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The genome of the defective interfering (DI) mouse hepatitis virus DI-a carries a large open reading frame
(ORF) consisting ofORFla, ORFlb, and nucleocapsid sequences. To test whether this fusion ORF is important
for DI virus replication, we constructed derivatives of the DI-a genome in which the reading frame was
truncated by a nonsense codon or a frameshift mutation. In vitro-transcribed DI RNAs were transfected into
mouse hepatitis virus-infected cells followed by undiluted passage of the resulting virus-DI virus stocks. The
following observations were made. (i) Truncation of the fusion ORF was not lethal but led to reduced
accumulation of DI RNA. (ii) When pairs of nearly identical in-frame and out-of-frame DI RNAs were directly
compared by cotransfection, DI viruses containing in-frame genomic RNAs prevailed within three successive
passages even when the out-of-frame RNAs were transfected in 10-fold molar excess. (iii) When DI viruses
containing out-of-frame genomic RNAs were passaged, mutants emerged and were selected for that had
restored the reading frame. We conclude that translation of the fusion ORF is indeed required for efficient
propagation of DI-a and its derivatives.

High-multiplicity propagation of viruses frequently results
in the formation of defective interfering viruses (DIs). DIs
contain truncated genomes that have lost most of their
protein-encoding potential but have preserved the essential
replication signals (7, 10-12). For propagation, DIs thus
depend on the replication machinery and the structural
proteins provided by the standard virus. In fact, by compet-
ing with the standard virus for replication requirements, DIs
interfere with virus growth and cause reduced virus yields.
DIs have also been described for coronaviruses, a group of

enveloped RNA viruses (9, 19, 25, 38). Mouse hepatitis virus
(MHV), the best-studied member of this family, contains a
single-stranded, plus-sense RNA genome of 32 kb (16, 31).
The MHV DI genomes characterized so far are of the
internal deletion type (10), i.e., the 5' and 3' termini are
retained, but multiple internal segments of the standard virus
genome are deleted (19, 24, 26, 38).
For three different MHV DI genomes, full-length DNA

copies have been cloned downstream of the phage T7
promoter. RNAs transcribed from these constructs in vitro
were found to be replicated efficiently when introduced into
MHV-infected cells (3, 22, 38). These synthetic DI RNAs
have proved to be valuable tools for studies on various
aspects of coronavirus replication, such as leader switching
(22) and transcription initiation (20). Their use also allowed
the identification of an encapsidation signal (3, 38). More-
over, synthetic DI RNAs provide a means to site-specifically
introduce mutations in the MHV genome via homologous
RNA recombination (39).
An intriguing aspect of DIs is their extremely rapid evo-

lution (7, 32). During propagation, the MHV DI genomes
appear to undergo progressive modifications, notably inser-
tions and deletions, and new DIs emerge only to be suc-
ceeded by other, more efficiently replicating species (19, 38).
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The factors that determine the fitness of MHV DIs are
poorly understood, although a small size of the DI genome
and the presence of an encapsidation signal seem to provide
distinct selective advantages (19, 24, 26, 38). Interestingly,
the genomic RNAs of the natural MHV DIs DIssE (24) and
DI-a (38) consist of noncontiguous fragments of the MHV
genome that have been fused in-frame. Consequently, DI-a
and DIssE carry a single open reading frame (ORF) spanning
almost their entire genome. This observation prompted us to
consider a possible role of the fusion ORF in DI replication.
Here, we show, by introduction of nonsense and frameshift
mutations, that the fusion ORF is indeed required for effi-
cient propagation of DI-a and its derivatives.

MATERIALS AND METHODS

Cells and tissue culture. Mouse L cells were grown in
Dulbecco's modified Eagle's medium supplemented with
10% fetal calf serum. A concentrated virus stock of MHV
strain A59 prepared by polyethylene glycol 6000 precipita-
tion (36) was used. Transfection of in vitro-transcribed DI
RNA was performed as described by van der Most et al.
(38).
Recombinant DNA techniques. Standard procedures were

used for recombinant DNA techniques (2, 33). DNA se-
quence analysis was performed with T7 DNA polymerase
(Pharmacia) according to the instructions of the manufac-
turer.

Isolation and analysis of viral RNAs. Intracellular and viral
genomic RNA was isolated as described by Spaan et al. (36).
RNA was separated in 2.2 M formaldehyde-1% agarose gels
(34). The gels were dried and hybridized with 5'-end-labeled
oligonucleotide probe 12 (Table 1) as described by Meinkoth
and Wahl (28).

Construction ofplasmids. (i) pMIDI-C and pMIDI-U. Silent
marker mutations were introduced in pMIDI (38) at positions
1778 (G-*A, mutation A), 2297 (T--C, mutation B), and 3686
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TABLE 1. Oligonucleotide sequences used

Oligonucleotide Sequence Polarity Binding site in Binding site in
MIDI-U/C AH-in

1 5' ATTATGTCCAGCACAAGTGTG 3' + 1744-1764 1744-1764
2 5' ACGTGTACTCCAGCACACGTC 3' - 3894-3914
3 5' GTGATTCTTCCAATTGGCCATG 3' - 5473-5494 3409-3430
4 5' TGGCAATCTCGAGCAAAGAGCTATC 3' + 1763-1787 1763-1787
5 5' AACGAAATTCTTGACAAGCTC 3' - 2280-2300
6 5' GCTCTTAACTAGTTTATCCACAAAG 3' - 3677-3701
7 5' ACCGACATAGAGTCGATC 3' - 2330-2347
8 5' TTGCGCATACTGGTAGTC 3' + 3190-3207
9 5' TATTTGATTAAGAGTGGTCGA 3' + 1965-1985 1965-1985
10 5' TTTTATGGATTTAGATGATG 3' + 4382-4401 2318-2337
11 5' CCAATTCTAATTTAGATCCA 3' - 4808-4827 2744-2763
12 5' TTCCTGAGCCTGTCTACG 3' - 5019-5036 2955-2972

(C--T, mutation D) by polymerase chain reaction (PCR)
mutagenesis (33), using oligonucleotide primers 4, 5, and 6
(Table 1) and pMIDI DNA as the template. The XhoI-HincII
(1770 to 2298) and XhoII-SpeI (3237 to 3689) fragments
derived from the resulting PCR products were used to
replace the corresponding fragments in pMIDI, yielding
pMIDI-U. pMIDI-U contains a serendipitous C--T substi-
tution at position 3357 which gives rise to a UAA termination
codon. pMIDI-C also carries the genetic markers A, B, and
D (39), but the UAA stop codon is replaced by the wild-type
sequence CAA. Furthermore, pMIDI-C carries an additional
silent mutation (T-C) at position 3572 (mutation C). All
cloned PCR DNA fragments in pMIDI-U and pMIDI-C were
sequenced as were the junctions created by ligation. No
other mutations were found.

(ii) pAH-in and pAH-out. Plasmid pMIDI was digested
with HindIII (positions 1985 and 4040), treated with 5 U of
Si nuclease for 15 min at 37°C, and religated. The resulting
pMIDI derivatives were sequenced by using oligonucleotide
primer 4 (Table 1). Two clones were selected in which Si
nuclease had not only deleted the 5' protruding ends of the
HindIII sites, but also 5 (pAH-in) or 6 (pAH-out) nucleotides
of the flanking sequences, thus yielding two pMIDI deriva-
tives that differ only by a single nucleotide.

(iii) pAH-Mlu and pAH-Spe. pAH-in DNA was digested
with MluI or SpeI, and the 3' recessed ends were filled in
with Kienow DNA polymerase and then religated. This
yielded pAH-Mlu and pAH-Spe, respectively. To confirm the
mutations, pAH-Mlu was sequenced with oligonucleotide
primer 10 (Table 1), and for sequene analysis of pAH-Spe,
primer 11 (Table 1) was used.
cDNA synthesis and PCR amplification (RT-PCR). To

analyze MIDI-U RNA after replication, we separated intra-
cellular RNA from cells infected with passage 2 virus-DI
mixture (see Fig. 2a) on a nondenaturing, low-melting-point,
1% agarose gel. The DI RNA was excised and isolated as
described elsewhere (33). First-strand cDNA synthesis was
performed with RNase H-free Moloney murine leukemia
virus reverse transcriptase (BRL, Life Technologies); this
was followed by PCR amplification with Taq polymerase
(Promega) according to the instructions of the manufacturer.
Oligonucleotides 1 and 2 were used. The generated PCR
DNA was cut with HindIII (nucleotides 1985 and 3782), the
1.8-kb fragment was cloned into HindIII-digested pUC20,
and this was followed by CaCl2 transformation of Esche-
nchia coli HB101. To ensure that the resulting bacterial
colonies were independent, the cells were recovered for only
30 min at 37°C after heat shocking.

Analysis of in-frame escape mutant DI RNAs. RT-PCR
analysis of in-frame escape mutants derived from AH-out
and swopl to -3 was performed with unfractionated p3 RNA
and oligonucleotide primers 1 and 3. DI-specific fragments
were generated with the expected length of 1.7 kb. These
fragments were purified from low-melting-point agarose gels
(33) and digested with TaqI, after which the 3' recessed ends
were filled in with Klenow DNA polymerase, [32P]dCTP
(3,000 Ci/mmol; Amersham), and unlabeled dATP, dGTP,
and dTTP. The restriction fragments were analyzed in non-
denaturing TBE (89 mM Tris-borate, 2 mM EDTA [pH
8.0])-5% polyacrylamide gels (33). For sequence analysis,
the PCR fragments were digested wtih BssHII and SacI, and
the resulting 1,477-bp fragment was cloned into MluI-SacI-
digested pUC21. For each DI mutant, 12 independent
recombinant plasmids were isolated and characterized by
restriction analysis and then sequence analysis with the
universal sequencing primer and oligonucleotide 9.

In vitro translation and immunoprecipitation. In vitro
translation was performed in a 10-,ul reaction mixture con-
taining nuclease-treated, methionine-depleted rabbit reticu-
locyte lysate (Promega), supplemented with 10 ,uCi of
[35S]methionine (>1,000 Ci/mmol; Amersham), 20 ,uM unla-
beled amino acid mixture lacking methionine (Promega), and
10 to 50 ng of in vitro-transcribed RNA or cytoplasmic RNA
from the equivalent of 105 infected cells. The labeled pro-
teins were immunoprecipitated as described by Baker et al.
(4), using antisera raised against synthetic peptides derived
from the N terminus ofMHV ORFla (4) or the C terminus of
the MHV N protein (kindly provided by K. V. Holmes). The
immunoprecipitated products were analyzed by electropho-
resis in sodium dodecyl sulfate (SDS)-7.5% polyacrylamide
gels.

RESULTS

Termination codon in MIDI genome is removed via homol-
ogous recombination. We previously reported the construc-
tion of pMIDI, a DNA copy of the DI-a genome from which
RNA can be transcribed in vitro (38). As shown schemati-
cally in Fig. 1, the DI-a genomic RNA consists of the
following noncontiguous parts of the MHV-A59 genome: the
5'-most 3,889 nucleotides containing the 5' noncoding region
and part of ORFla, a 799-nucleotide middle segment derived
from ORFlb, and 806 nucleotides encompassing the 3' end
of the nucleocapsid (N) gene and the 3' noncoding region. In
the present study, two pMIDI derivatives were used,
pMIDI-C and pMIDI-U. As shown in Fig. 1, MIDI-C RNA
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FIG. 1. Schematic representation of the structure of MIDI-U,

MIDI-C, and the MHV-A59 genome. The parts of the DI RNAs
derived from the 5' end (ORFla), ORFlb, and the 3' end (N) of the
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locations of the silent marker mutations A, B, and D are shown.
Also indicated are the UAA termination codon in MIDI-U and the
positions of oligonucleotides 1 and 2 used for RT-PCR. The ORFs of
MIDI-U and MIDI-C, coding for the 115K and 184K polypeptides,
respectively, are depicted as black bars. MIDI-C contains an
additional silent mutation (marker C) at position 3572 (not indicated,
[39]).
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carries an ORF for a 184,000-molecular-weight hybrid poly-
peptide (184K polypeptide), which spans almost the entire
DI RNA and leaves only the 5' and 3' noncoding regions
untranslated. This type of fusion ORF will be referred to
below as full length. In MIDI-U, the ORF is truncated by a
UAA termination codon in the ORFla sequence and codes
for a polypeptide of only 115,000 molecular weight (115K
polypeptide). MIDI-C and MIDI-U both contain silent point
mutations in the ORFla sequence that serve as genetic
markers (Fig. 1) (39).
To evaluate the role of the ORF in DI propagation, we

used RNAs derived from pMIDI-U and pMIDI-C for trans-
fection of MHV-infected cells. As a control, MHV-infected
cells were mock transfected with phosphate-buffered saline.
Progeny virus was harvested and passaged twice in fresh L
cells. Figure 2a presents an outline of the experiments and
explains the nomenclature of virus stocks and RNA prepa-
rations. Intracellular RNAs from the different passages were
separated in denaturing formaldehyde-agarose gels and hy-
bridized to oligonucleotide 12 (Table 1). This probe detects
all MHV mRNAs in addition to the DI RNAs. As shown in
Fig. 2b, both MIDI-U and MIDI-C were replicated, but
MIDI-C accumulated to higher levels and displayed a much
stronger interference with viral replication. During passage,
endogenous DI RNAs emerged, the most predominant of
which, DI-en RNA, is also indicated in Fig. 2b. Interest-
ingly, DI-en was rapidly outcompeted by MIDI-C, but
accumulated to large amounts after initial transfection of
MIDI-U RNA.
To study the fate of the termination codon in MIDI-U

RNA, we translated pl and p2 RNAs in rabbit reticulocyte
lysates. The DI-encoded polypeptides were immunoprecip-
itated with aP28 serum. This serum specifically binds to P28,
a protein which is derived from the N terminus of the viral
ORFla product by proteolytic cleavage in cis (4-6). The
active site of the cis-acting proteinase is not encoded by the
MIDI-U and MIDI-C RNAs, and therefore, cleavage of the
DI-encoded polypeptides does not occur (4, 24, 26). As
shown in Fig. 2c, translation of pl MIDI-U RNA yielded
predominantly the expected 115K polypeptide, but in addi-
tion, a product was found that comigrated with the 184K

C T7 RNA MIDI-C MIDI-U

C U pl p2 pi p2

200 _ "_..
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96
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69
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FIG. 2. Transfection-propagation of MIDI-U and MIDI-C DI
RNAs in MHV-infected L cells. (a) Schematic outline of the
experiment showing the transfection of MHV-infected cells with
synthetic DI RNAs and the undiluted passage of the resulting
virus-DI stocks. The nomenclature used for virus stocks and intra-
cellular RNA preparations is explained. (b) Analysis of intracellular
RNAs. MHV-A59-infected L cells were transfected with in vitro-
transcribed MIDI-C or MIDI-U RNA or were mock transfected with
phosphate-buffered saline. The resulting virus stocks were har-
vested and passaged twice on fresh L cells. p0, pl, and p2 RNAs
were isolated and separated in formaldehyde-agarose gels and
hybridized to 5'-end-labeled oligonucleotide 12. The MIDI-U,
MIDI-C, and DI-en RNAs are indicated as well as the MHV
mRNAs. (c) Translation in vitro of pl and p2 RNAs. The intracel-
lular pl and p2 RNA preparations shown in panel B were translated
in vitro in rabbit reticulocyte lysate in the presence of [35S]methio-
nine. Labeled proteins were immunoprecipitated with an antiserum
(aP28) specific for the N terminus of the ORFla product and
separated in SDS-7.5% polyacrylamide gels followed by fluorogra-
phy. The 184K and 115K proteins translated from synthetic MIDI-C
and MIDI-U RNA, respectively, were used as markers. Numbers on
the left show molecular weights in thousands.
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TABLE 2. Elimination of marker mutationsa

No. of clones restoredMarker Position by wild-type sequence N
mutatiOn (n = 34)

Marker B 2297 28 81
UAA codon 3357 26 75
Marker D 3686 10 29

a PCR DNA derived from p2 MIDI-U RNA was prepared as described in
the text, digested with HindIII, and cloned into pUC20. Thirty-four indepen-
dent PCR clones were sequenced with oligonucleotide 7 (marker B), the
universal- and the reverse-sequence primers (marker D), and oligonucleotide
8 (UAA codon). The number of clones in which the mutation is restored by the
wild-type sequence is presented. Marker A was not analyzed.

polypeptide encoded by MIDI-C. In fact, after translation of
p2 MIDI-U RNA, the 115K polypeptide and the larger
protein were present in about equal amounts. Neither of
these products was observed after translation of p2 mock
RNA (data not shown), indicating that these polypeptides
are specific for the MIDI derivatives. No DI-en-specific
translation product was detected. Possibly, this product is
processed, which would also explain the large amount of P28
observed after translation of p2 MIDI-U RNA (Fig. 2c).

Apparently, during passage of MIDI-U, mutant DI viruses
accumulated that had eliminated the termination codon. The
fact that the larger polypeptide, but not the 115K product,
could be precipitated by using an antiserum against the
nucleocapsid protein strongly supported this idea (not
shown). The most likely possibility was that MIDI-U se-
quences had been replaced by sequences derived from the
standard virus genome via homologous RNA recombination,
thus restoring the full-length ORF (15, 21, 39). To study this,
p2 MIDI-U RNA was gel purified and subjected to cDNA
synthesis and then PCR (RT-PCR) with oligonucleotides 1
and 2. Sequence analysis of cloned RT-PCR DNA suggested
that in the majority of MIDI-U RNAs, the termination codon
had been replaced by the wild-type sequence CAA. The
genetic markers were replaced by wild-type nucleotides as

a Hindill Hindlll h

MIDI U

well (Table 2), suggesting that indeed RNA recombination
with the viral genome had occurred. The combined data
provided a first indication that truncation of the ORF im-
paired DI virus propagation.

Effects of premature termination of translation on DI RNA
replication. To study the role of a full-length ORF more
precisely, we constructed two pMIDI derivatives, pAH-in
and pAH-out, by cutting pMIDI with HindIII and then
performing S1 nuclease digestion and religation. Thus, a
2.1-kb deletion was made and new ORFla/lb junctions were
created. The resulting DI RNAs are identical except for a
1-nucleotide difference at the ORFla/lb junction (Fig. 3a). In
AH-in, the ORFla/lb sequences are fused in frame, gener-
ating a full-length reading frame for a 110-kDa polypeptide
(110K polypeptide). AH-out, however, contains a truncated
ORF for a polypeptide of 66 kDa (66K polypeptide) that
terminates 53 nucleotides downstream of the ORFla/lb
junction. Note that for AH-out, the full-length ORF can only
be restored by frameshift mutations and not via homologous
recombination with the viral genomic RNA.
To test whether the truncated ORF decreases the fitness of

AH-out, we designed a competition assay in which mixtures
of in vitro-transcribed AH-out and AH-in RNAs were used
for a transfection-propagation experiment (for an outline,
see Fig. 2a). The AH-out and AH-in DNA templates were
mixed 1:1, 10:1, and 1:10 before transcription in vitro by T7
RNA polymerase. We explicitly chose to mix the DNA
templates rather than the T7 transcripts to ensure that the
competing DI RNAs were of equal quality. In vitro transla-
tion of the T7 transcripts confirmed that the RNAs were
synthesized in the desired ratios (Fig. 3b). These RNA
preparations were then used to transfect MHV-infected
cells, and the resulting virus-DI stocks were passaged twice
in fresh L cells. To determine which of the DIs was propa-
gated best, p3 RNA (Fig. 2a) was isolated and translated in
vitro. The DI-encoded polypeptides were immunoprecipi-
tated with ozP28 serum. The results show that AH-in was
propagated much better than AH-out; even when AH-out
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FIG. 3. Transfection-propagation of AH-in and AH-out. (a) Construction of AH-in and AH-out. pMIDI DNA was digested with HindIII,
treated with Si nuclease, and religated, giving rise to AH-in and AH-out. Sequences derived from different parts of the MHV genome are
indicated by shaded boxes as in Fig. 1. The ORFs encoding the 66K and 110K polypeptides are depicted as black bars. Also indicated is the
nucleotide sequence at the new ORFla/lb junction; the TaqI site in AH-out DNA is underlined. (b) In vitro translation of synthetic and p3
RNAs in rabbit reticulocyte lysates. pAH-out and pAH-in DNA, either separately or mixed in the indicated ratios (AH-out: AH-in), was
transcribed by using T7 RNA polymerase. The resulting RNAs were translated in rabbit reticulocyte lysate as described in the legend to Fig.
2c. The labeled proteins were directly analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) (lanes T7 RNA). The synthetic RNA
preparations were then used for a (co)transfection-propagation experiment as in Fig. 2a. The p3 RNAs were extracted and translated in vitro.
Labeled proteins were immunoprecipitated with aLP28 antiserum (lanes p3 RNA). Lane M, molecular weight markers (x 103).
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FIG. 4. (a) Construction ofswopl to -3. The XhoI-MluI fragment
of AH-out spanning the ORFla/lb junction was introduced into the
genetic background of AH-in. ORFs are depicted as black bars; the
termination codon of the ORF in AH-out is indicated by an asterisk.
Sequence analysis confirmed that the XhoI-MluI fragments of AH-in
and AH-out are identical except for the la/lb junction. (b) In vitro
translation of synthetic and p3 swop DI RNAs. pswop DNA was

transcribed, either separately or mixed in 10-fold excess with
pAH-in DNA, with T7 RNA polymerase. The synthetic RNAs were

translated in rabbit reticulocyte lysate, and the translation products
were analyzed by SDS-PAGE (lanes indicated T7 RNA). Subse-
quently, these RNAs were used for a (co)transfection-propagation
experiment as explained in the legend to Fig. 2a. In vitro translation
products of p3 RNAs were analyzed by immunoprecipitation and
SDS-PAGE as described in the legend to Fig. 3b (lanes indicated p3
RNA). Only the results obtained for swopl and swop2 are shown,
but identical results were obtained for swop3. Numbers on the right
show molecular weights (in thousands).

RNA was transfected in 10-fold molar excess, translation of
p3 RNA yielded only the 110K polypeptide (Fig. 3b).

In principle, the poor propagation of AH-out could be
caused by mutations that had been acquired inadvertently
during the cloning procedures. To rule this out, we placed
the out-of-frame ORFla/lb junction of AH-out into the
genetic background of AH-in. This was done by exchanging
the 0.6-kb XhoI-MluI fragment of pAH-in for the corre-
sponding fragment of pAH-out (Fig. 4a). Thus, three new
out-of-frame clones were isolated that were designated
pswopl, -2, and -3. RNAs transcribed from pswopl to -3
were cotransfected in 10-fold molar excess with RNA from
the parental construct pAH-in and compared in a competi-
tion assay. Again, in vitro translation of p3 RNA yielded
only the 110K polypeptide (Fig. 4b).

Strikingly, when MHV-A59-infected cells were trans-
fected solely with the out-of-frame AH-out and swopl to -3
DI RNAs, in vitro translation of the resulting p3 RNAs also

FIG. 5. TaqI analysis of RT-PCR DNA derived from p3 AH-in
and AH-out DI RNA. The p3 RNAs described in the legend to Fig.
4 were subjected to RT-PCR with oligonucleotides 1 and 3. (a)
Schematic representation of the resulting 1.7-kb PCR DNA frag-
ment. The TaqI sites are indicated (T), as are the expected lengths
of the restriction fragments generated upon TaqI digestion. The
diagnostic TaqI site located at the ORFla/lb junction of AH-out and
its homologs swopl to -3 is encircled. BssHII (B) and Sacl (S) sites
are also shown. (b) TaqI digestion of 1.7-kb RT-PCR DNA derived
from p3 RNA (p3) or synthetic RNA (T7). The p3 RNA templates
for RT-PCR were isolated after an initial transfection with a single
DI RNA species (left panel) or a mixture of out-of-frame and
in-frame DI RNAs (right panel); out-of-frame DI RNAs were
transfected in 10-fold molar excess. Restriction fragments were
labeled with [32P]dCTP and Klenow DNA polymerase and analyzed
in nondenaturing 5% polyacrylamide gels (30). Numbers on the right
show fragment sizes (in nucleotides).

yielded a 110K polypeptide; only trace amounts of the
expected 66K polypeptide were detected (Fig. 3b and 4b).
To exclude the possibility that contamination with AH-in had
occurred during the transfection-propagation experiment,
we analyzed the p3 DI RNAs in more detail. cDNA derived
from AH-out and swopl to -3 contains a TaqI site at the
ORFla/lb junction, which can be used to distinguish these
DI RNAs from AH-in RNA (Fig. 3a and 5a). P3 RNA was
subjected to DI-specific RT-PCR with oligonucleotides 1 and
3 (Table 1; Fig. Sa). TaqI digestion of the 1.7-kb RT-PCR
products yielded restriction fragments of 211 and 51 bp,
indicating that the AH-out-specific TaqI site had been re-
tained (Fig. Sb, left). These results suggested that during
passage of AH-out and swopl to -3, escape mutants had been
selected for that had restored the full-length ORF by a
compensating frameshift mutation. As explained in Fig. 6a,
such a frameshift could only have occurred within a defined
64-nucleotide region. Therefore, sequence analysis of this
region was performed with cloned RT-PCR DNA as the
template. For the majority of DI RNAs, the reading frame
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FIG. 6. Sequence analysis of in-frame escape mutants. (a) Nu-

cleotide sequence of the region spanning the ORFla/lb junction in
AH-out and its homologs. The TaqI site at the la/lb junction is
boxed. Also shown are the amino acid sequences in the one-letter
code of the incoming and outgoing ORFs; termination codons are
indicated by an asterisk. The full-length ORF for the 110K fusion
polypeptide can only be restored by frameshifts occurring in the
64-nucleotide region between the indicated termination codons. (b)
RT-PCR fragments from the experiment shown in Fig. 5 were cut
with BssHII and SacI (Fig. 5a) and cloned into MluI-SacI-digested
pUC21. For each fragment, plasmid preparations of 10 to 12
independent recombinant clones were pooled and sequenced
(pooled plasmids). Only the results obtained for the swopl and -3
mutant DI RNAs are shown; similar results were obtained for
AH-out and swop2. In most cases, an additional adenine residue had
been inserted into a stretch of five adenines (indicated by a bracket),
but note that a subpopulation of the swop3 RT-PCR clones still
contains the wild-type sequence, giving rise to shadow bands. A
single RT-PCR clone obtained from swopl contained a deletion of 32
nucleotides, also restoring the ORF (individual plasmids, clone 1-2);
PCR clone 1-1, also derived from swopl, is shown for comparison.
The deletion created a new in-frame ORFla/lb junction, indicated
by the arrow. The insertion of the adenine residue and the 32-
nucleotide deletion are also depicted in panel a.

had been restored by insertion of an extra adenine residue
into a stretch of five. One PCR clone derived from swopl
RNA contained a 32-nucleotide deletion that also restored
the ORF (Fig. 6).
These results raised the question whether escape mutants

had emerged during the mixed transfection-propagation ex-
periments as well. Figure Sb shows that when the out-of-
frame AH-out and swopl to -3 DI RNAs were cotransfected
in a 10:1 ratio with AH-in RNA, PCR fragments derived from
the resulting p3 DI RNAs lacked the TaqI site, which implies
that AH-in had outcompeted the out-of-frame DI viruses.
Apparently, the presence of the efficiently replicating AH-in
prevented accumulation of AH-out and swopl to -3 escape
mutants.

Analysis of DI RNAs containing termination codons at two
additional positions in the reading frame. Termination of the
ORF immediately downstream of the ORFla/lb junction
clearly conferred a selective disadvantage to AH-out. We
next asked whether termination at a position further down-
stream would also result in decreased fitness. For this
purpose, we constructed two AH-in derivatives in which the
ORF was truncated by creating frameshifts at the unique
MluI and SpeI sites, thus allowing partial translation of
ORFlb and N sequences (Fig. 7a). The resulting DI RNAs
AH-Mlu and AH-Spe, containing ORFs for 81- and 92-kDa
polypeptides, respectively, were compared with AH-in in a

cotransfection-propagation assay (Fig. 2a); the out-of-frame
DI RNAs were transfected in well over 10-fold molar excess.
As shown in Fig. 7b, both AH-Mlu and AH-Spe were
outcompeted by the parental DI virus, suggesting that trans-

lation of the 3' end of the fusion ORF is required for efficient
propagation.

DISCUSSION

The genome of the natural MHV DI virus DI-a contains a
full-length fusion ORF encoding a 184K hybrid polypeptide
(38). Here, we studied whether translation of this ORF is
important for DI replication. For this purpose, we used
pMIDI, a cDNA construct from which DI-a RNA can be
transcribed in vitro (38), and a number ofpMIDI derivatives.
Comparison of pairs of nearly identical in-frame and out-of-
frame DI RNAs showed that the ORF is indeed required for
efficient propagation. Truncation of the ORF such that lb
and N sequences were not translated was not lethal but
consistently led to reduced accumulation of DI RNA during
transfection-propagation experiments. This was observed
not only for MIDI-U (Fig. 2b) but also for AH-out and its
homologs swopl to -3 (data not shown). Moreover, when
AH-in was directly compared to out-of-frame derivatives in
cotransfection-propagation experiments, the in-frame DI
AH-in prevailed within three successive passages, even

when synthetic RNA of the out-of-frame DIs was transfected
in large excess. The difference in fitness between in-frame
and out-of-frame DIs was also illustrated by the fact that
MIDI-C rapidly outcompeted the natural DI, DI-en, whereas
DI-en could accumulate to large amounts in transfection-
propagation experiments involving MIDI-U. Finally, during
passage of DI viruses containing an out-of-frame genomic
RNA, mutants emerged that had restored the reading frame.
In MIDI-U, the termination codon was replaced by the
wild-type sequence via homologous recombination between
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FIG. 7. AH-in derivatives containing frameshifts at
Spel sites exhibit decreased fitness compared with th
RNA. (a) Schematic representation of the constructi(
and AH-Mlu. pAH-in DNA was digested with either 8
The 3' recessed ends were filled in with Klenow DNA
after which the plasmid DNA was religated and clon
depicted as black bars. The molecular weights of the e

polypeptides are indicated. (b) pAH-Spe and pAH-Ml
mixed in large excess with the parental pAH-in DNA ar

transcription in vitro. The resulting synthetic RNA n
translated in vitro, and the translation products w
directly by SDS-PAGE (lanes marked T7 RNA). The F

were then used for a cotransfection-propagation e
described in the legend to Fig. 2a. p3 RNA was
translated in vitro. The DI-encoded products were im
tated with aP28 antiserum and analyzed (lanes p3 RN
on the left show molecular weights (in thousands).

DI RNA and the standard virus genome, wherea
and swopl to -3, the full-length ORF was

frameshift mutations. In most cases, a frar
achieved by insertion of a single adenine res
stretch of five adenines located immediately do'
the artificial ORFla/lb junction. It is unclear,%
insertion was made in vitro during transcription
polymerase, or in vivo. The fact that in-frame
tants were selected for strongly suggests that th
fitness of MIDI-U and AH-out compared with ti
counterparts MIDI-C and AH-in is due to trunc
ORF rather than to differences in DI RNA struct
ingly, the frameshift mutations in AH-Mlu a

prevent translation of only the 3'-most 250 and 1

the AH-in fusion ORF but still result in a decrea
suggesting that translation of the N sequences is
efficient propagation of DI-a derivatives.
Why does disruption of the fusion ORF imp

cation? One interpretation is that the ORFs of
derivatives encode functional proteins that
propagation via a mechanism(s) yet to be defir
the 184K polypeptide of DI-a was detected in ii
by metabolic labeling (40). Fusion proteins enc4
other natural MHV DIs, DIssF and DIssE, has
found in infected cells, which likewise has pron
lation on a possible role in DI replication (23, 24)
however, the polypeptides of DIssE, DIssF, an
significantly in structure. DI-a and DIssE cod
proteins composing the N terminus of the po
protein, the C terminus of the N protein, ar

3 RNA segment derived from either polymerase la (DIssE) or
polymerase lb (DI-a). In contrast, DIssF codes for a fusion

II protein consisting of la sequences only, and the 3' half of its
genome is not translated (23). These observations seem
difficult to fit into a model in which the products of DIssE,
DIssF, and DI-a have identical functions. An alternative
explanation is that efficient propagation of DI-a and its
derivatives requires translation per se. Different models can
be envisaged in which ribosomes unfold the RNA and

110K thereby facilitate DI RNA amplification, packaging, or un-

92K coating. A perhaps more likely option is that premature
81 K termination of the ORF affects DI RNA stability. For

cellular mRNAs, truncation of the ORF by insertion of
nonsense codons or frameshift mutations results in reduced
steady-state levels, a phenomenon that in a number of cases
has been attributed to a decrease in cytoplasmic half-life (17,
18, 27, and 37 and references therein).

In general, DI RNAs of other viruses do not seem to

tthe MluI and require translation, but few studies have addressed this
ie parental DI question directly (7, 10, 29, 30, 32, 35). Most DI RNAs of
on of AH-Spe influenza virus arise by a single internal deletion, and there
SpeI or MluI. appears to be no preference for maintaining the reading
polymerase, frame, because only in about one-third of the cases is a

ed. ORFs are full-length fusion ORF generated (30). In mixed infection
ncoded fusion experiments, influenza virus DIs producing detectable fusion
lu DNA were polypeptides did not have a selective advantage (1). The DI
nd used for T7 RNAs of poliovirus, on the other hand, do require transla-
extures were tion; no deletions outside the capsid-coding region are
iere analyzed found, and all deletions leave the original reading frame
xpeiNment as intact, apparently to preserve a functional polymnerase-cod-
isolated and ing region (8, 13, 14). Clearly, the DI RNAs of poliovirus and

imunoprecipi- MHV differ in this respect. In fact, the DIssE and DI-a
[A). Numbers RNAs more closely resemble the defective RNAs of clover

yellow mosaic virus (41). The clover yellow mosaic virus
defective RNAs are also of the 5'-3' in-frame deletion type,
containing full-length fusion ORFs that are crucial for prop-

s for AH-out agation and/or accumulation in planta: synthetic defective
restored by RNAs in which the ORF was disrupted were nonviable (42).
neshift was In summary, we showed that the fitness of DI-a and its
sidue into a synthetic derivatives is decreased by frameshift and nonsense
wnstream of mutations in the fusion ORF. The precise role of this ORF
whether this remains obscure, however. Premature termination of transla-
by T7 RNA tion may decrease DI RNA stability, but alternatively, the
escape mu- encoded protein may have some function in DI replication.

ie decreased Clearly, further studies are required to settle this issue.
ieir in-frame
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