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The temporal sequence of coronavirus plus-strand and minus-strand RNA synthesis was determined in
17CL1 cells infected with the AS9 strain of mouse hepatitis virus (MHV). MHV-induced fusion was prevented
by keeping the pH of the medium below pH 6.8. This had no effect on the MHYV replication cycle, but gave 5-
to 10-fold-greater titers of infectious virus and delayed the detachment of cells from the monolayer which
permitted viral RNA synthesis to be studied conveniently until at least 10 h postinfection. Seven species of
poly(A)-containing viral RNAs were synthesized at early and late times after infection, in nonequal but constant
ratios. MHV minus-strand RNA synthesis was first detected at about 3 h after infection and was found
exclusively in the viral replicative intermediates and was not detected in 60S single-stranded form in infected
cells. Early in the replication cycle, from 45 to 65% of the [*H]uridine pulse-labeled RF core of purified MHV
replicative intermediates was in minus-strand RNA. The rate of minus-strand synthesis peaked at 5 to 6 h
postinfection and then declined to about 20% of the maximum rate. The addition of cycloheximide before 3 h
postinfection prevented viral RNA synthesis, whereas the addition of cycloheximide after viral RNA synthesis
had begun resulted in the inhibition of viral RNA synthesis. The synthesis of both genome and subgenomic
mRNAs and of viral minus strands required continued protein synthesis, and minus-strand RNA synthesis was

three- to fourfold more sensitive to inhibition by cycloheximide than was plus-strand synthesis.

Coronaviruses are enveloped RNA viruses that replicate
in the cytoplasm of infected cells. The best-studied member
is mouse hepatitis virus (MHYV). Coronavirus assembly (9),
molecular biology, and pathogenesis (23) have recently been
reviewed. The coronaviruses possess a continuous plus-
strand RNA genome of 5.4 x 10° to 6.9 X 10° daltons that is
capped at its 5’ end and contains a poly(A) sequence at its 3’
end (12, 13, 22, 27). Coronaviruses resemble two other
families of plus-strand RNA viruses, the picornaviruses and
the alphaviruses, in their intracellular synthesis of virus-
encoded, RNA-dependent RNA polymerases (5, 8), which
are not found in the virion-associated form (7).

The coronavirus plus-strand genome serves as a template
for the synthesis of a negative-strand RNA (12), which then
serves as a template for transcription of progeny genome
RNA and, depending on whether the virus is an avian or
mammalian coronavirus, for transcription of five or six
subgenomic mRNAs (25-27, 30). The subgenomic mRNAs
form a nested set of molecules which are 3’ coterminal (6, 27,
31). Several models (11, 24) for transcription of these
mRNAs have been proposed to explain the findings that the
UV target size is proportional to the length of each mRNA
(10) and that there is present in each mRNA a common 5’
leader sequence (12, 26).

We determined the temporal sequence and protein synthe-
sis requirements for the synthesis of coronavirus plus-strand
and minus-strand RNA. Brayton et al. (5) reported that only
minus-strand synthesis was detectable in vitro with extracts
of MHYV (strain A59)-infected cells harvested at 1 h postin-
fection (p.i.), and only plus-strand synthesis was detectable
in extracts of cells harvested at 6 h p.i. They concluded that
coronavirus minus-strand synthesis was temporally distinct
from that of plus-strand synthesis. If confirmed, this pattern
would be unique among the plus-strand viruses.
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MATERIALS AND METHODS

Cells and virus. Seventeen clone one (17CL1) mouse cells
and the AS9 strain of MHV (28) were kindly provided by
Lawrence S. Sturman. 17CL1 cells were grown in Dulbecco
modified Eagle medium containing 5% fetal bovine serum, 5%
tryptose phosphate broth, 500 U of penicillin per ml, and 100
U of streptomycin per ml. MHV was twice plaque purified in
17CL1 cells and grown in 17CL1 cells. High-titer stocks of
MHYV were prepared by infecting confluent monolayers of
17CL1 cells with MHV diluted in pH 6.8 DMEM [Dulbecco
modified Eagle medium containing 740 mg of sodium
bicarbonate per liter, 10 mM N-1-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid, 10 mM 2-(N-morpholino)ethane-
sulfonic acid] containing 5% fetal bovine serum and 5%
tryptose phosphate broth. The cells were not rinsed before
infecting them. After an adsorption period of 1 h at 37°C, the
inoculum was removed, and the cells were fed with pH 6.8
DMEM supplemented with 5% fetal bovine serum and 5%
tryptose phosphate broth. One day after infection the
supernatant was clarified by centrifugation at 10,000 x g for
10 min at 4°C and stored on ice or at —80°C. Titers were
determined by plaque assay on monolayers of 17CL1 cells in
60-mm petri dishes overlaid with medium containing 0.1%
Gelrite (Kelco, San Diego, Calif.). Titers of 5 x 108 PFU/ml
were routinely obtained.

Radiolabeling and isolation of MHV RNA. 17CL1 cells in
35-, 60-, or 100-mm petri dishes were infected with MHV as
described above with a multiplicity of infection of 50 to 100
PFU per cell. After the adsorption period, the infected cells
were fed with pH 6.8 DMEM supplemented with 5% fetal
bovine serum. The cells were fed with medium that con-
tained 2 pg of actinomycin D (a generous gift of Merck Sharp
& Dohme, West Point, Pa.) per ml 1 or 2 h before labeling
with [*H]uridine (34 Ci/mmole; ICN Radiochemicals, Irvine,
Calif.) in the continued presence of actinomycin D. At the
end of the labeling period, the [*H]uridine-containing me-
dium was removed, the monolayer was washed with phos-
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phate-buffered saline, and the cells were solubilized in a
small volume of NET buffer (0.1 M NaCl, 0.001 M EDTA,
and 0.01 M Tris hydrochloride, pH 7.2) containing 5%
sodium dodecyl sulfate. The solubilized cell extracts were
passed through a 21-gauge needle and layered onto 15 to 30%
sucrose gradients and centrifuged at 20°C in an SW27 rotor
at 20,000 rpm for 16 h, which pelleted the 60S viral RNA, or
for 12 h, which placed the 60S viral RNA one-third from the
bottom of the tube. Alternatively, the solubilized cells were
deproteinized by extraction with 2 volumes of phenol fol-
lowed by 2 volumes of chloroform.

Chromatography on sepharose 2B and CF-11 cellulose. The
viral RN A was separated according to size by chromatogra-
phy on Sepharose 2B columns (1.5 by 90 cm; Pharmacia,
Uppsala, Sweden) as previously described (19). Before
chromatography the extracted RNA was treated with 10 pg
of DNase (RNase free; Bethesda Research Laboratories,
Inc., Gaithersburg, Md.) per ml in 50 mM sodium acetate
(pH 6.5)-10 mM MgCl,-2 mM CaCl, for 30 min at 37°C,
followed by the addition of EDTA to 50 mM and sodium
dodecyl sulfate to a final concentration of 1%. Viral replica-
tive intermediate (RI) and replicative form (RF) eluted in the
void volume and was collected by ethanol precipitation in
the presence of unlabeled carrier tRNA.

Chromatography of viral RIs and RFs on CF-11 cellulose
columns (Whatman, Inc., Clifton, N.J.) has been described
before (21). Briefly, columns of CF-11 cellulose in 3-ml
plastic syringes (2.5 ml of CF-11 cellulose) were extensively
washed with STE buffer (0.1 M NaCl, 0.05 M Tris hydro-
chloride [pH 6.8], 10 mM EDTA) containing 1% beta-
mercaptoethanol followed by 35% ethanol-STE buffer. After
application of the RNA sample, which had been adjusted to
35% ethanol in STE buffer, the columns were washed
sequentially with 35% ethanol-STE (15 ml) and with 15%
ethanol-STE (15 ml) before elution of the RF RNA with STE
buffer alone (9 ml). The RF RNA was ethanol precipitated in
the presence of 25 ug of carrier tRNA. Viral RIs which had
been obtained by chromatography of cell extracts on Seph-
arose 2B, were treated with 0.02 or 0.4 ug of RNase A per ml
at 25°C for 15 min in 0.15 M NaCl-0.01 M Tris hydrochloride
(pH 7.4) before being chromatographed on CF-11 cellulose.
Determination of the amount of alkali-resistant radioactivity
in RNA preparations employed incubation of the samples at
37°C for 16 h in 0.3 M KOH and collection on filters of the
acid-insoluble radioactivity.

Determination of MHV minus-strand RNA synthesis. The
procedures used for measuring MHV minus-strand RNA
were similar to those described for detection of alphavirus
minus-strand synthesis (20, 21). Purified, unlabeled, virion
plus-strand RNA was dissolved after ethanol precipitation in
1 mM EDTA at a concentration of 1 mg/ml (25 units of
absorbancy at 260 nm per mg) and stored at —20°C in small
samples. Viral RF RNA was obtained either as described
above or from infected cell RNA which had been extracted
with phenol and chloroform, treated with RNase A, and
chromatographed twice on CF-11 cellulose. Hybridization of
the RF RNA, which was denatured by heating at 100°C for 3
to 5 min followed by quick cooling at 0°C, was at 68 to 70°C
for 30 min, followed by an incubation of 30 min at 25°C. The
annealing reaction employed 10 pg of unlabeled purified
virion plus-strand RN A and was performed in a final volume
of 1 ml of 0.4 M NaCl-1 mM EDTA.

RESULTS

The time course of viral RNA synthesis of 17CL1 cells
infected with 100 PFU of the A59 strain of MHV per cell is

CORONAVIRUS RNA SYNTHESIS 329

shown in Fig. 1. Before 3 h p.i., viral RNA synthesis could
not be detected above the level of incorporation of
[*H]uridine observed in mock-infected 17CL1 cells. Begin-
ning at about 3 h p.i., the rate of viral RNA synthesis
increased until about 5 h p.i. Decreasing the multiplicity of
infection to 5 PFU/cell delayed by about 1 h the time at
which viral RNA synthesis was first observed. At about 6 h
p.i., cell fusion began to occur, and by 8 to 9 h p.i. the giant,
multinuclear cells were sloughed from the monolayer. We
found that we could prevent MHV-induced cell fusion by
maintaining the pH of the culture medium below neutrality.
This was accomplished by using one-fifth of the regular
concentration of sodium bicarbonate in Dulbecco modified
minimum essential medium and keeping the CO, level at
10%. The data presented in Fig. 1 demonstrate that lowering
the pH did not affect viral RNA synthesis in 17CL1 cells, but
did extend the time during which viral RNA synthesis could
be conveniently assayed. Under conditions of lowered pH,
the rate of viral RNA synthesis during the late period
remained approximately constant (Fig. 1). The rate of viral
RNA synthesis in infected cells maintained in pH 7.2 me-
dium was the same as in pH 6.8 medium until about 8 h p.i.,
when the rate of viral RNA synthesis declined (Fig. 1). The
production of infectious virus did not appear to be affected
by preventing MHV-induced cell fusion and occurred at the
same time in pH 6.8 medium as it did in pH 7.2 medium.
However, infected cells maintained at pH 6.8 continued to
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FIG. 1. Time course of MHV RNA synthesis at pH 7.2 or 6.8.
Cultures of 17CL1 cells in 35-mm petri dishes were infected with
MHV (multiplicity of infection of 100) and maintained at 37°C in
medium at pH 7.2 (O) or at pH 6.8 (@) as described in Materials and
Methods. The cultures were labeled with [*H]uridine for 60-min
periods between 1 and 11 h p.i., and the cells were solubilized in
NET buffer with sodium dodecyl sulfate. The acid-insoluble radio-
activity in 1/10 of the sample was determined (——). The protein
content in 1/10 of each sample was determined by the method of
Lowry et al. (15), and the acid insoluble radioactivity expressed per
0.1 mg of protein (-----).
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release MHYV for a longer time and produced higher titers of
MHYV than did cells maintained at pH 7.2. Thus, MHV
resembles avian infectious bronchitis (1) and transmissible
gastroenteritis (18) viruses in their ability to grow to higher
titers at low pH. The results which follow were obtained
with low-pH conditions.

‘We determined the relative proportion of synthesis of the
viral genome RNA and the subgenomic mRNA species
during different periods of the MHV replication cycle. Sim-
ilar to the results published by Leibowitz et al. (14), we
found seven species of MHV RNA by acid-urea-agarose gel
or by formaldehyde-agarose electrophoresis of oligo (dT)
cellulose-selectable RNA or total RNA from MHV-infected
cells that had been pulse-labeled with 32P; or with [*H]uridine
(data not shown). No incorporation of [*H]uridine into 60S
genomic or subgenomic RNA was detected before 2 to 3 h
p.i. In our laboratory the A59 strain of MHV synthesized
approximately as much 60S RNA on a weight basis as
subgenomic RNA.

We next determined when minus-strand RN A was synthe-
sized in the MHYV replication cycle. Because of the report by
Brayton et al. (5), we were especially careful to look for
minus-strand RNA synthesis early in the infection. MHV-
infected cells were pulse-labeled with [*H]uridine for 1-h
periods between 1 and 8 h p.i. The total cell extract was
analyzed by rate zonal centrifugation on sucrose gradients.
The radiolabeled RNA sedimenting at 60S was collected by
ethanol precipitation, and the 60S RNA was allowed to
anneal to an excess of unlabeled virion plus strands. Less
than 1% of the radiolabeled RNA sedimenting at 60S was
protected from RNase A digestion (Table 1). However,
when purified viral RF RNA obtained from MHV-infected
cells labeled with [*H]uridine from 2.5 to 6 h p.i. (see below)
was denatured and annealed under identical conditions, 45%
of the radiolabel was protected from RNase A digestion
(data not shown). We conclude that at no time in the
infectious cycle did MHV-infected cells contain significant
amounts of genome-length, single-stranded, minus-strand
RNA. Therefore, purification and analysis of the viral dou-
ble-stranded RIs was undertaken to determine the kinetics of
virdl minus-strand synthesis.

We found that cells infected with our stocks of MHV
synthesized large amounts of genome-sized 60S RNA, and
that this RNA coeluted with the viral RIs in the void volume
fractions of Sepharose 2B, Sepharose 2B-CL, or Ultrogel A2

TABLE 1. Absence of single-stranded 60S minus-strand RNA¢

60S MHV RNA RF RNA (cpm)
Time .
p.i. (h) Total Assayed Minus strand Total Minus
(cpm) (cpm) cpm % strand
1to2 5,183 1,024 4 0.5 0 0
2to3 1,741 485 0 <0.1 0 0
3t04 15,438 2,328 21 1.0 0 0
4t05 163,402 2,747 21 0.8 455 189
5to6 423,332 6,887 14 0.2 868 385
7to8 245,042 7,111 9 0.2 1,575 132

“ Cultures of 17CL1 cells in 60-mm petri dishes were infected at a
multiplicity of infection of 100 with MHV strain A59 and were treated with
actinomycin D (2 pg/ml) beginning at 1 h p.i. Pulses of 1 h were givea with
[*H]uridine (200 wCi/ml) as described in Materials and Methods. The 60S
RNA was recovered after rate zonal centrifugation on sucrose gradients; the
RF RNA was obtained after RNase treatment of 40 to 10S RNA and
chromatography on CF-11 cellulose. Hybridization was as described in
Materials and Methods.
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FIG. 2. Formaldehyde agarose gel electrophoresis of MHV RNA
species. MHV-infected cells were labeled with 1 mCi of **P per ml
in phosphate-free medium for 1 h at 6 h p.i. in the presence of 10 pg
of actinomycin D per ml. The cells were solubilized in NET buffer
with 5% sodium dodecyl sulfate and layered onto 15 to 30% sucrose
gradients in NET buffer containing 0.2% sodium dodecyl sulfate and
centrifuged in an SW27 rotor at 20,000 rpm for 16 h at 20°C. The
gradient was fractionated into 1-ml fractions. Small samples of
fractions 2, 5, 10, 15, 20, 25, and 30 were diluted and made 50%
formamide and 2.2 M formaldehyde, heated to 55°C for 15 min, and
subjected to electrophoresis on 1% agarose gels in 2.2 M formalde-
hyde in 20 mM morpholinopropanesulfonic acid-5 mM sodium
acetate-2 mM EDTA (pH 7.3). The first lane shows size markers of
Semliki Forest virus 49S and 26S RNA.

columns (data not shown). Therefore, to separate the 60S
single-strand RNA from the partially double-stranded viral
RIs and to obtain an enrichment of the viral RIs, we first
fractionated the intracellular viral RNA species by sucrose
gradient centrifugation and pooled the region of the gradiént
containing the RIs. Figure 2 shows a formaldehyde-agarose
gel of various fractions of a sucrose gradient of *?P-labeled,
MHV-infected cell extracts. Fraction 37 was the top, and
fraction 1 was the bottom, of the gradient. The viral RIs and
RFs were identified as RNase A-resistant radioactivity and
were found to sediment between 40 and 10S (fractions 15 to
30 in Fig. 2). We then routinely used conditions of sedimen-
tation that resulted in the pelleting of the 60S RNA and that
clearly separated the RI region from the 60S RNA. When
infected cultures were pulsed for S min with [*H]uridine at 6
h p.i., 38% of the labeled RNA that sedimented between 40
and 10S was found to elute in the void volume of Sepharose
2B columns (data not shown); 52% of this labeled RNA was
resistant to digestion with RNase A, but it was completely
digestable with alkali. When rechromatographed, all of the
labeled RNA was again recovered in the void volume. The
S-min pulse-labeled viral RIs sedimented heterogeneously on
sucrose gradients, with a peak at about 26S, as reported
previously by Baric et al. (2). Their behavior during chro-
matography on CF-11 cellulose was also consistent with that
expected of an RI molecule: 40% of the labeled RNA eluted
in the 15% ethanol-STE fraction, and 60% eluted in the STE
fraction. However, pretreatment with low levels of RNase A
(0.4 pg/ml) resulted in all of the labeled RNA eluting in the
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FIG. 3. Kinetics of MHV minus-strand and plus-strand RNA
synthesis. Cultures of 17CL1 cells in 100-mm petri dishes were
infected with MHV (mulitiplicity of infection of 100). The cultures
were treated with actinomycin D (2 pg/ml) for 1 h before pulse-
labeling with [*H]uridine for 30 min starting at 3.5 h p.i. The viral RI
RNA was obtained by sedimentation on linear 15 to 30% sucrose
gradients and digested with RNase A. The RF RNA was obtained by
chromatography on CF-11 cellulose, heat denatured, and annealed
to an excess of unlabeled virion RNA as described in Materials and
Methods. The [*H]uridine-labeled RNA that was resistant to diges-
tion with RNase A after hybridization was considered to be minus-
strand RNA.

STE fraction, consistent with the formation of a completely
double-stranded RF molecule. Under these conditions,
DNA elutes in the 15% ethanol-STE fraction. By combining
DNase treatment before Sepharose 2B chromatography and
the use of CF-11 chromatography to further purify the viral
double-stranded RNA from DNA and single-stranded RNA,
we were able to isolate labeled minus strands as part of the
viral RIs or RFs. MHV-infected cells were labeled with
[*Hluridine from 2.5 to 6 h p.i., and the 40 to 10S RNA was
collected after sedimentation of infected cell extracts on
sucrose gradients and subjected to chromatography on
CF-11 cellulose. The labeled RFs represented about 1% of
the labeled RNA in the original infected extracts. Samples of
the purified RF RNA corresponding in amount to that
present in about 3 x 106 cells were analyzed in hybridization
assays with increasing amounts (1 to 50 pg/ml) of purified
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virion plus strands. Maximum amounts of hybridization (45
to 65% of the labeled RF RNA) were found when 5 pg or
more of plus-strand RNA per ml was used in each assay.
Since the labeling period encompassed essentially the entire
period of minus-strand synthesis, approximately 50% of the
total labeled RF RNA would be expected to be in minus-
strand RNA. Having successfully isolated MHV RIs and
RFs and detected viral minus-strand RNA in the amounts
expected, we next determined the kinetics of MHV minus-
strand synthesis.

Figure 3 presents the results of our investigation on the
kinetics of MHV minus-strand and plus-strand RNA synthe-
sis. Infected cultures were pulsed with [*H]uridine for
30-min periods between 3 and 8 h p.i. The viral RF RNA (1.4
to 3% of the total labeled viral RNA) was isolated by
chromatography on CF-11 cellulose. Beginning at about 3 h
p.i., the rate of incorporation of radiolabel into RF RNA
began to increase, and it paralleled the increase in the rate of
overall viral RNA synthesis. Minus-strand RNA synthesis
was detectable at 3 h p.i. and increased in proportion to the
labeling of RF RNA. The overall rates of viral RNA synthe-
sis (the vast majority of which was plus-strand RNA), of
accumulation of RF RNA, and of minus-strand synthesis
reached a maximum at about 6 h p.i. The rate of minus-
strand synthesis declined after 6 h p.i. to about 20% of the
maximum rate.

We next asked whether coronavirus RNA synthesis re-
quired continued protein synthesis. The effect of adding
cycloheximide at different times after infection on the rate of
synthesis of MHV RNA is shown in Fig. 4. Inhibition of
protein synthesis before 3 h p.i. prevented MHV RNA
synthesis, whereas inhibition of protein synthesis after 3 h
p.i. prevented the rate of MHV RNA synthesis from increas-
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FIG. 4. Effect of cycloheximide (CH) on MHV RNA synthesis.
17CL1 cells in 35-mm petri dishes (2.5 x 10° cells per dish) were
infected with MHV (multiplicity of infection of 100). The cultures
were pulse labeled with [*H]uridine (100 wCi/ml) for 60 min (O) in
the presence of actinomycin D (20 png/ml). At 3, 4, 5, and 6 h p.i.
(arrows), cycloheximide at 100 png/ml was added to sets of three
cultures. Each set of infected cultures was labeled for 60 min with
[*Hluridine in the presence of actinomycin D and cycloheximide at
the times indicated (@).
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ing. To determine whether the synthesis of the MHV
genomic 60S RNA was differentially sensitive to inhibition of
protein synthesis compared with the viral subgenomic
mRNA, infected cultures were treated with cycloheximide
beginning at 5 h p.i. and pulsed with [*H]uridine for 60-min
periods in the presence of cycloheximide between 5 and 7 h
p.i. Extracts of the infected cells were analyzed by formal-
dehyde-agarose gel electrophoresis (Fig. 5). Both the 60S
RNA and the subgenomic mRNA species were produced in
untreated cultures. With increased time of cycloheximide
treatment, diminished incorporation of radiolabel into all
viral plus-strand RNA species was found. There was an
approximately 50% reduction in the overall rate of RNA
synthesis for every 30 min of cycloheximide treatment. This
reduction was not due to the loss of cells from the monolay-
ers, since equal amounts of rRNA were present in extracts of
cells treated or not treated with cycloheximide. The synthe-
sis of all species of MHV mRNA was found to decrease
proportionally with increasing time of cycloheximide treat-
ment (Fig. 6). Thus, all species of MHV plus strands
appeared to be equally sensitive to inhibition by the protein
synthesis inhibitor.

The cycloheximide-treated cultures were also analyzed for

5

FIG. 5. Cycloheximide sensitivity of MHV plus-strand RNA
synthesis. MHV-infected cells were treated with 100 ug of cyclo-
heximide per ml at 5 h p.i. and labeled with [*H]uridine (100 wCi/ml)
for 1 h at S (lanes 1 and 3) and 6 (lanes 2, 4 and 5) h p.i. in the
presence (lanes 3, 4, and 5) or absence (lanes 1 and 2) of cyclohex-
imide. The cells were solubilized in NET buffer containing 5%
sodium dodecyl sulfate and extracted twice with phenol and twice
with chloroform. The RNA was ethanol precipitated, denatured
with 50% formamide-2.2 M formaldehyde at 55°C for 15 min, and
electrophoresed on 1% agarose gels containing 2.2 M formaldehyde.

Lane 5 is the same as lane 4, except the exposure was four times
longer.
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FIG. 6. Comparison of the cycloheximide sensitivity of MHV
minus-strand and plus-strand RNA synthesis. Cultures of 17CL1
cells were infected with MHV as described in Materials and Meth-
ods. Cycloheximide (100 pg/ml) was added to three cultures begin-
ning at 5 h p.i. The cultures were labeled with [*H]uridine (200
rCi/ml) for 30 min between 5 and 6.5 h p.i. The viral RNA was
resolved on 15 to 30% sucrose gradients. A, Incorporation obtained
in the 60S (A, A) and the 16S (O, @) regions of the gradients in
untreated (—) and cycloheximide-treated (-----) cultures. B, Incor-
poration of [*H]uridine into minus strands was determined as
described in the legend to Fig. 3 and in Materials and Methods for
untreated (@) and cycloheximide-treated (O) cultures.

their ability to continue minus-strand synthesis in the ab-
sence of continued protein synthesis. Cultures were infected
with MHV and were incubated at 37°C until 5§ h p.i., when
cycloheximide was added to one-half of the cultures. Pulses
of [PH]uridine were given for 30-min periods between 4.5 and
6 h p.i. to the untreated cultures and between 5 and 6.5 h p.i.
to the cycloheximide-treated cultures (Fig. 6). The rate of
synthesis of MHV 60S and 16S (RNA 4, 5, 6, 7) plus-strand
RNA declined at a linear rate with increasing time of
cycloheximide treatment, but continued to be synthesized at
a relatively constant rate in the absence of the protein
synthesis inhibitor (Fig. 6A). Moreover (Fig. 6B), coronavi-
rus minus-strand synthesis was inhibited by cycloheximide
treatment, and its synthesis appeared to be at least three
times more sensitive than was plus-strand RNA synthesis.
We conclude that both coronavirus plus- and minus-strand
synthesis required continued protein synthesis.

DISCUSSION

The results of our studies on MHV indicated that the
synthesis of both plus- and minus-strand RNA was first
detected beginning at about 3 h p.i. at 37°C. The synthesis of
both plus- and minus-strand RN A was observed to increase
between 3 and 5 h p.i. The increase in the number of minus
strands led to the accumulation of increased numbers of viral
RIs which were mostly engaged in plus-strand RNA synthe-
sis. At all times investigated, the synthesis of 60S genome
RNA was proportional in total incorporation to that of the
most prominent subgenomic mRNA, the 16S mRNA or
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mRNA 7. Since there is an approximate 10-fold difference in
the molecular weight of the 60S genome RNA and the 16S
mRNA (14), cells infected with our strain of MHV synthe-
sized 10 times more 16S mRNA than genome RNA and thus
synthesized 3 to 4 times more genome RNA than that
reported by Leibowitz et al. (14). The pattern of overall
MHV RNA synthesis was identical to that reported by
others, who found that the synthesis of viral mRNA species
first became detectable at 4 h p.i. with agarose gel electro-
phoresis (14). Our results also agree with those of Stern and
Kennedy (27), Wege et al. (30), Spaan et al. (25), and
Leibowitz et al. (14) in finding a nonequimolar synthesis of
the seven viral mRNA species at all times during the
replication cycle.

Viral RIs contained essentially all of the viral minus-strand
RNA. No single-stranded 60S minus-strand RNA was de-
tected in infected cell extracts at immediate early, early, or
late periods in the viral replication cycle. Our failure to find
single-stranded 60S minus-strand RNA early in infection is
not in agreement with the suggestion of Brayton et al. (5) that
there is an early time when only minus-strand RNA is
synthesized. In the absence of viral plus strands, there
should be free, single-stranded minus-strand RN A molecules
if they were synthesized in amounts sufficient to be detected
and if they were 60S in size. If, on the other hand, MHV
minus-strand polymerase was formed but not active in vivo
at immediate early times, its activity might be detectable in
vitro. Our studies on the temporal appearance of viral
plus-strand and minus-strand RNA are in agreement with the
results of Dennis and Brian (7, 8) on the temporal appear-
ance of viral RNA synthesis in porcine transmissible
gastroenteritis virus-infected cells.

The synthesis of MHV minus-strand RNA was readily
detectable by 4 h p.i., at about the same time that plus-strand
synthesis was detectable. The proportion of [*H]uridine
incorporated into minus strands relative to plus strands in
the RF RNA remained at 40 to 50% during the early period
of the viral replication cycle, when the rate of plus-strand
RNA synthesis was increasing exponentially (four- to eight-
fold every 30 min). Because the rate of minus-strand RNA
synthesis was also increasing exponentially, pulse labels of
30 min or longer would result in the majority of minus
strands becoming labeled during the pulse period. Hence,
even though minus strands, unlike plus strands, remained in
the RIs and were not released as single-stranded species
after their synthesis, the relative numbers of minus strands
that were synthesized during the pulse period must have
exceeded the number of minus-strand templates that were
synthesized before the pulse period. The synthesis of minus
strands was followed by accumulation of increased incorpo-
ration of radiolabel into replicative intermediates. However,
the synthesis of minus strands declined after 6 h p.i., the
same time that the overall rate of plus-strand synthesis and
of incorporation of [*H]uridine into viral RIs became con-
stant. This pattern is similar to that of alphaviruses (20).
Because plus-strand synthesis continued after the synthesis
of minus-strand RNA had significantly decreased and be-
cause the incorporation of [*Hluridine into viral RIs re-
mained relatively constant, we conclude that the viral minus
strands are stable and function as templates for a long time
after their synthesis. Although there was a significant de-
crease in the rate of viral minus-strand synthesis in MHV-
infected cells, it did not decrease to the very low levels
observed during the late period in alphavirus-infected cells
(20).

The synthesis of both plus-strand and minus-strand RNA
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in MHV-infected cells required continued protein synthesis.
This was clearly different from the requirements for newly
synthesized proteins for continued synthesis of minus
strands but not of plus strands, during alphavirus replication
(20, 21). The decrease of MHV minus-strand synthesis after
the addition of cycloheximide was three to four times greater
than the decrease of plus-strand synthesis. Also, the de-
crease in the rate of plus-strand synthesis after the addition
of cycloheximide occurred only after 20 to 30 min, whereas
minus-strand synthesis was more immediately affected. Mi-
nus strands were minor species in MHV-infected cells,
accounting for 2% or less of the total incorporation of
radiolabel into viral RNA. Thus, because there may be only
a few RIs active in minus-strand synthesis, a decrease in
their function might be more readily apparent. Alternatively,
there may be a greater sensitivity of the minus-strand
polymerase activity than of the plus-strand polymerase
activity to protein synthesis inhibition. The synthesis of both
genome 60S RNA and the subgenomic mRNAs appeared to
be equally sensitive to inhibition of protein synthesis. Thus,
coronavirus plus-strand synthesis appears to utilize a mech-
anism that also differs from that used by the negative-
stranded RNA rhabdoviruses. The replication of genome-
sized plus- and minus-strand RN A by the rhabdovirus vesic-
ular stomatitis virus required continued synthesis of viral
nucleocapsid protein (3, 4, 16, 32), but the transcription of
viral mRNA by these cells did not require continued protein
synthesis (17, 33).

The sensitivity of coronavirus RNA synthesis to cyclohex-
imide more closely resembled that seen for poliovirus RNA
synthesis. It has been suggested that the failure to synthesize
the polyprotein precursor to the VPg leads to the rapid
inhibition of poliovirus RNA synthesis (29). Therefore, the
poliovirus replicase may function for one round of synthesis
and require newly synthesized viral polypeptides to initiate
each round of viral RNA synthesis. Coronavirus transcrip-
tion may involve a viral polymerase that is either turned over
or short lived or may require a newly synthesized viral
protein to initiate viral RN A synthesis. The presence of the
5’ cap structure on coronavirus plus-strand RNA species
(12) argues against a function for a VPg-like polypeptide in
coronavirus plus-strand RNA synthesis. Since the mecha-
nisms hypothesized for coronavirus mRNA synthesis in-
volve the synthesis of a leader sequence and its movement to
aregion adjacent to the start of the respective mRNA coding
sequence in the template RNA (2), continued synthesis of a
protein that functions in specific initiation or translocation
may be required for coronavirus transcription.
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