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The coronavirus nucleocapsid protein (N), together with the large, positive-strand RNA viral genome, forms
a helically symmetric nucleocapsid. This ribonucleoprotein structure becomes packaged into virions through
association with the carboxy-terminal endodomain of the membrane protein (M), which is the principal
constituent of the virion envelope. Previous work with the prototype coronavirus mouse hepatitis virus (MHYV)
has shown that a major determinant of the N-M interaction maps to the carboxy-terminal domain 3 of the N
protein. To explore other domain interactions of the MHV N protein, we expressed a series of segments of the
MHYV N protein as fusions with green fluorescent protein (GFP) during the course of viral infection. We found
that two of these GFP-N-domain fusion proteins were selectively packaged into virions as the result of tight
binding to the N protein in the viral nucleocapsid, in a manner that did not involve association with either M
protein or RNA. The nature of each type of binding was further explored through genetic analysis. Our results
defined two strongly interacting regions of the N protein. One is the same domain 3 that is critical for M
protein recognition during assembly. The other is domain N1b, which corresponds to the N-terminal domain
that has been structurally characterized in detail for two other coronaviruses, infectious bronchitis virus and

the severe acute respiratory syndrome coronavirus.

The assembly of coronaviruses is driven principally by ho-
motypic and heterotypic interactions between the two most
abundant virion proteins, the membrane protein (M) and the
nucleocapsid protein (N) (14, 32). The M protein is a triple-
spanning transmembrane protein residing in the virion enve-
lope, which is derived from the cellular budding site, the en-
doplasmic reticulum-Golgi intermediate compartment. More
than half of the M molecule, its carboxy-terminal endodomain,
is situated in the interior of the virion, where it contacts the
nucleocapsid (46, 50). Also found in the virion envelope is the
spike protein (S), which, although crucial for viral infectivity, is
not an essential participant in assembly. The other canonical
component of the coronavirus envelope is the small envelope
protein (E), the function of which is enigmatic. Some evidence
suggests that the E protein does not make sequence-specific
contacts with other viral proteins (27) but instead functions by
modifying the budding compartment, perhaps as an ion chan-
nel (56, 57). Alternatively, or additionally, E could act in a
chaperone-like fashion to facilitate homotypic interactions be-
tween M protein monomers or oligomers (4).

The N protein is the only protein constituent of the helically
symmetric nucleocapsid, which is located in the interior of the
virion. Coronavirus N proteins are largely basic phosphopro-
teins that share a moderate degree of homology across all
three of the phylogenetic groups within the family (29). Some
time ago, we proposed a model that pictured the N protein as
comprising three domains separated by two spacers (A and B)
(40). This arrangement was originally inferred from a sequence
comparison of the N genes of multiple strains of the prototyp-
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ical group 2 coronavirus, mouse hepatitis virus (MHV), and its
validity seemed to be reinforced by numerous sequences that
later became available. Part of this model, the delineation of
spacer B and the acidic, carboxy-terminal domain 3, has been
well supported by subsequent work (22, 25, 41, 42). However,
a wealth of recent, detailed structural studies of bacterially
expressed domains of the N proteins of the severe acute respi-
ratory syndrome coronavirus (SARS-CoV) and of infectious
bronchitis virus (IBV) has much more precisely mapped
boundaries within the remainder of the N molecule (8, 16, 21,
23,47,51, 60). The latter studies have shown that the N protein
contains two independently folding domains, designated the
N-terminal domain (NTD) and the C-terminal domain (CTD).
It should be pointed out that this nomenclature can be mis-
leading: the NTD does not contain the amino terminus of the
protein, and the CTD does not contain the carboxy terminus of
the protein. Specifically, the CTD does not include spacer B
and domain 3. The NTD and the CTD are separated by an
intervening serine- and arginine-rich region; this region was
previously noted to resemble the SR domains of splicing fac-
tors (42), and it has recently been shown to be intrinsically
disordered (6, 7).

In the assembled virion, the three known partners of the N
protein are the M protein, the genomic RNA, and other copies
of the N protein itself. We have sought to develop genetic and
molecular biological methods that will begin to elucidate the
varied ways in which the N molecule interacts during MHV
infection. We previously found that the fusion of N protein
domain 3 to a heterologous marker, green fluorescent protein
(GFP), results in incorporation of GFP into virions (22). In the
present study, we similarly fused each of the individual do-
mains of N to GFP, and we thereby uncovered two strong
modes of N protein-N protein interaction that likely contribute
to virion architecture.
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MATERIALS AND METHODS

Cells and viruses. Wild-type MHV-A59 and MHV mutants were propagated
in mouse 17 clone 1 (17CI1) cells; plaque assays and plaque purifications of
mutant recombinants and revertants were carried out in mouse L2 cells. The
interspecies chimeric virus designated fMHV.v2 (19) was grown in feline FCWF
cells.

Targeted RNA recombination. All MHV mutants were isolated through tar-
geted RNA recombination, using the host-range-based selection described in
detail previously (19, 22, 26-28). In brief, monolayers of FCWF cells were
infected with fMHV.v2 and were then transfected with synthetic donor RNAs
that had been generated by transcription with T7 RNA polymerase (mMessage
mMachine; Ambion), using Pacl-truncated plasmid templates. Resulting prog-
eny virus was harvested at 24 to 48 h postinfection, and recombinant candidates
were selected and purified by two rounds of plaque titration on mouse L2 cell
monolayers. For analysis of each recombinant candidate, total RNA was ex-
tracted from infected 17CI1 cell monolayers (Ultraspec reagent; Biotecx), and
reverse transcription of RNA was carried out with a random hexanucleotide
primer and avian myeloblastosis virus reverse transcriptase (Life Sciences). To
ascertain the presence of incorporated mutations or genes, PCR amplifications
of cDNAs were performed with AmpliTaq polymerase (Roche), using primer
pairs flanking the relevant regions of the genome. Reverse transcription-PCR
products were analyzed directly by agarose gel electrophoresis and were purified
with QIAquick spin columns (Qiagen) prior to DNA sequencing.

All transcription vectors for synthesis of donor RNAs were ultimately derived
from pMHS54 (26), which encodes 5’ elements of the MHV genome linked to the
3’-most 8.6 kb of the MHV genome, a region that encompasses all of the
structural protein genes. Insertions, mutations, and rearrangements were gener-
ated, often via subclones, by means of either direct PCR or PCR-based mutagen-
esis methods. To produce vectors encoding GFP-N-domain fusion proteins that
replace most of accessory gene 4, we modified the previously described
pMH54GFP-d3 (22), which in turn had been constructed from pMHS54GFP (12).
The distance between the transcription-regulating sequence and the GFP start
codon in pMHS54GFP-d3 was reduced from 82 to 17 bases, so as to shorten the
5" untranslated region of the corresponding subgenomic mRNA and to facilitate
subsequent DNA manipulations; this modification also yielded a small increase
in GFP expression. The resulting plasmid, pG1-Nd3, retained two features from
its parent plasmid: (i) a two-amino-acid spacer (SG), which created a unique
BspEI site between the GFP open reading frame (ORF) and the start of the N
gene segment, and (ii) a unique NotI site immediately downstream of the fusion
protein ORF. PCR-generated fragments were then used to replace the BspEI-
NotlI fragment of pG1-Nd3, to produce a set of vectors encoding the other
GFP-N-domain fusions, pG1-Nla, pG1-N1b, pG1-N2a, pG1-N2b, and pGl1-
NBd3. Mutants (mutl to mut3) of pG1-N1b were created by splicing overlap
extension-PCR (20), exchanging the BspEI-NotI fragment of pG1-Nd3. The
same N1b mutations were created in the native N gene by replacing the fragment
between the M gene BssHII and N gene Nhel sites in pSG6, a vector which is
identical to pMHS54, except that pSG6 contains a coding-silent BspEI site that
spans codons 444 to 446 of the N gene (19). Mutations NBd3-PR and NBd3-
CCA in spacer B of the N protein were constructed from PCR assembly of
multiple oligonucleotides in a pSGo6-derived subclone, with insertion of the
synthetic fragment between the BstXI site at the start of spacer B and the BspEI
site at the end of domain 3. The mutations were then transferred either to pSG6,
via exchange of the N gene Nhel-BspEI fragment, or else to pG1-Nd3, via a
PCR-generated fragment that was used to replace the BspEI-NotI fragment.

Transcription vector pA112, used for generation of the N duplication-tagged
recombinant, was constructed in multiple steps. A subclone, pA104, was built
that contained the 3" end of the M gene and the entire N gene, with the following
modifications with respect to the wild type: (i) the BssHII site of the M gene was
replaced with an SbfI site; (ii) the hemagglutinin (HA) epitope tag, YPYDVP
DYA, replaced amino acids 386 to 394 of spacer B of the N gene; (iii) a Hisg
epitope tag was appended to the carboxy terminus of the N ORF; and (iv) an
Xbal site was created immediately downstream of the N ORF. The Sbfl-Xbal
fragment of pA104 was then exchanged for the SbfI-SnaBI fragment of pMH54,
thereby replacing most of accessory gene 4 with the duplicated N ORF in the
resulting clone, pA112. Removal of the downstream copy of the N ORF of
pA112, by splicing overlap extension-PCR, generated pA119, the transcription
vector for the N transposition-tagged recombinant. Next, replacement of the
epitope tags of pA119 with a PCR-generated wild-type N fragment generated
pA122, the transcription vector for the N transposition-untagged recombinant.
The sequences of the newly created junction downstream of the S ORF (com-
mon to pA112, pAl19, and pA122), the junction downstream of the duplicated
N ORF (common to pA112, pA119, and pA122), and the junction between the
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M ORF and the 3’ untranslated region (common to pA119 and pA122) have
been reported previously (see Fig. 3 in reference 15). Eighteen separate in-frame
deletions within the duplicated N ORF were created in the subclone pA104,
through religation of blunted ends that had been produced subsequent to diges-
tion with various pairs of the following restriction enzymes: Nhel, Spel, PspOMI,
Xhol, NgoMIV, BstXI, Apal, Bsu36l, Btgl, Blpl, Nael, BsiWI, and BsrGI. The
Sbfl-Xbal fragment of each pA104 deletion mutant was then used to replace the
Sbfl-Xbal fragment of pA112.

All DNA cloning and manipulations were carried out by standard techniques
(48). Oligonucleotides for PCR, fragment construction, and DNA sequencing
were obtained from Integrated DNA Technologies. The compositions of all
plasmid constructs were initially verified by restriction analysis. Then, all PCR-
generated segments, cloned cDNA precursors, and reconstructed or newly cre-
ated junctions of each plasmid were confirmed by DNA sequencing.

Virus purification and fractionation. Purification of MHV with glycerol-tar-
trate gradients was performed as described in detail previously (58). In brief,
polyethylene glycol-precipitated virus was banded by two cycles of equilibrium
centrifugation on preformed gradients of 0 to 50% potassium tartrate osmoti-
cally counterbalanced with 30 to 0% glycerol, in a buffer of 50 mM Tris-maleate
(pH 6.5) and 1 mM EDTA (TME buffer). Purification of MHV by sucrose
flotation was carried out as detailed previously (26, 27, 52). In brief, polyethylene
glycol-precipitated virus was suspended in a final concentration of 50% sucrose
in 20 mM Tris-HCI (pH 7.2) and 20 mM MgCl, and was floated via equilibrium
centrifugation through layers of 48% and 40% sucrose to an interface with 30%
sucrose.

Virions that had been purified by the glycerol-tartrate method were fraction-
ated essentially as described previously (50). The relative concentrations of each
virus were normalized by protein determination (bicinchoninic acid assay;
Pierce), which was confirmed by Western blotting with anti-N monoclonal anti-
body. Virions (350 ng) were incubated at 4°C for 45 min with 0.25% Nonidet
P-40 (NP-40) in TME (50 mM Tris maleate, pH 6.5, 1 mM EDTA) containing
either 100 mM or 250 mM NaCl in a total volume of 2 ml. Samples were then
layered on top of 2 ml of the same buffer containing 30% glycerol and centri-
fuged at 208,000 X g in a Beckman SW60 rotor at 4°C for 2 h. The pellet was
dissolved in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer and divided between two gels for Western blot analyses.
As an indicator of the amounts of the M and N proteins in unfractionated virions,
a control sample of one virus, GFP-N1a, was treated identically throughout the
incubation and centrifugation steps, except that NP-40 was omitted from all
solutions.

Western blotting and immunoprecipitation. For cell lysate preparation, con-
fluent monolayers (20 cm?) of 17CI1 cells were mock infected or were infected
with MHV (wild type or constructed mutants) at a multiplicity of 0.25 PFU per
cell; cells were then incubated at 37°C for 18 to 28 h. Monolayers were washed
twice with phosphate-buffered saline and then lysed by addition of 500 pl of 50
mM Tris-HCI, pH 8.0, 150 mM NaCl, 1.0% NP-40, 0.7 p.g/ml pepstatin, 1.0 ng/ml
leupeptin, 1.0 wg/ml aprotinin, and 0.5 mg/ml Pefabloc SC (Roche). Lysates were
held for 15 min on ice and were then clarified by centrifugation. Samples of
either infected cell lysates, purified virions, or fractionated virions were sepa-
rated by SDS-PAGE through 7.5, 10, or 15% polyacrylamide gels with prestained
protein standards (Invitrogen) in flanking lanes and were transferred to polyvi-
nylidene difluoride membranes. Blots were then probed with the indicated an-
tibodies, and bound primary antibodies were visualized using a chemilumines-
cent detection system (ECL; Amersham).

For immunoprecipitation sample preparation, confluent 17CI1 cell monolay-
ers (20 cm?) were infected with MHV at a multiplicity of 1 to 2 PFU per cell for
10 h at 37°C. Following 1 h of starvation in methionine-free medium, cells were
labeled for 1 h in 1 ml of methionine-free medium containing 100 nCi of
[3*S]methionine (Amersham) per ml. Lysates were prepared as described above,
precleared with preimmune serum, and then immunoprecipitated with the indi-
cated antibody. For both the preclearing and immunoprecipitation steps, anti-
bodies were adsorbed and collected with Staphylococcus aureus protein A-Sepha-
rose 4 beads (Pharmacia). Samples were analyzed by SDS-PAGE, followed by
autoradiography.

Antibodies used for Western blot assays or immunoprecipitations were anti-N
monoclonal antibody J.3.3 and anti-M monoclonal antibody J.1.3 (both provided
by John Fleming, University of Wisconsin, Madison), antihemagglutinin (anti-
HA) epitope tag monoclonal antibody (12CA5; Roche), polyclonal rabbit anti-
serum raised against a bacterially expressed maltose binding protein-MHV N
protein fusion, and anti-GFP monoclonal antibody (Clontech).

Northwestern blotting. RNA binding by proteins in cell lysates or purified
virions was analyzed as described previously (3, 44, 49), with some modifications.
RNA probes were prepared by runoff T7 RNA polymerase transcription of
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Avrll-linearized pB36 or Mlul-linearized pB1, using a Maxiscript kit (Ambion).
Plasmid pB36 encodes a defective-interfering RNA (33); the probe obtained
from pB36 consisted of the 5’ 469 nucleotides of the MHV genome, followed by
a 46-nucleotide polylinker sequence. Plasmid pB1 contains the smaller HindIII-
Mlul fragment of nsp15 cloned into pPGEM7Zf (Promega); the probe obtained
from pB1 consisted of nucleotides 20101 to 20501 of the MHV genome, pre-
ceded by a 7l-nucleotide polylinker sequence. Probes were labeled with
[a-*?P]JUTP (Amersham) to specific activities of approximately 2 X 10° wCi/
pmol and were purified by treatment with RNase-free DNase, followed by
phenol-chloroform extraction and ethanol precipitation.

Protein samples were separated by SDS-PAGE through 7.5% or 10% poly-
acrylamide gels and transferred to polyvinylidene difluoride membranes. Blots
were blocked by incubation in standard binding buffer (SBB; 10 mM Tris-HCI,
pH 7.0, 50 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 0.02% Ficoll 400,
0.02% polyvinylpyrrolidone, 0.02% bovine serum albumin) containing 1 mM
UTP and 40 pg/ml unlabeled competitor RNA (total cytoplasmic RNA purified
from 17CI1 cells) at ambient temperature with constant agitation for 90 min.
Blots were probed with 2 X 10° cpm/ml of labeled RNA in SBB containing 1 mM
UTP and unlabeled competitor RNA at ambient temperature with constant
agitation for 90 min. Blots were then washed four times with SBB (15 min for
each wash) and dried, and bound RNA was visualized by autoradiography.

RESULTS

Design and expression of GFP-N-domain fusion proteins.
To begin to dissect MHV N protein domain interactions in the
context of a viral infection, we constructed a set of GFP fusion
proteins that collectively spanned the N molecule. Our choice
of boundaries for putative domains was based on our previous
work with the MHV N protein (22, 25, 40, 42), as well as on
recent structural studies of other coronavirus N proteins (6, 8,
16, 21, 23, 47, 60). Accordingly, the N protein was divided into
five segments: Nla, N1b, N2a, N2b, and NBd3 (Fig. 1A). The
constructs GFP-N1b and GFP-N2b contained aligned seg-
ments of the MHV N protein corresponding, respectively, to
the NTDs and CTDs that were defined for the N proteins of
IBV (16, 23) and SARS-CoV (8, 21, 47, 60). The fusion protein
construct GFP-NBd3, which we reported previously (22), con-
tained the carboxy-terminal domain 3 of the N molecule pre-
ceded by the hinge or spacer region that has been designated
spacer B (25, 40). A shorter version of this construct that lacks
spacer B and is designated GFP-d3 was also generated for use
in some experiments. The two remaining constructs, GFP-N1la
and GFP-N2a, contained the amino terminus of N and the
region linking the NTD and the CTD, respectively.

MHYV recombinants expressing each of the GFP fusion pro-
teins were generated through targeted RNA recombination, a
method by which site-specific changes are engineered into
coronavirus genomes via recombination between a synthetic
donor RNA and a recipient virus that is subjected to counter-
selection (25, 34). To accomplish this, we inserted the gene for
each GFP fusion protein into a derivative of the transcription
vector pMHS54 (26) in place of MHV accessory gene 4, which
is nonessential (13, 39). Recombinants were then isolated by
host-range-based selection, using the interspecies chimeric
coronavirus fMHYV (19, 26) (Fig. 1B). Western blot analysis of
lysates from cells infected with these recombinants and a GFP
control virus (12, 22) showed abundant and roughly compara-
ble expression of the expected GFP-N-domain fusion proteins,
which were detected by anti-GFP antibody (Fig. 1C). GFP and
fusion proteins had somewhat lower SDS-PAGE mobilities
than would be expected for their respective molecular masses
(27 kDa for GFP, 32 kDa for GFP-N1a, 47 kDa for GFP-N1b,
33 kDa for GFP-N2a, 40 kDa for GFP-N2b, 35 kDa for GFP-
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NBd3, and 32 kDa for GFP-Nd3), as we and others have noted
before (12, 17, 22).

Incorporation of GFP-N-domain fusion proteins into MHV
virions. We previously found that attachment of N protein
domain 3 to GFP (with or without an intervening spacer B) was
sufficient to target GFP for assembly into virions (22). It was
therefore of interest to test whether any of the other GFP-N-
domain fusion proteins were specifically associated with assem-
bled virions. As a preliminary step, we compared two methods
of virion purification for this purpose: one in which virions
were banded by two consecutive rounds of equilibrium sedi-
mentation on glycerol-tartrate gradients (58) and one in which
virions were banded by flotation through successive layers of
sucrose of decreasing density (27, 52). As shown in Fig. 2A for
the GFP and GFP-N1a recombinants, the glycerol-tartrate gra-
dient method in our hands yielded virus preparations of much
higher purity. Similar results were obtained for all six recom-
binant viruses (data not shown).

Analysis of glycerol-tartrate gradient-purified virions by
Western blotting revealed that, of the five GFP fusion con-
structs spanning the N molecule, there was substantial incor-
poration of GFP-N1b and, as observed previously, of GFP-
NBd3 (22) (Fig. 2B). We also consistently observed a minor
amount of incorporation of GFP-N2b into virions. In contrast,
there was no virion incorporation of GFP alone, nor of either
the GFP-Nla or the GFP-N2a fusion protein. This result sug-
gested that the packaging of GFP-N1b, GFP-NBd3, and GFP-
N2b into MHV was specifically due to the particular N domain
that was attached to each of them.

Fractionation of virions containing GFP-N-domain fusion
proteins. To further probe the nature of the association of
GFP-N-domain fusion proteins with virions, we used the MHV
fractionation procedure developed by Sturman and coworkers
(50). Purified virions were incubated at 4°C with 0.25% NP-40
in buffer containing 100 mM NaCl, a condition previously
shown to solubilize the virion membrane envelope, including
the S glycoprotein, and to abolish the interaction of the M
protein with the nucleocapsid. Nucleocapsids were then col-
lected by centrifugation through a layer of 30% glycerol in the
same buffer, which also contained 0.25% NP-40 and 100 mM
NaCl.

Western blot analysis of these isolated nucleocapsids re-
vealed that they retained the GFP-N1b and GFP-Bd3 fusion
proteins and, to a lesser extent, the GFP-N2b fusion protein
(Fig. 3A). Notably, this process had stripped almost all M
protein from the nucleocapsid (Fig. 3A; compare samples in
the second through sixth lanes in the right panel with the
sample of the GFP-N1a recombinant in the first lane, for which
NP-40 was omitted from the fractionation procedure). The
same outcome was obtained at a much higher salt concentra-
tion of 250 mM NaCl (Fig. 3B); after such treatment, M pro-
tein was undetectable or detectable only in trace amounts, in
multiple trials. These results showed that N1b and NBd3, and
perhaps N2b, bind directly to the MHV nucleocapsid, either
through N-N interactions or through binding to RNA. For the
GFP-NBd3 construct, this finding was unexpected. Abundant
genetic evidence that NBd3 carries out an essential interaction
with the carboxy terminus of the M protein already exists (22,
28, 53, 54). However, the tight binding of GFP-NBd3 to nu-
cleocapsids that were devoid of M protein indicated that the
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FIG. 1. Construction of MHV recombinants expressing GFP-N-domain fusion proteins. (A) The MHV N protein is represented by a rectangle
with three domains separated by two spacers, A and B, as in a previously proposed model (22, 25, 40-42), which has now been partially superseded.
The number line indicates amino acid residues. At the top are shown the aligned boundaries of bacterially expressed NTDs and CTDs of the IBV
N protein (16, 23) and the SARS-CoV N protein (8, 21, 47, 51, 60) for which X-ray crystal or nuclear magnetic resonance structures have been
determined. Beneath the N protein are shown schematics of six GFP fusion constructs that collectively span the length of the MHV N molecule,
with N protein amino acid residue numbers given above each construct; GFP moieties are not drawn to scale. (B) Selection of GFP-N-domain
expression recombinants by targeted RNA recombination (25, 34). The gene encoding each GFP fusion construct (black rectangle) was inserted
into a derivative of transcription vector pMH54 (26) in place of the nonessential gene 4. Donor RNA transcribed from the resulting plasmid was
allowed to recombine in infected feline cells with the genome of the interspecies chimera fMHV.v2 (19), which contains the ectodomain-encoding
region of the feline infectious peritonitis virus S gene (hatched rectangle) and has a rearrangement of the order of the genes downstream of the
S gene. Recombinants were selected on the basis of their ability to grow in murine cells, in contrast to fMHV.v2, which can grow only in feline
cells. (C) Western blots of lysates from cells infected with recombinants expressing GFP or GFP-N-domain fusion proteins probed with antibody
for GFP. mock, control lysate from mock-infected cells.

Bd3 moiety of N protein additionally participates in some
other type of structural interaction.

RNA-binding abilities of GFP-N-domain fusions and other
fragments of N protein. To determine whether virion packag-
ing of any of the GFP-N-domain fusion proteins was due to an
interaction with RNA, we measured RNA binding by North-
western assays. Two regions of the viral genome to which the
MHYV N protein has been reported to exhibit sequence-specific
binding are the packaging signal found in the nspl5 coding

region of gene 1b (35) and the transcription-regulating se-
quence found in the leader region of the genome and all
subgenomic RNAs (2, 49). Consequently, we used RNA
probes encompassing each of these sequences in our assays,
and binding was carried out in the presence of an excess of cold
competitor cellular RNA. Probe pB1 contained nucleotides
20101 to 20501 of the MHV genome, a region which includes
all proposed boundaries of the packaging signal (10, 11, 18, 35,
37). Probe pB36 contained nucleotides 1 to 469 of the genome,
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FIG. 2. Incorporation of specific GFP-N-domain fusion proteins into purified MHYV virions. (A) Comparison of MHV purification by two
rounds of glycerol-tartrate gradients (left panel) or by sucrose flotation (right panel). Equivalent amounts of virions, normalized based on Western
blotting with anti-N monoclonal antibody, were separated by SDS-PAGE, and proteins were stained with Coomassie blue. std, molecular mass
standard. (B) Western blots of glycerol-tartrate gradient-purified virions probed with antibody for GFP (left panel). The amounts of virions
analyzed per lane were normalized such that each lane contained equivalent amounts of N protein, as determined by Western blotting with anti-N

monoclonal antibody (right panel).

a region encompassing both the leader and the entire 5’ cis-
acting element required for RNA replication (24, 33). In blots
both of purified virions and of lysates from cells infected with
GFP-N-domain recombinants (Fig. 4), labeled pBl probe
RNA was bound by intact viral N protein, but not by any of the
GFP-N-domain fusion proteins. The same results were ob-
tained with pB36 probe RNA (data not shown). This finding
indicated that the tight association of GFP-N1b, GFP-NBd3,
and GFP-N2b with viral nucleocapsids must be due to N pro-
tein-N protein interactions and was not due to RNA binding.
To obtain further insight into the participation of different
regions of the N protein in RNA binding, we made use of a
partially diploid MHV recombinant in which the N gene (and
its associated transcription-regulating sequence) is duplicated,
replacing the nonessential accessory gene 4 (22) (Fig. 5A). We
have previously shown that transposition of the N gene to this
upstream position (designated N[2]) results in a completely
viable virus (named N transposition-untagged here and MHV-
SmNEM in reference 15). Additionally, in another recombi-
nant, named N transposition-tagged, the incorporation of
epitope tags into spacer B and at the carboxy terminus of the
transposed N gene had little or no effect on viral phenotype.
Therefore, in the N duplication-tagged recombinant, the
tagged N[2] allele represents a fully functional version of the N
gene. Moreover, the tagged version of N[2] protein could be
differentiated from its native N[1] counterpart (Fig. 5A).
Starting with the N duplication-tagged recombinant, we con-
structed a series of 18 in-frame deletions of various sizes,
collectively spanning almost the entire N[2] gene (Fig. 5B). All
of these deleted N[2] proteins were found to be expressed well
in infected cells and were recognized by anti-N antibodies (Fig.
6; data not shown for mutants A7 and A11). The identities of
the deleted N[2] proteins were also confirmed by Western
blotting with antibodies against the HA or hexahistidine
epitope tags (data not shown). We noted that most of the
deleted N proteins, like the full-length N protein, migrated
some 4 to 9 kDa more slowly than expected for their predicted

molecular masses. The ability of each N[2] deletion mutant to
bind to pB1 probe RNA was assessed by Northwestern blotting
(Fig. 6). Equivalent results were obtained with pB36 probe
RNA (data not shown); moreover, none of the deleted N
proteins exhibited a preference for one RNA substrate over
the other. As summarized in Fig. 5B, very few of the N[2]
protein deletion mutants bound well to RNA. One that did
bind well was the A20 mutant, in which the carboxy-terminal
spacer B and domain 3 of N had been removed; this outcome
was consistent with our finding that the GFP-NBd3 fusion
protein did not independently bind to MHV RNA. Two other
mutants, A13 and A15, each harboring a small deletion in the
N2a region, were also strong RNA binders. In contrast, most of
the N protein deletion mutants bound MHV RNA poorly
(scored +/—) or not at all (scored —). For the latter group, no
signals were detected, even upon very long exposures of auto-
radiograms such as the ones shown in Fig. 6. Among the
nonbinders were deletion mutants in which the complete N1b
region (A19) or the complete N2b region (A3 and A4) re-
mained intact. Thus, overall, our data do not support the
model of two independent binding sites in the coronavirus N
protein that was suggested from studies with bacterially ex-
pressed N fragments from SARS-CoV and IBV (6, 8, 16, 21,
51). Instead, our results are more compatible with the notion
that the N protein RNA-binding site is bipartite, optimally
requiring contributions from both the N1b (NTD) and N2b
(CTD) regions of the molecule.

Nonparticipation of spacer B in binding of NBd3 to nucleo-
capsids. Comprehensive mutagenesis of the 46-amino-acid do-
main 3 of N protein has uncovered two residues, D440 and
D441, that appear to participate in a functionally critical in-
teraction with the carboxy-terminal tail of the M protein (22,
28, 53). However, there has been no prior indication that
domain 3 also participates in N-N interactions. To determine
whether this latter property actually maps to domain 3 or to
the upstream adjacent region, spacer B, we constructed two
mutants of spacer B in the GFP-Bd3 fusion protein. Spacer B
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has been defined as residues 380 to 408 of the MHV N protein
(25, 40) (Fig. 7A). In sequence comparisons of many strains of
MHYV, this segment stands out as the most divergent region
within the otherwise highly conserved N protein (40), and it
has been shown to tolerate a variety of small substitutions,
insertions, and deletions (22, 42). On the other hand, deletion
of the entirety of spacer B was found to be the basis for the
extreme temperature sensitivity and thermolability of a classi-
cal MHV mutant, Alb4 (25). Thus, although we attributed the
Alb4 phenotype to the lack of proper spacing between domain
3 and the rest of the N molecule, an additional role for spacer
B could not be strictly ruled out.

To replace spacer B with a heterologous sequence of equal
size, we designed a flexible linker of multiple glycines with
interspersed serines and threonines, based on structural prin-

ciples established for engineered proteins (45). Additionally,
we inserted a protease cleavage site in the center of the linker,
for potential future use. In the resulting mutant, designated
GFP-NBd3-PR, 26 of the 29 residues of spacer B were thereby
changed (Fig. 7A). Lysates from cells infected with the GFP-
NBd3-PR recombinant expressed the mutant fusion protein in
amounts comparable to those produced by the GFP-NBd3
recombinant (Fig. 7B). The slightly higher mobility in SDS-
PAGE of the GFP-NBd3-PR fusion protein than of GFP-
NBd3 was likely due to the reduced molecular mass of the
mutant, resulting from the many glycine substitutions for larger
residues. We also constructed a second mutant, GFP-NBd3-
CCA, in which 9 of 13 charged residues in spacer B were
replaced by alanines (Fig. 7A). However, two independent
recombinants containing exactly the intended sequence failed
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mock-infected cells.

to express detectable levels of the mutant GFP fusion protein.
A third recombinant, GFP-NBd3-CCA*, was able to express
the mutant fusion protein, but it was shown to have an altered
sequence in which the AAAAA substitutions replacing spacer
B residues 402 to 406 had changed to APAAA. From these
findings, we concluded that the multiple spacer B charged-to-
alanine mutations had unanticipated effects on GFP-NBd3
folding and degradation; we therefore deemed the GFP-NBd3-
CCA mutant to not be suitable for further analysis.

Like its wild-type counterpart, the GFP-NBd3-PR fusion
protein was incorporated into purified virions (Fig. 7C). More-
over, GFP-NBd3-PR remained stably associated with the viral
nucleocapsid following NP-40 solubilization of viruses in the
presence of 100 mM or 250 mM NaCl (Fig. 7D), in the same
manner as did GFP-NBd3. Under the latter conditions, M
protein was almost completely removed from the nucleocapsid.
This demonstrated that, in assembled virions, domain 3 of the
N protein participates in a tight N-N interaction, to which
spacer B makes no substantial contribution. This result agrees
well with results from a previous study, in which the Alb4
mutant N protein was shown to be fully competent, at the
permissive temperature, in formation of a stable homotypic N
protein interaction in the virion nucleocapsid (36).

In order to test directly the functionality of the completely

heterologous linker in GFP-NBd3-PR, we constructed the
identical spacer B replacement in the native N gene of MHV,
in an otherwise wild-type background. The engineered viral
mutant was obtained at a high frequency by targeted RNA
recombination, and it formed only slightly smaller plaques than
did wild-type virus (data not shown). This result strongly indi-
cated that, as originally suggested (40), spacer B is an essen-
tially inert linker that serves only to tether domain 3 to the rest
of the N molecule at an appropriate distance.

Mutational disruption of the binding of domain N1b to
nucleocapsids. To begin to explore the N-N interaction in
which domain N1b participates, we created a set of mutants of
the GFP-N1b recombinant. Our strategy was to mutate surface
clusters of charged residues in MHV domain N1b, informed by
inspection of the highly similar crystal structures that have
been determined for the aligned NTDs of the IBV and SARS-
CoV N proteins (16, 47). On this basis, we constructed
charged-to-alanine mutations at three loci (Fig. 8A). mutl and
mut3 altered patches on opposite surfaces surrounding the
main core of the NTD, which is a five-stranded antiparallel
beta sheet; mut2 fell within a beta-hairpin turn that protrudes
from the main mass of the structure. Recombinants encoding
all three mutant fusions were isolated, but the GFP-N1b-mutl
recombinant was found to express little or no detectable GFP
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FIG. 5. RNA binding by MHV N protein deletion mutants expressed from a duplicated N gene. (A) Schematic of the downstream end of the genome
for wild-type MHYV and for three recombinants in which the N gene is transposed or duplicated. For each, the wild-type copy of the N gene, in its normal
genomic locus, is designated N[1] and the transposed or duplicated copy of the N gene is designated N[2]. In the N transposition-untagged recombinant,
the N[2] gene is identical to the wild-type N gene. In the N transposition-tagged and the N duplication-tagged recombinants, the N[2] gene has been
labeled with HA and His, epitope tags, indicated by gray rectangles. The inset at the right shows N protein from lysates of [*>SJmethionine-labeled
infected cells or uninfected cells (mock) immunoprecipitated with either anti-N polyclonal antibody or anti-HA monoclonal antibody. (B) Expansion of
the schematic of the N[2] gene in the N duplication-tagged recombinant. The number line indicates amino acid residues, and the boundaries of the Nla,
N1b, N2a, N2b, and NBd3 regions are represented. The HA epitope tag replaces amino acids 386 to 394 of spacer B; the His, epitope tag is appended

to the carboxy terminus of the N molecule. Beneath are shown the loci of

the NJ[2] deletions in 18 separate mutants of the N duplication-tagged

recombinant. The RNA-binding ability of each N protein deletion mutant is summarized at the right.

fusion protein (Fig. 8B). Consistent with this failure of expres-
sion, when the three amino acid mutations of mutl were in-
corporated into the native N gene, in an otherwise wild-type
background, the mutant that was generated formed small

plaques and was temperature sensitive and thermolabile. In-
terestingly, multiple independent large-plaque revertants of
the native N-mutl virus all were found to have acquired a
second-site reverting mutation, Q187K (Fig. 8A); the counter-
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part of this residue falls very close to the locus of the primary
mutations of mutl in the SARS-CoV NTD structure (47). The
characteristics of the native N-mutl virus and its revertants
suggested that the mutations in GFP-N1b-mutl caused a gen-
eral aberration in GFP-N1b folding, leading to degradation of
the fusion protein. Therefore, the mutl constructs did not
implicate specific residues as being involved in the domain N1b
interaction with the viral nucleocapsid.

The GFP-N1b-mut2 and GFP-N1b-mut3 recombinants ex-
pressed their respective mutant GFP fusion proteins well in
infected cells, although not as abundantly as did the wild-type
GFP-N1b recombinant (Fig. 8B). Notably, however, only very
small quantities of either of these mutant GFP fusion proteins
became incorporated into virions (data not shown). Moreover,
absolutely no detectable amount of either the GFP-N1b-mut2
or the GFP-N1b-mut3 fusion protein remained associated with

viral nucleocapsids following virion solubilization with NP-40
in the presence of 100 mM NaCl (Fig. 8C) or 250 mM NaCl
(data not shown). Thus, the mut2 and mut3 mutations effec-
tively disrupted the interaction of domain N1b with N protein.

We carried out multiple independent targeted RNA recom-
bination experiments to introduce the four amino acid muta-
tions of mut3 into the native N gene of MHV. Nevertheless, all
such attempts had negative outcomes, despite parallel positive
controls with wild-type donor RNA that yielded robust fre-
quencies of recombinants. By this latter criterion, we inferred
that the mut3 lesion is lethal in native N protein. Similarly,
native N protein was refractory to acceptance of the three
amino acid mutations of mut2. Following multiple attempts,
we obtained only one recombinant, which produced smaller
plaques than the wild type. This recombinant contained the
unintended mutation K120V, rather than K120A, constituting
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recombinant were subjected to the same fractionation procedures in the absence of NP-40 (first lane in each panel).

a variant of mut2 that we designated mut2* (Fig. 8A). When protein (Fig. 8B). However, the GFP-N1b-mut2* fusion pro-
the mut2* mutations were then reconstructed in a GFP-N1b tein was also unable to stably associate with nucleocapsids
recombinant, the resulting GFP-N1b-mut2* fusion protein was fractionated from purified virions (Fig. 8C). Thus, the mut2*
expressed to the same extent as was the GFP-N1b-mut2 fusion mutations constitute a lesion that is partially defective in native
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N protein and completely defective in the GFP-N1b construct.
Taken together, the results with mut2 and mut3 suggest that
the N-N interaction of domain N1b is important, and possibly
essential, for viral viability.

DISCUSSION

In this study, we examined in vivo assembly interactions of
different domains of the MHV N protein, each of which was
expressed as a GFP fusion protein during the course of viral
infection. We found that fusion constructs containing two of
the N domains, N1b and NBd3, were incorporated into assem-
bled virions. Virion fractionation procedures showed that in-
corporation of either of these two fusion proteins was due to its
tight association with the viral nucleocapsid, which is a com-
plex of the N protein and genomic RNA. Nucleocapsid binding
by GFP-N1b or GFP-NBd3 was stable in the presence of as
much as 250 mM NaCl and was sufficiently strong to withstand
the forces generated by ultracentrifugation. Under the same
conditions, essentially all M protein was released from associ-
ation with the nucleocapsid. Northwestern blot analyses indi-
cated that the N1b and NBd3 domains were not capable of
independently binding to RNA. We therefore concluded that
N protein-N protein interactions were the basis for the persis-
tent association of each of these two separate domains with the
viral nucleocapsid. For the GFP-NBd3 construct, we further
showed that the tight N-N interaction is mediated by domain 3
of the N protein, given that the spacer B segment of this fusion
protein could be replaced by an entirely heterologous peptide
segment of the same size. For the GFP-N1b construct, we
identified two regions of the surface of the N1b domain, those
defined by the residues altered in mut2 and in mut3, that
affected the tight N-N interaction in which the N1b domain
participates.

Our division of the MHV N protein into separate domains
was guided in large part by results from a number of recent
structural and biophysical studies of the SARS-CoV and IBV
N proteins. These studies, all utilizing bacterially expressed
protein fragments, have found two independently folding coro-
navirus N protein segments, the NTD and the CTD (corre-
sponding to our domains N1b and N2b [Fig. 1]), for which
nuclear magnetic resonance or X-ray crystal structures have
been determined (8, 16, 21, 23, 47, 51, 60). The remainder of
the N molecule—the amino terminus, the central linker con-
taining the SR-rich region, and the carboxy terminus (corre-
sponding to our domains Nla, N2a, and NBd3, respectively)—
appears to consist of polypeptides that are intrinsically
disordered, at least in the absence of the RNA or protein
molecules to which they bind (6, 7). Both the NTD and the
CTD have been shown to separately possess RNA-binding
ability (6, 8, 16, 21, 30, 51, 59, 61). N protein-N protein asso-
ciation, on the other hand, is generally seen as a property of the
CTD, which is sometimes designated the dimerization domain
(7, 16, 23, 60). Under some conditions, the CTD has been
found to multimerize into tetramers and octamers, but the
significance of this capability is unclear (8, 30, 51, 59). The
NTD of the IBV N protein also has a weak propensity for
dimerization (16, 23). Further, it has been claimed that SARS-
CoV N protein self-association is governed by the SR-rich
region of that protein (31).

J. VIROL.

Our findings in the present work contrast somewhat with the
evolving modular model of the coronavirus N protein. We
might have expected virion incorporation of the GFP-N1b
fusion protein (containing the MHV counterpart of the NTD)
to be mediated by N1b binding to genomic RNA. However, we
did not detect RNA binding by GFP-N1b or by any of the other
GFP-N domain fusion proteins, under conditions where very
strong RNA binding by native N protein occurred (Fig. 4).
Moreover, our analysis of a collection of MHV N protein
deletion mutants showed that only domain Bd3 and the SR-
rich portion of domain 2a were clearly dispensable for RNA-
binding ability (Fig. 5 and 6). Our results suggested that RNA
binding by the N protein requires contributions from both the
NTD and the CTD; thus, the separately expressed N1b domain
could not compete with native N protein for RNA binding
within the nucleocapsid. Three significant properties of our
Northwestern assays should be noted: (i) they were performed
using RNA substrates to which the MHV N protein has been
shown to bind in a sequence-specific manner (2, 35, 49); (ii)
RNA binding was carried out in the presence of a large molar
excess of unlabeled competitor RNA; and (iii) N proteins,
fusion proteins, and deletion mutants were produced under
conditions of viral infection in eukaryotic cells and were there-
fore expected to be subject to phosphorylation (5, 9, 43, 55)
and any other modifications normally carried by N. In contrast,
most of the binding assays that have been performed with
bacterially expressed NTD and CTD constructs employed non-
specific RNA (or DNA) substrates in the absence of compet-
itor nucleic acids (6, 8, 16, 21, 30, 59). Thus, the interactions
measured by these investigations were apparently too weak to
have been detected in our assays. In accord with our results,
however, a recent study of the SARS-CoV N protein found
that a bacterially expressed construct containing both the NTD
and CTD displayed an affinity for a nonspecific RNA substrate
greater than 10-fold higher than that of either the NTD or the
CTD alone (6).

With respect to N protein-N protein interactions, we might
have expected the GFP-N2b fusion protein (containing the
MHYV counterpart of the CTD) to exhibit the strongest binding
to the nucleocapsid. However, the level of incorporation of this
construct into assembled virions was minimal, compared to
that for the GFP-N1b and GFP-Bd3 fusion proteins. This ob-
servation may mean that the separate GFP-N2b protein cannot
effectively compete with CTD-CTD interactions among native
N proteins within the intact nucleocapsid. Even for the more
efficiently packaged GFP fusion proteins, the overall stoichi-
ometry of virion incorporation with respect to the native N
protein appeared to be low. This can be inferred from a com-
parison of the relative amounts of the N and GFP-NBd3 pro-
teins in the second Western blot in Fig. 2B, which was probed
with an anti-N monoclonal antibody that recognizes the same
domain 3 epitope in each protein (Fig. 7A). Thus, although we
believe that the selective packaging of three of the GFP-N-
domain fusion proteins resulted from their appropriation of
some subset of normal N-N interactions, such substitution was
limited by the monovalent nature of the fusion proteins and
their inability to bind RNA. In contrast, native N monomers,
each containing the full complement of domains, could inter-
act cooperatively and with higher avidity within the assembled
nucleocapsid. The ineffective competitive potential of the
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abundantly expressed GFP-N-domain fusion proteins would
also explain why none of them exhibited an observable domi-
nant-negative effect on MHV. Recombinants expressing the
fusion proteins were not noticeably impaired with respect to
the wild type and remained stable for multiple passages. It is
therefore notable that significant instability was observed in a
dual recombinant that paired the GFP-NBd3 gene with a na-
tive N gene containing the domain 1b mut2* mutations. In
multiple independent isolates of this mutant, the GFP-NBd3
gene was rapidly lost through deletion, presumably because, in
this case, the fusion protein was better able to disrupt the
impaired interactions between monomers of the mutant N
protein (K. Hurst and P. Masters, unpublished data).

We do not yet know if our separately observed associations
of the N1b and NBd3 domains with the MHV nucleocapsid are
indicative of two symmetric interactions, namely, N1b-N1b and
NBd3-NBd3. Alternatively, they could represent reciprocal as-
pects of a single head-to-tail interaction, N1b-NBd3. We are
currently attempting to discriminate between these two possi-
bilities. A more complete understanding of the nature of the
N1b and NBd3 interactions and nucleocapsid assembly will
also need to address other matters, including (i) whether a
given type of interaction occurs between adjacent monomers
on the RNA strand or, instead, connects nonadjacent mono-
mers at each helical turn; (ii) how densely N protein monomers
are distributed per length of RNA; and (iii) to what extent the
different crystal packing arrangements from the NTD and
CTD structural determinations (8, 23, 47) reflect the organi-
zation of the viral nucleocapsid.

A further complexity is how to reconcile the tight NBd3-
nucleocapsid interaction with the previously established
NBd3-M protein interaction, which was discovered by genetic
means (22, 28, 53). One potential explanation is that NBd3
docks with the carboxy terminus of the M protein in order to
initiate budding but is then handed over to its N-domain part-
ner (N1b or another NBd3 moiety) in order to stabilize the
higher-order structure of the packaged nucleocapsid. How-
ever, this scenario seems less plausible in light of the astonish-
ing structural details revealed by recent cryo-electron micro-
scopic (38) and cryo-electron tomographic (1) studies of MHV
and other coronaviruses. Both of these studies have shown
thread-like connections between the M protein endodomain
and the nucleocapsid within virions, suggesting that the
NBd3-M protein interaction persists, even after assembly is
completed. Therefore, based on currently available informa-
tion, a more likely model is that domain 3 of each N protein
monomer is engaged in only one of two alternative modes of
binding in the assembled virion, either with another N mono-
mer or with the carboxy terminus of an M molecule in the
virion envelope. It is not yet clear whether the interactions of
NBd3 with the N and M proteins, respectively, involve two
separable segments of domain 3 or if they are multiple func-
tions of the same segment. Genetic analyses of domain 3 to
date, although comprehensively covering the whole domain,
have found only a single locus, residues D440 and D441, which
appears critical for N-M interactions (22, 53). It remains to be
determined whether mutations at this site also affect N-N in-
teractions or if it will be possible to genetically differentiate
between N-N and N-M interactions. As an alternative ap-
proach, further work with the native N protein NBd3-PR mu-
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tant may allow us to define more precisely the interactions of
N protein domain 3 with its binding partners in assembled
virions.
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