDS-PAGE (Fig. 3). The results showed that all of
the gp64 mutants lacking N-glycosylation sites were expressed
in Sf9 cells, with no correlation between the numbers or posi-
tions of N-glycosylation site mutations and the expression lev-
els observed by radiolabeling and immunoprecipitation. The
mutant lacking one N-glycosylation site at position 160 comi-
grated with wild-type gp64. In contrast, mutants lacking single
N-glycosylation sites at position 198, 355, 385, or 426 all mi-

FIG. 2. Number of N-linked glycans on AcMNPV gp64. Sf9 cells were in-
fected with wild-type AcMNPV at a multiplicity of 5 PFU per cell, treated with
radiolabeling medium from 20 to 22 h postinfection and pulse-labeled for 5 min
with 500 mCi of Tran35S-label per ml of fresh radiolabeling medium. Intracellular
gp64 was extracted, immunoprecipitated, and eluted from the washed immuno-
precipitates. Soluble proteins were recovered and digested overnight (O/N) with
buffer alone (0) or 1.0 mU of endo H or were digested for 30 min (309) with
buffer alone or 0.1, 0.2, 0.5, or 1.0 mU of Endo H, as indicated above the lanes.
The reactions were terminated by the addition of an equal volume of 23 Laem-
mli sample buffer, heated for 10 min at 65°C, and analyzed by SDS-PAGE and
autoradiography. The numbered arrows to the left of this and subsequent figures
indicate the sizes (in kilodaltons) of protein standards in lanes marked M.

FIG. 3. Transient expression of gp64 N-glycosylation site mutants. Sf9 cells
were transfected with plasmids encoding wild-type (WT) or mutant gp64s lacking
various consensus N-glycosylation sites, as indicated above the lanes. The cells
were treated with 0.2 mM castanospermine from 16 to 20 h and labeled with 100
mCi of Tran35S-label per ml of radiolabeling medium containing 0.2 mM cas-
tanospermine from 20 to 24 h posttransfection. At the end of the labeling period,
intracellular gp64 was extracted and immunoprecipitated, and the washed im-
munoprecipitates were analyzed by SDS-PAGE and autoradiography.
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grated faster than the wild type. These results confirmed that
only four of the five consensus N-glycosylation sites in AcM-
NPV gp64 are used and revealed that those sites are located at
positions 198, 355, 385, and 426. The N-glycosylation site lo-
cated at position 160 is not used during biosynthesis of AcM-
NPV gp64.

Combinatorial mutants lacking more than one N-glycosyla-
tion site migrated faster than those lacking single sites, and
mutants lacking larger numbers of N-glycosylation sites mi-
grated faster than those lacking smaller numbers of sites. Mu-
tants lacking the same number of N-glycosylation sites did not
necessarily have identical electrophoretic mobilities, but the
observed differences in the electrophoretic mobilities of the
gp64 mutants clearly reflected differences in N-glycosylation,
as all 16 comigrated with the wild type after being completely
deglycosylated with endo H (data not shown).

Processing of individual N-linked glycans on AcMNPV gp64.
Four of the plasmids described above encoded triple-mutant
gp64s with single N-linked glycans located at defined sites.
Previous work had shown that at least one N-linked glycan on
AcMNPV gp64 is processed to an endo H-resistant structure
(20). Therefore, we used these four plasmids to examine pro-
cessing of the individual N-linked glycans on gp64. Sf9 cells
were transfected with the triple-mutant plasmids or a quadru-
ple-mutant control encoding a mutant gp64 lacking all four
N-glycosylation sites, which served as a marker for deglycosy-
lated gp64. The cells were starved for methionine, pulsed
briefly with Trans[35S]-label, and chased for 4 h; gp64 was
extracted, immunoprecipitated, digested with endo H, and an-
alyzed by SDS-PAGE, as described in Materials and Methods.
The results showed that the glycan at position 198 was com-
pletely resistant, the glycan at position 355 was completely
sensitive, and the glycans at positions 385 and 426 were about
50 and 10%, respectively, resistant to endo H (Fig. 4). These
results show that only a subset of the N-linked glycans on
AcMNPV gp64 are processed and reveal that processing can
be highly efficient or quite inefficient, depending on the posi-
tion of the glycan.

Isolation and characterization of recombinant baculovi-
ruses with mutant gp64s. Recombinant baculoviruses encod-
ing mutant gp64s lacking various N-linked glycans were iso-
lated by homologous recombination between individual
transfer plasmids and a parental viral DNA that had been
linearized in the gp64 region as described in Materials and
Methods. We used this approach to successfully isolate recom-
binants encoding mutant gp64s lacking every possible combi-

nation of one, two, or three N-linked glycans. Despite multiple
attempts, however, we failed to isolate a recombinant encoding
a quadruple-mutant nonglycosylated gp64 (data not shown).
The reason for this is unclear, as we observed high-level tran-
sient expression of nonglycosylated gp64 by the quadruple mu-
tant plasmid (Fig. 3), and we and others have shown previously
that low levels of infectious progeny containing nonglycosy-
lated gp64 can be produced by tunicamycin-treated cells (6, 20,
26, 43).

Sf9 cells were infected with each of the recombinant bacu-
loviruses or wild-type AcMNPV, the cells were treated with
castanospermine, and gp64 was radiolabeled, extracted, immu-
noprecipitated, and analyzed by SDS-PAGE. The results of
this analysis were similar to those obtained in the transient
expression experiments, as each gp64 mutant was expressed
during infection and there was no correlation between expres-
sion levels and the numbers or locations of the N-glycosylation
site mutations (Fig. 5). Again, the electrophoretic mobility of
gp64 increased with increasing number of glycosylation site
mutations, but mutants lacking the same numbers of N-linked
glycans did not necessarily have the same electrophoretic mo-
bilities.

The four recombinant viruses encoding triple mutant gp64s
were used to examine the carbohydrate compositions of the
individual N-linked glycans on gp64. BV progeny were partially
purified from Sf9 cells infected with the recombinant viruses or
wild-type AcMNPV; gp64 was extracted, immunoprecipitated,
and analyzed by lectin blotting as described in Materials and
Methods. The lectins used for this analysis were ConA, which
binds specifically to a-linked mannose, AAA, which binds spe-
cifically to a-linked fucose, RCA, which binds specifically to
b-linked galactose, and SNA, which binds specifically to ter-
minal a2,6-linked sialic acid. The results showed that ConA
bound to all four triple mutant gp64s, indicating, as expected,
that each N-linked glycan on AcMNPV gp64 contains a-linked
mannose (Fig. 6A). The specificity of ConA binding was dem-
onstrated by a clear reduction in binding when the lectin was
preincubated with competing sugar. AAA bound to the triple-
mutant gp64s with N-linked glycans at position 198, 385, or 426
but not to the one with an N-linked glycan at position 355,
indicating that the former, but not the latter, contain a-linked
fucose (Fig. 6B). Again, the specificity of lectin binding was
demonstrated by the absence of binding when AAA was pre-
incubated with competing sugar. Neither RCA nor SNA bound

FIG. 4. Processing of individual N-linked glycans on AcMNPV gp64. Sf9 cells
were transfected with plasmids encoding mutant gp64s with no consensus N-
glycosylation sites (NONE) or with single sites at position 198, 355, 385, or 426,
as indicated above the lanes. The cells were treated with radiolabeling medium
from 22 to 24 h, pulse-labeled for 5 min with 500 mCi of Tran35S-label per ml of
fresh radiolabeling medium, and chased for 4 h as described in Materials and
Methods. Intracellular gp64 was extracted, immunoprecipitated, and eluted from
the washed immunoprecipitates. Soluble proteins were recovered and digested
overnight with buffer alone (2) or endo H (1); then the reactions were termi-
nated by the addition of an equal volume of 23 Laemmli sample buffer and
heated for 10 min at 65°C, and the products were analyzed by SDS-PAGE and
autoradiography.

FIG. 5. Expression of gp64 N-glycosylation site mutants by recombinant
baculoviruses. Sf9 cells were infected at a multiplicity of 2.5 PFU per cell with
wild-type AcMNPV (WT) or recombinant baculoviruses encoding mutant gp64s
lacking various consensus N-glycosylation sites, as indicated above the lanes. The
cells were treated with 0.2 mM castanospermine from 1 to 44 h and labeled with
100 mCi of Tran35S-label per ml of radiolabeling medium containing 0.2 mM
castanospermine from 44 to 48 h postinfection. At the end of the labeling period,
intracellular gp64 was extracted and immunoprecipitated, and the washed im-
munoprecipitates were analyzed by SDS-PAGE and autoradiography.
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to any of the triple-mutant gp64s or to wild-type gp64, indicat-
ing that none of the N-linked glycans on gp64 contain detect-
able levels of b-linked galactose or a2,6-linked sialic acid.
These results are consistent with the results of all of our pre-
vious lectin blotting assays on gp64 from wild-type AcMNPV
(16, 18, 19).

In vitro growth properties of recombinant baculoviruses
with mutant gp64s. One-step growth curves were performed to
compare the in vitro growth properties of wild-type AcMNPV
and representative recombinants with mutant gp64s lacking
various N-linked glycans as described in Materials and Meth-
ods. The results showed that the amounts of infectious progeny
produced by recombinants with mutant gp64s lacking one, two,
or three N-linked glycans were about 10- to 100-fold lower
than the amounts produced by wild-type virus (Fig. 7). These
results were confirmed and extended in an independent exper-
iment performed nearly 2 months later, which showed that
these recombinants produced about 10- to 50-fold less in-
fectious progeny by 48 h and about 10- to 200-fold less infec-
tious progeny by 1 week postinfection compared to the wild
type (data not shown). Interestingly, the loss of a single N-

glycosylation site at any position was sufficient to reduce in-
fectious progeny production. Although one triple mutant,
AcSD64KDN355,385,426, produced slightly less progeny than
all the others, there were no consistent further reductions
among the mutants lacking additional N-glycosylation sites.

Transport of mutant gp64s to the cell surface and incorpo-
ration into BV progeny. One possible explanation for the re-
duced levels of infectious progeny production by the recom-
binant viruses was that mutant gp64s lacking one or more
N-linked glycans were less efficiently transported to the in-
fected cell surface. This could reduce infectious progeny
production directly if gp64 is required for budding or indi-
rectly if BV particles require a critical mass of gp64 for
optimal infectivity. To examine the expression of various
gp64 mutants on the surface of cells infected with the re-
combinant viruses, we used a lactoperoxidase-catalyzed ra-
dioiodination method (31) that specifically radiolabels pro-
teins exposed on the cell surface. The results showed that
each mutant gp64, including all four triple mutants, reached
the cell surface and each was at least as intensely radiola-
beled as the wild type (Fig. 8). We recognize that it is
difficult to quantify cell surface expression due to potential
differences in conformation among the different forms of
gp64. However, it was clear from these data that there was
no correlation between the intensity of gp64 labeling and
the levels of infectious progeny produced by the recombi-
nant viruses. Thus, it was unlikely that differences in gp64
cell surface expression could account for the observed dif-
ferences in infectious progeny production. To extend this
observation, we evaluated the gp64 content of representa-
tive recombinant viruses by examining the ratio of gp64 to
capsid protein in partially purified BV preparations. The
gp64- and capsid-specific bands in the Coomassie blue-
stained gel (Fig. 9A) were identified by Western blotting
(Fig. 9B), and these bands in three replicate gels were quan-
titated by densitometry (Fig. 9C). Visual inspection of all
three stained gels and the average densitometric data indi-
cated that the gp64/capsid ratios of the mutant viruses were

FIG. 6. Carbohydrate compositions of individual N-linked glycans on AcM-
NPV gp64. Sf9 cells were infected at a multiplicity of about 0.01 PFU per cell
with wild-type AcMNPV (WT) or recombinant baculoviruses encoding mutant
gp64s with single N-glycosylation sites at position 198, 355, 385, or 426, as
indicated above the lanes. BV progeny were partially purified and solubilized,
total virion proteins were resolved by SDS-PAGE, and the proteins were then
transferred to Immobilon filters and probed with various digoxigenylated lectins,
all as described in Materials and Methods. Each lectin (ConA [A], AAA [B],
RCA [C], or SNA [D]) was preincubated in buffer alone (2) or buffer containing
excess competing sugar (1) prior to use, and lectin binding was detected with
alkaline phosphatase-conjugated sheep antidigoxigenin and a standard color
reaction (2). Control strips were probed with a monoclonal antibody against gp64
(Ab) followed by alkaline phosphatase-conjugated secondary antibody and the
same color reaction. Arrows at the left and right of each panel indicate the
positions of wild-type (w) and mutant (m) gp64s.

FIG. 7. Replication of recombinant baculoviruses with gp64 glycosylation site
mutations. Sf9 cells were infected at a multiplicity of 10 PFU per cell with wild-type
AcMNPV (open circles) or recombinant baculoviruses encoding mutant gp64s lack-
ing various consensus N-glycosylation sites (closed circles, AcSD64DN198; open
boxes, AcSD64DN198,355; closed boxes, AcSD64DN198,355,385; open triangles,
AcSD64DN198,355,426; closed triangles, AcSD64DN198,385,426; open diamonds,
AcSD64DN355,385,426). After a 1 h adsorption period, the cells were washed and
samples were harvested and clarified immediately or at various times after infection.
The resulting cell-free supernatants were titered by using a limiting dilution assay as
described in Materials and Methods, and the results were plotted to generate
one-step growth curves for each virus.
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similar to those of the wild type. This conclusion was sup-
ported by the Western blotting results as well. Thus, there
were no consistent differences in the transport of gp64 to the
cell surface or its subsequent incorporation into progeny
virions, which might have explained the reduced levels of
infectious progeny virus produced by the recombinant vi-
ruses that contained mutant gp64s.

Fusogenic activities of gp64 mutants. AcMNPV gp64 has
acid-induced fusogenic activity, which is believed to be respon-
sible for viral penetration and cell-to-cell transmission of BV
infection (4, 30, 33, 34, 49). Therefore, it was important to
evaluate the inherent acid-induced fusogenic activities of the
gp64 N-glycosylation site mutants. Sf9 cells were transfected
with control plasmids or plasmids encoding selected gp64 mu-
tants, and acid-induced cell fusion assays were performed at
36 h posttransfection as described in Materials and Methods.
The results showed that cells transfected with pBS alone had
no detectable fusogenic activity, while cells transfected with a
plasmid encoding wild-type gp64 had substantial levels of fu-
sogenic activity (Fig. 10). The levels of fusogenic activity in-
duced by gp64 mutants lacking one or two N-glycosylation sites
were indistinguishable from wild-type levels. By contrast, fu-
sogenic activity was greatly reduced with a gp64 mutant lacking
three N-glycosylation sites, and almost no activity was detected
in cells transfected with a plasmid encoding nonglycosylated
gp64. Cell fusion assays performed with the full set of gp64
N-glycosylation site mutants showed that all of the single and
double mutants had at least wild-type levels of fusogenic ac-
tivity, while all of the triple mutants were severely defective
and the quadruple mutant had almost no activity (data not

shown). These data showed that there was no correlation be-
tween the inherent levels of acid-induced fusogenic activity in
the mutant gp64s and the lower levels of infectious progeny
produced by recombinant viruses containing these mutant gly-
coproteins.

Binding kinetics of recombinant baculoviruses with mutant
gp64s. Another possible basis for the differences in the one-
step growth curves of the wild-type and mutant viruses was that
there might be differences in their binding properties. We
addressed this possibility by comparing the binding kinetics of
the wild-type and mutant viruses at 4°C. The results of these
assays demonstrated that all of the mutant viruses had reduced
binding kinetics relative to the wild type, irrespective of the
numbers or positions of their gp64 N-glycosylation site muta-
tions (Fig. 11). The difference in binding kinetics between the
wild-type and mutant viruses correlated perfectly with the dif-
ference in their growth properties. We conclude, therefore,
that elimination of one, two, or three N-glycosylation sites on

FIG. 8. Cell surface expression of gp64 with various glycosylation site muta-
tions. Sf9 cells were infected at a multiplicity of about 2.5 PFU per cell with
wild-type AcMNPV (WT) or recombinant baculoviruses encoding mutant gp64s
lacking various consensus N-glycosylation sites, as indicated above the lanes. The
cells were incubated to 40 h postinfection, radioiodinated by the lactoperoxidase
method, and extracted. The extracts were immunoprecipitated with the control
antibody PAb419 (lanes a) or with AcV1 (lanes b), and the immunoprecipitates
were washed, disrupted, and analyzed by SDS-PAGE and autoradiography.

FIG. 9. Relative gp64 content of wild-type and recombinant baculovirus par-
ticles. Sf9 cells were infected at a multiplicity of about 0.01 PFU per cell with
wild-type AcMNPV (WT) or recombinant baculoviruses encoding mutant gp64s
lacking various consensus N-glycosylation sites, as indicated above the lanes. BV
progeny were partially purified and solubilized, and total virion proteins were
resolved by SDS-PAGE as described in Materials and Methods. Either the gels
were stained with Coomassie blue or proteins were transferred to Immobilon
filters and probed with a mixture of two different monoclonal antibodies against
gp64 and one against AcMNPV capsid as described in Materials and Methods.
The relevant proteins in the stained gel were quantitated by using the Gel Doc
1000 system equipped with image analysis software (Molecular Analyst version
2.1; Bio-Rad). (A) Stained gel; (B) Western blot; (C) results of image analysis
shown as the gp64/capsid ratio for each type of virus.

VOL. 72, 1998 STRUCTURAL AND FUNCTIONAL ANALYSIS OF AcMNPV gp64 9465



AcMNPV gp64 reduces the binding kinetics of BV particles
and that this reduction can account for the corresponding
reduction in the levels of infectious progeny produced by these
viruses.

DISCUSSION

The overall goals of this study were to further characterize
the properties of AcMNPV gp64 as a glycoprotein and to
examine the functional role(s) of its N-linked glycans. It had
been reported previously that N-glycosylation of AcMNPV
gp64 is important for its intracellular transport and fusogenic
activity, as well as for BV infectivity (6, 20, 21, 43). However,
those conclusions were derived from studies in which tunica-
mycin, a general inhibitor of protein N-glycosylation, was used
to block glycosylation of gp64. Thus, it was difficult to deter-
mine whether the results of these studies reflected a direct

requirement for N-glycosylation of gp64 or indirect effects of
blocking N-glycosylation of all newly synthesized glycoproteins
in the cell. In this study, we used site-directed mutagenesis to
eliminate consensus N-glycosylation sites in AcMNPV gp64.
This approach yielded a set of plasmids which encoded gp64
mutants that lacked various N-linked glycans. These plasmids
were expressed transiently, and the gp64 mutants were exam-
ined biochemically to determine if the absence of N-linked
glycans had any direct effects on behavior of the protein. These
plasmids also were used to produce recombinant baculoviruses
that encoded and contained various mutant gp64s, and the
properties of these viruses were characterized to determine if
the absence of N-linked glycans had any effects on the behavior
and function(s) of gp64 during AcMNPV infection.

As a prelude to the site-directed mutagenesis experiments,
we performed partial endo H digestions and SDS-PAGE anal-
yses to measure the number of N-linked glycans on gp64. The

FIG. 10. Fusogenic activity of gp64 with various glycosylation site mutations. Sf9 cells were transfected with a control plasmid (BS), a plasmid encoding wild-type
gp64 (WT), or plasmids encoding gp64 mutants lacking various consensus N-glycosylation sites (missing sites indicated by the numbers above the panels). The cells were
incubated for 36 h, then fusion assays were performed as described in Materials and Methods, and the cells were photographed at a magnification of 320 with a
phase-contrast microscope.
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results suggested that AcMNPV gp64 has a maximum of four
N-linked glycans, indicating that only four of its five consensus
N-glycosylation sites are used. This conclusion was confirmed
and extended by examining the electrophoretic mobilities of
five gp64 mutants, each lacking one N-glycosylation site at a
defined location, after transient expression in Sf9 cells. Four of
these mutants migrated faster than wild-type gp64, while the
fifth comigrated with wild-type gp64. These results confirmed
that four of the five consensus N-glycosylation sites in AcM-
NPV gp64 are used, identified their positions at amino acids
198, 355, 385, and 426, and revealed that the unused site is
located at amino acid 160. It is widely accepted that the con-
sensus recognition sequence Asn-X-Thr/Ser is necessary but
not sufficient for protein N-glycosylation in eucaryotic cells, as
some are used, some are used inefficiently, and some are not
used at all (1, 8, 17). The rules governing site usage remain
rather poorly defined, but some information is available. For
example, it is clear that the presence of proline in the middle
position or immediately following a consensus N-glycosylation
site strongly reduces the likelihood of N-glycosylation (8).
None of the N-glycosylation sites that are used in AcMNPV
gp64 have prolines in either of these positions. In addition,
consensus sites containing threonine in the third position are
used more frequently than those containing serine in the third
position (8, 24). The N-glycosylation site at position 160 of
AcMNPV gp64, which is not used, contains serine in the third
position. Two of the N-glycosylation sites that are used have
threonine, and the other two have serine, in the third position.
When serine is found in the third position, the identity of the
second amino acid in the recognition site becomes more im-
portant and sites that have tryptophan, aspartic acid, glutamic
acid, or leucine in the middle position are used inefficiently (23,
41). Both of the used N-glycosylation sites in AcMNPV gp64
that have serine in the third position have asparagine in the
middle position. Thus, the rules governing N-glycosylation site
usage, in general, appear to be followed during biosynthesis of
gp64 in uninfected or AcMNPV-infected Sf9 cells.

Processing of each of the individual glycans on AcMNPV
gp64 was assessed by analyzing the endo H sensitivities and
monosaccharide compositions of the four triple mutants, each
of which contained a single N-linked glycan at a defined posi-
tion. The results demonstrated that only a subset of the N-

linked glycans on AcMNPV gp64 are processed to endo H-
resistant structures and revealed that there were differences in
the efficiency of processing of individual N-linked glycans. In
addition, only those glycans that acquired at least partial endo
H resistance contained detectable levels of fucose, and none of
the glycans on AcMNPV gp64 were processed to complex
structures containing b-linked galactose or a2,6-linked sialic
acid. These results indicate that processing of the N-linked
glycans on AcMNPV gp64 is subject to positional effects, which
is a common feature of glycoproteins, particularly membrane-
bound glycoproteins, which often have both high mannose
(endo H-sensitive) and processed, complex (endo H-resistant)
N-linked glycans (38). The most efficiently processed glycan on
AcMNPV gp64 is closest to the amino terminus of the protein,
which is consistent with the previous observation that complex
glycans are usually located in the N-terminal regions of glyco-
proteins (38). It also has been observed that complex glycans
on glycoproteins which have both types of N-linked side chains
are usually found on the amino-terminal side of a high-man-
nose glycan (38). Interestingly, the two inefficiently processed
glycans on AcMNPV gp64 are located on the carboxy-terminal
side of a high mannose (endo H-sensitive) glycan. Thus, based
on previous observations, we might have predicted that these
glycans would be inefficiently processed due to their positions
with respect to the high-mannose glycan. On the other hand, if
we consider their positions to be absolutely incompatible with
any processing, then we would have predicted that these gly-
cans would not have been processed, even inefficiently, based
on previous observations.

AcMNPV gp64 mutants with every possible combination of
N-glycosylation site mutations were expressed in transiently
transfected Sf9 cells, and there was no correlation between
expression levels and the numbers or positions of these muta-
tions. As expected, mutants with more mutations migrated
faster than mutants with fewer mutations. However, mutants
with the same number of mutations did not necessarily comi-
grate. All of the mutant gp64s comigrated after being com-
pletely deglycosylated with endo H, and the differences in the
electrophoretic mobilities of different mutants lacking the
same number of N-glycosylation sites did not reflect differ-
ences in the sizes of their glycans because processing had been
blocked at Glc3Man9GlcNAc2 by castanospermine treatment.
Therefore, different N-linked glycans apparently contribute in
different ways, perhaps via SDS-resistant conformational ef-
fects, to the electrophoretic migration of the mutant AcMNPV
gp64s.

Recombinant baculoviruses which encoded and contained
gp64 mutants lacking one, two, or three N-linked glycans were
isolated, and their in vitro one-step growth curves were com-
pared in assays using Sf9 cells as the host. The results demon-
strated that the all of the mutant viruses produced lower levels
of infectious BV progeny than wild-type AcMNPV. Interest-
ingly, all of the mutants had very similar growth curves, indi-
cating that the loss of a single N-linked glycan reduced infec-
tious progeny production and the loss of one or two additional
glycans had no additional effect. Although one triple mutant
consistently produced slightly lower levels of infectious prog-
eny than all other mutants, there was no correlation between
the number or positions of N-glycosylation site mutations and
the magnitude of the reduction in infectious progeny produc-
tion.

Subsequent experiments were designed to determine the
molecular basis for the reduction in infectious progeny pro-
duction by the mutant viruses. Due to the nature of the one-
step growth curve experiment, we had to consider both the
relative ability of the mutants to produce BV progeny and the

FIG. 11. Binding kinetics of gp64 glycosylation site mutants. Equivalent titers of
wild-type AcMNPV (open circles) or recombinant baculoviruses encoding mutant
gp64s lacking various consensus N-glycosylation sites (closed circles, AcSD64DN198;
open boxes, AcSD64DN198,355; closed boxes, AcSD64DN198,355,385; open trian-
gles, AcSD64DN355,385,426) were added to triplicate cultures of Sf9 cells and
incubated for various times at 4°C. The viral inocula were then removed, the cells
were washed three times with growth medium, and an agarose overlay was added.
After 1 to 2 weeks at 28°C, plaques were counted under a dissecting microscope and
the average numbers of plaques obtained with each virus were plotted against
binding time.
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relative infectivity of those progeny. Under the reasonable
assumption that gp64 is necessary for BV progeny production,
we first examined the relationship between expression levels,
cell surface expression, and the one-step growth curves of these
viruses. Although not strictly quantitative, the results clearly
showed that there was no correlation between either the levels
of mutant gp64 expression or the levels of cell surface expres-
sion and the levels of infectious progeny production. A com-
parison of the relative gp64 content of wild-type and mutant
BV particles demonstrated that there was little difference and
no correlation between the gp64 content and growth properties
of these viruses. We also found no correlation between the
inherent acid-induced cell fusogenic activities of the mutant
gp64s and the growth properties of recombinant viruses con-
taining these mutant proteins. Together, these findings sug-
gested that the differences in the one-step growth curves of the
mutant viruses could not be explained by reductions in BV
production or defects in the ability of the mutant gp64s to
mediate viral penetration.

We have considered the possibility that the gp64 fusion assay
does not accurately reflect the fusogenic activities of the wild-
type and recombinant virus particles themselves. However,
there is no simple way to measure the fusogenic activities of
the budded virions in quantitative fashion. Furthermore, the
single and double mutants both produced less infectious prog-
eny than the wild type, and they all had wild-type levels of
inherent fusogenic activity and similar gp64/capsid ratios. By
contrast, the triple mutants produced the same amounts of
infectious progeny as the single and double mutants but had
significantly less fusogenic activity. Considering these observa-
tions, it is highly unlikely that there would be a clear correla-
tion between the relative levels of fusogenic activity in the
wild-type and mutant BV particles and their one-step growth
curves. The ability of the triple gp64 mutants to produce about
the same amounts of infectious progeny as the single and
double mutants is significant, for it suggests that the triple-
mutant gp64s, despite having much less inherent fusogenic
activity than the wild type and the single or double mutants,
still provide enough activity to function in viral penetration.

Subsequently, we tested the hypothesis that the growth prop-
erties of the mutant baculoviruses can be explained by differ-
ences in their binding activities. The results of binding assays
demonstrated that the mutant viruses all bound to Sf9 cells
more slowly than the wild type. Furthermore, there were no
clear differences in binding kinetics among the three classes of
mutants. The observed reduction in binding kinetics was the
only property we examined that correlated perfectly with the
reduction in infectious progeny production by the mutant vi-
ruses. Therefore, we conclude that elimination of one or more
N-glycosylation sites in AcMNPV gp64 impairs the binding of
BV particles containing the mutant protein to Sf9 cells. This
explains why viruses containing these mutant forms of gp64
produce less infectious progeny than wild-type gp64. One in-
terpretation of the findings presented in this study is that
AcMNPV gp64 has a direct role in binding BV to the host cell;
that is, gp64 functions as a viral attachment protein in addition
to functioning in viral penetration via its recognized fusogenic
activity. If this is true, the differential effect of N-glycosylation
site mutations on the binding and fusogenic activities of AcM-
NPV gp64 would suggest that these two functions are mediated
by physically independent domains of the native gp64 mole-
cule. At this time, however, it remains equally possible that
alterations in the structure of the mutant gp64s indirectly im-
pair the binding of BV particles to the cell.
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