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1. Introduction

The genome of the murine coronavirus JHM is a
single-stranded, non—segmented RNA with a molecular
weight of 5.4 - 6.7 x 10 . The genomic RNA is infectious
and at least one third is polyadenylated (Lai and Stohl-
man, 1978; Wege et al., 1978). The virion contains six
proteins, four of which are glycosylated (Wege et al.,
1979; sSiddell et al., 1981b), including high and 1low
molecular weight glycoproteins and a phosphorylated
nucleocapsid protein of 60,000 molecular weight (Stohl-
man and Lai, 1979; Siddell et al., 198la). Associated
with purified virions is a protein kinase activity which
specifically phosphorylates pp60 in vitro (Siddell et
al., 1981a).

Information on the replication of JHMV is
relatively incomplete. The synthesis and processing of
JHMV proteins in infected cells, the genesis of genomic
and subgenomic viral RNA, and the translation products
of wviral mRNA are all areas currently under
investigation (Anderson et al., 1979; Bond et al., 1979;
Siddell et al., 1980, 1981b; Wege et al., 1981). In this
communication we report on the synthesis of polypeptides
in JHMV infected cells and the in vitro translation of
coronaviral mRNA in cell-free systems.
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2. Materials and Methods

The following methods used here have been de-
scribed previously. JHM virus and virus stocks were ob-
tained and propagated on Sac (-) cells and virions were
labelled with 35 S methionine and purified as described
(Siddell et al., 1980). Cells were infected, labelled
with 35 S methionine and cell or cytoplasmic 1lysates
were prepared as described (Siddell et al., 1981b). The
preparation of anti JHM serum in rabbits and
immunoprecipitation procedures have been described
(Siddell 1980; 1981b) . The procedures for the
preparation of cytoplasmic polyadenylated RNA and
polysomal RNA from infected cells, sucrose-formamide
gradient centrifugation and the translation of RNA in
nuclease treated rabbit reticulocyte lysates or L cell
lysates is described (Siddell et al., 1980). Samples
were electrophoresed on discontinuous 15 %
SDS/polyacrylamide gels (Laemmli, 1970) and the
procedures for staining, drying and autoradiography of
gels is described (Smith et al., 1974). Tunicamycin was
obtained as a gift from Dr. R. Hamill, Lilly Research
Laboratories, Indianapolis.

3. Results

Under our conditions cells infected with JHMV at
a MOI of 5 TCID 50/cell start to release infectious vi-
rus 4 to 6 hours after infection. The cytopathic effect
of JHMV is characterized by the formation of syncytia
leading to a totally fused monolayer which is evident by
approximately 10 hours after infection. After 12 hours
of infection the cell monolayer starts to detach from
the petri dish.

3.1. Virion proteins

The 35 S-methionine-containing proteins of puri-
fied JHMV are shown in Fig. 1. The virion is comprised
of six major proteins which are designated by their
molecular weight and whether or not they are
glycosylated (Wege et al., 1979; Siddell et al., 1981b).

3.2. Intracellular protein synthesis

Fig. 2 shows the pulse labelling of cells for 15
minutes with 35 S-methionine at different times after
infection. At late times in infected cells it is
possible to detect the synthesis of three major (150 K,
60 K and 23 K) and three minor (65 K, 30 K and 14 K)
polypeptides. The synthesis of the 30 K species is
sometimes difficult to detect and the 150 K polypeptide
is reproducibly resolved as a doublet.
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Fig.l: Structural proteins of JHMV. JHM virions were
labelled with 35 S-methionine and purified as de-
scribed in Siddell et al. (1980). Virus was mixed
with an equal volume of electrophore31s sample
buffer and heated to 37 °C for 2 minutes before
electrophoresis.

To investigate any relationships between these
intracellular polypeptides and the virion proteins, a 35
S-methionine pulse labelled cytoplasmic lysate was im-
munoprecipitated with serum directed against purified
virions and the immunoprecipitate co-electrophoresed
with labelled virus (Fig. 3, tracks V and pulse). This
experiment shows that the three major intracellular
species, 150 K, 60 K and 23 K and one minor species, 65
K, are specificlly immunoprecipitated (immunoprecipi-
tation of infected lysates with control serum were nega-
tive).

These species are therefore related to virion proteins.
The 65 K, 60 K and 23 K species comigrate with the
virion proteins gp 65, p 60 and p 23. The 150 K species
does not comigrate with a virion protein. The intracel-
lular species of 30 K and 14 K which are not precipitat-
ed are assumed to be polypeptides which are not
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present in purified virions. The minor band migrating
slightly faster than the 60 K species is generated
during the immunoprecipitation procedure and is
presumed to be a degredation product, most probably of
nucleocapsid protein.
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Fig.2: Polypeptides synthesized in JHMV-infected cells.
Sac (=) cells were infected with JHMV and la-
belled for 15 minutes at the times indicated in
medium containing 10 pCi/ml 35 S-methionine, and
lysates were prepared and electrophoresed as
described in Siddell et al., 1981b. M. Mock-
infected, MW. Molecular Weight markers.

Fig. 3 also shows the immunoprecipitation with
the same antiserum of cytoplasmic lysates pulsed with 35
S-methionine and then chased in the presence of an
excess of methionine for various periods of time. During
the chase period, the 150 K and 23 K species are pro-
cessed and two new immunoprecipitable species of 98 K
and 25 K appear. Also a small amount of material of 170
K and material which remains at the origin of the gel
appear during the chase period. As we have shown (Sid-
dell et al., 1981b) that boiling purified virions in
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Fig.3: Pulse-chase labelling of JHMV-infected cells and
immunoprecipitation of cytoplasmic lysates with
anti-JHM serum. Sac (-) cells were infected with
JHMV, pulse-labelled 9 hours after infection in
medium containing 10 pCi/ml 35 S-methionine and
chased with medium containing unlabelled methio-
nine as described in Siddell et al., 1981b. Cyto-
plasmic lysates were prepared and aliquots im-
munoprecipitated with anti-JHM serum and elec-
trophoresed. Purified virus (V) was prepared as
described in Fig. 1.

electrophoresis sample buffer caused the disappearance

of gp 170 and the appearance of material at the gel
origin, we repeated this experiment without boiling the
immunoprecipitated proteins. Under these conditions no
radioactivity appears at the gel origin during the chase
period but instead the intracellular species of 170 K is
enhanced (data not shown). The intracellular species of
170 K, 98 K and 25 K which arise during the chase period
comigrate with virion proteins gp 170, gp 98 and gp 25.

The effect of tunicamycin on the synthesis of
JHMV proteins is illustrated in Fig. 4. When infected

cells are pulse labelled for 1 hour with 35 S-methionine
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Fig.4: The effect of tunicamycin on JHMV polypeptide
synthesis. Sac (-) cells were infected with JHMV
and labelled 9 hours after infection for 1 hour
in the presence (1) or absence (2) of tunicamycin
(1 pg/ml). Cells labelled in the presence of
tunicamycin were pretreated for 2 hours with the
drug, at the same concentration. Cytoplasmic
lysates were prepared, immunoprecipitated with
anti JHM serum and the precipitates electropho-
resed as described in Siddell et al., 1981b.

and a cytoplasmic lysate immunoprecipitated with anti-
JHM serum, polypeptides of 150 K, 98 K, 65 K, 60 K, 25 K
and 23 K are detected (track 2). In cells incubated with
medium containing 1 pg/ml of tunicamycin during and for
2 hours previous to the labelling period, a different
pattern is seen (track 1l). The 150 K, 98 K and 65 K
species are no longer detected and a new species of 120
K is found. The synthesis of the 60 K, 25 K and 23 K
proteins is not affected by tunicamycin treatment.

3.3. In vitro translation

In cells infected with JHMV pulse labelling with
3 H uridine in the presence of actinomycin D reveals thg
synthesis of 9 RNAs. These range in size from 0.62 x 10
to 6.67 x 10°, the size of JHMV genomic RNA. All these
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RNAs are single stranded and at least a proportion of
each 1is polyadenylated (Wege et al., 1981). To
investigate whether these species function as mRNA we
have isolated poly-A- containing RNA from infected
cells, translated it in vitro and compared the products
with JHM polypeptides by electrophoresis and
immunoprecipitation. Furthermore we have size
fractionated the translational activities in order to
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Fig.5: Polyacrylamide gel analysis of proteins made in
vitro in response to cytoplasmic poly A RNA or
polysomal RNA from JHMV infected cells. Cyto-
plasmic poly A RNA and polysomal RNA was iso-
lated, translated 1in vitro, electrophoresed
directly or immunoprecipitated with anti JHM
serum and electrophoresed as described in Sid-
dell et al., 1980. Purified virus (V) was pre-
pared as described in Fig. 1. L cell translates,
(5) no added RNA, (4) cytoplasmic poly A RNA, (3)
polysomal RNA. Immunoprecipitation of (4) with
preimmune serum (2) or with anti-JHM serum (1).
Reticulocyte translates, (1) cytoplasmic poly A
RNA from uninfected cells., Immunoprecipitation
of (1) with anti JHM serum (2) or pre immune
serum (3). (4) cytoplasmic poly A RNA from JHMV
infected cells. Immunoprecipitation of (4) with
anti JHM serum (5) or preimmune serum (6).
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correlate individual mRNAs with their translation
products.

Fig. 5 shows the translation of cytoplasmic poly
A RNA from infected cells in L cell and rabbit
reticulocyte 1lysates (tracks L4 and R4). Amongst the
major products are polypeptides with molecular weights
of 23 K, 60 K and 120 K which are specifically
immunoprecipitable with anti-JHM serum (tracks L1 and 2
and R5 and 6). The 23 K and 60 K products
coelectrophorese with virion p23 and p60 respectively
(track V) whilst the 120 K product has no virion
counterpart. Also synthesized in these translations are
a major 30 K product (seen most clearly in L4) and a
minor 14 K product (see also Fig. 6 A or C) neither of
which is immunoprecipitable with anti-JHM serum. We have
also translated RNA released from infected cell
polysomes (Siddell et al., 1980). The result is shown in
track L3 and is essentially identical to that obtained
with total cytoplasmic poly A RNA, except that the 30 K
product is made, if at all, in much reduced amounts.
Polysomal RNA and total cytoplasmic poly A RNA directed
the synthesis of approximately equal amounts of the 60 K
and 23 K products in the experiment .

To establish the size of the RNAs which encode
the viral polypeptides we sedimented poly A RNA from
infected cells on sucrose-formamide gradients,
recovered RNA from fractions of the gradients and
translated it in vitro. Fig. 6 shows the products made
in the L cell system (A and C) and the reticulocyte
lysate (B) in response to unfractionated RNA (total) and
RNA sedimenting between about 12S and 45S (A and B) or
17S to 22S (C). The RNA encoding the 60 K product
sediments at about 175, that encoding the 23 K product
at 195 and that encoding the 14 K product at 21S (C).
The RNAs encoding the 120 K and 30 K products sediment
faster, at about 27 S and 29 S respectively (B and A).

4, Discussion

The protein composition of JHMV described here is
in agreement with earlier reports (Wege et al., 1979).
It also conforms to the pattern which appears to be
emerging as characteristic of coronaviruses, namely 5 to
8 proteins, including high and low molecular weight
glycoproteins and a 50 to 60 K phosphorylated nucleo-
capsid protein (Sturman et al., 1977; Sturman and
Holmes, 1977; Bond et al., 1979; Siddell et al., 1981
a,b; Cavanagh, 1981; Garwes and Pocock, 1975; Pocock and
Garwes, 1977; MacNaughton, 1980).



PROTEIN SYNTHESIS AND /N VITRO TRANSLATION 201

Fig 6: In vitro translation of fractioned poly A RNA
from JHMV infected cells. Poly A RNA was sedi-
mented on sucrose formamide gradients, recovered
from fractions of the gradients and translated in
a L cell lysate (A and C) or a reticulocyte
lysate (B). The products were electrophoresed
directly (A and C) or immunoprecipitated with
anti JHM serum and electrophoresed (B).
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In infected cells four polypeptides are syn-
thesized which can be identified by immunoprecipitation
as related to virion proteins. Pulse chase labelling,
immunoprecipitation and coelectrophoresis with virion
proteins suggest that the four polypeptides give rise to
all virion proteins. The pathways of processing have yet
to be rigorously established but our interpretation of
these results is illustrated in Fig. 7.
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Fig.7: A tentative model for the synthesis and process-
ing of coronavirus JHM proteins.

The intracellular 65 K, 60 K and 23 K polypeptides are
incorporated into virions as gp 65, pp60 and p23. The
intracellular 150 K polypeptide is processed to a 63 K
species which is not incorporated into virions (un-
published data) and a 98 K species and its 170 K dimer,
both of which are incorporated into virions, as gp 98
and gp 170 respectively. In the low molecular weight
region the intracellular 23 K species is glycosylated to
produce the 25 K polypeptide which is incorporated into
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the wvirus as gp 25. Tunicamycin inhibits the
glycosylation (and consequent processing) of the 150 K
species. The 120 K species synthesized in tunicamycin
treated cells is presumed to be the polypeptide core of
the 150 K protein. The glycosylation of the
intracellular 65 K species also appears to be inhibited
by tunicamycin but no core protein has yet been found.
In contrast tunicamycin does not prevent the glycosylat-
ion of the 23 K species to yield gp 25. These conclus-
ions, although tentative, are supported by the electro-
phoresis of intracellular polypeptides on two-dimens-
ional (NEPHGE or IEF) PAGE (Siddell et al., 1981b) and
in vitro translation studies (Siddell et al., 1980). Our
tryptic peptide mapping studies which are in progress
are also consistent with this interpretation of the
data, and additionally confirm that the 30 K and 14 K
species identified as putative non-structural proteins
are unrelated to wvirion polypeptides (unpublished
data).

The translation of RNA from JHMV infected cells
provided some of the first evidence for the existence of
multiple subgenomic coronavirus mRNAs (Siddell et al.,
1980) . Analysis of RNA from murine and avian coronavirus
infected cells indicates there to be the genomic sized
RNA and possibly up to 8 subgenomic RNAs which could
function as mRNAs (Stern and Kennedy, 1980a,b, Wege et
al., 1981, van der Zeijst, 1981). We have attempted to
demonstrate directly the mRNA function of these RNAs by
in vitro translation. Our results suggest that amongst
the translation products of total cytoplasmic poly A RNA
are polypeptides which give rise to all structural
proteins of JHMV. The only exception is gp 65, an in
vitro counterpart for which we have not yet identified.
The in vitro synthesis of precursors to pp60 and p23
(and therefore as postulated gp 25) has. been confirmed
by electrophoresis, immunoprecipitation and tryptic
peptide mapping (Siddell et al. 1980; unpublished data).
In vivo experiments with tunicamycin suggest that the
non-glycosylated form of the intracellular 150 K species
has a molecular weight of 120 K. This corresponds to an
in vitro product immunoprecipitable with anti JHM serum
and we conclude this species to be related to the intra-
cellular 150 K protein and as postulated gp 98 and gp
170 in the virion.

Additionally, we have shown that the mRNAs en-
coding the virion polypeptides are subgenomic, as are
those encoding the 30 K and 14 K putative non-structural
proteins. This conclusion is based on the sedimentation
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of mMRNA activities in sucrose formamide gradients. To
correlate these activities with the subgenomic RNA
species identified in infected cells we have analysed on
gels 32 P labelled RNA after recovery from gradients.
The expected relationship was found in that larger RNA
sedimented faster, i.e. RNA 1, 45 - 50S; RNA 2, 30S;
RNA 3, 28S; RNA4 and 5, 21 - 22S; RNA 6, 19S and RNA 7,
178, although the sedimentation of the larger RNAs is
slower than may have been expected.

Taken together the data allows us tentatively to
identify the majority of subgenomic JHM mRNAs and their
translation products which is shown in Fig. 8.

RNA SIZE TRANSLATION
6 PRODUCT
(x107°) (s)
6.67 45-50 not identified
47 not identified
342 30 30K » ns
2.76 28 120K » gp170/98
5 119-15  21-22 MK » ns
0.93 19 23K » p23/gp25
0.62 17 60K » pp6o

14
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Fig.8: Tentative coding assignments for coronavirus JHM
subgenomic mRNAS.

At the moment we have detected only one translational
activity sedimenting at about 21S, i.e. that encoding
the 14 K protein. As two major and one minor RNA species
sediment at about this value we cannot conclude which of
these three RNAs encodes this protein or if the remain-
ing two RNAs act as mRNA. We have also found no trans-
lational activity at the sedimentation wvalue of the
minor RNA a, nor have we identified any translation
product for the intracellular genomic sized RNA 1. As
the translation of the mRNAs encoding all major virion
proteins has been demonstrated it seems most likely that
RNA 1, if functional, encodes a non-structural
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protein(s).

The size of the murine coronavirus subgenomic
mRNAs and their translation products, together with the
known sequence arrangement of coronavirus IBV
intracellular RNAs (Stern and Kennedy, 1980 a, b) is
consistent with a replication strategy which involves
multiple subgenomic mRNAs. Translation studies show
that each mRNA functions monocistronically, although
additional coding sequences are present in all but the
smallest mRNA. This strategy appears to be particularly
flexible in that it allows firstly for the control of
viral protein synthesis at both transcriptional and
translational levels and secondly the possibility to
spatially separate the translation and post trans-
lational modification of different viral polypeptides
into different cellular compartments.
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