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All of the coronavirus defective interfering {DI) RNAs analyzed thus far contain an open reading frame (ORF) from
which DI RNA-specific protein(s) are translated, although the function of the DI-specific protein and the significance of
the ORF are not known. A complete cDNA ctone of a mouse hepatitis virus (MHVY) DI RNA, NE-1, containing a single
nucleotide deletion in the 5 region of the ORF was obtained and analyzed. Due to this single nucleotide deletion, a
DI-specific protein of 7.5-kDa was made from NE-1, in contrast to the 88-kDa protein made from the wild-type DI RNA,
NE-1 RNA was efficiently replicated after transfection into MHV-infected cells. However, after one passage of NE-1
RNA-containing virus, the B8-kDa wild-type protein was synthesized, indicating that the large ORF was restored during
NE-1 DI HNA replication. Sequence analysis of NE-1 DI RNA from infected cells demonstrated that in approximately
half of the DI RNA population, the ORF was restored by RNA recombination between NE-1 DI RNA and helper virus
genomic sequence. The sequences of other DI RNAs contained an additional nontemplated A at the five-A sequence
nine nucleotides upstream of the deletion site, resulting in a stretch of six consecutive As. In these "edited”-type DI
RNAg, the original nucleotide deletion was maintained and no RNA recombination was observed. This "editing”
produced an ORF of the same size as the wild-type DI RNA. We conclude that the Dt RNA with a large ORF has a
selective advantage. There was no significant difference in replication efficiency among these RNAs when they repli-
cated alone. However, cotransfection of two DI RNA species and time course experiments suggested that homologous
interference and other mechanism(s) during the early stage of virus muitiplication are responsible for the accumulation

of DI RNAs containing the large ORF.  © 1993 Acaderic Press, Inc.

INTRODUCTION

Mouse hepatitis virus (MHV), a coronavirus, con-
tains an approximately 31 kb-long genamic RNA (Lai
and Stohlman, 1978; Lee et al., 1991; Pachuk et &/,
1988}, In MHV-infected cells, seven to eight species of
virus-gpecific subgenomic mRNAs with a 3-caterminal
nested-set structure {Lai er af,, 1981 L_eibowilz et af.,
1981) are synthesized; these are numbered 110 7, in
decreasing order of size {Lai et af, 1981, Leibowitz et
al, 1981). None of the mRNAs are packaged into MHV
virions, except for mRNA 1, which is efficiently pack-
aged due to the presence of a packaging signal near
the 3-end of gene 1 (Fosmire et al,, 1992). The &’ end of
MHV genomic RNA contains a 72- to 77-nucleotide-
long leader sequence (Lai et a/,, 1983, 1984; Spaan et
al., 1983). Anidentical sequence is found at the B-end
of each MHV mRNA species; in each, the leader se-
quence is fused with the mRNA body sequence, which
starts {rom a consensus sequence at each intergenic
site {Makino et a/., 1988c; Shieh et al,, 1987).

Due to the large size of coronavirus genomic RNA,
construction of its full-length, infectious cDNA clone
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has not been successfui. Instead, a system has been
established in which complete cDNA clones of MHV
defective interfering (DI) RNAs were placed down-
stream of T7 RNA polymerase promoters 1o generate
Dt RNAs capable of efficient replication in the presence
of a helper virus. This system has been used for study-
ing MHVY RNA replication {Makino and Lai, 1989), tran-
scription (Jeang and Makino, 1992; Joo and Makino,
1992; Makino el al., 1881), RNA recombinaticn (de
Groot et al., 1992; van der Most et al,, 1992), and pack-
aging (Fosmire et af., 1992, Makino et al, 1990; van
der Most et a., 1991). MHV DI RNAs can be classified
into three types. One is DI RNA of nearly genomic size,
as exemplified by DIssA (Makino et af., 1985), which is
efficiently packaged into virus particles and replicates
even in the absence of helper virus (Makino et af.,
1988a). The second type consists of smaller DI RNAs,
which require helper virus infection for replication and
are not packaged efficiently into MHV particles (Ma-
kino et af.,, 1985, 1988a). The best-studied DI of this
type is DissE, which is the smallest MHV Di RNA found
thus far {(Makino et al,, 1988a,b). Dissk is 2.2 kb in
iength and consists of three noncontiguous genomic
regions, comprising the first 0.86 kb from the b'-end, an
internal 0.75 kb irom gene 1, which presumably en-
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codes the virus-specific RNA polymerase, and 0.6 kb
from the 3'-end of the parental MHV genome (Makino
et al., 1988b). The third type of DI RNA also requires
helper virus infection for its replication; however, as it
contains a packaging signal, it can be packaged effi-
ciently {(Makino et /., 1990; van der Most et al., 1991).
The structure of the 3.6 kb-leng DlssF, a prototype of
the third type, consists of sequences derived from five
noncontiguaus regions of the genome of nondefective
MHY (Makino et al., 1980). The first four regions {do-
mains | to IV) from the 5' end are derived from gene 1
and the 3-most domain {domain V) is derived from the
3-end of the genomic RNA. Both the second and third
types of MHV-JHM-derived DI RNAs contain one large
open reading frame (ORF) from which proteins are
translated {Makino et af., 1988b, 1990). Significantly,
MHV-ABS-derived DI RNAs also contain a large ORF
{van der Most et af, 1991). Thus, it seems that the
presence of a large ORF is a common feature of MHV
DI RNAs. Very recently, it was demonstrated that dur-
ing serial passages of a series of MHV-AS9-derived DI
RNA mutants, each of which contained a truncated
ORF, small truncated ORFs were converted into larger
ORFs by RNA recombination during serial passage of
DI particles (de Groot et a/.,, 1992), suggesting that DI
RNAs containing a larger ORF have some advantage
for accumulation, although the mechanism of accu-
mulation of these DI RNAs is not known.

In the present study, we analyzed a DlssE-derived
mutant DI RNA with a 1-nucleotide deletion at position
376 from the 5-end. This 1-nucleotide deletion pro-
duces an ORF of one-tenth the size of the DlssE-speci-
fic ORF. The data obtained from this study demon-
strated that DI RNA containing this small ORF can repli-
cate at the same efficiency as DI RNA containing the
large ORF. During RNA replication, however, D1 RNA
with the small ORF was replaced with novel DI RNAs
containing the large ORF. Of this group, approximately
half of the DI RNAs contained sequences created by
RNA recombination and the remainder contained se-
guences in which a specific nucleotide was added at a
specific site upstream of DI RNA nucleotide 376. Possi-
ble mechanisms for the efficient accumulation of Dl
RNAs containing the large ORF were studied.

MATERIALS AND METHODS
Viruses and cells

The plaque-cloned ABS strain of MHY (MHV-AB9)
was used as a helper virus. Mouse DBT cells {(Hirano et
al., 1974y were used for RNA transfection and propaga-
tion of viruses.

RNA transcription and transfection

Plasmids were linearized by Xba! digestion and tran-
scribed in vitro with T7 RNA polymerase as described

previously {(Makino and Lai, 1988). The lipofection pro-
cedure used for RNA transfection was described previ-
ously {Makino et a/., 1991). The DI RNA transcribed in
vitro was transfectad into MHV-infected cells at 1 hr
postinfection (p.i.). Viruses were harvested at 12 hrp.i.
and passaged without dilution on fresh DBT cells.
Virus samples obtained from DI RNA-transfected cells
are referred to as passage 0 virus samples.

Preparation of virus-specific intracelluiar RNA

Intracellular virus-specific RNA was extracted as de-
scribed previously (Makino ef al., 1984). For the study
of negative-strand RNA, a slight modification of the ex-
traction procedure described by Sawicki and Sawicki
{1990) was used. Briefly, after washing the cells with
ice-cold phosphate-buffered saline, cells were lysed
with LET buffer (0.1 M LiC4, 0.01 M Tris—hydrochloride
ipH 7.4], and 0.002 M EDTA) containing 50 mg of lith-
ium dodecyl sulfate per milliliter and 200 ug of protein-
ase K per milliliter. The solubilized cells were passed
through a 19-gauge needle. After incubation at 37° for
30 min, samples were passed through a 27-gauge nee-
die and extracted with phenol-chloroform. After eth-
anol precipitation, the samples were incubated with
DNase | (0.5 U/ml) in a DNase buffer consisting of 100
mM NaCl, 10 mM Tris—hydrochloride {pH 7.8), 2 mM
CaCl,, and 2 mM MgCl, for 15 min at 30°. Intracellular
RNA was extracted with phenoi-chloroform and precipi-
tated with ethanol.

Plasmid construction

Polymerase chain reaction (PCR} products which
corresponded to the 5" end 1.5 kb region of DlssF were
obtained as previously described (Makino et &/., 1990}
Two cDNA clones, PCR-1 and PCR-2, were analyzed
after the PCR products were cloned; the sequence of
PCR-1 has been described {Makino et a/., 1990). The
sequence of PCR-2 was identical to that of PCR-1 ex-
cept for a 1-nucleotide deletion at position 376 from
the 5-end of PCR-2. Two complete DlssE-specific
cDNA clones, NE and NE-1, were constructed by in-
serting the 1.5-kb SnaBl-Spel fragments of PCR-1 and
PCR-2, respectively, into the 2.9-kb SnaBl-Spel frag-
ment of DissE-specific cDNA clone DE&-w4 (Makino et
al., 1989} (Fig. 1).

PCR

For the amplification of negative-stranded MHV RNA
species, MHV-specific cDNA was first synthesized
from intracellular RNA as previously described (Makino
et al., 1988b), using as a primer oligonucleotide 1567
{5-CCTCTGCTGCGCAAGAA-3), which binds tc nega-
tive-strand DI RNA at nucleotides 332 to 348 from the
3-end. After cDNA synthesis, reverse transcriptase
was inactivated by heating the sample at 100° for 10
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min. MHV-specific cDNA was then incubated with ofi-
gonucleotide 1568 (&-TCTGCATATGCAACATC-3Y,
which binds to positive-sense DI RNA at nucleotides
871 to 887 from the 5-end, in PCR buffer {0.05 M KCI,
0.01 M Tris—hydrochloride [pH 8.3], 0.0025 M MgCl.,
0.01% gelatin, 0.17 mAM each of dNTPs, and b U of Tag
polymerase [Promega]) at 93° for 30 sec, 55° for 30
sec, and 72° for 100 sec¢ for 25 cycles. For amplifica-
tion of positive-stranded MHY RNA species, oligonu-
cleotide 154 (5-CTGCTCCCTGGCAACGCC-3), which
binds to positive-strand MHY DI RNA at nucleotides
962 to 966 from the 5-end, was used for first-strand
¢cDNA synthesis and oligonucleotide 52 {5-AAGCTT-
AATACGACTCACTATAGTATAAGAGTGATTGGCG-
TCCGTAC-3) (Makino and Lai, 1989), which binds to
negative-strand MHV genomic and DI RNAs at nucleo-
tides 1 to 24 from the 3-end, was added to the cONA
sample for subsequent PCR. The same PCR condi-
tions described above were used.

Direct sequencing of the PCR product

Direct sequencing of the PCR product was per-
formed according to the procedure described previ-
ously {Joo and Makino, 1992; Winship, 1988). An oligo-
nucleotide 167 {(b-CTTCTGGGGATCCTCGTC-3) (Ma-
kino et al., 1991}, which binds to positive-sense DI RNA
at nucleotides 452 to 469 from the 5'-end, was used as
a primer.

Radiolabeling of viral RNAs and agarose gel
electrophoresis

Virus-specific RNAs in virus-infected cells were la-
beled with **P; as previously described (Makino et al.,
1984) and separated by electrophoresis an 1% aga-
rose gels after denaturation with 1 M glyoxal (McMas-
ter and Carmichael, 1977).

In vitro translation

An mRNA-dependent rabbit reticulocyte lysate (Pro-
mega) was used as previously described (Makino et &/.,
1988b, 1990). /n vitro translation using wheat germ
extract (Promega) was used for the analysis of low mo-
lecular weight proteins.

Purification of viruses

Apfter clarification of cell debris by low speed centrifu-
gation of virus samples released from infected cells,
MHV virion was purified by sucrose gradient centrifuga-
tion as previcusly described (Fosmire et af., 1992).

Labeling of intracellular proteins,
immunoprecipitation, and SDS-PAGE

Labeling of intracellular proteins, immunoprecipita-
tion, and SDS-polyacrylamide gel electrophoresis

{PAGE) were performed as previously described (Ma-
kino et af., 1985, 1990).

RESULTS

Restoration of MHY DI RNA ORF during NE-1 DI
RNA replication

During sequence analysis of the cloned PCR prod-
ucts of DissF DI RNA, we found that one of the cloned
PCR products had a single A-nucleotide deletion at po-
sition 376 from the &' end {Fig. 1). Due to this nucleo-
tide deletion, the 0l RNA-specific ORF was closed 6
nuclectides downstream of the deletion site. To test
the ability of MHV DI RNA containing such a small ORF
to replicate in MHV-infected cells, two complete
DlssE-derived cDNA clones, NE and NE-1, were con-
structed. These clones contained identical sequences
except that NE-1 had a single A deletion at nucleotide
3786, producing a 57-aming-acid ORF. In contrast, the
ORF of NE encoded 567 amino acids, similar to that of
wild-type DlIssE (Makino et &/, 1988b} (Fig. 1). To con-
firm that each DI RNA encoded its predicied ORF,
plasmids NE and NE-1 were linearized with Xbal, and
transcribed by T7 RNA polymerase in the presence of
cap analog [m?GE)ppp(BIG] (Makino et g/, 1989). In
vitro-synthesized NE and NE-1 DI RNAs were then
translated /in vitro, and the proteins synthesized were
examined directly by SDS-PAGE (Fig. 2A} and by im-
munoprecipitation of the products by anti-p28 anti-
body, which recognizes the N-terminus region of gene
1 products {Baker et a/., 1989) {Fig. 2B). A 7.5-kDa pro-
tein was translated from NE-1 DI RNA, consistent with
its predicted molecular mass of 7308. In contrast, an
88-kDa protein was translated from NE DI RNA, and
was specifically immunoprecipitated by the anti-p28
antibody. The size of this protein was identical to that
of the DissE translation product (Makino et a/., 1988b).
Since the anti-p28 antibody recognizes the amino acid
sequence encoded by nucleotides 437 to 484 from the
5-end of MHV RNA {Fig. 1), and this sequence is not
presentin NE-1, the NE-1-specific 7.5-kDa protein was
not precipitated by the anti-p28 antibody (data not
shown). To confirm that the 7.5-kDa protein was in-
deed translated from the predicted ORF of NE-1, the
cDNA of NE DI RNA was digested with Naet, which
cleaves NE ¢cDNA at nucleotide 400 from the 5-end,
and the RNA was transcribed and translated. The size
of the translated product was nat different from that of
the full-length NE-1 RNA {Fig. 2A). These analyses
demonstrated that the 7.5-kDa and the 88-kDa pro-
teins were translated from the predicted ORFs of NE-1
and NE DI RNA, respectively.

To determine if NE-1 DI RNA replicates in MHMV-in-
fected cells, equal amounts of /n vitro-synthesized NE
and NE-1 D) RNAs were independently transtected by
lipofection into monclayers of DBT cells infected with
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FiG. 1. Diagram of the structures of NE and NE-1. (A) Compariscn of the structures of NE, NE-1, and standard MHYV genomic RNA. Genes 1
through 7 represent the seven genes of MHV. The locations of the ORFs of NE and NE-1 are shown. The three domains of DIssE-derived DI
RNAs {domains | through I} and the oligonuc!eotides used in the present study are indicated below the diagram of NE. The restriction enzyme
sites are indicated above NE-1. The double-underlined region under NE-1 represents the region which is recognized by the anti-p28 antibody (2).
(B} The nucteotide and deduced amino acid sequences of the 5-regions of NE and NE-1. The numbers above these represent the nuclectide
pasitions from the 5-end of NE DI RNA. The A {underlined) in the NE sequence is missing from NE-1.

MHMV-A59 helper virus 1 hr prior to transfection. The
virus was harvested at 12 hr p.i. and used to infect DBT
cells, and the 3?P-labeled intracellular RNA species ob-
tained were analyzed by agarose gel etectrophoresis.
Efficient replication of both NE- and NE-1-derived DI
RNAs was observed and there was no significant dif-
ference in the efficiency of RNA replication and accu-
mulation between the two DI RNAs (Fig. 3a). To exam-
ine whether NE-1-derived DI RNA still contained the
small ORF, metabolic labeling of MHV-specific pro-
teins and subsequent immunoprecipitation of MHV-
specific proteins by the anti-p28 antibody were per-
formed. Virus-infected DBT cells were labeled with 100
eCi/ml of [*®*Slmethionine for 20 min at 6.5 hr p.i. and
the MHV-specific proteins were immunoprecipitated
with the anti-p28 antibody and analyzed by SDS-
PAGE. As shownin Fig. 3b, the synthesis of the 88-kDa
protein was observed in NE DI RNA-transfected, MHV-
infected cells as well as in cells infected with NE DI
RNA-derived passage 0 virus sample. Surprisingly, the
88-kDa Dl-specific protein was also detected in cells

infected with passage 0 virus sample obtained from
NE-1 DI RNA-transfected cells, although it was not de-
tected in the NE-1 RNA-transfected and MHV-infected
cells. This result suggested that the small ORF present
in the original NE-1 DI RNA was changed to the large
ORF during DI RNA replication and amplification.

To confirm the change in the NE-1 ORF during RNA
replication, sequence analysis of the DI RNA present in
passage 0 virus-infected cells was performed. Intracel-
lular RNA was extracted at 7 hr p.i. from cells infected
with passage 0 virus samples obtained from NE-1 DI
RNA-transfected, MHV-infected cells. MHV-specific
cDNA was synthesized from the intracellular RNAs us-
ing oligonuclectide 154 as a primer, which binds at
nucieotides 3200 to 3218 from the 5-end of MHV ge-
nomic RNA (Lee et a/., 1991}, corresponding to nucleo-
tides 851 1o 966 from the 5-end of DIssE RNA (Fig. 1).
After cDNA synthesis, cDNA was mixed with oligonu-
cleotide 52 (Makino and Lai, 1989}, which binds to the
leader sequence of negative-stranded MHV RNA, and
25 cycles of PCR were performed. A DI RNA-specific
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Fia. 2. (&) #n vitro translation of NE and NE-1-specific proteins.
SDS-PAGE of the /n vitro translation products of NE-1 {lane 1), NE
(lane 2}, the 400-nucleotide-long &-region of NE RNA {lane 3), and no
RNA (lane 4). Translation was performed in a wheat germ extract
system, using [**S]methionine. (B) /n vitro translation and immuno-
precipitation of NE and NE-1-specific proteins. /n wiro translation of
NE-1 (lane 2), NE (lane 3}, and no RNA {lane 1) was performed in a
rabbit reticulocyte lysate system, using [F*S]methionine. /n vitro
translation products were immunoprecipitated with anti-p28 anti-
body and analyzed by SD3-PAGE.

PCR product with the predicted size of 0.96 kb was
obtained (data not shown). The PCR product was di-
gested with Dral and Eagl and the gel-purified 0.65
kb-long DI RNA-specific PCR product was cloned into
a plasmid vector and sequenced. This experiment was
conducted twice independently, under identical condi-
tions, with virtually no difference in sequencing results
{Fig. 4). Sequence analysis of the 36 clones obtained
demonstrated that the sequences of DI RNAs in pas-
sage 0 virus-infected cells could be classified into
three types. Eighteen of the 36 clones had a sequence
in which the A nucleotide deletion at position 376 was
repaired; these clones also contained A69-derived se-
quence downstream at positions 391, 411, and 432.
As it is known that MHV undergoes high-frequency
RNA recombination {Baric et al., 1990; Makino et af.,
1986), it seems likely that this sequence alteration was
probably caused by RNA recombination between NE-1
DI RNA and MHV-AS9 helper virus gencmic RNA. The
second type was represented by one clone, which
demonstrated a similar sequence alteration by RNA re-
combination, but its G nucteotide at position 140 was
also replaced by the MHV-AB9 A nucleotide, suggest-
ing multiple cross-overs. In the remaining 17 clones,
the single A nucleotide deletion at position 376 was

not repaired and no RNA recombination was observed.
However, each of these clones contained an additional
A insertion 9 nuclectides upstream of the deletion site;
this insertion produced a stretch of 6 consecutive As.
This nucleotide addition converted the NE-1-specific
small ORF into a long ORF encoding 567 amino acids,
The ORF made from these clones contained a contigu-
ous 4-amino-acid sequence which was different from
that of NE DI RNA {Fig. 5). These sequence analyses
clearly demonstrated that in the passage 0 virus-in-
fected cells, NE-1 Dl RNA was replaced by two differ-
ent DI RNA species, one of which was created by RNA
recombination and the other DI RNA by “editing"' of
the RNA sequence, although we do not know whether
the latter type RNA was derived de novo in the cells or
generated from in vitro transcription.

Analysis of accumulation mechanisms of DI RNA
containing the large ORF

To understand the mechanism of the efficient accu-
mulation of DI RNA containing the large ORF, a cDNA
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F1G. 3. Replication and protein synthesis by NE and NE-1 DI RNAin
passage 0 virus-infected cells and RNA-transfected cells. (a) Aga-
rose gel electrophoresis of MHV-specific intraceliular RNAs which
were oblained afler infection of passage 0 virus samples. ¥P-labeled
virus-specific RNA from DBT ceglls infected with MHV-AS9 (lane A},
passage 0 virus samples obtained from NE-transfected cells (lane B),
or from NE-1-transfected ceils {{ane C} was denatured with glyoxal
and electrophoresed on a 1% agarose gel. Numbers 1 to 7 denote
MHV-specific mRNA species. The arrow indicates DI RNAs. (b}
SDS-PAGE of proteins from DI RNA-replicating cells. DBT cells were
infected with MHV-A59 and transfecied with in vitro-synthesized
NE-1 D! RNA (lane 2), NE DI RNA (lane 3}, or mock-transfected {lane
g}. DBT cells were infected with passage 0 virus samples obtained
from NE-1 D! RNA-transfected cells (lane 4), or froam NE 31 RNA-
transfected cells (lane B). Lane 7 represents maock-infection and
maock-transfection. At 6.5 hr p.i., cultures were labeled with [3°3]-
methionine for 20 min; total cell extracts were then prepared and
immunoprecipitated with anti-p28 antibody. The 88-kDa Di-specific
protein is indicated by the arrow. The band indicated by the arrow-
head represents the nucleocapsid protein of MHV-AS9, Lane 1, '*C-
labeled marker proteins.
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MHV-A59
MHYV-JHM
NE-1
Exp. 1 Exp. 2 Total

Recombinant type 1 Gclones  12clones 18 clones
Recombinant type 2 0Oclone 1 clone 1 clone
Edited type 4clones 13 clones 17 clones

Total 10clones  26clones 36 clones

FiG. 4. Sequences of cloned PCR products of DI RNAs derived from cells infected with passage 0 virus sample obtained from NE-1 DI
RNA-transfected, MHV-infected cells. MHV-AB9, MHV-JHM, and NE-1 sequences are also shown for comparison. Nucleotide positions num-
bered from the 5-end of the genome are shown above the MHV-ABS sequence. Underlined nucleotides indicate MHV-AL3-specific nucleotides.
The A nucleotide inserted into the edited DI RNA is indicated by double underlining. The number of clones used for sequence analysis in each of

the two independent experiments are listed under Exp. 1 and Exp. 2.

clone, NE-2, was constructed, which has a sequence
identical to NE-1 except for an additional A nucleotide
at position 368 of NE-2 (Fig. 6); thus, NE-2 DI RNA had
the same sequence as the "edited’’-type DI RNA. To
examine whether DI RNA containing the large ORF rep-
licated more efficiently than NE-1 DI RNA, the replica-
tion efficiencies of NE DI RNA, NE-1 DI RNA, and NE-2
Ol RNA were compared. Equal amounts of each in vi-
tro-synthesized Dl RNA were transfected separately
into MHV-AS9-infected cells, and MHV-specific intra-
cellular RNA species were labeled with *2P;from 5 to 7
hr p.i. The RNAs were extracted and then separated by
an agarose gel electrophoresis (Fig. 6). The quantity of
DI RNA was estimated by densitometric scanning of
the autoradiograms. There was no significant differ-
ence in the efficiency of RNA replicaticn and accumu-
lation among the three DI RNAs. This result was repro-
duced in three independent experiments. These data
suggested that the accumulation of the DI RNAs con-
taining the large ORF was not due to a greater effi-
ciency of replication of the DI RNAs containing the
large ORF.
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We then examined whether DI RNA containing the
large ORF interferes with the replication of NE-1 DI
RNA. For this analysis three RNA samples were pre-
pared, one consisting of 99% NE-1 and 1% NE-2, one
consisting of 90% NE-1 and 10% NE-2, and a third
sample consisting of 50% NE-1 and 50% NE-2. Each
RNA mixture was transfected into MHV-AG9-infected
DBT cells, and total RNA extracted at 7 hr p.i. It has
previously been demonstrated that two different RNA
molecules can be efficiently cointroduced into MHV-in-
fected cells using this RNA transfection condition
(Jeong and Makino, 1992). This total RNA was then
used for cDNA synthesis and amplification. To avoid
detection of the amplified input DI RNAs, which were
still present in small quantity as late as 6 hr post-trans-
fection in the DI RNA-transfected cells (Jeong and Ma-
kino, 1992}, we examined the accumulation of nega-
tive-stranded RNA. MHV negative-strand RNA-derived
cDNA was initially synthesized using oligonucieotide
1667, which specifically binds to negative-stranded D1
RNAs at nucleotides 332 to 348 from the 3'-end. After
cDNA synthesis, reverse transcriptase was inactivated

381 391

H V R Y D
NE (DIssE)

T Term

NE-1

G Y H v R v D
--- GAA CCG AAA GTT AAA GGA AAA AACTTT GGT TAT CAC GTG AGG GTG GAT -- -
—1

NE-2 (Edited DI RNA)

FiG. 5. Nuclectide and deduced amino acid sequence comparison of NE, NE-1 and NE-2. Amino acid sequences which differ from NE are
indicated by underlining. The A nucleotide missing from NE-1 is shown by an arrow in the NE sequence. The A nucleotide added to NE-2 i
shown by an arrow in the NE-2 sequence. The stretch of six consecutive A nuclectides are shown by double underlining.
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Fia. 6. Replication of NE, NE-1, and NE-2 DI RNAs in D] RNA-
transfected cells. DBT cells were infected with MHV-AB9 1 hr prior
to transfection of NE D1 RNA {lane B), NE-1 DI RNA {Jlane C}, NE-2 Di
RNA {lane D), or mock-transfection (lane A). Virus-specific RNA spe-
cies wers labeled with 3P, from 510 7 br p.i. and the extracted RNA
was denatured with glyoxal and electrophoresed on a 1% agarose
gel. Numbers 1 to 7 represent MHV-specific mRNA species. D!
RNAs are indicated by the arrow.

by heating the sample at 100° for 10 min, oligonucieo-
tide 1568 was added to the sample, and PCR was per-
formed. Qligonuclectide 1568 hybridizes to positive-
strand DI RNA at nucleotides 871 to 887 from the b’
end, and to MHV genomic RNA at nucleotides 3118 to
3135 from the 5-end. The DI RNA-specific PCR prod-
uct of 0.5 kb was clearly generaied by this PCR reac-
tion, whereas the 2.8 kb-long negative-stranded MHV
genomic RNA-specific PCR product was not detected
{data not shown). The spectiiicity of these reactions
was demonstrated by repeating the reverse transcrip-
tion and amplification procedure described above, us-
ing a sample containing a mixture of in vitro-synthe-
sized NE-1 DI RNA and intraceilular RNA species from
MHV-AB9-infected cells. In this case, the synthesis of
a DI RNA-specific PCR product was not observed (data
not shown). Direct sequencing of the gel-purified DI
RNA-specific PCR product demonstrated that it con-
tained 5 As, which is identical 10 NE-1 DI RNA, when
the transfected samples contained 99% NE-1 and 1%
NE-2, or 80% NE-1 and 10% NE-2. The NE-2 DI RNA-
specific sequence, which contained 6 As, was naot ap-
parent in either sequencing analysis {Fig. 7}. Direct se-
guencing of the PCR products obtained frem cells co-
transfected with equal amounts of the two DI RNAs
demonstrated that the majority of the DI RMNA produced
contained NE-2-derived sequence (Fig. 7). No appar-
ent sequence heterogeneity was observed upstream
of the 6-A stretch, demonstrating that DI RNA contain-

ing NE-1-specific sequence was a very minor popula-
tion at 6 hr post-transfection. A similar result was ob-
tained when equal amounts of NE RNA and NE-1 RNA
were cotransfected into MHV-infected cells: the major-
ity of the replicating DI RNA species at 6 hr post-trans-
fection was NE DI RNA {data not shown). As a negative
control, NE-1 DI RNA and NE-2 DI RNA were indepen-
dently transfected into MHV-AB3-infected cells, and
PCR products were obtained from the intracellular RNA
species of each using the procedure detailed above.
Direct sequencing of these PCR products demon-
strated that each DI RNA kept its original sequence at 6
hr post-transfection. These analyses suggested that
one of the mechanisms of accumulation of DI RNA
species containing the large ORF was homologous in-
terference between DI RNAs containing the large ORF
and NE-1 DI RNA, although the homologous interfer-
ence activity was not very efficient.

Next to be examined was when the DI RNAs con-
taining the large ORF became the major population
during DI RNA replication. NE-1 DI RNA was trans-
fected into MHV-AbS9-infected DBT cells 1 hr p.i., and
intracetular RNA was extracted at 3, 8, and 12 hr p.i.
The DI RNA from NE-1 RNA-transfected cells was ana-
lyzed by direct sequencing of the negative-stranded
RNA-derived PCR product, as described above. Virion
RNA and intracellular RNA from passage O virus-in-
fected cells were also analyzed by direct sequencing of
the positive-stranded RNA-derived PCR products.
These studies demonstrated that the sequences of DI
RNA from NE-1 RNA-transfected cells and passage 0
virus were identical to that of NE-1 (Fig. 8); recombi-
nant and edited type DI RNA sequences were not de-
tected; thus, they were not selectively packaged into
virions. However, DI RNA in passage 0 virus-infected
cells at 3 hr p.i. clearly contained mostly the recombi-
nant type sequence, which have two A at nucleotides
376 and 377, but neither edited-type RNA nar parental
DI RNA {Fig. 8). In contrast, sequences of DI RNA from
passage 0 virus-infected cells at 6 hr p.i. had not only
two A nucleotides at nucleotides 376 and 377 but also
an additional A nuclectide inserted at 9 nuclectides
upstream. Furthermore, the sequence between these
two sites were heterogeneous, indicating that both re-
combinant- and edited-type DI RNAs were present at 6
hr p.i. in the passage 0 virus-infected cells. These re-
sults indicated that the DI RNA containing a large ORF
accumulated only after one virus passage, and that the
recombinant DI RNA accumulated earlier while the
edited type DI RNA accumulated iater invirus infection.
The precise mechanism is not yet clear. Two indepen-
dent experiments were performed and essentially the
same results were obtained.

DISCUSSION

The present study demonstrated that DissE-derived
NE-1 D3 RNA, which had a small ORF as compared to
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FiG. 7. Direct sequencing of the DI-specific PCR products synthesized from DI RNA-transfected, MHV-infected cells. /n vitro-synthesized NE-1
and NE-2 DI RNAs were mixed at a molar ratio of 99 to 1, 90 to 10, or 50 to 50 in the transfection bufier, as indicated. The mixture of DI RNA
samples were transfected into MHV-infected cells and total RNA was extracted at 7 hr p.i. Di-specific PCR products amplified from negative-

stranded DI RNA were sequenced.

wild-type DIssE, replicated efficiently in MHV-infected
cells. However, NE-1 RNA was found to synthesize a
wild-type 88-kDa protein after 2 rounds of virus replica-
tion. Most of DI RNAs in passage 0 virus-infected cells
contained a large ORF similar to that of wild-type DI
RNA, and all had altered RNA structures. Approxi-
mately half of the DI RNAs were derived by RNA recom-
hination, which removed the nucleotide deletion, sup-
porting the hypothesis that RNA recombination is an
important mechanism for the maintenance of MHV ge-
nome integrity, and that it plays a role in the evolution

of the coronavirus genome (Lai, 1992). The remainder,
edited-type DI RNA, contained sequences in which an
A nucleotide was inserted 9 nucleotides upstream of
the deletion site. Although it is not known whether the
addition of an A nucleotide at this specific site on DI
RNA occurred during /in vitro transcription of NE-1 RNA
by T7 RNA polymerase or during replication of NE-1 DI
RNA, this study suggests the advantage of a large ORF
in MHV DI RNA replication.

It is evident that a large ORF is not necessary for DI
RNA replication and accumulation, because NE-1 DI

NE-1 RNA-transfected cells

Virion RNA

Passage 0 virus-infected cells

6h 12h

3h 6h

FiG. 8. Direct sequencing of the Dl-specific PCR products synthesized from DI RNA-transtected, MHV-infected cells, purified DI particles and
passage 0 virus-infected cells. /n vitro-synthesized NE-1 was transfected into MHV-infected cells and total RNA was extracted at 6 hr (A) and 12
hr (B) p.i. Virion RNA was extracted from MHV particles which was harvested at 12 hr p.i. of NE-1-transfected cells {C). Intracellular RNA was
extracted from the passage 0 virus-infected cells at 3 hr (D} and 6 hr p.i. {E).
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BNA, with an ORF only ane-tenth the size of the ORF of
DlssE, replicated efficiently. If the Dl-specific protein is
necessary for DI RNA replication at all, the data pre-
senied here suggest that the N terminus of this protein
ts sufficient. It has been demonstrated that poliovirus
DI RNA replication requires a large ORF (Collis er a/.,
1992; Hagino-Yamagishi and Nomoto, 1989; Kaplan
and Racaniello, 1988), and that all naturally occurring
defective RNAs derived from the clover yellow mosaic
virus {CYM), a potexvirus, alsc contain a large QRF
(White et a/., 1992). The presence of a defective RNA-
specific protein was demonstrated in CYM defective
RNA-replicating cells (White et af., 1992), and site-di-
rected mutagenesis analysis indicated that the large
ORF is necessary for the accumulation of the defective
RNAs of this virus. The MHV DI RNA requirement is
clearly different.

Our present study showed that DI RNAs with a large
ORF accumulated during Dl RNA replication. This ob-
servation was consistent with the recent analysis of
MHV-ABS-derived DI RNA ORF {de Graot et al., 1992).
We further demonstrated that the accumulation of the
DI RNA with a large ORF was not due to a greater
efficiency of replication of this type of DI RNAs but
rather due to homologous interference between the DI
RNAs containing the large ORF and NE-1 DI RNA (Fig.
7). Although the mechanism of homologous interfer-
ence is not known, several possibilities may be consid-
ered. Due 1o the one-nuclectide deletion, the second-
ary or tertiary structures of NE-1 DI RNA might differ
slightly from those of DI RNAs with the large ORF. Itis
possible that the MHV RNA replication machinery has
a slightly better affinity far DI RNAs with the large ORF
than for NE-1 DI RNA, resulting in the preferential repli-
cation of DI RNAs with the targe ORF. The possible
structural differences between these DI RNAs may be
caused by the association of DI RNAs with ribosomaes.
It is conceivable that nascent positive-stranded DI RNA
assqciates with ribosomes immediately after transcrip-
tion and the Dl-specific protein is synthesized cotran-
scriptionally. If this is the case, nascent strands of NE-
t DI RNA will dissociate from the ribosome at 0.38 kb
from the &-end, while nascent strands of DI RNAs with
the large ORF are associated with ribosome to 1.9 kb
from the 5-end. This difference may resuit in structural
differences between different DI RNAs, and the RNA
structure made by the Jonger association with ribo-
somes may have a better affinity for the RNA replica-
tion components. It has been proposed that a protein
comptex composed of viral and host proteins interacts
with the B-region of nascent positive-stranded RNA,
and this interaction is important for the replication of
some positive-stranded RNA viruses {Andino et al,
1490; Pogue and Hall, 1992). ltis possible that corona-
virus positive-stranded RNA synthesis has a similarreg-
ulation in which the 5"-region of the nascent positive-

stranded RNA i recognized by the viral RNA replica-
tion machinery.

Our study also showed that the DI RNAs with the
large ORF did not accurnulate unti one round of virus
passage. However, the DI RNAs containing a large
ORF were not selectively packaged into MHV virion.
Surprisingly, within the first 3 hr of infection, the recom-
binant DI RNA became the major species in the in-
fected cells and the edited type RNA accumulated later
at 6 hr. This observation is intriguing because efficient
accumulation of the DI RNAs containing the large ORF
was not observed when MHV-infected cells were
transfected with RNA samples containing as much as
10% NE-2 RNA. Thus, the efficient accumulation of the
DI RNA containing the large ORF may be triggered by
the early steps of virus multiplication, such as virus
penetration, uncoating, and initial translation prior to
RNA replication. Since the incoming MHV RNA will be
used for translation of RNA polymerase before RNA
synthesis can take place, DI RNAs containing a large
ORF may be associated with the translation machinery
and, in some way, better utilized for RNA synthesis.
This process may be related to virus penetration and
the uncoating process. As yet, we do not know the
reason for the differential rates of accumulation for the
recombinant and edited type DI RNAs. Further studies
are necessary 10 identify the rnechanismis) which are
important for the accumulation of DI RNAs containing
the large ORF.
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