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Targeted RNA recombination was used to construct mouse hepatitis virus (MHV) mutants containing
chimeric nucleocapsid (N) protein genes in which segments of the bovine coronavirus N gene were substituted
in place of their corresponding MHV sequences. This defined portions of the two N proteins that, despite
evolutionary divergence, have remained functionally equivalent. These regions included most of the centrally
located RNA-binding domain and two putative spacers that link the three domains of the N protein. By
contrast, the amino terminus of N, the acidic carboxy-terminal domain, and a serine- and arginine-rich
segment of the central domain could not be transferred from bovine coronavirus to MHV, presumably because
these parts of the molecule participate in protein-protein interactions that are specific for each virus (or,
possibly, each host). Our results demonstrate that targeted recombination can be used to make extensive
substitutions in the coronavirus genome and can generate recombinants that could not otherwise be made
between two viruses separated by a species barrier. The implications of these findings for N protein structure
and function as well as for coronavirus RNA recombination are discussed.

The nucleocapsid protein (N) of coronaviruses is intrinsic to
a number of interesting properties of this family of viruses.
Multiple monomers of N coat the uniquely large (26- to 31-kb),
nonsegmented RNA coronavirus genome, and this ribonucle-
oprotein complex constitutes the only internal component of
the membrane-enclosed virion (38, 42). Coronavirus nucleo-
capsids have helical, rather than icosahedral symmetry, which
makes them unusual among positive-sense RNA viruses. This
characteristic poses important questions as to how the viral
RNA is uncoated in the earliest steps of infection to allow
translation of the genome and how progeny genomes are as-
sembled into virions late in infection. The only known post-
translational modification of N, phosphorylation, is an attrac-
tive candidate for a regulator of these events (39-41).
However, it has not been established whether N phosphoryla-
tion is a dynamic process or which of the many serine residues
of the molecule are its targets. There is some evidence sug-
gesting roles for N in viral RNA synthesis (5, 7) as well as in
translation of viral mRNAs (43), but these remain to be more
clearly elucidated.

We previously sought to obtain structural information about
the N protein of mouse hepatitis virus (MHV), an exemplar of
this virus family, by comparing the sequences of the N genes of
five strains of MHV (31). This led us to propose a model for N
protein that consisted of three highly conserved domains sep-
arated by linkers (spacers A and B) that had diverged consid-
erably among different strains. The first two domains are highly
basic; the small, carboxy-terminal domain III is the only acidic
portion of the molecule. N protein sequences subsequently
reported for four additional MHV strains were fully in accord
with this picture (9, 23, 24). The RNA-binding property of
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MHYV N has been independently mapped by two groups to be
within the middle domain (domain IT) (27, 30). Beyond the fact
that they are dispensable with respect to RNA binding, the
function(s) of domains I and III are unknown.

Partial support for the model came from the identification of
an MHV N gene mutant (Alb4) containing a deletion encom-
passing spacer B (21). The viability of this virus under permis-
sive conditions established that spacer B was nonessential.
Twelve second-site revertants of Alb4 were isolated, and all
contained single amino acid changes in domain II (33). Two
types of these mutations that were examined in detail were
found to cause N protein to bind more tightly to RNA than
wild-type N.

Although the interstrain sequence comparison was a useful
starting point for examination of N, it was limited by the high
homology (>90%) among all of the MHV N proteins. We
sought to extend this analysis to a more distant relative of
MHYV, bovine coronavirus (BCV), since its N gene and N
protein have 70% sequence homology to those of MHV (26).
This required knowledge of which portions of the two heter-
ologous N proteins were functionally equivalent, information
that could not be obtained by classical genetic methods owing
to the stringent species specificities exhibited by coronaviruses
(8, 38, 42). One distinguishing feature of coronaviruses, their
extraordinary genome size, poses an obstacle to genetic ma-
nipulation which we have addressed by exploiting another dis-
tinguishing feature of these viruses, their high rate of homol-
ogous RNA recombination (25). We have previously shown
that it is possible to incorporate site-specific mutations into the
N gene and the 3’ untranslated region of MHV by transfecting
synthetic subgenomic or defective interfering (DI) RNA into
infected cells to repair a selectable marker by RNA recombi-
nation (21, 28, 33). In an attempt to further our understanding
of MHV N protein structure and function, and also to test the
limits of targeted recombination mutagenesis, we set out to
examine the possibility of substituting portions of the coding
region of the MHV N protein with the corresponding regions
of the BCV N protein.
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FIG. 1. Substitution of a portion of the spacer B region of the MHV N protein with its counterpart from the BCV N protein by targeted recombination. Vector
pCK120 was constructed from pCK70, a template for in vitro transcription of MHV subgenomic RNA7 (21). The BstXI-Accl fragment of pCK70 was replaced with
a BstXI-Accl oligonucleotide cassette encoding the first half of the BCV spacer B region. The sequence of the upper oligonucleotide is shown. Nonunderlined bases
are the same as those in MHV; bases with a single underline are the same as those in BCV but differ from those in MHV; bases with a double underline differ from
both those in BCV and those in MHV. A newly created Af/I1I site is indicated. In the translation product below, circled amino acids are those that are the same as
those in BCV but differ from those in MHV; other amino acids are identical to those in BCV and MHV. Dashed line above the vector, region in which a crossover
event between vector-derived synthetic RNA and Alb4 genomic RNA could have generated the selected recombinants. Structural proteins of recombinant AIb85 and
wild-type (wt) virions are shown on the right. Viruses were radiolabeled with [*S]methionine from 1 to 22 h postinfection and purified on potassium tartrate-glycerol
gradients, as described previously (21). Equal amounts of each virus, as determined by protein concentration, were analyzed by SDS-PAGE followed by fluorography.

UTR, untranslated region.

MATERIALS AND METHODS

Virus and cells. MHV-A59 wild-type, mutant Albl and Alb4, and recombinant
viruses were propagated in mouse 17CI1 cells. Plaque titrations and plaque
purifications were performed in mouse L2 cells. Spinner cultures of L2 cells, used
for transfection by electroporation, were maintained as described previously
(28).

Plasmid constructs. Vectors for the transcription of chimeric N genes were
constructed either from pCK?70, which encodes a copy of MHV subgenomic
RNA7 (21), or from pB36, which encodes a synthetic DI RNA containing the
entire MHV N gene (28). DNA was manipulated by standard methods (35); all
newly generated junctions and PCR-created segments were verified by sequenc-
ing.

A vector, pCK120, substituting a portion of the MHV N gene spacer B region
with material equivalent to the corresponding segment of the BCV N gene
spacer B, was constructed by replacement of the BstXI-AccI fragment of pCK70
with a cassette made from two oligonucleotides, PM171 and PM172 (Fig. 1;
Table 1). The oligonucleotide cassette was 3 bp smaller than the fragment that
it replaced, owing to a single-amino-acid gap in the alignment of the two se-
quences in this region. In addition, the oligonucleotide cassette was designed to
include a new Afl111 site for the purposes of PCR analysis and of making further
constructs. The protein encoded by pCK120 replaced amino acids 384 to 397 of
the MHV N protein with amino acids 386 to 398 of the BCV N protein (26).

A vector, pTM1, substituting the entirety of domains I and II in addition to a
portion of spacer B of the MHV N gene with the corresponding regions of the
BCV N gene, was constructed through a series of intermediates (Fig. 2). The first
of these was pB11, containing the entire BCV N gene and 3’ untranslated region
attached to the MHYV leader region from pCK70. A perfect junction between the
MHYV leader and the 5’ end of the BCV N coding region was generated by
splicing overlap extension (SOE) PCR (14) using inside primers PM180 and
PM181 and external primers PM179 and PM182 (Table 1). Initially, PM179 and
PM180 were used to amplify the MHV leader from pCK70; PM181 and PM182
were used to amplify the beginning of the BCV N coding region from plasmid
PLN (13) (generously provided by David Brian and Savithra Senanayake, Uni-
versity of Tennessee). The PCR fragments produced were then purified, mixed,
and amplified with PM179 and PM182. The resulting PCR fragment was re-
stricted with BamHI and Sacl and assembled into pB11 via a three-way ligation
with the vector BamHI-HindIII fragment of pCK70 and the remainder of the
BCV N gene contained in the Sacl-HindlIII fragment of pLN. The MHV N gene
domain III was then restored to pB11 in a three-way ligation consisting of the
Nsil-HindIIl fragment of pBl1 and the AfIIII-HindIIl fragment of pCK120
linked with an NsiI-AfIIIT cassette made from oligonucleotides PM186 and
PM187 (Table 1). The resulting construct was pB20.

The chimeric N coding region of pB20 was finally transferred to pB36. Plasmid
pB36 encodes an MHV DI RNA in which the N gene forms a continuous open
reading frame with the start of the gene 1 protein (28). A BamHI site was added
immediately prior to the start codon of the BCV N gene by PCR with primers
PM194A and PM182 (Table 1) on pB20. The PCR product was restricted with
BamHI and Xbal and joined with the Xbal-BsiWI fragment of pB20 and the
BsiWI-BamHI fragment of pB36 in a three-way ligation to yield pTM1. The
protein encoded by pTM1 replaced amino acids 1 to 397 of the MHV N protein
with amino acids 1 to 398 of the BCV N protein. At its amino terminus, the
encoded chimeric N protein was fused, in frame, to the first 86 amino acids of the
MHYV gene 1 protein product with one intervening heterologous residue.

Three additional vectors containing different combinations of the MHV and
BCV N genes were subsequently constructed (see Fig. 4). Plasmid pP20, derived
from pTM1, was made by substituting the Bsu36I-Spel fragment of pTM1 with
the equivalent fragment from pB36. The protein encoded by pP20 replaced
amino acids 1 to 187 and 307 to 397 of the MHV N protein with amino acids 1
to 184 and 306 to 398 of the BCV N protein. Plasmid pP22, a vector containing
the coding region for the carboxy-terminal portion of the BCV N protein, was
made by replacing the Spel-blunted BstEII fragment of pB36 with the corre-
sponding Spel-blunted Dralll fragment of pLN. The protein encoded by pP22
replaced amino acids 307 to 454 of the MHV N protein with amino acids 306 to
448 of the BCV N protein. Plasmid pP24, a vector with all of the BCV N coding
region, was made by inserting the Spel-blunted Dralll fragment of pLN in place
of the Spel-blunted BstEIl fragment of pTM1. The protein encoded by pP24
replaced the entire 454 amino acids of the MHV N protein with the entire 448
amino acids of the BCV N protein.

Targeted recombination. Various extents of the BCV N coding region were
transduced into MHV by the targeted RNA recombination method described
previously, using MHV mutant Alb4 or Albl as the recipient virus (21, 28). In
some earlier experiments, donor RNA was cotransfected into cells along with
recipient viral genomic RNA by using DEAE-dextran, and resulting progeny
virus was thermally inactivated at 40°C for 24 h to select recombinants (21). In
most experiments, donor RNA was introduced into infected cells by electropo-
ration, and released virus was subjected to plaque assay without heat treatment
(28). Recombinants were plaque purified prior to further analysis.

RNA purification, synthesis, and sequencing. Virus was purified and viral
genomic RNA was isolated exactly as described before (21). Total cytoplasmic
RNA from MHV-infected 17CI1 cell monolayers was purified by a Nonidet
P-40-gentle lysis procedure (19). Synthetic transcripts from vectors truncated
with Nsil (pCK120) or HindIII (all other plasmids) were produced with bacte-
riophage T7 RNA polymerase as described previously (27), except that RNA
products were purified with RNaid (Bio 101, Inc.). Direct RNA sequencing was
performed by a modification of a dideoxy chain termination procedure (10, 33).
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Cloning and sequencing of chimeric N genes. Chimeric N genes from mutants
generated by targeted recombination were cloned from infected cellular RNA by
reverse transcription followed by PCR using primers PM112 and PM148 (Table
1). The Kpnl-Sacl fragment obtained from each PCR product, running from the
middle of the M gene to nearly the end of the 3’ untranslated region, was cloned
into the Kpnl and Sacl sites of the vector pPGEM-7Zf(+) (Promega). Alterna-
tively, PCR products were ligated directly into a TA cloning vector (Invitrogen)
per the manufacturer’s instructions, except that the PCR fragment was gel
purified with Geneclean (Bio 101, Inc.) prior to ligation. For each mutant, the
DNA sequence of the cloned chimeric N gene was determined at least once in
both directions. Final confirmation of BCV-MHYV junctions was carried out by
direct sequencing of purified genomic RNA (10, 33). DNA sequencing was
performed by the method of Sanger et al. (36) using modified T7 DNA poly-
merase (Sequenase; U.S. Biochemical) and primers described elsewhere (31).

In vivo labeling of virus-infected cells. Wild-type, Alb4, and chimeric N mutant
viruses were used to infect 17CI1 cells in 20-cm? dishes at 37°C. After 6 h of
infection, cells were washed with and incubated in methionine-free minimal
essential medium for 1.5 h and then were labeled for 45 min with 1 ml of
methionine-free minimal essential medium containing 25 nCi of [>>S]methio-
nine. Monolayers were lysed with 100 wl of immunoprecipitation buffer (10 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM EDTA, 0.25% Nonidet P40, 0.2 mg of
phenylmethylsulfonyl fluoride per ml, 0.01% sodium azide), and nuclei were
removed by centrifugation. Equal portions of each sample were immunoprecipi-
tated with anti-N antibodies and analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). Rabbit polyclonal antiserum raised
against a peptide corresponding to amino acid residues 423 to 434 of the MHV-
A59 N protein (VSRELTPEDRSL) was kindly provided by Kathryn Holmes
(Uniformed Services University of the Health Sciences).

RESULTS

Interchange of a portion of spacer B of the N proteins of
BCV and MHV. As a first attempt to exchange parts of heter-
ologous N molecules, we focused on a segment of the MHV N
protein known to tolerate considerable sequence variation
among different strains and mutants of MHV. The 25-amino-
acid stretch that we have designated spacer B separates the
acidic, highly conserved carboxy-terminal domain III of the
MHYV N protein from the remainder of the molecule, which is
quite basic (31). In the N gene mutant Alb4, a deletion excising
this region plus four flanking residues renders the virus tem-
perature sensitive and thermolabile, such that it forms tiny
plaques at the nonpermissive temperature (39°C) and has viri-
ons that are orders of magnitude more susceptible than the
wild type to inactivation by incubation at the nonpermissive
temperature (21). Thus, the absence of spacer B is not lethal
but severely impairs N protein function under restrictive con-
ditions.

We used targeted recombination to restore to Alb4 a mutant
version of spacer B in which the first half of this region was
replaced by a sequence encoding the corresponding part of the
BCV N protein (Fig. 1). This was accomplished by altering
plasmid pCK70, which serves as an in vitro transcription tem-
plate for RNA7, the smallest of the MHV subgenomic RNAs
(21). The BstXI-Accl fragment of pCK70 was replaced with a
fragment made from synthetic oligonucleotides that encoded
the BCV protein sequence and also contained an AfII11 site not
found in either the MHV or the BCV gene sequence. Substi-
tuted RNA7 transcribed from the resulting vector, pCK120,
was cotransfected with Alb4 genomic RNA into cells, and
recombinants were selected as progeny virus that survived heat
selection and were able to form large (wild-type size) plaques
at the nonpermissive temperature. Eight purified candidate
recombinants were analyzed by PCR analysis of reverse tran-
scripts of the distal portion of the N gene, and all were found
to contain the BCV substitution, since they had restored the 87
bases missing from Alb4 and also had obtained the engineered
AfIIII site. The presence of the BCV sequence in one of these
mutants, Alb85, was subsequently confirmed by sequencing of
purified genomic RNA (data not shown). SDS-PAGE analysis
of [**S]methionine-labeled virions of AIb85 revealed that its
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FIG. 2. Construction of a transcription vector, pTM1, used for synthesis of MHV DI RNA containing a portion of the BCV N coding region running from the amino
terminus through spacer B. Restriction sites shown are relevant to the construction of pTM1 or intermediates, as detailed in Materials and Methods. The BCV sequence
is shaded; all other segments are derived from MHYV or vector elements. UTR, untranslated region.

chimeric N protein migrated slightly faster than wild-type
MHYV N protein, and it was labeled more intensely than wild-
type N (within equivalent amounts of total virion protein)
owing to the presence of additional methionine residues (Fig.
1). The apparent wild-type phenotype of Alb85 demonstrated
that multiple substitutions of nonsimilar amino acids in spacer
B had no effect on N protein function within an otherwise
isogenic virus, extending the conclusion previously drawn on
the basis of sequence comparison of the N proteins of a num-
ber of MHV strains (31).

N protein recombination to the amino-terminal side of the
spacer B region. We next sought to introduce significantly
larger portions of the BCV N gene into the MHV genome. For
this purpose we constructed an MHV DI transcription vector,
pTM1, containing all of the BCV N coding region located to
the amino-terminal side of the sequence that had been suc-
cessfully incorporated into AIb85 (Fig. 2). Thus, pTM1 en-
coded a chimeric N protein comprising domain I, spacer A,

domain II, and part of spacer B of BCV N, followed by the
remainder of spacer B and domain IIT of MHV N. This ap-
proach (i.e., the retention of the MHV N domain III) was
taken initially because domain III is one of the most divergent
regions between the two N proteins (see Fig. 6A). We expected
that recombinants would arise by single crossover events ex-
changing the 3’ end of donor DI RNA for the corresponding
region of the recipient genome RNA. Hence, if exchange of
the BCV domain III and MHV domain III were functionally
unallowed, detection of allowed substitutions elsewhere in the
molecule would likely be precluded. Later experiments indi-
cated that this assumption was valid.

Unlike earlier targeted recombinations (Fig. 1) (21, 33, 44),
those with pTM1 were not expected to have a single defined
product. Although the right (BCV-MHV) boundary of a re-
sulting recombinant N gene would be determined by the junc-
tion constructed in the spacer B region of the vector, the left
(MHV-BCV) boundary would be determined by the locus of
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FIG. 3. Nucleotide sequences of the crossover junctions of MHV-BCV chimeric N mutants Alb100 to Alb109 obtained with pTM1 donor RNA. (A) The junction
sequence of each recombinant, or set of recombinants, is shown beneath an alignment of the corresponding portions of the MHV and BCV N gene sequences.
Numbering begins with the start of each respective N coding region. The region of sequence common to MHV and BCV in which the crossover event occurred is
underlined. (B) Sequence of the crossover junction of genomic RNA isolated from purified virus for one member of each class of recombinant. The indicated segments
of sequence are given as positive-sense RNA. The first flanking base unique to MHV or BCV is squared or circled, respectively.

the crossover event, which, in principle, might occur at any one
of various points. In multiple independent experiments, Alb4-
infected L2 cells were transfected with pTM1-derived DI
RNA, and recombinants were identified as progeny virus able
to form large plaques at 39°C. Nine independent recombi-
nants, designated Alb100, Alb101, and Alb103 to Alb109, were
isolated in this search. An additional recombinant, Alb102,
potentially a sibling of Alb101, was also retained for further
analysis because it formed intermediate-size plaques, rather
than large plaques. Except for Alb102, no phenotypic differ-
ences by comparison with the wild type were noted in the
growth or plaque forming ability of any of the mutants. The
entire N gene of each mutant was cloned and sequenced to
determine the exact location of its crossover and whether it
harbored other mutations or multiple crossovers. Final confir-
mation of each crossover junction was then obtained by se-
quencing genomic RNA purified from each recombinant virus.
These results are summarized in Fig. 3. As had been expected
if recombinants were generated by a single crossover, the N
genes of Alb100 to Alb109 had identical 3’ termini, including
the right (BCV-MHYV) boundary that had been engineered
into the vector pTM1. Each had a single left (MHV-BCV)
boundary, and there were no additional mutations with respect
to the two parent sequences. Five different crossover sites were
obtained at the left boundaries, ranging from bases 677 to 923
(MHV N coding region coordinates). One of these had been
independently isolated five times (Alb100, Alb103, Alb105,
Alb107, and Alb109); the other sites were represented by one
independent isolate each (Alb101, Alb104, Alb106, and
Alb108). The mutant with a variant plaque size, Alb102, was
found to have an N gene sequence identical to that of Alb101,
indicating that its plaque size phenotype must map elsewhere
in the genome.

The mutant containing the largest extent of the BCV se-
quence, Alb106, had a crossover junction between bases 677
and 681 (MHV N coding region coordinates), falling at a point
midway through the N molecule, or in the first third of domain
II (see Fig. 6B). To determine whether this represented a
maximal limit for the left boundary of this type of recombinant,
additional targeted recombinations were attempted with donor
RNA from pTM1, but using Alb1 as the recipient virus instead

of Alb4. The N gene mutant Albl, like Alb4, is temperature
sensitive and thermolabile. It contains two point mutations, at
bases 368 and 378, the second of which is responsible for its
phenotype; at the protein level, these fall in the latter part of
domain I of the N molecule (28). The use of this mutant as a
recipient virus was intended to force selected recombination
events to occur prior to base 378, and hence, well to the left of
the crossover junction of Alb106. However, in a number of
targeted recombination experiments we were unable to obtain
recombinants with Albl as the recipient and pTM1 RNA as
the donor. The results from one such set of transfections are
shown in Table 2. To rule out the possibility that factors other
than the BCV sequence of pTM1 caused this negative result,
control transfections were carried out at the same time using
DI RNA from the vector pB36, which contains only MHV
components. In contrast with pTM1 RNA, pB36 RNA consis-

TABLE 2. Ability to detect recombinants with Alb1 as recipient”

Vector and amt of Titer (PFU/ml) at 39°C

DI RNA (pg) Small plaques Large plaques
None
0 3.6 X 10° ND”
0 3.3 % 10° ND
pTM1
0.5 3.2 % 10° ND
1.0 3.6 X 10° ND
2.0 5.6 X 10° ND¢
pB36
0.5 5.9 X 10° 2.3 % 10°
1.0 8.4 X 10° 1.8 X 10°
2.0 3.6 X 10° 2.1 x 10°

“ Albl-infected L2 cells were transfected with the indicated DI RNA (or H,O
as control) and plated onto 17CI1 monolayers. Progeny virus titers were deter-
mined on L2 cells.

> ND, not detected.

¢ In one sample, large plaques were detected at a titer of 2.7 X 10° PFU/ml,
but upon sequence analysis these were found to be revertants of Albl (data not
shown).
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FIG. 4. Construction of additional transcription vectors used for synthesis of MHV DI RNAs containing chimeric MHV-BCV N coding regions. Relevant restriction
sites are shown for each, as detailed in Materials and Methods. Plasmid pP20 contains the same extent of the BCV sequence as pTM1, except that the SR-rich region
of N has been replaced with that of MHV. pP22 contains the latter portion of domain II as well as all of spacer B and domain III of the BCV N gene. pP24 contains
the entire BCV N gene. The BCV sequence is shaded; all other segments are derived from MHYV or vector elements. A short linker of a heterologous sequence used
in construction of the parent vector of pP22, pB36 (28), is hatched. UTR, untranslated region.

tently gave rise to recombinants. This strongly implied that,
beyond a certain point in domain II, the BCV N protein se-
quence is lethal in the context of the MHV N protein.

Other N protein substitutions. Comparison of the BCV and
MHYV N proteins suggested that the limiting boundary encoun-
tered by Alb106, the most extensive chimeric mutant, was a
serine- and arginine-rich (SR-rich) region that is the most
divergent portion of domain II (see Fig. 6A). To test the
possibility that this fragment of the N protein was the deter-
minant restricting exchange between the MHV and BCV N
proteins, we constructed a vector, pP20, that was identical to
pTM1, except that the MHV N SR-rich region had been re-
stored in place of that of BCV (Fig. 4).

Two additional constructs were also made (Fig. 4). Vector
pP22, designed to test the exchangeability of domain III, con-
tained the allowed portion of domain II and all of domain III
of the BCV N gene. Vector pP24, containing the entire BCV N
coding region, was designed in consideration of the possibility
that interacting regions of the N protein could be interchanged
only coordinately. Neither of the latter two vectors yielded
recombinants with Albl or Alb4 as the recipient, in contrast
with pB36 controls, which gave large-plaque-forming recombi-
nants at relatively high efficiency (data not shown). On the
basis of this, we concluded that exchange of the carboxy-ter-

minal domain III between MHV and BCV was unallowed. It
should be noted that, in both pP22 and pP24, the new junction
generated by the joining of the blunted Dralll site of the BCV
clone segment to the blunted BstEIl site of the MHV clone
segment created a 6-base deletion and four single-base substi-
tutions with respect to the authentic MHV sequence in the 30
bases immediately downstream of the N gene stop codon (Fig.
4). We have previously shown that this region is tolerant to a
5-base insertion (at the BstEIl site) in a recombinant virus (21).
However, at this time we cannot strictly rule out the possibility
that the failure to obtain MHV recombinants with pP22 and
pP24 was due to constraints at the level of the sequence com-
position of the 3’ untranslated region, rather than the allowed
amino acid composition of the carboxy terminus of the N
protein.

Targeted recombination between pP20-derived DI RNA
and Albl gave rise to two independent large-plaque-forming
candidates, Alb112 and Alb113. The N genes of these viruses
were analyzed by the same criteria as those applied to the
preceding set of recombinants, and the results are shown in
Fig. 5. The left crossover junctions of both Alb112 and Alb113
were located very close to each other and to the Albl muta-
tions. Remarkably, the crossover that generated Alb112 oc-
curred at a single nucleotide (base 367 of the MHV N coding
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* *
A 351 GCAGCAGAAGCAAUUACGGCCCAGAUGUUAUUUUUACUAUCUU MHYV (Alb1)
342 CAACCAGCGUCAACUGCUGCCACGAUGGUAUUUUUACUAUCUU BCV (pP20 RNA)

GCAGCAGAAGCAAUUACUGCCACGAUGGUAUUUUUACUAUCUU Alb112

GCAGCAGAAGCAAUUACGGCCCAGAUGGUAUUUUUACUAUCUU Alb113

1169 CAAAGCCCCAAAGAAAAGGGCGUAGACAGGCUCAGGAAAAGAAAGAUGAAGUAGAUAAUGUAAGCGUUGC MHYV (Alb1)
1172 CAAAACCACAAAGACAAAGAGA(\}UAGACAGGCUCAGGAAAAGAAAGAUGAAGUAGAUAAUGUAAGCGUUGC BCV/MHV (pP20 RNA)

..................... AGCGUUGC Alb113

MHV N [|3' uTR{|polyA|

CAABACCA. vttt ittt it e ettt
B. //-
Alb1 genome // MRV M ]
homologous
recombination
pP20 RNA  leader| genet |

aberrant homologous
recombination

BCV N|wwv] 3 uTR][polyA]

FIG. 5. Crossover junctions of MHV-BCV chimeric N mutants Alb112 and Alb113 obtained with pP20 donor RNA. (A) Crossover junction nucleotide sequences.
In the upper set, the sequence of each recombinant is shown beneath an alignment of the corresponding portions of the MHV and BCV N gene sequences. Numbering
begins with the start of each respective N coding region. The region of the sequence common to MHV and BCV in which the crossover event occurred (a single base
in the case of Alb112) is underlined. The two bases in the MHV Alb1 mutant that differ from those in the wild type are indicated (asterisks); only the second of these
is responsible for the Alb1 temperature-sensitive phenotype (28). In the lower set, the deletion in Alb113 is shown beneath an alignment of the corresponding portions
of the MHV N gene and the donor chimeric RNA from pP20. The junction between BCV and MHV sequence in pP20 RNA is indicated (arrowhead). (B) Two

crossover events proposed to have given rise to Alb113. UTR, untranslated region.

region), immediately 5’ to the first of the two point mutations
of Albl. The crossover that generated Alb113 was immediately
5" to the second (phenotypically relevant) Albl mutation.
Thus, Alb113 retained the first (phenotypically silent) muta-
tion of Albl.

Alb112 was found to have the expected 3’ junction between
the BCV and MHYV sequences in spacer B, which was dictated
by the composition of the donor RNA vector. Alb113, how-
ever, had a deletion of 54 nucleotides in this region, creating an
18-amino-acid in-frame deletion partially overlapping the
spacer B region. Since it would have been highly improbable to
have selected a recombinant that had also randomly acquired
a large deletion in the same passage, we think it likely that
Alb113 was actually generated by two crossover events (Fig.
5B). By the classification system put forward by Lai (25), the
first of these (viewed from the 5’ direction) would have been a
homologous recombination event occurring between the two
Albl mutations; the second, which produced the deletion,
would have been an aberrant homologous recombination event
in the 3’ half of spacer B. Prior studies of recombination
between two different strains of MHV have provided numer-
ous examples of progeny genomes containing more than one
crossover (18, 25).

Elsewhere in their N genes, Alb112 and Alb113 had the
sequences determined by the vector pP20. That is, they con-
tained the BCV sequence from the left crossover junction
through the remainder of domain I, spacer A, domain II,
and half of spacer B with the exception of a segment of the
MHYV sequence running from the left edge of the SR-rich
region through the middle of domain II. There were no other
mutations with respect to the parent sequences. This demon-
strated that further replacement of the MHV N sequence
by the BCV N sequence, proceeding into domain I, was al-
lowed provided that the SR-rich region of MHV N was re-
tained. Our results also suggested that the next barrier to
sequence interchange was reached in the locus of the Albl
mutations.

Analysis of chimeric N proteins. Figure 6A shows an align-
ment of the MHV and BCV N proteins. Nonhomology be-
tween the two sequences is concentrated in six places: the
amino-terminal half of domain I (MHV residues 1 to 65),
spacer A (residues 140 to 162), the SR-rich region (residues
194 to 227), the latter portion of domain II (residues 329 to
363), spacer B (residues 381 to 405), and domain III (residues
406 to 454). The collection of recombinants we have isolated
(summarized in Fig. 6B) demonstrates that three of these re-
gions, as well as the flanking sequence, can be replaced in
MHYV N by their BCV N counterparts. To examine the expres-
sion of the N proteins of these chimeric mutants in comparison
with wild-type MHV N protein, we labeled virus-infected cells
with [>*S]methionine and immunoprecipitated N proteins with
an antipeptide antibody directed against part of domain III,
which all of them have in common. As shown in the SDS-
PAGE analysis in Fig. 6C, all of the recombinants synthesized
comparable amounts of N protein. Many of the chimeric N
proteins (those of Alb100, Alb108, Alb101, Alb102, Alb104,
and Alb106) migrated slightly faster than wild-type MHV N,
despite being slightly larger. The SDS-PAGE mobilities of
Alb112 and Alb113, however, were the most aberrant, causing
them to appear some 3 to 4 kDa larger than they were pre-
dicted to be on the basis of the primary sequence. This higher
apparent molecular weight has been observed previously for
the N proteins of some of the strains of MHV (MHV-1,
MHYV-S, and MHV-JHM) (6, 32). The data in Fig. 6, taken
together with previous results (31), now allow us to assign this
attribute to the sequence composition of spacer A. It is possi-
ble that some variants of spacer A undergo a unique posttrans-
lational modification or, alternatively, that some spacer A se-
quences lend to a portion of the N molecule a residuum of
secondary structure that is not denatured by SDS. It is not
presently clear whether this property of spacer A has any
significance for N protein function.
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BCV PV TA A NR Kba 1D D SNV PA LD b 4 182
MHV-AS9  NGIPASEQKGYWYRHNRRSFKTPDGQQKQLLPRWYFYYLGTGPHAGASYGDSTEGVFWVANSQADTNTRSDIVERDPSSHEAIPTRFAPGTVL 185
* *
Alb1
BCV N T AS ASSAGS SANGNTTGT Da s TK @ T 1 s 275
MHV-A59  PQGFYVEGSGRSAPASRSGSRSQSRG- -PNNRARSSSNQRQPASTVKPDMAEE 1 AALVLAKLGKDAGAPKQVTKQSAKEVRQKILNKPRGKRT 276
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MHV-A59  PNKQCPVQACFGKRGPNQNFGGSEMLKLGTSDPQFPILAELAPTVGAFFFGSKLEL - - VKKNSGGADEPTKDVYELQYSGAVRFDSTLPGFET 367
BCV MMNM- QRGAKNGAG-- N I A R @K A 1 KK-M EPYTE TS I---- 448
MHV-AS59  IMKVLNENLNAYQK-DGGADVVSPKPQORKGRRQAGEKKDEVDNVSVAKPKSSVQRNVSRELTPEDRSLLAQILDDGVVPDGLEDDSNV 454
----- Alb4
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7 54 Tos 454 FIG. 6. N proteins of all MHV-BCV chimeric mutants. (A) Comparison of
the BCV and MHV-AS59 N proteins. A pairwise alignment of the two amino acid
251 398 sequences was obtained by using the GAP and BESTFIT programs of the
| Alb104 Genetics Computer Group software (12) and modified according to an alignment
T 251 298 454 inc!uding the N pfoteins of eight other serotypes of MHV. Only those BCV
residues that are different from MHYV residues are shown. Dashes indicate gaps.
6 398 The two point mutations in Albl and the deletions in Alb4 and Alb113 are
|. Alb106 //////////////////////ﬂ- indicated (asterlsk's). B) Sl'lmmary of all recombinant N proteins pbtame'd in this
] 226 398 454 study. At the top is a previously proposed model of the N protein consisting of
three domains separated by two spacer regions (31); the SR-rich region of
120 s 306 398 domain IT is indicated. BCV-derived portions are shaded; the remaining portions
|‘ Alb112 % are MHV fierived. BCV and MHYV residue r}umbers'are given above anc} below
i 122 188 306 398 454 each protein, respectively. (C) Electrophoretic analysis of mutant Alb4, wild-type
125 184 506 508 (wt), and recombinant N proteins. Infected 17CI1 cells were labeled with
, [**S]methionine from 7.5 to 8.25 h postinfection, and N proteins were immuno-
% .. o
| Alb113 ////% pre(:lp'ltated.and gnalyzgd by SDS—PAGE t.oll.ow.ed by fluorography. The number
1 125 188 306 411 454 of amino acid residues in each N variant is indicated below.

DISCUSSION

This study was initiated to learn what regions of the MHV N
protein could be interchanged with their BCV counterparts as
a means of probing N structure and function. Homologous, but
significantly different portions of the N gene coding sequence
from BCV were introduced into the MHV genome in place of
the corresponding segments of the MHV N coding sequence.
The resulting N mutants all behaved like wild-type MHV,
suggesting that the substituted regions are functionally com-
patible in these two viruses. It should be noted that, although
the BCV N gene was specifically used in these experiments, the
BCV N sequence is almost identical to those of human coro-

navirus OC43 (17) and turkey coronavirus (45). Our results
have shown that some portions of the N protein (including
most of domain II, the RNA-binding portion of N) have been
functionally conserved across these different species, whereas
some portions have diverged too far to be functionally equiv-
alent. We have thus identified regions to focus upon in future
mutagenesis experiments. Of the six most divergent parts of
the protein (Fig. 6A), three can be exchanged between BCV
and MHV: spacer A, the latter portion of domain II, and
spacer B. In contrast, we were unable to transfer from BCV to
MHYV the other three most divergent segments: the amino-
terminal half of domain I, the SR-rich region, and domain III.
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In the case of the amino terminus of domain I, it is possible
that inability to obtain transfer was restricted by the amount of
flanking sequence in the donor RNA vector. For the SR-rich
region and domain III, however, failure to transfer cannot have
been due to this factor, and we are led to conclude that stable
recombinants were selected against at the level of protein
function.

That transfer of some N protein regions was not allowed
could suggest that these are segments of the molecule that
interact with other viral components (including other parts of
the N molecule) or with host cell components. The latter pos-
sibility is argued against by the near-identity of the BCV, hu-
man coronavirus OC43, and turkey coronavirus N genes. It
seems unlikely that there would be an N-associating host-spe-
cific factor common to bovine, human, and avian cells but
absent from murine cells. Thus, it is more feasible that the
portions of N that cannot be transferred between species are
involved in associations with other viral proteins. An attractive
possibility is that one mode of N monomer-monomer interac-
tions is a head-to-tail linkage between the highly basic amino
terminus (domain I) of one molecule and the acidic carboxyl
terminus (domain III) of another.

Among the nonexchangeable segments of the N protein, the
SR-rich region is most intriguing. In MHYV this consists of an
island of 34 residues (amino acids 194 to 227) containing 11
serines and 7 arginines. The corresponding region of BCV N
has a similar composition but a highly varied primary sequence
(Fig. 6A). In fact, among all coronavirus N proteins this region
is highly divergent, yet a core motif of SRXXSRXXSR can be
found within each. The SR-rich region of N is reminiscent of
the SR (or RS) domains found in a large number of RNA-
binding proteins, many of which are involved in pre-mRNA
splicing (1, 22, 46). Current evidence suggests that SR domains
do not directly participate in RNA binding but mediate pro-
tein-protein interactions and are the targets for phosphoryla-
tion by protein kinases. We do not yet know the extent or
significance of the resemblance between N and these proteins.

In addition to contributing to our understanding of the
MHYV N protein, the present study allows some interesting
conclusions about coronavirus recombination. The work re-
ported here clearly demonstrates that targeted recombination
can be used to make extensive substitutions in the coronavirus
genome, generating recombinants that could not be made oth-
erwise between two viruses separated by a species barrier.
Previous site-specific mutations made by this technique were
limited to point mutations or a small insertion (21, 33, 44).
Besides the extent of sequence change created, a further prop-
erty of most members of the present set of mutants was that
their crossover boundaries were determined by the selective
pressures of the experimental system. In addition, the results of
this study provide a reminder of the plasticity of RNA ge-
nomes. Of the 13 mutants generated for this work, two had
unintended secondary mutations: a substantial deletion in
Alb113 and an unmapped mutation outside the N gene that
caused a variant plaque size phenotype in Alb102. While we
cannot rule out the possibility that the deletion in Alb113 arose
independently or that it was generated by T7 RNA polymerase
in the donor RNA, the most likely explanation of its origin is
that it resulted from a secondary crossover event in the same
round of replication that created its chimeric boundary in
domain I of the N gene (Fig. 5B). The secondary mutation in
Alb102, however, probably cannot be attributed to a recombi-
nation-associated event.

RNA recombination is thought to occur via a template
switching or copy choice mechanism wherein the replicating
polymerase pauses and transfers its newly synthesized RNA
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strand to a different template, upon which it resumes synthesis
(3, 4, 16, 20). This may occur by the polymerase dissociating
from the first template and hopping to a second (25), or it may
result from a processive mechanism which does not require
polymerase dissociation (15). Previous studies of MHV recom-
bination have shown that selective pressures can create the
appearance of preferred sites of recombination (2), but, at
least for one region examined in detail, recombination is close
to random in the absence of selection (3). Globally, the rate of
MHYV recombination is constant enough for the construction
of a classical genetic map (4), but more precise analysis has
revealed an increasing gradient of recombination rates (in the
5’-to-3' direction) across the length of the genome (11). Five of
the twelve independently isolated MHV-BCV chimeric mu-
tants reported here (Alb100, Alb103, Alb105, Alb107, and
Alb109) had crossovers occurring within the longest stretch of
exact homology between the MHV and BCV N genes (26
nucleotides, bases 898 to 923 [Fig. 3A]). However, we do not
believe that this supports the notion that recombination is
favored within extended regions of homology or that this rep-
resents a recombinational hot spot within the N gene. We did
not isolate any recombinants having crossovers within two
other long stretches of exact homology, one equally large
(bases 865 to 890) and one slightly smaller (bases 1111 to
1133). In contrast, crossovers were obtained in regions of only
1 (Alb112), 4 (Alb104 and Alb113), or 5 (Alb106) nucleotides
of exact homology (Fig. 3A and 5A). This is consistent with the
idea that, during template switching, the base pairing that
anchors the nascent RNA strand to the acceptor template can
be physically distant from the site at which the crossover occurs
(25). Examples of coronavirus (3) and picornavirus (20) re-
combinants in which there is no sequence identity at the point
of crossover have been found previously. Within our mutant
set, selection is most likely the overriding factor in any appar-
ent bias in the distribution of crossover sites. Although all the
chimeric MHV-BCV mutants were selected to have a wild-type
phenotype, we have previously shown that selection between
two phenotypically wild-type viruses differing at only a single
amino acid in the N gene can be very subtle but complete (33).

Coronaviruses display strong host species specificities (38,
42). A major component (and, perhaps, the only component)
of this restriction operates at the level of virus-receptor inter-
actions (8). Thus, there is a constraint on the evolutionary
distance over which interstrain recombination could naturally
occur. Our experiments have rigged an artificial situation that,
among other things, pushed the limit of the degree of sequence
divergence upon which coronavirus RNA recombination could
act. We have shown that viable progeny could be isolated from
two parental RNA species that diverged by 30% in nucleotide
sequence. Moreover, the frequency at which these recombi-
nants arose did not differ markedly from that obtained with
control isogenic donor RNA. These results contrast with the
observation that, for picornaviruses, intertypic recombination
is much less easily observed than intratypic recombination
(25). Thus, intertypic recombinants between Mahoney type 1
poliovirus and Lansing type 2 poliovirus, which are 15% diver-
gent in nucleotide sequence, were obtained at a more than
100-fold lower frequency than type 1 intratypic recombinants
(20). On the basis of our current picture of the mechanism of
RNA recombination, it is not clear whether this drop in fre-
quency is inherent in the divergence of nucleotide sequences
or whether it reflects a reduced ability of RNA templates of the
two types to colocalize during viral RNA synthesis.

A more striking contrast is seen between what we have
found to be allowed in coronavirus RNA recombination and
what is clearly unallowed in DNA recombination. For both
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prokaryotes and eukaryotes, there has accumulated evidence
that the nature of the barrier to genetic exchange between
species is recombination itself (29, 34, 37). Thus, for the closely
related species E. coli and Salmonella typhimurium, a genomic
sequence divergence of 16% directly presents an obstacle that
reduces the frequency of DNA recombination some 10° fold.
This restriction operates, in large part, at the level of mismatch
repair. The ability of RNA recombination to proceed effec-
tively with sequences diverging by 30% underlines the funda-
mental mechanistic differences between these two processes.
More significantly, it emphasizes the potential importance of
RNA recombination as a driver of coronavirus evolution.
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