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A strategy for targeted RNA recombination between the spike gene on the genomic RNA of MHV-A59 and a synthetic
DI RNA containing the MHV-RI spike gene is described. The MHV-RI spike gene contains several nucleotide differences
from the MHV-A59 spike gene that could be used as genetic markers, including a stretch of 156 additional nucleotides
starting at nucleotide 1497. The MHV-RI S gene cDNA (from nucleotide 277-termination codon) was inserted in frame into
pMIDI, a full-length cDNA clone of an MHV-A59 DI, yielding pDPRIS. Using the vaccinia vTF7.3 system, RNA was transcribed
from pDPRIS upon transfection into MHV-A59-infected L cells. DPRIS RNA was shown to be replicated and passaged
efficiently. MHV-A59 and the DPRIS DI particle were copassaged several times. Using a highly specific and sensitive RT-
PCR, recombinant genomic RNA was detected in intracellular RNA from total lysates of pDPRIS-transfected and MHV-A59-
infected cells and among genomic RNA that was agarose gel-purified from these lysates. More significantly, specific PCR
products were found in virion RNA from progeny virus. PCR products were absent in control mixes of intracellular RNA
from MHV-A59-infected cells and in vitro-transcribed DPRIS RNA. PCR products from intracellular RNA and virion RNA
were cloned and 11 independent clones were sequenced. Crossovers between A59 and Rl RNA were found upstream of
nucleotide 1497 and had occurred between 106 nucleotides from the 5’-border and 73 nucleotides from the 3’-border of
sequence homologous between A59 and RI S genes. We conclude that homologous RNA recombination took place between
the genomic RNA template and the synthetic DI RNA template at different locations, generating a series of MHV recombinant

genomes with chimeric S genes. © 1997 Academic Press

INTRODUCTION

Coronaviruses are a group of enveloped viruses con-
taining a single-stranded, positive sense RNA genome
of approximately 27-32 kb in length. Mouse hepatitis
virus (MHV), one member of the coronavirus group, is
highly contagious in laboratory mouse colonies and
causes a wide spectrum of disease manifestations rang-
ing from subclinical infections to high mortality. MHV
strains can be divided, based on their sites of initial
replication, into two biotypes: respiratory (polytropic) and
enterotropic. After orinasal inoculation, respiratory
strains like MHV-A59 will replicate initially in the mucosa
of the upper respiratory tract and then, depending on
the susceptibility of the mouse, disseminate to multiple
organs like liver or brain but not to the intestine. In con-
trast, the enterotropic strains such as MHV-Y and MHV-
Rl are largely restricted to the intestinal mucosa, the site
of their primary replication, with minimal dissemination
to other organs (Barthold, 1986, 1987; Barthold et al.,
1993; Compton et al., 1993).

The MHV virion consists of four to five structural pro-
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teins: the spike protein (S), the membrane protein (M),
the small membrane protein (E), and the nucleocapsid
protein (N). An additional protein, the hemagglutinin es-
terase (HE), is found in some strains. The S protein forms
the characteristic peplomer on the virion surface and is
responsible for virus binding to cell receptor, induction
of cell-to-cell fusion, elicitation of neutralizing antibodies,
and cell-mediated immunity (Collins et al., 1982; Daniel
and Talbot, 1990; Hasony and Macnaughton, 1981). Al-
though the molecular mechanism of the MHV tissue tro-
pism is still poorly understood, several studies have
shown an important role of the S protein in determining
the viral virulence and pathogenesis (Dalziel et al., 1986;
Fazakerley et al., 1992; Fleming et al., 1986; Hingley et
al., 1994; Wege et al., 1988).

One way to study the molecular basis of coronavirus
tissue tropism determination is to insert candidate tro-
pism genes, particularly the S gene, from an enterotropic
MHYV strain into a respiratory strain and study the tropism
of the resulting virus. This would require an infectious
cDNA clone which, due to the size of the MHV genome,
is as yet technically impossible to generate. However,
an alternative may lie in the application of RNA recombi-
nation. MHV strains have been shown to undergo in vitro
and in vivo homologous recombination at a very high
frequency (Lai et al., 1985; Makino et al., 1986, 1987; Keck
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etal., 1987, 1988) and it is believed that recombination is
an important feature of coronavirus evolution. Interest-
ingly, RNA recombination also occurs between coronavi-
rus genomic RNA and synthetic RNAs, in particular tran-
scripts from cDNA copies of defective interfering (DI)
RNAs (Koetzner et al., 1992; Van der Most et al., 1992).
These DI RNAs, truncated genomes that have retained
the replication signals but are dependent on helper virus
to provide the necessary proteins for replication, can
be mutagenized as long as replication signals are not
affected (Van der Most et al., 1991; Luytjes et al., 1996).
There are several reports on the successful introduction
of mutations into the 3’- and 5'- terminal regions of the
MHV genome by using recombination with synthetic DI
RNAs (Koetzner et al., 1992; Van der Most et al., 1992;
Masters et al., 1994; Peng et al., 1995). However, this
approach does not allow mutagenesis of the internally
located genes. In this paper we report the use of RNA
recombination to generate chimeric S genes in the respi-
ratory coronavirus MHV-A59 genome, by making use of
a coreplicating synthetic DI RNA containing the enteric
coronavirus MHV-RI S gene. This will be an important
step toward isolating recombinant viruses.

MATERIALS AND METHODS
Cells and viruses

Mouse L cells (Spaan et al., 1981) were grown in Dul-
becco’'s modified Eagles medium (DMEM) containing
10% fetal calf serum (FCS). MHV-A59 was grown in 17CL-
1 cells to prepare high-titered virus stocks. MHV-RI was
originally isolated in CMT-93 cells from an infected nude
mouse intestine and was passaged either in infant mice
or in J774A.1 cells (Barthold et al., 1985). J774A.1 cells
were obtained from the American Type Culture Collection
(Rockville, MD) and maintained in RPMI medium 1640
supplemented with 10% FCS. L cells were used for infec-
tion and transfection experiments. Stocks of recombinant
vaccinia virus vTF7.3 (Provided by Bernard Moss, NIH)
were prepared in rabbit kidney cells (RK 13).

MHV-RI S gene cDNA synthesis and cloning

Briefly, mouse intestinal homogenates were diluted in
TNE buffer (50 mM Tris—HCI, pH 7.5, 100 mM NacCl, 1
mM EDTA) with RNasin, extracted by SDS/proteinase
K treatment, phenol-chloroform extraction, and ethanol
precipitation. Reverse transcription was done by using
avian myeloblastosis virus (AMV) reverse transcriptase
(Promega, Madison, WI) followed by PCR amplification
with Tag polymerase (Boehringer Mannheim, Mannheim,
Germany). First strand cDNA was synthesized using
primers LTK8 and LTK52 (Table 1), respectively. Two
overlapping PCR fragments were generated using two
sets of primers LTK8-LTK51 (Table 1) and LTK52-LTK53
(Table 1). PCR products were cloned into the Smal site of

pUC-18 by T4 DNA ligase using a cloning kit (Pharmacia,
Uppsala, Sweden). The resulting clones LTK8-51 and
LTK52-53, in which the overlapping region contained a
unique Clal site, were digested with Clal and Kpnl. The
smaller fragment from clone LTK8-LTK51 and larger frag-
ment from clone LTK52-LTK53 were isolated from low
melting point agarose gel and ligated together, yielding
a full-length MHV-RI S gene cDNA clone, pMHVRIS.

Construction of pDPRIS

The construction of pDPRIS was performed in several
steps. To shorten the length of the DI vector, the Mlul
and Nhel fragment of the MIDI-derivative pMIDI-APst
(Van der Most et al., 1995) was replaced by the corre-
sponding fragment of another MIDI derivative pDIF-85T
(Van der Most et al., 1995), which resulted in pMIDI-
APst*, A linker containing Bglll and Kpnl sites was intro-
duced into the unique Hindlll site of pMIDI-APst*. A
BamHI linker was inserted into the unique Pmel site of
pMHVRIS. BamHI and Kpnl were used to digest the RI
S gene from pMHVRIS as a 3.9-kb fragment, stretching
from nt 277 into the downstream MHV-RI ORF4 se-
guence. This fragment was ligated into Bglll- and Kpnl-
digested pMIDI-APst*, resulting in two independently
isolated clones pDPRIS-4YL and -1L, in which the RI S
gene was fused in frame with ORF 1a of pMIDI-APst*.

In vitro transcription and translation

pDPRIS was linearized with Nhel and subjected to in
vitro transcription using T7 RNA polymerase as de-
scribed (Van der Most et al., 1991). In vitro translation
was done in a 10-ul reaction mixture containing
nuclease-treated, methionine-depleted rabbit reticulo-
cyte lysate (Promega), supplemented with 10 uCi *S-
labeled methionine (>1000 Ci/mmol, Amersham), 20 mM
unlabeled amino acids mixture lacking methionine (Pro-
mega), and 10-50 ng of in vitro-transcribed RNA. The
labeled proteins were directly analyzed by electrophore-
sis in sodium dodecyl sulfate (SDS)-12.5% polyacryl-
amide gels (PAGE) and autoradiography.

DNA transfection and in vivo transcription

Confluent L cells grown in 35-mm wells were infected
at a multiplicity of infection (m.o.i.) of 5 with the recombi-
nant vaccinia virus vTF7.3 which encodes the T7 poly-
merase. One hour after infection the supernatant con-
taining the vaccinia virus was removed and the cells
were transfected with 1 ug pDPRIS. The transfection mix-
ture was prepared as follows: 10 pl lipofectin (BRL, Gaith-
ersburg, MD) was diluted in 200 I DMEM without FCS,
mixed with 1 pg of pDPRIS DNA, and incubated at room
temperature for 10 min, then 800 ul of DMEM without
FCS was added. Three and a half hours posttransfection
the cells were infected with MHV-A59 at a m.o.i. of 10.
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Virus progeny was harvested after 8 hr incubation at 37°.
This virus progeny is defined as passage 0 (P0).

Isolation and analysis of viral RNAs

MHV-A59 and DPRIS DI particles were copassaged
several times in cell culture. To isolate intracellular RNA,
cells were lysed directly in wells by adding 1 ml of Trizol
reagent (Total RNA isolation reagent, BRL) to 3.5-cm-
diameter wells and the lysate was suspended. Then RNA
was isolated according to the manufacturer's instruc-
tions. For the isolation of RNA from purified virions, la-
beled virus particles were obtained by adding at 4 hr p.i.
a mixture of 1 ml DMEM lacking methionine and cysteine
and 20 ul [**S]methionine. Supernatants from coinfected
cell cultures were harvested 4 hr later (8 hr p.i.), layered
onto a discontinuous 20-50% sucrose gradient and cen-
trifuged for 16 hr at 35,000 g. Subsequently 18 fractions
of 500 ul were collected. Five microliters of each fraction
was spotted on Whatman paper and TCA-precipitated.
After counting the samples in a scintillation counter,
three peak fractions were combined and the volume was
adjusted to 5 ml with TESV (20 mM Tris, pH 7.4, 1 mM
EDTA, pH 8.0, 100 mM NacCl). The virions were collected
and pelleted again by centrifugation at 120,000 g for 4
hr. Purified virions were treated with proteinase K (1 ug/
ml) and 0.5% sodium dodecyl sulfate (SDS) and virion
genomic RNA was isolated as described (Spaan et al.,
1981). To purify MHV genomic RNA from DI RNA, intracel-
lular RNA was separated on a formaldehyde-1% low melt-
ing point agarose gel by electrophoresis. Duplicate RNA
samples were loaded and half the gel was used to locate
the genomic RNA by hybridization. The genome size RNA
band was excised from the corresponding area of the
other half of the gel and melted for 5 min at 70°. Twenty
milligrams of yeast tRNA (type X, Sigma) was added to
each sample and then RNA was eluted from the gel as
described previously (Langridge et al., 1980; Makino et
al., 1984). For hybridization, RNA samples were sepa-
rated in formaldehyde-agarose gels (Sambrook et al.,
1989). The gels were dried and hybridized with 5’-end-
labeled oligonucleotide probes (Meinkoth and Wahl,
1984). Oligonucleotides were labelled with (r-**P-labeled
dATP) and T4 polynucleotide kinase.

Reverse transcription and PCR amplification (RT-PCR)

The oligonucleotides used for this study are listed in
Table 1. Three specific RT-PCRs were developed for the
detection of DPRIS, MHV-A59, and recombinants. Re-
verse transcription was done using AMV reverse tran-
scriptase (Promega) followed by PCR amplification with
Taq polymerase (Boehringer Mannheim). PCR was per-
formed for 35 cycles, each consisting of 1 min at 94°, 1
min at 49° and 2 min at 72°. For the detection of DPRIS,
first-strand cDNA synthesis was carried out with primer
C147, followed by PCR amplification using primer pair

C30 and C147. C147 is located in the RI spike gene in
an area deleted in MHV-A59. C30 binds to a sequence
within ORFla of MHV-A59 gene 1, which lies immediately
upstream of the RI' S gene in DPRIS. This primer pair for
RT-PCR will generate a positive signal only when DPRIS
is present. To detect the MHV-A59, C142 was used to
prime cDNA synthesis. This primer is located at the 5’
end of MHV-A59 gene 4 and is not present in DPRIS.
Primer C84, located in the MHV-A59 spike gene and
primer C143 binding immediately upstream of the MHV-
A59 S gene to a sequence which is absent in DPRIS,
were then used for PCR. To detect recombinants, RNA
was reverse transcribed using primer C142. PCR was
performed using C147 (or C188) and C143. C188 is lo-
cated upstream of C147 and was confirmed to bind spe-
cifically to the RI' S gene and not to A59 by PCR (data
not shown). These two primer pairs could specifically
amplify recombinant cDNA.

DNA sequencing

Two recombinant-specific RT-PCR products, one from
passage 4 (P4) intracellular and one from P4 virion geno-
mic RNA, were excised from 1% agarose gel and purified
by Gene clean (Bio 101 Inc., La Jolla, CA). The fragments
were cloned into the EcoRV site of pMOSBIlue-T (Amer-
sham Life Science, Cleveland, OH) according to the man-
ufacturer's instructions. DNA sequence analysis was per-
formed by the dideoxynucleotide chain termination
method using the T7 DNA polymerase (Pharmacia).

RESULTS

The difference in tropism between MHV-A59 and MHV-
Rl is most probably the result of differences in proteins
responsible for attachment and entry of the host cell. The
major candidate protein involved in these processes is
the large surface protein S. We decided as a first step
toward the production of recombinant viruses to study
whether recombinant genomic RNA could be generated
from coreplication of MHV-A59 and a DI RNA containing
the RI S gene. The S gene sequences of MHV-A59 and
MHV-RI are highly homologous, but have an important
difference in one region:; starting at nt 1497 (AUG = 1)
the RI S gene sequence contains 156 extra nucleotides.
We decided to take advantage of this difference by using
it as a marker to detect recombinant MHV-A59 genomes.

Strategy for cDNA cloning

The MHV-RI spike gene, approximately 4.2 kb in
length, was amplified as two overlapping PCR fragments
that were cloned into a pUC-18 vector separately. These
two fragments were subsequently combined to yield
PMHVRIS as described under Materials and Methods.
Sequence analysis of the clone confirmed that no errors
had been introduced (compared with the published se-
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FIG. 1. Structural relationships between the different DI RNAs and
MHV genomic RNA. The name of each DI RNA is indicated on the
right. The black bar represents the MHV-RI S gene sequence. The
MHV-A59 diagram is not drawn to scale. la, replicase la reading
frame of MHV-A59; 1b, replicase 1b reading frame; S, spike ORF; N,
nucleocapsid ORF.

guence in Kunita et al., 1995). To obtain in frame DI
constructs, a 3.9-kb fragment encompassing nt 277-
4131 of the MHV-RI S gene and 120 nucleotides of the
downstream gene 4 cDNA from pMHVRIS was inserted
in pMIDI derivative pMIDI-APst*, generating two inde-
pendent clones, pDPRIS-4YL and -1L. The structure of
the synthetic DI RNAs is shown schematically in Fig. 1.
To confirm the full-length ORF, required for efficient DI
RNA replication by MHV-A59 (De Groot et al., 1992;
Luytjes et al., 1996), in vitro transcription and translation
was done on these two pDPRIS constructs. Both pDPRIS-
4YL and -1L encode a 190-kDa protein (data not shown).

Replicative ability of DPRIS

To study if DPRIS could be replicated in the presence
of helper virus, pDPRIS-4YL and -1L were transfected
into vTF7.3-infected cells, where the plasmid DNAs were
transcribed into RNA by T7 polymerase and the cells
were then infected with helper virus MHV-A59. Undiluted
progeny virus supernatants were passaged three times.
pMIDI was used as a control throughout this experiment.
P3 intracellular RNA was extracted and separated in de-
naturing formaldehyde agarose gels and subsequently
hybridized with *P-labeled probes 048 (Table 1) and
C147, respectively. 048 is a 3'-end-specific probe able
to detect DI, MHV genomic, and subgenomic RNAs. C147
is an MHV-RI S gene-specific probe, and therefore only
hybridizes to DPRIS (data not shown). The results
showed that DI DPRIS-4YL, -1L, and MIDI RNAs were
replicated in the presence of MHV-A59 (Fig. 2). When
048 was used for hybridization, an extra fragment of ap-
proximately 1 kb was found in the DPRIS lane. This RNA
represents a DI subgenomic RNA produced from the
intergenic region between the S and ORF4a genes that
was included in the fragment that was cloned from

pMHVRIS. From our combined data, we concluded that
DPRIS could be replicated and packaged efficiently in
the presence of helper virus MHV-A59. The lower accu-
mulation of DPRIS-4YL was not further investigated: we
decided to continue our experiments with DPRIS-1L only,
as it replicated most efficiently.

Development of a specific RT-PCR to screen for the
recombinants

We attempted to detect recombinant genomic RNA in
the intracellular RNA from cells coinfected with DPRIS
and MHV-A59 and in progeny virions. For this purpose,
a specific RT-PCR protocol was developed for the detec-
tion of recombinant RNA (see for oligo positions Table 1
and Fig. 5). First strand cDNA synthesis was performed
using primer C142, which binds downstream of the S
gene on the MHV-A59 genome, in a region not present
in the DPRIS RNA. The subsequent PCR-amplification
was performed using primer C147 specific for the RI S
gene extra sequence and C143 which binds to the A59
genomic sequence upstream the S gene in a region not
present in DPRIS (Fig. 5). We expect a 1.65-kb PCR prod-
uct only when the RI S extra sequence is present in the
MHV-A59 genomic RNA. As control, intracellular MHV-
A59 RNA was mixed with in vitro-transcribed DPRIS RNA
and tested by RT-PCR using the same primers. This was
done to rule out the possibility that recombinants were
generated by crossover during reverse transcription or
PCR. A second control consisted of intracellular RNA
from cells infected with MHV-A59 alone. The results for
P2 and P4 RNAs showed that intracellular and virion
RNAs from pDPRIS transfected, MHV-A59 infected cells
yielded PCR products of the expected size (1.65 kb) (Fig.
3A). In lower passage (PO and P1) no recombinant-spe-
cific band was detected. Both controls remained nega-
tive. A nonspecific PCR product (about 3 kb) was found
in all lanes except in the A59 intracellular RNA lane. The
presence of parental RNAs, DPRIS and MHV-AS9, in the
coinfected cells was confirmed by using primer pairs
C147-C30 and C84-C143, respectively (Figs. 3B and 3C,
Table 1, and Fig. 5).

To confirm the presence of recombinant RNAs and
exclude RT and PCR artifacts, three P4 intracellular 1L
RNA samples obtained from different infections, which
were positive in the recombinant RT-PCR described
above, were loaded on a denaturing low melting point
agarose gel and separated by electrophoresis. Intracellu-
lar MHV-A59 RNA was used as a negative control. Geno-
mic MHV RNA was purified from the gel and subjected
to the recombinant-specific RT-PCR. C188, which binds
to a region located 200 nt upstream of the extra sequence
and is specific for the Rl S gene, was used for RT, and
C188 along with C143 for PCR (see Fig. 5). A 1.2-kb PCR
product is expected for this recombinant-specific RT-
PCR. Again, we were able to demonstrate the presence
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TABLE 1

Oligonucleotides Used

Binding site Binding site
Oligo Sequence (5'-3') Polarity in MHV-RI S in MHV-A59 Purpose
LTK8 CAATGTAGCCTTAGGACC - 18633-18650 PCR/Cloning
LTK51 TACTGGCTATCGATTAAC + 2316-2333 PCR/Cloning
LTK52 AATTAGCTATCGGTCATC - 2315-2332 PCR/Cloning
LTK53 CTAAACATGCTGTTCGTG + —6-12 PCR/Cloning
C142 AATGCCTAGCATACATGC - 18681-18698 PCR
C147 ACAGCGGAGATCATAGGT - 1631-1648 PCR/Sequencing
C143 ACGGATAGCGGTGTTAGA + 14518-14535 PCR/Sequencing
C84 AAGGCAGGTATCATGTGA - 16166-16181 PCR
C30 TTGCGCATACTGGTAGTC + 3217-3234 PCR
C188 ATATTATTACACGATAGCGA - 1105-1124 PCR
C189 TCTGACACAAACTCCAGTGG - 1883-1902 PCR
C190 TCACCTTTGGAGCCCTTA - 2453-2470 PCR
C191 GTTGGTTTAATAAATTATTA - 3182-3201 PCR
C192 CATCGGACAGGTCAAGGAAT - 3837-3856 PCR
048 GTGATTCTTCCAATTGGCCATG - 31312-31331 Hybridization
C134 AGCTAAGATCTATATGGTACC Linker
C133 AGCTGGTACCATATAGATCTT Linker
C140 CGGGATCCCG Linker

of a recombinant-specific PCR product (1.2 kb) (Fig. 4A).
Significantly, the DI particle DPRIS RNA could not be
detected by a Dl-specific RT-PCR (Fig. 4B), whereas
MHV-A59 genomic RNA was detected by a A59-specific
RT-PCR (Fig. 4C). This indicated that the RNA template
was free from DI RNA, excluding again the possibility of
RT or PCR polymerase jumping between templates.
Thus, the genomic RNAs containing the chimeric A59/RI
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FIG. 2. Hybridization analysis of P3 intracellular RNAs. P3 intracellu-
lar RNAs isolated from L cells infected by MHV-A59 and DPRIS-4YL,
-1L, or MIDI were separated on formaldehyde agarose gels and hybrid-
ized to 3’-end specific probe 048. The MHV-A59 sgRNAs are indicated
by their number. RNA bands of MIDI and DPRIS are marked. A DI
sgRNA band of around 1 kb in the DPRIS lanes is indicated as well.

spike gene were most likely generated from homologous
recombination between the DI RNA and MHV-A59 geno-
mic RNA. To check whether we could detect recombi-
nants from more downstream sites of the spike gene,
we designed an additional series of MHV-RI S-specific
antisense primers, comprising C189, C190, C191, and
C192 (Table 1 and Fig. 5), all containing at least a 2-nt
mismatch with the A59 sequence at the 3’ end. These
primers were used for PCR on the P2 and P4 intracellular
RNA samples in which the presence of recombinant
RNAs was confirmed by the recombinant-specific RT-
PCR shown above (C142 for RT and C143 and C147 for
PCR). C142 was used for the reverse transcription and
C143 in combination with each of the antisense primers,
including C188 as positive control, was used for PCR.
Only the primer pair C143/C188 resulted in the amplifica-
tion of a specific fragment (data not shown). This indi-
cates that the double MHV polymerase jump occurred
between nt 277 and the position of primer C189, which
is nt 1883.

Sequence analysis of PCR products

To find the location of the crossover sites in the recom-
binants, 11 plasmids of cloned recombinant-specific
1.65-kb RT-PCR products, 7 from P4 intracellular 1L RNA,
and 4 from P4 virion 1L RNA were sequenced. The se-
guence analysis of these clones showed that they were
all different, except clones 8v (virion) and 11i (intracellu-
lar). The crossovers are shown schematically in Fig. 5
and listed in Fig. 6. The examined region of homology
between the Rl and A59 S sequences stretches from nts
277 (the start of the RI S gene sequence in DPRIS) to
1497 (the start of the extra sequence in the RI S gene).
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FIG. 3. Specific RT-PCRs for the detection of recombinant, DI, and
MHV-A59 RNAs. RT-PCR was done on RNA isolated from P2 and P4
cell lysates and on virion RNA. Lanes M, size marker, A\DNA cut with
EcoRI and Hindlll; lanes 1, P2 intracellular 1L RNA; lanes 2, P2 viral
1L RNA; lanes 3, P4 intracellular 1L RNA; lanes 4, P4 virion 1L RNA;
lane 5, P4 intracellular 4YL RNA. (A) Detection of recombinant genomic
RNA. Oligo C142 was used for RT and C143 and C147 for PCR (see
Fig. 5 for oligo positions). C142 and C143 bind to the sequences in the
ORF 4 and HE gene, respectively, which are absent in DPRIS. C147
binds to the region in the RI S gene absent in the A59 S gene. A 1.65-
kb recombinant-specific PCR product (indicated by the arrow) was
detected in lanes 1 to 5. The control of intracellular MHV-A59 RNA
mixed with 1:10 diluted in vitro-synthesized DPRIS RNA gave no signal
(lane 6). No specific PCR product was detected in intracellular RNA
from only MHV-A59 infected cells (lane 7). An aspecific band of approxi-
mately 3 kb was found in all lanes except the MHV-A59 lane. (B) Control
RT-PCR for MHV-A59. C142 was used to prime the first strand cDNA
synthesis and C143 together with C84 for PCR amplication. C84 hybrid-
izes to both the A59 and RI S genes. The specific band (1.6 kb) is
indicated by the arrow. (C) Control RT-PCR for DPRIS. C147 was used
for RT and C147 together with C30 for PCR. C30 hybridizes to the ORF
1a region of A59 which lies immediately upstream of the Rl S gene in
DPRIS. The expected 2-kb DI-specific band (arrow) appeared in all
lanes except lane 7.

The 5’- and 3’-most crossovers in this region show that
the minimal lengths of regions in which the polymerase
has jumped were between 106-133 nt (5'-border) and
98-73 nt (3'-border). One clone (2i) contained four in-
stead of two crossovers. The crossover back to the MHV-
A59 genomic RNA was not determined, but must have
occurred between nt 1653 (the end of the extra se-
quence) and nt 1883 (the binding site of primer C189,

which is negative in RT-PCR). Crossover sites can only
be determined as regions between marker mutations,
but as can be seen in Fig. 6 in several cases this is
only two nucleotides (clones 3v, 8v/11i, and 10v). The
crossovers do not reveal any obvious role for RNA pri-
mary or secondary structure in recombination.

DISCUSSION

We are interested in the role of the spike protein in
the determination of tissue tropism of MHV strains. Our
approach is to attempt to convert the respiratory tropism
of MHV-A59 into an enteric tropism by exchanging parts
of the S gene of the respiratory strain MHV-A59 with
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FIG. 4. RT-PCR of recombinant MHV genomic RNA isolated from low
melting point agarose gel. P4 intracellular RNA from three different
infections with medium containing DPRIS-1L were separated on low
melting point agarose and the genome size RNA was isolated and
subjected to RT-PCR. Lanes M, DNA molecular marker (BRL); lanes 1—
3, three different samples of P4 genomic RNA,; lanes 4, P4 intracellular
MHV-A59 RNA; lane 5-1, pDPRIS DNA; lane 5-2, P4 intracellular MHV-
A59 RNA unpurified. The positions of the specific RT-PCR products are
indicated by arrows. (A) Recombinant-specific RT-PCR on LMP-purified
1L genomic RNA. C142 was used for RT, C188, and C143 for PCR.
C188 can only bind to MHV-RI S gene and not to the MHV-A59 S gene
(see Fig. 5). A 1.2-kb-specific band is detected. (B) Control RT-PCR for
DPRIS using the same set of oligonucleotides as described in the
legend of Fig. 3C. (C) Control RT-PCR for MHV-A59 intracellular RNA
using the same set of oligonucleotides as described in the legend of
Fig. 3B.



RECOMBINANT GENOMIC RNA OF CORONAVIRUS MHV-A59 99

«C84 »
ﬁ/fHE | - S | ORFL//— MHV-A59
C143» <C142
—7/8 [ orF4 j/— recombinant genome

<C188
<C147

= [} oeRis
c30»> <C189 L.
<C190 |
<«C191
«C192

FIG. 5. Schematic representation of the primer positions and recombinant RNAs. Oligonucleotide primers are indicated by arrows and names
(see Table 1); the dotted lines show their binding sites. The black bars represent the MHV-RI S sequence, the white bars the MHV-A59 sequence.
The intermediate diagram represents the 5’-crossover sites of 11 recombinants. The 3’-crossover sites are not determined, but do not extend
beyond the position op primer C189. The gap region in MHV-A59 S is indicated.

corresponding parts of the genome of the enterotropic
strain MHV-RI and study the properties of the recombi-
nant virus.

For smaller RNA viruses such as alphaviruses and
picornaviruses mutagenesis of their genomes is possible
because full-length infectious cDNA clones have been
constructed. This has profoundly advanced the study of
viral replication and pathogenesis (Hahn et al., 19893;
1989b; Lustig et al., 1988; Kohara et al., 1985; La Monica
et al,, 1986; Omata et al., 1986; Pincus et al., 1986). How-
ever, for MHV, the extreme length of the genome poses
an obvious technical problem. The only possibility to mu-
tagenize site-specifically the MHV genome is currently
by using homologous RNA recombination and several
successful attempts have been reported (Koetzner et al.,
1992; Masters et al.,, 1994; Van der Most et al., 1992).

The most efficient approach uses DI particles as the
source of donor RNA (Masters et al., 1994; Van der Most
et al.,, 1992). The advantage of a replicating DI is that the
amount of DI RNA increases during replication and, more
importantly, during passaging, which increases the
chance of recombination between DI RNA and genomic
RNA. Some investigators even observed that the in-
creased rate of recombination between replicating DI
RNA and helper virus RNA was high enough to identify
recombinants without the necessity for selection directly
(Masters et al., 1994). However, very significantly, the DI
system in all the published reports was limited in that it
only allowed the introduction of mutations into the very
3" and 5’ end of the MHV genome. The donor RNA con-
tained these terminal sequences of MHV, as they are
required for replication, thus only one crossover event
was necessary to generate a viable mutant. We decided
to set up a similar protocol, based on replicating DI RNA,
to mutagenize internal regions on the MHV genome.
However, this approach would rely on double crossover
events, i.e., from the acceptor genomic RNA to the donor
DI RNA and back.

We show first that after cloning a 3.9-kb fragment of
the MHV-RI S gene cDNA into the MIDI derivative, MIDI-
APst*, the resulting DI construct DPRIS RNA could be
replicated and passaged efficiently in MHV-A59-infected
cells. The spike gene in DPRIS is discontinuously fused
to the terminal sequences from the MHV genome re-
quired for replication of the DI RNA. Therefore, double
homologous recombination events are required for the
introduction of a mutation into the genomic A59 S gene.
It is generally accepted that RNA recombination in coro-
naviruses occurs by a copy-choice mechanism in which
the polymerase jumps between templates, as was first
proposed by Kirkegaard and Baltimore (1986). Thus to
mutate the genomic S gene, first an homologous jump
from the genomic RNA template to the synthetic DI RNA
template must occur and then jumping back again to the
genomic RNA, either during negative or positive strand
RNA synthesis. We show in this report that in the ab-
sence of positive selection pressure, recombination be-
tween DPRIS and the MHV genomic RNA could be de-
tected, but only by a highly specific and sensitive RT-
PCR. This was not surprising, since it has been described
that less than 10% of the total virus progeny contained
a single crossover when copassaging a DI particle with
a helper virus without selection pressure (Masters et al.,
1994). The frequency of double crossover recombina-
tions is expected to be much lower. Recombinant geno-
mic RNA was present in the pool of intracellular RNAs
as shown by specific RT-PCR. More convincingly, recom-
binant RNA could be detected in purified virions with
specific RT-PCR. Finally, MHV genomic RNA purified from
DI by using low melting point agarose gel also yielded
a recombinant-specific PCR signal. All the data strongly
suggest that homologous recombination between syn-
thetic DI RNA and MHV-A59 genomic RNA truly takes
place.

In low passage (PO and P1) no recombinant-specific
RT-PCR products were detected in intracellular and virion
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MHV-A59 S 351 GTACGCCATC AGGTGCAACT GCATATTTTC CTACTATAGT TATAGGTAGT
21 GTACGCCATC AGGTGCAACT GCATATTTTC Ctactatagt tataggtagt
MHV-RI S ACATGCCAAC AGGTGCAACA TCATATTTTC CCACTATAGT TATAGGTAGT
MHV-A59 S 401 TTGTTTGGCT ATACTTCCTA TACCGTTGTA ATAGAGCCAT ATAATGGTGT
21 ttgtttggcA ACACTTCCTA TACTGTAGTT TTAGAGCCAT ATAATAATAT
61 TTGTTTGGCT Atacttccta tacTGTAGTT TTAGAGCCAT ATAATAATAT
MHV-RI S TTGTTTGGCA ACACTTCCTA TACTGTAGTT TTAGAGCCAT ATAATAATAT
MHV-A59 S 651 ATGCGTACTA TGCGGATAAA CCCTCCGCTA CTACGTTTTT GTTTAGTGTA
21 ATGCGTACTA CGCGGATAAA GCTTCTgcta ctacgttttt gtttagtgta
MHV-RI S ATGCGTACTA CGCGGATAAA GCTTCTGCTA CTACGTTTTT GTTTAGTGTG
MHV-A5 S 701 TATATTGGCG ATATTTTAAC ACAGTATTAT GTGTTACCTT TCATCTGCAA
21 Tatattggceg aTATTTTAAC ACAGTATTAT GTGTTACCTT TCATCTGCAA
MHV-RI S TATATTGGCG ACATTTTAAC ACAGTATTTT GTGTTACCTT TTATTTGTAC
MHV-AS S 851 GCTGTTGATT GTGCTAGTAG TTATACCAGT GAAATAAAAT GTAAGACCCA
11 GCTGTTGATT GTGCTAGTAG TTATACcagt gaaataaaat gtaagacTCA
MHV-RI S GCTGTTGATT GCGCCAGTAG TTATACTAGT GAAATAAAAT GTAAGACTCA
MHV-A5 S 951 AACCAGTTGG AGTTGTATAC CGGCGTGTTG CTAACCTCCC AGCTTGTAAT
4i AACCAGTTGG AGTTGTAtac cggcgtgttc ctaacctACC TGATTGTAAA
MHV-RI S AACCTGTTGG AGTTGTGTAC CGGCGTGTTC CTAACCTACC TGATTGTAAA
MHV-A5 S 1001 ATAGAGGAGT GGCTTACTGC TAGGTCAGTC CCCTCCCCTC TCAACTGGGA
21 ATAGAGGAGt ggcttactgc taAATCTGTG CCGTCGCCTC TCAATTGGGA
3v ATAGAGGAGT GGCTTACTGC TAGGTCAGTC CCCtcGCCTC TCAATTGGGA
9v ATAGAGGAGT GGCTTACTGC TAGGTCAGTC CCCTCCcctc tcaactggga
MHV-RI S ATAGAGGAAT GGCTTACTGC TAAATCTGTG CCGTCGCCTC TCAATTGGGA
MHV-AS S 1051 GCGTAAGACT TTTCAGAATT GTAATTTTAA TTTAAGCAGC CTGTTACGTT
9v GeogtaggacC TTCCAAAATT GTAATTTTAA TTTAAGCAGC CTGTTACGTT
10v GCGTAAGACT TTTcaAAATT GTAATTTTAA TTTAAGCAGC CTGTTACGTT
MHV-RI S GCGTAGGACC TTCCAAAATT GTAATTTTAA TTTAAGCAGC CTGTTACGTT
MHV-A5 S 1301 TTGCCTAAGA ATAATGTCAC CATAAACAAC CATAACCCCT CGTCTTGGAA
8v TTGCccAAAGA ATAATGTTAC CATAAACAAC TACAACCCCT CGTCTTGGAA
111 TTGccAAAGA ATAATGTTAC CATAAACAAC TACAACCCCT CGTCTTGGAA
MHV-RI S CTTCCAAAGA ATAATGTTAC CATAAACAAC TACAACCCCT CGTCTTGGAA
MHV-A5 S 1351 TAGGAGGTAT GGCTTTAATG ATGCTGGCGT CTTTGGCAAA AACCAACATG
51 TAGGAGGTAT GGCTTTAATG ATGCTGGCGT Ctttggcaaa aaGCAACATG
MHV-RI S CAGGAGGTAT GGTTTTAATG ATGCTGGCGT TTTTGGCAAA AAGCAACATG
MHV-A5 S 1401 ACGTTGTTTA CGCTCAGCAA TGTTTTACTG TAAGATCTAG TTATTGCCCG
71 ACGTTGTTTA CGCTcagcaa tgttttactg taagatctag CTATTGCCCG
MHV-RI S ATGTCGCTTA TGCCCAGCAA TGTTTTACTG TAAGATCTAG CTATTGCCCG

FIG. 6. Alignment of the crossover region sequences of the recombinant-specific RT-PCR clones and the MHV-A59 and MHV-RI S genes (Luytjes
et al., 1987; Kunita et al., 1995). The recombinant sequence is shown between the MHV-A59 sequence (top, regular print) and the MHV-RI sequence
(bottom, bold print). The region in which the crossover must have occurred, defined by the flanking sequence differences between the MHV-A59
and -RI S genes is indicated in lowercase. Numbers represent the position relative to the start of the MHV-A59 S gene sequence.

RNA. Probably, the levels of DI RNA in these cells were
too low to support recombination.

Sequence analysis of 11 independently cloned PCR
products showed that there are different species of re-
combinant RNAs, with crossover sites unevenly distrib-
uted over the examined 1.65-kb region of the S gene.
The sample size is too small to allow the conclusion that
this distribution is random or nonrandom in this area.
However, since we have not been able to detect recombi-
nation events downstream of nt 1883, recombination
does seem to be nonrandom when the entire S gene
is considered. In earlier studies of RNA recombination
between related MHV strains, crossovers were randomly
distributed when studied directly, but after selection at
the protein level by virus passaging, became clustered
in regions in which amino acid changes were tolerated
(Banner et al., 1990; Banner and Lai, 1991). Such a region

was observed in the S1 part of the spike gene. Interest-
ingly, the crossovers that we report are all in this region,
suggesting that selection did take place. If crossovers
downstream of the extra sequence are selected against,
such a selection would most likely occur at the protein
level, i.e., by the properties of the S protein on the recom-
binant virus particle. MHV-RI virus grows slowly and to
low titers in susceptible cells. Conceivably, the RI S pro-
tein plays a role in slow replication, for instance by slow
maturation. Certain recombinant viruses, containing S
proteins that had acquired those parts of the RI S protein
that cause the delayed replication phenotype, would then
have a selective disadvantage.

All recombinants represent precise jumps, without in-
sertions or deletions. When we define the crossover re-
gion as the region of identity between nonmatching nu-
cleotides, most polymerase jumps occurred in stretches
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of at least 9 nt. However, interestingly, in three cases the
crossover site could be pinpointed to as little as two
nucleotides. It has been hypothesized that in polymerase
jumping the free nascent RNA chain helps to realign the
polymerase complex to the acceptor RNA, by annealing
(Jarvis and Kirkegaard, 1992; Nagy and Bujarsky, 1995)
or by heteroduplex formation (Romanova et al., 1986; Tol-
skaya et al., 1987). Even when one of the 2-nt crossover
sites is dissmissed (10v) after allowing for G-U base
pairing, two alignment events would have had to occur
on only two nucleotides. This may be too short to explain
the precise recombination we observe. Therefore, the
alternative model in which the replicase/RNA complex
realigns as a whole seems more attractive. The docking
of the complex in this model is guided by the recognition
of local RNA structure, which is not very different be-
tween the two strands.

Several factors can play a role in determining recombi-
nation sites at the donor RNA level and have been stud-
ied mostly for RNA viruses. First, in many cases the pres-
ence of local secondary structure has been suggested
to invoke the polymerase to pause and detach (Carpenter
et al., 1995). A prediction of secondary structure of A59
and RI S RNA did not reveal any clear correlation with
crossover sites in the recombinants. Also, repeats of nu-
cleotides, specifically A and U, have been suggested to
be involved in template switching by causing polymerase
pausing (Nagy and Bujarsky, 1996). In these cases, how-
ever, recombination was often imprecise because of mis-
alignment. We do not observe such a phenomenom in the
recombinants. We thus cannot conclusively determine if
any of these factors are at play in the generation of the
recombinant genomic RNA.

This is the first report of an introduction of mutations
derived from coreplicating synthetic DI-RNA into an inter-
nal region of the MHV genomic RNA. Although potentially
powerful, this approach can only be useful when recom-
binant virus particles can be isolated. One way to achieve
this is to apply a selective pressure procedure that en-
riches for recombinant viruses in the progeny. We are
currently establishing such a system.
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