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Seven virus-specific, polyadenylated RNA species have been identified in mouse cells
infected with the murine coronaviruses MHV-A59 (A59V) or MHV-JHM (JHMV). MHV-
infected 17CL-1 cells were labeled with [*PJorthophosphate in the presence of actino-
mycin D and the cytoplasmic RNA was extracted and analyzed by agarose gel electro-
phoresis. These RNA species range in size from 6.3 X 10° to 6.1 X 10° daltons. The A59V
and JHMV-gpecific RNAs have identical molecular weights and comigrate in agarose gels.
The largest intracellular RNA species is identical to RNA isolated from purified virions,
as determined by agarose gel electrophoresis and oligonucleotide fingerprint studies of
ribonuclease T, digests. Oligonucleotide fingerprints of the six subgenomic RNAs show
that the sequences they contain are present in virion RNA, confirming their virus-specific
nature. The fingerprinting studies also demonstrate that the six subgenomic RNA species
make up a nested set. The sequences present in each RNA species are also present in all
larger RNA species. These larger RNAs also contain additional sequences consistent with
their greater size. The subgenomic RNAs fulfull many of the criteria for mRNAs. Possible

mechanisms for generating these RNAs are discussed.

INTRODUCTION

Coronaviruses are widespread in nature
and have been associated with several dis-
eases in infected hosts (Robb and Bond,
1979a). Coronaviruses are defined as pleo-
morphic enveloped particles about 100 nm
in diameter which have characteristic bul-
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bous projections on their surface, bud
through the endoplasmic reticulum rather
than the plasma membrane, and contain
RNA (Tyrell et al., 1978). Several studies
of coronavirus genomic RNA have been
reported (Lomneczi, 1977; Lomneczi and
Kennedy, 1977; Yogo et al., 1977; Lai and
Stohlman, 1978; Macnaughton and Madge,
1978; Schochetman et al., 1977, Tannock
and Hierholzer, 1978; Guy and Brian, 1979;
Wege et al., 1978). These studies have in-
dicated that the coronavirus genome is
a large (5.4-81 X 10° daltons) single-
stranded RNA which is polyadenylated
and is infectious. These properties identify
the coronaviruses as positive-stranded
RNA viruses.

In contrast to the data obtained on co-
ronavirus virion RNA, few data have been
published on intracellular coronavirus-
specific RNA. Mishra and Ryan (1973) re-
ported that porcine kidney cells infected
with transmissible gastroenteritis virus
(TGEV) contained actinomycin D-resis-
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tent RNA species which sedimented be-
tween 18 and 28 S. Robb and Bond
(1979b) have studied murine hepatitis virus
(MHV)-infected cells and found that de-
proteinized RNA from virus-specific poly-
somes sedimented between 10 and 28 S.
RNA in this size range was recently dem-
onstrated to code for two MHYV structural
proteins (Siddell et al., 1980). Stern and
Kennedy (1980a,b) have identified six vi-
rus-specific RNA species in cells in-
fected with avian infectious bronchitis
virus (IBV).

We have been studying the virus-spe-
cific RNA species synthesized in cells in-
fected with two strains of MHV:MHV-A59
(A59V) and MHV-JHM (JHMV). JHMV is
highly neurotropic and produces an en-
cephalomyelitis with demyelination in its
natural host, the mouse (Bailey et al,
1949). A59V is weakly neurotropic (Robb
et al., 1979). We have been investigating
the replication of these viruses in the hope
of eventually understanding the molecular
mechanisms by which JHMYV produces de-
myelination.

We report here the identification of
seven major MHV-specific intracellular
RNA species. These RNAs have been char-
acterized by agarose gel electrophoresis,
poly(U) Sepharose affinity chromatogra-
phy, and oligonucleotide fingerprinting.

MATERIALS AND METHODS

Materials. [*H]Uridine was obtained
from New England Nuclear and [*P}-
orthophosphate (carrier free) from New
England Nuclear, Amersham, or ICN.
Phenol was obtained from Mallinckrodt
and redistilled prior to use. Actinomycin
D and ribonuclease T, (Sankyo) were pur-
chased from Calbiochem and hexadecyl-
trimethylammonium bromide (CTAB) and
poly(U) Sepharose from Sigma. Glyoxal
was purchased from Fisher Chemicals as
a 40% solution and deionized by the
method of McMaster and Carmichael
(1977) before use. Methyl mercuric
hydroxide was purchased from Alpha
Chemicals, low melting point agarose from
Bethesda Bioresearch Laboratories, stan-
dard low M, agarose from Bio-Rad, linear
polyacrylamide from British Drug House,

and proteinase K from Beckman Chemi-
cals. Acrylamide, xylene cyanol FF, and
bromphenol blue were obtained from
Eastman Chemical. Hydroxylapatite (HA;
DNA grade) was obtained from Bio-Rad
and prepared as described by Stern and
Kennedy (1980a).

Cells. The origin and growth of the mu-
rine cell line 17CL-1 has been previously
described (Sturman and Takemoto, 1972;
Bond et al., 1979). HeLa cells were ob-
tained from Dr. John Holland and grown
in 32-0z. prescription bottles in Dulbecco’s
modified Eagle’s medium with 10% calf
serum.

Virus. The origin and growth of A59V
and JHMYV virus stocks have been de-
scribed (Robb and Bond, 1979b). For ex-
periments 17CL-1 cells were removed from
the glass substrate with 0.1% twice crys-
tallized trypsin in Puck’s saline A supple-
mented with 0.01 M Tris (pH 8.1) and
0.1% EGTA [ethyleneglycol-bis(8-amino
ethyl ether)-N,N'tetraacetic acid], re-
suspended in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum
(DME10), centrifuged at 500 g for 2 min
and resuspended in medium containing
2% fetal bovine serum (DME2). Sufficient
virus was added to give a multiplicity of
infection (m.o.i.) between 0.1 and 0.15
plaque forming units/cell. Virus adsorp-
tion was at 37° for 30 min. Following ad-
sorption the cells were centrifuged at 500
g for 2 min, resuspended in DME pre-
warmed to 37°, and plated into 35-mm (1.5
X 10° cells/dish), 60-mm (5 X 10° cells/
dish), 100-mm (1.5 X 107 cells/dish), or 150-
mm (4-5 X 107 cells/dish) plastic culture
dishes and further incubated at 37°. For
most experiments utilizing [*PJortho-
phosphate as label the cells were re-
suspended and plated in phosphate-free
DME-2.

The strain of mengovirus used was that
described by Plagemann and Swim (1966).
Virus stocks were grown in 17CL-1 cells
infected at an m.o.i. of 10™* PFU/cell.

Vesicular stomatitis virus (VSV), Indi-
ana serotype, was kindly supplied by Dr.
John Holland. The virus was grown in
BHK-21 cells infected at an m.o.i. of 10~*
PFU/cell.
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Adenovirus type 2 (Ad2) was obtained
from Dr. Marshall Horwitz and grown in
HeLa cell monolayers infected at an m.o.i.
of 1-5 PFU/cell.

Extraction of intracellular RNA. Cyto-
plasmic extracts of infected or mock-in-
fected 17CL-1 cells were prepared using
NP-40 (Borun et al., 1967). Monolayers
were rinsed once with cold phosphate-
buffered saline (PBS), scraped into cold
reticulocyte standard buffer (RSB, 0.01 M
Tris, pH 7.4, 0.01 M NaCl, 0.0015 M MgCl,)
with a rubber policeman and transferred
to a tube containing sufficient NP-40 to
give a final concentration of 1%. The cell
suspension was vortexed gently, incubated
on ice for 5 min, vortexed again, and the
nuclei removed by centrifugation at 1500 g
for 2 min. The cytoplasmic extract was
adjusted to 1% SDS, 0.4 M NaCl, 0.01 M
EDTA, and 1.0 mg/ml proteinase K and
incubated at 50° for 5 min and at room
temperature for an additional 25 min. The
RNA was then extracted with phenol chlo-
roform (Robb and Bond, 1979b) and pre-
cipitated with 3 volumes of ethanol at
—20° in the presence of 50 ug of yeast car-
rier tRNA.

Preparation of MHV virion RNA.17CL.
1 cells were infected with A59V or JHMV
in phosphate-free DME2 as described
above. Following virus adsorption the cells
were plated in 100- or 150-mm culture
dishes and incubated at 33°. At 4 hr post-
infection (hpi) [%2PJorthophosphate was
added to a concentration of 100-1000 uCi/
ml. At 16-18 hpi the cell-associated virus
was released by two cycles of freeze thaw-
ing and the resulting lysate clarified by
centrifugation at 10,000 g for 30 min at 4°.
Virus was concentrated by centrifugation
for 60 min at 35,000 rpm in the SW40 rotor
through a 0.5-ml pad of 15% (w/w) potas-
sium tartrate in MSE buffer (0.01 M mor-
pholinopropane sulfonic acid, 0.15 M NaCl,
0.001 M EDTA, pH 6.8). The virus pellets
were resuspended by sonication in 0.5 ml
of MSE buffer, layered onto a 12 ml gra-
dient of 5-25% (w/w) potassium tartrate
in MSE buffer, and centrifuged at 35,000
rpm for 45 min in the SW40 rotor. The
gradient was fractionated and the virion
peak located by counting aliquots of each
fraction. For the preparation of highly

purified virus this material was diluted
with MSE, layered on a 9 ml 10-40% (w/
w) potassium tartrate gradient, and cen-
trifuged in the SW40 rotor at 37,000 rpm
for 4 hr. The gradient was fractionated,
aliquots were counted, and the peak of ra-
diolabeled virus collected. This material
had a buoyant density between 1.19 and
1.17 g/ecm®. The virus was diluted with
MSE buffer, pelleted at 45,000 rpm for 30
min in the SW50.1 rotor, and resuspended
by sonication in 1 ml of MSE buffer. Virion
RNA was extracted in a similar manner
to intracellular RNA and precipitated
with ethanol after the addition of 50 ug
of carrier tRNA.

Virion RNA for fingerprinting was pre-
pared by a slightly different procedure.
Virus was concentrated and banded on a
5-25% potassium tartrate gradient and
this partially purified virus was diluted
with MSE buffer, pelleted in the SW50.1
rotor, and the RNA was extracted and pre-
cipitated with ethanol as described above.
The RNA was collected by centrifugation,
dried under a stream of nitrogen, and dis-
solved in 0.1 ml of SDS buffer (0.01 M Tris,
0.01 M NaCl, 0.001 M EDTA, 0.1% SDS,
pH 7.4). It was then overlaid on a 5-ml 10~
30% (w/w) sucrose in SDS buffer gradient
and centrifuged at 46,000 rpm for 107 min
at 20° in the SW50.1 rotor. The gradient
was fractionated and the peak of 48 S vi-
rion RNA (Robb and Bond, 1979b) located
by counting aliquots of each fraction.
These fractions were pooled, adjusted to
0.4 M NaCl and precipitated with ethanol
in the presence of 100 ug of tRNA carrier.
This material was used for fingerprinting
studies and was homogeneous upon ana-
lytical electrophoresis.

Isolation of poly(A)-containing RNA. In-
tracellular RNA was extracted and pre-
cipitated with ethanol as described. The
polyadenylated RNA species were isolated
by affinity chromatography over poly(U)
Sepharose as described by Wilt (1977).

Agarose Gel Electrophoresis

1. Analytical electrophoresis. Agarose
gel electrophoresis following glyoxal de-
naturation was essentially as previously
described (McMaster and Carmichael,
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1977). Nucleic acids were recovered from
ethanol by centrifugation, dried under a
stream of nitrogen and dissolved in glyoxal
buffer. RNA or DNA was reacted with
glyoxal at 50° for 5 min followed by an
additional 55 min at room temperature.
Samples were electrophoresed at 100 V for
4 hr in horizontal slab gels containing 0.7,
0.8, or 1.0% agarose, 0.01 M phosphate
buffer, pH 7.0, 0.002 M EDTA. When ap-
propriate, the gels were strained with ac-
ridine orange and the positions of rRNA
were marked with stainless-steel wire
clips inserted into the gel. The gels were
fixed in ethanol, dried under vacuum, and
exposed to Kodak XR film at room tem-
perature.

To quantitate the individual RNA spe-
cies present in cytoplasmic extracts two
methods were used. Autoradiographs were
prepared with two exposure times to en-
sure linearity of the film and scanned with
a densitometer (E. C. Corporation). The
area under the peaks was quantitated by
cutting out and weighing tracings of the
scans. Alternatively, the regions of the gel
corresponding to the bands present in the
autoradiographs were excised and the
amount of RNA present in the band was
quantitated by liquid scintillation count-
ing. These methods gave similar results.
Molar ratios of RNA species were ealcu-
lated by dividing the counts per minute or
weight of paper in each peak by its mo-
lecular weights X 107® and normalizing all
values such that the major RNA species,
RNAT (see Results), was set at 100.

2. Preparative electrophoresis. Labeled
intracellular RNA was extracted from 1.2
X 108-1.6 X 108 cells, the poly(A)-contain-
ing RNA species selected by affinity chro-
matography, and then electrophoresed in
gels containing 1% low melting point aga-
rose. Two gel systems were used. In
initial experiments the phosphate buffer
system used for analytical agarose elec-
trophoresis was employed without prior
denaturation of the RNA with glyoxal and
dimethyl sufoxide (McMaster and Car-
michael, 1977). Electrophoresis was for 4
hr at 100 V. The above conditions did not
reproducibly allow ecomplete resolution of
all virus-specific RNA species. Later ex-
periments employed methyl merecury de-

naturation of the RNA and electrophore-
sis in agarose gels containing 5 mM methyl
mercuric hydroxide (Bailey and Davidson,
1976). Electrophoresis was at 100 V for 6
hr in a horizontal 1% low melting point
agarose gel. Following electrophoresis, the
majority of the methyl mercury was re-
moved from the gel by soaking in two
changes of 750 ml sterile 0.5 M ammonium
acetate (Bailey and Davidson, 1976).

For both gel systems RNA species were
located by autoradiography of the wet gels
wrapped in Saran. Agarose strips corre-
sponding to the bands seen in the auto-
radiographs were cut from the gel with a
flamed scalpel and placed in tightly capped
screw top tubes. RNA was recovered from
gels by melting the agarose at 70° for 5
min. Five milliliters of a slurry of HA,
prewarmed to 37°, was added to each tube.
Samples containing methyl mercury had
2-mercaptoethanol added to a concentra-
tion of 1% . The mixture was cooled to 37°,
HA was collected by centrifugation, and
washed twice with Tris acetate buffer (10
mM Tris, 20 mM sodium acetate, 5 mM
EDTA, pH 7.3) in a 37° warm room to re-
move the liquified agarose. For samples
which had been treated with methyl mer-
cury, the Tris acetate buffer was supple-
mented with 1% 2-mercaptoethanol. The
HA was resuspended in 5 ml of Tris ace-
tate buffer and transferred to ethanol-
washed disposable columns (Quick-sep,
QS-Q obtained from Isolab) placed in heat
sterilized 16 X 125-mm culture tubes. The
culture tubes containing the columns were
centrifuged at 1000 g for 10 min at room
temperature to remove the Tris acetate
buffer. The RNA was eluted from HA col-
umns by two washes of 1.0 ml of 0.4 M
sodium phosphate, 1 mM EDTA (pH 7.0y
which were similarly forced from the col-
umns by centrifugation at 1000g for 10
min. The phosphate eluates were pooled
and the RNA precipitated with CTAB as
described by Stern and Kennedy (1980a).
The CTAB precipitates were dissolved in
0.2 ml of 50 mM Tris, pH 7.4, containing
1 M NaCl and 1 mM EDTA and the RNA
precipitated with 1.0 ml of ethanol.

Ribonuclease T, fingerprinting. RNA
was recovered from ethanol by centrifu-
gation, dissolved in 0.1 ml of sterile water,
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transferred to a sterile 1.5-ml Eppendorf
centrifuge tube, and the water was evap-
orated with a stream of nitrogen. The
RNA was digested with 10 xl of ribonu-
clease T, (1 mg/ml) in 10 mM Tris, pH 7.6,
at 37° for 30 min. Ten microliters of a so-
lution containing 5 M urea, 50% sucrose,
0.1% bromphenol blue, and 0.1% xylene
cyanol FF was added to the digestion prod-
ucts. The RNase T,-resistent oligonucleo-
ties were separated by two-dimensional
polyacrylamide gel electrophoresis as de-
scribed by Stern and Kennedy (1980a) with
the following modification. After electro-
phoresis in the first dimension the gel
strips were washed for 25 min with two
changes of 100 mM Tris borate buffer con-
taining 2.5 mM EDTA, pH 8.3, prior to
pouring the second dimension gel (Lee et
al., 1979).

Following electrophoresis the gels were
wrapped with polyethylene sheets and ex-
posed at —70° to Kodak XR film in the
presence of Cronex lightning plus (Du-
Pont) intensifying screens (Laskey and
Mills, 1977). Exposures ranged from 2 days
to 3 weeks.

Preparation of molecular weight
markers. Mengovirus was purified from
infected 17CL-1 cells labeled with
[*?Plorthophosphate from 4 to 16 hpi. The
culture fluids were clarified by centrifu-
gation at 10,000 g for 30 min. Sodium do-
decyl sulfate was added to the clarified
fluids to a econcentration of 0.1% and the
virus pelleted through a 1.5-ml 30% su-
crose pad by centrifugation at 25,000 rpm
in the SW 27.1 rotor for 3 hr at 20°. The
virus was resuspended in 1 ml of 0.01 M
Tris buffer, pH 7.4, layered onto a 16-ml
cesium chloride gradient (1.2-1.4 g/cm?®)
and centrifuged overnight in the SW27.1
rotor at 24,000 rpm. The gradient was frac-
tionated, aliquots were counted and the
peak of radioactive virus at a density of
1.34 g/cm?® was pooled. This material was
diluted with 0.01 M Tris, pH 7.4, and pel-
leted in the SW50.1 rotor at 45,000 rpm for
1 hr. The pelleted virus was resuspended
in 0.01 M Tris buffer, the RNA deprotein-
ized with SDS and proteinase K, extracted
with phenol chloroform, and precipitated
with ethanol. The RNA was collected by

centrifugation and prepared for analytical
electrophoresis.

VSV RNA was prepared from VSV-
infected BHK 21 cells labeled with
[*2PJorthophosphate from 2 to 16 hpi. Cul-
ture fluids were clarified by centrifugation
at 10,000 g for 30 min. VSV was pelleted
from the clarified supernate by centrifug-
ing in the SW40 rotor at 37,000 rpm for
1 hr, the virus pellet was taken up in 0.01
M Tris buffer, pH 7.4, the RNA deprotein-
ized with SDS and proteinase K, and pre-
cipitated with ethanol. This VSV RNA
preparation was used as a molecular
weight marker without further purifica-
tion although it was contaminated with
significant amounts of 28 S and 18 S RNA.

HeLa cells were infected with Ad2 and
labeled with [*3PJorthophosphate from 16
to 40 hpi. Infected cells were scraped from
the substrate, pelleted by centrifugation,
and resuspended in 1 ml of 0.01 M Tris, pH
8.1. The cells were disrupted by sonication
and the labeled virus was purified as pre-
viously described (Horwitz, 1971). The pu-
rified virus was diluted with 0.01 M Tris,
pH 8.1, and pelleted by centrifugation at
37,000 rpm for 1 hr. The virus was resus-
pended in 1 ml of 0.01 M Tris buffer (pH
7.4), extracted with phenol (Petterson and
Sambrook, 1973), and the DNA precipi-
tated with ethanol. The DNA was re-
covered from ethanol by centrifugation
and denatured with glyoxal prior to elec-
trophoresis.

Ribosomal RNA was purified from cy-
toplasmic extracts of 17CL-1 or BHK-21
cells which were labeled for 24 hr with
[(**Plorthophosphate. SDS was added to
cytoplasmic extracts to a final concentra-
tion of 1% and the 18 and 28 S rRNA were
purified by centrifugation through 5-30%
(w/w) sucrose gradients (containing 0.01
M Tris, 0.01 M NaCl, 0.001 M EDTA, 0.1%
SDS, pH 7.4) at 87,000 rpm for 4 hr in the
SW40 rotor at 20°. The 28 and 18 S peaks
were located by counting aliquots of the
gradients, treated with proteinase K and
extracted with phenol chloroform. The
RNA was precipitated with ethanol, col-
lected by centrifugation, and denatured
with glyoxal prior to electrophoresis.

Escherichia coli rRNA was purchased
from Miles Biochemicals and denatured
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FiG. 1. Kinetics of actinomycin D-resistant
[*H]uridine incorporation. 17CL-1 cells were infected
with A59V, JHMV, or mock-infected, resuspended in
DMES2, seeded in replicate 35-mm dishes, and incu-
bated at 37°. At 1 hr intervals postinfection actino-
mycin D was added to 5 ug/ml to triplicate dishes.
The dishes were incubated for 15 min and then la-
beled for 1 hr with 5 uCi/ml of [*HJuridine. At the
end of the labeling period the dishes were removed
from the incubator, washed twice with cold phos-
phate-buffered saline (PBS), scraped from the dishes
into cold PBS, and frozen at —20°. The samples were
thawed 24 hr later and the amount of trichloroacetic
acid precipitable radioactivity determined. The re-
sults are expressed as the mean of triplicate samples.
The amount of radioactivity incorporated into mock
infected dishes (about 2000 cpm) has been sub-
stracted from the values shown.

with glyoxal prior to electrophoresis. The
16 and 23 S rRNAs were located following
electrophoresis by staining with acridine
orange and their locations marked with
wire clips inserted in the gel.

RESULTS

Kinetics of Actinomycin D-Resistant [*H]-
Uridine Incorporation

Robb and Bond (1979b) have shown that
MHV-gpecific RNA synthesis is resistant
to actinomycin D. We have taken advan-
tage of this to determine the kinetics of
MHV-specific RNA synthesis by assaying
the incorporation of [*Hluridine (in the
presence of actinomycin D) into acid-pre-
cipitable material. 17CL.1 cells were in-

fected with JHMV, A59V, or mock infected
and at hourly intervals replicate dishes
were incubated for 15 min with actino-
mycin D and then labeled for 1 hr in the
presence of the drug. The results of this
experiment are shown in Fig. 1. After an
initial lag phase of 3 hr in A59V-infected
cells and 5 hr in JHMV-infected cells, ac-
tinomycin D-resistant uridine incorpora-
tion increases exponentially until 7 hpi,
when it plateaus. These results are con-
sistent with the one step growth curves of
these two viruses (Bond et al., 1979). In
view of the above results, we routinely la-
beled cells from 4 to 8 hpi in subsequent
experiments.

Identification of MHV-Specific RNA Spe-
cres

A59V, JHMYV, and mock-infected cells
were labeled with [*2PJorthophosphate
from 4 to 8 hpi in the presence of acti-
nomycin D. The cytoplasmic RNA was ex-
tracted, denatured with glyoxal, and an-
alyzed by electrophoresis on an agarose
gel (Fig. 2). Seven RNA species, designated
1-7 in decreasing order of size, were re-
producibly present in JHMV- and A59V-
infected cells. JHMV-infected cells syn-
thesize less RNA5 than A59V-infected
cells (Table 1). Although the band repre-
senting JHMV-specific RNAS5 is barely vis-
ible in Fig. 2 (lane J), this RNA species
could be seen with a longer exposure of the
autoradiograph, was reproducibly present
in infected cell extracts, and can be better
seen in Fig. 6. In addition, three minor
RNA species were often observed, al-
though not in every experiment. The larg-
est of these RNAs migrated between RNAs
3 and 4 just faster than 28 S rRNA. Two
minor RNAs migrating faster than RNA7
were also sometimes observed. These RNAs
were not studied extensively due to diffi-
culty in preparing sufficient material and
their inconsistent appearance. No discrete
bands were identified in mock-infected ex-
tracts. The largest MHV-specific RNA,
RNA 1, coelectrophoreses with virion RNA
and represents the intracellular form of
the genome. In contrast to the size differ-
ences we have observed between A59V-
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FIG. 2. Electrophoretic analysis of A59V- and
JHMV-specific intracellular RNAs. Sixty-millimeter
dishes of A59V, JHMV, or mock-infected 17CL-1 cells
were labeled from 4 to 8 hr postinfection with 300
«Ci of [**Plorthophosphate in the presence of 5 ug/
ml actinomycin D. The cytoplasmic RNA was ex-
tracted, precipitated with ethanol, denatured with
glyoxal, and analyzed by electrophoresis through a
0.8% agarose gel as described under Materials and
Methods. Lane V represents RNA extracted from
purified JHMV virions. Lanes A, J, and M represent
the RNA from A59V and JHMYV and mock-infected
cells, respectively. The positions and designations of
the MHV-specific RNAs are indicated by the numbers
on the right-hand side of the figure.

and JHMV-specific proteins (Bond et al,,
1979), A59V- and JHMV-specific RNAs co-
migrate in agarose gels. The amount of
virus-specific RNA synthesized in A59V-

infected cells is, however, about 30%
greater than that synthesized in JHMV-
infected cells as determined by the
incorporation of [*Hluridine or [®PJor-
thophosphate into acid-insoluble cyto-
plasmic material in the presence of acti-
nomycin D.

The Molecular Weights of MHV-Specific
Intracellular RNA

The molecular weights of MHV-specific
RNA species 1-7 were determined by aga-
rose gel electrophoresis with appropriate
molecular weight markers. Glyoxal de-
naturation allows the use of DNA as well
as RNA size markers (MecMaster and Car-
michael, 1977). A plot of the log,, molec-
ular weight against electrophoretic mo-
bility is shown in Fig. 3. A linear
relationship was obtained over a molecu-
lar weight range of 5.5 X 10°-1.15 X 10".
The molecular weights obtained for the
seven major MHYV specific RNAs are shown
in Table 1.

Cytoplasmic RNA was extracted from
infected cells labeled from 4 to 8 hpi and
analyzed by agarose gel electrophoresis.
The relative molar amounts of the indi-
vidual MHV-specific RNAs were quanti-
tated as described under Materials and
Methods. The results are shown in Table
1. A59V- and JHMV-infected cells synthe-
size virus-specific RNA species in similar

TABLE 1

THE SI1ZE AND RELATIVE MOLAR AMOUNTS OF MHV-SPECIFIC RNA

Relative molar amounts®

RNA Molecular
species weight AB9V JHMV
Virion RNA 6.1 X 10° — —
RNA 1 6.1 X 10° 3.33 (1.48-4.20) 1.50 (0.66-2.26)
RNA 2 3.4 X 108 2.00 (1.31-2.81) 292 (2.63-3.24)
RNA 3 2.6 X 10° 3.24 (2.83-5.16) 5.23 (3.32-6.92)
RNA 4 1.2 X 10° 3.09 (1.0-4.52) 1.69 (1.14-2.21)
RNA 5 1.08 X 10° 11.0 (7.7-22.5) 0.86 (0.23-1.80)
RNA 6 8.4 X 10° 326 (26.5-38.1) 315 (24.7-46.3)
RNA 7 6.3 X 10° 1060 100

% The data presented are the mean of five determinations of preparations labeled from 4 to 8 hr postinfection.

The range of values observed is in parentheses.
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F1G. 3. Determination of the molecular weights
of MHV-specific intracellular RNAs. [®P]Ortho-
phosphate-labeled RNA was extracted from A59V-
and JHMV-infected cells, precipitated with ethanol,
and gliyoxylated as described under Materials and
Methods. Mengovirus, VSV, 18 and 28 S rRNA, ade-
novirus DNA, and E. coli 16 and 23 S rRNA were
used as molecular weight markers. They were pre-
pared for electrophoresis as described under Mate-
rials and Methods. A59V RNA, JHMV RNA, and the
molecular weight markers were electrophoresed in
parallel lanes of a 0.7% agarose slab gel. The posi-
tions of the E. coli rRNAs were determined by stain-
ing with acridine orange. The positions of the other
nucleic acids were determined by autoradiography
of the dried gel. A linear regression plot of the log;,
of the molecular weights versus the distance mi-
grated of the marker nucleic acids (@) was drawm.
The positions of the MHV-specific RNAs are indi-
cated by arrows.

ratios with one exception. The relative
amount of RNA5 synthesized in JHMV-
infected cells is about one-tenth of that
synthesized in cells infected with A59V.
This was a consistent finding in multiple
experiments.

Kinetics of Appearance of MHV-Specific
RNA Species

To determine if there is temporal reg-
ulation of MHV-gpecific RNA synthesis,
replicate cultures of A59V, JHMV, or
mock-infected cells were pulse labeled for
1 hr at hourly intervals and the intracel-
lular RNA was extracted and analyzed by
gel electrophoresis. The results for A59V-
infected cells are shown in Fig. 4. Virus-
specific RNA synthesis was barely detect-
able in infected cells labeled from 3 to 4
hpi. RNAs 4, 5, 6, and 7 were the only spe-

cies present in detectable quantities at
this time. At later times all A59V-specific
RNA species were synthesized coordi-
nately with respect to time. Virus-specific
RNA synthesis was maximal in this ex-
periment at 5-6 hr and then declined.
The results of a similar experiment with
JHMYV are shown in Fig. 5. Virus-specific
RNA synthesis was first detected at 4-5
hpi. At this time all RNA species were
present in detectable amounts although
only RNAs 6 and 7 are visible in the pho-
tograph. At later times all of the JHMV-
specific RNA species were easily detect-
able and were synthesized coordinately.

Affinity Chromatography of MHV-Specific
RNA on Poly(U) Sepharose

RNA extracted from A59V, JHMV, and
mock-infected cells was fractionated by
chromatography over poly(U) Sepharose
and then analyzed by gel electrophoresis
(Fig. 6). The seven major MHV-specific
RNAs were present in the material which
bound to the poly(U) Sepharose (Pool 2).
In addition, the two minor MHV-specific
RNA species smaller than RNA 7 were
also present in this pool. These RNAs
are therefore presumably polyadenylated.
That this is the case was confirmed by ri-
bonuclease T, fingerprinting (see below).
The RNA which did not bind to poly(U)
Sepharose (Pool 1) consists of a hetero-
geneous mixture of RNA species. Discrete
bands which coelectrophoresed with MHV-
specific RNAs were present superimposed
on a smear of heterogeneous material.

Ribonuclease T, Oligonucleotide Finger-
print Studies

The sum of the molecular weights of the
six subgenomic RNA species exceeds the
molecular weight of the genome by ap-
proximately 50%. To investigate this ob-
servation further, the seven major MHV-
specific RNAs were purified and compared
to each other and to virion RNA using
the technique of ribonuclease T; finger-
printing.

The individual RNA species and virion
RNA were purified from cells labeled with
[**Plorthophosphate as described under



MHV-SPECIFIC INTRACELLULAR RNAs 47

Materials and Methods. The purified RNAs
were digested with ribonuclease T, and the
resulting oligonucleotides separated by
two-dimensional gel electrophoresis. The
results are shown in Figs. 7 and 8. Poly(A)
tracts are seen as streaks in the upper left
hand corner of the fingerprints of A59V
and JHMY virion RNAs. This eonfirms the
findings of others (Yogo et al., 1977; Lai
and Stohlman, 1978; Wege et al., 1978) that
the MHV genome is polyadenylated. The
seven major A59V- and JHMV-specific in-
tracellular RNAs are also polyadenylated.

A comparison of the fingerprints of the
seven A59V-specific intracellular RNAs
with each other and with A59V virion
RNA reveals several things. The finger-
print of the largest intracellular RNA,
species 1, is almost identical to that of
virion RNA. There are, however, several
oligonucleotides which are underrepre-
sented in the fingerprint of RNA1 as com-
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FIG. 4. The kinetics of A59V-specific RNA synthe-
sis. 17CL-1 cells were infected with A59V or mock-
infected, resuspended in DME2, and seeded in rep-
licate 60-mm dishes and incubated at 37°. At 1-hr
intervals individual dishes were removed from the
incubator, media removed, washed twice with phos-
phate-free DMEZ2, and then incubated for 15 min in
phosphate-free DME2 containing 5 ug/ml actino-
mycin D. The cells were then labeled for 1 hr with
250 uCi/ml [**Plorthophosphate and the eytoplasmic
nucleic acids were then extracted and precipitated
with ethanol. The RNA was collected by centrifu-
gation, glyoxalated, and electrophoresed on a 1%
agarose gel. The times of labeling are indicated in
the figure. The lane containing RNA from mock-in-
fected cells is labeled M.

e dily

F1G. 5. The kinetics of JHMV-specific RNA syn-
thesis. 17CL.1 cells were infected with JHMV or
mock-infected, labeled at 1-hr intervals, and pre-
pared for electrophoresis as described in Fig. 4. The
times of labeling are indicated in the figure. Nucleic
acids from mock-infected cells were run in lane M.

pared to virion RNA (open triangles, Fig.
7, panel 1), as well as an oligonucleotide
which is overrepresented in the finger-
prints of RNA1 (closed triangle) and RNAs
6 and 7 (see below). All the oligonucleo-
tides contained in RNA species 2 are pres-
ent in RNA species 1 and are a subset of
these oligonucleotides. Similarly, the fin-
gerprint of RNA species 3 is a subset of
the fingerprint of RNA species 2. An ex-
amination of the fingerprint of RNA spe-
cies 4 reveals a new spot which is not pres-
ent in any of the other A59V-specific RNAs
(arrow in Fig. 7, panel 4). The remaining
oligonucleotides observed in RNA species
4 are a subset of the larger RNA species.
The fingerprint of RNA species 5 also con-
tains a spot which is not present in any
other RNA species (arrow in Fig. 7, panel
5). The remaining oligonucleotides in RNA
species 5 are contained in the fingerprints
of the larger RNA species. The fingerprint
of RNA species 6 is a subset of that of
RNA species 5. Similarly, all the oligo-
nucleotides of RNA species 7 are contained
in RNA species 6. However, one oligonu-
cleotide (closed triangle, panels 6 and 7)
is overrepresented in RNAs 6 and 7 when
compared to virion RNA and RNAs 2, 3,
4, and 5. This oligonucleotide has the same
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FIG. 6. Analysis of poly(A)-containing RNA. 17CL.
1 cells were infected with A59V, JHMV, or mock-
infected, seeded in 100-mm dishes in phosphate-free
DME2, and labeled with [**Plorthophosphate, 500
uCi/ml, in the presence of 5 pg/ml actinomycin D
from 4 to 8 hr postinfection. Cytoplasmic extracts
were prepared and the nucleic acids extracted and
precipitated with ethanol. The nucleic acids were
dissolved in a buffer containing 1 mM Tris, 360 mM
NaCl,1 mM EDTA, 0.5% SDS, pH 7.4, chromato-
graphed over poly(U) Sepharose as described by Wilt
(1977), and fractionated into two pools. Pool 1 was
not retained by the column; pool 2 contains the RNA
which bound to the poly(U) Sepharose. Both pools
were precipitated with ethanol after the addition of
carrier tRNA, collected by centrifugation, glyoxal-
ated, and analyzed by electrophoresis on a 0.8%
agarose gel. The positions of rRNAs are marked by
wire clips.

electrophoretic mobility as the oligonucle-
otide which is overrepresented in RNA1
and presumably is identical with it.

An analysis of the data obtained with
JHMV (Fig. 8) reveals similar results.
RNALI is essentially identical to genomic
RNA isolated from purified virions with
the exception of an oligonucleotide which
is underrepresented in RNA1 (open tri-
angle). The six subgenomic JHMV-specific
RNAs form a nested set as described above
for the A59V specific RNA species, how-
ever, as for A59V, one oligonucleotide
(closed triangle) is markedly overrepre-
sented in RNAs 6 and 7 when compared
to RNAs 2-5. The fingerprint of RNA spe-
cies 4 contains a spot which is not present
in any other JHMV-specific RNA (arrow
in Fig. 8, panel 4). The reason for the

overrepresentation of some oligonucleo-
tides and the underrepresentation of oth-
ers in these fingerprints is unclear at
present. The spots which are underrep-
resented in RNA1 when compared to vi-
rion RNA disappear in RNA 2. These may
represent oligonucleotides from the 5’ end
of the genome which are selectively lost
during the poly(U) Sepharose selection in
the purification of RNA1. A more exten-
sive analysis of the structure of MHV
RNA should clarify this point.

A comparison of the fingerprints of
A59V and JHMYV virion RNAs shows only
10 to 20% sequence homology between
these two viruses. This is in contrast to
data obtained by hybridization analysis
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FIG. 7. Oligonucleotide fingerprints of A59V-spe-
cific RNA. A59V virion (panel V) and intracellular
RNASs (panels 1-7) were purified as described under
Materials and Methods. The purified RNAs were di-
gested with RNAse T, and the resulting oligonucle-
otides separated by two-dimensional electrophoresis
and autoradiographs prepared as described under
Materials and Methods. Only the portion of the au-
toradiographs which contains oligonucleotides mi-
grating more slowly than the xylene cyanol dye
marker is shown. The positions of the bromphenol
blue dye markers are idicated by asterisks. Unique
spots are indicated by arrows.
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which indicates 75% homology between
the two genomes (Weiss and Leibowitz, in
press) and the serologic cross reactions
obtained with antisera to these viruses
(Bond et al., 1979). This discrepancy is not
surprising since T, fingerprinting detects
single base changes and will underesti-
mate the degree of homology.

DISCUSSION

The data presented above indicate that
MHV-infected cells synthesize at least
seven virus-specific RNAs. The largest of
these RNAs, RNA1, is nearly identical to
virion RNA, as judged by oligonucleotide
fingerprinting. The oligonucleotides of the
six subgenomic RNAs, RNAs 2-7, are con-
tained in the virion RNA. They are there-
fore of the same polarity as the virion
RNA. Oligonucleotide fingerprints of these
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FiG. 8. Oligonucleotide fingerprints of JHMV-spe-
cific RNA. JHMV virion (panel V) and intracellular
RNAs (panels 1-7) were purified as described under
Materials and Methods. The purified RNAs were di-
gested with RNAse T,, the oligonucleotides separated
by two-dimensional electrophoresis, and autoradio-
graphs prepared. The positions of the bromphenol
dye marker are shown by asterisks. Unique spots are
indicated by arrows.

genome + RNA 1 B'abcdefghijkAAAY

RNA 2 defghijkAM
ANA 3 efghijkAM
RNA 4 g hijk AAA
ANA 5 hij k AAA
RNA 6 i j k_AAA
RNA 7 i k AAA

FIG. 9. A possible model of the sequence arrange-
ment of MHV-specific RNAs.

RNAs show them to make up a nested set
in which any RNA contains the sequences
present in any other smaller RNA plus
additional sequences consistent with its
larger size. Similar data have been ob-
tained with another coronavirus, IBV
(Stern and Kennedy, 1980a). A “Northern
blot” analysis using representative and
short 3’ specific cDNA probes indicates
that the six subgenomic RNAs share se-
quences at their 3' ends (Weiss and Lei-
bowitz, in press). Furthermore, Stern and
Kennedy (1980b) have established a 5' to
3’ oligonucleotide spot order for the IBV
genome. Their data show that the IBV sub-
genomic RNAs form a nested set with
common 3’ ends. Taken together, these
data suggest that the MHV-specific sub-
genomic RNAs map from the 8’ end of the
genome in a similar manner to IBV. A
possible model of this arrangement is
shown in Fig. 9.

It is unlikely that any of the six sub-
genomic RNAs are defective interfering
RNAs. The stock virus used in these ex-
periments was 3 passages (A59V) or 4 pas-
sages (JHMYV) removed from cloning by
limiting dilution (Robb and Bond, 1979b).
The low m.o.i. used to grow virus stocks
(10~* PFU/cell) and to initiate infections
in these experiments (0.1-0.15 PFU/cell)
selects against the generation of defective
interfering particles. Furthermore, after
10 serial undiluted passages of A59V and
JHMYV in 17CL.1 cells, the RNA gel pat-
tern observed is unchanged from early
passage virus (Leibowitz, unpublished
dataj.

The six subgenomic RNAs are almost
certainly mRNAs. They are polyadenyl-
ated, as expected of mRNAs, and Robb and
Bond (1979) have shown that multiple
MHV-specific RNA species spanning the
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size range of the subgenomic RNAs 2-7
are present on polysomes of infected cells.
Furthermore, Siddell et al. (1980) have re-
cently demonstrated that polyadenylated
RNA isolated from JHMV-infected cells
can be translated in vitro. Using sucrose
gradients they were able to partially re-
solve 17 and 19 S JHM V-specific RNA spe-
cies. Their in vitro translation studies sug-
gest that the 17S RNA codes for the
60,000-dalton virion nucleocapsid protein
(Sturman, 1977; Wege et al., 1979), while
the 19 S RNA codes for the 23,000-dalton
virion glycoprotein (Sturman, 1977; Wege
et al., 1979). The relatively large amounts
of these two RNAs and their sedimenta-
tion properties suggest that they corre-
spond to RNAs 6 and 7. This has recently
been confirmed by the in vitro translation
of gel purified RNA (Leibowitz and Weiss,
in press; van der Zeijst, in press). Van der
Zeijst has also demonstrated that RNA3
codes for the 150,000-dalton protein de-
scribed by Bond et al. (1979). This protein
is the intracellular counterpart to the pe-
plomer protein described by Sturman
(1977) and Sturman and Holmes (1977). Of
the five nonstructural proteins described
by Bond et al. (1979), the 57,000- and
54,000-dalton proteins have been shown to
have similar tryptic maps to the nucleo-
capsid protein (Leibowitz, unpublished
data) and are presumably translated from
the same mRNA. This leaves the three
other nonstructural proteins described by
Bond et al. (1979) and possibly a fourth
nonstructural protein which has been de-
scribed by Siddell et al. (1979) to be as-
signed to RNAs 2, 4, and 5. The in vitro
translation of all the MHV-specific RNA
species and appropriate characterization
of the resulting products will be required
for completion of these coding assign-
ments.

Finally, the question arises about how
the subgenomic RNAs are synthesized.
Three mechanisms are possible. In the
first mechanism, a full length negative
strand copy is made from the positive
strand genomic RNA. Each subgenomic
RNA species is then separately tran-
scribed from this negative strand tem-
plate. This model would involve internal
initiation of transcription. The subge-

nomic 26 S RNA of alphaviruses is gen-
erated in this manner (Brzeski and Ken-
nedy, 1978). The second mechanism, again,
involves the synthesis of a full length neg-
ative strand copy of the genome. This is
then transcribed to a full length positive
strand RNA. The subgenomic RNAs are
then derived by nucleolytic cleavage of
this full length positive strand RNA. In
the third model, the subgenomic RNAs are
each transcribed from subgenomic nega-
tive strand templates. These templates
could originate by nucleolytic cleavage of
genome length negative strand RNA or by
internal termination of transcription. We
have been unable to demonstrate any
RNase-resistant, and therefore presum-
ably double-stranded, RNAs in infected
cells. Present data are not sufficient to
distinguish between these three models or
a combination of them. Further experi-
ments using ultraviolet mapping of tran-
scription initiation sites and the use of
positive strand probes to identify negative
strand templates may elucidate the mech-
anism of transeription of ecoronavirus-spe-
cific RNA.
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