Virus
Research

ELSEVIER

Virus Research 57 (1998) 35-42

Importance of coronavirus negative-strand genomic RNA
synthesis prior to subgenomic RNA transcription

Akihiko Maeda, Sungwhan An, Shinji Makino *

Department of Microbiology, and Institute for Cellular and Molecular Biology, The University of Texas at Austin, Austin,
Tx 78712-1095, USA

Received 2 April 1998; received in revised form 18 May 1998; accepted 25 June 1998

Abstract

The (—)-strand viral RNAs that result from after infection of cells with coronaviruses, which possess RNA
genomes of message polarity, are genomic-sized and subgenomic-sized. Each of the (— )-strand subgenomic RNAs
corresponds in size to each of the subgenomic mRNA species that are made in infected cells. We tested whether
(—)-strand subgenomic RNAs might initially be synthesized from the input single-stranded (4 )-strand genomic
RNA prior to the production of subgenomic mRNAs. We used a mouse hepatitis virus (MHYV) defective interfering
(DI) RNA, from which subgenomic RNA was produced in DI RNA-replicating cells, because this DI RNA had a
functional MHYV intergenic region inserted in its interior. MHV samples containing the DI particles were irradiated
with UV-light and then superinfected into cells that had been infected with MHV 4 h prior to superinfection.
Northern blot analysis of intracellular RNAs that were extracted 3 h after superinfection showed that genomic DI
RNA and subgenomic DI RNA had similar UV-target sizes, indicating that ( — )-strand genomic DI RNA synthesis
from input genomic DI RNA probably occurred prior to the subgenomic-size DI RNA synthesis. We discuss why,
in the course of coronavirus transcription, ( — )-strand genomic-length coronavirus RNA synthesis might occur before
subgenomic-sized RNAs of either polarity are made. © 1998 Elsevier Science B.V. All rights reserved.
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Mouse hepatitis virus (MHV), a prototypic
coronavirus, contains a 31-kb long, single-strand
genome made up of (+ )-sense RNA (Lai and
Stohlman, 1978; Pachuk et al., 1989; Lee et al.,
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1991; Bonilla et al., 1994). The 5-end of MHV
genomic RNA contains a 72—77-nucleotide long
leader sequence. The MHV-specific genes, which
are all located downstream from the leader, are
separated from one another by an intergenic re-
gion. MHV-infected cells produce genomic-size
mRNA and six to seven species of subgenomic
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mRNA species that make up a 3’-coterminal
nested group, in which each mRNA carries one
more gene in the 5" direction than the last (Lai et
al., 1981; Leibowitz et al., 1981). All these virus-
specific mRNAs have a leader RNA sequence at
their 5'-end (Lai et al., 1983, 1984; Spaan et al.,
1983) and a poly (A) tail at the 3-end. On the
subgenomic mRNAs, the leader sequence is fused
to the intergenic region (Spaan et al., 1983; Lai et
al., 1984). Genomic-size and subgenomic-size ( —
)-strand RNAs, each of them corresponding in
size to each of the subgenomic mRNA species, are
also present in coronavirus-infected cells (Sethna
et al., 1989). These ( — )-strand RNAs contain an
antileader sequence at the 3-end and poly U
sequence at the 5-end (Sethna et al., 1991).

Several models have been put forward to ex-
plain the progression of coronavirus ( — )-strand
subgenomic RNA synthesis. Sawicki and Sawicki
(1990) proposed that (—)-strand subgenomic
RNAs are synthesized from ( + )-strand genomic
RNA and serve as templates for subgenomic
mRNA synthesis. They speculated that (—)-
strand RNA synthesis terminated at the intergenic
regions to produce (—)-strand subgenomic
RNAs. Another possibility is that (—)-strand
subgenomic RNAs may be synthesized by pro-
cessing of precursor (— )-strand genomic RNAs
that are synthesized from (4 )-strand genomic
RNA. Other models propose that subgenomic
mRNAs are synthesized prior to production of
(—)-strand subgenomic RNAs. In these models,
subgenomic mRNAs may result from the process-
ing of (+ )-strand genomic RNA, from transcrip-
tion off (—)-strand genomic RNA by a unique
leader-primed transcription mechanism, in which
short ‘free’ leader RNAs serve as primers for
subgenomic mRNA synthesis (Baric et al., 1983),
or from polymerase jumping off the leader se-
quence to an intergenic region during subgenomic
mRNA synthesis (Spaan et al., 1983). The (—)-
strand subgenomic RNAs would then be copied
from the subgenomic mRNAs, and might be ac-
tive templates for subgenomic mRNA synthesis
(Sethna et al., 1989; Sawicki and Sawicki, 1990;
Schaad and Baric, 1994) or dead-end transcrip-
tion products (Jeong and Makino, 1992).

Here, we indirectly tested the possibility that
(—)-strand subgenomic RNAs are synthesized
from the full-length (+ )-strand genomic RNA
prior to subgenomic mRNA synthesis. For these
experiments, we chose a genetically altered MHV
defective interfering (DI) particle that makes a
subgenomic RNA; this DI has an added inter-
genic region placed internally, from which subge-
nomic DI RNA synthesis is initiated in DI
RNA-replicating cells (Makino et al., 1991). An
MHYV sample containing the DI particles was
irradiated with UV-light, and then used to super-
infect cells that had been infected with MHV 3 h
earlier. Intracellular RNAs were extracted 4 h
after superinfection, and the relative amounts of
genomic DI RNA and subgenomic DI RNA were
examined by using Northern blot analysis. The
rationale behind this experimental approach is as
follows:

(1) UV-irradiation of DI particles induces UV-
lesions on genomic DI RNA. This should result in
the inhibition of elongation of (—)-strand DI
RNA at the UV-lesion. If ( — )-strand subgenomic
DI RNAs are synthesized from the input (+ )-
strand genomic DI RNA, then synthesis of (— )-
strand subgenomic DI RNA is most likely more
resistant to UV-irradiation than the synthesis of
(—)-strand genomic DI RNA. If (—)-strand
subgenomic DI RNAs are synthesized prior to
subgenomic DI RNA synthesis, then (— )-strand
subgenomic DI RNA is most probably used as
template for subgenomic DI RNA synthesis. The
synthesis of (+ )-strand subgenomic DI RNA
should also be more resistant to damage by UV-
light than the synthesis of genomic DI RNA,
because the UV-target size of subgenomic DI
RNA should be smaller than that of genomic DI
RNA.

(i1)) Subgenomic DI RNA synthesis appears not
to require DI RNA replication. In MHV-infected
cells, expression (Liao and Lai, 1994) or transfec-
tion (Lin et al., 1994, 1996) of a ( + )-strand MHV
DI RNA fragment that contains an inserted inter-
genic region and that lacks one part of the DI
RNA cis-acting replication signals (Kim et al.,
1993; Kim and Makino, 1995; Lin and Lai, 1993)
results in transcription of subgenomic DI RNA.
These DI RNA fragments synthesize ( — )-strand
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RNAs, yet do not undergo DI RNA replication
(Lin et al., 1994). We can, therefore, assume that
much of the input UV-irradiated genomic DI
RNA should proceed to the transcription step
without undergoing a DI RNA replication step.

(ii1) Helper virus-derived activities that are nec-
essary for DI RNA replication and transcription
were immediately available after superinfection
with the UV-irradiated DI particles.

(iv) As shown below, replication and transcrip-
tion of superinfecting MHV DI RNA was not
suppressed by the initial infectant, MHV-A59.

We constructed an MHV DI c¢DNA,
MIGCAT, which consisted of three distinct re-
gions (Fig. 1). The 5-most, 3.1-kb long region of
MIGCAT was made from the corresponding re-
gion of a cloned MHV-JHM DIssF DI RNA
(Makino et al., 1990), PR6 (Makino et al., 1991).
The second region contained an intergenic se-
quence  (5-AAUCUAAUCUAAACUUUA-3)
and the 5-most, 0.27-kb region of the chloram-
phenicol acetyltransferase (CAT) gene. The most
3’-end region of MIGCAT came from the very
3’-end of the 0.46-kb long MHV-JHM genomic
RNA. MIGCAT DI RNA contained MHV-JHM
DI RNA cis-acting replication signals (Kim et al.,
1993; Kim and Makino, 1995; Lin and Lai, 1993),
a packaging signal (van der Most et al., 1991;
Fosmire et al., 1992; Woo et al., 1997), and an
intergenic sequence. We expected MIGCAT DI
RNA to replicate and transcribe subgenomic DI
RNA in MHV-infected cells. MIGCAT DI RNA
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transcripts were synthesized in vitro using T7
polymerase (Makino and Lai, 1989), and then
transfected into MHV-AS59-infected DBT cells
(Hirano et al., 1974) using a lipofection proce-
dure, as described previously (Makino et al.,
1991). Virus released into the culture supernatant
was collected 15 h after RNA transfection and
was subsequently passaged twice on DBT cells to
amplify the DI particles containing MIGCAT DI
RNA (MIGCAT DI particles). We used this virus
preparation, which is designated P2, in this study.
The presence of MIGCAT DI RNA was confi-
rmed by Northern blot analysis of virion RNA
extracted from the gradient-purified P2 virus sam-
ple using CAT-specific probe (data not shown).
To ensure that the majority of the input
MIGCAT DI RNA would be transcribed immedi-
ately, we wanted to superinfect MIGCAT DI
particles into MHV-infected cells when MHV
transcription activities were active. For determin-
ing the start of MHYV transcription activities in
MHV-infected cells, we coinfected DBT cells with
the P2 sample and MHV-AS9, and extracted in-
tracellular RNAs at various times after infection.
Northern blot analysis using a CAT gene-specific
probe showed accumulation of the 3.8-kb long
genomic MIGCAT RNA and the 0.8-kb long
subgenomic MIGCAT RNA as early as 3 h
postinfection (p.i.) (data not shown), indicating
that MHV transcription was active as early as 3 h

p.i.
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Fig. 1. Schematic diagram of the structure of MIGCAT plasmid, MIGCAT genomic DI RNA and MIGCAT subgenomic DI RNA.
The location of the CAT sequence-specific probe that was used for Northern blot analysis is also shown.
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For UV-irradiation of MIGCAT DI particles,
200 wul of P2 sample were spread on a 35-mm
plastic dish and exposed to UV-light (wave-
length, 253 nm), from 0 to 45 s, at 0°C. A 30-W
germicidal lamp at a distance of 40 cm was em-
ployed for this purpose. In the experimental
group, DBT cells were initially infected with
helper MHV-AS59, and 3 h later these cells were
superinfected with the UV-irradiated P2 sample.
In the control group, the DBT cells were coin-
fected with helper MHV-A59 and UV-irradiated
P2 sample. MHV RNA replication activities, but
not transcription activities, were active very early
in infection (An et al., 1998) therefore, we ex-
pected that MIGCAT genomic DI RNA replica-
tion, but not transcription, would start
immediately after coinfection in the control
group; we expected to see similar susceptibility to
UV-light irradiation of MIGCAT subgenomic
and genomic DI RNAs, because subgenomic-size
MIGCAT DI RNA should be synthesized after
replication of genomic MIGCAT DI RNA. Intra-
cellular RNAs were extracted 7 h p.i. of MHYV,
and MIGCAT-specific RNAs were detected by
Northern blot analysis, using a CAT gene-specific
probe (Fig. 2A,C), in which digoxigenin-11-dUTP
was incorporated (DIG system, Boehringer
Mannheim). After hybridization of probe to im-
mobilized RNAs on the membrane, an anti-digox-
igenin antibody-—alkaline phosphate conjugate
was added to the membrane, to allow binding to
the hybridized probe. The RNA signal was de-
tected on an X-ray film after treating the mem-
brane with a chemiluminescent alkaline
phosphatase substrate. Accumulation of genomic
MIGCAT DI RNA and subgenomic MIGCAT
DI RNA were quantitated by densitometric scan-
ning of the autoradiograms, and susceptibility of
MIGCAT-specific RNAs to UV-irradiation was
plotted (Microsoft, Cricket graph) (Fig. 2B,D).
Comparison of the accumulation of subgenomic
MIGCAT DI RNA to genomic MIGCAT DI
RNA showed that in both the experimental and
control groups, the genomic and subgenomic DI
RNAs had very similar susceptibilities to UV-irra-
diation. These data indirectly suggested that ( — )-
strand subgenomic MIGCAT DI RNAs that
might act as templates for subgenomic MIGCAT

DI RNA synthesis were not synthesized from the
input  single-stranded  (+ )-strand  genomic
MIGCAT DI RNA prior to synthesis of subge-
nomic MIGCAT DI RNA. Our data also sug-
gested that synthesis of (—)-strand genomic-size
MIGCAT DI RNA occurred prior to the synthe-
sis of (+)-strand subgenomic MIGCAT DI
RNA, indicating that synthesis of full-length ( — )-
strand genomic RNA is probably a prerequisite
for subgenomic MHV RNA synthesis.
UV-irradiation of coronavirus-infected cells has
been used to understand whether coronavirus
mRNAs are produced by processing or splicing of
larger precursor molecules (Jacobs et al., 1981;
Stern and Sefton, 1982; Yokomori et al., 1992;
Den Boon et al., 1995). In these UV-transcription
mapping studies, UV-lesions are introduced into
the (—)-strand template RNAs that accumulate
during coronavirus replication. A study of UV-ir-
radiation of MHV-infected cells at 2.5 or 3 h p.i.
suggested that MHV mRNA synthesis requires
the presence of a genomic-length RNA template
early in infection (Yokomori et al., 1992). Their
conclusion is consistent with our present data.
UV-irradiation late in coronavirus infection
showed that a UV-target size of the template for
mRNAs is very similar to their physical size (Ja-
cobs et al., 1981; Stern and Sefton, 1982; Yoko-
mori et al., 1992; Den Boon et al., 1995),
indicating that coronavirus mRNAs are not accu-
mulated by the processing of a genomic-size ( + )-
strand precursor RNA. These UV-transcription
mapping studies late in infection, however, did
not clarify whether mRNAs are synthesized from
a genomic-size ( — )-strand template RNA or each
mRNA is synthesized from the (—)-strand tem-
plate RNA of its own size. Although UV-irradia-
tion was used in the present study, the aim of
UV-irradiation and UV-irradiation procedure
were different from the previous UV-transcription
mapping studies. We specifically tested the possi-
bility that ( — )-strand subgenomic RNAs are syn-
thesized from the full-length ( 4 )-strand genomic
RNA prior to subgenomic mRNA synthesis. For
this purpose, UV-lesions were introduced to ( + )-
strand MIGCAT DI RNA in virus particles and
UV-unirradiated helper virus was provided for the
replication of UV-irradiated MIGCAT DI RNA.
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Fig. 2. Effect of UV-irradiation on accumulation of MIGCAT genomic DI RNA and MIGCAT subgenomic DI RNA. (A) The P2
virus sample was UV-irradiated for 0 s (lane 2), 15 s (lane 3), 30 s (lane 4), or 45 s (lane 5). DBT cells were infected with MHV-A59
(lane 1), or coinfected with MHV-A59 and UV-irradiated P2 samples (lanes 2—5). Intracellular RNAs were extracted at 7 h p.i., and
accumulation of MIGCAT-specific DI RNAs were examined by Northern blot analysis using a CAT-specific probe. (C)
MHV-infected DBT cells were superinfected with UV-irradiated P2 sample at 3 h p.i. of MHV; the length of UV-irradiation were
for 0 s (lane 2), 15 s (lane 3), 30 s (lane 4), or 45 s (lane 5). DBT cells were infected with MHV-A59 alone (lane 1). Intracellular
RNAs were extracted at 4 h p.i. of UV-irradiated P2 sample. Accumulation of MIGCAT-specific DI RNAs were examined by
Northern blot analysis using a CAT-specific probe. (B,D) The radioactivity of the MIGCAT genomic and subgenomic DI RNAs
in the gels shown in (A) and (C), respectively, were quantitated and expressed graphically. Open circle, MIGCAT genomic DI RNA;
closed circle, MIGCAT subgenomic DI RNA.
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Our present data, suggesting that the synthesis
of full-length (—)-strand genomic RNA is a
likely prerequisite for subgenomic MHV RNA
synthesis, does not contradict the conclusion
from previous UV-transcription mapping stud-
ies.

We assumed that UV-lesions introduced into
genomic MIGCAT DI RNA mainly affect tem-
plate function of genomic MIGCAT DI RNA.
We could not completely eliminate the possibil-
ity that UV-lesions introduced into genomic
MIGCAT DI RNA may also affect some unde-
scribed biological functions of MIGCAT ge-
nomic RNA that work prior to initiation of
(—)-strand RNA, however, this has not been
implicated in previously published studies. It is
possible that the introduction of UV-lesions in
genomic MIGCAT DI RNA inhibits translation
of MIGCAT DlI-specific protein, and suppres-
sion of MIGCAT-specific protein synthesis may
affect the initiation of (—)-strand RNA. This is
less likely, because translation of a DI-specific
protein of MHV-JHM-derived DI RNA, from
which MIGCAT DI RNA was constructed, is
not necessary for DI RNA synthesis (Liao and
Lai, 1995). It has been postulated that sequences
near the 5'-region and 3’-end of MHV genomic
RNA may interact, and that this interaction is
important for RNA synthesis (Lin et al., 1996).
Consequently, there is a possibility that the in-
troduction of UV-lesions may damage the struc-
ture of the 5-region of genomic MIGCAT RNA
and suppress (— )-strand RNA synthesis. How-
ever, it is reported that the very 3’-end 55 nt
plus poly (A) is sufficient for MHV ( —)-strand
synthesis (Lin et al., 1994). Therefore, putative
structural change(s) near the 5'-region of ge-
nomic MIGCAT DI RNA by UV-lesions proba-
bly did not affect (— )-strand RNA synthesis.

The most straightforward interpretation of the
present data is that the (—)-strand genomic-size
MIGCAT DI RNAs, which are synthesized
from input genomic MIGCAT DI RNA, were
used as a template for the synthesis of subge-
nomic MIGCAT DI RNA; subgenomic-size (+
)-strand MIGCAT may be synthesized by ecither
a leader-primed transcription mechanism, poly-
merase-jumping mechanism, or processing of ge-

nomic-size precursor (+ )-strand MIGCAT DI
RNAs. Alternatively, our data may indicate that
the synthesis of (—)-strand genomic-size RNA
is required for the synthesis of (—)-strand
subgenomic RNA from the (+ )-strand genomic
MIGCAT DI RNA. Perhaps (—)-strand subge-
nomic RNA synthesis requires a template that
is a double-stranded. Initiation and elongation
of MHV (—)-strand RNA synthesis does not
require a double-stranded RNA structure, be-
cause MHV (—)-strand RNA synthesis must
occur from the input MHV single-stranded ge-
nomic RNA in MHV-infected cells. Accordingly,
if (—)-strand subgenomic MHV RNA is synthe-
sized from double-stranded genomic-size MHV
RNA prior to subgenomic mRNA synthesis,
then this possible requirement for a double-
stranded RNA structure would probably center
on termination of (— )-strand subgenomic RNA
synthesis.

MIGCAT DI RNA was replicated and tran-
scribed after superinfection of MIGCAT DI
particles into MHV-infected cells. This indicated
that there was no strong homologous interfer-
ence between helper MHV and superinfecting
MIGCAT DI particles. The strong homologous
interference activity described in alphavirus in-
fection (Adams and Brown, 1985) does not seem
to exist in MHYV infection. The present data
were consistent with our previous finding that in
those cells that had been pre-infected with
MHYV, transfection of in vitro synthesized DI
RNA results in replication and transcription of
MHYV DI RNA (Jeong and Makino, 1992).

Acknowledgements

We thank S. Banerjee for careful reading of
the manuscript and S. Pathania for help with
densitometric analysis. This work was supported
by Public Health Service grants AI29984 and
AI32591 from the National Institutes of Health
(to SM) and partly by a grant from the Re-
search Fellowships of the Japanese Society for
the Promotion of Science for Young Scientists
(to AM).



A. Maeda et al. / Virus Research 57 (1998) 35-42 41

References

Adams, R.H., Brown, D.T., 1985. BHK cells expressing sind-
bis virus-induced homologous interference allow the trans-
lation of nonstructural genes of the superinfecting virus. J.
Virol. 54, 351-357.

An, S., Maeda, A., Makino, S., 1998. Coronavirus transcrip-
tion early in infection. J. Virol. (in press).

Baric, R.S., Stohlman, S.A., Lai, M.M.C., 1983. Characteriza-
tion of replicative intermediate RNA of mouse hepatitis
virus: presence of leader RNA sequences on nascent
chains. J. Virol. 48, 633—-640.

Bonilla, P.J., Gorbalenya, A.E., Weiss, S.R., 1994. Mouse
hepatitis virus strain A59 RNA polymerase gene ORF la:
heterogeneity among MHYV strains. Virology 198, 736—740.

Den Boon, J.A., Spaan, W.J.M., Snijder, E.J., 1995. Equine
arteritis virus subgenomic RNA transcription: UV inacti-
vation and translation inhibition studies. Virology 213,
364-372.

Fosmire, J.A., Hwang, K., Makino, S., 1992. Identification
and characterization of a coronavirus packaging signal. J.
Virol. 66, 3522-3530.

Hirano, N., Fujiwara, K., Hino, S., Matsumoto, M., 1974.
Replication and plaque formation of mouse hepatitis virus
(MHV-2) in mouse cell line DBT culture. Arch. Ges.
Virusforch. 44, 298—-302.

Jacobs, L., Spaan, W.J.M., Horzinek, M.C., van der Zeijst,
B.A.M., 1981. The synthesis of the subgenomic mRNAs of
mouse hepatitis virus is initiated independently: evidence
from UV transcription mapping. J. Virol. 39, 401-406.

Jeong, Y.S., Makino, S., 1992. Mechanism of coronavirus
transcription: duration of primary transcription initiation
activity and effect of subgenomic RNA transcription on
RNA replication. J. Virol. 66, 3339—-3346.

Kim, Y.-N., Makino, S., 1995. Characterization of a murine
coronavirus defective interfering RNA internal cis-acting
replication signal. J. Virol. 69, 4963-4971.

Kim, Y.-N., Jeong, Y.S., Makino, S., 1993. Analysis of cis-act-
ing sequences essential for coronavirus defective interfering
RNA replication. Virology 197, 53-63.

Lai, M.M.C., Stohlman, S.A., 1978. RNA of mouse hepatitis
virus. J. Virol. 26, 236-242.

Lai, M.M.C., Brayton, P.R., Armen, R.C., Patton, C.D.,
Pugh, C., Stohlman, S.A., 1981. Mouse hepatitis virus
A59: mRNA structure and genetic localization of the
sequence divergence from hepatotropic strain MHV-3. J.
Virol. 39, 823-834.

Lai, M.M.C., Patton, C.D., Baric, R.S., Stohlman, S.A., 1983.
Presence of leader sequences in the mRNA of mouse
hepatitis virus. J. Virol. 46, 1027-1033.

Lai, M.M.C., Baric, R.S., Brayton, P.R., Stohlman, S.A.,
1984. Characterization of leader RNA sequences on the
virion and mRNAs of mouse hepatitis virus, a cytoplasmic
RNA virus. Proc. Natl. Acad. Sci. USA 81, 3626-3630.

Lee, H.-J., Shieh, C.-K., Gorbalenya, A.E., Eugene, E.V., La
Monica, N., Tuler, J., Bagdzhadzhyan, A., Lai, M.M.C.,
1991. The complete sequence (22 kilobases) of murine

coronavirus gene 1 encoding the putative proteases and
RNA polymerase. Virology 180, 567—-582.

Leibowitz, J.L., Wilhelmsen, K.C., Bond, C.W., 1981. The
virus-specific intracellular RNA species of two murine
coronaviruses: MHV-AS59 and MHV-JHM. Virology 114,
39-51.

Liao, C.-L., Lai, M.M.C., 1994. Requirement of the 5-end
genomic sequence as an upstream cis-acting element for
coronavirus subgenomic mRNA transcription. J. Virol. 68,
4727-4737.

Liao, C.-L., Lai, M.M.C., 1995. A cis-acting viral protein is
not required for the replication of a coronavirus defective-
interfering RNA. Virology 209, 428-436.

Lin, Y.-J., Lai, M.M.C., 1993. Deletion mapping of a mouse
hepatitis virus defective interfering RNA reveals the re-
quirement of an internal and discontiguous sequence for
replication. J. Virol. 67, 6110-6118.

Lin, Y.-J., Liao, C.-L., Lai, M.M.C., 1994. Identification of
the cis-acting signal for minus-strand RNA synthesis of a
murine coronavirus: implication for the role of minus-
strand RNA in RNA replication and transcription. J.
Virol. 68, 8131-8140.

Lin, Y.-J., Zhang, X., Wu, R.-C., Lai, M.M.C., 1996. The 3’
untranslated region of coronavirus RNA is required for
subgenomic mRNA transcription from a defective interfer-
ing RNA. J. Virol. 70, 7236-7240.

Makino, S., Lai, M.M.C., 1989. High-frequency leader se-
quence switching during coronavirus defective interfering
RNA replication. J. Virol. 63, 5285-5292.

Makino, S., Yokomori, K., Lai, M.M.C., 1990. Analysis of
efficiently packaged defective interfering RNAs of murine
coronavirus: localization of a possible RNA-packaging
signal. J. Virol. 64, 6045-6053.

Makino, S., Joo, M., Makino, J.K., 1991. A system for study
of coronavirus mRNA synthesis: a regulated, expressed
subgenomic defective interfering RNA results from inter-
genic site insertion. J. Virol. 65, 6031-6041.

Pachuk, C.J., Bredenbeek, P.J., Zoltick, P.W., Spaan, W.J.M.,
Weiss, S.R., 1989. Molecular cloning of the gene encoding
the putative polymerase of mouse hepatitis virus, strain
AS9. Virology 171, 141-148.

Sawicki, S.G., Sawicki, D.L., 1990. Coronavirus transcription:
subgenomic mouse hepatitis virus replicative intermediates
function in RNA synthesis. J. Virol. 64, 1050—1056.

Schaad, M.C., Baric, R.S., 1994. Genetics of mouse hepatitis
virus transcription: evidence that subgenomic negative
strands are functional templates. J. Virol. 68, 8169-8179.

Sethna, P.B., Hung, S.-L., Brian, D.A., 1989. Coronavirus
subgenomic minus-strand RNAs and the potential for
mRNA replicons. Proc. Natl. Acad. Sci. USA 86, 5626—
5630.

Sethna, P.B., Hofmann, M.A., Brian, D.A., 1991. Minus-
strand copies of replicating coronavirus mRNAs contain
antileaders. J. Virol. 65, 320-325.

Spaan, W., Delius, H., Skinner, M., Armstrong, J., Rottier, P.,
Smeekens, S., van der Zeijst, B.A.M., Siddell, S.G., 1983.
Coronavirus mRNA synthesis involves fusion of non-con-
tiguous sequences. EMBO J. 2, 1939-1944.



42 A. Maeda et al. / Virus Research 57 (1998) 35-42

Stern, D.F., Sefton, B.M., 1982. Synthesis of coronavirus
mRNAs: kinetics of inactivation of infectious bronchitis
virus RNA synthesis by UV light. J. Virol. 42, 755-759.

van der Most, R.G., Bredenbeek, P.J., Spaan, W.J.M., 1991.
A domain at the 3'-end of the polymerase gene is essential
for encapsidation of coronavirus defective interfering
RNAs. J. Virol. 65, 3219-3226.

Woo, K., Joo, M., Narayanan, K., Kim, K.H., Makino, S.,
1997. Murine coronavirus packaging signal confers pack-
aging to nonviral RNA. J. Virol. 71, 824-827.

Yokomori, K., Banner, L.R., Lai, M.M.C., 1992. Coronavirus
mRNA transcription: UV light transcription mapping
studies suggest an early requirement for a genomic-length
template. J. Virol. 66, 4671-4678.



