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We identified eight protein species in virions of mouse hepatitis virus strain
A59. Based on their sizes, prosthetic groups, and locations in virions, these
proteins were designated gpl80/E2, gp9O/E2, pp54/N, gp26.5/El, gp25.5/E1,
p24/El, p22/X, and pl4.5/Y. The positions of the last two proteins in virions are
not known. Host protein synthesis in Sac(-) cells infected with mouse hepatitis
virus strain A59 was inhibited, and the following novel proteins appeared: gpl50,
gp9O, p54, gp26.5, gp25.5, p24, p22, and p14.5. Except for gpl50, these polypeptides
all co-electrophoresed with mouse hepatitis virus strain A59 structural proteins.
In addition, all of these proteins could be immunoprecipitated with a convalescent
mouse serum or a rabbit antiserum raised against purified disrupted virus. After
a 15-min pulse of infected cells with radioactive amino acids at 7 h postinfection,
gp9O was not detected, whereas gp26.5 and gp25.5 were only labeled to a small
extent. During a subsequent chase period gpl50 was processed to gp9O, whereas
the radioactivity in gp26.5 and gp25.5 increased concomitantly with a reduction
of label in p24. Tunicamycin, an antibiotic which inhibits the synthesis of
glycopeptides bearing N glycosidically linked oligosaccharides, prevented the
appearance of gpl50 in mouse hepatitis virus strain A59-infected cells. Instead, a
110,000-dalton protein accumulated. In contrast, the syntheses of the smaller
viral glycoproteins gp26.5 and gp25.5 were resistant to this drug, indicating that
these glycosylations were of the 0 glycosidical type. Although the production of
infectious virus in tunicamycin-treated cells was inhibited by more than 99%,
release of noninfectious viral particles continued. An analysis of these particles
revealed that they lacked the peplomeric glycoproteins gp9O/E2 and gpl80/E2.
Obviously, although the surface projections were not essential for budding of
virus particles from the cells, they were required for infectivity.

Recently, it has become clear that the mem-
bers of the Coronaviridae are a group of positive-
stranded RNA viruses with a unique multipli-
cation strategy. Both avian infectious bronchitis
virus (11, 12) and mouse hepatitis virus strain
A59 (MHV-A59) (10) induce multiple subge-
nomic RNAs in host cells. Since these RNAs are
polyadenylated and since the MHV-A59-specific
RNAs occur in polysomes (10), they probably
function as virus-specific messengers. Indeed, we
showed that in the case of MHV-A59 at least
three of these RNAs can be translated into
products related to viral structural proteins (6).
To relate these products to the proteins made
during virus replication, we studied the synthesis
of virus-specific intracellular proteins.
Data on the synthesis of coronavirus-specific

proteins in infected cells are scarce. Four major
viral polypeptides were identified by Anderson
et al. (1) in cells infected with the murine coron-
avirus strains JHM and MHV-3, and Bond et al.
(2) reported the detection of nine virus-specific
polypeptides after infection of cells with strains

JHM and A59. In all cases the following two
protein species clearly predominated: (i) a gly-
copeptide with a molecular weight of approxi-
mately 150,000, which was thought to be iden-
tical to E2, the structural protein present in the
virion peplomers (16), and (ii) a polypeptide with
a molecular weight of about 60,000, which prob-
ably represented the viral nucleocapsid protein
(1, 2). In addition, one or two lower-molecular-
weight virus-specific species were found; these
were presumed to be related to El, the virion
membrane glycoprotein (16). The possible sig-
nificance of the other proteins that were induced
in cells upon infection by strains JHM and A59
(2) is not known. In a very recent paper Siddell
et al. (9) presented data on intracellular protein
synthesis in coronavirus JHM-infected cells.
These workers detected a number of virus-spe-
cific proteins, which were characterized by com-
parison with virion proteins, immunoprecipita-
tion, and two-dimensional gel electrophoresis.
Pulse-chase experiments revealed the occur-
rence of precursor-product relationships among
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some of them. The results of Siddell et al. on

strain JHM are in very close agreement with our

data on MHV-A59. We compare specific data on
these two viruses below.

MATERIALS AND METHODS
Cells and virus. MHV-A59 was grown in Sac(-)

cells. One-step virus growth was achieved by an infec-

tion and incubation procedure described previously
(6). MHV-A59 was purified from the culture medium
of the cells by the method of Spaan et al. (10).

Radioactive labeling of intracellular proteins.
Monolayer cultures of MHV-A59-infected Sac(-) cells
grown in 35-mm tissue culture dishes were washed
twice with phosphate-buffered saline at the times in-
dicated below and then incubated further in methio-
nine-deficient minimal essential medium supple-
mented with 5% fetal calfserum or in miniimal essential
medium containing 2% fetal calf serum and 1/10 the
normal concentrations of lysine, tyrosine, leucine, and
phenylalanine. At the start of the incubation, L-['S]-
methionine (1,060 Ci/mmol; The Radiochemical
Centre, Amersham, England) or 3H-amino acids (a
mixture of lysine, tyrosine, leucine, phenylalanine, and
proline; 65 to 150 Ci/mmol; The Radiochemical
Centre) were added as indicated below. In pulse-chase
experiments the cells were labeled with 3H-amino
acids, washed with phosphate-buffered saline, and
then incubated at 37°C in Dulbecco modified minimal
essential medium containing 10% fetal calf serum and
four times the standard concentrations of all amino
acids. To label glycoproteins, cells were incubated in
minimal essential medium containing 1/10 the stand-
ard amount of glucose, 2% fetal calf serum, and D-[2-
3Hlmannose (16 Ci/mmol; The Radiochemical Centre)
or D-[6-3Hlglucosamine hydrochloride (38 Ci/mmol;
The Radiochemical Centre). Cell lysates were pre-
pared as described previously (6).

Immunoprecipitation and gel electrophoresis
of proteins. These procedures have been described
previously (6). Briefly, samples of the cleared cell
lysates (20 to 40 pl) were mixed with 7 to 10 pl of
antiserum obtained from rabbits immunized against
purified MHV-A59 or from mice that had gone
through an MHV-A59 infection. After overnight in-
cubation at 4°C, the immune complexes were adsorbed
to protein A-Sepharose, washed, and dissolved in elec-
trophoresis sample buffer. The samples were heated
or electrophoresed directly without heating in 12.5 or
15% polyacrylamide gels.

RESULTS
MHV-A59 structural proteins. Virus puri-

fied from the culture fluid of MHV-A59-infected
Sac(-) cells was analyzed by electrophoresis in
a sodium dodecyl sulfate-polyacrylamide gel.
Seven proteins with molecular weights of
180,000, 90,000, 54,000, 26,500, 25,500, 24,000, and
22,000 were resolved (Fig. 1). Of these, the
90,000- and 180,000-dalton proteins represented
the two molecular species of the peplomeric
protein (17). Additional high-molecular-weight
species were sometimes observed (Fig. 1). We

assumed that these proteins were multimers of
the 90,000-dalton polypeptide. An additional
14,500-dalton protein was often observed on au-
toradiographs after longer exposures, shown be-
low. Four of the seven proteins incorporated
[3H]glucosamine. The 54,000-dalton protein has
been shown previously to be phosphorylated (6,
13). Based on these properties and for the rea-
sons discussed below, we designated these pro-
teins gpl8O/E2, gp9O/E2, pp54/N, gp26.5/El,
gp25.5/El, p24/El, p22/X, and pl4.5/Y, where
N, E1, and E2 refer to the locations of the
proteins in virions (nucleocapsid, envelope mem-
brane, and envelope surface projections, respec-
tively) (17, 18).
As far as the 180,000-, 90,000-, and 54,000-

dalton proteins were concerned, our findings
were in agreement with previously described
data. However, only one lower-molecular-weight
MHV-A59 glycoprotein was reported previously,
whereas three polypeptide species (molecular
weights, 24,000, 25,500, and 26,500) were re-
solved under our experimental conditions. These
proteins were always readily detectable if the
protein samples were not heated before electro-
phoresis, since heating led to aggregation, as
described previously (16). These proteins were
also labeled in a lactoperoxidase-catalyzed iodi-
nation reaction with purified intact virus (data
not shown). The detection of the 22,000-dalton
species and especially the 14,500-dalton species
required virus of high specific radioactivity or
long exposures ofautoradiographs. Occasionally,
we observed an additional protein that had a
molecular weight of about 27,500 and could be
labeled with [3H]glucosamine.
MHV-A59-specific intracellular protein

synthesis. MHV-A59-infected cells were la-
beled with [3S]methionine for 1-h periods at
different times after inoculation. Analyses of
cleared cell lysates showed that synthesis of
virus-specific proteins progressively replaced
normal cellular protein synthesis as infection
proceeded (Fig. 1). Infection always caused a
significant reduction in the net incorporation of
labeled amino acids, whereas at the same time
a number of novel polypeptides appeared; the
molecular weights of these polypeptides were
estimated to be 150,000, 54,000, 26,500, 25,500,
24,000, and 14,500. They could be imnminopre-
cipitated with an antiserum obtained frr'- mice
that had survived an MHV-A59 infe (fig.
1), as well as with a rabbit antiserunm r -_a
against the viral structural proteins data not
shown). The 51,000-dalton polypeptide (usually
together with a 48,000-dalton polypeptide) was
generated by degradation from the 54,000-dalton
species, as described previously (6). Immunopre-
cipitates were not heated before electrophoresis
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FIG. 1. Electrophoretic analysis ofMHV-A59 structural proteins and proteins in MHV-A59-infected cells.
Virus was purified from the culture fluids of infected Sac(-) cells labeled with [3S]methionine (100 ,uCi/ml)
and with [3H]glucosamine (32 ,uCi/ml) at 3 to 8.5 and 3.5 to 10.5 h postinfection (p.i.), respectively. The virus
samples were analyzed without prior heating. Proteins in MHV-A59-infected and mock-infected Sac(-) cells
were labeled with 25 ILCi of[3S]methionine per ml for 1 h at the times indicated. Cell lysates were prepared,
and samples (150,000 cpm) were analyzed after they were heated for 4 min at 95°C. Other samples were
immunoprecipitated by using mouse anti-MHV-A59 serum as described previously (6), and precipitates
originating from equal numbers ofcells were electrophoresed similarly but without heating. MHV-A59-specific
intracellular glycoproteins were labeled with [3H]mannose (300 t,Ci/ml) or [3H]glucosamine (500 ,uCi/ml) at
6 to 8 h postinfection. Cells were lysed, and samples of the lysates were heated for 4 min at 95°C in
electrophoresis sample buffer. All analyses were done in 15% polyacrylamide gels.

since this caused aggregation of the 26,500-,
25,500-, and 24,000-dalton polypeptides. The
54,000-, 26,500-, 25,500-, and 24,000-dalton poly-
peptides but not the 150,000-dalton polypeptide
comigrated with virion structural proteins (Fig.
1). All virus-specific intracellular proteins ap-
peared simultaneously about 3 to 4 h postinfec-
tion, after which their rates of synthesis rapidly
increased, in correspondence with the time
course of accumulation of MHV-A59 extracel-
lular infectivity (10). When MHV-A59-infected
cells were incubated with [3H]mannose or
[3H]glucosamine, the 150,000-dalton polypep-
tide and a protein that had a molecular weight
of about 90,000 and comigrated with MHV-A59
gp9O/E2 were heavily labeled (Fig. 1). In addi-
tion, the 25,500- and 26,500-dalton species could
be labeled with [3H]glucosamine but not with
[3H]mannose.
Pulse-chase labeling of intracellular pro-

teins. To investigate whether some ofthe MHV-
A59-specific intracellular proteins were subject
to processing, infected cells,were pulse-labeled

for 15 min with 3H-amino acids at 7 h postinfec-
tion, and the label was then chased for varying
times. Electrophoresis of the immunoprecipi-
tates of the postnuclear supernatants of the
pulse-labeled cells prepared with rabbit antise-
rum produced the known set of MHV-A59-spe-
cific polypeptides, except for the 90,000-dalton
glycoprotein (Fig. 2). During the chase period
the intensity of the gpl50 band in the gel de-
creased, whereas a protein with the electropho-
retic mobility of gp9O/E2 appeared. No turnover
of p54 (or p51 and p48) occurred, but a shift in
the distribution of label among the lower-molec-
ular-weight polypeptides was observed. After
the pulse, more radioactivity was found in p24
than in gp25.5 or gp26.5. During the chase, how-
ever, inversion of the distribution of radioactiv-
ity took place, presumably as a result of glyco-
sylation of the lower-molecular-weight polypep-
tide. In some experiments p24 was the only
species labeled during the pulse, and gp25.5 and
gp26.5 first appeared during the chase. Protein
p22 was a stable species, and p14.5 was lacking
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in this experimnent. Some other potentially virus-

specific bands were visible in the autoradiograph
(Fig. 2). These bands could not be demonstrated
reproducibly with infected cells. They seemed to

-AW 4*1t.t

FIG. 2. Pulse- chase labeling of intracellular
MHV-A59-specific proteins. MHV-A59-infected and
mock-infected Sac(-) cells were pulse-labeled with
3H-amino acids (100 pCi/ml) for 15 min at 7 h post-
infection and chased with unlabeled medium for
varying times. The cells were lysed, the lysates were
immunoprecipitated with rabbit anti-MHV-A59 se-
rum, and unheated samples of the precipitates were
analyzed in polyacrylamide gels together with an
unheated sample of purified 3H-amino acid-labeled
virus. To show the resolution of both the higher-
molecular-weight proteins (gp180/E2 and gp150) and
the lower-molecular-weight proteins, the upper part
of a 12.5% gel and the lower part of a 15% gel were
combined.

be stable polypeptides which were precipitable
with antiserum against the viral structural pro-
teins but which did not occur as such in viral
particles. They might have been degradation
products of one or more structural proteins.
Effect of tunicamycin on MHV-A59-spe-

cific protein synthesis, virus infectivity,
and assembly. First, we determined the dose
of tunicamycin required for complete inhibition
of N glycosidical glycosylation. Parallel cultures
of uninfected Sac(-) cells were incubated for 4
h in the presence of varying concentrations of
tunicamycin (a generous gift from R. L. Hamill,
Lilly Research Laboratories, Indianapolis, Ind.),
and then these cultures were labeled for 15 min
with either 3H-amino acids or [3H]mannose. We
found that concentrations of 0.5 zg/ml or higher
completely inhibited incorporation of mannose,
whereas overall protein synthesis was affected
only moderately (Table 1). Preincubation for 4
h with 0.5 ug of tunicamycin per ml was used in
all further experiments. In MHV-A59-infected
cells this treatment also abolished [3H]mannose
incorporation, but protein synthesis (as mea-
sured by the appearance of [35S]methionine in
trichloroacetic acid-precipitable material) was
slightly stimulated (Table 1).
When MHV-A59-infected Sac(-) cells were

grown in the presence of tunicamycin, no syn-
cytia developed. However, when intracellular
protein synthesis was analyzed, we observed lit-
tle effect of the drug; with one exception all
virus-specific proteins appeared (Fig. 3), whereas
host protein synthesis was shut off, as in un-
treated MHV-A59-infected cells (data not
shown). The main change was that no gpl50 was
observed. Instead, a polypeptide with a molec-
ular weight of about 110,000 appeared; this poly-
peptide could not be labeled by glucosamine or

TABLE 1. Effect of tunicamycin on the incorporation of amino acids and mannose in uninfected and
MHV-A59-infected Sac(-) cells

Concn of Incorporation (cpm) of:
Cells tunicamycin

(,g/ml) 3H-amino acids [3H]mannose [35S]methionine
Uninfecteda 0 45.1 x 104 (100)b 18.3 x 103 (100)

0.05 28.3 x 104 (63) 4.0 x 103 (22)
0.5 27.9 x 104 (62) 0 (0)
2.0 28.0 x 104 (62) 0 (0)
5.0 27.6 x 104 (61) 0 (0)

Infectedc 0 36.5 x 105 (100) 19.3 x 106 (100)
0.5 0.5 x 105 (1.4) 21.4 x 106 (111)

Cultures of Sac(-) cells grown in 35-mm plastic dishes were incubated with tunicamycin at different
concentrations. The cells were labeled 4 h later for 15 min with either 3H-amino acids (5 pCi/ml) or [3Hlmannose
(24 ,Ci/ml). Trichloroacetic acid-precipitable radioactivity was determined in cell lysates.

b Numbers in parentheses are percentages.
c Cultures of MHV-A59-infected Sac(-) cells were incubated in 35-mm plastic dishes in the absence or in the

presence of tunicamycin (0.5 pg/ml), which was added at 2 h postinfection. At 6 h postinfection the cells were
labeled for 2 h with either [35S]methionine (25 pCi/ml) or [3H]mannose (300 pCi/ml). Finally, the incorporation
of the label was assayed by measuring trichloroacetic acid-precipitable radioactivity in cell lysates.
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mannose, suggesting that it was the unglycosy-
lated precursor of gp150. This 110,000-dalton
polypeptide was probably unstable since it dis-
appeared during a chase (Fig. 3). Surprisingly,
the syntheses of the other two virus-specific
glycoproteins (gp25.5 and gp26.5) were not af-
fected by tunicamycin. Although these proteins
were hardly detectable in tunicamycin-treated
cells after a 15-min pulse with 3H-amino acids in
this experiment, they were evident after the
chase. Obviously, their carbohydrate moieties
were not linked to the polypeptides through N
glycosidical bonds. These results were in accord-
ance with the inhibition of mannose incorpora-
tion by tunicamycin (Table 1), since gp25.5 and
gp26.5 lacked this sugar and contained glucosa-
mine (Fig. 1). Tunicamycin treatment of infected
cells reduced the incorporation of [3H]mannose
to about 2%, whereas [3H]glucosamine incorpo-
ration still attained approximately 24% of the
level in the control cells, as determined in one
experiment.
Tunicamycin reduced the yields of extracel-

lular infectious virus by more than 99%. When
standard virus purification procedures were used
with the medium from tunicamycin-treated cells
labeled with [3S]methionine, it appeared that
radioactivity banded in the sucrose density gra-

dient at about the position where normal MHV-
A59 particles accumulated. The yield of this
radioactivity was usually of the same order of
magnitude as the amount of label in virions
obtained from untreated controls. We analyzed
the proteins present in the particles produced by
tunicamycin-treated cells in a 15% polyacryl-
amide gel. Figure 4 shows that these particles
contained all of the structural proteins except
gp90/E2 and gpl80/E2, which were not detect-
able. This was not surprising since tunicamycin
inhibited the formation of gp150 (Fig. 3). The
intensity of the 22,000-dalton band decreased as
a result of the treatment, whereas that of p14.5
increased.

DISCUSSION
In this paper we describe the identification of

the virus-specific polypeptides in MHV-A59-in-
fected cells, the characteristics oftheir synthesis,
their post-translational processing, and their sig-
nificance with respect to the production of ma-
ture virions.
We found that MHV-A59 contains eight pro-

teins. These were designated gpl80/E2, gp90/
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FIG. 3. Effect of tunicamycin on virus-specific in-
tracellularproteins. MHV-A59-infected and mock-in-
fected Sac(-) cells were incubated in the absence or

in thepresence oftunicamycin (0.5 pg/ml); when used,
this antibiotic was present from 3 h postinfection.
Pulse-labeling, chasing, and analysis of virus-spe-
cific proteins were performed as described in the
legend to Fig. 2.

FIG. 4. Effect of tunicamycin on MHV-A59 struc-
tural proteins. Two cultures of MHV-A59-infected
Sac(-) cells were labeled with [3S]methionine (100
,uCi/ml) at 3 to 8.5 h postinfection. One culture con-
tained tunicamycin (0.5 pg/ml) from 1 h postinfection
through the rest of the incubation. Viral particles
were isolated from the culture media (10) and ana-
lyzed without heating in a 15% polyacrylamide geL
Autoradiographs of the electrophoretic patterns of
both preparations after two different times of expo-
sure are shown.
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E2, pp54/N, gp26.5/El, gp25.5/El, p24/El, p22/
X, and pl4.5/Y, indicating the size of each pro-
tein, the presence and nature of the prosthetic
group, and the location in virions; these desig-
nations extended the terminology introduced by
Sturman and Holmes (17). The positions of the
22,000- and 14,500-dalton species in virus parti-
cles are unknown. Our findings are essentially in
agreement with data reported by others (2, 13,
16-18), except for the lower-molecular-weight
polypeptides. Only one MHV-A59 El glycopro-
tein has been described previously, whereas we
observed three. Of these polypeptides, the two
larger ones could be labeled with [3H]glucosa-
mine, and none could be labeled with [3H]man-
nose. Analyses of purified MHV-A59 in 15%
polyacrylamide gels allowed the detection of a
hitherto unidentified 14,500-dalton polypeptide.
A protein species of comparable size was ob-
served recently in cells infected with MHV strain
JHM but not in purified preparations of this
virus (9).

In general, the protein composition of strain
JHM agrees with that of strain A59 except for a
65,000-dalton strain JHM glycoprotein not
found in strain A59 and the 22,000-dalton pro-
tein not found in strain JHM (9). A comparison
of our data with previously published data on
other coronaviruses has been hampered by the
seemingly large variability in protein composi-
tion (5). However, these differences may not be
real; rather, they may reflect the effects of vari-
ations in the analytical techniques used.

Infection of Sac(-) cells with MHV-A59 in-
duces the synthesis ofseveral virus-specific poly-
peptides, which have been designated gpl50,
gp9O, p54, gp26.5, gp25.5, p24, p22, and p14.5.
The virus specificity of these polypeptides was
established by immunoprecipitation. The most
abundant protein in MHV-A59-infected cells
during all stages of infection is p54, which can
be detected even in crude cell lysates. Upon
immunoprecipitation, products with molecular
weights of about 51,000 and 48,000 are formed;
this is also true with the viral nucleocapsid pro-
tein (6). These properties suggest that p54 is
identical to pp54/N, the primary translation
product of subgenomic viral mRNA 7 (6).
Another major intracellular virus-specific

polypeptide is gplSO. This polypeptide is com-
posed of one or more mannose- and glucosa-
mine-containing carbohydrate units which are
N glycosidically linked to a 110,000-dalton poly-
peptide, as shown by the accumulation of the
unglycosylated core polypeptide in the presence
of tunicamycin. In a previous paper we argued
that gpl50 is encoded by subgenomic viral
mRNA 3 (6). The ability of an antiserum raised
against pure MHV-A59 to precipitate gpl50 in-

dicated a precursor function for one of the struc-
tural proteins. Support for this hypothesis was
obtained from pulse-chase experiments that
demonstrated the processing of gpl50 and the
concomitant appearance of gp9O. Most likely
this glycoprotein is incorporated as such into
virions and is identical to gp9O/E2. No intracel-
lular species corresponding to gpl8O/E2 has
been detected. Sturman and Holmes (17) have
shown that the two MHV-A59 E2 species have
identical tryptic peptide maps. Two possible
routes for the synthesis of these species were
considered; either gp9O/E2 is a product of pro-
teolytic cleavage of gpl80/E2, or the latter arises
by dimerization of gp9O/E2. We think that at
some stage during virus assembly gp9O associ-
ates to form its dimer, gpl80/E2, which is in
agreement with the conclusion from work with
strain JHM-infected cells (9). In addition to the
processing of the 150,000-dalton precursor into
the smaller virion peplomer protein, Siddell et
al. (9) also observed the appearance of the larger
peplomer protein. One possible explanation for
the low level of gp9O in MHV-A59-infected cells
and for our inability to detect intracellular gpl80
is that these polypeptides are cleared from the
cells rapidly as a result of virus release. The fate
of the approximately 60,000-dalton moiety
which also results from the cleavage of gpl50 is
not known.

Proteins p24, gp25.5, and gp26.5 in MHV-A59-
infected cells are most probably identical to the
protein species found in the viral envelope. This
hypothesis is based on several lines of evidence.
First, these proteins have the same molecular
weights. Second, their sugar moieties can be
labeled with glucosamine but not with mannose.
Third, the syntheses of both the intracellular
glycoproteins and the virion glycoproteins are
resistant to tunicamycin. Since this antibiotic
specifically blocks the formation of protein-car-
bohydrate linkages of the N glycosidic type (15,
19), the sugar residues in these glycoproteins are
apparently linked to the polypeptide core
through 0 glycosidic bonds. Fourth, both the
intracellular species and the virion species ag-
gregate upon heating in sodium dodecyl sulfate,
as described by Sturman (16) for the MHV-A59
envelope protein. Our pulse-chase experiments
indicated that the three El species may possess
a common polypeptide moiety but differ in the
degree of glycosylation; label incorporated into
p24 during a pulse with radioactive amino acids
was chased into gp25.5 and gp26.5. Further sup-
port for this hypothesis was obtained by trans-
lation of the MHV-A59-specific subgenomic
RNA 6 in Xenopus laevis oocytes into three
polypeptides that comigrated with the El virion
proteins (6). Since it has been demonstrated
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Messenger Primary translation product

RNA 3 - (pllO - ) gpl50
RNA 7 - p54

RNA 6 - p24
RNA 5 -?-+ p22
RNA 4 -?--* pl4.5

Modifica-
tions

, gpl8O
gp9O

gp26.5
gp25.5

Virion

-* > gpl8O/E2
- gp90/E2
-s pp54/N

gp26.5/El
- gp25.5/El

0 p24/El
p22/X
p14.5/Y

FIG. 5. Schematic representation of the synthetic pathways ofMHV-A59 structural proteins.

recently that the nucleotide sequence of RNA 7
is contained in RNA 6 (W. J. M. Spaan, P. J. M.
Rottier, M. C. Horzinek, and B. A. M. van der
Zeijst, manuscript in preparation), these prod-
ucts are most likely translated from the nono-
verlapping 300,000-dalton region, which is suffi-
cient for one protein species of up to 30,000
daltons.
Based upon the results described here and in

a preceding paper (6) and by analogy to data
obtained with strain JHM (9), the synthesis of
MHV-A59 structural proteins can be described
as follows (Fig. 5). p54, p24, p22, and p14.5 are
primary translation products that are incorpo-
rated into virions without appreciable modifi-
cations. In contrast, the other virion proteins
arise by post-translational modification. In ovo
translation allowed the assignment of gp150, p54,
and p24/gp25.5/gp26.5 to subgenomic mRNA's
3, 7, and 6, respectively (6), in agreement with
our model of the coronaviral translation strategy
(10). Similarly, RNAs 5 and 4 are the probable
messengers for p22 and p14.5, respectively. Con-
sequently, the combined information for the
structural proteins of MHV-A59 is clustered in
the 3' portion of the viral genome.
Tunicamycin inhibited the production of in-

fectious MHV-A59. Nevertheless, viral particles
continued to be released, but these particles
were deficient in gp9O/E2 and gp180/E2, as well
as in p110, the intracellular precursor of gp9O/
E2 and gp180/E2. Either the unglycosylated
protein pl10 is not assembled into viral particles,
or it is degraded later on due to its sensitivity to
proteolytic degradation (Fig. 4). Since gp9O/E2
and gp180/E2 form the virion peplomers (16-
18), we anticipate that particles produced under
such conditions should lack the surface projec-
tions which are obviously essential for infectivity
but not for the maturation of viral particles. A
comparable situation has been described for
some other viruses (3, 4, 7, 14).

ADDENDUM IN PROOF
Our results on the effect of tunicamycin on the

virion polypeptides of MHV-A59 are in close agree-

ment with data reported by K. Holmes, L. Sturman,
H. Niemann, and H.-D. Klenk. These investigators
also observed the resistance of the glycosylation of the
small envelope glycoprotein to tunicamycin (in V. ter
Meulen, S. Siddell, and H. Wege ed., The Biochemistry
and Biology of Coronaviruses, in press). Sturman
showed that virus particles lacking the peplomeric
glycoprotein were shed by tunicamycin-treated MHV-
A59-infected cells. In addition, Holmes has investi-
gated such particles electron microscopically. They
lacked spikes and had very poor infectivity. A detailed
study of the incorporation of radioactive sugars into
MHV-A59 glycoproteins, the differential effect of tun-
icamycin, and the sugar composition of the glycopro-
teins led Niemann and Klenk to the concept of 0
glycosidic linkages in the small envelope glycoprotein,
in contrast to the N glycosidic linkage in the peplom-
eric protein.
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