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INTRODUCTION 

At present, ten strains of murine coronaviruses have been iso
lated (Table 1). These viruses usually cause fatal hepatitis. A 
very interesting property of at least strains MHV-3, MHV-4 (JHM) 
and MHV-A59 is, however, that they may cause demyelination of the 
central nervous system or lead to other chronic neurological dis
eases(Table 1). Before these neurological disorders can be under
stood at the molecular level, more basic information about the struc
ture and replication of murine coronaviruses is needed. 

We have chosen to study mouse hepatitis strain MHV-A59. 
Here we report that in cells infected with ~his virus six sUbgenomic 
mRNAs are found in addition to the 5.6 x 10 molecular weight genome
sized RNA. The sum of the molecular weights of these sub genomic RNAs 
is almost twice that of the genome, indicating that sequence homolo
gies should exist between the sUbgenomic MHV-A59 RNAs. 

Direct evidence that at least three of these RNAs are function
al mRNAs was obtained by microinjection into Xenopus laevis oocytes. 
The molecular weights of the proteins coded for by these RNAs are in 
agreement with our working hypothesis on the replication of MHV-A59 
in which two points are central. First, the nucleotide sequence of 
each sUbgenomic RNA should be identical with the 3'-part of the 
genome i.e. each RNA contains a 5'-terminal sequence extension with 
respect to the next smaller one. Second, the expression of the ge
nome-sized RNA and the sUbgenomic RNAs occurs by the translation of 
only that 5'-terminal part of the RNA, not present in the next small
er RNA; internal initiation of translation does not occur. 
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Finally, we have used UV transcription mapping to determine the 
target size of the template of the MHV-A59 RNAs. The conclusion of 
these studies is that the transcription of the MHV-A59 RNAs is initia
ted independently. 

ISOLATION AND IDENTIFICATION OF VIRUS-SPECIFIC mRNAs IN INFECTED 
CELLS 

Kinetics of virus growth and virus-specific RNA synthesis 

Infection of murine cells with MHV may induce the production 
of endogenous retroviruses. Sac(-) cells were chosen as host cells 
for MHV-A59 since these cells are defective in the synthesis of 
retroviral proteins (31). This cell line does not form confluent 
monolayers, however, and is therefore less suitable for plaque-titra
tion; mouse L cells were employed for this purpose, with highly re
producible results. 

We wanted to study the replication of MHV-A59 under single 
cycle conditions. Immunofluorescence showed that all cells became 
infected at a mUltiplicity of 10 PFU/cell, so we have used this 
MOl in all further experiments. To obtain high titered stocks 
needed for these one-step growth experiments, the virus was con
centrated and purified (24). 

The kinetics of virus release into the medium are shown in 
Fig. IA. Virus production was complete at 10 h p.i. by which time 
the cells had formed syncytia. About 50% of the infectivity remain
ed cell-bound at 10 h p.i. Since we wished to use actinomycin D in 
most experiments, virus growth in cells incubated with I pg/ml ac
tinomycin D and in untreated cells was compared. No significant dif-

Table I. Strains of Mouse Hepatitis Virus (MHV) 

Virus strains Isolation Chronic neurological disease 

MHV-I ref. 5 
MHV-2 ref. 16 
MHV-3 ref. 4 ref. 29 
MHV-4 (JHM) ref. 3 ref. 6, 7, 8, I I , 14, 15, 32 
MHV-A59 ref. 12 ref. 17 
MHV-S/CDC ref. 9 
MHV-S ref. 19 
MHV-LS ref. 20 
H747 ref. 16 
EHF 210 ref. 16 
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Fig. I. Growth kinetics of MHV-A59 in Sac(-) cells (A). The cells 
were infected at a MOl of 10 PFU/cell and incubated in the 
absence of actinomycin D (A) or this drug was added 1 h p.i. 
(.). In the latter case the kinetics of the synthesis of 
vir~l RNA were also measured by following the incorporation 
of H-uridine added to the medium at 2 h p.i. The results 
are shown in (B). (0) mocko-infected; (.) infected. For 
more details see ref.24. 

ference in final virus yield or in kinetics of virus growth was ob
served (Fig. IA). The synthesis of intracellular virus-specific RNA 
was measured by labeling cells with 3H- ur idine in the presence of acti
nomycin D. The synthesis of virus-specific RNA started at 4 h p.i. and 
continued until at least 12 h p.i. (Fig. IB). At this time infection 
usually caused a 20-fold stimulation of the 3H-uridine incorporation 
over the background in mock-infected cells. 

Analysis of intracellular MHV-A59-specific RNA; isolation of poly(A)
containing RNA species 

To determine the species of virus-s~ecific RNA formed in Sac(-) 
cells, infected cells were labeled with H-uridine in the presence of 
actinomycin D between 6 and 8 h p.i. At the end of this period total 
RNA was extracted from the cells, denatured with glyoxal and dimethyl
sulfoxide, and analyzed by agarose gel electrophoresis. Several virus
specific RNA species were found in infected but not in mock-infected 
cells (Fig. 2A, lane 1 and 2). The virus-specific RNA species were 
further characterized by oligo(dT)-cellulose chromatography. Forty 
eight percent of the material was found to bind the column. This ma
terial was eluted and analyzed by electrophoresis in an agarose gel. 
It contained all seven virus-specific RNA species (Fig. 2A, lane 3). 
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Since these RNAs contain poly(A), it is likely that they are mRNAs. 
The apparent molecular weights of the RNAs were in millions: S.6 (RNAI), 
4.0 (RNA2), 3.0 (RNA3), 1.4 (RNA4), 1.2 (RNAS), 0.9 (RNA6) and 0.6 
(RNA7). Fig. 2A shows that purification of the RNAs using oligo(dT)
cellulose leads to sharper bands, except for RNAI. This RNA remains 
present as a broad and diffuse band. This could be due to the presence 
of A-U base pairs which are not denatured with glyoxal. Therefore we 
have used agarose gels containing 6 M urea for electrophoresis. By 
comparing lane 2 and 4 from Fig. 2 it is clear that the presence of 
urea indeed results in sharper bands, especially for RNAI. Therefore, we 
have used urea-containing gels in all subsequent experiments. Using 
this system we have compared the intracellular virus-specific RNAs 
to virion RNA. The largest RNA comigrated with the viral genome 
(Fig. 2B). 
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Fig. 2. Electrophoresis of glyoxal-dimethylsulfoxide denatured 
MHV-AS9 specific intracellular RNA in an agarose gel with
out urea (A). Total RNA from mock-infected cells, labeled in 
the presence of actinomycin D, was run in lane I, RNA from 
infected cells in lane 2. Equivalent amounts of RNA, ob
tained from about lOS cells, were analyzed. RNA extracted 
from Sindbis virus and rRNAs from Sac(-) cells were used 
as markers to calculate the molecular weights. Poly(A)
containing RNA was isolated by oligo(dT)-cellulose chro
matography from a portion of the same material as run in lane 
2. This material was run in lane 3. In (B) RNA isolated from 
purified virus and virus-specific RNA from cells were com
pared by electrophoresis in the same urea-containing gel. 
Other details are given in ref. 24. 
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There were two possible sources of artifacts we wanted to ex
clude, namely a) that defective interfering (DI) particles had accu
mulated in our virus stocks and b) that the smaller RNA species were 
degradation procucts of the genome sized 5.6x106 dalton RNA. To ex
clude a) the virus was plaque-purified twice before virus stocks 
were prepared by infecting Sac(-) cells at low MOl's (24). More
over, RNA extracted from virions grown in a replicate culture of 
cells that made the 7 virus-specific RNAs, contained only one 
species of RNA, with a mass of 5.6x106 daltons (Fig.2B); if DI 
particles had been formed, smaller RNAs would have been found. The 
following control experiments to test b) were carried out: Sac(-) 
cells were infected with MHV-A59 as described above; actinomycin D 
was added but no 3H-uridine. Just before lysis of the cells 3H-uri
dine-labeled MHV-A59 was added and RNA was extracted from the mix
ture and analyzed. Virion RNA was not degraded in the extract of 
infected cells. In another experiment Sac(-) cells were infected 
with Sindbis virus and the cells were labeled between 6 and 8 h 
p.i. in the presence of actinomycin D. RNA was extracted and ana
lyzed in the same way as described for MHV-A59 intracellular RNA. 
Only the well known 42S and 26S RNA species (10) were found. 

Isolation of virus-specific polyribosomes and analysis of mRl{As 

To obtain more direct evidence for a messenger function of 
the seven RNAs, we have looked at virus-specific mRNAs present in 
polyribosomes. The postnuclear supernatants from control ce~ls 
and virus-infected actinomycin D-treated cells labeled with H
uridine were analyzed by sediment~tion in isokinetic sucrose gra
dients (Fig. 3). As expected, no H-uridine was incorporated into 
RNA from mock-infected cells. In gradients loaded with lysates 
from infected cells two peaks were present: one with material sedi
menting from 80-200 S and another at about 230 S. To determine whe
ther the RNA sedimenting in the gradient was ribosome-associated, 
EDTA was added to the cell extract before analy.sis. The slower sedi
menting material was EDTA-sensitive and remained at .the top of the 
gradient. Treatment with EDTA did not alter the sedimentation of 
the bulk of the material present in the 230 S peak, indicating that 
this RNA was not polyribosome-associated (Fig. 3). 

RNA extracted from every fourth gradient fraction was analyzed 
by electrophoresis in an agarose gel (Fig. 4). Seven virus-specific 
RNA species were detected throughout the sucrose gradient; they had 
the same apparent molecular weights as the intracellular RNAs des
cribed above. The mRNA species released with EDTA and the RNA pre
sent in the EDTA-resistant peak were also analyzed. The EDTA-resis
tant material contained only one RNA species of 5.6x106 daltons 
It is likely therefore that this material consists of subviral 
ribonucleoprotein. A small portion of this RNA species (9% deter
mined by microdensitometry of a fluorograph) together with all of 
the six smaller RNAs were found at the top of the gradient after 
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Fig. 3. Sucrose gradient analysis of polysomes containing viral 
mRNA. Cytoplasmic fractions from infected (e--e) and 
mock-infected (0--0) cells treated with actinomycin D 
and labeled with 3H- ur idine were compared. EDTA was added 
to a lysate of infected cells and this material was also 
run (e--e). For more experimental details:see ref.24. 

EDTA-treatment. It can be concluded that all RNA species are indeed 
mRNAs. 

TRANSLATION OF MOUSE HEPATITIS VIRUS A59 SUBGENOMIC RNAs IN XENOPUS 
LAEVIS OOCYTES 

To test directly whether the MHV-A59 sUbgenomic RNAs are 
functional messengers, 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 messenger 
RNAs with high fidelity and without premature termination as is 
often the case in cell-free systems (22); it also carries out the 
posttranslational modifications of the protein products, if neces
sary (I). 

Isolation of virus-specific intracellular RNAs 

Since the reaction with glyoxal will affect the proper function
ing of RNAs as messengers, preparative separation for translational 
purposes was performed using a 1% agarose-6M urea horizontal slab 
gel but omitting the glyoxal dimethylsulfoxide treatment. It is clear 
from Fig. 5A that the virus-specific RNAs of MHV-A59 infected Sac(-) 
cells labeled with 3H- uridine in the presence of actinomycin D were 
separated in this gel system in a similar way as after glyoxal de
naturation. Agarose gels containing 6M urea melt upon heating for 
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Fig.4. Agarose gel electrophoresis of RNA extracted from polyribo
some gradients. Virus-specific mRNAs were labeled and 
polyribosomes from MHV-A59 infected cells were analyzed as 
shown in Fig. 3. RNA was extracted, denatured and analyzed 
by agarose gel electrophoresis. The left part of the figure 
gives the results for every fourth fraction of the gradient 
shown in Fig. 3. The numbers 1 to 7 indicate the position 
of the seven virus-specific poly(A)-containing RNAs iso
lated from infected cells (Fig. 2) which were run as mark" 
ers in the same gel. The right hand portion represents an 
analysis of the RNAs present in the two peaks found after 
the addition of EDTA to the cell lysate. The fraction num
bers refer to the gradients shown in Fig. 3. Equal amounts 
of radioactivity were loaded on the gel but the lane con
taining the EDTA-resistant material was only exposed for 
12 h, compared to 96 h fbr the RNAs present in the EDTA
sensitive peak. Other details are given in ref.24 • 

2 min at 650 C. For this reason RNA is easily recovered from such 
gels. 

To purify MHV-A59 specific intracellular RNAs for the injection 
into Xenopus oocytes, RNA was isolated from MHV-A59 infected Sac(-) 
cells by phenol extraction and ethanol precipitation. A poly(A)
containing fraction was prepared by oligo(dT)-cellulose chroma
tography. All RNA species were present in this preparation (data 
not shown). A 32P-labeled poly(A)+RNA fraction, isolated from ~llIV
A59 infected Sac(-) cells grown in the presence of actinomycin D 
and 32p-phosphate, was added as a marker and the sample was electro
phoresed in an agarose-urea gel. Virus-specific RNAs were localized 
by autoradiography of the wet gel. Bands corresponding with the RNAs 
1, 2, 3, 4 + 5, 6 and 7 were excised and the RNAs recovered by phe
nol extraction and ethanol precipitation. To check the validity of 
this procedure, small samples of the RNA-preparations were reanaly
zed by agarose gel electrophoresis after glyoxal-dimethylsulfoxide 
denaturation. As shown in Fig.5B pure preparations both of RNA3 and 
RNA7 were obtained, whereas RNA6 still contained some contamination 
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Fig.S. (A): Effect of glyoxal-dimethylsulfoxide denaturation on the 
electrophoretic separation of MHV-AS9 specific intracellular 
RNAs in a 1% agarose-6M urea gel. Virus-specific RNAs were 
isolated by phenol extraction and ethanol precipitation from 
MHV-AS9-infected Sac(-) cells labeled with 3H-uridine in the 
presence of actinomycin D. One sample was denatured with gly
oxal in SO% DMSO, another was heated and rapidly cooled in a 
sample buffer containing 0.2S% SDS as described in ref. IS. 
(B): Purification of MHV-AS9-specific intracellular RNAs. 
Cultures of Sac(-) cells were infected with MHV-AS9 and incu
bated in the presence of actinomycin D and 3H-uridine. Cells 
were harvested at 9 h p.i.; RNA was isolated from the cell 
lysate by phenol extraction and the polyadenylated fraction 
was isolated by oligo(dT)-cellulose chromatography. A sample 
of RNA extracted from MHV-AS9-infected Sac(-) cells also 
grown in the presence of actinomycin D but labeled with 
32p04 was added as a marker and the preparation was elec
trophoresed in a 1% agarose-6M urea gel. RNA bands were 
visualized by autoradiography of the wet gel. Bands corres
ponding to RNAs 3, 6 and 7 were excised, melted and phenol
extracted. RNAs recovered after ethanol precipitation were 
analyzed in a 1% agarose slab gel af§Zr glyoxal-dimethyl
sulfoxide de~aturation. A sample of P-labeled unfraction
ated poly(A) RNA from infected cells was run as a marker 
in an adjacent lane of the gel. Other details are given in 
ref.IS. 

of RNA7. Similarly, RNA I and RNA2 were obtained pure, but in the 
preparation of the RNAs 4 and S, which were excised from the urea 
gel and processed together, a significant amount of RNA7 was also 
detectable, probably due to aggregation (results not shown). 

Translation of the RNAs in oocytes of Xenopus laevis 

The RNAs thus obtained were microinjected into Xenopus oocytes 
which were subsequently incubated in the presence of 35S-methionine. 
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Figure 6. Electrophoretic 
analysis of the transla
tion products of MHV-A59 
specific RNAs 3,6 and 7. 
Oocytes were injected 
'yith RNA or with inj ec
tionmedium gnly , la
beled with 3 S-methio
nine, and subsequently 
homogenized. Samples of 
the homogenates were ta
ken for direct analysis 
in a 12.5% polyacryla
mide gel. Other samples 
were used to prepare 
immunoprecipitates. 
These were run in the 
same gel. Proteins of 
MHV-A59-infected Sac(-) 
cells precipitable with 
the same antiserum, us
ing mouse preimmune 
serum as a control, as 
well as 3H- labeled pur
ified virion proteins 
were run for compari
son. The molecular 
weights are indicated in 
thousands. For other de
taj] s see ref. 18. 

The oocytes were homogenized and samples of the homogenates were 
analyzed directly by SDS-polyacrylamide gel electrophoresis. Only 1n 
one case when oocytes were injected with RNA7 the synthesis of a 
novel, presumably viral, polypeptide was observed as shown in Fig.6. 
Its molecular weight was estimated to be 54,000. In all other cases 
no such polypeptides were detected above the background of endogenous 
Xenopus proteins as is illustrated for RNA3 (Fig.6). 
We have also done immunoprecipitation on the homogenates of oocytes 
injected with the virus-specific RNAs. The immune complexes were 
analyzed by electrophoresis in a SDS-polyacrylamide gel (Fig.6). 
Injection of oocytes with RNA7 resulted in the detection of three 
virus-specific polypeptides: one predominant polypeptide of about 
54,000 daltons that had already been observed 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 RNA6. Since this pre
paration contained significant amounts of contaminating RNA7, the 
appearance of the RNA7-specific polypeptides among the translation 
products was to be expected. However, three other polypeptides were 
detected having estimated molecular weights of 24,000, 25,500 and 
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26,500, the latter two of which were dominant. Injection with RNA3 
gave rise to the synthesis of one virus-specific product with an 
estimated molecular weight of 150,000. No translation products of 
RNAs I, 2 and 4+5 were found, except that in the immunoprecipitate 
of the translation products of RNA 4+5 the products of the contami
nating RNA7 appeared. The antiserum used came from mice that had 
survived MHV-A59-induced hepatitis, but the same results were ob
tained when the immunoprecipitations were carried out with an anti
serum obtained from rabbits that had been immunized with desinte
grated purified MHV-A59 virions. This implies that the virus-specific 
translation products described above are related to the structural 
proteins of MHV-A59. 

Characterization of translation products 

The electrophoretic mobilities in SDS-polyacrylamide gels of 
the polypeptides synthesized in oocytes in response to RNAs 3, 6 
and 7 were compared with those of the MHV-A59 structural proteins 
and with the virus-specific proteins found in infected cells. (Fig. 
6.). The 54,000 dalton polypeptide encoded by RNA7 co-electrophoresed 
with the presumed nucleocapsid protein (27, 28), a phosphoprotein 
(26), and with a protein of the same size prominent in MHV-A59-in
fected cells. After immunoprecipitation of the 54,000 translation 
product two new polypeptides appeared. This phenomenon was also 
observed with the corresponding protein present in infected cells 
(Fig.6) and with 32P-Iabeled virion nucleocapsid protein (data not 
shown). A similar degradation during immunoprecipitation has been 
described for the nucleocapsid protein of strain JHM (23).Apparently 
the nucleocapsid protein is subject to proteolytic degradation even 
though protease inhibitors were present in the reaction mixture. 
These data indicate that RNA7 encodes the nucleocapsid protein. 

The 24,000, 25,500 and 26,500 molecular weight polypeptides trans
lated from RNA6 comigrated with the lower molecular weight proteins 
found in purified MHV-A59. Their relative intensities also seemed to 
correspond. In vitro iodination of purified virus using the lactoperoxi
dase-catalyzed reaction showed all three proteins to be present in the 
viral envelope (unpublished data). They might be different forms of 
the same protein differing in their degree of glycosylation. 

No counterpart of the 150,000 dalton translation product of 
RNA3 is present among the virion structural proteins. However, this 
polypeptide had the same electrophoretic mobility as one of the 
polypeptides that can be immunoprecipitated from homogenates of in
fected Sac(-) cells with an antiserum directed against the viral 
structural proteins. This protein is a glycopeptide containing a 
protein moiety of about 110,000 daltons. 

Even though a more detailed characterization of the trans
lation products described is required, these data together clearly 
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prove that at least three of the seven MHV-A59 sUbgenomic RNAs are 
functional messengers. It is not yet clear why no virus-specific 
translation products were observed upon injection of Xenopus oocytes 
with RNAs I, 2 and 4+5. One reason might be that these RNAs do not 
encode viral structural proteins and that their products therefore 
were not immunoprecipitated. In addition, the amounts of the RNAs 
injected into the oocytes, or their efficiencies of translation may 
have been too low. To overcome these problems we have scaled up the 
RNA preparation procedure, hoping that injection of saturating quan
tities of the messengers will allow the detection of products even 
without immunoprecipitation as was already possible with RNA7. 

UV TRANSCRIPTION MAPPING OF THE TARGET SIZES FOR THE MHV-A59 
SUBGENOMIC RNAs 

UV irradiation of RNA induces uracil dimers (13); UV trans
cription mapping is based on the assumptions that a) formation of 
one dimer is a sufficient barrier to stop the transcription of the 
RNA chain at that point; b) repair is slow or absent; c) the number 
of hits at a given dose rate will be proportional to the time of 
irradiation, and to the length of the template (target size). If an 
RNA is synthesized as a precursor molecule, or if its synthesis is 
dependent on prior transcription of the other RNAs, a UV target size 
greater than its physical size will be found. If, on the other hand, 
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Effect of UV irradiation on the overall synthesis of virus
specific RNA in MHV-A59 infected Sac(-) cells. Actinomycin D
treated cells were irradiated with UV light (254 nm) at a 
dose rate of 50 erg.sec- l .mm-2 at 6h p.i. and then labeled 
with 100~Ci/ml 3H-uridine, from 6h 5min to 6h 35min p.i. 
in the presence of 1 pg/ml actinomycin D. Background in
corporation ill uninfected cells ( 6.6 to 7.7% of the incorpo
ration of the unirradiated control) was subtracted to calcu
late the remaining virus-specific RNA synthesis at the vari
ous UV doses. Other details are given in ref. 9a. 
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the synthesis of a RNA is initiated independently, the physical size 
will be the same as the UV target size of its template. The efficacy 
of UV mapping to determine the size of transcription templates for 
the mRNAs of a number of RNA viruses is well documented (21). 

UV inactivation of total MHV-A59-specific RNA synthesis 

To determine the target size for the intracellular sub genomic 
RNAa of MHV-A59, infected cells were UV-irradiated at 6h p.i., the 
time when virus-specific RNA synthesis starts to increase sharply 
(see Fig. 3). Almost all RNA synthesized in infected cells between 
6 and 8 h p.i. is present in nucleocapsid or polyribosomes (see 
Fig. 3), and we assume that by this time most of the negative 
strand templates for the synthesis of viral RNA and mRNAs have been 
synthesized. Fig.7 shows the effect of increasing UV doses on the 
synthesis of virus-specific RNA synthesized in the 30 min after 
irradiation. An average of one hit per RNA template, corr~~ponding 
to 37% survival, was reached at an UV dose of 3500 erg.mm . The 
shape of the dose-response curve indicates a mUlticomponent character 
of the template. The same curve was obtained when the labeling was 
started at 6h 35min p.i., indicating that there was no repair in 
the first half h after UV irradiation. 

Target sizes for the templates of the individual virus-specific 
RNAs 

To determine the effect of UV radiation on the synthesis of 
the individual RNAs, they were extracted from the cells and sepa
rated by agarose gel electrophoresis. The resulting fluorograph 
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Agarose gel electrophoresis of the virus-specific RNAs syn
thesized bet\-leen 6h 5min and 6h 35min p. i. in MHV-A59 infec
ted cells, exposed to increasing doses of UV irradation. 
Lanes contain RNA extracted from equal numbers of cells. 
Denatured nucleic acids were electrophoresed in a urea
containing gel and detected by fluorography. The positions 
of the seven virus-specific RNAs are indicated. 
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(Fig.8) indicates that the smaller the RNA, the more resistant its 
synthesis to UV. The RNA bands were cut from the gel to quantitate 
the amounts of RNA synthesized. The result of such an experiment is 
shown in Fig.9. 

Using the data from Fig.9 the target sizes were calculated 
(Table 3). There is an almost perfect agreement between the target 
size of the template of RNAs 1 to 5 and the physical sizes of these 
RNAs. This fit is less perfect for RNA 6 and 7, which could be due 
to a lack of measuring points for the irradiation times between 60 
and 240 sec. 

The results of these experiments strongly argue that the trans
cription of RNAs 1 to 7 is initiated independently. They do not, 
however, allow conclusions concerning the physical size of the 
template(s), i.e. whether transcription of the sUbgenomic RNAs 
occurs on a genome-sized template or on several subgenomic nega
tive-stranded RNAs. 
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Fig. 9. Effect of increasing doses of UV irradiation on the syn
thesis of the intracellular RNAs of MHV-A59. Cells were 
infected, UV irradiated, and labeled as described in the 
legend of Fig. 7. RNAs were extracted from the cells and 
separated by electrophoresis (see Fig. 8); RNA bands were 
cut out of the gel and dissolved by boiling in 0.5 ml of 
water. RNA4 and 5 were processed together. Liquid scintil
lation fluid was added and the amount of radioactivity was 
determined. The graphs were fitted by linear regression 
analysis. The correlation coefficients (r) varied between 
0.97 and 1.00. 
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Table 3. Comparison of the molecular weights of the 
MHV-A59 intracellular RNAs and the UV target
sizes of the templates for these RNAs 

RNA 

I 
2 

K x T a) 

-I 
(sec ) 

-2 3.57xI0_ 2 

Target size b) 
of template 

. c) 
RNA s~ze 

(daltons of RNA x 10-6) 

3 
4+5 
6 

2.52xI0_2 
1.94xI0_2 
0.90xI0_2 
0.94xI0_ 2 
0.62xIO 

(5.6) 
3.9 
3.0 
1.4 
1.5 
0.97 

5.6 
4.0 
3.0 

1. 2-1.4 
0.9 
0.6 7 

a) K x T was calculated from the relationship In~Nt/No)= 
-K x Txt, where Nt is the incorporation of H-uridine 
into RNA after t seconds of UV irradiation; No is the 
RNA synthesis in the unirradiated culture; T is the tar
get size and K is a constant. The calculation was made 
from the data points illustrated in Fig. 9, using linear 
regression analysis. The value of K was calculated as 
6.38 x 10-9 sec-I by substituting a value of 5.6 x 106 
for the target size of RNAI. 

b) Using this value of T the target sizes for the other 
RNAs were calculated. 

c) The molecular weights of the denatured virus-specific 
RNAs were determined by agarose gel electrophoresis (24). 

REPLICATION STRATEGY OF MHV-A59 

Our data leave little doubt that a hitherto undescribed mecha
nism is involved in the replication of coronaviruses. In the Balti
more classification system (I) the coronaviruses would belong to a 
new subdivision of class IV, consisting of positive-stranded, non
segmented, single-stranded RNA viruses inducing mUltiple sUbgenomic 
RNAs in infected cells. Evidence that these RNAs are mRNAs comes from 
their polyadenylation and the presence in polyribosomes. Moreover 
three RNAs could be translated in Xenopus laevis oocytes. 

Since the sum of the molecular weights of the six sUbgenomic 
RNAs is 11.1 x 106 , almost twice that of the genome, sequence homo
logies should exist between these RNAs. We have speculated that all 
sUbgenomic RNAs and the genome share a homologous region at their 
3'-termini.(Fig.10). Direct proof for this assumption is still 
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5' 3' M.W. x 10.6 RNA 

"v 5.6 

"v 4.0 2 

"v 3.0 3 

"v 1.4 4 

V 1.2 5 

~ 0.9 6 

-'V 0.6 7 

t Poly tAl 

Fig. 10. A model for the sequence homology between mouse hepatitis 
mRNAs. 

lacking. Some corroboration comes from work by Stern and Kennedy on 
the avian infectious bronchitis virus (25). Six major polyadenylated 
virus-specified RNAs were found in infected cells. The molecular 
weights of these RNAs roughly correspond to those found by us for 
the MHV-A59 mRNAs with the exception that RNA2 was not detected 
in the avian system. The authors also provide evidence that the 
sequence of each RNA is contained within the sequences of all 
larger RNA species and refer to preliminary observations that the 
sUbgenomic RNAs share the 3'-end of the genome. 

If the model would be correct it could easily explain the size 
of the translation products of RNAs 3, 6 and 7 by making one fur
ther assumption i.e. that only that 5 ' -terminal part of an RNA 
not present in the next smaller RNA is translated and that internal 
initiation of translation does not occur. Thus, only the 1.6 x 106 
daltons 5'-terminal region of RNA3 (3.0 x 106 daltons) should be 
expressed yielding a translation product with a molecular weight 
of at most about 160,000. Similarly, a polypeptide of up to 30,000 
daltons is predicted to be obtained from the 0.3 x 106 daltons 5'
terminal part of RNA6 (0.9 x 106 daltons), and RNA7 (0.6 x 106 dal
tons) is supposed to act as a monocistronic messenger, coding for 
a protein with a maximum size of about 60,000 daltons. 

Although the Xenopus oocyte translation products should 
be characterized more thoroughly, they are in good agreement with 
the data for MHV-JHM of Siddell et al.(23). There seems to be little 
doubt that RNA6 codes for the smaller glycoprotein and RNA7 for the 
nucleocapsid protein. 

The results of the UV transcription mapping experiments exclude 
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that the sUbgenomic RNAs are processed or spliced from a common pre
cursor. The data are consistent with the independently initiated 
transcription of a genome-sized negative-stranded template or a num
ber of smaller templates. A further characterization of the negative
stranded template(s) will discriminate between these two models. 
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