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Tunicamycin (TM), an antibiotic that inhibits the formation of N-acetylglu-
cosamine-lipid intermediates, thereby preventing the glycosylation of newly
synthesized glycoproteins, inhibits the growth of Sindbis virus and vesicular
stomatitis virus in BHK cells. At 0.5 ,ug of TM per ml, the replication of both
viruses is inhibited 99.9%. Noninfectious particles were not detected. All the
viral proteins were synthesized in the presence of TM, but the glycoproteins
were selectively altered in that they migrated faster than normal viral glycopro-
teins when analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis, suggesting defective glycosylation. Within 1 h after TM addition,
[14C]glucosamine incorporation into glycoproteins was inhibited 20%, whereas
[35S]methionine incorporation was unaffected. By 2 to 3 h after TM addition,
glucosamine incorporation had fallen to 15% of control value, with methionine
incorporation being 60% of normal. TM did not affect the growth of the nonen-
veloped encephalomyocarditis virus in BHK cells, demonstrating that TM is not
a general inhibitor of protein synthesis. These data demonstrate that TM
specifically inhibits the glycosylation of viral glycoproteins and that glycosyla-
tion may be essential for the normal assembly of enveloped viral particles.

Sindbis virus and vesicular stomatitis virus
(VSV) are enveloped RNA viruses that are as-
sembled by budding from cellular membranes
during virus maturation. Sindbis virus con-
tains three proteins: two envelope glycoproteins
(El, E2) and a nucleocapsid protein (C) (21, 29).
During cellular maturation of Sindbis, another
virus-specified glycoprotein (PE2), a precursor
to E2, can be detected (23). VSV contains five
viral polypeptides (35): a membrane glycopro-
tein (G), a nonglycosylated membrane protein
(M), a nucleocapsid protein (N), the viral tran-
scriptase (L), and a nonstructural protein (NS).
The latter three proteins are nonmembrane
components. The M protein is thought to line
the inner surface of the virion envelope,
whereas G, like El and E2 of Sindbis, is found
on the outer surface of the virus, presumably
comprising the spikes seen under the electron
microscope (5, 6, 18). No additional viral pro-
teins are detected in VSV-infected cells, and
there is no evidence for the existence of a pre-
cursor for the glycoprotein (35).

Previous studies using 2-deoxy-z-glucose and
i-glucosamine, compounds that inhibit glycosyl-
ation of glycoproteins, have suggested that the
oligosaccharide units of the viral glycoproteins
are necessary for the formation of infectious
virus (8, 11-13, 25-27). However, since both of
these compounds affect cellular processes other

than glycosylation, the data obtained do not
allow unequivocal interpretations (2, 3, 26, 36).
Tunicamycin (TM) is a glucosamine-contain-

ing antibiotic with potent antiviral activity (30,
32, 33). In studies with Newcastle disease virus
(NDV), Takatuski and Tamura found TM to
preferentially interfere with glycoprotein bio-
synthesis (33). In addition, TM inhibits glyco-
protein synthesis in mammalian (33) and mi-
crobial cells (4, 14, 30, 32, 33). Recently, TM has
been shown to inhibit the formation of N-ace-
tylglucosamine-lipid intermediates in calf liver
and chicken embryo microsomes (31, 34) and
in Bacillus subtilis (4). Since these lipid inter-
mediates serve as sugar donors for the synthe-
sis of the core regions of the oligosaccharide
units of glycoproteins (16), this finding pro-
vides an explanation for the selective inhibition
of glycosylation of newly synthesized glycopro-
teins.
We have used TM to study the role of the

oligosaccharide units of Sindbis virus and VSV
glycoproteins in viral replication and particle
formation. Our results demonstrate that the
carbohydrate moieties of viral glycoproteins are
necessary for virion formation.

MATERIALS AND METHODS
Materials. [3H]glucosamine (48 mCi/mmol) was

purchased from New England Nuclear Corp., Bos-

375



376 LEAVITT, SCHLESINGER, AND KORNFELD

ton Mass. [35S]methionine (270 Ci/mmol) and NCS
tissue solubilizer were purchased from Amersham/
Searle Corp., Arlington Heights, Ill. Na'25I (100
mCi/ml), reagent grade, was obtained from Mal-
linckrodt, Inc., St. Louis, Mo. Pronase was pur-
chased from Calbiochem, Los Angeles, Calif. Mini-
mal essential medium (MEM) and fetal calf serum
were purchased from K. C. Biological, Inc., Lenexa,
Kan., and alpha MEM was obtained from Flow Lab-
oratories, Rockville, Md. Glutamine, penicillin, and
streptomycin were purchased from Sigma Chemical
Co., St. Louis, Mo. TM was a gift of G. Tamura of
the University of Tokyo, Tokyo, Japan. Encephalo-
myocarditis (EMC) virus was a gift of R. Thach and
Peter Yau of Washington University, St. Louis, Mo.

Cells. BHK cells were grown as monolayers in
MEM supplemented with 6% fetal calf serum, 2 mM
glutamine, 100 U of penicillin per ml, and 100 jig of
streptomycin per ml.

Chinese hamster ovary (CHO) cells were grown
as monolayers in alpha MEM supplemented with
10% fetal calf serum, 50 U of penicillin per ml, and
50 ,ug of streptomycin per ml.
Growth of virus. Nearly confluent monolayers of

cells growing on 35-mm plastic tissue culture petri
dishes were infected with Sindbis virus at a multi-
plicity of infection of 200 to 400 PFU per cell. The
virus was allowed to adsorb to the cells for 1 h at
37°C in a volume of 0.2 ml, followed by removal of
the unadsorbed inoculum and the addition of 2 ml of
fresh medium. Virus was harvested 12 to 16 h after
infection. For VSV growth, the same procedure was
followed except that the multiplicity of infection was
10 to 40 PFU/cell.

For EMC growth, we used the same procedure
with the following exceptions: virus at a multiplicity
of infection of 20 PFU/cell was added to the mono-
layer and allowed to adsorb for 1 h at room tempera-
ture in room air. The dishes were then placed in a
37°C incubator under a 5% C02-95% air atmosphere.
In these experiments, the time ofthe shift-up to 37°C
is referred to as "hours postinfection." The unat-
tached virus was removed at 1.5 h postinfection, and
2 ml of fresh medium was added. Virus was har-
vested at the times indicated in Table 3.
Time of addition of TM to infected cells. Unless

indicated otherwise, TM at 0.5 ,ug/ml was added to
Sindbis virus-infected cells at 2 h after infection, to
VSV-infected cells at 1 h, and to EMC virus-infected
cells at 1.5 h.

Radioactive labeling of virus. To label Sindbis
virus with [35S]methionine the MEM added after
removal of unadsorbed virus lacked amino acids. At
5 h after infection, 5 to 10 ,uCi of [35S]methionine or
25 ACi of [3H]glucosamine was added per plate. To
label VSV, the same procedure was followed except
that the label was added 4 h after infection.

Radioactive labeling of infected cells. Infected
cells were incubated with complete medium contain-
ing 5 to 10 ACi of [35S]methionine or 25 ,pCi of [3H]-
glucosamine. The time of addition of label is indi-
cated for each experiment. For the double-label ex-
periments, 25 ,Ci of [3H]glucosamine and 10 ,uCi of
[35S]methionine were added per plate at the indi-
cated times.

Virus purification. Viruses were purified by cen-
trifugation to equilibrium in a sucrose gradient (22).
A 2-ml portion of medium was layered onto the
following gradient: 1 ml of 60% sucrose, 5 ml of 30 to
50% sucrose (continuous gradient), and 4 ml of 15%
sucrose. The sucrose solutions contained 0.1% bo-
vine serum albumin. The gradients were spun at
100,000 x g for 2 h in an International centrifuge
using an SB283 rotor at 4°C.

Determination of PFU. Harvested media were
diluted and applied onto appropriate monolayers.
Sindbis virus was titered on chicken embryo fibro-
blasts and VSV on mouse L cells. In most cases,
samples were titered within 12 h of the experiment
and were not frozen.

Hemagglutination. EMC virus hemagglutinating
activity is proportional to the concentration of infec-
tious virus. Medium to be assayed was removed
from the monolayer at the indicated times, and the
hemagglutinating activity of a 50-,ul sample was
determined as described by Martin et al. (19). Hu-
man erythrocytes were used for the assay. The he-
magglutination titer is expressed as the reciprocal of
the final dilution scored as positive.

SDS-polyacrylamide electrophoresis. Purified
Sindbis virus, VSV, and VSV-infected cells were
prepared for electrophoresis by reduction and boil-
ing in 1% sodium dodecyl sulfate (SDS) (10),
whereas Sindbis-infected cells were reduced and al-
kylated prior to electrophoresis (23). Samples were
subjected to electrophoresis on discontinuous slab
gels (23) or cylindrical gels (10). The slab gels were
subjected to autoradiography, and the cylindrical
gels were sliced and counted. Strips of autoradio-
grams were scanned at 600 nm in a Gilford spectro-
photometer equipped with a linear transport device.
Samples labeled with m25I were counted directly in a
gamma counter, but samples labeled with 35S were
solubilized as described by Ames (1) prior to count-
ing in a liquid scintillation counter.

lodination of infected cells. Cells were iodi-
nated using a slight modification of the lactoperoxi-
dase method, which has been described previously
(28).

Protein determination. Protein was determined
by the method of Lowry et al. (17).

RESULTS

Inhibition of VSV and Sindbis virus multi-
plication by TM. TM is a potent inhibitor of
Sindbis virus and VSV multiplication, produc-
ing 99.9% inhibition in the yield of virus at 0.5
jtg/ml (Tables 1 and 2). At this concentration of
TM, very little radioactivity is released into the
medium and virtually none of it sediments to
the density of virions when samples of the me-
dium are subjected to sucrose gradient centrifu-
gation. Figure 1 shows these data for VSV;
identical results have been obtained with
Sindbis virus. Lower concentrations ofTM also
produce a significant inhibition of both PFU
and radioactivity released into the medium.

J. VIROL.
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Particles released in the presence of low doses
of TM sediment in the same region of the su-
crose gradient as virus purified from control
cells (data not shown). The inhibition of infec-
tious particle formation (PFU) correlates closely
with the inhibition of particle formation, indi-
cating that noninfectious particles are not
formed in the presence of TM.
Time of addition of TM to infected cells.

Addition of TM to Sindbis-infected BHK cells
within the first 2 h postinfection appears to
inhibit virus production maximally (Fig. 2).
However, TM added as late as 4 h after infec-
tion still causes 80% inhibition. Takatsuki and
Tamura have shown that TM does not affect
adsorption of NDV to host cells (32). Our data
support this observation, since we see no signif-
icant difference in inhibition when the anti-
biotic is added along with the infecting virus or
2 h postinfection. Based on this experiment,
TM was added routinely to Sindbis-infected
cells 2 h postinfection. In experiments per-
formed with VSV, a virus that replicates more

TABLE 1. Inhibition ofthe multiplication ofSindbis
virus as a function of the concentration of TM

TMpLg PF/ml% Inhibi-cp002 % Inhibi- cpmlTm ( xg/10F/ml tion of ml.p/0.025 tion of PFU
PFU cpm (X105)

0 9.0 16,092 7.1
0.03 3.6 60 5,733 64 6.4
0.05 1.8 81 4,423 72 9.8
0.075 1.7 82 1,903 88 4.4
0.15 0.49 95 1,090 93 8.8
0.3 0.15 98 572 96 15.3
0.5 0.018 99.8 0 100

aTo determine counts per minute of [35S]methionine, a
0.025-ml sample of the medium was precipitated in trichlo-
roacetic acid, filtered, and counted. A correction for back-
ground counts was made by subtracting the counts (1,384)
obtained from the plate containing 0.5 ,ug of TM per ml.
This is valid, since virtually none of the counts in this
sample sedimented in the virus region on equilibrium su-
crose gradient centrifugation.

TABLE 2. Inhibition of multiplication of VSV as a
function of the concentration ofTM

TM (LgI PFU/ml % Inhibi- % Inhibi- cpm/
ml) (x 10-8) tion of cpmlmla tion of PFUPFU ___ cpm (X104)
0 8.0 0 84,668 0 1.1
0.05 0.75 90.6 10,627 87 1.4
0.1 0.12 98.5 1,298 97.5 1.1
0.5 0.006 99.9 0 100

aThe determination of counts per minute of
l35S]methionine and the correction for background counts
were perforned as described in footnote a, Table 1. In the
presence of 0.5 ,ug ofTM per ml, the acid-insoluble cpm/ml
was 7,900. Essentially none of these counts sedimented in
the virus region on equilibrium sucrose gradient centrifu-
gation (see Fig. 1).
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FIG. 1. Purification of [35S]methionine-labeled
particles released from VSV-infected cells by centrif-
ugation in a sucrose gradient. TM (0.5 pg/ml) was
added to cells 1 h postinfection. [35S]methionine was
added to cells 4 h postinfection, and the medium was
harvested at 16 h postinfection. A portion of the me-
dium was taken to determine PFU, and the remain-
der was sedimented in a sucrose gradient. A portion
from each fraction was precipitated with trichloroa-
cetic acid and counted. Symbols: 0, control media
from untreated, infected cells; A, media from TM-
treated, infected cells.

rapidly than Sindbis, TM was added 1 h postin-
fection.

Inhibition of virus yield after removal of
TM. To determine if the effect of TM could be
reversed, virus-infected cultures were exposed
to TM for various periods of time, then the
cells were washed and incubated in medium
free of TM, and virus yield was determined at
13 h. Sindbis virus-infected cultures exposed to
TM for only 30 min showed 68% inhibition of
infectious virus formation, whereas a 60-min
exposure to TM gave 96% inhibition (Fig. 3).
Cultures exposed to TM for 2 h or longer were
inhibited greater than 99.9%, and this effect
was not reversible. The same results were ob-
tained with VSV-infected cells. These results
are in agreement with the finding of Kuo and
Lampen (15), who reported that inhibition of
glycoprotein synthesis in yeast protoplasts is
not eliminated by washing out the TM.

Synthesis of viral-specific proteins in in-
fected cells. Since TM at a concentration of 0.5
,ug/ml completely inhibited the release of parti-
cles from infected cells, we next analyzed the
proteins synthesized in the infected cells to see
if abnormal viral proteins were being made.
Cells were infected with either Sindbis or VSV
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FIG. 2. Inhibition of the formation of Sindbis vi-
rus as a function of the time ofaddition ofTM. Cells
were infected, and TM (0.5 pg/ml) was added at
various times after infection. At 17 h postinfection,
the medium was harvested and titered to determine
the yield of infectious virus.

and labeled with [35S]methionine in the pres-
ence and absence of TM. At appropriate times
after infection, the cell monolayer was washed
with phosphate-buffered saline, and the cells
were solubilized in 2% SDS. Newly synthesized
proteins were analyzed by electrophoresis on
polyacrylamide slab gels in the presence of SDS
followed by autoradiography. In Sindbis virus-
infected cells, four viral proteins can be seen,
corresponding to PE2, El, E2, and C (Fig. 4). In
contrast, Sindbis virus-infected, TM-treated
cells show three major bands. One band corre-
sponds to the viral capsid, whereas the other
two bands migrate faster than PE2 and El and
are presumably nonglycosylated forms of the
viral glycoproteins. These rapidly migrating
envelope proteins are similar to those seen by
Duda and Schlesinger in Sindbis-infected cells
treated with glucosamine (8). These workers
found that the faster-moving bands had tryptic
peptide maps almost identical to those of the
normal viral envelope proteins. The proteins
formed in the presence of TM appear to be
stable, since chases of up to 1 h did not alter the
gel pattern (data not shown). Little or no con-
version of PE2 to E2 was seen in TM-treated

D
0-

2 4
HOURS IN TM

FIG. 3. Effect of removing TM on the yield of
Sindbis virus. TM (0.5 mglml) was added to Sindbis
virus-infected cells 2 h postinfection. At the indicated
times, the drug-containing medium was removed
from the plate, the monolayers were washed two times
with warm medium, and 2 ml of fresh medium was
added. The medium was harvested at 13 h postinfec-
tion and titered to determine the yield of infectious
virus.

cells, and no movement of labeled bands toward
higher-molecular-weight species was observed
during chases after removal of TM. Identical
results were obtained with both BHK and CHO
cells. The remaining experiments were per-

J. VIROL.
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FIG. 4. Autoradiograms of SDS-polyacrylamide gels of [35S]methionine labeled, Sindbis-infected BHK

cells and CHO cells in the presence and absence ofTM. C represents control infected cells, and TM indicates
that TM (0.5 p.g/ml) was added 4 h postinfection. [35S]Methionine was added 6 h postinfection, and the cells
were harvested 7 h postinfection.

formed with BHK cells because the virally in-
duced inhibition of host protein synthesis was
usually more pronounced in these cells than in
CHO cells.

In VSV-infected cells, bands corresponding to
L, G, N, NS, and M were seen (Fig. 5). The
pattern was identical in cells treated with TM,
except for the disappearance of band G and the
appearance of a faster-migrating band. This is
similar to the pattern seen by Printz and Wag-

ner (20) with their temperature-sensitive VSV
mutant ts52 at the nonpermissive temperature.
The glycoprotein of ts52 is thought to be nongly-
cosylated at the nonpermissive temperature,
although the primary defect is not known.

[31H]glucosamine uptake and incorporation
into protein in infected cells. To obtain more
direct evidence that TM was selectively block-
ing glycosylation of the viral glycoproteins, we
studied the effect of TM on the uptake and

VOL. 21, 1977
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FIG. 5. Autoradiograms of SDS-polyacrlyamide gels of [35S]methionine-labeled BHK cells infected with
VSV. TM was added 1 h postinfection. [35S]methionine was added 4 h postinfection, and cells were harvested
7 h postinfection. The amount ofTM added is expressed as micrograms per milliliter.

incorporation of [3H]glucosamine and [35S]me-
thionine in infected cells. With both VSV-
and Sindbis virus-infected cells, 0.5 ,ug of
TM per ml inhibited [3H]glucosamine incorpo-

ration into trichloroacetic acid-precipitable ma-
terial by approximately 85% after 2 to 4 h (Fig.
6). TM had no effect on the total uptake of
[3H]glucosamine, indicating that TM was not

J. VIROL.
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blocking glucosamine transport into the cells
(data not shown). To determine ifthe inhibition
of [3H]glucosamine incorporation into the viral
glycoproteins could be explained by a block in
the formation of UDP-N-acetylglucosamine,
the extracts of [3H]glucosamine-labeled cells
were analyzed by paper chromatography (Fig.
7). The size of the UDP-N-acetylglucosamine
pool was identical in treated and untreated
Sindbis virus-infected cells. In each case, ap-
proximately 70% of the label was present as

UDP-N-acetylglucosamine. Kuo and Lampen
have made a similar observation in yeast proto-
plasts treated with TM (15).
We have also observed a decrease in

[35S]methionine incorporation into trichloroace-
tic acid-precipitable material in TM-treated
cells (Fig. 6). However, the inhibition of protein
synthesis occurs after the decrease in glucosa-
mine incorporation, and the former effect is not
as marked as the latter (Fig. 6). In Sindbis-
infected cells, the rate of incorporation of
[35S]methionine is normal during the first hour
after TM addition, whereas glucosamine incor-
poration is significantly decreased over this in-
terval. This suggests that the observed de-
crease in protein synthesis is secondary to the
derangement in glycoprotein synthesis. In
other experiments we found that TM does not
inhibit uridine incorporation into RNA (data
not shown); this is supported by the following
EMC virus experiments.

Effect of TM on the multiplication of non-
enveloped virus. The effect of TM on both the
multiplication of EMC virus and on the incor-
poration of [35S]methionine into infected cells
was tested to rule out the possibility that a

primary site of TM action is inhibition of pro-

lSOC

lOOC

U

tein synthesis or inhibition of viral RNA repli-
cation. EMC is a single-stranded RNA virus,
like Sindbis virus and VSV, but it has no outer
envelope and contains no viral glycoproteins.
BHK cell monolayers were infected with EMC
as described above, and TM was added after
adsorption of the virus. The cells were labeled
with [35S]methionine during the indicated time
periods, and virus formation was determined at
11.5 h postinfection using a hemagglutination

100 M Met

_O GIcN

80 Sindbis VSV

0

Z 60
0

U_
40-

20-

0-1 1-2 2-3 3-4 4-5 5-6 0-2 2-4 4-6
TIME (h) LABELED AFTER ADDITION OF TM

FIG. 6. Rate of glucosamine and methionine in-
corporation into virus-infected cells in the presence of
TM. Cells were infected with either Sindbis virus or

VSV, and TM (0.5 pg/ml) was added at 2 or 1 h
postinfection, respectively. Single plates were double
labeled with [35S]methionine and [3H]glucosamine
for the indicated time intervals. At the end of the
labeling period, monolayers were solubilized in 2%
SDS, and total radioactivity, trichloroacetic acid-
precipitable radioactivity, and total protein were de-
termined. The radioactivity incorporated was ex-

pressed as a function of total protein to correct for
differences between plates.

500
I

5 10 15 20 25 30 35 40
STRIP (cm)

FIG. 7. Formation of UDP-N-acetylglucosamine in the presence of TM. Cells were infected with Sindbis
virus and treated with TM (0.5 pg/ml) 2 h later. [3H]glucosamine was added at 6 h posinfection. At 8 h, the
cells were solubilized in 2% SDS. Samples were concentrated and applied to Whatman 3MM chromatography
paper. After descending chromatography in 1 M ammonium acetate-95% ethanol (3:7 by volume) for 18 h, the
paper was dried, cut into 1-cm strips, and counted. Symbols: 0, control: infected cells; A, infected cells treated
with TM.

UDP-GLcNAc

+ TM
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assay. Both virus yield and the rate of protein
synthesis in infected cells were unaffected by
doses of TM up to 0.5 ug/ml (Table 3). From
these data we concluded that TM has no effect
on the multiplication of EMC virus.

Synthesis of viral proteins in infected cells
at low doses of TM. We next analyzed the
proteins synthesized in infected cells treated
with low doses ofTM to determine if the inhibi-
tion of virus formation could be correlated with
the appearance of nonglycosylated viral glyco-
proteins. Concentrations of TM ranging from
0.03 to 0.1 ,.g/ml caused a progressive decrease
in the amount of fully glycosylated G and the
appearance of increasing amounts of nonglyco-
sylated G in VSV-infected BHK cells (Fig. 5).
At TM doses greater than 0.1 ug/ml, predomi-
nantly nonglycosylated G was detected. The
progressive decrease in the formation of glyco-
sylated G correlated well with the inhibition of
virus formation (Fig. 8). In contrast, the ob-
served inhibition of protein synthesis did not
correlate with the inhibition of virus formation.
The level of inhibition of protein synthesis ob-
served at 0.03 ,ug ofTM per ml was not signifi-
cantly increased at higher concentrations of the
drug, whereas the yield of PFU decreased
nearly 100-fold between 0.03 and 0.5 ,tg of TM
per ml (Fig. 8). Similar results have been ob-
tained with Sindbis virus-infected cells (data
not shown).

Labeling of infected cells by lactoperoxi-
dase. Lactoperoxidase iodination of intact cells
has been used to identify viral glycoproteins on
the infected cell surface (28). We used this
method to determine if nonglycosylated viral
glycoproteins were inserted into the plasma
membrane in a normal fashion. The nonglyco-
sylated glycoproteins of both Sindbis virus and
VSV were inaccessible to lactoperoxidase label-
ing, whereas the normal viral glycoproteins
were heavily labeled, being the dominant mem-
brane protein iodinated by the enzyme (Fig. 9).

TABLE 3. Effect of TM on EMC multiplication
[35S]Met incorporation: Hemagglutina-
cpm/mg of proteina tion per 0.05 ml

TM (,g/ml) (x 10-5) of medium

5_7b 9-11.5 11.5

0 6.1 4.3 4,096
0.1 6.6 5.2 4,096
0.5 6.2 5.6 4,096

a [35S]Methionine ([35S]Met) was added either at 5
or 9 h postinfection for a 2- or 2.5-h pulse, respec-
tively.

b Hour postinfection.

_J LV -No-
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FIG. 8. Rate ofprotein synthesis and inhibition of
infectious VSV at various concentrations of TM.
BHK cells were infected with VSV, and TM was
added 1 h later. [35S]methionine was added 4 h
postinfection, and the cells and medium were har-
vested 3 h later. Media were titered to determine the
yield of infectious virus. A portion of the solubilized
cells was precipitated with trichloroacetic acid and
the radioactivity was determined. The rate ofprotein
synthesis is expressed as counts per minute per milli-
gram of protein. Symbols: *, radioactivity incorpo-
rated; 0, PFUIml.

Cells labeled as late as 13 h post-infection gave
identical patterns, indicating that the nongly-
cosylated glycoproteins fail to reach the outside
of the plasma membrane rather than just being
delayed. We cannot, however, exclude the pos-
sibility that these proteins are on the cell sur-
face but fail to label because of a conforma-
tional change caused by the lack of carbohy-
drate.

DISCUSSION
The role of the carbohydrate portion of viral

envelope glycoproteins has been studied by two
different approaches. The first is to grow virus
in a host cell that restricts oligosaccharide syn-
thesis due to a defined host cell defect. Sindbis
virus and VSV grown in a line of CHO cells
deficient in a specific UDP-N-acetylglucosa-
mine-glycoprotein N-acetylglucosaminyl trans-

J. VIROL.
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FIG. 9. Lactoperoxidase labeling of infected cells. Cells were infected with Sindbis virus or VSV, and TM

(0.5 pg/ml) was added 2 or 1 h postinfection, respectively. Sindbis virus-infected cells were iodinated at 8 h
postinfection, and VSV-infected cells were iodinated at 6 h. Symbols: *, control infected cells not treated with
TM; A, infected cells treated with TM; 0, uninfected cells.

ferase (22) produce normal amounts of infec-
tious virus although the viral glycoproteins
contained incomplete oligosaccharide chains
(22). These data demonstrated that the outer
sugars of the viral glycoprotein oligosaccharide
units are not essential for normal virus produc-
tion. Schloemer and Wagner showed that VSV
grown in mosquito cells is deficient in sialic
acid and has reduced infectivity, presumably
due to a defect in adsorption (24).
The second approach is to use inhibitors of

glycosylation in virus-infected cells. This ap-
proach has been used by many groups, who
have found that 2-deoxy-D-glucose and i-gluco-
samine inhibit glycosylation of viral glycopro-
teins and virus production (8, 11-13, 25-27).
The problem with these two inhibitors is that
they act at multiple sites within the cell, affect-
ing various metabolic and biosynthetic proc-
esses. Thus, glucosamine, in addition to inter-
fering with the glycosylation of glycoproteins,
depletes the UTP pool of the host cell and af-
fects viral RNA synthesis (2, 3). 2-Dexoy-z-
glucose is incorporated into viral glycoproteins
as a mannose analogue (11, 13), making it prob-
able that under-glycosylated glycoproteins are
being synthesized. In addition, 2-deoxy-glucose
decreases the ATP pool of the cells (36). There-
fore, it is difficult to determine if the inhibition

of virus production is due to impaired glycopro-
tein synthesis or the result of some other effect
of the inhibitor.
The work ofTamura et al. (30, 32, 33) as well

as the findings reported in this paper indicate
that TM is an excellent agent for studying the
function of the viral glycoprotein oligosaccha-
ride units. TM appears to primarily affect the
glycosylation of proteins. Furthermore, inhibi-
tion of the transfer of the linkage sugar N-
acetylglucosamine to nascent proteins causes a
complete block in glycosylation so that no ambi-
guities due to underglycosylation are encoun-
tered.

Previous work by Tamura and co-workers
have demonstrated that TM has potent anti-
viral activity and that it preferentially inter-
feres with glucosamine incorporation into gly-
coproteins in NDV-infected cells (33). Our data
demonstrate that TM is also a potent inhibitor
of VSV and Sindbis virus production. The poly-
acrylamide gel electrophoretic analysis of in-
fected cells reveals that all the viral proteins
are synthesized in the presence of TM but that
the glycoproteins are selectively altered in that
they migrate more rapidly than their counter-
parts from infected cells without TM. Given the
known site of action of TM, this finding is most
compatible with the formation of nonglycosyl-
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ated glycoproteins, which are known to mi-
grate as lower-molecular-weight forms on SDS-
polyacrylamide gels (8). This interpretation is
supported by our finding that the rapidly mi-
grating glycoprotein band contained no
[3H]glucosamine, demonstrating that it is de-
void of carbohydrate (data not shown).
Although a significant amount of viral pro-

tein is synthesized in the presence of 0.5 ,ug of
TM per ml, we could not demonstrate the as-
sembly of any viral particles, either infectious
or noninfectious. At lower doses of TM (0.03 to
0.05 ,ug/ml), the viral particles that formed
were fully infective and contained a normal
amount of completely glycosylated glycoprotein
along with a trace of protein that migrated in
the region of the nonglycosylated glycoprotein
(Leavitt, Schlesinger, and Kornfeld, unpub-
lished observation). We cannot exclude the pos-
sibility that the normal virus is produced by a
small population of TM-resistant cells. How-
ever, the presence of nonglycosylated glycopro-
tein in these particles argues against this point.
It is possible that under certain conditions par-
ticles can be formed in the absence of glycopro-
tein. Deutsch has reported a temperature-sen-
sitive mutant of VSV that appears to make
noninfectious particles that contain no detecta-
ble G protein (7). On the other hand, Printz and
Wagner have studied a temperature-sensitive
mutant of G that makes no detectable particles
at the nonpermissive temperature (20).
The modest inhibition of protein synthesis

that occurs in Sindbis- and VSV-infected cells
treated with TM is similar to that observed
when TM is added to NDV-infected chicken
embryo fibroblasts (33) and most likely is sec-
ondary to the inhibition of glycosylation. This
interpretation is supported by two lines of evi-
dence. First, in Sindbis-infected cells, TM addi-
tion results in the inhibition of glucosamine
incorporation prior to the inhibition of
[35S]methionine incorporation (Fig. 6). Second,
TM does not inhibit the rate of protein synthe-
sis in EMC-infected BHK cells. Although we
cannot exclude the possibility that TM affects a
step in protein synthesis unique to enveloped
viruses, it seems more likely that the block in
glycoprotein glycosylation is somehow affecting
protein synthesis. The initial glycosylation is
believed to occur while the nascent protein is
still on the polysome, and impaired glycosyla-
tion might inhibit the release of the newly syn-
thesized glycoprotein. If these polysomes were
to accumulate it could cause a decrease in the
number of available ribosomes, and this might
lead to a general inhibition of protein synthe-
sis. Regardless of the mechanism, it is clear

that the observed inhibition of protein synthe-
sis cannot account for the striking inhibition of
virus formation that is induced by TM.
The reason why the failure to glycosylate the

viral glycoproteins results in impaired viral as-
sembly is not clear. Since the proportion of
newly synthesized viral proteins associated
with the 100,000 x g pellet is essentially the
same in both TM-treated and control infected
cells, it is unlikely that there is a major altera-
tion in the subcellular location of the various
proteins (Leavitt et al., unpublished observa-
tion). However, the lactoperoxidase experi-
ments demonstrate that the nonglycosylated
glycoproteins of both Sindbis virus and VSV
fail to reach the outside of the plasma mem-
brane. It is likely, therefore, that the lack of
carbohydrate is affecting the movement of the
glycoproteins at some step between their site of
synthesis on membrane-bound polyribosomes
and their ultimate appearance in the plasma
membrane. Studies are in progress to deter-
mine the subcellular location of the nonglycosy-
lated glycoprotein molecules.
We conclude that although the synthesis of

completed oligosaccharide units of VSV and
Sindbis virus glycoproteins is not necessary for
normal virus production (22), there may be
some minimal amount of carbohydrate that is
essential for the normal assembly of viral parti-
cles.

It is of interest that TM also inhibits the
secretion of the glycoprotein enzyme invertase
by yeast (14) and the secretion ofimmunoglobu-
lin by various plasma cell tumors (S. Hickman,
A. Kulczycki, and S. Kornfeld, unpublished ob-
servation). These data, together with the pres-
ent findings, suggest that there may be an
essential role for glycosylation in the normal
processing of glycoproteins destined to become
plasma membrane components or to be se-
creted. A number of possible mechanisms
should be considered to explain this phenome-
non. The nascent glycoproteins may bind to
glycosyltransferases in the rough endoplasmic
reticulum or the Golgi regions and not be re-
leased from these enzymes because the core
sugars are not transferred to the protein. Alter-
natively, the lack ofcarbohydrate may alter the
solubility of these proteins, causing aggrega-
tion and impaired mobility through the intra-
cellular membranous system. Finally, the core
sugars of the glycoproteins may have a positive
role in the intracellular movements of these
proteins, as originally postulated by Eylar (9).
The subcellular fractionation studies now in
progress should help to distinguish between
these alterations.

J. VIROL.
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