
SITE-DIRECTED MUTAGENESIS OF THE GENOME

OF MOUSE HEPATffiS VIRUS BY TARGETED

RNA RECOMBINATION

Paul S. Masters, Cheri A. Koetzner, Ding Peng, Monica M. Parker,
Cynthia S. Ricard, and Lawrence S. Sturman

Wadsworth Center for Laboratories and Research
New York State Department of Health
Albany, New York 12201-0509 U.S.A.

ABSTRACT

We have genetically characterized a nucleocapsid (N) protein mutant of the
coronavirus mouse hepatitis virus (MHV). This mutant, designated Alb4, is both
temperature-sensitive and thermolabile, and its N protein is smaller than wild-type N.
Sequence analysis of the Alb4 N gene revealed that it contains an internal deletion of 87
nucleotides, producing an in-frame deletion of 29 amino acids. All of these properties of
Alb4 made it ideal for use as a recipient in a targeted RNA recombination experiment in
which the deletion in AIM was repaired by recombination with synthetic RNA7, the
smallest MHV subgenomic mRNA. Progeny from a cotransfection of Alb4 genomic RNA
and synthetic RNA7 were selected for thermal stability. PCR analysis of candidate
recombinants showed that they had regained the material that is deleted in the Alb4 mutant.
They also had acquired a five nucleotide insertion in the 3' untranslated region, which had
been incorporated into the synthetic RNA7 as a molecular tag. The presence of the tag
was directly verified, as well, by sequencing the genomic RNA of purified recombinant
viruses. This provided a clear genetic proof that the Alb4 phenotype was due to the
observed deletion in the N gene. In addition, these results demonstrated that it is possible
to obtain stable, independently replicating progeny from recombination between coronaviral
genomic RNA and a tailored, synthetic RNA species. To date, we have constructed three
additional mutants by this procedure. For two of these, a second-site point mutation that
reverts the Alb4 phenotype has been transduced into a wild type background, which does
not contain the Alb4 deletion. In the third, a portion of the region deleted in Alb4 has
been replaced by its counterpart from the N protein of bovine coronavirus (BCV).
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INTRODUCTION

The full application of molecular genetic techniques to the study of RNA viruses
has been hindered by the unique genomic composition and replication strategies of these
viruses. Positive-sense, single-stranded RNA viruses offer the advantage that their
genomes, free of other viral structural components, are infectious when introduced into
host cells. Nevertheless, RNA genomes present inherent obstacles to genetic engineering.
RNA is chemically much more labile than DNA. Moreover, in contrast to the panel of
techniques widely used to manipulate DNA, there are currently few tools available to
directly construct recombinant RNA molecules in vitro.

A milestone in RNA virology was reached when a full-length cDNA clone of
poliovirus was assembled and was shown to be infectious.1 This advance enabled site
specific mutagenesis of the polio genome and allowed investigators to answer questions that
previously could only be addressed indirectly, if at all. A number of positive-stranded
RNA viruses have yielded to this approach, the largest to date being Sindbis virus, with
a genome of 11.7 kb. 2 For these various viruses, infectious RNA has been synthesized in
vitro from full-length cDNA clones by use of bacteriophage RNA polymerases, or,
alternatively, it has been generated in vivo from eukaryotic expression vectors. In
principle, coronaviruses ought to be amenable to this methodology. However, owing to
both the enormous size of coronavirus genomes (26 to 31 kb) and the intrinsically high
mutation rate of RNA-dependent RNA polymerases, the production of a full-length, error
free coronavirus cDNA will be technically difficult. In addition, it is not clear how such
a cDNA, once constructed, will be easily manipulated.

As an alternative, we3 and another group4 have taken advantage of the high RNA
recombination rate of coronavirusess-7 in order to target site-specific mutations to particular
regions of the genome of mouse hepatitis virus (MHV). In our case, this was
accomplished with a powerful selection provided by an N protein mutant designated
Albany-4 (AIb4).

METHODS

The methods used in these studies have been described in detail elsewhere.3

Briefly, a mixture of purified AIb4 genomic RNA and synthetic subgenomic RNA7 were
cotransfected into mouse L2 or 17 clone 1 cells by either DEAE-dextran or electroporation.
A cotransfection (rather than infection followed by transfection) protocol was used to
ensure that the subgenomic RNA was delivered to the same subset of cells that was
infected by genomic RNA. Progeny virus were harvested at 24-30 h and were incubated
for 24 h at 39-40°C in 50 mM Tris-maleate, 100 mM NaCl, 1 mM EDTA, 10% fetal
bovine serum. Surviving virus capable of forming large plaques on mouse L2 cells were
chosen for further analysis.

RESULTS AND DISCUSSION

Characterization of the Alb4 Mutant

The MHV-A59 mutant AIb4 has two significant phenotypic features: temperature
sensitivity and thermolability. At the nonpermissive temperature (3~ C), AIb4 forms
plaques that are very small by comparison with those of its wild-type parent. AIb4 virions,
upon incubation at 39-400C (pH 6.5), undergo a dramatic drop in infectious titer ~. 3
log), whereas wild-type virus titer is relatively unaffected by the same treatment.
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Figure 1. Region of the MHV-A59 N protein sequence that is deleted in AIM (boxed) shown in the context
of a three-domain model of the N protein.

The N protein of AIM migrates markedly faster than wild-type N protein on SDS
PAGE, and cloning and sequence analysis has shown that this is due to the deletion of 87
nucleotides from the distal third of the gene.3 Elsewhere, the AIM and wild-type N genes
are identical. The AIM mutation results in an in-frame deletion of 29 amino acids from
the MHV N protein, almost exactly excising a region (B) that we have previously proposed
to be a spacer between two structural domains (II and 1I1)8 (Fig. 1). Clearly, spacer B
cannot be essential for N protein function, since AIM is fully viable at the permissive
temperature (33°C) and is even partially viable at the nonpermissive temperature.

Use of Alb4 as a Recipient for Targeted RNA Recombination

The characteristics of AIM suggested that it might be an ideal recipient for targeted
RNA recombination. The reasons for attempting this were two-fold. First, it would
establish genetically that the deletion in AIb4 was, indeed, the mutation responsible for the
phenotype of that mutant. Second, it might provide a means for conducting site-directed
mutagenesis in the 3' portion of the MHV genome.

A nearly authentic copy of wild-type MHV subgenomic RNA7 (the smallest of the
MHV RNAs, which serves as the mRNA for N protein) was transcribed in vitro from a
T7 vector (Fig. 2). The synthetic RNA? differed from authentic RNA? at only two loci:
(i) two additional G residues at its 5' terminus, which were added to increase the efficiency
of in vitro transcription, and (ii) a 5 nucleotide insertion, GTAAC, disrupting a BstEII site
in the 3 UTR, which was added as a molecular tag to label recombinants (Fig. 2).

Alb4 genomic RNA and this synthetic RNA 7 were cotransfected into cells, heat
stable progeny were selected, and candidate recombinants were picked from among
progeny capable of forming large (wild-type sized) plaques at the nonpermissive
temperature. These candidates were fIrst examined by PCR analysis of genomic RNA
using primers that produced a product encompassing both the region deleted in AIM as
well as the region of the 3' UTR containing the 5 nucleotide insertion. Both the size of
the PCR fragment and the presence of an AceI site (Fig. 2) showed that the AIM deletion
had been repaired in the putative recombinants. In addition, the recombinants had lost the
BstEII site (Fig. 2) where the tagging insertion had been made. Finally, genomic RNA
from recombinant viruses was directly sequenced to demonstrate the presence of the 5
nucleotide insertion. These results showed that it was possible to use targeted
recombination to repair a substantial deletion and to cotransduce a site-directed mutation
into the MHV genome and obtain stable, independently replicating recombinant viruses.
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Figure 2. Transcription vector used for the synthesis of subgenomic RNA? of MHV tagged with a 5 nt
insertion. The start of the encoded transcript is denoted by +1.

We have shown further that this technique can be applied to the coding region of
the N gene to produce specified point mutations as well as a large substitution. In the first
case, two point mutations, each of which causes second-site reversion of the AIM lesion
(Fig. 3), were separately transduced into a wild-type background to examine their effect
in the absence of the AIM deletion. The presence of each of the mutations in recombinant
progeny was verified, as before, by PCR analysis followed by direct sequencing of
genomic RNA. The reverting mutations, in the absence of the original Alb4 deletion, are
not deleterious to N protein function, although they may have more subtle effects on virus
growth, which we are currently examining.

In the second case, a portion of the N gene encoding 15 amino acids within the
spacer B region was replaced by its aligned counterpart from bovine coronavirus (BCV)9
(Fig. 4). (This stretch of sequence is identical between BCV and human coronavirus OC
43.) Eight of the 15 positions in the exchanged sequences differ between MHV and BCV.
The presence of the heterologous material in recombinant MHV viruses was verified by
PCR analyses similar to those of the previous experiments (and including the demonstration
of the creation of a new restriction site) and was further confirmed by sequencing of
genomic RNA. Moreover, we could also demonstrate that the chimeric N protein from
labeled, purified recombinant virus had a variant electrophoretic mobility compared to N

Accl
.1

310

Gin CAG

~
Arg ICGGI

316

GAG Glu

~
ICAGI Gin

Figure 3. Transcription vectors used for the synthesis of subgenomic RNA? containing AIb4 second-site
reverting mutations in the absence of the AIb4 deletion.
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Figure 4. Schematic of the MHV N protein showing the wild-type sequence of a portion of spacer B aligned
with the corresponding portion of the BCV (and HCV-OC43) N protein.

protein of wild-type MHV, presumably due to size and charge differences. The
recombinant virus is phenotypically indistinguishable from wild-type MHV, showing that
the composition of spacer B can vary considerably without having much effect on N
protein function. We are presently attempting to construct more extensive BCV/MHV N
protein chimeras in order to establish what portions of these two N proteins are
functionally interchangeable.

Future Prospects

The studies described here have been limited to the neighborhood of the N gene,
but in principle, the same methods could be applied to the other structural genes of MHV.
This would require that suitable recipient mutants be found that map further upstream from
Alb4 and have sufficiently low rates of reversion. As well, the technique could be used
to insert addition genes into the coronavirus genome and to map conditional lethal mutants
by marker rescue.

We have roughly estimated the efficiency of recovery of recombinants in our system
to be on the order of 1(}S, which requires the use of the powerful counterselection afforded
by Alb4. Recently, however, van der Most et ill} have reported the transfer of marker
mutations between a synthetic MHV defective interfering (DI) RNA and the MHV genome
with an efficiency on the order of 1(}2. This was high enough to allow successful
screening of recombinants without selection. We have very recently confirmed this result
by inserting into our transcription vector an additional 380 nucleotides corresponding to
the sequence following the leader at the 5' extreme of the MHV genome. Such a system
will potentially allow the construction of a broader range of recombinants, including
mutants with impaired viability and mutants requiring two crossover events in order to be
generated. We are currently seeking to use this system to construct mutants that will help
elucidate coronavirus structural protein structure and function.

ACKNOWLEDGMENTS

This work was supported in part by Public Health Service grant AI31622 from the
National Institutes of Health.

147



REFERENCES

1. V.R Racaniello and D. Baltimore, Science 214:916 (1981).
2. C.M. Rice, R Levis, J.H. Strauss, and H.V. Huang, J. Virol. 61:3809 (1987).
3. C.A. Koetzner, M.M. Parker, C.S. Ricard, L.S. Sturman, and P.S. Masters, J. Virol.

66:1841 (1992).
4. RG. van der Most, L. Heijnen, W.J.M. Spaan, and RJ. de Groot, Nucl. Acids Res.

20:3375 (1992).
5. S. Makino, J.G. Keck, S.A. Stohlman, and M.M.C. Lai, J. Virol. 57:729 (1986).
6. J.G. Keck, L.H. Soe, S. Makino, S.A. Stohlman, and M.M.C. Lai, J. Virol. 62:1989

(1988).
7. RS. Baric, K. Fu, M.C. Schaad, and S.A. Stohlman, Virology 177:646 (1990).
8. M.M. Parker and P.S. Masters, Virology 179:463 (1990).
9. W. Lapps, B.G. Hogue, and D.A. Brian, Virology 157:47 (1987).

148


