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The coronavirus membrane (M) protein is the most abundant virion protein and the key component in viral
assembly and morphogenesis. The M protein of mouse hepatitis virus (MHYV) is an integral membrane protein
with a short ectodomain, three transmembrane segments, and a large carboxy-terminal endodomain facing the
interior of the viral envelope. The carboxy terminus of MHV M has previously been shown to be extremely
sensitive to mutation, both in a virus-like particle expression system and in the intact virion. We have
constructed a mutant, MA2, containing a two-amino-acid truncation of the M protein that was previously
thought to be lethal. This mutant was isolated by means of targeted RNA recombination with a powerful host
range-based selection allowed by the interspecies chimeric virus fMHV (MHYV containing the ectodomain of the
feline infectious peritonitis virus S protein). Analysis of multiple second-site revertants of the MA2 mutant has
revealed changes in regions of both the M protein and the nucleocapsid (N) protein that can compensate for
the loss of the last two residues of the M protein. Our data thus provide the first genetic evidence for a
structural interaction between the carboxy termini of the M and N proteins of MHYV. In addition, this work
demonstrates the efficacy of targeted recombination with fMHYV for the systematic genetic analysis of corona-

virus structural protein interactions.

The assembly of progeny virions of coronaviruses is brought
about by cooperative interactions among a minimal set of four
structural proteins, the large positive-stranded RNA genome,
and a membrane envelope acquired from the intermediate
compartment between the endoplasmic reticulum and the
Golgi complex (15, 17, 49). The viral nucleocapsid is formed by
the packaging of the genome by the nucleocapsid (N) protein
into a helical ribonucleoprotein structure (19) that is further
compacted into a core possibly having icosahedral symmetry
(37, 38). This nucleocapsid is incorporated into virions by in-
tracellular budding through a membrane containing three en-
velope proteins: the membrane (M) glycoprotein, the small
envelope (E) protein, and the spike (S) glycoprotein.

Although the details of the coronavirus assembly process are
not well understood, in recent years tremendous progress has
been made in elucidating the molecular interactions that
determine the formation of the virion envelope, particularly
for the prototype murine coronavirus mouse hepatitis virus
(MHV). Much of this progress has been realized by the study
of virus-like particles (VLPs) formed by coexpression of the
coronavirus M and E proteins, which has defined the minimal
molecular interactions required for production of particles re-
sembling authentic virions (3, 52). This system has provided an
invaluable tool leading to detailed exploration of the roles of
individual proteins and intermolecular interactions in the coro-
navirus assembly process (2-4, 6-8, 11, 52).

One outcome of the MHV VLP work confirmed a previous
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conclusion, based on studies with the glycosylation inhibitor
tunicamycin (12, 40) or with an S gene mutant (36), that the S
protein, despite its essential role in virus infectivity, is not an
obligatory participant in viral assembly. The S glycoprotein,
which forms the peplomers characteristic of coronaviruses, is
the structural protein involved in the binding of virions to host
cell receptors and in mediating virus-cell and cell-cell fusion.
Recent evidence supports the notion that incorporation of the
S protein into virions is directed by specific heterotypic inter-
actions with the M protein that are initiated after the folding of
the S protein in the endoplasmic reticulum (7, 28, 30, 31). VLP
studies have allowed the localization of the segment responsi-
ble for specific incorporation to the carboxy-terminal 64 resi-
dues of the S molecule, a region encompassing the transmem-
brane and endodomains (11). This point was most convincingly
demonstrated by the construction, through targeted RNA re-
combination (18), of an MHV mutant in which the entire
ectodomain of the MHYV § protein was replaced by the equiv-
alent, but highly divergent, ectodomain of the feline infectious
peritonitis virus (FIPV) S protein. The resulting chimeric re-
combinant, fMHV, acquired the ability to infect feline cells,
while it simultaneously lost the ability to grow in murine cells
(18).

The E protein is a minor, yet critical, structural component
in coronavirus assembly, as demonstrated for MHV by inves-
tigations with both the VLP system (52) and constructed viral
mutants (10). However, the exact nature of the involvement of
the E protein in the assembly process remains poorly charac-
terized.

The M protein is the most abundant structural protein in
virions and is the key player in MHV assembly. It spans the
membrane bilayer three times, displaying a short amino-termi-
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nal domain on the virion exterior surface and a large carboxy-
terminal tail in the virion interior (39). When expressed alone,
M accumulates in the Golgi complex in homomultimeric com-
plexes (15). However, in combination with the E protein, M is
retained in the budding compartment and is incorporated into
VLPs, which are exported from the cell (52). It has been shown
that mutational changes in any of the domains of the M protein
affect VLP formation, and in some cases, these conclusions
were further supported by the incorporation of the same mu-
tational changes into recombinant viruses (6).

Among the mutationally sensitive domains of the M protein,
the extreme carboxy terminus is the most intriguing. Deletion
of the last amino acid residue of M, T228 (the MA1 mutation),
was sufficiently devastating to reduce VLP formation to mini-
mally detectable levels when the MA1 protein was coexpressed
with the wild-type E protein. In contrast, when the MA1 mu-
tation was incorporated into the MHV genome, the resulting
recombinant virus exhibited a phenotype indistinguishable
from the wild type. This suggested that a third component was
available in complete MAL1 virions to stabilize structures that
were weakened in MA1 VLPs. We speculated that the viral
nucleocapsid, absent in the VLPs, was this stabilizing factor.
Further truncation of the carboxy terminus of the M protein
(the MA2 and larger mutations) completely abolished VLP
formation, and we were unable to recover recombinant viruses
containing any of these mutations (6). Thus, removal of as few
as two amino acid residues from the carboxy-terminal tail of
the M protein appeared to be lethal.

We were prompted to reexamine this conclusion following
the recent isolation of the chimeric S protein mutant fMHV
(18), which has enabled a much more powerful selection for
MHYV mutants. When fMHYV was used as the recipient virus in
the targeted RNA recombination scheme that is used to carry
out reverse genetics of MHV (21), its stringent host cell species
specificity allowed the exclusive selection of newly generated
recombinants on the basis of their regaining the ability to grow
in murine cells. In the present study, we successfully obtained
the MA2 mutant, which, although viable, is drastically defec-
tive, yielding tiny plaques and growing to maximal titers more
than 10>-fold lower than those of wild-type MHV. Further-
more, we isolated second-site revertants of the MA2 mutant
and the reverting mutations in these were individually mapped
to the carboxy terminus of either the M protein or the N
protein. Reconstruction of the reverting changes combined
with the original MA2 mutation provided the first genetic ev-
idence for a structural interaction between the carboxy termini
of the M and N proteins of MHV. Our results complement
recent biochemical studies that have demonstrated M protein-
nucleocapsid interactions for MHV (24, 25) and transmissible
gastroenteritis virus (TGEV) (9).

MATERIALS AND METHODS

Cells and viruses. Wild-type MHV A59 and all MHV mutants containing the
wild-type MHV S gene were propagated in mouse 17 clone 1 (17CI1) or L2 cells,
and plaque assays and purifications were carried out with mouse L2 cells. MHV
mutant fMHYV, which contains the ectodomain of the FIPV S protein, was
maintained in feline FCWF cells or AK-D fetal lung cells (American Type
Culture Collection).

Plasmid constructs. The parent plasmid used in this study was pMHS54, which
has been described in detail previously (18). It encodes a 9.1-kb T7 RNA
polymerase transcript consisting of the 5’ 467 nucleotides (nt) of the MHV
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genome connected, via a 72-nt linker, to the entire 3’ 8.6 kb of the MHV genome,
starting at codon 28 of the hemagglutinin-esterase (HE) pseudogene and pro-
ceeding through to a poly(A) tail of approximately 115 nt. The MA2 mutation,
which truncates the M open reading frame (ORF) by substituting the stop codon
TAG in place of the penultimate codon (AGA, coding for arginine), was first
generated in plasmid pCFSS8, as described in an earlier study (6). This substitu-
tion simultaneously created a new Accl site (Fig. 1A). The MA2 mutation was
transferred into pMH54 by replacement of the Xhol-Nhel fragment, resulting in
plasmid pLK61 (Fig. 1A).

For the purpose of reconstructing MA2 revertants, reverse transcription (RT)-
PCR products generated from selected revertants were incorporated into pLK61
via unique restriction sites. For the T1851 mutation in the M protein, an RT-PCR
product was generated and cloned into the EcoRV and BssHII sites occurring at
the 3’ end of the E gene and near the 3’ end of the M gene, respectively (Fig.
1A). For the M protein mutations D195G, D195N, G196S, and S206F and the N
protein mutation S98L, RT-PCR products were inserted between the BssHII site
in the M gene and the Nhel site in the N gene. Similarly, the N protein mutations
Q437L and Q437MMA were cloned between the Nhel site in the N gene and the
Bcll site located in the 3" untranslated region (Fig. 1A). All plasmid constructs
were verified by restriction analysis; all PCR-generated segments and newly
created junctions of each plasmid were confirmed by automated sequencing with
an Applied Biosystems 3100 or 3700 DNA sequencer.

Targeted RNA recombination. The incorporation of mutations into the MHV
genome by targeted RNA recombination was carried out as previously described
(10, 22), except that the interspecies chimeric virus fMHV was used as the
recipient virus (13). Feline FCWF or AK-D cells in monolayers were infected
with fMHYV at a multiplicity of approximately 1 PFU per cell for 4 h at 37°C, after
which the cells were suspended by limited trypsin treatment. Capped, runoff
donor transcripts were synthesized from PacI-truncated pLK61 (or derivatives of
pLK61) using a T7 RNA polymerase kit (Ambion) as specified by the manufac-
turer. Donor RNA (5 to 10 ug), without further purification, was transfected into
8 x 10° fMHV-infected cells by using two pulses at 960 wF and 0.3 kV with a
Gene Pulser electroporation apparatus (Bio-Rad). Infected and transfected fe-
line cells were then plated onto monolayers of murine 17CI1 cells. At 48 h
postinfection at 37°C, following the appearance of syncytia in the murine cells,
progeny virus in the supernatant medium was harvested. All recombinant can-
didates were purified by two rounds of plaque titration on murine L2 cell
monolayers at 37°C.

Genomic analysis of candidate recombinants. Purified independent candidate
recombinants, for the MA2 mutant and for the subsequently reconstructed re-
vertants, were used to infect 25-cm? monolayers of mouse L2 cells at 37°C, and
total cellular RNA was harvested with the Ultraspec reagent (Biotecx) at 5 days
postinfection for the MA2 mutant and the MA2 S98L double mutant or 24 to 48 h
postinfection for all other revertants and controls. RNA was reverse transcribed
under standard conditions (41) with a hexanucleotide random primer, p(dN)6
(Boehringer Mannheim), and avian myeloblastosis virus reverse transcriptase
(Life Sciences). The cDNA was amplified by PCR with various primer pairs to
characterize different genomic regions of candidate recombinants. PCR ampli-
fications were run for 30 cycles of 1 min at 94°C, 1 min at 48°C, and 2 min at 72°C
with AmpliTaq DNA polymerase (Perkin-Elmer). Products were directly ana-
lyzed by agarose gel electrophoresis or were purified with either preparative
agarose gels or Quantum-prep columns (Bio-Rad). Purified PCR fragments were
then analyzed by restriction digestion or automated sequencing.

RESULTS

Generation of the MA2 mutant. In previous work done to
study the structural requirements of the M protein in corona-
virus assembly, MHV M gene mutants were successfully cre-
ated by using targeted RNA recombination (6). Combined
data from the VLP expression system and recombinant viruses
indicated a major involvement of the carboxy-terminal residues
of the M protein in the assembly process or in the stability of
the resulting virions. Among the many mutants generated in
the study, MA1 was highly interesting for the fact that trunca-
tion of the carboxy-terminal amino acid residue T228 almost
entirely abolished VLP formation when MA1 was coexpressed
with the wild-type E protein. Surprisingly, however, the iso-
lated MA1 viral recombinant was indistinguishable from the
wild type in all measurable aspects of growth, including plaque
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FIG. 1. Selection of the MA2 mutant. (A) Construction of a transcription vector for synthesis of donor RNA. Plasmid pLK61 was derived from
pMH54 (18) as detailed in Materials and Methods. The restriction sites shown are those relevant to plasmid construction (Xhol, EcoRV, BssHII,
Nhel, and Bcll), in vitro transcription (Pacl), or mutant analysis (Accl). The filled circle denotes the linker between the cDNA segments
corresponding to the 5" and 3’ ends of the MHV genome, and the arrow indicates the T7 promoter. The expanded region of sequence shows the
three base changes made in pLK61 to create a stop codon at codon 227 of the M ORF and a new Accl site (underlined). The corresponding
wild-type (wt) sequence from pMHS54 is aligned for comparison. Also indicated is TRS7, the TRS governing synthesis of sgRNA7 (N mRNA).
(B) Scheme for generation of the MA2 mutant by targeted RNA recombination between the interspecies chimera fMHV (18) and donor RNA
transcribed from plasmid pLK61. fMHYV contains the ectodomain-encoding region of the FIPV S gene (shaded rectangle) and is able to grow in
feline cells but not in murine cells. A single crossover (solid line), within the HE gene, should generate a recombinant that has simultaneously
reacquired the MHV S ectodomain and the ability to grow in murine cells and has also incorporated the mutant M gene (hatched rectangle). A
potential second crossover (broken line), in gene 4 or the E gene, would exclude the mutant M gene from the recombinant. At the bottom is shown
the mixed progeny of two independent targeted recombination experiments, forming tiny and large plaques on mouse L2 cells at 72 h postinfection.

size, growth rate, and viral yield (6). This pointed to the exis-
tence of interactions in addition to those between the M and E
proteins contributing to overall virion stability. Nucleocapsids,
not present in VLPs, were the most likely candidate for filling
this role.

Despite repeated efforts, we were not previously able to
generate an MA2 recombinant in which the carboxy-terminal
two amino acids of the M protein were truncated. This abrupt
difference between MA1 and MA2 was very intriguing. It led us

to conclude either that the MA2 mutation was lethal or that
MA?2 mutants were so highly defective that they could not be
recovered by the targeted RNA recombination technique,
which could only select for constructed recombinants that were
more fit than the thermolabile N gene deletion recipient virus
(10, 21, 22).

The creation of the FIPV-MHV chimeric S recombinant
fMHYV (18) allowed us to revisit this issue more decisively. By
taking advantage of the stringent host cell species specificity of
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fMHYV, we could now, in principle, completely eliminate the
background of recipient virus in targeted RNA recombination.
We expected that restoration of the MHV S gene to fMHYV, via
recombination with an engineered donor RNA, would allow
selection for virtually any nonlethal cotransduced mutation.

For the purpose of generating an MA2 MHV recombinant,
a vector, pLK61, was constructed from pMHS54, which had
been designed previously to allow the shuttling of different S
genes into MHV (18, 26, 35). This transcription vector, in
order to provide a sufficient flanking region for recombination,
contains almost all of the HE pseudogene upstream of the S
gene as well as the entire distal portion of the MHV genome
thereafter (18). In pLK61, the penultimate codon (AGA) of
the M ORF, encoding R227, was replaced with the stop codon
TAG (Fig. 1A). This approach was taken to avoid unintended
effects on the transcription of the downstream N gene that
might have resulted from the actual deletion of the RNA
sequence at the 3’ terminus of the M ORF adjacent to the
transcription-regulating sequence (TRS) for the N gene. Do-
nor RNA transcripts from pLK61 or from pMHS54 as a control
were transfected into feline cells that first had been infected
with fMHV. The supernatant media from these infected and
transfected cells were harvested and analyzed by plaque assay
on murine L2 cells. For recombinants obtained with pLK61
donor RNA, two starkly different plaque sizes were clearly
observed (Fig. 1B). One was very small and grew much more
slowly than a wild-type MHV control, and the other was very
similar to the wild type in both plaque size and growth rate.
These dramatic differences were preserved through two sub-
sequent rounds of plaque purification (Fig. 2A). By contrast,
all recombinants obtained with the control pMHS54 donor
RNA gave rise to only wild-type-size plaques. Furthermore, as
expected, no plaques were detected from samples that had
been infected with fMHYV and then mock transfected, proving
the stringency of the host range-based selection.

Genotypic confirmation and phenotypic description of the
MA2 mutant. Previous experience with targeted recombina-
tion has shown that it is possible to have multiple crossover
events between the recipient virus genome and the donor RNA
if there is a strong selective pressure to exclude a particular
genetic marker (6, 13, 14). This suggested to us that the wild-
type-size plaques obtained with pLK61 donor RNA probably
resulted from two crossover events, one upstream of the S gene
and one between the S gene and the MA2 mutation (Fig. 1B).
The tiny plaques, on the other hand, were most likely to be the
MA?2 mutant. To test this notion, we purified RNA from cells
infected with either small- or large-plaque recombinants iso-
lated from independent infection-transfection samples. Ran-
dom-primed RT was carried out followed by PCR with primers
PM159 and PM145, which are specific for the upstream and
downstream flanking genes E and N, respectively (Fig. 2B).
Restriction digestion of the resulting 1.3-kb PCR product with
Accl was expected to produce a fragment pattern of 1,029, 207,
and 98 bp for the MA2 mutant, compared to fragments of 1,029
and 305 bp predicted for the wild type. All of the large plaques
obtained from the targeted recombination with pLK61 donor
RNA (one of which, Alb243, is shown in Fig. 2B) yielded
exactly the same restriction digest pattern as that of an isogenic
wild-type control, Alb239, that had been generated with
pMHS54 donor RNA (Fig. 2B). A number of other wild-type
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controls also showed identical restriction patterns (data not
shown).

All of the small-plaque recombinants characterized con-
tained the extra Accl site associated with the stop codon placed
at codon 227. Data for two independent isolates, Alb231 and
Alb233, are shown in Fig. 2B. The presence of the MA2 mu-
tation was conclusively confirmed by direct sequencing of these
PCR products. Moreover, there were no other changes found
in the M gene for these recombinants. Although it was unlike-
ly that the defective phenotype of the small-plaque mutants
resulted from changes other than the MA2 mutation, PCR
products encompassing the entire E and N genes were also
obtained and directly sequenced. As expected, no other muta-
tions were found in either of these genes. We therefore con-
cluded that the MA2 mutation was solely responsible for the
observed small-plaque phenotype of Alb231 and Alb233, con-
sistent with previous results indicating a critical role for the
carboxy terminus of the M protein in viral assembly (6).

The MA2 mutant exhibited an extremely defective pheno-
type in both murine L2 and 17Cl1 cells at 37°C. Additionally,
it recovered no significant growth advantage relative to the
wild type when grown at either 33 or 39°C. Therefore, the MA2
mutant was not temperature or cold sensitive. Besides its dra-
matically smaller plaque size, the MA2 mutant had infectious
titers of less than 1 X 10* PFU/ml, over 3 orders of magnitude
lower than those of wild-type controls (data not shown). With
this level of mutant growth and viral yield it was possible to
achieve 100% syncytium formation and cytopathic effect in L2
cell monolayers, albeit with greatly protracted kinetics com-
pared to the wild-type virus. However, in the more slowly
fusing 17CI1 cell line, the rate of progeny viral production
appeared never to be able to outrun the rate of cell growth;
thus, MA2-infected monolayers of these cells were never en-
tirely infected before being overtaken by uninfected cells.

Our success in obtaining the MA2 mutant strongly supported
our initial expectations regarding the potential power of ge-
netic selection exploiting the host cell species specificity of
fMHV. MHV mutants harboring structural gene lesions detri-
mental to viral growth have previously been characterized by
our laboratory, most notably the N gene mutants Alb4 (16, 22),
Albl (22), and Alb25 (22), but all of these were more amenable
to manipulation in tissue culture. To our knowledge, the MA2
mutant is the most severely impaired coronavirus mutant yet
obtained by either classical or reverse genetic methods.

Isolation and analysis of revertants of the MA2 mutant. A
major consequence of the severity of the MA2 lesion was its
instability. It was not possible to grow mutant viral stocks for
more than two or three passages before an acceleration of viral
growth was noted, which suggested to us that faster growing
revertants had taken over the culture. Originally, this possibil-
ity was confirmed by plaque assay of passage 3 virus stock,
which had a titer 2 to 3 orders of magnitude higher than the
original MA2 mutant and consisted almost entirely of much
larger plaques. This indicated that there was a strong selective
pressure to remedy the MA?2 defect. It was of great interest to
identify any second-site mutations capable of compensating for
the original mutation, since this would provide genetic infor-
mation regarding interactions between the critical carboxy-
terminal region of the M protein and other potential partici-
pants in the viral assembly process.
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FIG. 2. Purification and analysis of targeted recombination progeny. (A) Appearance of purified plaques on mouse L2 cells at 72 h postin-
fection. Alb231 and Alb233 are tiny-plaque recombinants from two independent infection-transfection experiments, and Alb243 is a large-plaque
recombinant that arose in the same infection-transfection as Alb231. Alb239 is a wild-type control recombinant reconstructed from fMHV and
pMHS54 donor RNA. A control mock-infected L2 cell monolayer is included for comparison. (B) RT-PCR analysis. RNA was isolated from
infected cells, reverse transcribed with random primer p(N),, and amplified with primers PM145 and PM159. PCR products were analyzed by
electrophoresis in 1.2% agarose with (+) or without (—) prior digestion with Accl. Lane M, DNA fragment size markers. wt, wild type.

To pursue this, viral stocks begun from independent small
plaques of the MA2 mutant were passaged multiple times at
37°C with daily examination of infected monolayers. Once the
onset of accelerated syncytium formation and cytopathic effect
was observed, the released virus in the supernatant media was
assayed by plaque titration, with parallel wild-type and MA2
mutant controls. Larger-plaque-forming revertants from three

independent searches were isolated and purified through two
rounds of plaque titration (Fig. 3, sets 1 to 3) (revertant R1 was
the first revertant, obtained from the original passage 3 stock
of MA2). All revertants yielded plaques that were slightly
smaller than those of the wild type but were significantly larger
than those of the MA2 mutant.

In order to identify all potential changes that may be in-
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FIG. 3. Sequence analysis summary for the E, M, and N genes of revertants of MA2 mutants Alb231 and Alb233. Revertant R1 and sets 1, 2,
and 3 (left column) constitute four independent groups of revertants. R1 and sets 1 and 3 were obtained from Alb231; set 2 was from Alb233. The
E, M, and N proteins are represented linearly at the top. The solid rectangles indicate the membrane-bound domains of the E and M proteins (10,
39); the hatched rectangle indicates the RNA-binding domain of the N protein (20, 27). Arrows show the positions within the M and N proteins
at which potential reverting mutations were found, and amino acid changes are grouped under the corresponding wild-type residue at each of these
positions. Asterisks indicate stop codons. No changes were found in the E gene in any of the revertants. Those amino acid residues or positions
that were chosen for further analysis are boxed. Numbers denote the following: 1, mutation of the MA2 stop codon from UAG to UAA; 2, mutation
of the wild-type codon 228 from ACC to AUG; 3, replacement of nt 650 to 678 of the MA2 gene by nt 31 to 56 of the MHV leader; and 4, a deletion
of nt 1309 to 1318 of the N gene resulting in a frameshift and truncation of the 15 carboxy-terminal amino acids of the N protein.

volved in compensation for the MA2 lesion, we sequenced
RT-PCR products encompassing the entirety of the region
most likely to genetically interact with this mutation: the E, M,
and N genes. All changes found are listed in the compilation in
Fig. 3, from which several important points emerge. First, no
change was found in the E gene in any of the 22 independent
revertants. This suggests either that there is no possible residue
change in the E protein that can offset the loss of the two
carboxy-terminal residues of M or that such changes are too
rare to be detected because other reverting mutations arise
with higher frequency. A second salient result from the rever-
tant analysis was that, with the exception of a single case, 1F
(Fig. 3), all revertants arose from second-site mutations and
still retained the MA2 mutation. For revertant 1F, the stop
codon UAG was changed to UAU, encoding tyrosine. Since
this change restored the M OREF, the larger-plaque phenotype

of revertant 1F may be a result of either the Y227 residue or
the simultaneously reinstated T228 residue.

Most of the changes found in the revertants were in the M
protein itself, with the majority of these clustered in the car-
boxy-terminal region of M (Fig. 3). In particular, changes at
residues T185, D195, G196, and S206 appeared multiple times
in revertants from separate searches. More interestingly, at any
given one of these positions, mutational change was almost
always to the same amino acid residue. For example, all four
apparent reverting mutations at residue 196 (in revertants 1M,
1G, 1L, and 2L) were from G to S (Fig. 3). Similarly, in four of
the five revertants containing a mutation at residue 195 (re-
vertants R1, 1A, 3C, and 3H) the change was from D to G, and
in the fifth (revertant 3E) it was from D to N (Fig. 3). These
multiple occurrences of the same mutations led us to conclude
that these were most likely the changes responsible for coun-
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teracting the effect of the MA2 lesion. However, many of these
revertants also contained changes elsewhere, particularly in the
ectodomain or transmembrane domains of the M protein.
Most of these latter types of mutations each appeared only
once among the 22 revertants.

Remarkably, for some of the revertants, changes were also
found in the N protein. Among these, the S9SL mutation,
which was always due to the same C to U change at the RNA
level, was the most frequent, appearing in 12 of the revertants
(Fig. 3). Two other changes, Q222K and S299Y, each appeared
only once (revertants R1 and 2G, respectively) and occurred in
revertants that also contained one of the conserved M muta-
tions. The most intriguing alteration in the N protein was at
residue Q437, in the carboxy-terminal domain of the protein. It
was either changed by a point mutation to leucine (revertants
1B and 1D) or frameshifted to methionine as the result of a
10-nt deletion (revertants 3D and 3F). In the latter case, the
mutated N protein became truncated two residues later, mak-
ing it 15 amino acids shorter than the wild-type N protein. It
was somewhat surprising to us that the carboxy terminus of the
N protein, which is highly conserved among different strains of
MHYV (33), was dispensable.

Revertants resulting from apparent nonhomologous recom-
bination between genomic RNA and sgRNA. In five of the
revertants, 1A, 1H, 1M, 3E, and 11 (Fig. 3), sequence analysis
also revealed a curious aberration at the 3’ end of the M gene.
In the most extreme case, that of revertant 11, 32 nt of the MA2
ORF were replaced by 29 heterologous nt (Fig. 4A). This
resulted in the replacement of the 10 carboxy-terminal amino
acids of the MA2 protein by 9 amino acids having limited
homology to the same region. In addition, the stop codon of
the MA2 ORF was changed from UAG to UAA, and the
codon immediately downstream of this (which had been codon
228 in the original M ORF) was changed from ACC to AUC.
Strikingly, the source of the heterologous material turned out
to be the leader sequence, which had been inserted into the
genome in a manner that appeared to result from nonhomolo-
gous recombination with subgenomic RNA7 (sgRNA7), the
mRNA for the N protein. In revertants 3E and 1H, both the
stop codon and codon 228 point mutations were present. In
revertants 1A and 1M, only the codon 228 point mutation
occurred. For the latter four revertants these events were not
relevant to the MA2 OREF, but for revertant 11, we were sub-
sequently able to conclude that the 9-amino-acid substitution
was responsible for reversion. The composition of these rever-
tants is consistent with their having been formed by a disrup-
tion of discontinuous negative-strand sgRNA7 synthesis (see
Discussion).

Genetic reconstruction of the MA2 revertants. Because al-
most every revertant contained at least two mutations (Fig. 3),
we decided to examine a specific subset of these for the ability
to suppress the MA?2 lesion. For this purpose, we chose to focus
on the changes T1851, D195G, D195N, G196S, and S206F in
the M protein, because mutations at each of these positions
arose multiple times independently. For the N protein, we
concentrated on S98L, Q437L, and Q437MMA for the same
reason. Each of these selected mutations was introduced indi-
vidually into the MHV genome in conjunction with the MA2
mutation in order to assess its phenotype in the absence of
extraneous amino acid changes. To accomplish this, we gener-
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ated RT-PCR fragments encompassing the specific mutations
of interest from the appropriate revertants and these were
introduced into the pLK61 plasmid. Recombinant viruses were
then generated with the fMHV-based targeted RNA recombi-
nation procedure described above.

At least two independent recombinants containing each mu-
tation were examined for the presence of both the MA2 mu-
tation and the second-site mutation by restriction digestion
and direct sequencing of analytic RT-PCR products.

Every one of the selected mutations in the M protein was
able to compensate for the MA2 defect, as judged by the
plaque size and viral titers of the five reconstructed revertant
candidates. Figure 5 shows examples of two of these recon-
structed revertants. Plaques of both recombinants, harboring
either the T1851 or D195G mutation in an MA2 background,
were significantly larger than those of the MA2 mutant, and
only slightly smaller than those of the wild type. This was also
true for the other three reconstructed revertants containing
either D195N, G196S, or S206F (data not shown). For the
latter candidate, the plaque sizes were somewhat smaller than
for the other four compensating mutations but were still clearly
much larger than those of the MA2 recombinant. All five
reconstructed revertants grew more rapidly and had much
higher titers than did the original MA2 mutant. Based on this
genetic evidence, we concluded that each of these five changes
in the M protein was individually able to compensate for the
MA?2 defect.

For the selected mutations in the N protein, those located at
the carboxy terminus were found to almost completely com-
pensate for the MA2 lesion. Reconstructed revertant candi-
dates containing either the point mutation Q437L or the de-
letion frameshift resulting in Q437MMA, in the presence of
the MA2 mutation, gave rise to plaques only slightly smaller
than the wild-type plaques (Fig. 6). Additionally, these viruses
produced much faster-spreading infections in cell monolayers
and had much higher titers than did the MA2 mutant. These
results provide the first genetic evidence for a direct interac-
tion between the N and M proteins of MHV. It is noteworthy
that in the Q437MMA revertant, the loss of 15 amino acids at
the carboxy terminus of the N protein does not seriously impair
the function of this viral component and it indeed overcomes
the deficiency due to the deletion of the two final residues of
the M protein. Consistent with this, the Q437MMA mutation
had only a minor impact on the virus when constructed in a
wild-type background (i.e., in the absence of the MA2 muta-
tion) (data not shown). At this time, it is not clear what role is
being played by the MMA substitution at residues 437 to 439
of the N protein in this altered N-M interaction.

The remaining candidate reverting mutation in the N pro-
tein, S98L, was the only one not able to compensate for the
MA?2 defect. Reconstructed recombinants containing the S98L
mutation in conjunction with the MA2 mutation produced
plaques indistinguishable from those of the original MA2 mu-
tant and grew just as poorly. This result was not unexpected in
light of the finding that, in most of the revertants in which the
S98L mutation appeared (revertants 1A, 1C, 1H, 1M, 1G, 1L,
1B, 1D, and 3F), the revertant phenotype was accounted for by
the compensating mutations D195G, T185I, or G196S in the M
protein or Q437L or Q437MMA in the N protein (Fig. 3). We
concluded, therefore, that the S98L mutation in N was irrele-
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FIG. 4. Recombination of part of the MHV leader RNA into the 3’ terminus of the M gene. (A) Nucleotide sequence of the M gene-N gene
region of revertant 11 aligned with the corresponding regions of the MA2 sequence and the leader-N gene region of sgRNA7. The broken line
indicates the locus of the apparent crossover between MA2 and sgRNA7. Revertants 1H and 3E, which contain mutations in both the MA2 stop
codon and codon 228 (underlined), and revertants 1A and 1M, which contain just the codon 228 mutation, also appear to result from more-limited
crossovers between MA2 and sgRNA7. TRS7 denotes the TRS governing synthesis of sgRNA7 (N mRNA). (B) Potential mechanism of formation
of the substitution in revertant 11 via a nonhomologous recombination event between sgRNA7 and genomic RNA. (C) Proposed mechanism of
formation of the substitution in revertant 11 through an aberrant shift from synthesis of negative-strand sgRNA7 to synthesis of the full-length
antigenome, as detailed in Discussion. In panels B and C, note that the leader region is not drawn to scale. UTR, untranslated region.

vant to the revertant phenotype. We currently do not have an
explanation for why this extraneous mutation independently
arose so frequently in two separate searches.

DISCUSSION

Power of fMHY as a tool in reverse genetics. In recent years,
significant progress in the study of coronavirus assembly has
led to an increased understanding of the roles played by indi-

vidual structural proteins and has begun to define the basic
requirements for virion formation. Much of this new informa-
tion has been provided by investigations of the VLP assembly
process due to its sensitivity and accessibility to manipulation
(24, 6-8, 11, 52). Based on predictions from the VLP system,
some of the same mutations have also been incorporated into
MHYV recombinants by using targeted RNA recombination (6,
18). These constructed mutant viruses enabled us to look at the
coronavirus assembly process in the environment of an authen-
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MA2, D195G
MA2, T1851

MA2

wild type

tic MHV infection, in which all participants were present,
including nucleocapsids and the S protein. The mutual rein-
forcement of results from the VLP and targeted recombination
systems was restricted, however, by the limitations of recom-
binant selection based on the thermolability of a parental re-
cipient virus (6, 10, 16, 22).

In the present study, a much more powerful mutant selection
was enabled by the use of the MHV-FIPV chimeric virus
fMHV (18) as the recipient in targeted RNA recombination.
The stringent selection afforded by fMHV, based on host cell
species specificity, allowed us to straightforwardly obtain a
highly defective MHV recombinant, MA2. In previous at-
tempts it had been impossible to isolate this mutant, in which
the carboxy-terminal two amino acids of the M protein were
truncated (6).

Very recently, infectious cDNA clones of three coronavi-
ruses, TGEV, human coronavirus 229E, and avian infectious
bronchitis virus, have been developed based on different plat-
forms (1, 5, 48, 53). A similar construct for MHV is likely to
become available in the future. The development of infectious
cDNA clones provides some obvious advantages to coronavi-
rus reverse genetics, especially the ability to introduce muta-
tions into the replicase gene that occupies some 20 to 22 kb at
the 5" end of the genome. At the present time, however, the
efficiency and manageability of the fMHV-based targeted
RNA recombination system still make it the method of choice
for the manipulation of the structural genes at the 3" end of the
genome of MHV. Besides the MA2 mutant, we have obtained
other defective recombinant viruses mutated in different struc-
tural genes of MHV in the same manner. The versatility of this
technique is further supported by its recent application to a

—

/
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FIG. 5. Reconstruction of viruses containing potential M gene reverting mutations of the MA2 lesion. Derivative plasmids were constructed
from pLKG61, containing the MA2 stop codon at codon 227 in addition to a single candidate compensating mutation elsewhere in the M gene. Donor
RNAs transcribed from these vectors were used to construct recombinants from fMHYV, and the plaque sizes of the resulting double mutants were
assessed at 68 h postinfection.

MA2, T1851

strain of MHV other than A59, MHV-JHM (29). More
broadly, the host range-based selection provides a general
blueprint for the genetic manipulation of any coronavirus.

The MA2 mutant is the most defective MHV mutant that we
have ever encountered. This recombinant yielded extremely
small plaques and had a viral titer that was 3 to 4 orders of
magnitude lower than the infectious titers of the wild-type
controls. The devastating effect of the MA2 lesion was not
unexpected, given the lethality of this mutation in VLP forma-
tion. It is highly likely that the MA?2 viral recombinant is viable
because the presence of nucleocapsids provides a stabilizing
force helping to drive the assembly process.

Genetic evidence for an interaction between the M and N
proteins. Although the severity of the MA2 phenotype was a
hindrance to working with this virus, it did provide the distinct
advantage of a strong selection for the isolation of revertants to
study second-site compensating mutations. This allowed, for
the first time, a systematic in vivo genetic approach to map
protein-protein interactions involving the carboxy terminus of
the M protein. Sequence analysis of the entire E, M, and N
genes of all 22 independent revertants pointed to a number of
mutations potentially capable of compensating for the MA2
lesion. All identified changes were in the M protein itself or in
the N protein; none was found in the E protein (Fig. 3). This
latter result may indicate that the small, highly conserved E
protein either cannot tolerate or cannot provide changes that
would compensate for the truncation of the M protein. This
possibly mirrors results from a previous study in which the
revertants of deleterious E protein mutants were isolated and
second-site compensating mutations mapping in the M protein
were not found (10).
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assessed at 68 h postinfection.

Reconstruction of recombinant viruses containing individual
potential reverting mutations provided solid evidence that any
one of the five carboxy-terminal mutations, T185I, D195G,
D195N, G196S, or S206F, of the M protein was capable of
compensating for the MA2 lesion (Fig. 5). Four of these mu-
tations independently arose multiple times, and collectively
they account for almost all of the revertants that map in the M
protein. However, we did not comprehensively examine the
remaining mutations in M, and it remains possible that some of
the additional mutations make minor contributions to the phe-
notypes of the above revertants. Also, for some revertants, e.g.,
3G, the relevant compensating change can be inferred, al-
though it has not yet been rigorously proven.

Similarly, a reconstruction of candidate reverting mutations
in the N protein revealed only one locus, near the carboxy
terminus, that was sufficient for reversion of the MA2 defect
(Fig. 6). Remarkably, mutations in four independent rever-
tants converged at two possible changes near the same residue,
Q437, of the N protein. The more dramatic mutation was
Q437MMA, which resulted from a 10-nt deletion in the 3'-
terminal region of the N gene. This deletion frameshifted and
truncated the N OREF, creating a protein 15 amino acids
shorter than wild-type N. The same mutation, paired with a
full-length M protein, resulted in a virus that formed plaques
only slightly smaller than those of the wild type. This indicated
that the Q437MMA mutation specifically compensates for the
MA?2 mutation and is not merely a general growth-enhancing
mutation for MHV.

The N protein Q437L and Q437MMA reverting mutations
argue strongly that the carboxy-terminal region of the N pro-
tein directly cooperates with the carboxy-terminal region of the
M protein during virion formation (Fig. 7). This finding now

provides us with an avenue for probing the involvement and
functions of the N protein in the coronavirus assembly process.
The interpretation of the MA2 revertants that map in the M
protein is less straightforward. All of these reverting mutations
fall into a relatively narrow window some 21 to 42 amino acids

M
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FIG. 7. Summary of intramolecular interactions within the M pro-
tein and intermolecular interactions between the M and N proteins
suggested by this study. The schematic at the top shows the relative
topologies and interfaces of the M, N, and E proteins at or within the
virion envelope. The linear representation of the M and N proteins
depicts the genetic interactions revealed by the MA2 revertant analysis.
Solid rectangles indicate the three transmembrane domains of the M
protein (39); the hatched rectangle indicates the RNA-binding domain
of the N protein (20, 27). The carboxy-terminal truncations of the M
and N proteins introduced, respectively, by the MA2 mutation and the
Q437MMA mutation are also indicated by solid rectangles. gRNA,
genomic RNA.



VoL. 76, 2002

distant from the site of the primary lesion (Fig. 3 and 7). It is
possible that they individually enhance the interaction of the
MA?2 protein with the N protein, or alternatively, they might
augment interactions between molecules of the MA2 protein.
It will be necessary to further test all of these conclusions by
biochemical methods.

In both classes of revertants, the second-site mutation may
compensate for the loss of an interaction between the R227
residue of the M protein and the nucleocapsid either by in-
creasing the affinity of an adjacent interaction or by providing
a new contact point between M and N to stabilize the virion. In
particular, we hypothesize that the R227 residue of the wild-
type M protein is electrostatically linked with one or more of
the nine aspartate or glutamate residues in the carboxy termi-
nus of the N protein. Overall, the MHV N protein is highly
basic, but there is a concentration of acidic residues in its
carboxy-terminal domain (33); this general pattern is common
to all coronavirus N proteins (19). It is conceivable that, in the
absence of the M protein R227 residue, the lost electrostatic
interaction can be replaced by a hydrophobic interaction be-
tween residues 1225 and L1226 of the M protein and residue
L437 or residues M437 and M438 of the revertant N proteins.
To test this, we are currently carrying out a comprehensive
mutagenesis of the charged residues of the carboxy terminus of
the N protein.

We do not yet know how the intermolecular interaction that
we have uncovered by genetic criteria may be related to coro-
navirus M protein-N protein interactions that three groups
have defined previously by biochemical approaches. An early
study by Sturman et al. (46) was the first to show a direct and
temperature-dependent association between the M protein
and nucleocapsids purified from MHV. This elegant work pro-
vided the first glimpse of the relationship between the two
major constituents of virions. Nearly two decades later, Naray-
anan et al. (24) demonstrated an M protein-N protein inter-
action by reciprocal coimmunoprecipitation analyses of pro-
teins from MHV-infected cells. More importantly, they found
that M protein only interacted with N protein that was bound
to genomic RNA, thereby providing an explanation for the
highly selective incorporation of the nucleocapsid into budding
virions. Recently, this selective association has been shown to
depend absolutely on the presence of the MHV genomic RNA
packaging signal, the transfer of which can confer selective
packaging to nonviral RNAs (25).

For the porcine coronavirus TGEV, Escors et al. (9) defined
an interaction between the carboxy terminus of in vitro-trans-
lated M protein and purified viral nucleocapsid. Using a com-
bination of M protein mutagenesis, inhibition by antibodies of
defined specificity, and peptide competition, they were able to
map this interaction to residues 233 to 257 of the TGEV M
protein. This corresponds to a roughly homologous segment of
residues 201 to 224 of the MHV M protein, a region that
coincides neither with the MA2 deletion nor with the major
population of reverting mutations in the M protein (Fig. 3
and 7) but rather is situated between these two loci. Because
of the proximity of the TGEV and MHV M protein nucleo-
capsid-interacting regions, we think that they are likely to be
contributory parts of the same M protein-N protein interface.
However, further work, corroborated by both genetic and bio-
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chemical approaches, will be needed to more precisely define
the relationship between the two.

Implications for the mechanism of MHV transcription. In
addition to information about structural protein interactions,
the sequences of five of the MA2 revertants provided an un-
expected insight into MHV RNA synthesis. One of the char-
acteristic features of the coronavirus and arterivirus families,
which together make up the order Nidovirales, is their strategy
of gene expression by synthesis of a nested set of sgRNAs that
serve as the mRNAs for all genes downstream of the replicase
gene (gene 1). Structurally, each of the positive-strand sgRNA
species has a 5" leader sequence, corresponding to the 5’ end
of the genome, fused to a body sequence corresponding to the
3’ end of the genome (50). The points of fusion, which exhibit
various levels of homology to the 3’ end of the leader se-
quence, are designated TRSs. Each positive-strand sgRNA has
a negative-strand counterpart, present in much lower abun-
dance (44, 45), and the negative-strand sgRNAs are contained
within double-stranded RNA structures thought by some to
represent replicative intermediates (42, 43). It is generally
agreed that leader-body fusion is brought about by a discon-
tinuous transcription mechanism, but it is currently a matter of
considerable controversy whether this occurs during negative-
or positive-strand synthesis (see reference 32 and references
therein). Although the debate is by no means resolved, work
with the arterivirus equine arteritis virus has provided some of
the most elegant and convincing evidence for the case that the
discontinuous step during nidovirus transcription occurs dur-
ing negative-strand synthesis (34, 51).

In revertant 11 we observed the replacement of the 3’ end of
the MA2 ORF by a sequence of nearly equal size that origi-
nated from the 3’ end of the MHV leader (Fig. 4A). It is
conceivable that this replacement came about by a nonho-
mologous recombination between sgRNA7 (the N mRNA)
and genomic RNA (Fig. 4B). However, such a potential mech-
anism offers no explanation for why the two templates would
have been nearly perfectly aligned. We propose instead that
the nonhomologous recombination event that gave rise to this
revertant genome took place as the result of a disruption of
negative-strand discontinuous transcription (Fig. 4C). The un-
usual structure of the M gene of revertant 11 is consistent with
its having been formed during synthesis of negative-strand
sgRNA7 from a full-length, positive-strand genomic template.
During this process, the discontinuous transcription complex
collapsed, resulting in resumption of synthesis of a full-length
antigenome containing the partial leader insertion. This inser-
tion fortuitously altered the MA2 OREF to a variant that was
able to compensate for the truncation of R227. In four other
revertants, 3E, 1A, 1H, and 1M, a less extensive occurrence of
the same mechanism appears to have given rise to extraneous
mutations in the MA2 stop codon and the next codon down-
stream (equivalent to codon 228 in the wild-type M ORF) (Fig.
3 and 4A). We can find no aberrant version of positive-strand
discontinuous RNA synthesis that similarly gives rise to the
observed products. Therefore, we think that the sequences of
all of these five revertants support a model of negative-strand
discontinuous transcription. It is not clear how often, and at
how many TRSs, such an event occurs during wild-type MHV
RNA synthesis. Generally, it would be expected to disadvan-
tageously alter the upstream gene, owing to the close spacing
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of MHV OREFs. In the case of revertant 11, there was a strong
selection favoring recovery of the longest leader insertion.
However, for the other four revertants, the acquired mutations
were extraneous with respect to the reverting mutation. Thus,
transcriptional collapse may be more frequent than previously
appreciated. In this regard, we note that the leader RNA
remnants found in the genomes of wild-type human coronavi-
rus OC43 (23) and a mutant of MHV strain S (47) may have
been generated by variations of the same mechanism.
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