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Two Murine Coronavirus Genes Suffice for Viral RNA Synthesis
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We identified two mouse hepatitis virus (MHV) genes that suffice for MHV RNA synthesis by using an
MHV-JHM-derived defective interfering (DI) RNA, DIssA. DIssA is a naturally occurring self-replicating DI
RNA with nearly intact genes 1 and 7. DIssA interferes with most MHV-JHM-specific RNA synthesis, except
for synthesis of mRNA 7, which encodes N protein; mRNA 7 synthesis is not inhibited by DIssA. Coinfection
of MHV-JHM containing DIssA DI particles and an MHV-A59 RNA2 temperature-sensitive mutant followed
by subsequent passage of virus at the permissive temperature resulted in elimination of most of the MHV-JHM
helper virus. Analysis of intracellular RNAs at the nonpermissive temperature demonstrated efficient synthesis
of DIssA and mRNA 7 but not of the helper virus mRNAs. Oligonucleotide fingerprinting analysis demon-
strated that the structure of mRNA 7 was MHV-JHM specific and therefore must have been synthesized from
the DIssA template RNA. Sequence analysis revealed that DIssA lacks a slightly heterogeneous sequence,
which is found in wild-type MHV from the 3* one-third of gene 2-1 to the 3* end of gene 6. Northern (RNA) blot
analysis of intracellular RNA species and virus-specific protein analysis confirmed the sequence data. Repli-
cation and transcription of another MHV DI RNA were supported in DIssA-replicating cells. Because the
products of genes 2 and 2-1 are not essential for MHV replication, we concluded that expression of gene 1
proteins and N protein was sufficient for MHV RNA replication and transcription.

Mouse hepatitis virus (MHV), a coronavirus, is an envel-
oped virus with a single-stranded, positive-sense RNA genome
of approximately 31 kb (22, 40). The 59 end of the MHV
genomic RNA contains a 72- to 77-nucleotide-long leader se-
quence (18, 47). Downstream of the leader sequence are the
MHV-specific genes, each of which is separated by a special
short stretch of sequence, the intergenic sequence. MHV-
infected cells yield seven major species of virus-specific
subgenomic mRNAs (19, 24). The coronavirus mRNAs are
structurally polycistronic, yet they appear to yield only mono-
cistronic proteins; the coronavirus mRNAs share 39 ends in a
nested-set structure wherein each mRNA is progressively one
gene longer than its 39-neighboring gene (19, 24), and only the
59-most gene of each mRNA is translated. These subgenomic
mRNAs are named according to their decreasing order of size
from 1 to 7 (19, 24). The mRNA body sequences, which start
from the intergenic site consensus sequences, are fused with
leader sequence at their 59 ends (15, 18, 35, 47).
The coronavirus gene products that are necessary and suf-

ficient for coronavirus RNA synthesis have not been identified
yet. To date, the MHV genome is known to contain eight or
nine genes that are encoded by mRNAs 1, 2, 2-1, 3, 4, 5 (for
both 5a and 5b), 6, and 7. The 59-most MHV gene, gene 1, is
22 kb long and most probably encodes viral RNA polymerase
and proteases, the activities that are necessary for MHV RNA
synthesis (22). Gene 2 encodes the 30 kDa ns2 protein (55),
and gene 2-1, the HE gene, encodes the HE protein (44). The
gene 2 and 2-1 products are not essential for MHV replication
at least in tissue culture, because an MHV mutant with the
majority of gene 2 deleted replicates well in tissue culture (43)
and some MHVs do not produce HE protein (44). Gene 3
encodes S protein, which is responsible for binding to cellular
receptor (8, 52) and for induction of cell fusion (6, 10, 51). The

gene 4 product, the ns4 protein, is detected as a 15-kDa protein
in MHV-infected cells (46). Gene 5 contains two open reading
frames (ORFs); both ORFs 5a and 5b are encoded in a single
mRNA, and the downstream ORF, 5b, is translated preferen-
tially in vitro (4, 23, 45). Neither the ns4 protein nor the ORF
5a product, ns5a protein, appears to be necessary for MHV
replication in tissue culture, because synthesis of mRNA 4 is
not detected in MHV-S-infected cells and the majority of
MHV-S 5a ORF is deleted (53). A minor virus protein corre-
sponding to the MHV 5b gene product, ns5b protein, is present
as a virus structural protein in infectious bronchitis virus (26),
transmissible gastroenteritis virus (11), and MHV (54). Prob-
ably this protein is essential for virus replication. Gene 6 en-
codes M protein, which is believed to be essential for virus
assembly. The most 39 region of the MHV genome, gene 7,
encodes the N protein. N protein binds to MHV genomic
RNA, forming a helical nucleocapsid (49). Anti-N antibody
inhibits MHV RNA replication in vitro (7), indicating that N
protein plays an important role in MHV RNA replication. In
tissue culture, ns2, HE, ns4, and ns5a proteins are not neces-
sary for MHV replication. Whether the remaining proteins, S,
ns5b, and M, are necessary for MHV RNA synthesis is not
known.
Serial undiluted passage of MHV-JHM in DBT cells results

in generation of defective interfering (DI) RNAs (28, 36) that
can be classified into two types. One is a classical type of DI
RNA that requires helper virus infection for replication; the
structural and packaging properties of the DI RNAs belonging
to this type of DI have been described (28, 34, 38). The other
DI type includes DIssA, which is nearly genomic in size (28),
replicates by itself in the absence of helper virus infection (33),
and is efficiently packaged into MHV particles (36). Almost all
MHV mRNA synthesis is strongly inhibited in DIssA-replicat-
ing cells, whereas synthesis of mRNA 7 and its product, N
protein, is not inhibited (28). RNase T1 oligonucleotide finger-
printing analysis of DIssA suggested that gene 1 and gene 7 of
DIssA are essentially intact, whereas multiple deletions are
present from genes 2 to 6 (28).
In this study, we examined the possibilities that mRNA 7 is
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synthesized from DIssA template RNA, but not from helper
virus template RNA, and that the gene 1 products and N
protein are sufficient for the MHV RNA synthesis. Our study
demonstrated that these possibilities are, in fact, the case. We
discuss the potential application of DIssA for viral assembly
experiments.

MATERIALS AND METHODS
Viruses and cells. The MHV-A59 temperature-sensitive (ts) mutant LA16 (3,

41), the plaque-cloned MHV-JHM, and virus sample obtained after 19 undiluted
passages of original plaque-cloned MHV-JHM (JHM19th) (28) were used.
Mouse DBT cells (13) were used for RNA transfection and propagation of
viruses.
Radiolabeling of viral RNAs and agarose gel electrophoresis. Virus-specific

RNAs in virus-infected cells were labeled with 32Pi as previously described (37)
and separated by electrophoresis on 1% urea–agarose gels as described previ-
ously (28).
Preparation of virus-specific intracellular RNA and Northern (RNA) blotting.

Virus-specific RNAs were extracted from virus-infected cells (37). For each
sample, 1.5 mg of intracellular RNA was denatured and electrophoresed through
a 1% agarose gel containing formaldehyde, and the separated RNA was blotted
onto nylon filters (14). The RNA on the filters was hybridized with 32P-labeled
probes specific for the various regions of MHV RNA (14).
One-dimensional fingerprinting analysis. The 32P-labeled mRNA 7 eluted

from the gel was digested exhaustively with RNase T1 as described previously
(31). After digestion, the sample was loaded onto 10% sequencing gels.
RNA transcription and transfection. Plasmids were linearized by XbaI diges-

tion and transcribed in vitro with T7 RNA polymerase as described previously
(32). The lipofection procedure used for RNA transfection was described pre-
viously (30).
Isolation of clones containing DIssA-specific sequence. For the amplification

of a DIssA-related subgenomic RNA, cDNA was first synthesized from intra-
cellular RNA as previously described (34), using as a primer oligonucleotide
1116 (59-CTGAAACTCTTTTCCCT-39), which binds to positive-strand MHV
mRNA 7 at nucleotides 250 to 267 from the 59 end of mRNA 7. MHV-specific
cDNA was then incubated with oligonucleotide 78 (59-AGCTTTACGTAC
CCTCTCTACTATAAAACTCTTGTAGTTT-39), which binds to antileader se-
quence of MHV RNA, in PCR buffer (0.05 M KCl, 0.01 M Tris hydrochloride
[pH 8.3], 0.0025 M MgCl2, 0.01% gelatin, 0.17 mM each deoxynucleoside
triphosphate, 5 U of Taq polymerase [Promega]) at 938C for 30 s, 378C for 45 s,
and 728C for 100 s for 25 cycles. DIssA subgenomic RNA-specific reverse tran-
scriptase (RT)-PCR products were examined by Southern blot analysis in which
RT-PCR products were separated by agarose gel electrophoresis and hybridized
with a probe which corresponds to 1.5 to 1.7 kb from the 39 end of MHV genomic
RNA; this probe hybridizes with all MHV mRNAs. The identified 1.2-kb-long
DIssA subgenomic RNA-specific RT-PCR product was eluted from the prepar-
ative gel and cloned into TA cloning vector (Invitrogen). Clones containing
DIssA-specific sequence were isolated by colony hybridization using the probe
that was used for Southern blot analysis. For the amplification of DIssA RNA,
cDNA was first synthesized from gel-purified DIssA RNA by using oligonucle-
otide 1116 as a primer. DIssA-specific cDNA was then incubated with oligonu-
cleotide 10121 (59-GAAGGGTTGTATGTGTTG-39), which binds to negative-
strand MHV RNA at nucleotides 798 to 815 from the 59 end of gene 2, in PCR
buffer under the PCR conditions described above. The 1.2-kb-long DIssA-spe-
cific RT-PCR product was eluted from the preparative gel and cloned into a TA
cloning vector. Clones containing DIssA-specific sequences were isolated by
colony hybridization using the probe which hybridizes at MHV gene 2-1.
Labeling of intracellular proteins, immunoprecipitation, and SDS-PAGE.

MHV-infected cells were treated with actinomycin D at 4 h postinfection (p.i.),
and intracellular proteins were labeled with [35S]methinonine at 8.5 h p.i. for 20
min. Cell lysate was prepared as described previously (30). Virus-specific pro-
teins were immunoprecipitated by anti-MHV-JHM serum (28) and analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS) (PAGE). Im-
munoprecipitated protein was incubated at 378C for 1 h in sample buffer, instead
of at 1008C for 2 min. This treatment avoided the aggregation of M protein on
the top of the gel (49). For the analysis of ns5b protein, labeling of intracellular
proteins, preparation of cell lysates, and immunoprecipitation of ns5b protein
with anti-ns5b antibody were done as described by Leibowitz et al. (23).
Nucleotide sequence accession number. The nucleotide sequence reported has

been deposited with GenBank under accession numbers U19766 and U19933 to
U19938.

RESULTS

Strategy for analysis of DIssA-related RNAs.We wanted to
determine whether mRNA 7 detected in DIssA RNA-replicat-
ing cells was derived from the DIssA template or from helper
virus genomic template. We established experimental condi-

tions so that DIssA-derived RNA, but not helper virus-derived
RNA, was efficiently synthesized. We did this by substituting
the MHV-JHM helper virus in the DIssA-containing sample
with an MHV-A59 ts mutant that has an RNA2 phenotype.
Two parental viruses were used: JHM19th and LA16, which is
an MHV-A59 ts mutant with an RNA2 phenotype. In
JHM19th-infected cells, DIssA, mRNA 7, and the 2.2-kb-long
DIssE (28) are synthesized, whereas synthesis of the helper
virus-derived mRNAs is strongly inhibited by DIssA (28). DBT
cells were infected with either JHM19th or LA16 alone or were
coinfected with both virus samples and cultured at 32.58C,
which is the permissive temperature for LA16. After overnight
incubation, culture fluid was collected and cell debris was re-
moved by low-speed centrifugation. Virus samples were named
passage 0 (P0), and these virus samples were further passaged
on DBT cells several times at the permissive temperature.
Because MHV-A59 usually grows about 10 times better than
MHV-JHM, we expected that LA16 would grow better than
MHV-JHM in coinfected cells and that during passage, MHV-
JHM would be eliminated from the virus samples. We exam-
ined this possibility by titrating virus infectivity by plaque assay
at the permissive temperature and at the nonpermissive tem-
perature, 39.58C (Table 1). For MHV-JHM, the ratio of virus
infectivity at 39.58C to infectivity at 32.58C was 3.63 1021, and
the passaged JHM19th samples showed similar ratios (Table
1). Ratios of LA16 titers at the permissive and nonpermissive
temperatures at different passage levels were within the range
of 1.0 3 1024 to 3.0 3 1025 (Table 1), demonstrating that
LA16 maintained the ts phenotype during several passages.
Reduction of LA16 infectivity during passage at the permissive
temperature was probably due to the generation of LA16-
derived DI RNAs (see below). The ratios of the titers of virus
samples from coinfected cultures at the permissive and non-
permissive temperatures were similar to those of LA16 and
were significantly lower than those of MHV-JHM, indicating
that a majority of infectious viruses in these samples had the ts
phenotype. We could not distinguish MHV-JHM-derived
plaques and LA16-derived plaques; the plaque morphologies
of the two viruses were very similar. We repeated this plaque

TABLE 1. Infectivities of LA16, JHM, and virus samples from
coinfected cells at two different temperaturesa

Sample
Titer (PFU/0.2 ml) Ratio of titers,

39.58C/32.58C39.58C 32.58C

LA16
P0 3.0 3 102 1.0 3 107 3.0 3 1025

P1 5.0 3 102 5.0 3 106 1.0 3 1024

P2 1.5 3 102 5.0 3 105 3.0 3 1024

P3 NDb 5.0 3 104 .5.0 3 1024

LA16 1 JHM19th
P0 3.3 3 103 4.0 3 106 8.3 3 1024

P1 5.0 3 102 3.5 3 105 1.4 3 1023

P2 3.3 3 102 5.5 3 105 6.0 3 1024

P3 8.6 3 102 5.0 3 105 1.7 3 1023

JHM19th 3.5 3 104 8.5 3 104 4.1 3 1021

JHM20th 5.0 3 105 1.0 3 106 5.0 3 1021

JHM21st 8.5 3 104 9.5 3 104 8.9 3 1021

JHM22nd 3.0 3 104 3.9 3 104 7.7 3 1021

Wild-type JHM 5.0 3 105 1.4 3 106 3.6 3 1021

a Viruses were passaged at the permissive temperature (32.58C), and viral
infectivities were examined by plaque assay at 32.5 or 39.58C.
b ND, Not detected.
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assay experiment twice and obtained similar results. In each
virus sample, the difference in the number of plaques from
plate to plate varied by less than 20%. This analysis suggested
that very little MHV-JHM was present in the virus sample
collected from the coinfected culture.
We examined MHV-specific intracellular RNA species of

these passaged virus sample at the nonpermissive temperature.
DBT cells were infected with the JHM19th alone, LA16 alone,
or a P3 sample from coinfected cells. Infected cells were cul-
tured at 39.5 or 32.58C, and virus-specific RNAs were labeled
with 32Pi in the presence of actinomycin D. Extracted intracel-
lular virus-specific RNA was electrophoresed on a 1% urea–
agarose gel in which mRNA 1 and DIssA are separated easily
(28) (Fig. 1). Efficient synthesis of LA16-specific mRNAs was
observed at the permissive temperature, whereas LA16-spe-
cific mRNA synthesis was not detected at the nonpermissive
temperature, confirming that LA16 is an RNA2 ts mutant (3,
41). Synthesis of DIssA, DIssE, and mRNA 7 was observed in
the cells infected with JHM19th at 39.58C, demonstrating that
synthesis of these RNAs was not temperature sensitive. Syn-
thesis of DIssA and mRNA 7 was clearly apparent in the cells
infected with the P3 sample from coinfected cells, whereas
synthesis of helper virus mRNAs and DIssE RNA was not
detected (Fig. 1, lane 2). This finding was consistent with the
plaque assay results; most of MHV-JHM helper virus was
eliminated in the P3 sample from the coinfected cells (Table
1). In addition to DIssA and mRNA 7, other minor MHV-
specific RNA species were also detected (Fig. 1, lane 2 aster-
isks); these bands were most likely newly generated DI RNAs
(see below). Similar results were obtained when P2 virus sam-
ples were examined (data not shown). Helper virus-derived
mRNAs, 1 through 6, were not evident at the nonpermissive
temperature in the cells infected with the P3 sample from
JHM19th- and LA16-coinfected cells; therefore, the mRNA 7
shown in Fig. 1, lane 2, was most likely derived from the DIssA
template RNA.

It should be noted that DIssA RNA did not complement
LA16-specific mRNA synthesis at the nonpermissive temper-
ature (Table 1 and Fig. 1). Probably, DIssA interfered with
replication of LA16, because DIssA inhibits MHV-JHM rep-
lication (28). We do not know why DIssE disappeared during
virus passages; it may be related to the fact that DIssE does not
contain a packaging signal (9, 38). DIssE disappeared from
virus samples after 24 passages of the original MHV-JHM
(27).
Origin of mRNA 7 in the DIssA-replicating cells.We deter-

mined whether the mRNA 7 detected in cells infected with P3
sample from JHM19th- and LA16-coinfected cells was actually
transcribed from DIssA template RNA. We studied the struc-
ture of the mRNA 7 by RNase T1 one-dimensional oligonu-
cleotide fingerprinting. The experimental RNAs were digested
with RNase T1, and the resultant oligonucleotides were sepa-
rated on a 10% sequencing gel (Fig. 2); the experimental
RNAs included gel-purified 32P-labeled mRNA 7 isolated
from cells infected with LA16 alone at 32.58C, a P1 virus
sample from coinfected cells at 39.58C, a P3 virus sample from
coinfected cells at 39.58C, and MHV-JHM alone at 39.58C.
Fingerprint patterns of LA16 mRNA 7 and of JHM mRNA 7
on the 10% sequencing gel were very similar to those of A59
mRNA 7 and JHM mRNA 7 on the 22% polyacrylamide gels

FIG. 1. Urea-agarose gel electrophoresis of MHV-specific intracellular RNA
species. DBT cells were infected with JHM19th (lane 1), a P3 virus sample from
JHM19th- and LA16-coinfected cells (lane 2), and LA16 (lanes 3 and 4). Viruses
were grown at 39.58C (lanes 1 to 3) or 32.58C (lane 4), and virus-specific RNA
was labeled with 32Pi in the presence of actinomycin D. Extracted RNA was
electrophoresed on a 1% urea–agarose gel. The three minor bands marked with
asterisks (lane 2) were newly synthesized DI RNA species generated during virus
passage (see text).

FIG. 2. One-dimensional oligonucleotide fingerprints of mRNA 7 of LA16
(lane 1), of JHM (lane 4), and from cells infected with P1 virus (lane 3) and P3
virus (lane 2) from JHM19th- and LA16-coinfected cells. After separation on
urea-agarose gels, 32P-labeled mRNA 7 was extracted from the gels, digested
with RNase T1, and applied to 10% sequencing gels. Electrophoresis was from
bottom to top. Numbers show specific oligonucleotides. Oligonucleotides 10 and
8 are leader-specific oligonucleotides of A59 and JHM, respectively (31). Oligo-
nucleotides 19 and 8a are the leader-body fusion oligonucleotides of A59 and
JHM, respectively.
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(31); we named the large oligonucleotides as before (31). Oli-
gonucleotides 10 and 8 are the leader-specific oligonucleotides
of LA16 and JHM, respectively (31), and oligonucleotides 19
and 8a represent the leader-body fusion sites of LA16 and
JHM, respectively (31). The mRNA 7 fingerprint patterns
from P1 and P3 samples of coinfected cells were very similar to
that of JHM but not to that of LA16. This finding clearly
demonstrated that mRNA 7 was indeed synthesized from the
MHV-JHM-derived DIssA template RNA. A minor oligonu-
cleotide which comigrated with oligonucleotide 19 was found
in the P1 and P3 samples. The leader-body fusion sites of
MHV mRNAs are heterogeneous (35), and the 39 region of
DIssA leader sequence is different from that of MHV-JHM
(20). Probably this T1 oligonucleotide represented a heteroge-
neous leader-body fusion site of the DIssA-derived mRNA 7.
Alternatively, oligonucleotide 19 in the P1 and P3 samples may
represent a minute amount of revertant LA16 mRNA 7.
Analysis of MHV subgenomic mRNA synthesis, other than

mRNA 7, in DIssA-replicating cells. Next we examined which
of the other MHV-specific subgenomic mRNAs were synthe-
sized in DIssA-replicating cells. By Northern blot analysis, we
determined whether several minor RNA species, detected in
cells infected with the P3 sample from JHM19th- and LA16-
coinfected cells, were messages (Fig. 1, lane 2, asterisks). We
used a probe which corresponds to 0.47 to 1.5 kb from the 59
end of an MHV-JHM DI RNA, DIssF (28, 38). This probe
hybridizes with two regions of the MHV-JHM DI RNA cis-
acting replication signals (16, 25); it should detect MHV
genomic RNA and all of the MHV DI RNAs but not MHV
subgenomic mRNAs. As shown in Fig. 3B, this probe not only
hybridized with DIssA and DIssE RNAs in the JHM19th-
infected cells but also hybridized with DIssA RNA and five
minor small-size RNA species in the cells infected with P2
virus from coinfected cells. The apparent difference between
the intensities of the DIssA band and the five minor small
RNA bands in lane 3 of Fig. 3B and in lane 2 of Fig. 1 reflected
the difference between Northern blot analysis and 32Pi labeling
of intracellular RNAs. Northern blot analysis represents the
molar ratio of each RNA species. Labeling with 32Pi represents
the number of phosphates in any molecule; a larger RNA is

expected to be more radioactive than a smaller RNA molecule
that has the same number of molecules. This finding demon-
strated that the minor RNA bands found in P2 virus-infected
cells most probably represented DI RNAs rather than MHV-
specific subgenomic RNAs. Several minor bands, which mi-
grated between mRNA 3 to mRNA 6, were found in LA16-
infected cells at the permissive temperature. Probably these
RNAs also represented LA16-derived DI RNA species.
We looked at MHV-specific mRNAs in DIssA-replicating

cells in more depth by using an mRNA 7-exclusive probe. The
radiolabeled probe was removed from the nylon membrane
used for the experiments shown in Fig. 3B, and the same
membrane was rehybridized with a probe which corresponds to
part of genes 5 and 6 (1.7 to 3.0 kb from the 39 end of the MHV
genome) (Fig. 3A). This probe should hybridize with mRNAs
1 through 6 and not with mRNA 7. Subgenomic mRNAs were
detected both in LA16-infected cells at the permissive temper-
ature and in the JHM19th-infected cells. Only a trace amount
of mRNA signal was found in the cells infected with the P2
virus sample from coinfected cells at the nonpermissive tem-
perature; clearly, DIssA did not hybridize with this probe, and
MHV subgenomic RNAs containing the sequence correspond-
ing to genes 5 and 6 were not synthesized in DIssA-replicating
cells. This result strongly indicated that genes 5 and 6 were
missing in DIssA and further confirmed that the smaller RNAs
in LA16-infected cells and in P2 virus-infected cells were not
MHV subgenomic RNAs but were DI RNAs.
Analysis of the MHV-specific proteins in the DIssA-repli-

cating cells. The Northern blot data indicated that subgenomic
mRNAs 3 and 6, which encode the S and M proteins, respec-
tively, were not synthesized in DIssA-replicating cells. To con-
firm the Northern blot data, we examined S and M protein
synthesis in DIssA-replicating cells. DBT cells were infected
with viruses, and viral proteins were pulse-labeled with
[35S]methionine. At the end of the labeling period, cell lysates
were prepared and the MHV-specific proteins were immuno-
precipitated with anti-MHV antibody and analyzed by SDS-
PAGE (Fig. 4). Minor protein species shown in lanes 8 to 14 of
Fig. 4 required longer exposure than proteins in lanes 1 to 7.
Synthesis of three major MHV structural proteins, S, N, and
M, was evident in the LA16-infected cells at the permissive
temperature and in the MHV-JHM-infected cells. Large
amounts of N protein and minute amounts of S and M proteins
were synthesized in the cells infected with JHM19th (lanes 5
and 12). Synthesis of N protein, but not S and M proteins, was
observed in the cells infected with P2 virus from coinfected
cells that were incubated at the nonpermissive temperature
(lanes 6 and 13); synthesis of S or M protein was not observed
even after longer exposure of the gel (lane 13). These data
showing that N protein, but not S and M proteins, was synthe-
sized in DIssA-replicating cells were consistent with the data
obtained from the intracellular RNA analysis.
We also studied synthesis of MHV ns5b protein in DIssA-

replicating cells. Immunoprecipitation by anti-ns5b antibody
detected MHV ns5b protein in LA16-infected cells at the per-
missive temperature but not in MHV-JHM-infected cells or
DIssA-replicating cells (data not shown). The amount of ns5b
protein in MHV-JHM-infected cells and DIssA-replicating
cells was too low to be detected by our experimental condi-
tions.
Primary structure of DIssA. In addition to mRNA 7 sub-

genomic RNA, DIssA may synthesize small amounts of other
DIssA-specific subgenomic RNAs, possibly ns5b-encoding
mRNA, and these putative DIssA-specific RNAs might be
amplified by RT-PCR. We continued our search for the ns5b
protein-encoding region in DIssA by identifying the primary

FIG. 3. Northern blot analysis of MHV-specific intracellular RNA species.
DBT cells were infected with LA16 (lanes 1 and 2), a P2 virus sample from
JHM19th- and LA16-coinfected cells (lane 3), and JHM19th (lane 4). Viruses
were grown at 32.58C (lane 1) or 39.58C (lanes 2 to 4), and intracellular RNAs
were extracted at 9 h p.i., separated by 1% formaldehyde gel electrophoresis, and
transferred to a nylon membrane. The probes were prepared by random-primed
32P labeling of MHV-specific cDNA fragments. The probe used for panel A
corresponded to genes 5 and 6 of MHV genomic RNA, and the probe for panel
B corresponded to 0.47 to 1.5 kb from the 59-end of MHV-JHM DIssF DI RNA.
P, permissive temperature; NP, nonpermissive temperature.
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structure of DIssA. Sequence analysis of cloned RT-PCR
products of putative DIssA-specific subgenomic RNAs should
reveal the primary structure of part of DIssA. MHV-specific
cDNA was synthesized by using oligonucleotide 1116, which
specifically hybridizes 0.25 kb downstream from the intergenic
region preceding gene 7. This oligonucleotide should hybridize
with all MHV mRNAs and DIssA. The RT-PCR products
were synthesized by incubating the cDNA with oligonucleo-
tides 1116 and 78. The latter oligonucleotide hybridizes with
the antileader sequence of MHV RNAs. RT-PCR products
were then examined by Southern blot analysis with a probe that
specifically hybridizes to the 59 region of gene 7. At both the
permissive and nonpermissive temperatures, RT-PCR prod-
ucts corresponding to mRNAs 7, 6, 5, and 4 were observed in
the intracellular RNAs from LA16-infected cells, from MHV-
JHM-infected cells, and from JHM19th-infected cells (data not
shown). In addition, we detected a 1.2-kb-long RT-PCR prod-
uct in JHM19th-infected cells, whereas we did not find this
PCR product in all other samples, indicating that this RT-PCR
product was synthesized from a DIssA-specific subgenomic
RNA. We isolated this RT-PCR product from a preparative
gel and cloned it into a plasmid vector. For isolation of DIssA
subgenomic RNA-specific clones by colony hybridization, we
used the same probe as for the Southern blot analysis. We
identified several clones and completely sequenced two 1.2-kb-
long clones, TA23 and TA13.
Sequence analysis revealed that the structure of TA23 was

similar to that of MHV-JHM mRNA 2-1 but that it contained
a large internal deletion spanning from nucleotide 876 in the
transcription initiation site of gene 2-1 (or HE gene) to the 39
region of gene 6 (Fig. 5). The structure of TA13 was intriguing
because of an additional leader sequence that it carried up-
stream of gene 7; in that cloned PCR product, the 59-end

FIG. 4. Analysis of the virus-specific proteins in DIssA-replicating cells. DBT
cells were mock infected (lanes 7 and 14) or infected with LA16 (lanes 2, 3, 9,
10), JHM (lanes 4 and 11), JHM19th (lanes 5 and 12), or a P2 sample from
LA16- and JHM19th-coinfected cells (lanes 6 and 13). Virus-infected cells were
cultured at 32.58C (lanes 2 and 9) or 39.58C (lanes 3 to 7 and 10 to 14). At 8.5
h p.i., cultures were pulse-labeled with [35S]methionine, and cytoplasmic lysates
were prepared, immunoprecipitated with anti-JHM serum, and electrophoresed
on SDS–12% polyacrylamide gels. Positions of MHV S, N, and M proteins are
shown on the right. Lanes 8 to 14 represent the overexposures of lanes 1 to 7.
Marker represent 14C-labeled protein molecular weight markers. P, permissive
temperature; NP, nonpermissive temperature.

FIG. 5. Schematic representation of the sequence rearrangement sites of cDNA clones of DIssA-specific subgenomic RNA (TA23 and TA13) and cDNA clones
of DIssA (clones 1, 3, 7, 8, and 9). (A) The 59 boundary of the sequence rearrangement site. Bold lines represent the gene 2-1 sequences present in each clone. The
sequence of MHV-JHM gene 2-1 (HE gene) was from Shieh et al. (44). Nucleotide numbers of gene 2-1 are from the transcription initiation site of gene 2-1 (44). (B)
The 39 boundary of sequence rearrangement site. Bold lines represent the sequences present in the junction sequence between genes 6 and 7 (for TA23) and those
present in the leader sequence of mRNA 7 (for TA13 and other clones). An A nucleotide located two nucleotides upstream of the first two UCUAA repeats is referred
to as nucleotide 1 in the junction sequence between genes 6 and 7. For mRNA 7, the most 59-end nucleotide of mRNA 7 is referred to as nucleotide 1. Intergenic regions
are underlined.
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region of mRNA 2-1 (972 nucleotides from the transcription
initiation site of gene 2-1) was fused to a sequence that resem-
bled mRNA 7 minus 12 nucleotides from the 59 end. We found
no difference in the sequences between the gene 2-1 region of
both clones and the published MHV-JHM gene 2-1 (44). The
leader-body fusion site of TA23 and TA13 was the same as that
of MHV-JHM mRNA 2-1 (44). This sequence analysis sug-
gested that TA23 and TA13 represented cloned cDNAs of
DIssA-specific subgenomic RNAs. Because coronavirus
mRNA forms a 39-coterminal nested-set structure, the struc-
tures of TA23 and TA13 indicated that DIssA lacks all of genes
3, 4, and 5, most of gene 6, and the 39 one-third of gene 2-1.
The structures of TA23 and TA13 also suggested that the
DIssA subgenomic RNA that was used as the template for
cDNA cloning was a mixture of RNAs of similar sizes and that
these subgenomic RNAs were heterogeneous at the sequence
rearrangement site. Consequently, we assumed that DIssA was
a group of similar-size RNAs, with heterogeneity in the 59 and
39 regions of a large internal deletion site. Presumably some
DIssA molecules have a structure in which the 59 two-thirds of
gene 2-1 is fused with a mRNA 7 that lacks several 59-most
nucleotides. DIssA-specific subgenomic RNAs probably ex-
pressed the N-terminal two-thirds of the HE protein in DIssA-
replicating cells, because we observed that a 32 kDa protein,
which was immunoprecipitated by anti-MHV-JHM antibody,
was translated in vitro from in vitro-synthesized TA23 RNA
(data not shown). The size of this protein translated in vitro
was similar to its predicted size.
To confirm that DIssA had a large internal deletion span-

ning from the 59 two-thirds to just upstream of the N gene, we
examined the structure of DIssA by sequencing cloned DIssA-
specific RT-PCR products. On the basis of the structures of
TA13 and TA23, cDNA was synthesized from gel-purified
DIssA RNA, which was isolated from cells infected with P1
virus from JHM19th- and LA16-coinfected cells, by using oli-
gonucleotide 1116. The RT-PCR products were synthesized by
incubating the cDNA with oligonucleotide 1116 and oligonu-
cleotide 10121, which specifically hybridizes to the 39 region of
gene 2. We detected a predicted 1.2-kb-long RT-PCR product
in the P1-sample-infected cells, whereas we did not find this
PCR product in either MHV-JHM-infected cells or in LA16-
infected cells (data not shown). Southern blot analysis demon-
strated that this 1.2-kb-long RT-PCR product hybridized with
a gene 2-1 probe (data not shown). We cloned this RT-PCR
product into a plasmid and sequenced five independent 1.2-
kb-long clones, clones 1, 3, 7, 8, and 9 (Fig. 5).
The structures of the DIssA-specific clones were consistent

with the structures of DIssA subgenomic RNAs; all of the
clones had a deletion spanning from the 39 one-third of gene
2-1, including genes 3 through 6, to the 59 end of the mRNA
7-like sequence. Each clone had a slightly different sequence
rearrangement site. Therefore, the structures of all of the
DIssA-specific clones were similar to that of TA13; in each
clone, the 59-end two-thirds of gene 2-1 were fused with an
mRNA 7 that lacked some of the 59-end nucleotides from the
leader sequence. Sequence analyses of the cloned cDNAs from
the DIssA-specific subgenomic RNA and DIssA demonstrated
that genes 3, 4, 5, and 6 were missing in DIssA.
We further confirmed the structure of DIssA by Northern

blot analysis by using a probe corresponding to 362 to 670
nucleotides from the 59 transcription initiation site of gene 2-1.
With this probe, as shown in Fig. 6, two major RNAs, mRNA
1 and mRNA 2, were detected in LA16-infected cells at the
permissive temperature (lane 4) and in MHV-JHM-infected
cells (lane 1). DIssA and three other RNAs, approximately 5.4,
3.4, and 2.6 kb in length, were detected in the cells infected

with JHM19th or with P3 virus from LA16- and JHM19th-
coinfected cells. It should be noted that these three additional
RNAs were not evident by 32P labeling of DIssA-replicating
cells (Fig. 1) or by Northern blot analysis using the 59-region
probe (Fig. 3B), indicating that these were minor RNA species
and not DI RNAs. Instead, these three additional RNAs most
probably represented the DIssA-specific subgenomic RNAs.
The sizes of TA23 and TA13 indicated that they were most
likely derived from the smallest, 2.6-kb RNA. On the basis of
the sizes of the other two RNAs, the 3.4-kb RNA was probably
similar in structure to mRNA 2 but included a large internal
deletion like that of TA23 and TA13; probably the largest
RNA, the 5.4-kb RNA with a similar deletion, started about 2
kb from the 39 region of DIssA gene 1. This Northern blot
analysis demonstrated that DIssA synthesized three minor
RNA species in addition to mRNA 7.
Gene products from DIssA-related RNAs supported repli-

cation and transcription of another DI RNA. Our data indi-
cated that the gene 1 products, ns2 protein, part of the HE
protein, and the N protein, were expressed in the DIssA-
replicating cells and that their expression was sufficient for
replication and transcription of these DIssA-related RNAs.
Would these gene products support replication and transcrip-
tion of another DI RNA? We used a DIssF-derived MHV DI
cDNA clone, MT 1/24, which contains an inserted intergenic
region preceding gene 7 to test this possibility (29). A sub-
genomic DI RNA is synthesized in MT 1/24-replicating MHV-
infected cells (29). MT 1/24 DI RNA was synthesized in vitro
and transfected into monolayers of DBT cells which had been
infected with LA16 1 h prior to transfection (30). Virus was
cultured at 32.58C, and the P1 virus sample was collected. DBT
cells were infected with this P1 virus sample alone, with a P2
virus sample that was collected from LA16- and JHM19th-
coinfected cells, or with both the P1 and P2 virus samples.
Virus-infected cells were then incubated at the permissive or
the nonpermissive temperature. Intracellular RNAs were ex-
tracted at 9 h p.i., and equal amounts of intracellular RNAs
were examined by Northern blot analysis with a probe corre-
sponding to the 39 end of MHV genomic RNA (Fig. 7). Lanes
1 to 4 were exposed for the same periods of times; lanes 5 and

FIG. 6. Northern blot analysis of MHV-specific intracellular RNA species.
DBT cells were infected with JHM (lane 1), JHM19th (lane 2), a P3 virus sample
from JHM19th- and LA16-coinfected cells (lane 3), and LA16 (lanes 4 and 5).
Viruses were grown at 32.58C (permissive temperature [P]; lane 4) or 39.58C
(nonpermissive temperature [NP]; 1 to 3 and 5), and intracellular RNAs were
extracted at 9 h p.i., separated by 1% formaldehyde gel electrophoresis, and
transferred to a nylon membrane. The probe was prepared by random-primed
32P labeling of MHV-specific cDNA fragments. The probe correspond to the
MHV-JHM HE gene. Three DIssA-specific subgenomic RNAs are shown by
arrows.
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6 represent shortened exposures of lanes 1 and 2, respectively.
Synthesis of MT 1/24 genomic DI RNA and subgenomic DI
RNA by LA16 was observed at the permissive temperature but
not at the nonpermissive temperature (Fig. 7, lanes 1 and 5).
We sometimes found that synthesis of LA16-specific mRNAs
was somewhat lower in the presence of replicating MT 1/24
than in cells infected with LA16 alone (data not shown and Fig.
7). This was probably caused by homologous interference me-
diated by MT 1/24 DI RNA. A weak signal which comigrated
with genomic MT 1/24 DI RNA (lane 2) may represent a part
of the input MT 1/24 DI RNA that was not degraded during
incubation. At the nonpermissive temperature, synthesis of
DIssA and mRNA 7, but not helper virus-derived mRNA
synthesis, was evident in the cells infected with P2 virus from
the cells coinfected with LA16 and JHM19th (lane 4). A signal
which migrated slightly more slowly than MT 1/24 genomic DI
RNA, seen in lane 4, represented 28S rRNA; two minute
bands that migrated in approximately the same location as the
MT 1/24 genomic DI RNAs were probably other DI RNA
species (see above). At the nonpermissive temperature, syn-
thesis of MT 1/24 genomic DI RNA and subgenomic DI RNA
was observed in the cells coinfected with the P2 virus sample
from LA16- and JHM19th-coinfected cells and the P1 virus
sample from MT 1/24-transfected, LA16-infected cells (lane
3). Synthesis of DIssA-related RNAs, DIssA, and mRNA 7,
but not infectious virus-specific RNAs, was demonstrated in
this RNA sample. The amount of DIssA and mRNA 7 in lane
3 was lower than that found in lane 4; perhaps this indicated
that MT 1/24 interfered with RNA synthesis of DIssA and
mRNA 7. This finding demonstrated that MT 1/24 genomic DI
RNA and its subgenomic DI RNA were synthesized in cells in
which DIssA-related RNAs but not helper virus RNAs could
be synthesized.

DISCUSSION

In this study, we virtually eliminated MHV-JHM helper vi-
rus from DIssA containing MHV-JHM samples and demon-
strated that the ensuing mRNA 7 was MHV-JHM-derived
DIssA. Through sequence analysis of cDNAs of subgenomic
DIssA RNA and genomic DIssA RNA, we identified a dele-

tion in DIssA that extended from the 39 one-third of gene 2-1
to the end of gene 6; as a result, DIssA-replicating cells were
devoid of the subgenomic RNAs encoding S protein, ns4 pro-
tein, ns5b protein, and M protein and were devoid of their
proteins. Northern blot analysis suggested that four sub-
genomic RNAs were synthesized from DIssA; they were
mRNA 7 and three RNA species of 5.4, 3.4, and 2.6 kb in
length. The 2.6-kb-long RNA probably expressed the N-termi-
nal two-thirds of the HE protein. Enzymatic activities associ-
ated with DIssA-replicating cells were sufficient for replication
and transcription of a non-self-replicating DI RNA, MT 1/24
DI RNA. The ns2, HE, ns4, and ns5a proteins are not involved
in MHVRNA synthesis in tissue culture (43, 44, 53); to that list
we added the S, ns5b, and M proteins. We concluded that
expression of MHV genes 1 and 7 is sufficient for MHV RNA
synthesis and that MHV genes 2, 2-1, 3, 4, 5, and 6 are not
needed for MHV RNA synthesis.
The present study and an in vitro MHV RNA replication

study (7) indicated that the N protein is necessary for MHV
RNA synthesis. In negative-strand RNA animal viruses with
envelopes, N protein is a part of the helical nucleocapsid;
because the nucleocapsid, not naked RNA, functions as tem-
plate for RNA synthesis, the N protein is required for RNA
synthesis (17). The positive-strand RNA animal viruses con-
taining icosahedral capsid, like picornaviruses (2) and viruses
belonging to the alphavirus superfamily, do not require any
viral structural protein for RNA synthesis (1, 12). Coronavirus
RNA synthesis seems to be distinctly different from syntheses
of these other positive-stranded RNA animal viruses, because
it most probably requires N protein. However, we do not know
how the N protein functions in MHV RNA synthesis. Coro-
navirus nucleocapsid is not required for initiation of coronavi-
rus RNA synthesis, because coronavirus genomic RNA ex-
tracted from purified virions is infectious (21, 42). Possibly a
subsequent step in coronavirus RNA synthesis, e.g., genomic
RNA replication, may require a nucleocapsid template. Bind-
ing of MHV N protein at the leader sequence of MHV
genomic RNA and subgenomic RNAs has been reported (48),
though the biological significance of this binding is still not
clear. How coronavirus N protein functions in coronavirus
RNA synthesis is fundamental for the understanding of coro-
navirus RNA synthesis.
We found that the molar ratios of mRNA 1 to mRNA 7 in

the helper virus-infected cells and of DIssA and DIssA-derived
mRNA 7 in the DIssA-replicating cells were basically the same
(Fig. 1). Also, no significant difference was found between the
molar ratios of MT 1/24 genomic RNA to subgenomic RNA in
LA16-infected cells and in DIssA-replicating cells (Fig. 7).
These data indicated that MHV transcription efficiency was
not altered by the expression of the MHV S, ns4, ns5a, ns5b, or
M protein. This situation is different from that of influenza
virus and vesicular stomatitis virus. In these viruses, M protein
inhibits viral RNA transcription in vitro (5, 56).
Plaque assay and intracellular viral RNA analysis demon-

strated that DIssA did not complement LA16 RNA synthesis
at the nonpermissive temperature (Table 1 and Fig. 1). The ts
site of LA16 was mapped within gene 1, and complementation
occurs when LA16 is coinfected with an MHV ts mutant be-
longing to another complementation group (3). Because
DIssA inhibits MHV-JHM helper virus-specific mRNA syn-
thesis (28) (Fig. 1), the lack of complementation of LA16 RNA
synthesis by DIssA may have been due to interference of LA16
RNA synthesis by DIssA. One speculated mechanism for ho-
mologous interference by non-self-replicating DI particles sug-
gests that the DI RNA competes with the helper virus for the
limited amount of helper virus-derived polymerase. Homolo-

FIG. 7. Northern blot analysis of intracellular RNA species. DBT cells were
coinfected with two virus samples, a P2 virus sample from LA16- and JHM19th-
coinfected cells and a P1 virus sample from MT 1/24-transfected, LA16-infected
cells, and cultured at 32.58C (permissive temperature [P]; lanes 1 and 5) and
39.58C (nonpermissive temperature [NP]; lanes 2 to 4 and 6). Intracellular RNA
was extracted, and 1.5 mg of cytoplasmic RNA was separated on 1% formalde-
hyde–agarose gels and transferred to nylon filters. MHV RNA species were
detected with a probe corresponding to the 39 end of genomic RNA. An arrow-
head and an arrow represent MT 1/24 genomic DI RNA and subgenomic DI
RNA, respectively. Lanes 1 to 4 were exposed for the same length of time. Lanes
5 and 6 are shorter exposure of lanes 1 and 2.
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gous interference by DIssA is probably different from that of
non-self-replicating DI RNAs, because DIssA, which synthe-
sizes all of the proteins that it needs for synthesis of itself and
its related RNAs, is unlikely to compete for helper virus-de-
rived polymerase activities. The fact that DIssA supported
replication and transcription of MT 1/24, which carries a wild-
type intergenic sequence (29) and MHV cis-acting RNA rep-
lication signals (16, 25), indicated that DIssA-derived proteins
can recognize wild-type MHV sequences. The lack of comple-
mentation of LA16 RNA synthesis by DIssA was, therefore,
probably not due to the lack of recognition of the LA16 se-
quence by DIssA-derived proteins but may the result of some
other event happening prior to RNA synthesis.
Sequence analysis of DIssA and its subgenomic RNA dem-

onstrated that most of the DIssA molecules contained a struc-
ture in which the 59-end two-thirds of mRNA 2-1 was fused
with an mRNA 7 that lacked some of the most 59-end several
nucleotides from the leader sequence. This structure was most
probably generated by nonhomologous RNA recombination
between mRNA 7 and mRNA 1. It is possible that during the
elongation of negative-strand RNA on the mRNA 7 template,
nascent negative-strand RNA switched its template from
mRNA 7 to the gene 2-1 region of mRNA 1. Alternatively, this
may have been the result of nonhomologous RNA recombina-
tion whereby an elongating mRNA 1 switched from mRNA 1
minus-strand template at gene 2-1 to mRNA 7 minus-strand
template. We found that the sequence rearrangement site in
each cDNA clone was different. Accumulation of DIssA was
not, therefore, the result of amplification of one DIssA mole-
cule that was generated by one nonhomologous RNA recom-
bination event but more likely accumulated as the result of
multiple nonhomologous RNA recombination events. Inser-
tion of part of the leader sequence in the internal region of the
coronavirus genome has been described both for a human
coronavirus, OC43 (39), and for a mutant virus isolated from
cells persistently infected with MHV-S (50). DIssA maintained
part of gene 2-1 and possibly the next gene upstream, gene 2.
Why did DIssA contain sequences which are not necessary for
MHV RNA synthesis? Hypothetically, a shorter, self-replicat-
ing MHVDI RNA carrying only genes 1 and 7 should replicate
more efficiently than DIssA. The ‘‘extra baggage’’ of gene 2
and part of gene 2-1, though not required for replication, can
be supposed to afford the DI some other advantage.
DIssA lacks four genes and can support replication and

transcription of another DI RNA, suggesting that DIssA may
be useful for studying coronavirus replication; this is especially
important because a full-length coronavirus cDNA does not
yet exist and continues to be a challenge to clone. DIssA
should support replication and transcription of another DI
RNA that subgenomically expresses S protein, ns5b protein,
and M protein, and these two DIs should complement; all of
the MHV proteins and genomic DI RNAs needed for replica-
tion and assembly will then be expressed in the cells, and MHV
particles should form and bud. Establishment of such a com-
plementary system, currently in progress in our laboratory, will
be invaluable for studying coronavirus assembly mechanisms.
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