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Abstract

Mouse hepatitis virus (MHV) nucleocapsid (N) protein binds to the large, single-stranded, positive-sense viral genomic RNA to form a
helical nucleocapsid structure in mature virions. In addition N protein binds the intracellular form of the genomic RNA, all of the MHV
subgenomic mRNAs, and expressed non-MHV RNA transcripts to form ribonucleoprotein (RNP) complexes in infected cells. Among the
intracellular viral RNP complexes, only the genomic RNP complex is packaged into virus particles. The present study demonstrated that
N protein in the MHV virion nucleocapsid and in the intracellular genome-length RNP complex that bound to viral envelope M protein
was tightly self-associated such that its association was retained even after extensive RNase A-treatment of the RNP complexes. The RNase
A-resistant tight N protein association in the virion nucleocapsid was not mediated by an intermolecular disulfide bridge between N proteins.
In contrast, N protein association in the majority of the intracellular RNP complexes was susceptible to RNase A-treatment. Because the RNP
complexes that specifically interact with the M protein are selectively packaged into MHV particles, the present data suggested that there
was a distinct difference between N protein association in viral genomic RNP complexes that undergo packaging into virus particles and the
subgenomic RNP complexes that are not packaged into MHV particles.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction those of the above-mentioned other six viral families, does
not include the protein(s) that is needed for RNA poly-
Enveloped animal RNA viruses in the coronavirus, merase function. The common feature in these viruses is that
orthomyxovirus, paramyxovirus, filovirus, rhabdovirus, bun- N protein (nucleocapsid protein or core protein) and viral
yavirus, and arenavirus families contain helical viral nucle- RNA are the major components of the helical nucleocapsid.
ocapsid. The biochemical properties and the virus-specific Coronaviruses are important pathogens of man and an-
components of these helical nucleocapsids vary among theimals Wege et al., 1982 The etiological agent of severe
different viral families. For example, paramyxovirus vi- acute respiratory syndrome, a disease that rapidly spread
ral RNA in the paramyxovirus nucleocapsid resists RNase from its likely origin in Southern China to several other
treatment of the nucleocapsiBesberg, 1969; Kingsbury  countries of the world, is identified as a new coronavirus
and Webster, 1969; Pons et al., 196@t orthomyxovirus (Drosten et al., 2003; Ksiazek et al., 2003; Peiris et al., 2003
and coronavirus nucleocapsiddidcneughton and Davies, Coronavirus contains a single-stranded, positive-sense RNA
1978 fall apart under the same treatment. Furthermore, the genome of about 28-31kh.4i and Cavanagh, 199and
protein composition of the coronavirus nucleocapsid, unlike is the only known positive-stranded animal RNA virus with
a helical nucleocapsid genome. All coronaviruses contain
three envelope proteins, M, S, and E; the first two are major
fax: +1-409-772-5065, gnvelope proteins, while the amount of E protein in virion
E-mail addressshmakino@utmb.edu (S. Makino). is low (Godet et al., 1992; Smith et al., 1990; Yu et al.,
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Ajou University, Suwon, Kyonggi, Korea. (Holmes et al., 1981; Kim et al., 1997; Rottier et al., 1981
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which occurs at the smooth membranes of the intermedi- 2. Materials and methods
ate compartment, between the endoplasmic reticulum and
the Golgi complex Klumperman et al., 1994; Tooze et al.,
1984). The M and E proteins are essential for viral enve-
lope formation and releasBdgs et al., 1996; Vennema et al., The plaque-cloned A59 strain of MHV (MHV-A59)_&i
1996. In infected cells, the virus produces an intracellular et al., 198) and its temperature-sensitive mutant Alb4
form of genomic RNA, mRNA 1, and six to eight species (Koetzner et al., 1992were used for this study. MHV-A59
of subgenomic mRNAsL@i et al., 1981; Leibowitz et al., and Alb4 stock viruses were propagated in mouse DBT
1981, Stern and Kennedy, 19803,bThese virus-specific  cells Hirano et al., 197%at 37°C and 33 C, respectively.
mRNAs comprise a nested set with a commaiteBminus
(Lai et al., 1981; Leibowitz et al., 1986tern and Kennedy,
1980a,h and a common leader sequence of approximately
60-100 nucleotides at thé-end (ai and Cavanagh, 1997 A synthetic peptide, NpFCPKPQRKGRRQAQEKKD-

In cells infected with the coronavirus, mouse hepatitis EVD-COOH, was conjugated with keyhole lymphocyte
virus (MHV), the N protein not only binds to mRNA 1 to hemocyanin and injected into two rabbits. Sera that were
form a ribonucleoprotein (RNP) complex (intracellular ge- collected prior to immunization were used as preimmune
nomic RNP complex), but also binds to all the subgenomic sera. After three subsequent immunizations, sera were col-
mMRNAs to form subgenomic RNP complexdafic et al., lected and used as anti-N-spacer antibody.

1988; Narayanan et al., 200@dditionally in infected cells,
MHV N protein can bind expressed non-MHV RNA tran-
scripts to form RNP complexe€6logna and Hogue, 2000;
Cologna et al., 2000; Narayanan and Makino, 2Q00HV

N protein also binds to non-MHV RNA transcripts in vitro
(Masters, 199 While the binding of the N protein to MHV
MRNAs has implications for viral RNA synthesis and viral
MRNA translation Baric et al., 1988; Compton et al., 1987; released viruses were partially purified using ultracentrifu-
Kim and Makino, 1995; Tahara et al., 1994he exact gation on a discontinuous sucrose gradient consisting of 60,
roles that N protein associations play in these RNP com- 50, 30 and 20% sucrose, as described previousbgrhire
plexes are under characterized. Of the MHV RNP com- etal., 1992. After centrifugation, virus particles at the inter-
plexes, only the intracellular genomic RNP complex is face of 30 and 50% sucrose were collected, and further puri-
efficiently packaged into MHV particles. In MHV depen- fied on a 10-60% continuous sucrose gradient at 26,000 rpm
dency upon specific and selective packaging of intracellular for 18 h at £C in a Beckman SW28 rotor. Purified viruses
genomic RNP complex is mediated by the selective in- were pelleted through a 20% sucrose cushion in a Beckman
teraction of one viral protein and one RNA element. The SW28 rotor rotating at 38,000 rpm for 3 h at@.

protein involved in packaging is the M proteiNgrayanan

et al., 2000, and the RNA element is a 190 nt-long RNA 2.4. Separation of viral nucleocapsid from

packaging signalNarayanan and Makino, 2001 bwhich envelope proteins

is present only in mRNA 1 but lacking in subgenomic

MRNAs Fosmire et al., 1992; van der Most et al., 1991 Pelleted purified viruses were suspended in high-salt
The interaction between M protein and the packaging sig- buffer (0.1 M NaCl, 0.01M Tris—HCI [pH 7.5], 0.001 M
nal leads to the subsequent packaging of only the genomicEDTA, 0.25M KCI, 0.25% NP-40) and incubated on

2.1. Viruses and cells

2.2. Preparation of anti-N-spacer antibody

2.3. Labeling of viral proteins and purification of viruses

For labeling of MHV virion proteins, 10QCi of tran
353-label (ICN) was added to MHV-infected cells at 7.5h
p.i., and culture fluids were collected at 12 h pKinh and
Makino, 1999. After brief centrifugation of the supernatant,

RNP complex from a pool of intracellular MHV RNP com-
plexes Narayanan and Makino, 200LBWVhile identifica-
tion of the packaging signal of bovine coronavir@j(ogna
and Hogue, 2000and that of transmissible gastroenteritis
virus (Escors et al., 20Q3are reported, the RNA packag-

ing mechanisms of other coronaviruses are rather poorly

characterized.
Using two immunologically distinguishable types of N

ice for 30min. The radiolabeled viral proteins in the
detergent-treated viruses were immunoprecipitated using
MHV-specific monoclonal antibodies.

2.5. RNase A-treatment of viral nucleocapsid

Purified MHV was treated with the high-salt buffer. The
sample was divided into two groups. In one group, the sam-

proteins, the present study explored N protein self-asso-ple was incubated with 100g/ml of RNase A for 15 min

ciations in the virion genomic RNP complex and in intra- at room temperature. In another group, the sample was kept
cellular RNP complexes, including the subgenomic RNP on ice for 15 min. One-half of each group was incubated in
complexes. Our data suggested a distinct difference betweer2X proteinase K buffer (0.02 M Tris—HCI [pH 7.8], 0.01 M

N protein associations in viral genomic RNP complexes that EDTA, 1% SDS) and proteinase K at a final concentra-
undergo packaging into virus particles and subgenomic RNPtion for 10 mg/ml at 37C for 30 min. Subsequently, RNA
complexes that are not packaged into MHV particles. was extracted with phenol-chloroform and precipitated with
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ethanol. The remaining half of each group was mixed with cellular genomic RNP complex was collected and used for

lysis buffer (1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS in PBS)Narayanan et al., 200@nd used for
immunoprecipitation analysis.

2.6. Immunoprecipitation of viral proteins and
SDS—polyacrylamide gel electrophoresis (SDS—PAGE)

MHV-specific proteins from detergent-treated viruses
were immunoprecipitated using an anti-M protein mono-

clonal antibody, J1.3leming et al., 198p an anti-N protein
monoclonal antibody, J3.F[eming et al., 198p anti-MHV

further analysis.

3. Results

3.1. Experimental approach for analyzing N protein
self-association in viral nucleocapsid

MHYV helical nucleocapsid consists of N protein and viral
genomic RNA. RNase A-treatment of virion nucleocapsid
results in the degradation of genomic RNKgcneughton

polyclonal antiserum, anti-N-spacer antibody, or preimmune and Davies, 1978 We assumed that N proteins in MHV

sera as described\Narayanan et al., 2000 Immunopre-

virion nucleocapsid were tightly associated with each other,

cipitated proteins were separated by SDS—polyacrylamideand asked whether this putative tight N protein associ-
gel electrophoresis (SDS—PAGE) as described previouslyation actually was maintained after RNase A-treatment

(Narayanan et al., 2000
2.7. Preparation of virus-specific RNA

The intracellular MHV-specific RNAs were labeled with
750u.Ci of 32Pi and extracted from virus-infected cells as

described previouslyMakino et al., 1981

2.8. Agarose gel electrophoresis of RNA and Northern
(RNA) blotting

of the virion nucleocapsid had extensively degraded the
RNA. MHV-A59 and its temperature-sensitive mutant Alb4
(Koetzner et al., 1992were used to address this question.
MHV N protein consists of three domains, each of which
is connected by a short spacer sequeriGae{zner et al.,
1992. Alb4 replicates well at 33C, and its N protein
has a deletion of 29-amino-acids within one of the spacer
regions Koetzner et al., 1992 We raised an anti-peptide
antibody, anti-N-spacer antibody, against part of the specific
29-amino-acid sequence, with the expectation that this an-
tibody would recognize only the MHV-A59 N protein and

Radiolabeled RNAs were denatured and separated onnot the Alb4 N protein. We also expected that the MHV
a 1% agarose-formaldehyde gel as described previouslyparticles, released from cells coinfected with MHV-A59

(Makino et al., 199). For Northern blot analysis, the

and Alb4 at 33C, would contain a helical nucleocapsid

non-radiolabeled RNAs were separated on a 1% denaturingcomposed of both MHV-A59 N protein and Alb4 N protein.
agarose-formaldehyde gel and transferred onto nylon filters We wanted to test whether the putative tight association of

(Makino et al., 1991 Northern blot analyses were per-

N proteins in the viral nucleocapsid was real enough to be

formed using digoxigenin-labeled, random-primed probes maintained even after extensive degradation of the genomic

(Boehringer), one corresponded to theeid of MHV ge-
nomic RNA and the other to th€-8nd of MHV genomic

RNA; hypothetically, RNase A-treatment of the virion nu-
cleocapsid from coinfected cells followed by immunopre-

RNA; each probe was used in a separate Northern blot cipitation using anti-N-spacer antibody would likely result
analysis. The separated RNAs were visualized using a DIGin the coimmunoprecipitation of Alb4 N protein with wt
luminescent detection kit (Boehringer), according to the MHV-A59 N protein only if the two protein species had

manufacturer’s protocol.

2.9. Isolation of intracellular genomic RNP complex
from infected cells

Cell extracts from MHV-infected cells were prepared in

previously been associated with each other. Due to its dele-
tion the Alb4 N protein migrates faster than MHV-A59 N
protein in SDS—PAGEKoetzner et al., 1992 which makes

the identification of each N protein feasible. If the N protein
monomers in the viral nucleocapsid are not associated with
each other, then anti-N-spacer antibody most likely should

lysis buffer. The anti-M protein monoclonal antibody J1.3 immunoprecipitate only the MHV-A59 N protein from the
was added to the cell lysates, and the sample was incu-same sample preparation.

bated on ice for 3h. Subsequently, protein A (Pansorbin

Coronavirus M protein interacts with the virion nucleo-

cells, Calbiochem) was added to the sample and incubatedcapsid in virus particlesgscors et al., 2001 M protein not
on ice for 2h. The immunoprecipitate was washed three only binds to viral RNA Narayanan et al., 2003; Sturman

times with lysis buffer. After the final wash, the immuno-

et al., 1980, but most probably also binds to N protein in

precipitate was suspended in the high-salt buffer to releasethe nucleocapsidEscors et al.,, 2001; Kuo and Masters,

the coimmunoprecipitated intracellular genomic RNP com-

plex from the antigen-antibody complex. After incubation
on ice for 30 min, the samples were centrifuged at 10,090

2002; Narayanan et al., 200 lateral M protein—M pro-
tein interaction exists in coronavirus particlede (Haan
et al., 1998; de Haan et al., 200@ccordingly, preparation

for 10 min at #C. The supernatant that contained the intra- of virion nucleocapsid samples devoid of M protein was
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essential for examining N protein self-association; any M samples Fig. 1B). These results were consistent with our
protein—nucleocapsid interaction maintained in the sample expectations Anti-N-spacer antibody immunoprecipitated
might allow anti-N-spacer antibody to indirectly coim- both MHV-A59 N protein and Alb4 N protein from the
munoprecipitate Alb4 N protein through an M protein—N untreated sample, as well as from the RNase-treated sam-
protein interaction, masking the N protein association in the ple from coinfected cellsFig. 1B), suggesting that the N
virion nucleocapsid. To establish experimental conditions, proteins in the virion nucleocapsid were associated tightly
in which virion nucleocapsid no longer interacted with the enough that RNase A-treatment of the virion nucleocap-

M protein, purified MHV-A59 was incubated in high-salt
buffer, which disrupts the interaction between the virion
nucleocapsid and envelope M protelBs€ors et al., 2001;
Narayanan and Makino, 2001 as described iBection 2

sid did not disrupt N protein self-association. We obtained
consistent results in three independent experiments. The in-
tensity of coimmunoprecipitated Alb4 N protein band in the
RNase-treated sample was about two to threefold lower than

Subsequent sucrose gradient analysis of disrupted virus parthat in the untreated sample in these experimental triplicates
ticles showed that viral genomic RNA and N protein were (Fig. 1B, lanes 3 and 6), implying that N protein association
still associated in virion nucleocapsid, but virion nucleocap- in MHV virion nucleocapsid was at least partially sensitive
sid and envelope proteins M and S (data not shown) wereto RNase A-treatment. Alternatively, some Alb4 N proteins
not; this virus disruption procedure, therefore, was chosen involved in the RNase A-resistant N protein association were
as the basis for examining putative association among N partially dissociated under our experimental conditions.
proteins in virion nucleocapsid. The above data suggested the presence of an RNase
A-resistant N protein association in the virion nucleocap-
sid. To eliminate the possibility that Alb4 and MHV-A59 N
proteins had associated after lysis and RNAse treatment, we
asked if anti-N-spacer antibody could coimmunoprecipitate
Alb4 N protein from an in vitro mixture of MHV-A59 nu-
cleocapsid and Alb4 nucleocapsid that had been treated with
RNase. Cells were independently infected with MHV-A59
and Alb4, and progeny virions were purified and lysed
with high-salt buffer. Each virion lysate containing a sim-
ilar level of N protein was mixed and treated with RNase
were incubated at 3%, and virus-specific proteins were A. Subsequent immunoprecipitation analysis showed that
radiolabeled with trafPS label from 7.5 to 12h p.i. Cul-  anti-N-spacer antibody precipitated only MHV-A59 N
ture fluid was collected at 12 h p.i., and radiolabeled MHV protein Fig. 10, demonstrating that de novo N protein
was purified using sucrose gradient centrifugation. Purified association did not occur in vitro after RNase treatment
MHYV was treated with high-salt buffer to dissociate nucle- of nucleocapsids. Thus, coimmunoprecipitation of Alb4 N
ocapsid from the M protein. One-half of the sample was protein, along with MHV-A59 N protein after RNase treat-
incubated with RNase A to digest MHV genomic RNA, ment of the sample from the coinfected cells, demonstrated
while the other half was kept on ice. After RNase treat- that an RNase A-resistant N protein association existed in
ment, RNA was extracted from a portion of each sample. the virion nucleocapsid.

Northern blot analysis of extracted RNA samples showed A small population of MHV virion N protein forms
intact virion RNA in the untreated sample, while no RNA trimers that are stabilized by intermolecular disulfide bonds
signal was detected in the RNase-treated sample (data nofRobbins et al., 1986 We wondered whether the RNase
shown), demonstrating that virion RNA was extensively A-resistant N protein association in the virion nucleocapsid
degraded by RNase A-treatment. The remaining sam-represented the disulfide-linked N protein trimers reported
ples were used for immunoprecipitation analy$igy. 1A previously Robbins et al., 1986 Purified MHV from coin-
demonstrates the results of the RNase-treated samplestected cells was disrupted by high-salt buffer treatment, and
Anti-N-spacer antibody immunoprecipitated MHV-A59 N then incubated in the presence of RNase A as described
protein from purified MHV-A59 particles, but not Alb4 N above. The sample was then subjected to immunopre-
protein from purified Alb4 virus particles, demonstrating cipitation analysis using anti-N-spacer antibody, anti-N
that anti-N-spacer antibody recognized only MHV-A59 N protein monoclonal antibody J3.3, or preimmune serum.
protein. Anti-N protein monoclonal antibody J3.3 precipi- The immunoprecipitates were analyzed on non-reducing
tated both MHV-A59 N protein and Alb4 N protein and, as SDS—PAGE Fig. 2). J3.3, but not preimmune serum, im-
expected, preimmune sera did not precipitate either of thesemunoprecipitated both monomeric MHV-A59 N protein and
proteins. Essentially the same results were obtained whenAlb4 N protein. The anti-N-spacer antibody coimmunopre-
untreated samples were used (data not shown). Analysiscipitated monomeric Alb4 N protein, along with MHV-A59
of samples from coinfected cells showed that J3.3, but not N protein, in non-reducing SDS—PAGE. In addition to
preimmune sera, precipitated MHV-A59 N protein and Alb4 the monomeric form of N protein, J3.3 and anti-N-spacer
N protein from both RNase-treated samples and untreatedantibody immunoprecipitated N protein trimers of about

3.2. N protein self-association in the virion nucleocapsid

To study how and whether N protein self-associates in
virion nucleocapsid, we first prepared purified MHV par-
ticles containing both MHV-A59 N protein and Alb4 N
protein. These patrticles resulted from coinfecting DBT
cells with MHV-A59 and Alb4 virus, each at an m.o.i. of
5. As controls, DBT cells were independently infected with
either MHV-A59 or Alb4 at an m.o.i. of 5. Infected cells



K. Narayanan et al./Virus Research 98 (2003) 131-140 135

Intracellular lysate AS59 virion Alb4 virion

Anti-N
antibody J3.3 J3.3 J3.3 Pre N-Spacer J3.3 Pre  N-Spacer

N (A59) . .

N (Alb4) . -

(A) 1 2 3 4 5 6 7 8

Coinfection

RNase - RNase +
Anti-N
antibody 133 Pre N-Spacer 133 Pre  N-Spacer
N (A59
(AS9)  — - - -—
N(Alb4) D - = p—
(B) I 2 3 4 5 6

Mixed virion lysate

RNase - RNase + RNase +

Anti-N

antibody N-Spacer ~ N-Spacer  J3.3

N (A59) — e aw—
N (Alb4) —
(C) 1 2 3

Fig. 1. Characterization of a homotypic N protein interaction in virion nucleocapsid. (A) Purified MHV-A59 or Alb4 were disrupted by high-salt buffer
treated with RNase A and then immunoprecipitated with anti-N protein monoclonal antibody J.3.3 (lanes 3, 6), preimmune serum (lanes 4, 7), or
anti-N-spacer antibody (lanes 5, 8). Radiolabeled intracellular extracts from MHV-A59-infected cells (lane 1) and Alb4-infected cells (laaeaBpwe
immunoprecipitated with anti-N protein monoclonal antibody J3.3. The immunoprecipitated samples were separated by SDS-PAGE. (B) Purified MHV
from the cells coinfected with MHV-A59 and Alb4 were disrupted by high-salt buffer, and then treated with RNase A (lanes 4-6) or mock-treated (lanes
1-3). The samples were separated by SDS—-PAGE after immunoprecipitation with anti-N protein monoclonal antibody J3.3. (lanes 1, 4), preimmune
serum (lanes 2, 5), or anti-N-spacer antibody (lanes 3, 6). (C) Purified MHV-A59 and Alb4 were independently lysed with high-salt buffer, and then
each virion lysate containing a similar level of N protein was mixed and treated with RNase A (lane 2, 3) or mock-treated (lane 1). The samples were
then immunoprecipitated with anti-N-spacer antibody (lanes 1, 2) or J3.3 (lane 3).

140kDa. J3.3 precipitated three N protein trimers, while then coimmunoprecipitated Alb4 N protein should only ap-
anti-N-spacer antibody precipitated two N protein trimers pear in the trimeric form of about 140 kDa in non-reducing
(Fig. 2 lanes 1 and 3, arrowheads). Although we did not SDS—-PAGE. Yet a monomeric, roughly 50kD, form of
further characterize these trimers, the slowest migrating Alb-4 is clearly apparent; evidently the majority of N pro-
signal and the fast migrating sign&ig. 2, lane 1, asterisk)  tein association that was resistant to RNase A-treatment was
probably represented N protein trimer that was formed by not held together by disulfide linkages of N protein trimers.
MHV-A59 N protein and those formed by Alb4 N protein,

respectively; the fast migrating N protein trimer was not de- 3.3. Characterization of intracellular RNP complexes
tected in the sample immunoprecipitated by anti-N-spacer

antibody, because anti-N-spacer antibody could not im- In infected cells MHV N protein binds to all the MHV
munoprecipitate Alb4 N protein trimer. The band migrating mRNAs, as well as to expressed non-MHV RNA transcripts
between those two N protein trimers probably represented (Cologna and Hogue, 2000; Cologna et al., 2000; Narayanan
mosaic trimers formed by both MHV-A59 N protein and and Makino, 2001} to form intracellular RNP complexes
Alb4 N protein. If the RNase A-resistant N protein associa- (Baric et al., 1988; Narayanan et al., 20000 determine
tion was mediated solely by intermolecular disulfide linkage whether N proteins in the intracellular RNP complexes were
of N proteins, as reported previousRgbbins et al., 1986 also involved in the RNase A-resistant association, DBT
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Coinfection cells were infected independently with MHV-A59 or Alb4
_ at an m.o.i. of 5, or coinfected with MHV-A59 and Alb4 at
Anti-N 133 Pre  N-Spacer an m.o.i. of 5 for each virus. Infected cells were incubated
ity at 33°C, and virus-specific proteins were radiolabeled with
200kD- ¥ . 4 N protein tran %°S label from 8 to 8.5h p.i. At 8.5h p.i., cell extracts
N protein E * trimers were prepared using high-salt buffer. Half of each sample
frimers was incubated with RNase A, while the remaining half
100 kD » was kept on ice. Subsequently, the RNaseA-treated and
untreated samples were halved again to check for RNA
degradation and to use in immunoprecipitation analysis.
As expected, the RNase-untreated samples showed intact
69 kD—» MHV mRNAs, and the RNase-treated samples showed
O complete degradation of all of the MHV mRNAs (data not
shown). Radioimmunoprecipitation analysis of the remain-
- ing halves of the RNase-treated and untreated samples was
(A59) . . o .
T N (Alb4) us_ed to examine RNase A—r_e3|stant N-protein mterac_tlon
46 kD> (Fig. 3. J3.3 immunoprecipitated MHV-A59 N protein
1 2 3 from the MHV-A59-infected cell extracts, Alb4 N pro-

Fig. 2. Characterization of a homotypic N protein interaction in virion tein from Alb4-infected cell e.XtraCtS' and both N proteins
under non-reducing conditions. Purified MHV from the cells coinfected from the extracts of the coinfected cells. Anti-N-spacer
with MHV-A59 and Alb4 was disrupted by high-salt buffer and then antibody immunoprecipitated MHV-A59 N protein from
treated with RNase A. The samples were separated by non-reducingthe MHV-A59-infected cells. but did not pull down Alb4
SDS-PAGE after immunoprecipitation with anti-N protein monoclonal N protein from Alb4-infected cell extracts. Intracellular

antibody J3.3. (lane 1), preimmune serum (lane 2), or anti-N-spacer . .
antibody (lane 3). The arrowheads indicate the N protein trimers. The N protein of both MHV strains can be detected as two

asterisk represents the putative Alb4 N protein trimer. The arrows representClosely migrating specieketzner et al., 1992; Stohlman

the positions of thé“C-labeled marker protein bands. The origin of the and Lai, 197%. In all cases RNase A-treatment did not

band, marked by open circle, is unknown. alter the immunoprecipitation results. These results were
consistent with our expectations. Anti-N-spacer antibody

AS59 Alb4  Coinfection A59 Alb4 Coinfection
Anti-N
antibody I33 J3.3 133 Pre N-Spacer Pre  N-Spacer Pre  N-Spacer
NOS) - . -— ax
N (Alb4) - .
—
(A) 1 2 3 4 5 6 7 8 9
A59 Alb4  Coinfection AS9 Alb4 Coinfection
Anti-N
antibody J33 133 33 Pre N-Spacer Pre N-Spacer Pre  N-Spacer
N (A59) e . - >
N (Alb4) . .
(B) 1 2 3 4 8 6 @ 8 9

Fig. 3. Characterization of a homotypic N protein interaction in intracellular RNP complexes. (A) Cell extracts were prepared using highrdedinbuffe
MHV-A59-infected cells (lanes 1, 4, 5), Alb4-infected cells (lanes 2, 6, 7) and coinfected cells (lanes 3, 8, 9). The samples were separated b SDS-PAG
after immunoprecipitation with anti-N protein monoclonal antibody J3.3. (lanes 1-3), preimmune serum (lanes 4, 6, 8), or anti-N-spacer angb&dy (I

7, 9). (B) Essentially the same experimental methods were used as in (A), except that cell extracts were treated with RNase A prior to immuoaprecipitat
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coimmunoprecipitated both MHV-A59 N protein and Alb4 Intracellular Anti-M Anti-H2K
N protein from the mock-treated cell extracts of coinfected MHV mRNAs  antibody antibody
cells Fig. 3A, lane 9). In marked contrast, anti-N-spacer

antibody immunoprecipitated only MHV-A59 N protein, mRNA |

but not Alb4 N protein from the RNase-treated cell extracts  mrNA 2 -
from the coinfected cellsHig. 3B, lane 9). These data mRNA 3

demonstrated that the N protein association in the majority
of intracellular RNP complexes was susceptible to RNase
A-treatment.

mRNA 4
3.4. Characterization of the intracellular genomic mRNA 5
RNP complex s

mRNA 6

Among all intracellular RNP complexes formed by MHV-

specific mMRNAs and N protein, only the intracellular ge- mRNA 7
nomic RNP complex binds to the M proteifNgdrayanan
et al.,, 2000. Binding of the intracellular genomic RNP
complex to the M protein drives the specific and selec-
tive packaging of mRNA 1, which has the same structure
as genomic RNA, into MHV particlesNarayanan et al., Fig. 4. Separation of the intracellular genomic RNP complex from other
2000; Narayanan and Makino, 20Q1Because N protein MHYV intracellular subgenomic RNP complexééP-radinabeled cgll ex-
association in virion nucleocapsid was resistant to RNase F2cts from MHV-A59-infected cells were prepared using the lysis buifer,

. . .. .. The samples were incubated with either anti-M protein monoclonal an-
A-treatment, \_Ne Wondereq V\_/het_her N p_rOtemS might eXhlbI_t tibody, J1.3 (lane 2) or anti-H2K antibody (lane 3). After immunopre-
RNase A-resistant association in the intracellular genomic cipitation, the sample was suspended in the high-salt buffer to release
RNP complex too. The intracellular genomic RNP complex the coimmunoprecipitated intracellular genomic RNP complex from the
represents onIy a fraction of intracellular RNP complexes, antigen-antibody complex. The antigen-antibody complex was removed by
hence analysis of the total intracellular RNP complexes centrifugation. RNA was extracted from the supernatant and examined by

. L. agarose-formaldehyde gel electrophoresis. Lane 1 repre¥abeled

shown above might not be sensitive enough to detect the ;.\, .a59 mrNAs.
putative RNase A-resistant N protein association in the intra-
cellular genomic RNP complex. Samples containing an en-
riched amount of intracellular genomic RNP complex were could be used for the selective enrichment of intracellular
prepared by taking advantage of the selective binding prop-genomic RNP complex.
erty of the M protein to the intracellular genomic RNP com-  To examine whether the N protein association in the in-
plex.32P-radiolabeled cell extracts from MHV-A59-infected  tracellular genomic RNP complex was RNase A-resistant,
cells were prepared at 8.5h p.i. using the lysis buffer, as the cell extracts from coinfected cells were immunoprecip-
described previouslyNarayanan et al., 2000The anti-M itated with either anti-M protein monoclonal antibody or
protein monoclonal antibody J1.3 was used to coimmuno- anti-H2K antibody. The immunoprecipitates were treated
precipitate the intracellular genomic RNP complex from the with high-salt buffer to release the coimmunoprecipitated
infected cell extracts. The non-MHV specific mono- intracellular genomic RNP complex from M protein. Then
clonal antibody, anti-H2K, was used as a negative control the sample containing intracellular genomic RNP complex
(Narayanan et al., 2000Subsequently, the interaction be- was divided into two halves. One-half of the sample was
tween the M protein and the intracellular genomic RNP treated with RNase A and the other half was untreated. Af-
complex was disrupted by treating the immunoprecipitates ter RNase treatment, the samples were immunoprecipitated
with high-salt buffer. To confirm that intracellular genomic with anti-N protein monoclonal antibody, preimmune serum
RNP complex was isolated using this procedure, RNA was or anti-N-spacer antibody. Anti-N protein monoclonal an-
extracted from the sample that was obtained after high-salttibody J3.3 immunoprecipitated both the MHV-A59 N
treatment of the immunoprecipitates. Agarose gel elec- protein and Alb4 N protein from the untreated sample,
trophoresis of the sample showed the presence of mRNAwhile the anti-N-spacer antibody also immunoprecipitated
1, but not the subgenomic mRNA specidsg( 4). The both the MHV-A59 N protein and Alb4 N protein, with a
subgenomic mMRNA species were not detected even afterhigher amount of the former than the latter. These results
a 5 times longer exposure of the gel (data not shown), were similar to those from the analyses of the untreated
demonstrating that intracellular genomic RNP complex was virion helical nucleocapsid (sd€€ig. 1). As expected, J3.3
released from the M protein after high-salt treatment of the immunoprecipitated both MHV-A59 and Alb4 N proteins,
J1.3-immunoprecipitate. As expected, no RNA signal was while the preimmune sera failed to immunoprecipitate ei-
detected when the anti-H2K-immunoprecipitate was used. ther of these proteins from the RNase-treated sample. More
These data demonstrated that this experimental methodimportantly, anti-N-spacer antibody coimmunoprecipitated

1

1 2 3
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RNase A- RNase A™

Anti-N
antibody J3.3 Pre N-Spacer J3.3 Pre N-Spacer

-

N (A59)

m—— —

1 2 3 4 5 6

Fig. 5. Characterization of a homotypic N protein interaction in an intracellular genomic RNP complex. Coinfected cells were radiolabeled and cell
extracts were prepared using lysis buffer. Intracellular genomic RNP complex was immunoprecipitated with anti-M monoclonal antibody, aedsien rel

from the antigen-antibody complexes by high-salt buffer treatment of the immunoprecipitates. One-half of the intracellular genomic RNP cemplex wa
incubated with RNase A (lanes 4-6), while the other half was mock-treated (lanes 1-3). After RNase treatment, the samples were immunopr#tipitated wi
anti-N protein monoclonal antibody J3.3. (lanes 1, 4), preimmune serum (lanes 2, 5) or anti-N-spacer antibody (lanes 3, 6), and analyzed by SDS—PAGE

Alb4 N protein along with the MHV-A59 N protein from  ries of MHV recombinant viruses, each of which contained
the RNase-treated sampleig. 5. The intensity of copre-  chimeric MHV and bovine coronavirus N protein, and sug-
cipitated Alb4 N protein band in the RNase-treated sample gested the possibility of an N protein—N protein interaction
was slightly lower than that in the untreated samplig (5), in coronavirus Peng et al., 1995 These published studies
which was similar to the data obtained from analysis of the and our study described here established that the N protein
virion helical nucleocapsid using anti-N-spacer antibody in the MHV nucleocapsid existed as multimers through N
(Fig. 1). RNase treatment of the virion lysates in vitro did protein association. Currently, the type of bonds stabiliz-
not lead to N protein association (segy. 10, suggesting ing the RNase A-resistant N protein association in the viral
that likewise Alb4 N protein association with the MHV-A59  nucleocapsid is unclear. If RNase A-treatment of the viral
N protein in vitro after RNase treatment of the intracellular RNP complex completely digests viral RNAs, then direct N
genomic RNP complex would be unlikely. We concluded protein—N protein binding mediates the tight N protein asso-
that the RNase A-resistant N protein association existed in ciation. If some very small RNA segments are not digested
the intracellular genomic RNP complex that bound to the even after extensive RNase A-treatment of the samples, then
M protein. these undigested RNA fragments may have some role in the
tight N protein association.
Association of N proteins in the majority of intracellu-
4. Discussion lar RNP complexes was susceptible to RNase A-treatment,
whereas that in the intracellular genomic RNP complex that
We compared MHV N protein self-association in intra- bound to the M protein and virion nucleocapsid was resis-
cellular subgenomic RNP complexes, in the intracellular ge- tant to RNase A-treatment. These data imply that RNase
nomic RNP complex that associates with the M protein, and A-resistant N protein association is established in infected
in the virion helical nucleocapsid. Purified MHV released cells prior to the release of MHV from the cells. What is the
from cells coinfected with MHV-A59 and Alb4 was reacted mechanism that selectively induces the RNase A-resistant N
with anti-N-spacer antibody and resulted in a coimmunopre- protein association in the genomic RNP complex? One pos-
cipitation of the N proteins, which strongly suggests that in sibility is that mRNA 1, but not subgenomic mRNAs, con-
the virus, these two N proteins had been associated tightlytains a specific nucleation site for N protein, and the binding
enough such that they were resistant to RNase A-treatmentof the N protein to this nucleation site may induce a specific
of the nucleocapsid. At least the majority of RNase-resistant conformational change in the N protein that may serve as a
N protein association in the virion nucleocapsid was not nucleation event for the cooperative binding of the N protein
due to intermolecular disulfide linkage of N protein trimers to other regions of mMRNA 1. This putative conformational
(Fig. 2. The N protein association in the majority of the change in the N protein may lead to self-association of N
intracellular RNP complexes was RNase-sensitive, whereasproteins and formation of the helical nucleocapsid structure.
the RNase-resistant N protein association was observedBecause MHV mRNAs have a’-8oterminal nested-set
exclusively with intracellular genomic RNP complex that structure, the most likely position of this putative nucleation
bound to the M protein. These data suggested that N proteinsite is between the’f#nd leader sequence and theed
self-association differed between specifically packaged in- of gene 1. Another possibility for the RNase A-resistant N
tracellular genomic RNP complexes and those subgenomicprotein association may be that M protein binds to N pro-
RNP complexes that are not packaged into MHV patrticles. tein in the intracellular genomic RNP complex initiating the
A small population of the N protein in MHV particles tight N protein association. A current model of MHV RNA
exists as trimers that are linked by intermolecular disulfide packaging into particles proposes that the intracellular ge-
bonds Robbins et al., 1986 Peng et al. characterized a se- nomic RNP complex, consisting of mRNA 1 and N protein,



K. Narayanan et al./Virus Research 98 (2003) 131-140

binds to M protein through selective and specific binding
of the 190 nt-long MHV packaging signal to M protein
that already has accumulated and probably oligomerized in
the intermediate compartment. After the binding of M pro-
tein to the packaging signal, N protein in the intracellular
genomic RNP complex interacts with the oligomerized M
protein. Subsequently, the M protein-mRNA 1 RNP com-
plex undergoes virion morphogenesis in concert with E
protein (Narayanan et al., 2003Binding of the M protein
to the N protein in the intracellular genomic RNP complex
may trigger a conformational change in the N protein that
induces the RNase A-resistant tight N protein association.
Another question that remains to be addressed is the bi-
ological significance of the RNase A-resistant N protein
association in the intracellular genomic RNP complex and
virion helical nucleocapsid. Coexpression of MHV E pro-
tein and the M protein, which contains a specific mutation
at its C-terminal region, does not result in the formation of
VLPs (de Haan et al., 1998while a recombinant MHV that
contains the M protein with the same mutation is infectious
(Kuo and Masters, 2002A possible interpretation of these
data is that the intracellular genomic RNP complex binds to
the mutated M protein and compensates for the loss of the
M protein function(s) in assembly; the N protein multimer
of the intracellular genomic RNP complex, which has the
RNase A-resistant N protein association, might interact with
mutated M protein, thereby compensating for the loss of
function by promoting MHV assembly. Biologically, tightly
self-associated N protein in virion nucleocapsid may have
an advantage or function during uncoating. Incoming viral
nucleocapsid likely dissociates from the envelope M pro-
tein, and perhaps multimeric N protein in the virion nucle-
ocapsid may promote efficient release of nucleocapsid from
the M protein. Supporting this idea, Alb4 is more heat la-
bile than MHV-A59 Koetzner et al., 1992 suggesting that
the incubation of Alb4 at high temperature disrupts a func-
tion of Alb4 N protein that is required early in infection.
High temperature may induce a conformational change in
the structure of the N protein in Alb4 nucleocapsid such that
the release of the altered nucleocapsid from the M protein
during the viral uncoating process is rendered inefficient.
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