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A structural glycopeptide, gp4l, derived from the occluded virus of the baculovirus Autographa californica
nuclear polyhedrosis virus was characterized. The peptide specifically bound wheat germ agglutinin but was
not recognized by a panel of seven other lectins. Reactivity with wheat germ agglutinin was eliminated by
treatment of gp4l with beta-N-acetylglucosaminidase, indicating that N-acetylglucosamine (GlcNAc) was
present as terminal residues. gp4l was efficiently galactosylated by galactosyltransferase only in the presence
of Nonidet P-40, suggesting that GlcNAc residues are not exposed on the surface of the virion. Metabolic
labelling of gp4l with [3H]GlcNAc occurred in the presence of tunicamycin. The carbohydrate was released by
alkaline borohydride treatment and comigrated with N-acetylglucosaminitol in descending paper chromatog-
raphy. The data indicate that gp4l contains single residues of GlcNAc 0 glycosidically linked to the polypeptide
chain. Evidence suggesting that gp4l is located in the region between the envelope membrane and the capsid
(defined here as the tegument) of the occluded virus is also presented.

Two distinct types of virions are produced during replica-
tion in insects and in cell cultures of the baculovirus Au-
tographa californica nuclear polyhedrosis virus (AcNPV).
Although genetically identical, they differ in relative infec-
tivities in cells in vitro and in insect larvae (22, 36). Extra-
cellular viruses (ECV) are virions which are formed by the
budding of single nucleocapsids through the plasma mem-
brane; they are considered to be the vehicle for the systemic
spread of infection within the insect. A second type of
baculovirus virions, the occluded virions (OV), obtain their
envelope in the nuclei of infected cells. One or more nucle-
ocapsids may share a common envelope; in morphogenesis,
these bundles become embedded within occlusion bodies
(OB). Larvae of susceptible insect species become infected
when ingested OB disassemble in the lumen of the midgut
and OV bundles are released. OV structural polypeptides are
involved in at least two binding functions: (i) they recognize
and bind to gut epithelial cells to initiate cell infections (21),
and (ii) the surfaces of the envelopes appear to have a close
affinity for the developing polyhedrin lattice in OV morpho-
genesis. The two virus phenotypes differ in their glycopro-
tein compositions. An abundant glycoprotein, gp67, having a
role in virus-cell interactions (35) is present in ECV but not
in OV. Similarly, a major glycoprotein not found in ECV has
been identified in OV (32): Stiles and Wood described a
42-kDa OV glycoprotein (41K OV glycoprotein) that was
metabolically labelled with N-[3H]acetylglucosamine ([3H]
GlcNAc) but not [3H]mannose. Labelling was not inhibited
by tunicamycin, suggesting the presence of 0-linked oli-
gosaccharide side chains. To date, the OV glycoprotein has
not been further characterized with respect to its structure or
function in the life cycle of AcNPV.

Peptide glycosylation is generally thought to occur via the
secretory pathway in eukaryotic cells, resulting in glycopro-
teins that are largely restricted to the surface and lumenal
compartments of cells (16, 24, 28). However, there has been
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a growing body of evidence to suggest that glycoproteins do
exist in the cytoplasm and nucleoplasm (14, 15). Many of
these glycoproteins are of a novel type, in which GlcNAc is
0 glycosidically linked to a serine or threonine residue (14,
15). This study was done to characterize a major OV
glycoprotein of AcNPV. We show that this glycoprotein
contains 0-linked GlcNAc and that it is most likely localized
in the tegument of OV.

MATERIALS AND METHODS

Virus and cell cultures. A plaque-purified isolate of Ac-
NPV, HR3 (5), was propagated in Spodoptera frugiperda
IPLB-SF-21 (SF) cells (34) by use of TC100 (8) supple-
mented with 10% fetal calf serum. OB were recovered from
HR3-infected SF cells (18). OV were released from OB by
treatment with alkali (1) and concentrated by centrifugation
through a 20% sucrose cushion. For recovery of nucleocap-
sids, OV were resuspended in 10 mM Tris-HCl (pH 7.5)-i
mM EDTA-300 mM NaCl-1% (vol/vol) Nonidet P-40 (NP-
40) for 24 h at 37°C, with occasional mixing (33). The
suspension was clarified for 1 min in a Microfuge, layered
onto a 1-ml cushion of 20% sucrose, and centrifuged for 1 h
at 32,000 x g with an SW60 rotor. Hybridoma cell lines were
propagated in Dulbecco modified Eagle medium supple-
mented with 10% fetal calf serum and 0.05 mM 2-mercapto-
ethanol.
MAb production. Monoclonal antibodies (MAb) 3.10 and

5.15 were generated as described previously (38) with whole
OV as an immunogen. MAb 3.10 specifically immunoprecip-
itated a 41K OV polypeptide which could be metabolically
labelled by [3H]GlcNAc. MAb 5.15 specifically reacted with
this 41K polypeptide in immunoblots. MAb 3.10 and 5.15
also recognized a 111K OV polypeptide with properties
identical to those of gp4l. MAb AcV12 (17) specifically
reacted with major capsid protein p39. Hybridoma superna-
tants were used throughout the study.

Metabolic labelling of OV. Nearly confluent SF cells were
infected at a multiplicity of 5 to 10. At 17 h postinfection,
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cells were starved for 1 h in TC100 lacking glucose or
methionine, as required. Cells were labelled for 4 h with
[3H]GlcNAc (50 ,uCi/ml), [3H]mannose (50 pRCi/ml), or
[35S]methionine (25 ,uCi/ml), after which complete TC100
was added. OB were harvested at 3 days postinfection. In
some cases, 10 jig of tunicamycin per ml was added at
infection.

Immunoprecipitation. HR3-infected SF cells were labelled
with [3H]GlcNAc (100 ,uCi/ml) or [35S]methionine (50 p.Ci/
ml) in TC100 lacking glucose or methionine at 18 h postin-
fection for 4 h. Harvested cells (3 x i07 to 5 x 10 ) were
washed with phosphate-buffered saline (PBS), solubilized in
1 ml of 20 mM Tris-HCl (pH 9.0)-137 mM NaClI-.92 mM
MgCl2-10% (vol/vol) glycerol-1% (vol/vol) NP-40-2 mM
phenylmethylsulfonyl fluoride (PMSF) on ice for 30 min, and
clarified by centrifugation for 30 min in a Microfuge. NP-40
extracts were preabsorbed with protein A-Sepharose CL-4B
(Pharmacia, Nepean, Ontario, Canada) (5 mg/ml) which had
been coated with rabbit anti-mouse immunoglobulin sera
(Sigma, St. Louis, Mo.). Aliquots (200 ,ul) of the preab-
sorbed extracts were added to 5 mg of protein A-Sepharose
CL-4B coated with MAb 3.10. Immunoprecipitates were
washed three times with 10 mM Tris-HCl (pH 7.6)-1%
(vol/vol) NP-40-1% (wt/vol) sodium deoxycholate-0.1% (wt/
vol) sodium dodecyl sulfate (SDS)-1 mM EDTA-2 mM
PMSF and once with PBS. The precipitates were resus-
pended in electrophoresis sample buffer (0.0623 M Tris-HCl
[pH 6.8], 1% SDS, 10% glycerol, 2% 2-mercaptoethanol,
0.01% bromophenol blue), and the suspensions were heated
in a boiling water bath for 5 min. gp4l was resolved on 12%
SDS-polyacrylamide gel electrophoresis (PAGE) gels as
described by Laemmli (23).

Immunoblotting. Immunoblotting was performed as previ-
ously described (38).

Lectin blotting. Polypeptides were resolved on SDS-poly-
acrylamide slab gels (23) and transferred by electrophoresis
to polyvinylidene difluoride (PVDF) membranes (Millipore
Canada Ltd., Mississauga, Ontario, Canada). Membranes
were blocked for 30 min with PBS-0.05% Tween 20 (PBST)
and then incubated with biotinylated wheat germ agglutinin
(WGA), lentil lectin, peanut agglutinin, soybean agglutinin,
Helix pomatia agglutinin, winged pea agglutinin, or Ricinus
communis agglutinin (all at 10 ,ug/ml) or concanavalin A (2
,ug/ml) (biotinylated lectins were purchased from Sigma).
After being washed in PBST, the blots were incubated with
streptavidin-conjugated alkaline phosphatase in PBST for 20
min and developed. For beta-N-acetylglucosaminidase di-
gestion, blocked membranes were incubated in PBST con-
taining 2.5 U of beta-N-acetylglucosaminidase (Sigma) per
ml at 37°C for 24 h, washed, and reacted with biotinylated
WGA. For fluorography, membranes were sprayed with
En3Hance (Du Pont Canada Ltd., Mississauga, Ontario,
Canada) and exposed to Kodak XAR film.

Mild alkaline borohydride treatment. gp4l was electro-
luted from SDS-polyacrylamide gel slices. The polypeptide
was concentrated by use of a Centricon 10 apparatus (Ami-
con Division, W. R. Grace & Co., Danvers, Mass.) and
treated with 2 mCi of NaB3H4 (Du Pont) in 0.05 M NaOH for
18 h at 37°C (31). The sample was placed on ice, diluted
10-fold with distilled H2O, and brought to pH 5.0 by the
dropwise addition of 4 N acetic acid. Methylborate was
removed by several evaporations in methanol-1 N acetic
acid, and the sample was desalted through small columns
containing AG 5OW-X8 (H' form) and AG 2-X8 (Cl- form)
(both from Bio-Rad Laboratories Ltd., Mississauga, On-
tario, Canada) in distilled H2O. Sample and wash fractions
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FIG. 1. Metabolic labelling of AcNPV OV and ECV proteins.

OV (lanes 1 to 4) and ECV (lanes 5 to 8) were labelled with
[35S]methionine (lanes 1 and 5), [3H]GlcNAc (lanes 2 and 6),
[3H]GlcNAc in the presence of 10 jig of tunicamycin per ml (lanes 3
and 7), and [3H]mannose (lanes 4 and 8). Proteins were separated by
12% SDS-PAGE and examined by fluorography. Molecular masses
in kilodaltons are indicated to the left of lanes 1 and 5.

were lyophilized and resuspended in a small volume of
distilled H2O-

Descending paper chromatography. Descending paper
chromatography was done on Whatman no. 1 paper, and the
chromatogram was developed with ethanolamine-pyridine-
water (8:2:1) (11). The chromatogram was sprayed with
En3Hance and exposed to Kodak XAR film.

GalTase assay. OV were dialyzed against 10 mM N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)
(pH 7.3) and labelled as described previously (2). In brief, 10
,ul of 20 mM galactose-30 mM NaCl-10 mM MnCl2-10 mM
HEPES (pH 7.3)-2 mM PMSF with or without 1% NP-40
was added to 10 ,ul of virus. The labelling reaction was
started by adding 10 mU of galactosyltransferase (GalTase)
(Sigma) and then 1 ,uCi of UDP-[3H]Gal in 2 ,ul of 25 mM
5'-AMP, and the mixture was incubated for 30 min at 37°C.
The reaction was stopped by the addition of electrophoresis
sample buffer.
TX-114 extraction. Phase separation of proteins in Triton

X-114 (TX-114) was based on the methods described by
Bordier (3). [3H]GlcNAc- and [35S]methionine-labelled OV
in 10 mM Tris-HCl (pH 7.5)-i mM EDTA were brought to
0.15 M NaCl. One volume of 2% TX-114-TNE (pH 7.5)
(TNE is 10 mM Tris-HCl [pH 7.5], 0.15 M NaCl, and 1 mM
EDTA) was added, and the samples were kept on ice for 20
min before centrifugation for 20 min at 4°C in a Microfuge.
The supernatants were transferred to fresh tubes, and phase
separation was induced by incubating the tubes at 37°C for 3
min and then centrifuging the samples for 3 min at 300 x g
and 37°C. The aqueous phase was removed and kept on ice.
One volume of ice-cold TNE (pH 7.5) was added to the
detergent phase, and the phase separation was repeated. The
second aqueous phase was combined with the first one. A
1/10 volume of 10% TX-114-TNE (pH 7.5) was added to this
fraction, and phase separation was induced. Phase separa-
tion was performed once more on both phases. The final
aqueous and detergent fractions were examined by SDS-
PAGE and fluorography.

RESULTS

Metabolic labellin. AcNPV OV polypeptides metaboli-
cally labelled with [3H]GlcNAc were examined by fluorog-
raphy. Radioactivity was incorporated into 41K and 111K
polypeptides (Fig. 1, lane 2). Labelling was not inhibited in
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FIG. 2. Properties of gp4l binding to WGA. (A) Samples of OV
proteins were separated by 12% SDS-PAGE, transferred to PVDF
membranes, and probed with 10 ,ug of biotinylated WGA per ml.
Incubations were performed in the presence of GlcNAc (0 to 500
mM, indicated above each lane), a competitive inhibitor of WGA.
(B) PVDF membranes bearing immunoprecipitated [35S]methionine-
labelled gp4l (upper panel, WGA) were either not treated (C) or
treated for 6, 12, or 24 h with N-acetylglucosaminidase and probed
with biotinylated WGA. The lower panel (MET) is a fluorogram of
the upper panel.

the presence of 10 ,ug of tunicamycin per ml (Fig. 1, lane 3).
In contrast, labelling of gp67 in ECV with [3H]GlcNAc was
completely inhibited in the presence of tunicamycin (Fig. 1,
lane 7), as would be expected for a polypeptide containing
N-linked oligosaccharide side chains (29). No OV polypep-
tides were labelled with [3H]mannose (Fig. 1, lane 4), again
in contrast to gp67 (Fig. 1, lane 8). These results indicate that
the carbohydrate moieties on the 41K and 111K polypep-
tides are not covalently bound by an N-glycosidic linkage.
The 41K protein (designated gp4l) likely corresponds to a
42K OV polypeptide described by Stiles and Wood (32). This
polypeptide was labelled by [3H]GalNAc but not [3H]man-
nose, and labelling was insensitive to tunicamycin.
The pattern of incorporation of labelled carbohydrate into

the 111K polypeptide was identical to that of gp41. MAb 3.10
coprecipitated this polypeptide with gp4l (data not shown).
However, gplll was not investigated further.

Lectin blotting of OV polypeptides. As an approach to
identifying the carbohydrate attached to gp4l, PDVF mem-
branes bearing OV polypeptides were treated with a panel of
eight lectins, including WGA, concanavalin A, lentil lectin,
peanut agglutinin, soybean agglutinin, H. pomatia aggluti-
nin, winged pea agglutinin, and R. communis agglutinin.
Bound lectins were detected following treatment of the
filters with streptavidin-conjugated alkaline phosphatase.
Only WGA, which recognizes GlcNAc, its oligomers, and
sialic acid (9, 10), bound to gp4l. No other OV proteins were
recognized by any of the lectins. To ensure that the WGA-
gp4l reaction was specific, we included GlcNAc, a compet-
itive inhibitor of WGA, during treatment of a blot with
biotinylated WGA. As the concentration of the competitor
increased, there was a corresponding decrease in WGA
binding to gp4l on the blot (Fig. 2A).
To further define the gp4l-WGA interaction, we incubated

PDVF membranes bearing immunoprecipitated [35S]methio-
nine-labelled gp4l with N-acetylglucosaminidase (hexos-
aminidase), which removes terminal GlcNAc residues from

14.4-

FIG. 3. Enzymatic labelling of glycoproteins in vitro with
[3H]galactose. OV proteins were labelled with [3H]galactose from
UDP-[3H]galactose by use of GalTase in the absence (-) or pres-
ence (+) of NP-40, as indicated. Lane C is a negative control in
which GalTase was omitted from the reaction mixture. Samples
were subjected to 12% SDS-PAGE, and proteins were detected by
fluorography. Molecular masses of protein standards are indicated
on the left in kilodaltons.

carbohydrate side chains on glycoproteins (25). Treatment of
gp4l with this enzyme resulted in the loss ofWGA binding to
gp4l (Fig. 2B). The loss of reactivity was not due to the
removal of protein from the membranes, as indicated by a
fluorogram of the lectin blot (Fig. 2B). These results dem-
onstrate that the carbohydrate side chain of gp4l has termi-
nal GlcNAc residues.

In vitro labelling of gp4l by GalTase. To confirm that gp4l
contains terminal GlcNAc residues, we performed in vitro
labelling with GalTase. GalTase, in the absence of alpha-
lactalbumin, transfers the [3H]galactose residue of UDP-
[3H]galactose to glycoproteins containing terminal GlcNAc
residues (4). When OV were incubated with GalTase in the
presence of UDP-[3H]galactose, gp4l was efficiently galac-
tosylated when NP-40 was included in the reaction mixture
(Fig. 3). However, labelling was greatly reduced when
NP-40 was omitted. These results confirm the presence of
terminal GlcNAc residues on gp4l and further indicate that
the carbohydrate residues on gp4l are located internally in
OV. Similar results have been reported for a human cyto-
megalovirus polypeptide containing 0-linked GlcNAc (2).

Determination of the carbohydrate side chain linkage in
gp4l. Immunoprecipitated gp4l was treated with mild alkali
in the presence of NaB3H4, which specifically releases 0

glycosidically linked side chains from glycoproteins as the
corresponding alditols (beta-elimination) (30, 31). The re-
leased material was recovered, resuspended in distilled H20,
and fractionated on a descending paper chromatogram. The
sample comigrated exactly with the authentic N-acetylglu-
cosaminitol standard (Fig. 4). On the basis of these results it
was concluded that gp4l contains 0 glycosidically linked
GlcNAc.

Location of gp4l in OV. Although the GalTase labelling
experiment indicated that the 0-linked GlcNAc residues of
gp4l are not exposed on the surface of the virion, the
location of gp4l in the virion is unknown. The glycoprotein
could be a component of the capsid or an integral membrane
protein or may be present in the region between the nucle-
ocapsid and the virus envelope (12, 13), referred to here as
the tegument (2). To locate gp4l, we performed the following
experiments. OV were treated with 1% NP-40-300 mM NaCl
and subjected to ultracentrifugation through a sucrose cush-
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FIG. 4. Descending paper chromatography of beta-elimination
products from gp4l. 0-linked carbohydrate was released from gp4l
by treatment of purified gp4l with 0.05 M NaOH. The carbohydrate
was reduced and labelled by use of NaB3H4. Products (lane 2) were
analyzed by desending paper chromatography, and the chromato-
gram was developed with ethanolamine-pyridine-water (8:2:1). La-
belled standards (N-acetylglucosaminitol [GlcNAcol] and N-acetyl-
galactosaminitol [GalNAcol]; lane 1) were prepared from the
appropriate reducing sugar by treatment with 0.05 M NaOH in the
presence of NaB3H4.

ion. This technique has been used to recover intact nucleo-
capsids (33). Samples of OV and nucleocapsids were run on

an SDS-polyacrylamide gel, transferred to Immobilon, and
probed with MAb. MAb AcV12 (17), which specifically
reacts with the major capsid protein (p39), bound to a 39K
polypeptide in the OV and nucleocapsid samples. In con-

trast, MAb 5.15 recognized a 41K polypeptide in the OV
sample but not in the nucleocapsid sample (Fig. 5), indicat-
ing that gp4l is not an integral capsid protein.

1 2 3
V N V N v N

FIG. 6. TX-114 phase separation of OV polypeptides. OV poly-
peptides labelled with [ S]methionine (lanes 1 and 2) or

[3H]GlcNAc (lanes 4 and 5) were separated by use of TX-114 into
detergent (lanes 1 and 4) and aqueous (lanes 2 and 5) phases and
analyzed by SDS-PAGE and fluorography. Lane 3 shows total
[35S]methionine-labelled OV proteins. Molecular masses of stan-
dards are indicated on the left in kilodaltons.

TX-114 phase separation was performed to determine
whether gp4l is an integral membrane protein. [35S]methio-
nine- and [3H]GlcNAc-labelled OV were solubilized in TX-
114, and the mixture was separated into detergent and
aqueous phases. Integral membrane proteins should be
recovered in the detergent phase (although several excep-
tions have been reported), while hydrophilic proteins should
remain in the aqueous phase (27). The results show that gp4l
was partitioned into the aqueous phase (Fig. 6, lane 5) and
could not be detected in the detergent phase (Fig. 6, lane 4),
suggesting that gp4l is not an integral membrane protein. In
support of this conclusion, no distinct hydrophobic clusters
characteristic of integral membrane protein signal and an-
chor peptides were located on the deduced amino acid
sequence of gp4l (37). Taken together, these results suggest
that gp4l is a hydrophilic protein located in the tegument of
Ov.

DISCUSSION

gp41--
p39w-

FIG. 5. Immunoblot analysis of virion and nucleocapsid pro-
teins. OV (V) or nucleocapsids (N) were run in parallel on 12%
SDS-polyacrylamide gels, transferred to Immobilon, and probed
with MAb 5.15 (lane 1), AcV12 (lane 2), or no primary antibody (lane
3).

We demonstrated that a 41K OV structural protein (gp4l)
contains one or more 0 glycosidically linked GlcNAc resi-
dues and probably corresponds to a 42K OV glycoprotein
identified by Stiles and Wood (32). This protein, like gp4l,
was labelled in the presence of [3H]GalNAc but not
[3H]mannose, and labelling was not inhibited by tunicamy-
cin, suggesting the presence of 0 glycosidically linked
carbohydrate side chains. Two other studies (7, 26) reported
that the major OV glycoprotein had a molecular weight of
approximately 42,000 and was not labelled by [3H]mannose.
However, these studies also reported a number of minor
glycoproteins not found by Stiles and Wood (32). These
authors suggested that the labelled sugar may have been
metabolized before being incorporated into virus proteins, as

a result of the long labelling times used.
gp4l does not appear to be a component of ECV. MAb

3.10 and 5.15 did not cross-react with ECV in an enzyme-
linked immunosorbent assay (data not shown), and no ECV-
specific glycoprotein corresponding to gp4l was labelled
with [3H]GlcNAc (Fig. 1), detected by WGA (Fig. 2), or

galactosylated by GalTase (Fig. 3).
The findings presented here also suggest that gp4l is
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located in the tegument of OV, referred to here as the region
between the nucleocapsid and the virion envelope (12, 13).
The GlcNAc side chains on gp4l did not appear to be
exposed on the surface of the virion (Fig. 3), and gp4l was
identified as a hydrophilic protein (Fig. 6) that is not an
integral component of the nucleocapsid (Fig. 5). To date,
only one other glycosylated viral tegument protein has been
described. The 149K basic phosphoprotein of human cyto-
megalovirus is localized in the tegument of the virion (2).
This protein was recently shown to be modified by the
addition of GlcNAc residues by an 0-glycosidic linkage (2).
A diverse set of polypeptides that are modified with

0-linked GIcNAc (14, 15), including two structural viral
proteins (2, 6) and one nonstructural viral proteins (11), have
been identified; however, no function has yet been assigned
to this modification. It has been suggested that this modifi-
cation may have a regulatory function (14, 15), and a recent
study describes results consistent with this hypothesis (20).
The authors found that the apparent levels of 0-linked
GlcNAc in many nuclear proteins increased rapidly after the
activation of T lymphocytes, while the apparent levels of
0-linked GlcNAc in a set of cytoplasmic proteins decreased
rapidly after the activation of these cells. Levels of 0-linked
GlcNAc-modified proteins returned to control levels in the
nucleus and cytoplasm after several hours. These changes
may, for example, play a role in the regulation of transcrip-
tion by the addition or removal of 0-linked GlcNAc from
transcription factors (19). Examination of the role of gp4l in
the life cycle of AcNPV may help define the function of the
modification.

ACKNOWLEDGMENTS
We thank 0. R. Burrone for advice regarding the separation of

sugar alcohols. We also thank Dick Bayly and Doug Palmer for
technical assistance.

This study was supported by a grant from the Medical Research
Council of Canada.

REFERENCES
1. Arif, B. M., and K. W. Brown. 1975. Purification and properties

of a nuclear polyhedrosis virus from Choristoneura fumiferana.
Can. J. Microbiol. 21:1224-1231.

2. Benko, D. M., R. S. Haltiwanger, G. W. Hart, and W. Gibson.
1989. Virion basic phosphoprotein from human cytomegalovirus
contains 0-linked N-acetylglucosamine. Proc. Natl. Acad. Sci.
USA 85:2572-2577.

3. Bordier, C. 1981. Phase separation of integral membrane pro-
teins in Triton X-114. J. Biol. Chem. 256:1604-1607.

4. Brew, K., T. C. Vanaman, and R. L. Hill. 1968. The role of
alpha-lactalbumin and the A protein in lactose synthetase: a
unique mechanism for the control of a biological reaction. Proc.
Natl. Acad. Sci. USA 59:491-497.

5. Brown, M., A. M. Crawford, and P. Faulkner. 1979. Genetic
analysis of a baculovirus, Autographa californica nuclear poly-
hedrosis virus. I. Isolation of temperature-sensitive mutants and
assortment into complementation groups. J. Virol. 31:190-
198.

6. Caillet-Boudin, M., G. Strecker, and J. Michalski. 1989.
0-linked GlcNAc in serotype-2 adenovirus fibre. Eur. J. Bio-
chem. 184:205-211.

7. Dobos, P., and M. A. Cochran. 1980. Protein synthesis in cells
infected by Autographa californica nuclear polyhedrosis virus
(Ac-NPV): the effect of cytosine arabinoside. Virology 103:446-
464.

8. Gardiner, G. R., and H. Stockdale. 1975. Two tissue culture
media for production of lepidopteran cells and nuclear polyhe-
drosis viruses. J. Invertebr. Pathol. 25:363-370.

9. Goldstein, I. J., and C. E. Hayes. 1978. The lectins: carbohy-
drate binding proteins of plants and animals. Adv. Carbohydr.

Chem. Biochem. 35:127-340.
10. Goldstein, I. J., and R. D. Portez. 1986. Isolation, physicochem-

ical characterization and carbohydrate-binding specificity of
lectins, p. 35. In F. E. Leimer, N. Sharon, and I. J. Goldstein
(ed.), The lectins: properties, functions and applications in
biology and medicine. Academic Press, Orlando, Fla.

11. Gonzalez, S. A., and 0. R. Burrone. 1991. Rotavirus NS26 is
modified by addition of single 0-linked residues of N-acetylglu-
cosamine. Virology 182:8-16.

12. Harrap, K. A. 1972. The structure of nuclear polyhedrosis
viruses. II. The virus particle. Virology 50:124-132.

13. Harrap, K. A. 1972. The structure of nuclear polyhedrosis
viruses. III. Virus assembly. Virology 50:133-139.

14. Hart, G. W., R. S. Haltiwanger, G. D. Holt, and W. G. Kelly.
1989. Glycosylation in the nucleus and cytoplasm. Annu. Rev.
Biochem. 58:841-874.

15. Hart, G. W., G. D. Holt, and R. S. Haltiwanger. 1988. Nuclear
and cytoplasmic glycosylation: novel saccharide linkages in
unexpected places. Trends Biochem. Sci. 13:380-384.

16. Hirschberg, C. B., and M. D. Snider. 1987. Topography of
glycosylation in the rough endoplasmic reticulum and Golgi
apparatus. Annu. Rev. Biochem. 56:63-87.

17. Hohmann, A. W., and P. Faulkner. 1983. Monoclonal antibodies
to baculovirus structural proteins: determination of specificities
by Western blot analysis. Virology 125:432-444.

18. Iatrou, K., K. Ito, and H. Witkiewicz. 1985. Polyhedrin gene
of Bombyx mori nuclear polyhedrosis virus. J. Virol. 54:436-
445.

19. Jackson, S. P., and R. Tjian. 0-glycosylation of eukaryotic
transcription factors: implications for mechanisms of transcrip-
tional regulation. Cell 55:125-133.

20. Kearse, K. P., and G. W. Hart. 1991. Lymphocyte activation
induces rapid changes in nuclear and cytoplasmic glycoproteins.
Proc. Natl. Acad. Sci. USA 88:1701-1705.

21. Keddie, B. A., G. W. Apointe, and L. E. Volkman. 1989. The
pathway of infection ofAutographa califomica nuclear polyhe-
drosis virus in an insect host. Science 242:1728-1730.

22. Keddie, B. A., and L. E. Volkman. 1985. Infectivity difference
between the two phenotypes ofAutographa californica nuclear
polyhedrosis virus: importance of the 64K envelope glycopro-
tein. J. Gen. Virol. 66:1195-2000.

23. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

24. Lennars, W. J. 1987. Protein glycosylation in the endoplasmic
reticulum: current topical issues. Biochemistry 26:7205-7210.

25. Li, S., and T. Li. 1970. Studies on the glycosidases of jack bean
meal: crystallisation and properties of beta-N-acetylhex-
osaminidase. J. Biol. Chem. 245:5153-5160.

26. Maruniak, J. E., M. D. Summers, L. A. Falcon, and G. E. Smith.
1979. Autographa califomica nuclear polyhedrosis virus struc-
tural proteins compared from in vivo and in vitro sources.
Intervirology 11:82-88.

27. Pryde, J. G. 1986. Triton X-114: a detergent that has come in
from the cold. Trends Biochem. Sci. 11:160-163.

28. Roth, J. 1987. Subcellular organization of glycosylation in
mammalian cells. Biochim. Biophys. Acta 906:405-436.

29. Schwarz, R. T., and R. Datema. 1982. The lipid pathway of
protein glycosylation and its inhibitors: the biological signifi-
cance of protein bound carbohydrate. Adv. Carbohydr. Chem.
Biochem. 40:287-379.

30. Spiro, R. G. 1972. Study of the carbohydrate of glycoproteins.
Methods Enzymol. 28:3-43.

31. Spiro, R. G., and V. D. Bhoyroo. 1974. Structure of the
0-glycosidically linked carbohydrate units of fetuin. J. Biol.
Chem. 249:5704-5717.

32. Stiles, B., and H. A. Wood. 1983. A study of the glycoproteins of
Autographa californica nuclear polyhedrosis virus (AcNPV).
Virology 131:230-241.

33. Theim, S. M., and L. K. Miller. 1989. Identification, sequence,
and transcriptional mapping of the major capsid protein of
Autographa califomica nuclear polyhedrosis virus. J. Virol.
63:2009-2018.

J. VIROL.



O-LINKED GlcNAc IN AcNPV OV 3329

34. Vaughn, J. L., R. H. Goodwin, G. L. Tompkin, and P. McCaw-
ley. 1977. The establishment of two insect lines from the insect
Spodoptera frugiperda (Lepidoptera:Noctuidae). In Vitro 13:
213-217.

35. Volkman, L. E. 1986. The 64K envelope protein of budded
Autographa califomica nuclear polyhedrosis virus. Curr. Top.
Microbiol. Immunol. 131:103-118.

36. Volkman, L. E., M. D. Summers, and C. H. Hsieh. 1976.

Occluded and nonoccluded nuclear polyhedrosis virus grown in
Trichoplusia ni: comparative neutralization, comparative infec-
tivity, and in vitro growth studies. J. Virol. 19:820-832.

37. Whitford, M., and P. Faulkner. Submitted for publication.
38. Whitford, M., S. Stewart, J. Kuzio, and P. Faulkner. 1989.

Identification and sequence analysis of a gene encoding gp67, an

abundant envelope glycoprotein of the baculovirus Autographa
californica nuclear polyhedrosis virus. J. Virol. 63:1393-1399.

VOL. 66, 1992


