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We have purified the seven virus-specific RNAs which were previously shown
to be induced in Sac(-) cells upon infection with mouse hepatitis virus strain A59
(W. J. M. Spaan, P. J. M. Rottier, M. C. Horzinek, and B. A. M. van der Zeijst,
Virology 108:424-434, 1981). The individual RNAs, prepared by agarose gel
electrophoresis of the polyadenylated RNA fraction from infected cells, were
obtained pure, except for the preparations of RNAs 4, 5, and 6, which contained
some contamination of RNA 7. The RNAs were microinjected into Xenopus
laevis oocytes, and after incubation of these cells in the presence of [3S]methio-
nine, the proteins synthesized were analyzed by polyacrylamide gel electropho-
resis. Whereas no translation products of RNAs 1, 2, 4, and 5 were detected, the
synthesis of virus-specific polypeptides coded by RNAs 3, 6, and 7 was observed.
RNA 7 (0.6 x 106 daltons) directed the synthesis of a 54,000-molecular-weight
polypeptide which comigrated with viral nucleocapsid protein and which was
immunoprecipitated by antiserum from mice that had been infected with the
virus. RNA 6 (0.9 x 10W daltons) directed the synthesis of three polypeptides with
molecular weights of 24,000, 25,500, and 26,500, which migrated with the same
electrophoretic mobilities as three low-molecular-weight virion polypeptides.
After injection of RNA 3 (3.0 x 106 daltons), a polypeptide with a molecular
weight of about 150,000 was immunoprecipitated. This polypeptide had no
counterpart in the virion, but comigrated with a virus-specific glycoprotein
present in infected cells which is immunoprecipitated by a rabbit antiserum
against the mouse hepatitis virus strain A59 structural proteins. This antiserum
could also immunoprecipitate the translation products ofRNAs 3, 6, and 7. These
results indicate that RNAs 3, 6, and 7 encode viral structural proteins. The
significance of the data with respect to the strategy of coronavirus replication is
discussed.

Mouse hepatitis virus strain A59 (MHV-A59)
is a member of the Coronaviridae (14). These
are lipid-enveloped viruses with a single-
stranded infectious RNA genome of about 6 x
106 molecular weight (7). Published data on co-
ronavirus structural proteins are inconsistent,
but MHV-A59 has been reported to contain at
least three structural polypeptides (12): one nu-
cleocapsid protein ofabout 50,000 daltons, which
is phosphorylated (11), and two envelope glyco-
proteins with molecular weights of about 23,000
and 90,000. A fourth polypeptide present in the
virion envelope, a glycoprotein of about 180,000
daltons, presumably is a dimer of the 90,000-
dalton species (13).

Little information is available about the rep-
lication of coronaviruses. Some four to nine vi-
rus-specific proteins have been detected in cells
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upon infection with MHV strains JHM and
MHV3 and MHV-A59 (1, 3, 9). One of these
proteins corresponds to the nucleocapsid pro-
tein, and another corresponds to the smaller
envelope glycoprotein (9). A larger, 150,000-dal-
ton glycoprotein is thought to be related to the
high-molecular-weight envelope glycoprotein
(9), although it was shown to be distinctly
smaller than its virion counterpart in the case of
JHM virus. The nature of the other virus-spe-
cific proteins remains unclear.

Recently, we found that infection of Sac(-)
cells with MHV-A59 induced the synthesis of six
virus-specific subgenomic RNAs (9a). In addi-
tion to the 5.6 x 106-dalton genome-sized RNA
1, RNAs with molecular weights of 4.0 x 106, 3.0
X 106, 1.4 x 106, 1.2 x 106, 0.9 X 106, and 0.6 x
106 (designated as RNAs 2 to 7, respectively)
were detected in infected cells in which host cell
RNA synthesis had been shut offby actinomycin
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D. Since allRNA species contained polyadenylic
acid [poly(A)] and were present in polysomes,
we concluded that they are probably functional
messengers. Since the sum of the molecular
weights of the six MHV-A59 subgenomic RNAs
is almost twice that ofthe genome, we postulated
that nucleotide sequence homologies exist be-
tween the subgenomic MHV-A59 RNAs. Com-
parable observations have also been reported
recently for an avian coronavirus by Stern and
Kennedy (10). These authors demonstrated that
in chicken cells infected with infectious bronchi-
tis virus, in addition to genome-sized RNA, five
polyadenylated [poly(A)+] single-stranded vi-
rus-specific RNAs were synthesized, whose sizes
roughly corresponded to those of MHV-A59
RNAs 3 to 7. However, no RNA species with the
approximate size of RNA 2 was detected. By
comparison of RNase T1 fingerprints of infec-
tious bronchitis virus RNAs, it was shown that
the sequences of the four smaller subgenomic
RNAs are indeed present in the genome and
that the sequence of each RNA is contained
within all larger ones (10).
As a working hypothesis for the further study

of the infection process caused by MHV-A59, we
proposed a speculative model in which two
points were central (9a). First, the nucleotide
sequence of each subgenomic RNA is identical
to the 3' part of the genome; i.e., each RNA
contains a 5'-terminal sequence extension with
respect to the next smaller one. Second, all
RNAs are messengers, the expression of which
occurs by translation of only that 5'-terminal
part of the RNA not present in the next smaller
RNA; internal initiation of translation does not
occur. As a first approach in testing this model,
we have purified the virus-specific RNAs in-
duced in Sac(-) cells upon infection with MHV-
A59 and presented them to a suitable translation
system. The Xenopus laevis oocyte system was
selected since it is known to translate large-sized
mRNA's with high fidelity and without prema-
ture termination, as is often the case in cell-free
systems (8), and to carry out the post-transla-
tional modifications of the protein products, if
necessary (F. A. M. Asselbergs, Ph.D. thesis,
University of Nijmegen, Nijmegen, The Neth-
erlands, 1979). The results presented in this pa-
per demonstrate that at least three of the RNAs
function as messengers, yielding proteins that
can be immunoprecipitated specifically with an-

tisera directed against the viral proteins. The
molecular weights of these translation products
agree with the theoretical values expected on

the basis of our working model.

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

cells. Monolayer cultures at a density of about 2 x 105
Sac(-) celLs per cm2 were inoculated with the virus at
a multiplicity of infection of 10 PFU per cell in Dul-
becco-modified Eagle medium (DMEM)-3% fetal calf
serum (0.3 ml per 35-mm tissue culture dish; 5 ml per
75-cm2 tissue culture flak; 10 ml per 490-cm2 Corning
roller bottle). After a 1-h adsorption period at 370C,
cells were incubated further with DMEM-10% fetal
calf serum (1, 10, and 50 ml, respectively). MHV-A59
was purified from culture medium as described previ-
ously (9a).

Isolation of virus-specific intracellular RNAs.
Cytoplasmic poly(A)-containing RNA was isolated
from MHV-A59-infected Sac(-) celLs grown in five
Corning roller bottles essentially as described previ-
ously (9a). Briefly, the cells to which were added
actinomycin D (1 pg/ml; Serva, Heidelberg, Germany)
and [5-3H]uridine (1 pCi/ml, 28 Ci/mmol; The Radi-
ochemical Centre, Amersham, England) at 3.5 and 4.5
h postinfection (p.i.), respectively, were lysed at 9 h
p.i. with 20 ml of0.5% Triton X-100-0.5% 1,5-naphthal-
enedisulfonate.Na2 in TES (20 mM Tris [pH 7.4], 1
mM EDTA, 100 mM NaCl). After centrifugation of
the lysate for 5 min at 2,000 x g, an equal volume of
TES containing 2% sodium dodecyl sulfate (SDS) and
7 M urea was added to the supernatant, and RNA was
isolated by phenol extraction and ethanol precipita-
tion. The dried RNA was dissolved in TES containing
1% SDS and 3.5 M urea and reextracted with phenol.
The final RNA precipitate was dissolved in high-salt
binding buffer (10 mM Tris [pH 7.5], 0.05% SDS, 0.5
M NaCl) and subjected to oligodeoxythymidylic acid
cellulose chromatography. To remove residual non-
poly(A)-containing RNA species, the material eluted
with 10 mM Tris-hydrochloride (pH 7.5) was rechro-
matographed and poly(A)-containing RNA was re-
covered by ethanol precipitation.

NP-labeling of virus-specific intracellular
RNAs. Monolayer cultures (106 cells per 35-mm tissue
gul-ure dish) were infected as described above, except
after adsorption the celLs were washed once with salt
solution A (137 mM NaCl, 4 mM KCl, 1.6 mM CaCl2,
1 mM MgCl2, 23.8 mM NaHCO3, 10 mM glucose, 20
mg of phenol red [pH 7.2] per liter). The cells were
incubated with 1 ml of phosphate-free DMEM,
buffered with 20 mM HEPES (N-2-hydroxyethylpi-
perazine-N'-2-ethanesulfonic acid)-KOH at pH 7.2,
and supplemented with 10% dialyzed fetal calf serum.
Actinomycin D (1 #g/ml) was added at 4 h p.i. After
1 h, 150 ,uCi of carrier-free 'Pi (The Radiochemical
Centre) per ml was added. The cells were lysed at 8 h
p.i, and RNA was extracted as described previously
(9a).

Analytical agarose gel electrophoresis. RNA
samples were denatured with glyoxal and dimethyl
sulfoxide and analyzed by electrophoresis in a 1%
agarose6 M urea horizontal slab gel as described
previously (9a).

Preparative agarose gel electrophoresis. About
300 pg of the poly(A)-containing RNA fraction ex-
tracted from MHV-A59-infected Sac(-) cells was dis-
solved in 250 p1 of 10 mM sodium phosphate (pH 7.0)
containing 1 mM EDTA, 0.25% SDS, and 10,g of
bromophenol blue per ml and mixed with 140,000
Cerenkov counts per minute of 3P-labeled poly(A)+
MHV-A59 intracellular RNA. The solution was heated
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for 5 min at 56°C, rapidly cooled on ice, and placed in
a slot (40 by 2 mm) of a horizontal 1% agarose-6 M
urea slab gel (19 by 19 by 0.2 cm).
The gel was run under the same conditions as those

used for analytical electrophoresis. RNA bands were
located by autoradiography of the wet gel, excised,
and kept at -70°C.

Elution of RNA from gel slices. The gel slices
were taken up in 0.7 ml of electrophoresis buffer (40
mM Tris, 20 mM sodium acetate, 33 mM acetic acid,
2 mM EDTA [pH 7.4]) and melted by incubation at
650C for 5 min. An equal volume of phenol saturated
with TES was vigorously mixed with the melted gel.
After separation of the phases by centrifugation at
room temperature, the agarose was present as a solid
layer between the aqueous and phenol phases. Two-
thirds of the aqueous layer was removed. To the
remaining part 0.5 ml of electrophoresis buffer was
added, and after mixing and centrifugation again two-
thirds of the aqueous phase was pipetted off. The
RNA in the combined aqueous phases was ethanol
precipitated and dried. Each RNA preparation was
dissolved in 10 pl of water and stored at -70°C.

Translation ofRNAs in X. laevw8 oocytes. RNA
samples were diluted with an equal volume of double-
concentrated Gurdon injection solution (5); batches of
16 oocytes were microinjected, each cell with 50 nl, as
described by Asselbergs et al. (2). Oocytes were labeled
in modified Barth medium (4) with 0.5 mCi of L-
[3S]methionine (890 Ci/mmol; The Radiochemical
Centre) per ml for 22 h at 190C. The cells were washed
with unlabeled medium and stored frozen at -70°C.
They were homogenized by using a minipotter with
lysis buffer (0.5% Triton X-100-0.5% 1,5-naphtha-
lenedisulfonate-Na2-500 kallikrein units of Trasylol
[Bayer, Leverkusen, Germany] per ml-2 mM phenyl-
methylsulfonyl fluoride in TES; 15 Ill per oocyte) and
centrifuged for 2 min at 10,000 x g. Pellets were
reextracted with the same volume of lysis buffer and
centrifuged again. The combined supernatants were
overlaid with 3 ml of paraffin oil and centrifuged for
15 min at 60,000 x g and 50C. The aqueous phases
were removed for analysis.

Radioactive labeling of viral structural pro-
teins. Monolayer cultures of Sac(-) cells (2 x 107 cells
per 75-cm2 tissue culture flask) were infected with
MHV-A59 and incubated as described above. Virus
was labeled with 3H-amino acids (a mixture of lysine,
tyrosine, leucine, phenylalanine, and proline; 65 to 150
Ci/mmol; The Radiochemical Centre) by incubating
the cells from 5 to 10 h p.i. in 6 ml of minimal essential
medium containing 'Ao the normal concentration of
lysine, tyrosine, leucine, and phenylalanine, 2% fetal
calf serum, and 50 ,uCi of the 3H-labeled amino acid
mixture per ml.
To label virus with 32p, cells were washed twice with

salt solution A at 3.5 h p.i. and further incubated for
7 h in phosphate-free DMEM supplemented with 2%
dialyzed fetal calf serum and buffered with 20 mM
HEPES-KOH at pH 7.8, containing 80 ,uCi of carrier-
free 32p;.

Radioactive labeling of intracellular virus-
specific proteins. Sac(-) cells grown in a 35-mm
plastic dish were infected with MHV-A59 and incu-

bated under standard conditions. At 5 h p.i., the cells
were washed twice with phosphate-buffered saline and
incubated further in the presence of 3H-labeled amino
acids (25 ,ACi/ml) under conditions as described for 'H
labeling of virus. About 2.5 h later, the medium was
removed and the cells were lysed with 0.2 ml of lysis
buffer. The cell lysate was cleared by centrifugation
for 2 min at 10,000 x g, and the supernatant was stored
at -200C.

Preparation of antisera. Mouse anti-MHV-A59
serum was obtained from experimentally infected
BALB/c mice as described previously (9a). Rabbit
anti-MHV-A59 serum was prepared by immunization
with gradient-purified, Triton X-100-disrupted virus.
Four inoculations with 0.1 mg of virus mixed with
Freund complete adjuvant were given at 2-week inter-
vals, followed by two injections with 1.0 and 0.4 mg, 2
and 4 weeks later, respectively. The resulting antise-
rum had a titer of 105 in a plaque reduction assay (50%
reduction of 100 PFU in conjunction with goat anti-
rabbit immunoglobulin G [Miles Yeda Ltd., Rehovot,
Israel] diluted 1:50). Both sera were able to precipitate
all viral structural proteins.

Immunoprecipitation of proteins. Samples of
oocyte homogenates (50 p1) or from lysates of infected
cells (3 pl) were mixed with 7 pl of anti-MHV-A59
serum. After overnight incubation at 4°C, 0.2 volume
of 3.0 M KCl was added, followed by 0.1 ml of a 10%
suspension of protein A-Sepharose (Pharmacia Fine
Chemicals, Uppsala, Sweden) in TES containing 0.1%
Triton X-100. Incubation was continued for 30 min
before the immune complexes were collected by cen-
trifugation for 2 min at 10,000 x g, washed three times
with 0.2 ml of TES containing 0.1% Triton X-100, and
finally dissolved in electrophoresis sample buffer (10
mM Tris-hydrochloride [pH 8.0], 1 mM EDTA, 10%
glycerol, 2% SDS, 5% 2-mercaptoethanol, 0.001% bro-
mophenol blue).

Gel electrophoresis of proteins. SDS-polyacryl-
amide gel electrophoresis was performed in slab gels
(10 cm long and 1.5 mm thick) containing 12.5% acryl-
amide, 0.1% bisacrylamide, 375 mM Tris-hydrochlo-
ride (pH 8.8), and 0.1% SDS. A 1-cm-long stacking gel
containing 4% acrylamide, 0.1% bisacrylamide, 125
mM Tris-hydrochloride (pH 6.8), and 0.1% SDS was
used. The reservoir buffer contained 50mM Tris base,
384 mM glycine, and 0.1% SDS. Protein samples in
electrophoresis sample buffer were heated for 3 min
at 950C before electrophoresis except for the virus
samples which were run without prior heating to avoid
aggregation of some of the proteins (12). Electropho-
resis was at 100 V for about 5 h. Radioactive polypep-
tides were detected by fluorography (6).

RESULTS
Isolation of virus-specific intracellular

RNAs. To demonstrate the presence of subge-
nomic RNAs in Sac(-) cells infected with MHV-
A59 and to estimate their molecular weights, we
previously used agarose gel electrophoresis after
complete denaturation of the RNAs with glyoxal
and dimethyl sulfoxide (9a). Since the reaction
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with glyoxal will affect the proper functioning of
RNAs as messengers, preparative separation for
translational purposes was performed by using
a 1% agarose-6 M urea horizontal slab gel but
omitting the glyoxal treatment. It is clear from
Fig. 1A that the virus-specific RNAs of MHV-
A59-infected Sac(-) cells labeled with [3H]uri-
dine in the presence of actinomycin D were
separated in this gel system without apparent
breakdown, giving rise to a pattern similar to
that obtained after glyoxal denaturation. Aga-
rose gels containing 6M urea melt upon heating
for 2 min at 65°C. For this reason, RNA is easily
recovered from such gels.
To purify MHV-A59-specific intracellular

RNAs for injection into X. laevis oocytes, RNA
was isolated from MHV-A59-infected Sac(-)
cells by phenol extraction and ethanol precipi-
tation. A poly(A)-containing fraction was pre-
pared by oligodeoxythymidylic acid cellulose
chromatography. A small sample of this fraction
was analyzed by agarose gel electrophoresis after
glyoxal-dimethyl sulfoxide denaturation. All vi-
rus-specific RNAs were present (data not
shown). To the remainder of the poly(A)+ frac-
tion, 32P-labeled RNA isolated from MHV-A59-
infected Sac(-) cells grown in the presence of
actinomycin D and 32Pi was added as a marker,
and the sample was electrophoresed in an aga-
rose-urea gel. Virus-specific RNAs were local-
ized by autoradiography of the wet gel. Bands
corresponding to RNAs 1, 2, 3, 4 and 5, 6, and 7
were excised, and the RNAs were recovered by
phenol extraction and ethanol precipitation. To
determine the validity of this procedure, we
analyzed small samples ofthe RNA preparations
by agarose gel electrophoresis after glyoxal-di-
methyl sulfoxide denaturation. As shown in Fig.
1B, pure preparations of both RNA 3 and RNA
7 were obtained, whereas RNA 6 still contained
some contamination ofRNA 7. Similarly, RNAs
1 and 2 were obtained pure, but in the prepara-
tion of RNAs 4 and 5, which were excised from
the urea gel and processed together, a significant
amount of RNA 7 was also detectable (data not
shown).
Translation of RNAs in X. laevis oocytes.

The RNAs thus obtained were microinjected
into X. laevis oocytes, which were subsequently
incubated in the presence of [3S]methionine.
The oocytes were homogenized, and samples of
the homogenates were analyzed directly by
SDS-polyacrylamide gel electrophoresis. In only
one case when oocytes were injected with RNA
7 was the synthesis of a novel, presumably viral,
polypeptide observed (Fig. 2). Its molecular
weight was estimated to be 54,000. In no other
cases were any such polypeptides detected above

totBl
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FIG. 1. (A) Effect ofglyoxal-dimethyl sulfoxide de-
naturation on the electrophoretic separation ofMHV-
A59-specific intracellular RNAs in a 1% agarose-6M
urea gel. Virus-specific RNAs were isolated byphenol
extraction and ethanolprecipitation from MHV-A59-
infected Sac(-) cells labeled with [3H]uridine in the
presence of actinomycin D. One sample was dena-
tured with glyoxal in 50% dimethyl sulfoxide; another
was heated and rapidly cooled in a sample buffer
containing 0.25% SDS as described in the text. (B)
Purification of MHV-A59-specific intracellular
RNAs. Cultures of Sac(-) cells were infected with
MHV-A59 and incubated in the presence of actino-
mycin D and [3H]uridine. Cells were harvested at 9
hp.i. RNA was isolated from the cell lysate byphenol
extraction, and the poly(A) + fraction was isolated by
oligodeoxythymidylic acid cellulose chromatography.
A sample ofRNA extracted from MHV-A59-infected
Sac(-) cells grown also in the presence of actinomy-
cin D but labeled with 32p04 was added as a marker,
and the preparation was electrophoresed in a 1%
agarose-6 M urea gel. RNA bands were visualized
by autoradiography ofthe wet gel. Bands correspond-
ing to RNAs 3, 6, and 7 were excised, melted, and
phenol extracted. RNAs recovered after ethanol pre-
cipitation were analyzed in a 1% agarose slab gel
after glyoxal-dimethyl sulfoxide denaturation. A
sample of 32P-labeled unfractionated poly(A)+ RNA
from infected cells was run as a marker in an adja-
cent lane of the gel.

the background of endogenous Xenopus pro-
teins, as is shown for RNA 3 (Fig. 2).
Immunoprecipitation of translation

products. For the identification ofvirus-specific
translation products, immunoprecipitation was
carried out on samples of cleared homogenates
of the oocytes with an antiserum from mice that
had survived MHV-A59-induced hepatitis. Only
small amounts of the radioactivity incorporated
by the oocytes appeared in immune complexes:
1.47% of the acid-insoluble [3S]methionine was
immunoprecipitable from oocytes injected with
RNA 7, 1.05% was immunoprecipitable in re-
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FIG. 2. Electrophoretic analysis of the translation

products of MHV-A59-specific RNAs 3, 6, and 7.

Qocytes were injected with RNA or with injection

medium only, labeled with [35S]methionine, and sub-

sequently homogenized. Samples of the homogenates

were taken for direct analysis in a 12.5%b polyacryl-

amide gel. Other samples were used to prepare im-

munoprecipitates. These were run in the same gel.

Proteins of MHV-A59-infected Sac(-) cells precipi-

table with the same antiserum, using mouse preim-

mune serum as a control and 3H-labeled purified

virion proteins were run for a comparison. Molecular

weights (M{W) are indicated in thousands.

sponseto RNA6,0.25% was immunoprecipitable

in response to RNAS 4 and 5,0.05% was immnu-
noprecipitable in response to RNA 3, and 0.01%6
was immunoprecipitable mn response to RNA 2.

No virus-specific radioactivity was precipitated

from the homogenate of oocytes injected with

RNA 1. The immune complexes were analyzed

by electrophoresis in SDS-polyacrylamide gels

(Fig. 2). Injection of oocytes with RNA 7 re-

sulted in the detection of three virus-specific

polypeptides: one predominant polypeptide of

about 54,000 daltons that had already been ob-

served by direct analysis of the homogenate plus

two smaller polypeptides of about 51,000 and

48,000 daltons. The same polypeptides were also

produced when oocytes were injected with the

preparation of RNA 6. As mentioned before, this

preparation contained signiflcant amounts of

contaminating RNA 7. For this reason, the ap-

pearance of the RNA 7-specific polypeptides
among the translation products was to be ex-

pected. However, three other polypeptides, hav-

ing estimated molecular weights of 24,000,
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25,500, and 26,500, were detected; the latter two
were dominant. Injection of X. laevis oocytes
with RNA 3 gave rise to the synthesis of one
virus-specific product with an estimated molec-
ular weight of 150,000. No translation products
of RNAs 1, 2, and 4 and 5 were found, except in
the immunoprecipitate of the translation prod-
ucts ofRNA 4 and 5, the products of the contam-
inating RNA 7 appeared. When the immunopre-
cipitations were carried out with antiserum ob-
tained from rabbits that had been immunized
with disintegrated, purified MHV-A59-virions,
the same results were obtained (data not shown).
This implies that the virus-specific translation
products described above are related to the
structural proteins of MHV-A59.
Characterization oftranslation products.

The electrophoretic mobilities in SDS-poly-
acrylamide gels of the polypeptides synthesized
in oocytes in response to RNAs 3, 6, and 7 were
compared with those ofthe MHV-A59 structural
proteins and with the virus-specific proteins
found in infected cells. It is clear from Fig. 2 that
the 54,000-dalton polypeptide specified by RNA
7 coelectrophoresed with the presumed viral
nucleocapsid protein. A protein of the same size
is also prominent in MHV-A59-infected cells.
The other two RNA 7-specific polypeptides with
molecular weights of 51,000 and 48,000 were only
detected after immunoprecipitation. To estab-
lish whether these polypeptides are derived from
the 54,000-dalton polypeptide, immunoprecipi-
tation was carried out with purified virus labeled
with 32Pi, in which case only the nucleocapsid
protein is labeled (11). As shown in Fig. 3, both
smaller proteins appear to be phosphorylated
and have thus arisen from the nucleocapsid pro-
tein.
The 24,000-, 25,500-, and 26,500-molecular-

weight polypeptides translated from RNA 6
comigrated with the lower-molecular-weight
proteins found in purified MHV-A59 (Fig. 2).
Their relative intensities also seemed to corre-
spond.
No counterpart of the 150,000-dalton transla-

tion product of RNA 3 is present among the
viral structural proteins. However, this polypep-
tide had the same electrophoretic mobility as
one of the polypeptides that can be immunopre-
cipitated from homogenates of infected Sac(-)
cells with an antiserum directed against the viral
structural proteins.

DISCUSSION
Direct evidence is presented in this paper that

at least three of the seven subgenomic RNAs
induced in cells upon infection with coronavirus
MHV-A59 are functional messengers. When in-



TRANSLATION OF CORONAVIRUS RNAs 25

a b

FIG. 3. Effect of immunoprecipitation on MHV-
A59 nucleocapsid protein. MHV-A59 labeled in
Sac(-) cells with 32Pi was purified from the culture
fluid of the cells. Samples of the virus were analyzed
by polyacrylamide gel electrophoresis either directly
(a) or after immunoprecipitation with mouse anti-
MHV-A59 serum (b). Molecular weights are indicated
in thousands.

jected into X. laevis oocytes, these RNAs direct
the synthesis of discrete virus-specific polypep-
tides. This finding confirms our earlier conclu-
sion, based on the polyadenylation of the sub-
genomic RNAs and their presence in polysomes,
that multiple subgenomic messengers are in-
volved in MHV-A59 multiplication (9a). Al-
though a more detailed characterization of the
translation products described is certainly re-
quired, some relevant inferences can be drawn.
RNA 7, the smaller subgenomic RNA, directs

the synthesis of a polypeptide with a molecular
weight of 54,000. Several arguments suggest that
this protein, which is always found in infected
cells in predominating quantities, represents the
nucleocapsid protein. First, both proteins have
similar electrophoretic mobilities in polyacryl-
amide gels. Second, immunoprecipitation of the
54,000-molecular-weight translation product in-
duces the appearance of two new polypeptides,
a phenomenon also observed with the corre-

sponding protein present in infected cells (Fig.
2) and with the virion nucleocapsid protein (Fig.
3). A similar degradation during immunoprecip-
itation has been described by Siddell et al. (9)
for the nucleocapsid protein of strain JHM. Ap-
parently, the nucleocapsid protein is subject to

proteolytic degradation even though protease
inhibitors are present in the reaction mixture.
RNA 6 directed the synthesis of three lower-

molecular-weight polypeptides. They were im-
munoprecipitated by anti-MHV-A59 serum and
electrophoresed with the same mobility as the
smaller virion proteins. In vitro iodination of
purified virus with the lactoperoxidase-catalyzed
reaction showed that all three are present in the
viral envelope (P. J. M. Rottier and B. A. M. van
der Zeijst, unpublished data). These proteins
might be different forms of the same protein,
differing in their degree of glycosylation. In ad-
dition to these polypeptides, significant amounts
of 54,000-, 51,000-, 48,000-dalton products were
immunoprecipitated from the homogenates of
oocytes injected with RNA 6. Their synthesis
could be accounted for by a very efficient trans-
lation of RNA 7 molecules contaminating the
RNA 6 preparation. One cannot exclude, how-
ever, that RNA 6 itself is translated into these
products.
A 150,000-molecular-weight polypeptide is

produced upon translation of RNA 3. Although
no protein of a similar size is found in purified
virus, this polypeptide presumably is a structural
precursor since it comigrated in a polyacryl-
amide gel with a protein induced by MHV-A59
infection of Sac(-) cells. This protein, which is
a glycopeptide containing a protein moiety of
about 110,000 daltons, can be immunoprecipi-
tated with an antiserum raised in rabbits against
the structural proteins of purified virus (unpub-
lished data). The 110,000-dalton species proba-
bly corresponds to a 120,000-dalton translation
product synthesized in the reticulocyte cell-free
system in response to total poly(A)+ RNA from
MHV strain JHM-infected cells (9). Post-trans-
lational modification, i.e., glycosylation, does not
occur in this system.

Siddel et al. (9) have also size fractionated the
cytoplasmic poly(A)+ RNA from MHV strain
JHM-infected cells in sucrose-formamide gra-
dients. Two RNAs sedimenting at 17S and 19S
could be separated. In a cell-free system derived
from L-cells, these RNAs directed the synthesis
of the 60,000-dalton nucleocapsid protein and a
23,000-molecular-weight protein, respectively.
Assuming that these RNAs are analogous to our
RNAs 7 and 6, respectively, these observations
are in good agreement with ours.
The sizes of the polypeptides synthesized in

oocytes in response to MHV-A59 RNAs 3,6, and
7 correspond to the theoretical values expected
on the basis of our working model. According to
this model, only the 1.6 x 106-dalton 5'-terminal
region of RNA 3 (3.0 x 10' daltons) should be
expressed, yielding a translation product with a
molecular weight of at most about 160,000. Sim-
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ilarly, a polypeptide with a molecular weight of
up to about 30,000 is predicted to be obtained
from the 0.3 x 106-dalton 5'-terminal part of
RNA 6 (0.9 x 106 daltons). Finaly, RNA 7 (0.6
x 106 daltons) is supposed to act as a monocis-
tronic messenger; when translated in ovo, a pro-
tein with a maximum size of about 60,000 daltons
was to be expected.
No virus-specific translation products were

observed upon injection ofX. laevis oocytes with
RNAs 1, 2, and 4 and 5. One reason for this
might be that these RNAs do not encode viral
structural proteins and that their products
therefore were not immunoprecipitated. In ad-
dition, the amounts of the RNAs injected into
the oocytes or their intrinsic efficiencies of trans-
lation may have been too low. To overcome
these problems, we are currently scaling up the
RNA preparation procedure, hoping that injec-
tion of saturating quantities of the messengers
will allow the detection of products even without
immunoprecipitation, as was already possible
with RNA 7.
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