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The antibiotic tunicamycin, which blocks the synthesis of glycoproteins, in-
hibited the production of infectious herpes simplex virus. In the presence of this
drug, [**Clglucosamine and [*H]mannose incorporation was reduced in infected
cells, whereas total protein synthesis was not affected. Gel electrophoresis of [2-
*H]mannose-labeled polypeptides failed to detect glycoprotein D or any of the
other herpes simplex virus glycoproteins. By use of specific antisera we demon-
strated that in the presence of tunicamycin the normal precursors to viral
glycoproteins failed to appear. Instead, lower-molecular-weight polypeptides were
found which were antigenically and structurally related to the glycosylated
proteins. Evidence is presented to show that blocking the addition of carbohydrate
to glycoprotein precursors with tunicamycin results in the disappearance of
molecules, possibly due to degradation of the unglycosylated polypeptides. We
infer that the added carbohydrate either stabilizes the envelope proteins or
provides the proper structure for correct processing of the molecules needed for

infectivity.

The contribution of the carbohydrate portion
of viral glycoproteins to infectivity, antigenicity,
and virus-mediated cell fusion constitutes an
interesting area of research which has far-reach-
ing biological implications. The antibiotic tuni-
camycin (TM) (38), which blocks the synthesis
of the N-acetylglucosamine-lipid intermediates
required for glycoprotein synthesis (36, 39, 41),
provides a useful and specific tool for investigat-
ing the role of glycoproteins in these viral proc-
esses. Several laboratories have made use of TM
to investigate the synthesis of enveloped RNA
viruses. They found that the reduction of glu-
cosamine incorporation caused by TM was ac-
companied by a decrease in infectious virus pro-
duction, whereas the synthesis of viral macro-
molecules in general was not drastically lowered
in antibiotic-treated cells (21, 32, 40). Recently,
TM has been used to study the maturation of
viral glycoproteins. Investigations with vesicular
stomatitis virus (12, 28, 44), Semliki Forest virus
(11), and influenza virus (23), as well as murine
(44) and avian tumor viruses (8), have shown
the presence of nonglycosylated forms of viral
glycoproteins; in some instances the nonglyco-
sylated proteins were inserted into membrane
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structures (11, 12, 23). From the evidence avail-
able, it appears that TM has a marked effect on
glycoprotein synthesis in enveloped RNA virus-
infected cells. The results are consistent with
the biochemical data obtained with other sys-
tems, namely that TM inhibits the attachment
of N-acetylglucosamine to dolichol phosphate
and hence prevents addition of oligosaccharide
chains to proteins (36, 43).

Herpes simplex virus (HSV), an enveloped
DNA virus, contains glycoproteins as structural
components. Investigators have characterized
these glycoproteins in purified virions (14, 18,
26, 35), studied their biosynthesis in infected
cells (15, 34) and inferred a variety of biological
functions from mutant or antimetabolite studies
(7, 10, 17, 20, 22, 30, 31). There is general agree-
ment that there are four HSV type 1 glycopro-
teins, which fall into two molecular weight
classes, 50,000 to 60,000 and 110,000 to 130,000.
Spear (34) designated the three glycoproteins in
the 130,000-molecular-weight region as glyco-
proteins gA, gB, and gC, and designated the
glycoprotein in the 60,000-molecular-weight re-
gion as gD. This terminology was accepted pro-
visionally at the 1979 Herpes Virus Workshop in
Cold Spring Harbor. Recently, the genetic loci
specifying the HSV glycoproteins have been es-
tablished (29), and involvement of individual
glycoprotein species in cell-to-cell interactions
has been described (22, 29).

Previously (3, 4), we reported the isolation of
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a HSV-specific fraction (designated CP-1) from
HSYV type 1-infected cells having the properties
of a glycoprotein. Antiserum to CP-1 was able
to neutralize the infectivity of both HSV types
1 and 2. Recent studies showed that CP-1 activ-
ity is associated with a 52,000-dalton (52K) gly-
coprotein (gp52) synthesized in the infected cell
and with a 59K glycoprotein (gp59) in the ma-
ture virion (3). The precursor form of CP-1,
gp52, has been designated as pgD(52), and the
gp59 product has been designated gD. Subse-
quently we demonstrated that pgD(52) and gD
share methionine and arginine tryptic peptides
and that pgD(52) contains an 1,800-dalton oli-
gomannosyl core (9). The oligosaccharide core
on pgD(52) is processed by glycosylation and
sialylation to a larger, more heterogeneous oli-
gosaccharide on the mature glycoprotein gD (9).

These results are in agreement with the pro-
posal of Spear (34) and of Honess and Roizman
(15) that HSV glycoproteins exist in both pre-
cursor and product forms in the infected cell.
Furthermore, the biochemical changes that un-
derly the conversion of pgD to gD are similar to
the maturation steps described for other com-
plex viral glycoproteins, such as the G protein of
vesicular stomatitis virus (16, 27, 37).

In this report we present evidence that TM
inhibits glycosylation of HSV glycoproteins and
the production of infectious virus. By use of
specific antisera we have demonstrated that in
the presence of TM the normal precursors to
viral glycoproteins fail to appear. Instead, lower-
molecular-weight polypeptides were found
which are antigenically and structurally related
to the glycosylated proteins. These polypeptides,
which lack carbohydrates, appear to be some-
what unstable. (A preliminary report of this
work was presented at the ICN-UCLA Symposia
on Biological Recognition and Assembly, 4-19
March 1979, Keystone, Colo.)

MATERIALS AND METHODS

Cells and virus. Baby hamster kidney cells (BHK/
C13) were obtained from the Virology Institute, Glas-
gow, Scotland. They were grown in Eagle minimal
medium supplemented with 10% fetal calf serum, pen-
icillin, and streptomycin. Periodic tests for myco-
plasma were negative. Experiments were carried out
with rapidly growing cells at low to medium cell den-
sities. HSV type 1 strain HF, which causes syncytium
formation, was used throughout, and 1 mM arginine
was added to cultures before infection with HSV. The
procedures for viral growth, titration, and storage have
been described (5).

Labeling procedures. To follow the rate of pro-
tein and glycoprotein synthesis, the incorporation of
L-[®*S]methionine (600 Ci/mmol) or p-[1-'“Clglucosa-
mine (57 Ci/mmol) (New England Nuclear Corp.) into
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acid-precipitable material was measured. Sterile glass
cover slips (2.5 cm®) were placed in 3-cm petri dishes,
and suspensions of BHK cells were allowed to attach
to the glass surface. Three days later, the medium was
replaced, and the experiment was performed the fol-
lowing day. After the number of cells present on the
cover slips was determined, the medium was removed,
and the appropriate amount of virus in 0.1 ml was
added to give a virus multiplicity of 10 to 20 PFU/cell.
Adsorption proceeded for 90 min before the viral sus-
pension was removed and replaced with 0.9 ml of fresh
medium containing radioactive compounds and Yo the
normal methionine. TM, when added, was included in
the radioactive medium at a final concentration of 2
pg/ml. At the times indicated, duplicate or triplicate
cover slips were removed from the radioactive medium
and washed with cold phosphate-buffered saline, 6%
trichloroacetic acid, and ethanol. After drying at 60°C,
the dried cover slips with cell residue attached were
counted in a scintillation counter.

To obtain cytoplasmic extracts for antibody precip-
itation, cells were labeled with L-[*S]methionine (600
Ci/mmol), L-[2,3-*H]arginine (21.7 Ci/mmol) or p-[2-
SH(N)]mannose (18.4 Ci/mmol) and disrupted by the
procedure of Vogt et al. (42). A single 6-cm or 10-cm
plate of cells was used for each sample. For long-term
labeling (4 to 6 h), the medium contained 1% serum
and Yo the normal amount of methionine. For pulse
labeling (15 or 30 min), the conditions described by
Vogt et al. (42) were used, and to each plate was added
100 1Ci of [**S]methionine, 500 uCi of [°H]arginine, or
1 mCi of [*H]mannose. All radioactive compounds
were purchased from New England Nuclear Corp.
(Boston, Mass.). The incorporation of these com-
pounds into an acid-precipitable form was measured
by placing a sample onto a paper disk, washing with
trichloroacetic acid followed by ethanol, and counting
with a toluene-based scintillation solution in a scintil-
lation counter. Slices of dried gels were counted di-
rectly under the same conditions. Standardized gels
demonstrated that under the conditions used the ra-
dioactivity in the gel slices accurately reflected the
amount of labeled protein electrophoresed. The pro-
tease inhibitors L-1-tosylamide 2-phenethyl chloro-
methyl ketone and N-a-p-tosyl-L-lysine chloromethyl
ketone were added to the cytoplasmic extract at the
time of breakage of the cells, each at a final concen-
tration of 1 mM, and were included in the buffers used
to wash the immune precipitates.

Antibody precipitation. Antiserum against the
envelope fraction from purified virions (anti-ENV-1
serum) was prepared in rabbits. A description of this
antiserum and its use in precipitation of viral proteins
has recently been published (3, 9). The previous pro-
cedure was modified in that a preparation of Staphy-
lococcus aureus Cowan strain I was used to collect
antigen-antibody complexes (19, 33). Antiserum and
S. aureus were added in excess to ensure complete
precipitation of antigens. After thorough washing with
lysis buffer supplemented with 0.1% sodium dodecyl
sulfate, antibody-antigen precipitates were dissociated
by heating (80°C) in 3% sodium dodecyl sulfate buffer
and subjected to electrophoresis on 12.5% acrylamide
gels crosslinked with N,N’-diallyltartardiamide (14).
After electrophoresis the gels were fixed, dried, and
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exposed to Kodak XRP-5 X-ray film. When tritiated
compounds were used, the gel was prepared for fluo-
rography by the method of Bonner and Laskey (2).
The molecular weights of the viral polypeptides were
calculated with the aid of a set of molecular weight
markers run on the same gel (3, 9). We believe that
for the HF strain of HSV type 1 the 120K glycoprotein
band is gA/gB, the 130K glycoprotein is gC, and the
59K glycoprotein is gD. There may be some uncer-
tainty about the 130K glycoprotein, but for the pur-
poses of this paper we will designate it as gC.

Tryptic peptide analysis. Proteins were eluted
from gels and digested with trypsin, and the peptides
were chromatographed on Chromobeads P using the
procedures described by Vogt et al. (42), modified
according to Eisenberg et al. (9). The 154K viral poly-
peptide obtained from purified capsids labeled with
[*S]methionine was added as an internal marker for
chromatography. The peptides generated from the
154K polypeptide provide reference points on each
chromatogram. The arrows on the figures indicate
where elution with pH 4.9 buffer was started.

RESULTS

Virus production. The replication of HSV
was markedly inhibited by 2 ug of TM per ml
added 90 min after infection (Fig. 1). In this
experiment, the control culture yielded about 50
PFU/cell, whereas the cultures treated with TM
failed to produce appreciably more virus than
the background arising from cell-associated in-
put virus (0.5 to 1.0 PFU/cell). A similar result
was obtained when the antibiotic was added
either at the same time as the virus or 3 h before
infection. Adsorption of virus was not altered in
the pretreated cells, nor could the effect of TM
be reversed by extensive washing of these cells
with medium just before the time of adding
virus.

Effect of TM on the incorporation of pre-
cursors into protein and glycoprotein. The
time course of [**C]glucosamine and [*S]methi-
onine incorporation into infected and uninfected
cells is shown in Fig. 2. It is evident that TM
rapidly reduced glucosamine incorporation to
the same extent (75 to 85%) in both the infected
and uninfected cells. Altering the TM concen-
tration from 1 to 10 pug/ml (results not shown)
did not change the degree of inhibition nor sug-
gest any reduction in antibiotic sensitivity after
infection. These results indicate that the synthe-
sis of viral glycoproteins involves the same or
similar dolichol-mediated sugar transfer reac-
tions present in uninfected cells (36, 43).

An unlikely alternative, that TM is affecting
overall viral protein synthesis, is ruled out by
the methionine incorporation data, which show
that protein synthesis occurs in TM-treated in-
fected cells to the same extent as in nontreated
infected cells (Fig. 2B). However, the rate of

PIZER, COHEN, AND EISENBERG

J. VIROL.

o'lo

07

PFU

108

0%

4 L] 2 I“ 20 24
HOURS

F16. 1. Growth curve. Growing cells in 30-mm
plates (5 X 10° cells per plate) were infected at an
input multiplicity of 60 PFU/cell. After 90 min of
adsorption, the virus was removed, and the plates
were washed thoroughly with warm medium and
overlaid with 2 ml of medium with or without 2 pg of
TM per ml. From the titer of unadsorbed virus an
effective multiplicity of 20 PFU/cell was calculated.
Plates were harvested at the indicated times, and the
virus produced was determined by duplicate titra-
tions. (O) Control; (O) treated.

protein synthesis in uninfected cells was in-
hibited more than 50% by TM.

Electrophoretic patterns of radioactive cyto-
plasmic polypeptides synthesized in the pres-
ence and absence of TM were similar except
that bands corresponding to the viral glycopro-
teins at 59K (gD) and 130K region were absent
or greatly reduced, and new bands at about 50K
and in the 80K to 110K region appeared (Fig. 3,
lanes A and B).

Immunoprecipitation of HSV glycopro-
tein. Using antiserum against the envelope from
purified virions (anti-ENV-1) improved our abil-
ity to distinguish glycoproteins in cell extracts
and to follow the effect of TM on their synthesis.
Initially the direct precipitation procedure used
previously to study HSV glycoproteins was em-
ployed (3, 9). The results of pulse-chase experi-
ments with [**S]Jmethionine indicated that poly-
peptides at 50K and 85K were synthesized in the
presence of TM that were antigenically related
to viral glycoproteins (data not shown). To im-
prove the sensitivity of the method, the pulse-
chase labeling experiments were repeated with
anti-ENV-1 serum and washed S. aureus to en-
hance precipitation of antibody-antigen com-
plexes.

As shown in Fig. 3, this procedure detected
radioactive bands in immune precipitates from
cells labeled for 30 min with [*H]arginine. In
untreated cell extracts, heavily labeled bands
with molecular weights of about 52K, 110K, and
120K were observed (Fig. 3, lane C). Bands
containing less radioactivity, corresponding to
polypeptides of about 65K, 85K, and 130K, were
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FiG. 2. Glucosamine and methionine incorporation into macromolecules. Cells growing on cover slips were
infected or mock-infected with HSV (adsorbed multiplicity of 10 PFU/cell). After 90 min for adsorption, the
virus was removed and 1 ml of medium containing [**C]glucosamine (1 uCi/ml) or [*S]methionine (20 uCi/
ml) was added. The radioactive medium added to half the samples contained TM at 2 pg/ml. At the indicated
times, the acid-precipitable radioactivity was determined in duplicate or triplicate cover slips. (O) Infected
control; (@) uninfected control; (O) infected, TM treated; (W) uninfected, TM treated.

also found. The immune precipitate formed with
extracts of TM-treated cells contained distinct
polypeptides with molecular weights of 50K,
85K, and 110K (Fig. 3, lane D), as well as less-
distinct components with molecular weights of
about 70K and 100K.

To confirm the effect of TM on glycosylation,
[2-*H]mannose was employed as a specific car-
bohydrate label (9). Figure 3 shows that during
a pulse and subsequent chase, mannose was
incorporated into polypeptides with molecular
weights of 52K, 110K, and 120K in lane J and
59K, 120K, and 130K in lane K. Each of these
polypeptides was immunoprecipitated by anti-
ENV-1 serum (lanes E and F). These results are
in accord with earlier results (9). Mannose-la-
beled proteins were not immunoprecipitated
from extracts of TM-treated cells (lanes G and
H), although several proteins labeled with argi-
nine were precipitated under the same condi-
tions (lane D). Long-term exposure of the fluo-
rogram failed to reveal any mannose label in the
immune precipitates from the TM-treated cell
extract. The radioactivity in the immunoprecip-
itated bands shown in lanes J and K, respec-
tively, was: 52K, 3,470 and 270 cpm; 59K, 306
and 1,260 cpm; 110K, 5,360 and 250 cpm; 120K,
2,070 and 2,000 cpm; 130K, 1,200 and 4,620 cpm.
Comparable areas from the TM-treated extract
(lanes G and H) contained a background level of

radioactivity (60 cpm), as did the areas corre-
sponding to the 50K and 85K polypeptides.

The kinetics of glycoprotein synthesis were
followed by means of [*S]methionine incorpo-
ration and precipitation with anti-ENV-1 serum.
Infected cells with or without TM treatment
were pulsed with [**S]methionine for 15 or 30
min at 5 h postinfection, and the radioactive
polypeptides in these cells were analyzed along-
side extracts from cells that had subsequently
been chased for 5 h. Radioactive bands at 52K,
110K, and 120K were observed in immune pre-
cipitates from cells labeled for 15 min with
[*SImethionine (Fig. 4, lane B). These bands
increased in intensity after 30 min of labeling
(Fig. 4, lane C). As was observed (9; Fig. 3), the
52K polypeptide was replaced during the chase
by a 59K molecule (gD), the 110K polypeptide
disappeared, and the radioactivity incorporated
into the 130K region (gC) increased (Fig. 4, lane
D).

In contrast, the immune precipitates formed
with extracts of TM-treated cells gave promi-
nent bands at 50K, 85K, and 110K (Fig. 4, lanes
F, G, and H). The intensity of these bands
increased between 15 and 30 min and decreased
during the chase period. Control immune precip-
itations carried out with an extract from unin-
fected cells (lane J) or with a preimmune serum
confirm the specificity of the anti-ENV-1 serum
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Fi6. 3. Immune precipitation of [* H Jarginine and [* H Jmannose-labeled polypeptides. HSV-infected cells
with or without TM were labeled 5 h after infection with mannose or arginine. Extracts were prepared after
a 30-min pulse or after a 30-min pulse followed by a 5-h chase. After reaction with anti-ENV-1 serum and
Staphylococcus A protein, the precipitates were dissociated and electrophoresed, and the radioactive bands
were detected by fluorography. Lanes A, B, C, and D show the [*H Jarginine polypeptides. Lanes E, F, G, H,
I, J, and K show extracts from cells labeled with [* H]mannose. Complete extracts were placed in lanes A, B,
J, and K. The remainder of the lanes contain immune precipitates as indicated by the heading Ab. Extracts
and precipitates from TM-treated cells (lanes B, D, G, and H) are designated with a + sign. The extracts from
cells labeled with mannose and chased for 5 h are shown in lanes F and K. Lane I shows the uninfected cell

extract.

(lanes K and L). The radioactivity in selected
bands was determined by cutting appropriate
sections from the gel and determining the
amount of radioactivity by scintillation count-
ing. These data (Table 1) confirm the qualitative
impressions given by the radioautograph that
the antigenic polypeptides synthesized during
the 30-min pulse in the presence of TM decrease
in amount during the chase period, with about
30 to 40% of the labeled material remaining in

the 50K, 85K, and 110K polypeptides after 5 h
(Table 1).

Tryptic peptide analysis. To obtain infor-
mation on the structural relationships between
the antigenic polypeptides synthesized in the
presence and absence of TM, the polypeptides
were eluted from gels and digested with trypsin,
and the tryptic peptides obtained were com-
pared. The peptide patterns (Fig. 5) for the 50K
polypeptide and pgD(52) labeled with [*S]me-
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F16. 4. Immune precipitation of [*S Jmethionine-labeled polypeptides. Infected cells were labeled with 100
uCi of [*S]methionine for 15 (lanes B and F) or 30 min (lanes A, C, E, and G). Lanes D and H show 5-h
chases of the samples labeled for 30 min and are designated with the heading CH. The immune precipitates
obtained with anti-ENV-1 serum are shown in lanes B, C, D, F, G, H, and J, as indicated by the heading Ab.
Extracts from TM-treated cells were used to obtain the precipitates shown in lanes F, G, and H. Lanes A and
E show the complete extract from the control and TM-treated cells labeled for 30 min, and lanes K and L
show the immune precipitates produced when these extracts were reacted with preimmune serum. Lane M
shows a complete extract of infected cells labeled from 5 to 15 h.

thionine were quite similar. In both cases, a
single methionine-labeled peptide eluted at a
characteristic pH (pH 3.33) and position relative
to the peptides of the internal marker. As pre-
viously reported for pgD(52) (9), more than two-
thirds of the radioactivity in the 50K digest was
not retained by the column. Since the methio-
nine peptide profiles were relatively simple, we
also examined the arginine peptides of the 50K
and pgD(52). The peptide patterns obtained
from the 50K and pgD(52) polypeptides labeled
with [*H]arginine were similar (Fig. 6). On both
chromatograms, two groups of four and six pep-
tides are distinguishable. Three of the first four
peptides elute at similar pH values, whereas the

fourth peptide from the 50K polypeptide elutes
at a somewhat higher pH value than its coun-
terpart in pgD(52). The second group of six
peptides also show similarities but elute in some-
what different positions relative to the internal
markers. The methionine and arginine peptide
patterns taken together indicate a high degree
of homology between the 50K and 52K polypep-
tides. It should be noted that the same methio-
nine and arginine peptide profiles were obtained
for pgD(52) grown in either BHK or KB cells.
In an effort to determine which of the glycopro-
teins in the 130K region is related to the 85K
polypeptide found in TM-treated cells, we com-
pared the arginine peptides of the 85K to those
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TaBLE 1. Radioactivity in immune precipitates cut from an electrophoresis gel®
No TM Plus TM
Gel band
15-min pulse  30-min pulse 5-h chase 15-min pulse  30-min pulse 5-h chase

50K 185 230 115 840 1,500 508

52K 1,140 5,840 560 40 130 50

59K 250 1,085 4,000 100 160 145

85K 90 220 180 580 1,020 340
110K 830 1,340 80 520 950 290
120K 280 1,760 2,585° 185 285 40
130K 285 1,000 6,070 55 100 0
Total cpm® 1,020 x 10° 1,860 x 10° 1,440 x 10° 1,050 X 10° 1,440 x 10° 1,020 x 10°

° Immune precipitation with anti-ENV-1 serum was carried out with the aid of Staphylococcus A protein,
and the washed precipitates were displayed by polyacrylamide gel electrophoresis. A radioautograph analogous
to Fig. 4 was used to cut the dried gel, and the individual bands corresponding to the molecular weights shown,
e.g., 50K, 85K, etc., were counted to a minimum of 5,000 counts. Values are shown as counts per minute with the
background of 200 cpm subtracted. As controls, samples of extracts from cells labeled for 30 min were reacted
with preimmune serum, and a sample of radioactive uninfected cell extract (2.3 X 10° cpm) was reacted with
anti-ENV-1 serum. The immune precipitates that formed failed to give bands on the gels with radioactivity
higher than background. Pulse-labeling was carried out at 5 h postinfection.

% Because of the incomplete separation between the 120K band and the 130K region, it is likely that a fraction

of this radioactivity is derived from the 130K band.

¢ The total radioactivity in the sample of extract treated with antiserum.

of the 110K and 120K glycoproteins found in
pulse-labeled cells infected in the absence of
TM. Figure 7 shows that the arginine tryptic
peptide profile of 85K (Fig. 7B) bears a strong
resemblance to that of 110K (Fig. 7A). However,
a peptide present in the profile of 110K (fraction
85) appears to be missing in that of 85K (fraction
75). There also may be some differences in the
profiles at the basic end of the column where
there are no marker peptides. Because the argi-
nine peptide profiles of all these molecules are
very complex, double-label experiments must be
done before further conclusions can be drawn.

DISCUSSION

In this report we show that BHK cells fail to
produce infectious particles in the presence of
TM. At the concentration of TM employed, viral
glycoprotein synthesis was specifically inhibited.
This result is consistent with the known inhibi-
tory effect of TM on attachment of N-acetyl
glucosamine to a lipid carrier (dolichol phos-
phate), which in turn blocks core glycosylation
of glycoproteins in eucaryotic cells (36). We infer
from our experiments with TM that the synthe-
sis of HSV glycoproteins involves the use of
cellular enzymes for glycosylation and that HSV
proteins produced in the presence of TM essen-
tially lack carbohydrate side chains. The effect
of TM on infectivity suggests that glycoprotein
synthesis is required for production of infectious
virus, a phenomenon previously reported for a

number of enveloped viruses (21, 27, 32, 40).

Previous studies of glycoprotein maturation in
HSV-infected cells have made use of the analog
2-deoxyglucose and mutant virus defective in
glycoprotein synthesis (7, 31). The 2-deoxyglu-
cose-treated cells gave rise to aberrant glycopro-
teins and noninfectious virions. Because the an-
alog was incorporated into the glycoproteins,
one cannot determine whether it was the pres-
ence of abnormal glycoproteins that caused the -
virion particles to be noninfectious. Assessment
of the importance of the glycoprotein in infection
is more difficult in the temperature-sensitive
glycoprotein-deficient mutant because at the
nonpermissive temperature DNA synthesis did
not occur, and other changes took place within
the infected cell. The effects of TM on HSV
replication constitute a third situation in which
infectious virus is not produced and viral glyco-
protein synthesis is specifically inhibited.

By use of specific antisera, we have shown
that the glycosylated precursors to viral glyco-
proteins normally found in pulse-labeled in-
fected-cell extracts were replaced in TM-treated
cells by lower-molecular-weight polypeptides.
Tryptic peptide analysis of these polypeptides
revealed that the 50K molecule formed in the
presence of TM is structurally similar to the
normal precursor of glycoprotein D, pgD(52),
and that the 85K molecule synthesized in the
presence of TM is structurally similar to the
normal 110K glycoprotein precursor.

The unglycosylated analog of HSV glycopro-
teins may be unstable, since the amount of ra-
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Fic. 5. Tryptic fingerprint analyses of [**S Jmethionine-labeled HSV glycoprotein precursor pD (52K) and
the 50K polypeptide. (A) 52K (pD) (solid line), isolated by immunoprecipitation and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis from [*S Jmethionine pulse-labeled extracts (30 min, 5 h after infection),
was codigested and cochromatographed on a column of Chromobeads P with [*H Jmethionine-labeled 154K
capsid polypeptide (broken line) isolated in an analogous way. (B) The 50K polypeptide (solid line), isolated
by immunoprecipitation and sodium dodecy! sulfate-polyacrylamide gel electrophoresis from [* S Jmethionine

pulse-labeled TM-treated cell extract, was codigested and cochromatographed with the [*H Jmethionine-

labeled 154K capsid polypeptide as internal marker.

dioactivity that was found in these molecules
decreased during the chase. This result suggests
that HSV glycoproteins may behave like influ-
enza virus glycoproteins (32) and fibronectin
(25), which are more susceptible to degradation
when unglycosylated. Thus, carbohydrate side
chains normally added to polypeptides may
modulate proteolytic reactions that accompany
glycoprotein synthesis (1). Alternatively, these
results could be explained if the unglycosylated
polypeptides were inserted into the envelope of
noninfectious virions (12, 28) and released from
the cell, or if they were aggregated and failed to

be solubilized by the detergent used to lyse the
cells (13). Electron microscopy of TM-treated
HSV-infected cells revealed the presence of en-
veloped particles (L. Pizer, data not shown). To
determine whether these particles contain the
50K or 85K polypeptides or both will require a
study of these components in purified virion
preparations. In addition, direct microscopic ob-
servation showed that HSV-infected cells
treated with TM failed to undergo fusion (L.
Pizer, unpublished data), confirming earlier
work that glycoproteins are needed for syncy-
tium formation (10, 17, 20, 22).
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F16. 6. Tryptic fingerprint analyses of [*H Jarginine-labeled 52K and 50K polypeptides. Inmune precipi-
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labeled 154K polypeptide. The patterns obtained with the 52K band and the 50K band are shown in

chromatograms A and B, respectively.

The kinetics of labeling are compatible with
the possibility that the 50K and 85K polypep-
tides could be normal unglycosylated precursors
to viral glycoproteins which only accumulate in
detectable amounts in pulse-labeled TM-treated
cells. However, because of the data with vesic-
ular stomatitis virus (28), which indicate that
glycosylation of polypeptides proceeds while the
nascent chains are elongating, and because of
our previous experiments, which showed glyco-
sylated precursors in HSV-infected cells after a
short pulse time (9), we believe that the 50K and
85K are not normally present in HSV-infected
cells as precursors but are polypeptides with
amino acid sequences and antigenic determi-
nants similar to the viral glycoproteins. Further-
more, the fact that neither the 50K nor the 85K
polypeptide is identical in tryptic peptides to the
analogous glycosylated form could be due to

proteolysis or other alterations that occur to
these molecules in TM-treated cells (12). There-
fore the size of the TM polypeptides may not be
an accurate reflection of the size of the normal
glycoprotein minus its carbohydrate component.
In most cases studied so far, however, the size of
the polypeptide found in the presence of TM
agreed with the calculation of the size of the core
protein minus the oligosaccharide as calculated
by chemical methods (6, 24). We had previously
shown that the molecular weight of the core
oligosaccharide of pgD(52) was 1,800. From
other experiments we concluded there were
probably more than one oligosaccharide chain
attached to gD. Thus, if the 50K peptide formed
in the presence of TM represents most if not all
of the amino acids in gD, then it is likely that
pgD(52) contains between one and three man-
nose-rich core oligosaccharides. Using the same
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assumptions for the 110K glycoprotein, it is pos-
sible that this molecule may contain as many as
10 to 15 oligosaccharide chains. Further studies
will be necessary to validate these calculations.

ACKNOWLEDGMENTS

This investigation was supported by Public Health Service

grant DE-02623 from the National Institute of Dental Re-
search and by grant NP-209 from the American Cancer Soci-

ety.
Major contributions have been made to these studies by

Pia Nystrom, Cassandra Hydrean-Stern, and Meredith Peake.
TM was a gift from G. Tamura to L. Warren. We thank these
investigators for their generosity with this antibiotic.

10.

11.

12.

13.

14.

LITERATURE CITED

. Blobel, G., and B. Dobberstein. 1975. Transfer of pro-

teins across membranes. 1. Presence of processed and
unprocessed nascent immunoglobulin light chains on
membrane-bound ribosomes of murine myeloma. J.
Cell. Biol. 67:835-851.

. Bonner, W. M., and R. A. Laskey. 1974. A film detection

method for tritium-labeled proteins and nucleic acids in
polyacrylamide gels. Eur. J. Biochem. 46:83-88.

. Cohen, G. H., M. Katze, C. Hydrean-Stern, and R. J.

Eisenberg. 1978. The type-common CP-1 antigen of
herpes simplex virus is associated with a 59,000-molec-
ular-weight envelope glycoprotein. J. Virol. 27:162-181.

. Cohen, G. H., M. Ponce de Leon, and C. Nichols. 1972.

Isolation of a herpes simplex virus-specific antigenic
fraction which stimulates the production of neutralizing
antibody. J. Virol. 10:1021-1030.

. Cohen, G. H, R. K. Vaughan, and W. C. Lawrence.

1971. Deoxyribonucleic acid synthesis in synchronized
mammalian KB cells infected with herpes simplex virus.
J. Virol. 7:783-791.

. Collins, J. K., and C. A. Knight. 1978. Purification of

the influenza virus hemagglutinin glycoprotein and
characterization of its carbohydrate content. J. Virol.
26:457-467.

. Courtney, R. M., S. M. Steiner, and M. Benyesh-

Melnick. 1973. Effects of 2-deoxy-D-glucose on herpes
simplex virus replication. Virology 52:447-455.

. Diggelmann, H. 1979. The biosynthesis of an unglyco-

sylated envelope glycoprotein of Rous sarcoma virus in
presence of tunicamycin. J. Virol. 30:799-804.

. Eisenberg, R. J., C. Hydrean-Stern, and G. H. Cohen.

1979. Structural analysis of the precursor and product
forms of the type-common envelope glycoprotein D
(CP-1 antigen) of herpes simplex virus type 1. J. Virol.
31:608-620.

Gallaher, W. R., D. B. Levitan, and H. A. Blough.
1973. Effect of 2-deoxy-D-glucose on cell fusion induced
by newcastle disease and herpes simplex viruses. Virol-
ogy 55:193-201.

Garoff, H., and R. T. Schwarz. 1978. Glycosylation is
not necessary for membrane insertion and cleavage of
Semliki forest virus membrane proteins. Nature (Lon-
don) 274:487-489.

Gibson, R., R. Leavitt, S. Kornfeld, and S. Schlesin-
ger. 1978. Synthesis and infectivity of vesicular sto-
matitis virus containing nonglycosylated G protein. Cell
13:671-679.

Gibson, R., S. Schlesinger, and S. Kornfeld. 1979. The
nonglycosylated glycoprotein of vesicular stomatitus
virus is temperature-sensitive and undergoes intracel-
lular aggregation at elevated temperatures. J. Biol.
Chem. 254:3600-3607.

Heine, J. W., R. W. Honess, E. Cassai, and B. Roiz-
man. 1974. Proteins specified by herpes simplex virus.

15.

16.

17.

18.

19.

21.

22.

23.

25.

26.

27.

29.

3L

32.

J. VIROL.

XII. The virion polypeptides of type 1 strains. J. Virol.
14:640-651.

Honess, R. W., and B. Roizman. 1975. Proteins specified
by herpes simplex virus. XIII. Glycosylation of viral
polypeptides. J. Virol. 16:1308-1326.

Hunt, L. A,, J. R. Etchison, and D. F. Summers. 1978.
Oligosaccharide chains are trimmed during synthesis of
the envelope glycoprotein of vesicular stomatitis virus.
Proc. Natl. Acad. Sci. U.S.A. 75:754-758.

Keller, J. M. 1976. The expression of the syn™ gene of
herpes simplex virus type 1. II. Requirements for mac-
romolecular synthesis. Virology 72:402-409.

Keller, J. M., P. G. Spear, and B. Roizman. 1970.
Proteins specified by herpes simplex virus. III. Viruses
differing in their effects on the social behavior of in-
fected cells specify different membrane glycoproteins.
Proc. Natl. Acad. Sci. U.S.A. 65:865-871.

Kessler, S. W. 1975. Rapid isolation of antigens from cells
with a staphylococcus protein A-antibody adsorbent:
parameters of the interaction of antibody-antigen com-
plexes with protein A. J. Immunol. 115:1617-1624.

. Knowles, R. W., and S. Person. 1976. Effects of 2-

deoxyglucose, glucosamine, and mannose on cell fusion
and the glycoproteins of herpes simplex virus. J. Virol.
18:644-651.

Leavitt, R., S. Schlesinger, and S. Kornfeld. 1977.
Tunicamycin inhibits glycosylation and multiplication
of Sindbis and vesicular stomatitis viruses. J. Virol. 21:
375-385.

Manservigi, R., P. G. Spear, and A. Buchan. 1977. Cell
fusion induced by herpes simplex virus is promoted and
suppressed by different viral glycoproteins. Proc. Natl.
Acad. Sci. US.A. 74:3913-3917.

Nakamura, K., and R. W. Compans. 1978. Effects of
glucosamine, 2-deoxyglucose, and tunicamycin on gly-
cosylation, sulfation, and assembly of influenza viral
proteins. Virology 84:303-319.

. Nakamura, K., and R. W. Compans. 1978. Glycopep-

tide components of influenza virus glycoproteins. Virol-
ogy 86:432-442.

Olden, K., R. M. Pratt, and K. M. Yamada. 1978. Role
of carbohydrate in protein secretion and turnover: ef-
fects of tunicamycin on the major cell surface glycopro-
tein of chick embryo fibroblasts. Cell 13:461-474.

Olshevsky, U., and Y. Becker. 1970. Herpes simplex
virus structural proteins. Virology 40:948-960.

Robbins, P. W., S. C. Hubbard, S. J. Turco, and D. F.
Wirth. 1977. Proposal for a common oligosaccharide
intermediate in the synthesis of membrane glycopro-
teins. Cell 12:893-900.

. Rothman, J. E,, F. N. Katz, and H. F. Lodish. 1978.

Glycosylation of a membrane protein is restricted to the
growing polypeptide chain but is not necessary for
insertion as a transmembrane protein. Cell 15:1447-
1454.

Ruyechan, W. T., L. S. Morse, D. M. Knipe, and B.
Roizman. 1979. Molecular genetics of herpes simplex
virus. II. Mapping of the major viral glycoproteins and
of the genetic loci specifying the social behavior of
infected cells. J. Virol. 29:677-697.

. Sarmiento, M., M. Haffey, and P. G. Spear. 1979.

Membrane proteins specified by herpes simplex viruses.
III. Role of glycoprotein VP7(B,) in virion infectivity.
dJ. Virol. 29:1149-1158.

Schaffer, P. A., R. J. Courtney, R. M. McCombs, and
M. Benyesh-Melnick. 1971. A temperature-sensitive
mutant of herpes simplex virus defective in glycoprotein
synthesis. Virology 46:356-368.

Schwarz, R. T., J. M. Rohrschneider, and M. F. G.
Schmidt. 1976. Suppression of glycoprotein formation
of Semliki forest, influenza, and avian sarcoma virus by
tunicamycin. J. Virol. 19:782-791.



VoL. 34, 1980

33. Smith, A. E., R. Smith, and E. Paucha. 1978. Extraction
and fingerprint analysis of simian virus 40 large and
small T-antigens. J. Virol. 28:140-153.

34. Spear, P. G. 1976. Membrane proteins specified by herpes
simplex viruses. I. Identification of four glycoprotein
precursors and their products in type 1-infected cells. J.
Virol. 17:991-1008.

35. Spear, P. G., and B. Roizman. 1972. Proteins specified
by herpes simplex virus. V. Purification and structural
proteins of the herpes virion. J. Virol. 9:143-159.

36. Struck, D. K., and W. J. Lennarz. 1977. Evidence for
the participation of saccharide-lipids in the synthesis of
the oligosaccharide chain of ovalbumin. J. Biol. Chem.
252:1007-1013.

37. Tabas, L, S. Schlesinger, and S. Kornfeld. 1978. Proc-
essing of high mannose oligosaccharides to form com-
plex type oligasaccharide on the newly synthesized poly-
peptides of the vesicular stomatitis virus G protein and
the IgG heavy chain. J. Biol. Chem. 253:716-722.

38. Takatsuki, A., K. Arima, and G. Tamura. 1971. Tuni-
camycin, a new antibiotic. 1. Isolation and characteri-
zation of tunicamycin. J. Antibiot. XXIV:215-223.

TUNICAMYCIN INHIBITS HSV GLYCOPROTEINS

153

39. Takatsuki, A., K. Kohno, and G. Tamura. 1975. Inhi-
bition of biosynthesis of polyisoprenol sugars in chick
embryo microsomes by tunicamycin. Agr. Biol. Chem.
39:2089-2091.

40. Takatsuki, A., and G. Tamura. 1971. Effect of tunica-
mycin on the synthesis of macromolecules in cultures
of chick embryo fibroblasts infected with Newcastle
disease virus. J. Antibiot. XXIV:785-794.

41. Tkacz, J. S., and J. O. Lampen. 1975. Tunicamycin
inhibition of polyisoprenyl N-acetylglucosaminyl pyro-
phosphate formation in calf-liver microsomes. Biochem.
Biophys. Res. Commun. 85:248-257.

42. Vogt, V. M,, R. Eisenman, and H. Diggelmann. 1975.
Generation of avian myeloblastosis virus structural pro-
teins by proteolytic cleavage of a precursor polypeptide.
J. Mol. Biol. 96:471-493.

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

44. Witte, O. N., and D. F. Wirth. 1979. Structure of the
murine leukemia virus envelope glycoprotein precursor.
J. Virol. 29:735-743.



