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The presence of O-glycosidic linkages on herpes simplex virus type 1 (HSV-1)
glycoproteins was indicated by the synthesis and glycosylation of HSV-1 glyco-
proteins in the presence of tunicamycin. Monospecific antiserum to HSV-1 gC
immunoprecipitated a 92,000-molecular-weight protein synthesized in the pres-
ence of tunicamycin and isotopically labeled with glucosamine or galactose.
Anti-gAB did not immunoprecipitate a carbohydrate-labeled HSV-1 protein
synthesized in the presence of tunicamycin. The purified glucosamine-labeled
92,000-molecular-weight protein synthesized in the presence of tunicamycin and
the fully glycosylated forms ofgAB and gC were tested for their sensitivity to mild
alkaline hydrolysis. Purified gAB was resistant to mild alkaline hydrolysis,
whereas gC and the 92,000-molecular-weight protein were both sensitive to mild
alkaline hydrolysis. These results suggest that 0-glycosidic linkages are associat-
ed with the HSV-1 gC glycoprotein.

The carbohydrate-peptide linkages which oc-
cur between specific amino acid residues of
glycoproteins and their oligosaccharide side
chains may be classified into the two main types:
N-glycosidic and 0-glycosidic linkages. The car-
bohydrate-peptide linkage which occurs be-
tween N-acetylglucosamine and asparagine is of
the N-glycosidic type. The anomeric carbon
atom of N-acetylglucosamine is linked glycosidi-
cally via a 1 linkage to the amide group of
asparagine. During the synthesis of N-linked
glycoproteins, the high-mannose oligosaccha-
ride is first synthesized on the dolichol beginning
with N-acetylglucosamine, and then it is trans-
ferred en bloc to the nascent polypeptide (13,
30).
The 0-glycosidic linkages include those glyco-

proteins with covalent linkage of N-acetylgalac-
tosamine to serine or threonine. In this case, the
anomeric carbon atom of N-acetylgalactosamine
is linked glycosidically via an a linkage to the
hydroxyl group of serine or threonine. In con-
trast to N-glycosidic linkages, synthesis of 0-
glycosidically linked glycoproteins occurs by the
direct sequential addition of the carbohydrates
to the nascent polypeptide. The occurrence of
both N-glycosidic and 0-glycosidic linkages
within the same glycoprotein molecule is not
uncommon and has been observed in immuno-
globulins (1, 2), fetuin (17, 26), erythrocyte
membrane glycoproteins (6), and glomerular
basement-membrane glycoproteins (29).

Recently, the presence of 0-glycosidically
linked oligosaccharides has been described for

virus-specific glycoproteins. A mouse corona-
virus glycoprotein has. been shown to contain 0-
linked oligosaccharides exclusively (12, 16), and
the vaccinia hemagglutinin glycoprotein has
been reported to contain both N- and 0-linked
oligosaccharides (24). The addition of 0-linked
oligosaccharides to these glycoproteins is ac-
complished in the presence of tunicamycin (12,
24). Tunicamycin (27) in an antibiotic which
inhibits the production of N-acetylglucosamine-
pyrophosphoryldolichol (9), the first step in the
synthesis of lipid-linked oligosaccharides (15). It
is possible to use the antibiotic to specifically
inhibit the synthesis of N-linked oligosaccha-
rides without inhibiting the attachment of 0-
linked oligosaccharides to the glycoprotein and
thus tentatively identify glycoproteins which
have 0-linked oligosaccharides (7, 12, 24).
The effect of tunicamycin on the synthesis of

herpes simplex virus type 1 (HSV-1) KOS glyco-
proteins was examined by analysis of the pro-
teins synthesized in infected MRC-5 cell cul-
tures maintained in the presence or absence of 1
,ug of tunicamycin per ml. HSV-1-infected
MRC-5 cells were isotopically labeled with
[35S]methionine (2 to 3 t.Ci/ml) 4 to 18 h postin-
fection, and the whole cell fraction was harvest-
ed at 18 h postinfection.

Cell extracts were then analyzed by sodium
dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) (Fig. 1) as described previ-
ously (3, 8, 22, 31). In agreement with other
studies (14, 18, 21), little effect on viral poly-
peptide synthesis was observed except for the
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FIG. 1. Identification of HSV-1 [35S]methionine-
labeled 92,000-molecular-weight proteins synthesized
in the presence of tunicamycin (TM). HSV-1-infected
MRC-5 cells maintained in the absence (-) or pres-
ence (+) of tunicamycin (1 ,ug/ml) were labeled with
[35S]methionine (2 jCi/ml) from 4 to 18 h postinfec-
tion. At 18 h postinfection, the cells were harvested
and solubilized, and HSV-1 glycoproteins were im-
munoprecipitated from cell extracts (Cell ext.) with
monospecific antisera, anti-gAB and anti-gC. Immu-
noprecipitates and cell extracts were analyzed by
SDS-PAGE. Normal rabbit serum (NRS) was included
as a control. The position of the 92,000-molecular-
weight protein is indicated at right by (92).

appearance of a new lower-molecular-weight
polypeptide. The synthesis of a viral 92,000-
molecular-weight polypeptide was observed in
tunicamycin-treated cells along with the con-
comitant disappearance of the high-molecular-
weight glycoproteins (Fig. 1, lanes 6 and 7).
The [ S]methionine isotopically labeled cell

extracts were immunoprecipitated with mono-
specific anti-gAB and anti-gC sera (4, 5) to
identify the polypeptides in the 92,000-molecu-
lar-weight region. The immunoprecipitates were
washed, solubilized, and then analyzed by SDS-
PAGE. Normal rabbit serum was included in the
immunoprecipitation assays as a control. The
SDS-PAGE pofiles of these samples are shown
in Fig. 1. In the absence of tunicamycin, the
glycoprotein gB migrated to a position in the gel
corresponding to an apparent molecular weight
of 120,000 (Fig. 1, lane 1), and the fully glycosy-
lated gC migrated to a position in the gel corre-
sponding to an apparent molecular weight of
130,000 (Fig. 1, lane 3).
Immunoprecipitates from HSV-1-infected

cells maintained in the presence of tunicamycin

are also presented in Fig. 1. Anti-gAB did not
immunopreciptiate significant amounts of gB
from tunicamycin-treated cells; however, a pro-
tein with an apparent molecular weight of 92,000
was detected (Fig. 1, lane 2). Tunicamycin also
inhibited the synthesis of gC, and a protein with
an apparent molecular weight of 92,000 was also
immunoprecipitated with anti-gC (Fig. 1, lane 4).
The [35S]methionine-labeled proteins, which mi-
grated with a greater electrophoretic mobility
than the 92,000-molecular-weight proteins, were
detectable in the immunoprecipitates with the
monospecific antisera and may be due to degra-
dation of the 92,000-molecular-weight proteins
(Fig. 1, lanes 2 and 4). The specificity of the
antisera was demonstrated by the inability of the
anti-gC serum to immunoprecipitate a 92,000-
molecular-weight protein from tunicamycin-
treated cells infected with the MP (10, 11) strain
of HSV-1 which does not synthesize gC (10). In
contrast, the anti-gAB serum did immunopreci-
pitate a 92,000-molecular-weight protein from
the tunicamycin-treated cells infected with
HSV-1 strain MP (data not shown).
To determine the effect of tunicamycin on the

glycosylation of gB and gC, immunoprecipitates
of tunicamycin-treated infected cell extracts iso-
topically labeled with [14C]glucosamine (5 uCi/
ml) or [3H]galactose (20 jXCi/ml) were analyzed
by SDS-PAGE. The SDS-PAGE profiles of
[14C]glucosamine-labeled cell extracts from in-
fected cells cultured in the presence or absence
of tunicamycin are shown in Fig. 2. In the
absence of tunicamycin, the high-molecular-
weight glycoproteins were synthesized (Fig. 2,
lane 8). In contrast, HSV-1-infected cells cul-
tured in the presence of tunicamycin exhibited a
significant inhibition of isotopically labeled pro-
teins; however, a [14C]glucosamine-labeled pro-
tein was resolved in the 92,000-molecular-weight
region (Fig. 2, lane 7).
To determine whether the [14C]glucosamine-

labeled protein (92,000 molecular weight) was
related to gB or gC, anti-gAB and anti-gC were
used, and the resulting immunoprecipitates were
analyzed (Fig. 2). The monospecific anti-gC
immunoprecipitated the fully glycosylated gC
(130,000 molecular weight) and the precursor,
pgC(105) (105,000 molecular weight), in the ab-
sence of tunicamycin (Fig. 2, lane 4). In tunica-
mycin-treated cell extracts, the anti-gC immuno-
precipitated the 92,000-molecular-weight protein
(Fig. 2, lane 3). The glycoproteins gA and gB
were immunoprecipitated by anti-gAB from
cells infected in the absence of tunicamycin (Fig.
2, lane 2). In contrast to anti-gC, anti-gAB did
not immunoprecipitate detectable glucosamine-
labeled proteins from tunicamycin-treated cell
extracts (Fig. 2, lane 1).
The initial carbohydrate added to threonine or
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FIG. 2. Effect of tunicamycin (TM) on the glycosy-
lation of HSV-1 glycoproteins. HSV-1-infected MRC-
5 cells maintained in the absence (-) or presence (+)
of tunicamycin (1 ,ug/ml) were labeled with [14C]gluco-
samine ('4C-GluN; 5 ACi/ml) from 4 to 24 h postinfec-
tion. Glucosamine-labeled proteins were immunopre-
cipitated from solubilized cell extracts with
monospecific antisera, anti-gAB and anti-gC. Immu-
noprecipitates and cell extracts were analyzed by
SDS-PAGE. Normal rabbit serum (NRS) was included
as a control. The positions of gC, gB, gA, and pgC
(105) are indicated at right.

serine during the synthesis of 0-linked oligosac-
charides is N-acetylgalactosamine (2). Since
tunicamycin does not inhibit the synthesis of 0-
linked oligosaccharides, the experiment was re-
peated to determine whether the 92,000-molecu-
lar-weight protein could also be isotopically
labeled with galactose (Fig. 3). Only anti-gC
immunoprecipitated a 92,000-molecular-weight
protein from tunicamycin-treated cells infected
with HSV-1. Purified glycoproteins isotopically
labeled with [3H]glucosamine were tested for
their sensitivity to alkaline hyrolysis. The fully
glycosylated gC glycoprotein (130,000 molecular
weight) and the 92,000-molecular-weight gC syn-
thesized in the presence of tunicamycin were
both sensitive to alkaline hydrolysis (25), where-
as purified gAB and the purified G glycoprotein
of vesicular stomatitis virus, which contains
only N-glycosidic linkages (23), appeared to be
resistant to alkaline hydrolysis (data not shown).
The data presented here further suggest that

the HSV-1 gC contains 0-linked oligosaccha-
rides. This is based on (i) the ability for anti-gC
to immune precipitate a [3H]glucosamine- or
[3H]galactose- but not [3H]mannose-labeled pro-
tein from tunicamycin-treated infected cells and
(ii) the sensitivity ofgC to mild alkaline hydroly-
sis (data not shown). Olofsson et al. (19) have

suggested that the HSV-1 glycoprotein gC con-
tains 0-linked oligosaccharides, based on lectin
binding studies. Recently they have also pre-
sented data demonstrating the sensitivity of
HSV-1-specified glycoproteins to dilute alkali at
low temperatures (18). The partial glycosylation
of the gC polypeptide in the presence of tunica-
mycin reported in this study indicates that the
addition of 0-linked oligosaccharides to the gC
glycoprotein is not dependent on the presence of
N-linked oligosaccharides. The demonstration
of both N- and 0-linked oligosaccharides on the
gC glycoprotein isolated from HSV-1-infected
cell extracts is the first suggestion that a viral
structural glycoprotein contains both types of
oligosaccharide side chains.
The [35S]methionine-labeled protein immuno-

precipitated by anti-gC from tunicamycin-treat-
ed infected cells has an approximate molecular
weight of 92,000. Other investigators have also
reported the appearance of lower-molecular-
weight HSV-1 proteins synthesized in the pres-
ence of tunicamycin which are antigenically
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FIG. 3. Immunoprecipitation of the (3H]galactose-

labeled gC glycoprotein synthesized in the presence of
tunicamycin (TM). HSV-1-infected MRC-5 cells main-
tained in the absence (-) or presence (+) of tunicamy-
cin (1 pLg/ml) were labeled with [3H]galactose (20 XCi/
ml) from 4 to 24 h postinfection. Galactose-labeled
proteins were immunoprecipitated from solubilized
cell extracts with the monospecific antiserum, anti-gC.
Immunoprecipitates and cell extracts were analyzed
by SDS-PAGE. Normal rabbit serum (NRS) was in-
cluded as a control. The positions of gC, gB, gA,
pgC(105), gD, and pgD are indicated at left.
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related to the normal HSV-1 glycoproteins (20,
21). Our data suggest that this represents the
molecular weight of the gC polypeptide contain-
ing 0-linked oligosaccharides since the 92,000-
molecular-weight protein can also be isotopical-
ly labeled with [3H]glucosamine or
[3H]galactose. Digestion of pgC(105) by the en-
doglycosidase endo-,-N-acetylglucominidase
(28) resulted in a digestion product of approxi-
mately 75,000 molecular weight, which may
represent the molecular weight of the nonglyco-
sylated form of gC (31). It is conceivable that
pgC(105) does not contain 0-linked oligosaccha-
rides, which would explain why the majority of
pgC(105) is digested by the endoglycosidase to a
75,000-molecular-weight polypeptide rather than
a 92,000-molecular-weight polypeptide. These
results suggest that the high-mannose oligosac-
charides are added first to the growing gC poly-
peptide to yield pgC(105), and then the 0-linked
oligosaccharides are added to pgC(105) while the
N-linked high-mannose oligosacchardies are be-
ing processed to complex oligosaccharides.

Preliminary data from pulse-chase studies in-
dicate that a 75,000-molecular-weight gC protein
is initially synthesized in tunicamycin-treated
cells followed by posttranslational addition of 0-
linked oligosaccharides to the 75,000-molecular-
weight protein. The resulting protein has a mo-
lecular weight of 92,000.
A lower-molecular-weight [3H]glucosamine-

labeled protein has also been purified from tuni-
camycin-treated infected cells (data not shown).
This protein did not react significantly with anti-
gAB, anti-gC, or anti-gD, but it was immunopre-
cipitated with an antiserum made against a gly-
coprotein migrating at a slightly slower
migration rate than gD on an SDS-polyacryl-
amide gel. Studies are currently in progress to
determine the identity of this tunicamycin-en-
hanced, partially glycosylated polypeptide.

In contrast to gC, the glycosylation of gA and
gB was inhibited by tunicamycin. No proteins
labeled with [3H]glucosamine, [3Hlgalactose, or
[3H]mannose could be immunoprecipitated by
anti-gAB from infected cells cultured in the
presence of tunicamycin. We therefore suggest
that the 92,000-molecular-weight gAB-related
protein may represent the nonglycosylated poly-
peptide from of gAB.

This work was supported by grant number CA 24564 from
the National Cancer Institute. E.A.W. is a predoctoral fellow
supported by National Institutes of Health National Research
Service Award training grant T32 Al 07123.

LITERATURE CITED

1. Baenziger, J., and S. Kornfeld. 1974. Structure of the
carbohydrate units of IgAl, immunoglobulin. I. Composi-
tion, glycopeptide isolation, and structure of the aspara-
gine-linked oligosaccharide units. J. Biol. Chem.
249:7260-7269.

2. Baenziger, J., and S. Kornfeld. 1974. Structure of the

carbohydrate units of IgA1, immunoglobulin. II. Structure
of the O-glycosidically linked oligosaccharide units. J.
Biol. Chem. 249:7270-7281.

3. Courtney, R. J., and M. Benyesh-Melnick. 1974. Isolation
and characterization of a large molecular weight polypep-
tide of herpes simplex virus type 1. Virology 62:539-551.

4. Eberle, R., and R. J. Courtney. 1980. Preparation and
characterization of specific antisera to individual glyco-
protein antigens comprising the major glycoprotein region
of herpes simplex virus type 1. J. Virol. 35:902-917.

5. Eberle, R., and R. J. Courtney. 1980. gA and gB glycopro-
teins of herpes simplex virus type 1: two forms of a single
polypeptide. J. Virol. 36:665-675.

6. Fukuda, M., and T. Osawa. 1973. Isolation and character-
ization of a glycoprotein from human group 0 erythrocyte
membrane. J. Biol. Chem. 248:5100-5105.

7. Gahmberg, C. G., M. Jokinen, K. K. Karhi, and L. C.
Andersson. 1980. Effect of tunicamycin on the biosynthe-
sis of the major human red cell sialoglycoprotein, glyco-
phorin A, in the leukemia cell line K562. J. Biol. Chem.
255:2169-2175.

8. Gibson, W., and B. Roizman. 1974. Proteins specified by
herpes simplex virus. X. Staining and radiolabeling prop-
erties of B capsid and virion proteins in polyacrylamide
gels. J. Virol. 13:155-165.

9. Heffetz, A., R. W. Keenan, and A. D. Elbein. 1979.
Mechanism of action of tunicamycin on the UDP-
GlcNAc:dolichylphosphate GlcNAc-1-phosphate trans-
ferase. Biochemistry 18:2186-2192.

10. Heine, J. W., R. W. Honess, E. Cassai, and B. Roizman.
1974. Proteins specified by herpes simplex virus. XII. The
virion polypeptides of type 1 strains. J. Virol. 14:640-651.

11. Hoggan, M. D., and B. Roizman. 1959. The isolation and
properties of a variant of herpes simplex producing multi-
nucleated giant cells in monolayer cultures in the presence
of antibody. Am. J. Hyg. 70:208-219.

12. Holmes, K. V., E. W. Doller, and L. S. Sturmnan. 1981.
Tunicamycin resistant glycosylation of a coronavirus gly-
coprotein: demonstration of a novel type of viral glyco-
protein. Virology 115:334-344.

13. Hubbard, S. C., and R. J. Ivatt. 1981. Synthesis and
processing of asparagine-linked oligosaccharides. Annu.
Rev. Biochem. 50:555-583.

14. Katz, E., E. Margalith, and D. Duksin. 1980. Antiviral
activity of tunicamycin on herpes simplex virus. Antimi-
crob. Agents Chemother. 17:1014-1022.

15. Li, E., I. Tabas, and S. Kornfeld. 1978. The synthesis of
complex-type oligosaccharides. I. Structure of the lipid-
linked oligosaccharide precursor of the complex-type
oligosaccharides of the vesicular stomatitis virus G pro-
tein. J. Biol. Chem. 253:7762-7770.

16. Nieman, H., and H. D. Klenk. 1981. Glycoprotein El of
coronavirus A59: a new type of viral glycoprotein, p. 119-
131. In V. per Meulin. S. Siddell, and H. Wege (ed.).
Biochemistry and biology of coronaviruses. Plenum Pub-
lishing Corp., New York.

17. Nilsson, B., N. E. Norden, and S. Svensson. 1979. Structur-
al studies on the carbohydrate portion of fetuin. J. Biol.
Chem. 254:4545-4553.

18. Olofsson, S., J. Blomberg, and E. Lycke. 1981. O-Glyco-
sidic carbohydrate-peptide linkages of herpes simplex
virus glycoproteins. Arch. Virol. 70:321-329.

19. Olofsson, S., S. Jeansson, and E. Lycke. 1981. Unusual
lectin-binding properties of a herpes simplex virus type 1-
specific glycoprotein. J. Virol. 38:564-570.

20. Peake, M. L., P. Nystrom, and L. I. Pizer. 1982. Herpes-
virus glycoprotein synthesis and insertion into plasma
membranes. J. Virol. 42:678-690.

21. Pizer, L. I., G. H. Cohen, and R. J. Eisenberg. 1980. Effect
of tunicamycin on herpes simplex virus glycoproteins and
infectious virus production. J. Virol. 34:142-153.

22. Poweil, K. L., and R. J. Courtney. 1975. Polypeptides
synthesized in herpes simplex virus type 2-infected HEp-2
cells. Virology 66:217-228.

23. Reading, C. L., E. E. Penhoet, and C. E. Ballou. 1978.

J. VIROL.



VOL. 46, 1983 NOTES 301

Carbohydrate structure of vesicular stomatitis virus gly-
coprotein. J. Biol. Chem. 253:5600-5612.

24. Shida, H., and S. Dales. 1981. Biogenesis of vaccinia:
carbohydrate of the hemagglutinin molecule. Virology
111:56-72.

25. Spiro, R. G. 1966. Characterization of carbohydrate units
of glycoproteins. Methods Enzymol. 8:26-52.

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

27. Takatsuok, A., K. Kawamura, M. OkiDa, Y. Kodama,
T. Ito, and G. Tamura. 1977. The structure of tunicamy-
cin. Agric. Biol. Chem. 41:2307-2309.

28. Tarentino, A. L., T. H. Plumnmer, Jr., and F. Maley. 1974.

The release of intact oligosaccharides from specific glyco-
proteins by endo-B-N-acetylglucosaminidase H. J. Biol.
Chem. 249:818-824.

29. Tomita, M., and V. T. Marchesi. 1975. Amino-acid se-
quence and oligosaccharide attachment sites of human
erythrocyte glycophorin. Proc. Natl. Acad. Sci. U.S.A.
72:2964-2968.

30. Waechter, C. J., and W. J. Lennarz. 1976. The role of
polyprenol-linked sugars in glycoprotein synthesis. Annu.
Rev. Biochem. 45:95-112.

31. Wenske, E. A., M. Bratton, R. J. Courtney. 1982. Endo-,B-
N-acetyl glucominidase H sensitivity of precursors to
herpes simplex virus type 1 glycoproteins gB and gC. J.
Virol. 44:241-248.


