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The effect of tunicamycin and monensin on the biosynthesis, intracellular transport,
and maturation of bovine herpesvirus type-1 (BHV-1) glycoproteins was examined.
Tunicamycin completely inhibited the production of infectious virus particles and
significantly reduced the incorporation of [*H]glucosamine into viral glycoproteins. In
the presence of monensin, reduced amounts of infectious virus particles were produced,
which was mainly due to inhibition of virus release, rather than virus production.
Monensin only slightly inhibited viral glycoprotein synthesis. The effects of these
compounds on infectivity indicated that glycosylation is required for the production of
infectious virus, though complete processing of the glycoproteins is not essential. In
addition, egress of the virions from infected cells probably requires a functional Golgi
complex. In the presence of tunicamycin or monensin various degrees of glycosylation
of the major glycoproteins occurred, consequently their rates of migration differed from
that of the normal glycoproteins. Tunicamycin completely blocked glycosylation of GVP
6/11a/16 and GVP 7. In contrast, GVP 38/9 and GVP 11b were partially glycosylated in
the presence of tunicamycin. These results indicated that GVP 6/11a/16 and GVP 7 are
N-linked glycoproteins, but GVP 3/9 and GVP 11b contain both N- and O-linked
oligosaccharide side chains. Tunicamycin blocked the transport of all viral glycoproteins
to the cell surface, suggesting that glycosylation is required for this process. In the
presence of monensin, the viral glycoproteins were transported and expressed on the
cell surface indicating that transport does not require complete processing of the
glycoproteins and may occur via a Golgi-independent pathway. In addition, monensin-
treated BHV-1 infected cells could act as target cells in an antibody-dependent cell
cytotoxicity assay. Thus, complete glycosylation may not be essential for maintenance

of antigenicity and participation in immune destruction. © 1985 Academic Press, Inec.

INTRODUCTION

In the course of infection, herpesviruses
specify several glycoproteins (Spear, 1975,
1976) that are located on the viral envelope
and on the surface of the virus-infected
cells (Roizman and Spear, 1971; Glorioso
and Smith, 1977). As such, they play an
important role during viral infection in a
number of ways. Not only do they recog-
nize receptor sites for the attachment and
penetration of a virus into the cell (Man-
servigi et al., 1977; Sarmiento et al., 1979),
they are also the antigens that determine
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the host’s immune response to the virus.
In that capacity they induce the pro-
duction of neutralizing antibodies and
they mediate interactions between the
host’s immune system and the virions or
the virus-infected cells (Vestergaard and
Norrild, 1979; Norrild et al, 1979, 1980).
The most distinetive features of glyco-
proteins are the carbohydrate-peptide
linkages which have been classified into
two main types: N-glycosidic and O-gly-
cosidic linkages (Sharon and Lis, 1981).
The synthesis and processing of N-linked
oligosaccharides are co- as well as post-
translational events. First, a mannose-
rich precursor oligosaccharide is trans-
ferred en bloc from a dolichol donor to an
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asparagine residue in the nascent growing
polypeptide (Waechter and Lennarz, 1976;
Hubbard and Ivatt, 1981). Later during
the glycosylation process, the oligosac-
charide is modified by sequential removal
and addition of carbohydrates (Berger et
al., 1982). In contrast to N-linked glyco-
sylation, synthesis of O-linked oligosac-
charides occurs by sequential addition of
carbohydrates to the polypeptides, initi-
ated by the transfer of N-acetylgalactos-
amine to a serine or threonine residue
(Berger et al., 1982). The latter steps in-
volved in the processing of N-linked oli-
gosaccharides and all or the greater part
of O-linked glycosylation are thought to
occur in the Golgi apparatus (Berger et
al., 1982). N-Linked oligosaccharides have
been observed on most viral glycoproteins
previously investigated (Ghosh, 1980), but
recently, evidence has also been accumu-
lating for the presence of O-linked oligo-
saccharides (Holmes et al., 1981; Oloffson
et al., 1981; Rottier et al., 1981; Shida and
Dales, 1981; Johnson and Spear, 1982,
1983).

Bovine herpesvirus type-1 (BHV-1)
specifies more than 25 structural polypep-
tides of which 11 are supposedly glycosy-
lated (Misra et al., 1981). Although there
is considerable information available
about immune destruction of BHV-1 in-
fected cells (Babiuk et al, 1975; Rouse et
al., 1976; Grewal et al, 1977, 1980; Rouse
and Babiuk, 1978), thus far very little was
known about the glycoproteins that me-
diate immune lysis. In order to character-
ize the major BHV-1 glycoproteins with
respect to their biochemical and immu-
nological properties, we recently produced
a panel of monoclonal antibodies against
BHV-1 (van Drunen Littel-van den Hurk
et al, 1984). The availability of these
monoclonal antibodies allowed us to iden-
tify four unique glycoproteins and their
respective precursors: GVP 6/11a/16, a
complex of three glycopeptides with ap-
parent molecular weights of 130K, 74K,
and 55K for which two precursors of 120K
and approximately 105K were found; GVP
7 (105K) with one precursor (100K); GVP
9 (91K) which has two precursors of 72K
and 64K and also occurs as a dimer, GVP
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3 (180K); and GVP 11b (71K) with one
precursor (63K) (van Drunen Littel-van
den Hurk et al, 1984; van Drunen Littel-
van den Hurk and Babiuk, manuseript in
preparation). These four unique glycopro-
teins were all expressed on the surface of
the virus-infected cells and all, except
GVP 7, participated in antibody and com-
plement-mediated (AbC') cytolysis (Misra
et al, 1982; van Drunen Littel-van den
Hurk et al, 1984). In order to further
characterize these four major BHV-1 gly-
coproteins, we used two compounds that
interfere at different stages during gly-
cosylation.

Tunicamycin, by acting as an analog of
UDP-N-acetylglucosamine, interferes with
the formation of the N-acetylglucosamine
pyrophosphoryldolichol intermediate and
thereby completely inhibits the synthesis
of N-linked oligosaccharide side chains
{Schwartz and Datema, 1980). Conse-
quently, all glycoprotein-containing en-
veloped viruses are affected by tunica-
mycin in such a way that it prevents
maturation and production of infectious
virus (Schwartz et al, 1976; Morrison et
al., 1978; Nakamura and Compans, 1978;
Stohrer and Huner, 1979; Pizer et al,
1980). Monensin is a carboxylic ionophore
that is able to equilibrate Nat/K* levels
with a selectivity for Na* (Pressman,
1976). Although it interferes with a variety
of cellular functions (Tartakoff and Vas-
alli, 1977, Uchida et al.,, 1980; Basu et al.,
1981; Wilcox et al., 1982), one of its primary
sites of action is the Golgi apparatus
where it abolishes proton gradients that
are crucial for Golgi functions (Pressman,
1976). Enveloped viruses are all affected
by monensin in a similar manner, i.e.,
post-translational glycosylation (Chatter-
jee et al., 1982; Johnson and Spear, 1982)
and proteolytic processing (Johnson and
Schlesinger, 1980; Chatterjee et al., 1982),
as well as protein secretion (Strous and
Lodish, 1980; Payne and Kristensson, 1982)
and transport of viral envelope proteins
to the plasma membrane (Johnson and
Schlesinger, 1980; Strous and Lodish, 1980;
Alonso and Compans, 1981; Johnson and
Spear, 1982; Payne and Kristensson, 1982)
may be inhibited.
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In the present study we used tunica-
mycin and monensin to obtain information
about the contribution of the carbohydrate
portion to biosynthesis and transport of
the major BHV-1 glycoproteins, as well
as maturation and infectivity of the BHV-
1 virions. Glycosylation to some extent
appeared to be required for proteolytic
processing, transport, and expression of
the viral glycoproteins on the cell surface.
However, the glycosylation process did
not have to be completed for these pro-
cesses to occur. Similarly, partial but not
complete processing of viral envelope gly-
coproteins seemed to be essential for nu-
cleocapsid envelopment or virion infectiv-
ity. Finally, the use of these two com-
pounds allowed us to conclude that GVP
6/11a/16 and probably GVP 7 contain
only N-linked carbohydrates, whereas
GVP 8/9 and GVP 11b have N- and O-
linked oligosaccharides.

MATERIALS AND METHODS

Cells and virus. Georgia bovine kidney
(GBK) cells were grown as monolayers in
Eagle’s minimal essential medium (MEM),
(Grand Island Biological Co., Grand Is-
land, N. Y.) supplemented with 10% fetal
bovine serum (FBS) (Grand Island Bio-
logical Co.). Strain P8-2 of BHV-1 was
propagated in GBK cells and quantitated
by plaquing in microtiter plates with an
antibody overlay as described previously
(Rouse and Babiuk, 1974).

Potasstum tartarate gradient analysis.
Monolayers of GBK cells were infected
with BHV-1 at a multiplicity of infection
(m.o.1.) of 1. After adsorption for 1 hr at
37°, the virus was removed and the cells
were overlaid with methionine-free MEM
containing 2% FBS and tunicamycin or
monensin, if used. Six hours later 25 uCi/
ml of [**S]methionine (Amersham, Oak-
ville, Ontario) was added to the cells. At
34 hr postinfection, virus was purified
from the infected cells (cell-associated
virus) and the supernatant medium (ex-
tracellular virus). To release the intracel-
lular virus the infected cells were soni-
cated for 15 sec at a setting of 7 on a
Sonifier cell disrupter (Model W140D, Ul-
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trasonics, Plainsview, N. Y.). After re-
moval of the cell debris the virus was
pelleted by centrifugation at 25,000 rpm
for 2 hr in a SW41 rotor (Beckman Model
L8-55). The virus pellet was resuspended
in TNE (0.01 M Tris-hydrochloride, 0.15
M Na(Cl, 0.001 M EDTA, pH 7.5) by mild
sonication and layered onto an 11-ml lin-
ear 20 to 50% potassium tartrate gradient
in TNE. After centrifugation at 25,000
rpm for 1} hr in a SW4l rotor at 4°,
fractions were collected and assayed for
radioactivity and infectivity. The virus-
containing fractions were pooled, diluted
with TNE, and centrifuged at 25,000 rpm
for 2 hr in a SW41 rotor at 4° to collect
the virus.

Preparation of radiolabeled cell lysates.
Monolayers of GBK cells were infected
with BHV-1 at an m.o.i. of 10. After
adsorption for 1 hr at 37°, the virus was
removed and the monolayers were overlaid
with either methionine-free or glucose-
free MEM containing 2% FBS. Monensin
or tunicamycin was added at this time
during infection. Six hours after infection,
cells that were overlaid with methionine-
free MEM were labeled with 25 ugCi/ml
of L-[®*SImethionine, whereas cells, over-
laid with glucose-free MEM, were labeled
with 25 pCi/ml of [*H]glucosamine (Am-
ersham Corp., Oakville, Ontario). At 24
hr after infection the cells were harvested
and washed with phosphate-buffered sa-
line (PBS: 0.01 M Na,HPO,NaH,PO,,
0.15M NaCl, pH 74). For analysis
by polyacrylamide gel electrophoresis
(PAGE), the cells were resuspended in
sample buffer (0.0625 M Tris-hydrochlo-
ride [pH 6.8], 1.25% sodium dodecyl sulfate
(SDS), 12.5% glycerol, 0.15 M 2-mercap-
toethanol, 0.00125% bromophenol blue)
and boiled for 1 min. Alternatively, the
cells were resuspended in modified RIPA
buffer (0.02 M Tris-hydrochloride [pH 8.0],
0.15 M NaCl, 1% sodium deoxycholate
(DOC), 1% Nonidet P40 (NP40)). After 15
min on ice, they were sonicated for 15 sec
at a setting of 4 on a Sonifier cell disrupter
(Model 140D, Ultrasonics). The cell debris
was removed by centrifugation at 80,000
rpm for 15 min in a 30° A100 rotor
(Beckman Airfuge) or at 25,000 rpm for 1
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hr in a SB405 rotor at 4° (IEC Model B-
60), and the supernatant was immediately
used for immunoprecipitation.

Immunoprecipitation. The procedure for
immunoprecipitation described previously
(van Drunen Little-van den Hurk et al,
1984) was slightly modified. Briefly, freshly
prepared radiolabeled cell lysate in RIPA
buffer was incubated overnight on ice
with mouse ascites fluid. Rabbit IgG anti-
mouse Ig (Cappel Laboratories, Cochran-
ville, Pa.) was bound to protein A-Se-
pharose CL-4B beads (Pharmacia, Mon-
treal, Quebec), and unbound antibody was
removed by washing the beads three times
in RIPA buffer. The beads, coated with
rabbit IgG anti-mouse Ig, were then in-
cubated for 8 hr on ice with the reaction
mixture. The Sepharose beads were pel-
leted, washed four times with RIPA buffer
containing 0.1% SDS, and resuspended in
electrophoresis sample buffer. In order to
dissociate antigen-antibody complexes,
the samples were boiled for 5 min before
electrophoresis.

Analysis of polypeptides by polyacryl-
amide gel electrophoresis. High resolution
SDS-PAGE was performed by the discon-
tinuous method of Laemmli (1970). The
polypeptides of the radiolabeled cell ly-
sates and immunoprecipitates were sepa-
rated in 7.5% SDS-polyacrylamide slab
gels with 4.5% stacking gels. Unless oth-
erwise mentioned, electrophoresis was
performed under reducing conditions.
Samples containing 3S were analyzed by
autoradiography of the gels on 3M X-ray
film (Picker, Saskatoon, Sask.). Gels con-
taining ®H-labeled samples were treated
with En®Hance (New England Nuclear
Corp., Lachine, Quebec) for fluorography
on preflashed film. Prior to drying, the
gels were stained with Coomassie blue to
visualize the molecular weight markers
(BioRad Laboratories, Mississauga, On-
tario) that were electrophoresed in par-
allel with the samples.

Cell surface immunofluorescence. In-
fected GBK cells were removed from
monolayers by mild trypsinization and 1
X 10° cells were resuspended in 250 ul of
bovine anti-BHV-1 antiserum. After re-
action for 45 min at 4° the cells were

washed three times in cold Hanks’ bal-
anced salt solution (HBSS) and reacted a
second time against a 1:16 dilution of
fluorescein-labeled rabbit anti-bovine IgG
antiserum (Cappel Laboratories). After
reaction for 45 min at 4° the cells were
washed three times in cold HBSS and
finally resuspended in 10% glycerol-PBS,
mounted on glass slides, and observed
with the aid of a fluorescence microscope.

Antibody-dependent cell cytotoxicity
(ADCC) assay. ADCC assays were per-
formed in microtiter plates as described
previously (Rouse et al., 1976). The effector
(polymorphonuclear cells, PMNs) to target
(BHV-1 infected ®'Cr-labeled GBK cells)
cell ratio was 50:1. Controls consisted of
BHV-1 infected GBK target cells plus
anti-BHV-1 serum, or target cells with
PMNs in the absence of antibody. Treat-
ment of the BHV-1 infected target cells
with tunicamycin or monensin was initi-
ated immediately after adsorption of the
virus.

RESULTS

Production of infectious virus. In order
to determine what effect inhibition of
glycosylation had on infectious virus pro-
duction, BHV-1 infected GBK cells were
treated with increasing concentrations of
tunicamyecin or monensin immediately af-
ter infection. As Table 1 illustrates, both
tunicamycin and monensin decreased the
yields of infectious BHV-1, but over a
different concentration range and to dif-
ferent extents.

Concentrations as low as 0.001 pg/ml
of tunicamycin were sufficient to cause a
80% decrease in the production of infec-
tious BHV-1. As tunicamycin concentra-
tions increased, the quantity of infectious
virus decreased even more dramatically,
such that at 5 ug/ml infectious virus
production was negligible (Table 1).

Monensin also decreased total infectious
virus production, but to a much lower
extent (data not shown). Since monensin
is a compound that affects the transport
and secretion mechanisms of the cell we
assessed whether the decrease in infec-
tious virus reflected a reduction in virus



108 VAN DRUNEN LITTEL-VAN DEN HURK AND BABIUK
TABLE 1
EFFECT OF TUNICAMYCIN AND MONENSIN ON PRODUCTION OF INFECTIOUS BHV-1
Monensin®
Tunicamycin®
Virus titer
Concentration Concentration
(ug/ml) Virus titer total (M) Intracellular Extracellular
0 8 X 10® (100)® 0 2.3 X 107 (100)® 2.5 X 107 (100)®
0.001 6 X 107 (20) 0.01 2.1 X 107 (91) 1.1 X 107 (44)
0.01 5 X 107 (17) 0.05 1.7 X 107 (74) 2.7 X 10° (11)
0.1 1.5 X 10° (0.5) 0.1 2.9 X 10° (13) 1.2 X 10* (0.04)
1 4 X 10% (<0.001) 0.5 8 X 10% (0.3) 1.5 X 10® (<0.001)
5 <10 (<0.001) 5 3.9 X 10° (1.7) 3.3 X 10 (0.1)

% GBK cells were infected with BHV-1 at an m.o.i. of 1. Tunicamycin or monensin was added to the cells
immediately after virus adsorption and maintained until the cells were harvested at 48 hr postinfection.

b Virus yields were determined by plaquing on GBK cells with an antibody overlay. Cell-associated virus
wag released by sonication of the cells. The number in parentheses represent the virus titer expressed as a

percentage of the control value for untreated cells.

release or actual virus production. Table
1 demonstrates that a monensin concen-
tration of 0.05 uM reduced the extracel-
lular virus yield to 44% of the control
value, whereas the amount of cell-asso-
ciated virus was still 91% of the control
value. This same trend continued, with
increasing concentrations of monensin
having a greater effect on virus release
rather than on actual production of virus
within the cells.

Assembly and release of BHV-1. Table 1
clearly demonstrated that tunicamycin as
well as monensin inhibited the production
of infectious BHV-1 in a dose-dependent
fashion. In addition, it appeared that no
infectious virus, whether cell-associated
or extracellular, was produced in the
presence of high enough concentrations
of tunicamycin, whereas some infectious
virus was produced, even at very high
concentrations of monensin. In order to
obtain further information regarding the
assembly and release of the virions, BHV-
1 was labeled with L-[**S]methionine and
analyzed on 20 to 50% potassium tartrate
gradients. Gradients of extracellular and
cell-associated virus from untreated GBK
cells showed two peaks of radioactivity.
The denser peak represents complete par-
ticles and corresponds to the peak of

infectivity, whereas the lighter peak con-
sists principally of incomplete parti-
cles that lack DNA (Misra et al, 1981)
(Fig. 1A).

Virus assembly was dramatically af-
fected by the presence of tunicamycin in
the cells during infection (Figs. 1B, C). At
1 pg/ml tunicamycin no extracellular virus
was detected and the amount of cell-
associated virus was reduced to approxi-
mately 35% of the control value. In addi-
tion, a shift in position of the peak of
cell-associated virus was observed. This
could possibly reflect an altered size, den-
sity, or conformation of the virions. No
infectivity was detectable in this peak
(Fig. 1C).

Monensin, however, had a much less
dramatic effect on virus assembly (Figs.
1D, E). At 0.2 uM as well as 20 uM
monensin, the quantity of cell-associated
virus was only reduced to between 70 and
80% of the control value. Although the
slightly reduced peak of cell-associated
virus showed a shift in position in the
gradient, similar to that observed after
tunicamycin treatment, this shift was not
as pronounced. Accordingly a reasonable
amount of infectivity. was detected in this
peak (Fig. 1E). In agreement with the
above observation on the production of
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. 0.1 ug/ml Tunicamycin
. 1.0 ug/ml Tunicamycin

. 0.2 uM Monensin
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Fraction Number

Fi1G. 1. Analysis of BHV-1 on potassium tartrate gradients. Immediately after virus adsorption,
GBK cells were treated with tunicamyein (0.1 and 1.0 ug/ml), monensin (0.2 and 20.0 uM), or left
untreated (control). The cells were labeled with L-[**S]methionine 6 hr postinfection. At 24 hr
postinfection the virus was collected from the infected cells (cell-associated virus) and the
supernatant medium (extracellular virus), and analyzed on 20 to 50% potassium tartrate gradients.
The gradients were fractionated from the bottom of the tubes. The infectivity of individual
extracellular (X) and cell-associated (+) virus fractions in A, C, and E is indicated at the top of
each fraction. XXX and +++: >1000 pfu/m]; XX and ++: 100-1000 pfu/m}; X and +: 10-100 pfu/

m]; X and +: 1-10 pfu/ml.

infectious virus, virus release was drasti-
cally reduced in the presence of 0.2 uM,
as well as 20 uM monensin. Only 10 to
15%, as compared to the control value,
was released (Fig. 1E).:This virus had
very low infectivity.

Viral protein synthesis and glycosylation.
In order to determine the effect of these
glycosylation inhibitors on viral polypep-

tide synthesis and glycosylation, mock-
infected, and BHV-1 infected GBK cells
were treated with increasing concentra-
tions of tunicamycin or monensin, imme-
diately after adsorption. Six hours later
the cells were labeled with L**S]meth-
ionine or [*Hlglucosamine. At 24 hr post-
infection the cells were harvested and the
incorporation of L-[**SJmethionine and
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[®*H]eglucosamine into viral polypeptides
was analyzed by SDS-PAGE. At the three
lower concentrations of tunicamycin no
effect on the incorporation of L-[*S]-
methionine into viral or cellular polypep-
tides was observed. Only at 1 and 10 ug/
ml of tunicamycin was viral and cellular
protein synthesis reduced (data not
shown). The incorporation of [*H]glu-
cosamine into all individual viral polypep-
tides was significantly reduced in the
presence of increasing concentrations of
tunicamycin (Fig. 2). Since glycosylation
of cellular polypeptides was inhibited to
the same extent (data not shown), the
synthesis of cellular and viral glycopro-
teins probably involves the same or sim-
ilar dolichol-mediated carbohydrate
transfer. In contrast, monensin had little
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Fic. 2. PAGE (7.5%) analysis of [*H]glucosamine-
labeled polypeptides from mock-infected (lanes A
and H) and BHV-1 infected (lanes B to G and I to
N) cells. Immediately after virus adsorption, the
cells were treated with 0.02 (lane C), 0.1 (lane D),
0.5 (lane E), 25 (lane F), and 10.0 (lane G) ug/ml
tunicamycin, 0.02 (lane J), 0.1 (lane K), 0.5 (lane L),
2.5 (lane M), and 10.0 (lane N) uM monensin, or left
untreated (lanes A, B, H, and I). The major viral
glycoproteins are numbered in the left margin. Mo-
lecular weight markers X 10~% are shown in the right
margin.
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effect on protein synthesis or glycosylation
of any of the viral or cellular glycoproteins
(Fig. 2).

The electrophoretic profiles of the
[®*S]Jmethionine-labeled viral polypeptides,
synthesized in the presence and absence
of tunicamycin or monensin, were similar.
In contrast, the patterns of the [H]-
glucosamine-labeled viral glycopeptides,
showed that the major BHV-1 glycopro-
teins GVP 6 (130K), GVP 7 (105K), GVP
9 (91K), GVP 1la (74K), GVP 11b (71K),
and GVP 16 (55K) were absent in cells
treated with tunicamycin or monensin,
whereas new bands with higher electro-
phoretic mobilities appeared (Fig. 2).

Identity of the (glyco)proteins, appearing
in the presence of tunicamycin and monen-
stn. Monoclonal antibodies, which were
previously prepared in this laboratory,
were used to establish the identity of the
faster migrating bands that appeared in
the presence of tunicamyecin and monen-
sin. Mock-infected and BHV-1 infected
cells were treated with two different con-
centrations of tunicamycin and monensin
and labeled with L-[**S]methionine or
[®*Hlglucosamine. Cell lysates were pre-
pared and precipitated with monoclonal
antibodies specific for GVP 6/11a/16
(1E11), GVP 7 (3D9T), GVP 3/9 (1D6),
and GVP 11b (3D9S). The precipitates
were analyzed by SDS-PAGE. Since under
reducing conditions, which are normally
used, the majority of GVP 6 is dissociated
into GVP 11a and GVP 16, GVP 6/11a/16
precipitates were also analyzed under
nonreducing conditions.

Figure 3 illustrates that monoclonal
antibody 1E11 precipitated the glycopep-
tides GVP 6 (130K), pGVP 6 (120K), GVP
11a (74K), and GVP 16 (55K) from un-
treated virus-infected cells, labeled with
L-[®**S]methinine or [*H]glucosamine.
However, in cells treated with tunicamy-
c¢in, only one polypeptide (105K) was pre-
cipitated which may correspond to the
nonglycosylated precursor form of GVP
6, ppGVP 6 (van Drunen Littel-van den
Hurk, and Babiuk, manuscript in prepa-
ration). This polypeptide was neither gly-
cosylated, nor cleaved, suggesting that
GVP 6/11a/16 contains only N-linked oli-
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F1G. 3. PAGE (7.5%) analysis of immunoprecipi-
tates of L-{**Slmethionine-labeled (lanes A to F) or
[®*Hlglucosamine-labeled (lanes G to L) polypeptides
from mock-infected (lanes A and G) and BHV-1
infected (lanes B to F and H to L) cells. Cell lysates
were precipiated with monoclonal antibody 1E11.
Immediately after virus adsorption, the cells were
treated with 0.1 (lanes C and I) and 2.5 (lanes D
and J) ug/ml tunicamycin, 0.1 (lanes E and K) and
2.5 (lanes F and L) uM monensin, or left untreated
(lanes A, B, G, and H). The precipitated polypeptides
are shown in the left margin. Molecular weight
markers X 1072 are indicated in the right margin.

gosaccharides and that glycosylation is
required for cleavage of GVP 6 into GVP
11a and GVP 16. In contrast, three gly-
copeptides with apparent molecular
weights of 125K, 69K, and 53K were pre-
cipitated from monensin-treated L-
[®*S]methionine- and [*H]glucosamine-la-
beled cells. These glycopeptides appeared
to correspond to incompletely processed
forms of GVP 6, GVP 11a, and GVP 16
which indicates that monensin inhibits
further processing of these glycoproteins.
Complete glycosylation was not needed
for cleavage of GVP 6 into GVP 11a and
GVP 16. Analysis of the GVP 6/11a/16
precipitates under nonreducing condi-
tions confirmed that the faster migrating
bands observed in tunicamyein and mon-
ensin treated cells are the non- or par-
tially glycosylated counterparts of GVP 6
(Fig. 4).

Monoclonal antibody 3D9T precipitated
GVP 7 (105K) and pGVP 7 (100K) from
untreated, virus-infected cells (Fig. 5). No

polypeptides were precipitated from in-
fected cells treated with tunicamycin. One
glycopeptide with an apparent molecular
weight of 102K was precipitated from
monensin-treated cells. This glycopeptide
appeared to be an incompletely glycosyl-
ated form of GVP 7.

Figure 6 demonstrates that GVP 9 (91K)
and pGVP 9 (72K) were precipitated by
monoclonal antibody 1D6 from untreated,
virus-infected cells, labeled with 1L-[**S]-
methionine and [*Hlglucosamine. After
treatment of the cells with tunicamycin,
two polypeptides with apparent molecular
weights of 81K and 64K were precipitated.
The 81K polypeptide was glycosylated,
indicating that GVP 9 contains both N-
and O-linked oligosaccharides. The 64K
polypeptide may correspond to a nongly-
cosylated precursor form of GVP 9, ppGVP
9 (van Drunen Littel-van den Hurk and
Babiuk, manuseript in preparation). From
cells, treated with monensin, two glyco-
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FIG. 4. PAGE (7.5%) analysis of immunoprecipi-
tates of L-{**S]methionine-labeled (lanes A to F) or
[*Hlglucosamine-labeled (lanes G to L) polypeptides
from mock-infected (lanes A and G) and BHV-1
infected (lanes B to F and H to L) cells. Electropho-
resis was performed under nonreducing conditions.
Cell lysates were precipitated with monoclonal an-
tibody 1E11. Immediately after virus adsorption, the
cells were treated with 0.1 (lane C and I) and 25
(lanes D and J) ug/ml tunicamyecin, 0.1 (lanes E and
K) and 2.5 (lanes F and L) uM monensin, or left
untreated (lanes A, B, G, and H). The precipitated
polypeptides are shown in the left margin. Molecular
weight markers X 10~® are indicated in the right
margin.
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Fic. 5. PAGE (7.5%) analysis of immunoprecipi-
tates of L-[®*S]methionine-labeled (lanes A to F) or
[*Hlglucosamine-labeled (lanes G to L) polypeptides
from mock-infected (lanes A and G) and BHV-1
infected (lanes B to F and H to L) cells. Cell lysates
were precipitated with monoclonal antibody 3D9T.
Immediately after virus adsorption, the cells were
treated with 0.1 (lanes C and I) and 2.5 (lanes D
and J) pg/ml tunicamycin, 0.1 (lanes E and K) and
2.5 (lanes F and L) pM monensin, or left untreated
(lanes A, B, G, and H). The precipitated polypeptides
are shown in the left margin. Molecular weight
markers X 10~ are indicated in the right margin.

peptides with apparent molecular weights
of 86K and 72K were precipitated. The
86K glycopeptide is probably a partially
glycosylated form of GVP 9, whereas
the 72K glycopeptide may correspond to
pGVP 9.

GVP 11b (71K) as well as its precursor,
pGVP 11b (63K) were precipitated from
untreated, virus-infected cells by mono-
clonal antibody 3D9S (Fig. 7). One glyco-
peptide with an apparent molecular
weight of 65K was precipitated from tu-
nicamycin-treated cells, suggesting that
GVP 11b contains N-linked as well as O-
linked oligosaccharides. From monensin-
treated cells one glycopeptide with an
apparent molecular weight of 68K was
precipitated, which probably is an incom-
pletely processed form of GVP 11b.

In contrast to the glycoproteins, whose
molecular weights had changed due to
incomplete processing in the presence of
tunicamycin or monensin, the nonglyco-
sylated polypeptides were not affected
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with respect to their molecular weights,
indicating that they are normally synthe-
sized in the presence of these two com-
pounds. An example of such a structural
polypeptide, VP8 (96K), which was precip-
itated by monoclonal antibody 1G4, is
shown in Fig. 8.

Expression of the viral glycoproteins on
the cell surface. The effect of tunicamycin
and monensin on the transport of the
viral glycoproteins to the cell surface and
their insertion into the plasma membrane
was examined. Surface iodination of BHV-
1 infected cells previously showed that
the four major BHV-1 glycoproteins, GVP
6/11a/16, GVP 3/9, GVP 7, and GVP 11b
were all expressed on the surface of the
virus-infected cell (Misra et al., 1982; van
Drunen Littel-van den Hurk et al, 1984).
Cell surface immunofluorescence con-
firmed these observations by demonstrat-
ing that the viral glycoproteins were ex-
pressed on the surface of untreated, virus-
infected cells (data not shown). Treatment
of BHV-infected cells with 5 uM monensin
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Fi1G. 6. PAGE (7.5%) analysis of immunoprecipi-
tates of L-{®*SJmethionine-labeled (lanes A to F) or
[*Hlglucosamine-labeled (lanes G to L) polypeptides
from mock-infected (lanes A and G) and BHV-1
infected (lanes B to F and H to L) cells. Cell lysates
were precipitated with monoclonal antibody 1D6.
Immediately after virus adsorption, the cells were
treated with 0.1 (lanes C and I) and 2.5 (lanes D
and J) pg/ml tunicamyecin, 0.1 (lanes E and K) and
2.5 (lanes F and L) uM monensin, or left untreated
(lanes A, B, G, and H). The precipitated polypeptides
are shown in the left margin. Molecular weight
markers X 10~ are indicated in the right margin.
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FiG. 7. PAGE (7.5%) analysis of immunoprecipitates of L-**Slmethionine-labeled (lanes A to F)
or [*H]glucosamine-labeled (lanes G to L) polypeptides from mock-infected (lane A and G) and
BHV-1 infected (lanes B to F and H to L) cells. Cell lysates were precipitated with monoclonal
antibody 3D9S. Immediately after virus adsorption, the cells were treated with 0.1 (lanes C and
I) and 2.5 (lanes D and J) ug/ml tunicamycin, 0.1 (lanes E and K) and 2.5 (lanes F and L) uM
monensin, or left untreated (lanes A, B, G, and H). The precipitated polypeptides are shown in
the left margin. Molecular weight markers X 107% are indicated in the right margin.

did not affect surface expression. In con-
trast, when the cells were infected with
BHV-1 in the presence of 1 ug/ml of
tunicamycin, no surface immunofluores-
cence could be detected, suggesting inhi-
bition of expression of any of the viral
glycoproteins on the cell surface.
Antibody-dependent cell cytotoxicity. To
further confirm that tunicamycin pre-
vented surface expression of viral glyco-
proteins and to see whether the glycopro-
teins expressed on the cell surface in the
presence of monensin could be recognized
and participate in immune-mediated de-
struction of BHV-1 infected cells, we in-
cluded these cells as targets in an ADCC
assay. The presence of increasing concen-
trations of tunicamyecin in the cells during
the infection caused a reduction of specific
51Cr release of 27 to 98%, which corre-
sponded to the decrease and finally lack
of expression of any of the glycoproteins
on the surface of the infected cells (Fig.
9). In contrast, no reduction of specific
51Cr release was observed after treatment
of BHV-1 infected cells with increasing
concentrations of monensin (Fig. 9). These

results support the previous results which
showed that tunicamycin inhibited cell
surface expression of BHV-1 antigens
whereas monensin did not.

DISCUSSION

GBK cells failed to produce infectious
virus particles when treated with tunica-
mycin. No extracellular and only small
amounts of cell-associated, noninfectious
virus were detected. The virus produced
under these circumstances was considered
defective, since it was not infectious and
it had a lower density in potassium tar-
trate gradients than infectious virus. At
increasing concentrations of tunicamyein,
viral as well as cellular glycoprotein syn-
thesis was specifically and increasingly
inhibited. This is consistent with the
known inhibitory effect of tunicamycin on
N-linked glycosylation in eukaryotic cells
(Schwartz and Datema, 1980). The effect
of tunicamycin on the glycosylation of
BHV-1 proteins suggested that, like all
other enveloped viruses (Ghosh, 1980),
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FiGc. 8. PAGE (7.5%) analysis of immunoprecipi-
tates of L-[¥*S]methionine-labeled polypeptides from
mock-infected (lane A) and BHV-1 infected (lanes B
to F) cells. Cell lysates were precipitated with mono-
clonal antibody 1G4. Immediately after virus ad-
sorption, the cells were treated with 0.1 and 2.5 ug/
ml tunicamycin (lanes C and D), 0.1 and 2.5 pM
monensin (lanes E and F), or left untreated (lanes
A and B). The precipitated polypeptide is shown in
the left margin. Molecular weight markers X 1073
are indicated in the right margin.

BHV-1 uses cellular enzymes for glyco-
sylation and that BHV-1 proteins pro-
duced in the presence of tunicamycin es-
sentially lack N-linked oligosaccharide
side chains. This may explain the lower
density of the noninfectious virus particles
produced by tunicamycin-treated -cells.
The influence of tunicamycin on infectivity
indicated that glycosylation of the viral
proteins is required for the production of
infectious virus, a phenomenon previously
reported for several other enveloped vi-
ruses (Schwartz et al, 1976; Morrison et
al., 1978; Nakamura and Compans, 1978;
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Stohrer and Hunter, 1979; Pizer et al,
1980).

When GBK cells were treated with mo-
nensin, reduced amounts of infectious vi-
rus particles were produced. However, the
reduction in virus production per se was
not as dramatic as was virus release. In
no instance was virus release completely
inhibited. This may be due to the fact
that at high cocnentrations, monensin was
slightly cytopathic, therefore, some cells
may have been easily disrupted, conse-
quently releasing cell-associated virus. In
the presence of monensin, viral and cel-
lular glycoprotein synthesis was slightly
reduced. This is consistent with the sup-
posed inhibitory effect of monensin on the
Golgi complex (Pressman, 1976) where all
or the greater part of processing of N-
linked oligosaccharides and synthesis of
O-linked oligosaccharides is thought to
occur (Berger et al., 1982). This suggested
that BHV-1 proteins synthesized in the
presence of monensin lack fully processed
N-linked and/or O-linked carbohydrates
and many explain the somewhat lower
density of the cell-associated virus parti-
cles, produced by monensin-treated cells.
It also indicated that complete processing

70
60
40

30

% Specific 31Cr Release

0 0001 001 O1

Tunicamyein Conc. (ug/mi)

Monensin Conc. (uM)

FIG. 9. Antibody-dependent cell cytotoxicity. GBK
cells were infected with BHV-1 at an m.o.i. of 1.
Various concentrations of tunicamyein or monensin
were added to the cells immediately after virus
adsorption and maintained until the cells were har-
vested at 24 hr postinfection. The effector (PMN) to
target cells were harvested at 24 hr postinfection.
The effector (PMN) to target cell ratio was 50:1.
Each assay was done in triplicate. Nonspecific release
in each case was less than 12%.
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of the glycoproteins is not needed for
infectivity, since a considerable fraction
of the virions, associated with monensin-
treated cells, was still infectious, even
though their glycoproteins were not fully
processed. Similarly results were reported
for influenza virus (Alonso and Compans,
1981) and HSV-1 (Campadelli-Fiume et
al., 1982; Johnson and Spear, 1982). The
observation that monensin mainly affected
release of BHV-1 virions supports the
proposition that the Golgi apparatus is
involved in egress of herpesvirions from
the cells (Johnson and Spear, 1982).
Using monoclonal antibodies, specific
for the major BHV-1 glycoproteins, we
have shown that the non- or partially
glycosylated polypeptides of lower molec-
ular weight, found in tunicamycin- and
monensin-treated cells, were antigenically
related to glycoproteins GVP 6/11a/16,
GVP 7, GVP 3/9 or GVP 11b. In tunica-
mycin-treated cells a nonglycosylated
counterpart of GVP 6 was found which
may be the precursor polypeptide, pp GVP
6 (van Drunen Littel-van den Hurk and
Babiuk, manusecript in preparation). This
indicated that GVP 6/11a/16 contains only
N-linked carbohydrate side chains. Al-
though the majority of GVP 6 is normally
cleaved into GVP 1la and GVP 16, this
nonglycosylated polypeptide, present in
tunicamycin-treated cells, was not cleaved.
Apparently, glycosylation is required for
the proper conformation and/or location
of the polypeptide, needed for cleavage.
No nonglycosylated counterpart of GVP 7
was detected in tunicamycin-treated cells.
There may be several reasons for this
observation. It has been reported that
nonglycosylated polypeptides are some-
times difficult to detect, because (i) com-
plete translation of the glyeoprotein
mRNA may depend on cotranslational
addition of N-linked oligosaccharide side
chains, (ii) nonglycosylated polypeptides
may be very susceptible to degradation
by host cell proteases, or (iii) the nongly-
cosylated polypeptide may be aggregated
and thus not solubilized (Schwartz et al,
1976; Leavitt et al, 1977, Diggelman, 1979;
Gibson et al, 1979; Pizer et al, 1980;
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Stallcup and Fields, 1981). Whichever rea-
son is correct, it suggests that GVP 7 may
be an N-linked glycoprotein. One partially
glycosylated counterpart of GVP 9 was
found in tunicamycin-treated cells, sug-
gesting that GVP 3/9 contains N-linked,
as well as O-linked carbohydrate side
chains. The intensity of this partially gly-
cosylated polypeptide indicated that a
considerable fraction of the oligosaccha-
rides in GVP 9 is O-glycosidically linked.
In addition, small amounts of a nongly-
cosylated polypeptide was detected. This
may be the precursor polypeptide, pp GVP
9 (van Drunen Littel-van den Hurk and
Babiuk manusecript in preparation). Sim-
ilarly, one partially glycosylated counter-
part of GVP 11b was present in tunica-
mycin treated cells, indicating that GVP
11b also contains N-linked and O-linked
oligosaccharide side chains.

In the presence of monensin, an increase
in electrophoretic mobility of all four
BHYV-1 glycoproteins was observed, indi-
cating that processing of N-linked oligo-
saccharides and/or synthesis of O-linked
oligosaccharides was inhibited. Monensin
has been shown to block the processing
of Sindbis virus (Johnson and Schlesinger,
1980) and HSV-1 (Johnson and Spear,
1982; Wenske et al., 1982) glycoproteins
at the high-mannose stage. However,
the glycoproteins observed in monensin-
treated, BHV-1 infected cells did not cor-
respond to the normal precursors of these
four BHV-1 glycoproteins, suggesting that
partial processing beyond the high-man-
nose stage occurred. In order to determine
whether this difference was due to the
virus or the cell system used, BHV-1 as
well as HSV-1 were grown in the presence
of monensin in three different cell lines.
These experiments (data not shown) dem-
onstrated that the effect of monensin on
BHYV-1 or HSV-1 glycoproteins was inde-
pendent of the cell line used. In addition,
whereas the BHV-1 glycoproteins were
processed beyond the high-mannose stage
in the presence of monensin, the HSV-1
glycoproteins were blocked at the high-
mannose stage, which is in agreement
with previously mentioned observations
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(Johnson and Spear, 1982; Wenske et al.,
1982). Thus, the difference in the effect of
monensin on BHV-1 and HSV-1 glycopro-
tein appears to be a reflection of the virus
rather than of the cell line.

Tunicamycin blocked the transport of
all BHV glycoproteins to the cell surface.
This is consistent with previous reports
on a number of other enveloped viruses
(Nakamura and Compans, 1978; Norrild
and Pederson, 1982; Payne and Kristens-
son, 1982; Peak et al, 1982) and clearly
suggests that glycosylation is required for
this process. In contrast to data reported
for HSV-1 (Johnson and Spear, 1982),
BHV-1 glycoproteins were transported to
and expressed on the cell surface in the
presence of monensin. The reasons for
this discrepancy are not fully understood,
but they could be related to both the virus
and the cell systems used. Such discrep-
ancies are not uncommon, since many
reports on the effect of monensin on the
transport of glycoproteins to the cell sur-
face have been controversial. It is often
shown that monensin does prevent trans-
port (Johnson and Schlesinger, 1980;
Alonso and Compans, 1981; Johnson and
Spear, 1982; Payne and Kristensson, 1982),
but sometimes no effect is observed
(Alonso and Compans, 1981; Chatterjee et
al., 1982). One communication described
the blockage of transport of both VSV
and influenza virus glycoproteins to the
surface of baby hamster kidney (BHK-1)
cells, whereas influenza hemagglutinin,
but not VSV G protein was expressed on
the surface of Madin-Darby canine kidney
(MDCK) cells (Alonso and Compans, 1981).
These results indicate that both the virus
and the cell may influence the final result.
The observation that in the presence of
monensin BHV-1 glycoproteins were ex-
pressed on the cell surface, whereas HSV-
1 glycoproteins are not (Johnson and
Spear, 1982), may be due to the above
mentioned difference in degree of glyco-
sylation, which appears to be a reflection
of the virus. Furthermore, BHV-1 glyco-
proteins may be transported by vesicles,
like influenza hemagglutinin, whose for-
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mation is not dependent upon the Golgi
complex and thus insensitive to monensin.

BHV-1 infected cells, grown in the pres-
ence of tunicamyecin, could not act as
target cells in the ADCC assay, as one
would expect since no glycoproteins were
expressed on their surface. Similar results
were reported for HSV-1 infected cells
treated with tunicamyecin (Norrild and
Pederson, 1982). In contrast, monensin
did not affect the efficiency of lysis in the
ADCC assay, even though the glycopro-
teins, synthesized in the presence of this
compound were incompletely glycosylated.
Thus, the antibodies recognized the BHV-
1 glycoproteins, produced in the presence
of monensin, and killed the virus-infected
cells by ADCC, suggesting that alterations
in glycosylation induced by this compound
did not affect the antigenicity of the gly-
coproteins. Consequently, although gly-
cosylation may be required for the proper
folding and conformation of the glycopro-
teins, the complete carbohydrate portion
may not be needed and may not play a
major role in antigenicity and immuno-
genicity of BHV-1 glycoproteins.
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