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1. ABSTRACT

The positive-strand transcripts as well as negative-strand transcripts of mouse hepatitis
virus (MHV) defective interfering (DI) RNA, when introduced into MH V-infected cells, re-
sulted in DI RNA replication and accumulation. The leader sequence of the majority of DI
RNAs that accumulated from the expression of negative-strand DI RNA transcripts with no
extra non-MHYV nucleotides at the 3’ end switched to that of helper virus, whereas this leader
sequence switching did not occur in most of the positive-strand DI RNAs that accumulated
from the expressed negative-strand DI RNA transcripts with extra non-MHYV nucleotides at
the 3’ end. These data demonstrated that the extra 4 nucleotides at the 3’-end of negative-
strand DI RNA transcripts affected leader sequence switching on DI RNA, and indicated that
the leader switching probably occurred during positive-strand DI RNA synthesis.

2. INTRODUCTION

Mouse hepatitis virus (MHV), the prototypic coronavirus, contains a single-strand,
positive-sense RNA that is approximately 31 kb in length (Lee et al., 1991; Lai and
Stohlman, 1978). MHV-infected cells generate seven to eight species of virus-specific
mRNAs whose sequences comprise a 3’-co-terminal nested set structure (Lai et al., 1981;
Leibowitz et al., 1981). At their 5’-ends all of the mRNAs are fused to a 72- to 77- nucleo-
tide-long leader sequence (Lai et al., 1984; Spaan et al., 1983). Genomic sized and sub-
genomic sized negative-strand RNAs are present in coronavirus-infected cells in amounts
that are significantly lower than the amounts of corresponding positive-strand RNAs
(Sethna et al., 1989). The subgenomic sized negative-strand RNAs may be template RNAs
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for subgenomic mRNAs (Schaad and Baric, 1994; Sethna et al, 1991; Sawicki and
Sawicki, 1990) or they may be dead-end transcription products (Jeong and Makino, 1992).

Complete cDNA clones of coronavirus defective interfering (DI) RNAs under control
of the T7 promoter have been used to study various aspects of coronavirus replication. Trans-
fection of in vitro-synthesized positive-strand MHV DI RNA transcripts into MH V-infected
cells as well as expression of positive-strand DI RNA transcripts by a recombinant T7 vac-
cinia virus expression system in MH V-infected cells results in DI RNA replication. The leader
sequence of DI RNAs that contain a nine-nucleotide stretch of sequence (ULUUAUAAAC) at
the junction between the leader and the remaining DI sequence efficiently switches to that of
helper virus during replication (Makino and Lai, 1989). This high-frequency leader sequence
switching is not observed when the nine-nucleotide are deleted (Makino and Lai, 1989). Simi-
lar leader sequence switching is found in other coronavirus DI RNAs (Chang et al., 1996) yet
the mechanism of leader switching remains unclear.

MHYV DI RNA accumulation occurs in MHV-infected cells when the DI RNA negative-
strand transcripts are expressed using a vaccinia virus T7 expression system; DI RNA replica-
tion depends on expression of T7 polymerase and on the presence of the T7 promoter (Joo et
al., 1996). In this study, we examined the leader sequence of DI RNAs that accumulated from
expression of two different negative-stranded DI RNA transcripts, and found that the se-
quence difference at the very 3’ end of the negative-strand transcripts affected the leader
switching of the accumulated DI RNAs. The data shown in this study also indicated that the
leader switching in DI RNA probably occurred during positive-strand DI RNA synthesis.

3. MATERIAL AND METHODS

3.1. Viruses and Cells

The plaque-cloned A59 strain of MHV (Lai et al., 1981) was used as a helper virus.
Mouse DBT cells were used for MHV growth and DNA transfection. Recombinant vac-
cinia virus (VV) vTF7-3 that expresses T7 RNA polymerase (Fuerst et al., 1986) were
grown and titered in RK13 cells.

3.2. DNA Transfection

DNA transfection into vIF7—3-infected DBT cells was described previously (Joo et
al., 1996). A plasmid, pS5A, containing the Chloramphenicol Acetyl Transferase (CAT)
gene (Woo et al., 1997) was co-transfected with the DNA.

3.3. Preparation of Virus-Specific Intracellular RNA

Viral RNAs from virus-infected cells were extracted as previously described (Mak-
ino et al, 1984). In some experiments poly(A) containing RNA was collected by
oligo(dT) column chromatography. RNA samples were treated with RNase-free DNase I
(Promega) at 37°C.

3.4. Northern (RNA) Blotting

Northern blot analysis using a random-primed probe corresponding to the 0.55 kb
Stu I - Sph I fragment of DE 25 was performed as previously described (Jeong and Mak-
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ino, 1992). For detection of positive-stranded MHV DI-RNA, oligonucleotide 10080 (5’
GGCAAGCCGTCCTCTTCTTGGGTATCGGC 3’), which binds at nucleotides 931-960
of DE25 from the 5°-end was 5’-end labeled and used as a probe.

3.5. Reverse Transcriptase (RT)-PCR

Positive-strand DI RNA specific-cDNAs were synthesized by incubating intracellu-
lar RNA species with oligonucleotide 10120 (5 CTTTAGACAACGCCAGTT 3’), which
binds to positive-strand DI RNA at nucleotides 1594 to 1611 nucleotide from 5’ end, as
described previously (Makino et al., 1988); this oligonucleotide binds at the junction site
of domains II and III of the positive strand of DIssE (Makino et al., 1988). RT-PCR prod-
ucts were synthesized by incubating the cDNAs with oligonucleotide 10066 (5’TATAA-
GAGTGATTGGCGTCCG 3°), which binds to the 5’ end of leader sequence (nucleotides
1-21). PCR was carried out at 94°C for 5 min (to inactivate RT), 94°C for 30 sec, 50°C for
1 min. 30 sec, and 72°C for 1 min. 30 sec., for 30 cycles.

3.6. Sequence Analysis

The gel-purified, DI-specific, RT-PCR products were sequenced by cloning the RT-
PCR products into a TA cloning vector (Invitrogen). To sequence the leader region of
these clones oligonucleotide 10258 (5 CTGGCGCCGAATGGACACGTC 3°) was used.
The oligonucleotide binds to nucleotides 168—188 of DIssE, from the 5’-end.

4. RESULTS

Previously we constructed and characterized two plasmids, pDER and pDER4, to
study DI RNA replication from MHV DI RNA negative-strand transcripts (Joo et al.,
1996). In pDER a complete cDNA of MHV DI RNA, DIssE, is inserted between the T7
promoter and the hepatitis delta virus ribozyme domain such that negative-strand DI RNA
transcripts are synthesized from the T7 promoter. The leader sequence of pDER has 4 re-
peats of UCUAA at the junction of the leader and body sequences and lacks the nine-nu-
cleotide sequence (UUUAUAAAC) downstream of the UCUAA repeats (on the
positive-sense), while MHV-AS59 has 2 UCUAA repeats and contains the nine-nucleotide
sequence (Makino and Lai, 1989). The leader sequence of pDER also has five substituted
nucleotides relative to the MHV leader sequence. The structure of pDER4 is nearly identi-
cal to that of pDER, except that pDER4 has four extra nucleotides, AGCT, between the 3°-
end of the leader sequence and the ribozyme domain; negative-strand transcripts of
pDER4 should have the corresponding (UCGA) additional non-MHV sequence at the 3°-
end (Fig. 1). When the negative-strand transcripts of the DI RNA are expressed in MHV-
infected cells by a vaccinia virus T7 expression system, positive-strand DI RNAs
accumulate in the plasmid-transfected cells (Joo et al., 1996). DI RNA replication depends
on expression of T7 polymerase and on the presence of the T7 promoter (Joo et al., 1996).

To test whether leader switching occurred in the accumulated DI RNAs from the ex-
pressed negative-strand DI RNA transcripts, we examined the leader sequence of accumu-
lated DI RNAs from the cells expressing pDER transcripts and pDER4 transcripts.
Intracellular viral RNA was extracted from plasmid-transfected cells at 10 h p.i. with
MHY and incubated with DNase I. We amplified the 5’-region of positive-strand DI RNAs
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Nucleotide positions 303132 35

oy L cvc s = |
ASI/4R9 | cuc A 4 |— |
AS9/3R9 | cuc A R |—] |
pDER-Type | UAA U 4R [— |

Figure 1. Diagram of the 5’-end sequences of the DI RNA transcripts in the positive sense. A59/2R+9 represents
MHYV genomic RNA. The shaded box represents the nine-nucleotide sequence (5" UUUAUAAAC 3°). 2R, 3R and
4R represent two, three and four repeats of UCUAA sequence, respectively. The nine-nucleotide sequence that is
deleted is shown as a thin line. The nucleotide sequences which are not denoted share the same sequence as de-
scribed previously (Makino and Lai, 1989). pDER-type represents both pDER and pDER4. The only difference
between pDER and pDERA4 is the presence of four extra nucleotides (5" UCGA 3’) at the 3’-end of pDER4.

using RT-PCR as described in the Materials and Methods. We detected the expected RT-
PCR product from DNA-transfected, MHV-infected cells, whereas we did not detect this
product in the DNA-transfected, mock-infected cells, or in mock-transfected, MHV-in-
fected cells (data not shown), indicating that the RT-PCR product was indeed derived from
positive-strand DI RNAs. The PCR product was purified on an agarose gel and cloned into
a plasmid vector. Sequencing analysis of five out of a total of six clones derived from ac-
cumulated positive-strand DI RNAs in the pDER-transfected cells had helper virus-spe-
cific leader sequence with two repeats of the UCUAA sequence and the nine-nucleotides,
while one clone had helper virus-specific leader sequence with four repeats of UCUAA
and deletion of the nine-nucleotide sequence. Sequencing analysis of DI RNAs from
pDER4-transfected cells showed that five out of nine clones had the pDER4-specific
leader sequence. We do not know whether those accumulated DI RNAs maintained the ex-
tra 4 nucleotides present at the extreme 3’ end of the pDER4 transcripts, because this RT-
PCR analysis did not identify the very 5° end of the leader sequence. The remaining four
clones showed the helper virus-specific leader sequence, yet all of the clones lacked the
nine-nucleotide sequence. Half of the clones contained three UCUAA repeats, while the
remaining two clones had four UCUAA repeats (Table 1).

The leader switching does not occur after transfection of positive-strand DI RNAs
lacking the nine-nucleotides (Makino and Lai, 1989), whereas we showed here that most of
the accumulated DI RNAs underwent the leader switching in cells expressing pDER tran-
scripts, which lacked the nine-nucleotides. Furthermore, our data indicated that the presence
of 4 extra nucleotides at the very 3’-end of the negative-strand DI RNA transcripts affected
leader switching; it seemed that the extra nucleotides prevented the leader switching.

5. DISCUSSION

The present data provided further information about the leader switching mecha-
nism. The leader switching does not occur when positive-strand DI RNA transcripts lack-
ing the nine-nucleotide sequence are transfected into MHV-infected cells (Makino and
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Table 1. Leader sequences of cloned PCR products of DI RNAs from
MH V-infected pDER-expressing cells, and from MH V-infected
pDER4-expressing cells

Leader type"
Transfected clones® A59/2R+9 A59/3R-9 A59/4R-9 pDER-type
pDER + pS5A° 5 - 1 -
pDER4 + pS5A* - 2 2 5

*Leader sequences as described in Figure 1.

®positive-strand DI RNA-specific RT-PCR products were cloned into TA cloning vector. Se-
quence analysis of leader regions of the cloned PCR products was performed.

°Five clones out of six had helper virus leader sequences. One clone had helper virus type
leader with four UCUAA repeats and lacking the nine-nucleotide sequence.

4Out of nine clones sequenced, two clones had A59/3R-9 leader, two had A59/4R-9 leader and
five retained the pDER-type leader.

Lai, 1989). Accordingly, accumulated negative-stranded DI RNAs also most likely lack
the nine-nucleotide sequence. Most MHV negative-strand RNAs appear to exist in double-
strand (ds) forms (Sawicki and Sawicki, 1986), therefore, the majority of negative-strand
DI RNAs and some positive-strand DI RNA probably formed ds RNAs. We assume that
efficient positive-strand RNA synthesis occurs from those ds RNAs. If the positive-strand
DI RNA molecules that were synthesized from the expressed pDER transcripts are faithful
copies of the pDER transcripts, then they should have lacked the nine-nucleotides. If this
is the case, the ds RNAs made of newly synthesized positive-strand DI RNA and ex-
pressed negative-strand pDER DI RNA transcripts are structurally very similar to the ds
RNAs that are produced after transfection of positive-strand DI RNA transcripts lacking
the nine-nucleotides. Accordingly, one might expect that the structure of nascent positive-
strand DI RNAs from both of those ds DI RNAs is the same. However, positive-strand DI
RNAs accumulated in the cells expressing pDER transcripts contain helper virus-derived
leader sequence, whereas those accumulated after transfection of the positive-strand DI
RNA transcripts do not undergo leader switching. Therefore, we speculate that initial posi-
tive-strand DI RNA molecules synthesized from the expressed pDER transcripts were not
faithful copies of the pDER. It is more likely that the helper virus-derived RNA(s) con-
taining the leader sequence was used as a primer for the initiation of positive-strand DI
RNA (Makino and Lai, 1989); this would result in leader switching on DI RNAs after ex-
pression of pDER transcripts. We further speculate that if the template RNAs exist as ds
RNAs, this primer-dependent initiation of positive-strand DI RNA does not occur. This
speculation may explain why those DI RNAs that accumulate after transfection of the
positive-strand DI RNAs do not undergo leader switching. The ds DI RNAs produced af-
ter transfection of the positive-strand DI RNA transcripts consist of in-put DI RNA tran-
scripts and faithful copies of the negative-strand DI RNAs. Subsequent positive-strand DI
RNA synthesis does not require the helper virus-derived RNA containing the leader se-
quence as a primer, and the accumulated DI RNAs maintain the original leader sequence.
The leader switching did not occur in the majority of DI RNAs that accumulated in
the cells expressing pDER4 transcripts, indicating that the presence of the extra 4 nucleo-
tides at the very 3’-end of pDER4 transcripts was crucial for the leader switching. Why
did most of the positive-strand DI RNAs that accumulated from the expressed pDER4
transcripts not undergo leader switching? The extra 4 nucleotides at the very 3’ end of
pDER4 transcripts and sequence immediately upstream may form a specific secondary
structure, which may facilitate the initiation of positive-strand DI RNA synthesis. If the
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very 3’ end negative-strand transcript lacks extra nucleotides, i.e., pDER transcripts, the
very 3’-end of the expressed transcripts may not form the secondary structure that is opti-
mal for the initiation of positive-strand DI RNA synthesis. If nascent positive-strand DI
RNAs are not initiated from the very 3’-end of the negative-strand DI RNA transcripts,
then MHV replication mechanism may use helper virus-derived leader sequence as a
primer for the initiation of positive-strand DI RNA synthesis.
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