JOURNAL OF VIROLOGY, Nov. 2003, p. 12173-12183
0022-538X/03/$08.00+0 DOI: 10.1128/JV1.77.22.12173-12183.2003

Vol. 77, No. 22

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Colocalization and Interaction of the Porcine Arterivirus Nucleocapsid
Protein with the Small Nucleolar RNA-Associated Protein Fibrillarin

Dongwan Yoo,"* Sarah K. Wootton,' Gang Li," Cheng Song,' and Raymond R. Rowland?

Department of Pathobiology, Ontario Veterinary College, University of Guelph, Guelph, Ontario NIG 2W1, Canada," and

Department of Diagnostic Medicine and Pathobiology, Kansas State University, Manhattan, Kansas 66506-5601°

Received 16 June 2003/Accepted 12 August 2003

Porcine reproductive and respiratory syndrome virus (PRRSV) replicates in the cytoplasm of infected cells,
but its nucleocapsid (N) protein localizes specifically to the nucleus and nucleolus. The mechanism of nuclear
translocation and whether N associates with particular nucleolar components are unknown. In the present
study, we show by confocal microscopy that the PRRSV N protein colocalizes with the small nucleolar RNA
(snoRNA)-associated protein fibrillarin. Direct and specific interaction of N with fibrillarin was demonstrated
in vivo by the mammalian two-hybrid assay in cells cotransfected with the N and fibrillarin genes and in vitro
by the glutathione S-transferase pull-down assay using the expressed fibrillarin protein. Using a series of
deletion mutants, the interactive domain of N with fibrillarin was mapped to a region of amino acids 30 to 37.
For fibrillarin, the first 80 amino acids, which contain the glycine-arginine-rich region (the GAR domain), was
determined to be the domain interactive with N. The N protein was able to bind to the full-length genomic RNA
of PRRSYV, and the RNA binding domain was identified as the region overlapping with the nuclear localization
signal situated at positions 41 to 47. These results suggest that the N protein nuclear transport may be
controlled by the binding of RNA to N. The PRRSV N protein was also able to bind to both 28S and 18S
ribosomal RNAs. The protein-protein interaction between N and fibrillarin was RNA dependent but indepen-
dent of N protein phosphorylation. Taken together, our studies demonstrate a specific interaction of the
PRRSYV nucleocapsid protein with the host cell protein fibrillarin in the nucleolus, and they imply a potential
linkage of viral strategies for the modulation of host cell functions, possibly through rRNA precursor pro-

cessing and ribosome biogenesis.

The disease associated with porcine reproductive and respi-
ratory syndrome virus (PRRSV) impacts swine production
worldwide (for a review, see reference 1). PRRSV emerged
almost simultaneously in the late 1980s and early 1990s in
North America and Europe, respectively, and is widespread
worldwide. Although clinical signs are similar on both conti-
nents, North American and European types of PRRSV are
genetically distinct, with a sequence identity of only 63% (2, 20,
38). PRRSV is a single-stranded positive-sense RNA virus
belonging to the family Arteriviridae, which forms the order
Nidovirales along with another family, Coronaviridae (8, 19).
The PRRSV genome is structurally similar to that of corona-
viruses but is much smaller: the full-length genome is ~15,000
nucleotides (21, 38). The virion consists of five membrane-
associated proteins (GP2a, GP2b, GP4, GPS, and M) and a
nucleocapsid (N) protein (27). GP3 is considered a structural
component in European isolates but is not found in the virions
of North American strains (12, 17, 32).

The N protein of PRRSV is comprised of 123 and 128 amino
acids for North American and European genotypes, respec-
tively. It is highly immunogenic (18) and is a basic protein with
an isoelectric point of 10.4 that has been reported to be a
serine phosphoprotein (36). Upon translation, the N protein
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interacts with itself by noncovalent interactions. As the N pro-
tein migrates to the Golgi complex, which is thought to be the
maturation site for nidoviruses, it becomes disulfide linked via
a cysteine residue at position 23, and the disulfide-linked ho-
mo-dimers are assembled into nucleocapsids (37).

The PRRSV N protein is concentrated mainly in the perinu-
clear region of virus-infected cells. However, Rowland and
coworkers (24) reported the accumulation of N in the nuclei
and nucleoli of virus-infected cells, as well as in cells trans-
fected with constructs that expressed the N protein tagged with
the green fluorescent protein. Recently, others have reported
the nucleolar localization of the N proteins of equine arteritis
virus, which is another arterivirus, and coronaviruses (15, 29,
39). The presence of N in the nucleolus is a unique observa-
tion, since the entire life cycle of PRRSV and other arterivi-
ruses is considered to be restricted to the cytoplasm. Two
conserved stretches of basic amino acids have been identified
in the N protein at positions 10 to 13 and 41 to 47, and these
sequences resemble two classical types of nuclear localization
signal (NLS), 'pat4’ and 'pat7’, respectively (24). Subse-
quently, the 'pat7’ NLS was shown to be functional and suffi-
cient for translocation of N to the nucleolus. Since the Golgi
apparatus is thought to be the maturation site of arteriviruses,
it has been postulated that the PRRSV N protein plays dual
roles during virus infection: a structural role in the cytoplasm
and a nonstructural role in the nucleus and/or nucleolus.

The nucleolus is a highly structured and dynamic nuclear
organelle that is involved in the transcription of rRNA and
ribosome biogenesis (23, 31). Ribosomal and other nucleolar
proteins are first synthesized in the cytoplasm and then trans-
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ported to the nucleus through the nuclear pore complex. Since
the nucleolus is not a membrane-bound organelle, nucleolar
proteins diffuse through the nucleoplasm and accumulate in
the nucleolus. In addition to ribosome biogenesis, the nucleo-
lus is involved in the regulation of apoptosis and control of the
cell cycle (7, 26, 33). More than 270 proteins and over 150
different species of small nucleolar RNAs (snoRNAs) have
been identified in the nucleolus so far (3, 31). Fibrillarin is one
of the major proteins in the nucleolus associated with snoR-
NAs and forms small nucleolar ribonucleoprotein particles
(snoRNPs) (13). We examined whether the PRRSV N protein
in the nucleolus colocalized with nucleolar proteins, and in this
communication, we report that the N protein colocalizes with
fibrillarin and specifically interacts with it. We also show here
that the PRRSV N protein is an RNA binding protein and
suggest a possible role of N as a potential competitor for
fibrillarin.

MATERIALS AND METHODS

Cells and viruses. HeLa, BSC, TK-143, and Marc-145 (a subclone of MA104
cells [16]) cells were grown as monolayers in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal bovine serum (CanSera). The cells were
maintained at 37°C with 5% CO,. Stocks of PRRSV (North American genotype
strain PAS8 [38]), wild-type vaccinia virus, and recombinant vaccinia virus ex-
pressing T7 RNA polymerase (vVIF7-3) (10) were prepared in Marc-145 or BSC
cells.

Antibodies. Monoclonal antibodies (MAbs) specific for N were described
previously (21). The monospecific polyclonal rabbit antiserum raised to the
recombinant N protein expressed in Escherichia coli was obtained from Serge
Dea (Institute Armand-Frappier, Laval, Quebec, Canada). The fibrillarin-spe-
cific antiserum, originally obtained from an autoimmune patient with sclero-
derma (22), was kindly provided by Marvin Fritzler (University of Calgary,
Calgary, Alberta, Canada).

Plasmid constructions and mutagenesis. cDNA cloning of the PRRSV N gene
to produce pGEM-N, pCITE-N, pCITE-[GST-N], the carboxy-terminal deletion
mutants (pGEX-C11, pGEX-C50, pGEX-C66, pGEX-C86, and pGEX-C98),
and the amino-terminal deletion mutants (pGEX-N18, pGEX-N30, pGEX-N52,
and pGEX-N69) is described elsewhere (37). The human fibrillarin gene was
kindly provided by John Aris (University of Florida, Gainesville, Fla.). The
fibrillarin coding sequence was amplified from the parental cDNA clone (4)
using a pair of primers (forward, 5'-TAAggatccCCATGAAGCCAGGAT
TCAGTCCC-3', and reverse, 5'-CTCgatatctTCAGTTCTTCACCTTGGGGGG-
3’, where lowercase letters indicate BamHI and EcoRV recognition sequences,
respectively) and cloned into the BarmHI and Smal sites of pGEX-3X (Amer-
sham Pharmacia). DNA manipulations, cloning, and PCR were performed ac-
cording to standard procedures (25). The E. coli strains XL-1 Blue (Stratagene)
and DH5a were used as hosts for generating mutant genes and for general-
purpose cloning, respectively.

For construction of fibrillarin mutants, inverse PCR was conducted using the
following primer sets: for Aa, 5'-TAACTCGAGTGAGATGGGAATTCATCGT
G-3' (DFaF) and 5'-CTCCTCGAGAGTTGGCCTTAATGGAAATC-3' (DFaR);
for AR/a, 5'-TAACTCGAGTGAGATGGGAATTCATCGTG-3' (DFR/aF) and
5'-CTCCTCGAGCGAAATCGAGACTCTCTTCT-3' (DFR/aR); for AR+a, 5'-
TAACTCGAGTGAGATGGGAATTCATCGTG-3 (DFR +/aF) and 5'-CTCCTC
GAGACTGGTTTCCTCTTTTTCCT-3" (DFR+/aR); for AG, 5'-TAACTCGAG
AACCAGTCGGGGAAGAATGT-3' (DFGF) and 5'-CTCCTCGAGACTGAAT
CCTGGCTTCATGG-3' (DFGR). PCR mutagenesis and screening of mutants was
performed as described previously (35).

Immunofluorescence and image analysis. For immunofluorescence analysis,
Marc-145 cells were used for virus infection and HeLa cells were used for N gene
transfection. Cells were seeded on microscope slide coverslips, which were set in
35-mm-diameter dishes, and grew to a confluence of ~50%. The cells were either
infected with PRRSV at a multiplicity of infection of 1 to 5 or transfected with
1.5 pg of pXJ40-N using Lipofectamine (Invitrogen) according to the manufac-
turer’s instructions. At 48 h posttransfection, the cell monolayers were washed
once with phosphate-buffered saline (PBS) and fixed with 3.7% formaldehyde for
10 min at room temperature. The cells were then blocked with 1% bovine serum
albumin in PBS for 30 min at room temperature and permeabilized with 0.1%
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NP-40 for 10 min. After being washed with PBS, the cells were incubated with the
N-specific MAb SDOW17 or human anti-fibrillarin antiserum for 1 h at room
temperature, followed by incubation with goat anti-mouse immunoglobulin G
conjugated with fluorescein isothiocyanate (FITC) or with goat anti-rabbit im-
munoglobulin G conjugated with Texas red dye (Molecular Probes, Eugene,
Oreg.). The coverslips were washed with PBS and mounted on microscope slides
in the presence of 60% glycerol in PBS with 0.1% sodium azide. Fluorescence
was visualized using a laser confocal scanning microscope (model TCS SP2;
Leica Microsystems GmbH, Heidelberg, Germany).

DNA transfection, metabolic labeling, and immunoprecipitation. Cells were
grown to 90% confluence and infected for 1 h at 37°C with vTF7-3 (10) at a
multiplicity of infection of 10. Following infection, fresh medium containing 10%
fetal bovine serum was added, and incubation continued for an additional 1 h.
The cells were washed twice in OPTI-MEM (Invitrogen) and then transfected for
12 h using Lipofectamine according to the manufacturer’s instructions. The
transfection solution was removed, and the cells were starved for 1 h in methi-
onine-deficient medium. The cells were labeled for 5 h in the presence of 50 wCi
of EasyTag EXPRESS protein-labeling mix ([**S]methionine and [>*S]cysteine;
specific activity, 407 MBg/ml; Perkin-Elmer)/ml. At the end of the labeling
period, the cells were harvested, washed twice with cold PBS, and lysed with
RIPA buffer (1% Triton X-100, 1% sodium deoxycholate, 150 mM NaCl, 50 mM
Tris-HCI [pH 7.4], 10 mM EDTA, 0.1% sodium dodecyl sulfate [SDS]) contain-
ing 1 mM phenylmethylsulfonyl fluoride (PMSF). After incubation on ice for 20
min, the cell lysates were centrifuged at 14,000 rpm for 30 min in a microcen-
trifuge (model 5415; Eppendorf), and the supernatants were recovered.

For immunoprecipitation, cell lysates equivalent to 1:15 volume of a 100-mm-
diameter dish were adjusted with RIPA buffer to a final volume of 100 wl and
incubated for 2 h at room temperature with 1 pl of a mixture of N-specific MAbs.
The immune complexes were adsorbed to 7 mg of protein A-Sepharose CL-4B
beads (Amersham Biosciences) for 16 h at 4°C. The beads were collected by
centrifugation at 6,000 rpm in a microcentrifuge (model 5415; Eppendorf) for 2
min and washed twice with RIPA buffer and once with washing buffer (50 mM
Tris-HCI [pH 7.4], 150 mM NaCl). The beads were resuspended in 20 wl of
SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer (10 mM Tris-
HCI [pH 6.8], 25% glycerol, 10% SDS, 0.12% [wt/vol] bromophenol blue) con-
taining 10% B-mercaptoethanol, boiled for 5 min, and analyzed by SDS-12%
PAGE. The gels were dried on filter paper and autoradiographed using a Phos-
phorImager (model SI; Molecular Dynamics).

Protein expression in E. coli and GST pull-down assay. The proteins were
expressed in E. coli as a glutathione S-transfererase (GST) fusion protein.
Briefly, 100 ml of Luria-Bertani medium containing 100 wg of ampicillin/ml was
inoculated with 1/100 of an overnight culture and grown to an optical density of
0.6 at 600 nm. Protein expression was induced with 1 mM IPTG (isopropyl-B-
D-thiogalactopyranoside) for 3 h. The bacteria were collected at 6,000 X g for 10
min, and the pellet was resuspended in 5 ml of PBS and sonicated on ice three
times for 30 s each time with 2-s intervals (model W-385; Ultrasonics Inc.).
Triton X-100 was added to a final concentration of 1%, and the proteins were
solubilized for 30 min at 4°C with constant agitation. The insoluble fraction and
cell debris were removed by centrifugation at 10,000 X g for 10 min at 4°C. The
supernatants were incubated with 100 pl of a 50% slurry of glutathione S-
Sepharose 4B beads (Amersham Pharmacia) for 30 min at 4°C with constant
agitation. The beads bound to the GST fusion proteins were collected at 1,000 X
g, washed five times in PBS containing 1% Triton X-100, and resuspended in a
final volume of 250 pl of binding buffer (20 mM Tris-HCI [pH 7.5], 100 mM KCl,
2 mM CaCl,, 2 mM MgCl,, 5 mM dithiothreitol, 0.5% NP-40, 1 mM PMSF, 5%
glycerol), resulting in a 20% slurry for use in GST pull-down assays.

For GST pull-down assays, radiolabeled viral N protein was produced either in
PRRSV-infected cells or by in vitro transcription-translation. For the authentic
viral N protein, PRRSV-infected Marc-145 cells were radiolabeled 36 h postin-
fection (p.i.) for 8 h with 50 pCi of [**S]methionine (EasyTag EXPRESS pro-
tein-labeling mix of [*°S]methionine and [**S]cysteine; specific activity, 407 MBq/
ml; Perkin-Elmer)/ml. For production of radiolabeled recombinant N protein,
plasmid pCITE-N was transcribed in vitro by T7 RNA polymerase using T7
mMESSAGE mMACHINE (Ambion). The in vitro transcript was translated in
rabbit reticulocyte lysate (Promega) in the presence of 50 pw.Ci of [**S]methionine
(EasyTag EXPRESS)/ml according to the manufacturer’s instructions.

Approximately equal amounts, as judged by Coomassie blue staining, of var-
ious GST fusion proteins complexed to glutathione-Sepharose beads in a 20%
slurry were incubated with the radiolabeled N proteins in binding buffer (20 mM
Tris-HCI [pH 7.5], 100 mM KCl, 2 mM CaCl,, 2 mM MgCl,, 5 mM dithiothreitol,
0.5% NP-40, 1 mM PMSF, 5% glycerol) in a final volume of 400 pl overnight at
4°C with constant agitation. The beads were rinsed five times in binding buffer
and boiled for 5 min in SDS-PAGE sample buffer containing 10% B-mercapto-
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FIG. 1. Cellular distribution of the PRRSV N protein. Marc-145 cells prepared on microscope coverslips were infected with PRRSV (North
American PAS strain) and incubated for 16 h. The cells were fixed with 4% formaldehyde and permeabilized with 0.1% NP-40. The cells were then
stained with the N-specific MAb SDOW17, followed by staining with goat anti-mouse antibody conjugated with FITC. (A) The cells were examined
by fluorescence microscopy (magnification, X40). (B) Nucleolar region under higher magnification (X100), showing the accumulation of
FITC-MADb within regions of the nucleolus. No-N, nucleolar N; Cy-N, cytoplasmic N.

ethanol, and the disassociated proteins were analyzed by electrophoresis in 12%
polyacrylamide gels. The gels were dried and exposed to a PhosphorImager to
obtain radiographic images.

RNase A treatment. GST fusion proteins were bound to glutathione-Sepha-
rose beads as described above and washed once with binding buffer containing 5
mM EDTA. The beads were resuspended in the same buffer containing 100 pg
of RNase A/ml and incubated for 1 h at 37°C. Simultaneously, cell lysate con-
taining radiolabeled N protein was diluted at a ratio of 1:100 in binding buffer
supplemented with 5 mM EDTA containing 100 pg of RNase A/ml, followed by
incubation for 1 h at 37°C. The glutathione-Sepharose beads coupled to the GST
fusion protein were pelleted and resuspended in the RNase-treated cell lysate
and incubated overnight at 4°C for the standard GST pull-down assay.

Western blot analysis. Cell lysates were separated on an SDS- 12% polyacryl-
amide gel under reducing conditions, followed by transfer to a nitrocellulose
membrane in 10 mM 3-[cyclohexamino]-1-propanesulfonic acid buffer (pH 10.4;
Sigma) prepared in 20% methanol. The membrane was blocked with 5% (wt/vol)
skim milk in Tris-buffered saline (TBS; 10 mM Tris HCI [pH 8], 150 mM NaCl)
overnight and washed three times for 5 min each time in TBS containing 0.05%
Tween 20. The membrane was then incubated with N-specific rabbit antiserum at
a dilution of 1:5,000 in 1% bovine serum albumin— TBS for 2 h. The membrane
was washed again and incubated with alkaline phosphatase-conjugated goat
anti-rabbit immunoglobulin G (H+L) (Bio-Rad) at a dilution of 1:5,000 in 1%
bovine serum albumin— TBS for 1 h. Color was developed with BCIP (5-bromo-
6-chloro-3-indolyl phosphate; p-toluidine salt) and nitro blue tetrazolium chlo-
ride (Bio-Rad) in 100 mM Tris-HCI- 100 mM NaCl- 5 mM MgCl, (pH 9.5)
according to the manufacturer’s instructions.

Mammalian two-hybrid assay. The N gene of PRRSV was subcloned down-
stream of the yeast GAL4 DNA binding domain in the pM expression vector
(Clontech), and the human fibrillarin gene was cloned into the pVP16 expression
vector (Clontech) downstream of the activation domain of the herpes simplex
virus VP16 transactivator. The resulting plasmid constructs, pM-N and pVP-
fibrillarin, were cotransfected along with the luciferase reporter plasmid,
p5xGALA4SV40-luc, into HeLa cells. The reporter construct p5xGal4SV40-luc,
which contains the luciferase reporter gene and five copies of the GAL4 DNA
binding sequence upstream of the simian virus 40 promoter, was generously
provided by Milo Vassallo and Naoko Tanese (New York University School of
Medicine, New York, N.Y.). The pM and pVP16 N gene constructs, along with
p5xGaldSV40-luc, were cotransfected into HeLa cells at 50% confluence in a
ratio of 5:5:1 and assayed for reporter gene activity 48 h posttransfection. Lu-
ciferase actvities were determined using the Dual-Luciferase Reporter Assay kit
(Promega) according to the instructions of the manufacturer. In this system,
Renilla luciferase was included in all transfections, and the Renilla activities were
used to normalize the transfection efficiencies.

In vitro transcription and translation. To generate an RNA probe for North-
western blot assay, the full-length cDNA clone of PAS virus genomic RNA,
including a polyadenylation tail of 72 A’s at the 3’ terminus followed by a unique
Notl site, was assembled and placed under the T7 promoter. The entire cassette
was cloned in pOK12, named pOK12-PAST7 (unpublished data), which was then

used as a template for synthesis of the RNA probe. The full-length cDNA clone
was linearized with NorI and used as a template to generate noncapped RNA
using the MEGAscript kit (Ambion, Inc.) in accordance with the manufacturer’s
instructions. A transcription reaction mixture (20 wl) contained 10 wCi of
[«-*?P]JUTP (3,000 Ci/mmol; 370 MBg/ml) (Perkin-Elmer). For fibrillarin,
pClneo-fibrillarin was transcribed and translated using the rabbit reticulocyte
lysate transcription-translation system (TNT; Promega) in the presence of 50 pCi
of [*S]methionine (EasyTag EXPRESS)/ml according to the manufacturer’s
instructions.

Northwestern in vitro RNA binding assay. The nucleocapsid proteins were
isolated from PRRS virions, N-gene-transfected HeLa cells, or PRRSV-infected
cells by immunoprecipitation as described above. Virions were isolated from the
precleared culture medium of virus-infected Marc-145 cells by centrifugation at
100,000 X g for 60 min at 4°C. Samples were then separated by SDS-PAGE and
transferred to 0.45-um-pore-size nitrocellulose membranes by using a wet-trans-
fer apparatus (Bio-Rad Laboratories) for 1 h at 280 mA. The membranes were
washed in probe buffer (10 mM Tris-HCI [pH 7.5], 50 mM NaCl, 1 mM EDTA,
1X Denhardt’s solution) for 10 min at room temperature, followed by blocking
in the same buffer containing 250 g of of baker’s yeast tRNA (Roche Molecular
Biochemicals)/ml for 1 h. The RNA probe used for the Northwestern RNA
binding assay corresponded to the full-length genomic sequence of PRRSV
strain PA8. The RNA probe was generated by in vitro transcription of the
full-length genomic cDNA clone in the presence of [a->*PJUTP (3,000 Ci/mmol;
370 MBg/ml) (Perkin-Elmer). The membranes were incubated with 3?P-labeled
PRRSV RNA for 1 h at room temperature in probe buffer and then washed in
the same buffer three times at room temperature before exposure to a Phospho-
rImager.

RESULTS

Colocalization of PRRSV N and fibrillarin in the nucleolus.
The nucleolar localization of the N protein was first examined
in Marc-145 cells infected with the PRRSV strain PAS, which
is a typical North American isolate. Virus-infected cells were
stained with the N-specific MAb SDOW17 labeled with FITC
and viewed under a fluorescence microscope. In addition to
the typical cytoplasmic distribution of the N protein, the accu-
mulation of N in the nucleolus was evident 16 h p.i. A repre-
sentative photograph showing the N protein in the nucleolus of
an infected cell is presented in Fig. 1A. Further magnification
of the same cell showed that the N protein staining was not
uniformly distributed throughout the nucleolus but rather in
clusters, which were evident in regions with intense FITC stain-
ing (Fig. 1B).
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FIG. 2. Colocalization of the N protein with fibrillarin in the nucleolus. Marc-145 cells prepared on microscope coverslips were infected with
PRRSYV and incubated for 16 h (A through C). Alternatively, HeLa cells were transfected with the N gene for 24 h (D though F). The cells were
fixed with 4% formaldehyde and permeabilized with 0.1% NP-40. The cells were then costained with rabbit serum specific for N and human
autoimmune serum specific for fibrillarin, followed by staining with goat anti-rabbit antibody conjugated with Texas red and goat anti-human
antibody conjugated with FITC. The cells were examined by laser scanning confocal microscopy. (A, B, and C) PRRSV-infected cell costained with
N-specific rabbit antiserum (red) and fibrillarin-specific human autoimmune serum (green). The intensely stained green spots correspond to the
dense fibrillar component, which surrounds the fibrillar center. (D, E, and F) N gene-transfected and costained cells. The yellow regions in panels
C and F are the areas where FITC and Texas red colocalized. No-N, nucleolar N; Cy-N, cytoplasmic N; Fibn, fibrillarin; Cajal, coiled body.

Magnification, X100.

The nucleolus is structurally divided into three major sub-
compartments: the fibrillar center, a dense fibrillar component,
and a granular component (14). Investigation of the possible
association of N with specific nucleolar components began with
experiments to determine if the N protein colocalized with
fibrillarin, a protein whose distribution is almost exclusively
restricted to the dense fibrillar component that surrounds the
fibrillar centers in the mammalian nucleolus (5). Dual-label

immunofluorescence staining was conducted using FITC-la-
beled fibrillarin-specific antiserum and Texas red-labeled anti-
N-specific rabbit serum raised against the N protein. The sub-
nucleolar distribution of FITC-labeled antibody was consistent
with the localization of fibrillarin within the dense fibrillar
component region of the nucleolus (Fig. 2B and E). Figure 2B
and E also shows the localization of fibrillarin to a single Cajal
(coiled) body. In contrast, the PRRSV N protein was widely
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distributed throughout the cell, including the cytoplasm and
the nucleoplasm (Fig. 2A and D). In addition, the N protein
was seen to accumulate in what appeared to be the dense
fibrillar component and the surrounding region (Fig. 2A). The
merging of the two images showed a yellow region of colocal-
ization (Fig. 2C), which corresponded to the dense fibrillar
component and the fibrillar centers within the nucleolus.
Fibrillarin and the N protein did not colocalize in the nucleo-
plasmic region surrounding the nucleolus (Fig. 2C) or in the
cytoplasm, suggesting that colocalization was restricted exclu-
sively to the nucleolus. Interestingly, N staining was not ob-
served in the Cajal body (see Discussion).

To determine if the N-fibrillarin colocalization required the
participation of other viral proteins, the N gene was cloned
into the eukaryotic expression vector pCi-Neo and transfected
into Marc-145 cells, followed by dual immunofluorescent stain-
ing (Fig. 2D and E). Similar to the results obtained for virus-
infected cells, N and fibrillarin colocalized to the fibrillar re-
gion within the nucleolus (Fig. 2F), but not to the nucleoplasm
or the cytoplasm. Diffused staining of N in the nucleoplasm
was weaker in N gene-transfected cells (Fig. 2D) than in virus-
infected cells (Fig. 2A). Previously, it was reported that the
PRRSV N protein subcellular distribution was mainly nuclear
and nucleolar during the early stage of infection (6 to 20 h p.i.),
and by 30 to 48 h p.i., it became exclusively cytoplasmic (36).
The intensity of the nucleoplasmic staining was also reflected
by the accumulated N protein and the kinetics of the protein
shuttling. The weaker signal observed in Fig. 2C was probably
due to these factors. Nonetheless, the N protein localization in
the nucleoplasm was obvious even in transfected cells. These
data show that the N protein alone is able to colocalize with
fibrillarin in the region of the nucleolus that corresponds to the
dense fibrillar component and fibrillar center regions of the
nucleolus.

The N protein interacts with fibrillarin in vivo and in vitro.
The mammalian two-hybrid assay was used to determine if N
and fibrillarin formed a physical association in vivo. The N
gene of PRRSV was subcloned downstream of the yeast GAL4
DNA binding domain in the pM expression vector, and the
fibrillarin gene was cloned into pVP16 downstream of the
activation domain of the herpes simplex virus VP16 transacti-
vator. The resulting plasmids, pM-N and pVP-fibrillarin, were
cotransfected along with a luciferase reporter plasmid,
p5xGal4SV40-luc, into HeLa cells. At 48 h posttransfection,
cell lysates were prepared and luciferase activity was measured.
An ~5-fold increase in luciferase activity was observed in cells
cotransfected with the N and fibrillarin genes relative to lysates
prepared from cells transfected with the control plasmids, pM
and pVP16, or pM and pVP-fibrillarin (Fig. 3). Since the N
protein itself is known to form homodimers in vivo (37), cells
transfected with pM-N and pVP-N (the N gene cloned into
pVP16) were included as a positive control. The level of lucif-
erase activity was similar to that of the cells transfected with
pM-N and pVP-fibrillarin. These results indicate that N and
fibrillarin have the capacity to interact in vivo.

The capacity for interaction between N and fibrillarin was
further determined in vitro by the GST pull-down assay. Fibril-
larin was expressed as the GST-fibrillarin fusion protein in E.
coli and coupled to glutathione-Sepharose beads. Cells were
infected with PRRSV and radiolabeled with [>**S]methionine.
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FIG. 3. Interaction of the N protein with fibrillarin in vivo deter-
mined by the dual-luciferase reporter assay in the mammalian two-
hybrid system. HeLa cells were cotransfected with pM-N and pVP-
fibrillarin, along with the reporter plasmid pSXGAL4SV40-luc, in a
ratio of 5:5:1. The cells were harvested 48 h posttransfection, and
luciferase activities were measured. The data represent the means of
three independent experiments plus 1 standard deviation after nor-
malization using Renilla luciferase expression as an internal control.

Labeled-cell lysates were then incubated with glutathione-
Sepharose beads bound to either GST or the GST-fibrillarin
fusion protein. After extensive washing, any labeled proteins
bound to the GST-fibrillarin coupled beads were dissociated in
the presence of B-mercaptoethanol and resolved by SDS-
PAGE, followed by autoradiography (Fig. 4A). The N protein
specifically immunoprecipitated from purified virions by MAb
SDOWI17 served as a positive control and molecular size
marker (lane 1). GST alone did not precipitate any detectable
amounts of radiolabeled protein from virus-infected cells (lane
2). Incubation of the GST-fibrillarin fusion protein with
PRRSV-infected cell lysates resulted in the precipitation of a
protein that migrated identically to the one immunoprecipi-
tated by SDOW17 (compare lanes 1 and 4). Since N forms
stable homodimers via covalent and noncovalent interactions
(37), GST-N was included to precipitate radiolabeled N from
virus-infected cells and, in lane 3, showed the recovery of a
labeled protein identical in size to the proteins specifically
precipitated with MAb SDOW17 and GST-fibrillarin.

The identification of the protein precipitated in the GST
pull-down assay as the N protein was further confirmed by
immunoblot analysis. Following electrophoresis, the proteins
on the gel were transferred to a nitrocellulose membrane and
probed with N-specific rabbit antiserum (Fig. 4B). The N pro-
tein was detected in the PRRSV-infected cell lysate (lane 2)
and in lane 6, where the cell lysate reacted with GST-fibrillarin.
These data demonstrate that the protein specifically precipi-
tated by GST-fibrillarin and therefore detected in the GST
pull-down assay was indeed the PRRSV N protein.
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FIG. 4. Interaction of the N protein with fibrillarin in vitro mea-
sured by the GST pull-down assay. Human fibrillarin was expressed in
E. coli as a GST-fibrillarin fusion protein. The GST-fibrillarin fusion
protein was coupled to glutathione-Sepharose beads in a 20% slurry
and incubated with N protein prepared as lysates from cells infected
with virus in the presence of [**S]methionine. The beads were washed
five times in binding buffer and dissociated by boiling them in sample
buffer followed by SDS- 12% PAGE. The gel was dried and either
exposed to a PhosphorImager to obtain radiographic images (A) or
subjected to Western blotting using N-specific rabbit antiserum (B).
(A) Bead binding assay. Lane 1, immunoprecipitation of purified viri-
ons using MAb SDOW17; lanes 2 through 4, precipitation of N by GST
alone as a negative control, GST-N, or GST-fibrillarin (GST-Fibn),
respectively. +, present. (B) Immunoblot assay. Lane 1, molecular
mass markers; lane 2, purified virions probed with N antibody; lanes 4
and 6, PRRSV-infected cell lysates precipitated with GST or GST-
fibrillarin. Lanes 3 and 5 represent lysates from uninfected cells pre-
cipitated with GST or GST-fibrillarin.

Identification of interactive domains on PRRSV N and
fibrillarin. Since the N protein was found to interact with
fibrillarin, a mapping study was conducted to identify the fibril-
larin-interactive domain using a series of deletion mutants.
The N gene was progressively deleted from either the 5' ter-
minus or the 3" terminus (Fig. 5A), and each deletion construct
was expressed in E. coli as a GST fusion protein. Approxi-
mately equal amounts of mutant proteins, determined by Coo-
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massie blue staining, were individually coupled to glutathione-
Sepharose beads. Fibrillarin was then synthesized by in vitro
transcription translation in the presence of [**S]methionine
and added as a probe to the Sepharose beads to determine the
N-fibrillarin interactions by the GST pull-down assay (Fig. 5A).
The C terminus N protein mutants, C11, C50, C66, and C86,
and the N terminus mutants, N18 and N30, bound to fibrillarin.
Correspondingly, C98, N52, and N69, which lacked the 30-
to-37 amino acid region, did not interact with fibrillarin. From
these results, a conclusion was made that the region between
positions 30 and 37 was responsible for the interaction of N
with fibrillarin.

We also investigated the N protein-interactive domain
within fibrillarin. Human fibrillarin is a 321-amino-acid protein
that contains three distinct domains (4). Fibrillarin begins with
a glycine- and arginine-rich (GAR) domain, followed by a
stretch of amino acids resembling a domain of putative RNA
binding, and the C terminus, which contains the highest po-
tential for a-helix conformation (4). To map the N-interactive
domain of fibrillarin, four constructs were made such that each
of these three domains was included or excluded (Fig. 5B). The
fibrillarin mutants were expressed as GST fusion proteins in E.
coli, which were then each bound to glutathione-Sepharose
beads. The fibrillarin-bound beads were incubated with the
radiolabeled cell lysate prepared from PRRSV-infected cells
and subjected to the GST pull-down assay. Of the four mu-
tants, only mutants containing the GAR domain were able to
precipitate the N protein (Fig. 5B).

RNA binding of PRRSV N. For PRRSV, the genomic RNA
and the polymerized N protein are thought to be the sole
components of the viral nucleocapsid, suggesting that N has a
direct interaction with viral genomic RNA. The interaction
between N and genomic RNA was examined by Northwestern
RNA blot analysis, and the results are shown in Fig. 6. The N
protein from either virus-infected cells (Fig. 6A, lane 2) or
purified virions (Fig. 6A, lane 3) was resolved by SDS-PAGE
and transferred to a nitrocellulose membrane. Since it is un-
known if a particular region of the viral genomic RNA is
required for N protein binding, the full-length genomic RNA
was used as a probe. The radiolabeled RNA probe was syn-
thesized in vitro by transcription of the full-length viral
genomic cDNA clone placed under the T7 promoter (unpub-
lished data). The N protein-bound membrane was then probed
with the transcribed viral RNA. A single protein was hybrid-
ized to the viral RNA for both PRRSV-infected cells (Fig. 6A,
lane 2) and PRRSYV virions (lane 3). No signal was detected
from uninfected cells (lane 1). These results demonstrate that
the PRRSV N protein has the capacity to bind viral genomic
RNA. RNA binding was also observed using recombinant N
protein expressed in the T7-based vaccinia virus system (Fig.
6B, lane 5) or the GST-N fusion protein expressed in E. coli
(Fig. 6C, lane 8). Since the E. coli-expressed GST-N protein
was unphosphorylated (unpublished data), lane 8 suggests that
RNA binding is independent of N protein phosphorylation.

To identify the RNA binding domain of N, deletion mutants
of N were used for RNA blot analysis (Fig. 7). Individual N
mutants were expressed in E. coli as a GST fusion protein, and
approximately equal amounts of mutant proteins were loaded
on a gel, followed by transfer onto a nitrocellulose membrane.
The membrane was then probed with in vitro-transcribed >?P-
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FIG. 5. Identification of the fibrillarin (Fibn) binding domain of N (A) and the N protein-interactive domain of fibrillarin (B). The N gene was
progressively deleted from either the 5’ or the 3’ terminus, and the deletion mutants were individually expressed in E. coli as GST fusion proteins.
For fibrillarin, deletion constructs were generated by inverse PCR as described in Materials and Methods, and the individual mutants were
expressed as GST fusion proteins in E. coli. The expressed N or fibrillarin mutant proteins were coupled to glutathione-Sepharose beads, and the
Sepharose beads were complexed with radiolabeled fibrillarin synthesized in vitro by transcription translation (A) or with cell lysates prepared from
PRRSV-infected, [**S]methionine-labeled Marc-145 cells (B). The beads were washed five times, and the bound protein was analyzed by
SDS-PAGE and autoradiography. WT, wild-type; N-N, N protein-N protein interactive domain (37); NLS, nuclear localization signal (24); B,
B-strand conserved among arteriviruses (35); GAR, glycine-arginine rich domain (4); RNA, RNA binding domain; «, a-helix domain; IP-N,
immunoprecipitation of N. + and — indicate binding affinity between N and fibrillarin; the numbers indicate amino acid positions.

labeled full-length genomic RNA. The genomic RNA bound
efficiently to the constructs containing a region of amino acids
37 to 57 (Fig. 7, WT-N, C50, C66, N18, and N30), but the
constructs lacking this region (C89, C98, N52, and N69) did not
bind to the RNA. From this study, we concluded that the RNA
binding domain of N lies between amino acids 37 and 57, which
overlaps the "pat7’ NLS sequence located at positions 41 to 47.

Since the PRRSV N protein is found both in the cytoplasm,
where the viral RNA coexists with N, and in the nucleolus,
where the viral RNA is absent but rRNA is abundant, it was of
interest to examine if the PRRSV N protein was able to bind
rRNA. The viral N or GST-N fusion protein was resolved by
SDS-PAGE and blotted onto a nitrocellulose membrane. The
membrane was then hybridized, in the presence of yeast tRNA,
with radiolabeled total cellular RNA prepared from uninfected
Marc-145 cells (Fig. 8A). Both the GST-N fusion protein ex-
pressed in E. coli (Fig. 8A, lane 3) and the authentic viral N

protein immunoprecipitated from virions (Fig. 8A, lane 4)
bound the cellular RNA. As a control, the individual viral
proteins from virion particles were resolved, immobilized on
nitrocellulose, and then probed with the RNA (Fig. 8A, lane
5). Only the N protein bound cellular RNA.

N protein binding to cellular RNA was further elucidated
using a probe for each subunit of rRNA (Fig. 8B). Total cel-
lular RNA was prepared from Marc-145 cells and resolved by
gel electrophoresis. Both 28S and 18S rRNAs were located by
staining and purified from the gel (data not shown). The pu-
rified rRNA subunits were radiolabeled in vitro and hybridized
to the membrane to which N was bound. Both the GST-N and
virion N proteins were hybridized by each of the 28S (Fig. 8B,
lane 2) and 18S (Fig. 8B, lane 5) rRNAs, demonstrating that
PRRSV N binds to both subunits of rRNA. Minor bands were
also observed for the E. coli-expressed GST-N protein (Fig.
8B, lanes 2 and 5), and the same bands were detected by the
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FIG. 6. Binding of the N protein to the viral genomic RNA. PRRS virions or PRRSV-infected cells were immunoprecipitated using MAb
SDOW17 and resolved by SDS-PAGE, followed by transblotting to a nitrocellulose membrane. PRRSV full-length genomic RNA was synthesized
in vitro from the full-length cDNA clone of PRRSV using T7 RNA polymerase in the presence of [a-**PJUTP. The protein-bound membrane was
probed with the radiolabeled RNA transcript for 1 h at 37°C, followed by exposure to a PhosphorImager. (A) Authentic viral proteins. Marc,
Marc-145 cells. (B) Recombinant N protein synthesized by T7-based vaccinia virus expression. Lane 4, T7 RNA polymerase expressing recom-
binant vaccinia virus (vVIF7)-infected cells; lane 5, vIF7-infected and pCITE-N gene-transfected cells; lane 6, PRRS virions immunoprecipitated
using MAb SDOW17. (C) E. coli-expressed GST fusion proteins. Lane 7, GST alone; lane 8, GST-N fusion protein; lane 9, GST-rotavirus VP8
fusion protein as a negative control.

total-RNA probe (Fig. 8A, lane 3). The specificities of these cessing of the pre-rRNA via ribose methylation at specific sites.

bands were not further ascertained. Since the N protein possessed the capacity to bind both viral
Involvement of RNA in the interaction of N with fibrillarin. genomic RNA and rRNA, we wished to examine whether
Fibrillarin is an RNA binding protein in the nucleolus. Fibril- RNA was involved in the interaction between fibrillarin and N.
larin binds to pre-rRNA and participates in the precise pro- For this experiment, the GST-fibrillarin fusion protein was
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FIG. 7. Identification of the N protein RNA binding domain. The N gene deletion mutants were individually expressed in E. coli as GST fusion
proteins. The individual proteins were resolved by SDS-PAGE and transferred to nitrocellulose membranes in equal amounts. The membranes
were probed with the [*P]JUTP-labeled full-length PRRSV genomic RNA transcribed in vitro by T7 RNA polymerase. After being washed, the
membrane was exposed to a PhosphorImager for image analysis. WT, wild-type; N-N, N protein-N protein interactive domain (37); NLS, nuclear
localization signal (24); B, B-strand conserved among arteriviruses (35). The numbers indicate amino acid positions; + and — indicate binding
affinity of N to the viral genomic RNA (VRNA).
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FIG. 8. Binding of the N protein to rRNA. Either the GST-N fusion protein expressed in E. coli or the purified PRRS virions (A, lanes 4 and
5; B, lanes 3 and 6) was resolved by SDS-PAGE and transferred to membranes. The membranes were hybridized with the total cellular RNA (A) or
with either 28S or 18S rRNA (B) extracted from uninfected Marc-145 cells. The RNAs were radiolabeled in vitro using [y->*P]ATP and
polynucleotide kinase. N-IP, N immunoprecipitated using MAb SDOW17; GST-VPS8, GST fused with rotavirus VPS8 protein.

immobilized on glutathione-Sepharose beads and incubated
with the radiolabeled N protein prepared from virus-infected
cells in the presence of RNase (Fig. 9A). Since the N-N inter-
action is RNA dependent (37), the capacity of immunobilized
N to pull down N was included as a control (lanes 5 and 6). In
addition, we found that another nucleolar protein, nucleolin
(C23), was able to bind to the PRRSV N protein (unpublished
data), and therefore nucleolin as a GST fusion protein was
included as another control (lanes 7 and 8). N immunoprecipi-
tated with MAb SDOW17 was used as a marker (lanes 1 and
2). In the absence of RNase, the N protein bound GST-N (lane

5), GST-nucleolin (lane 7), and GST-fibrillarin (lane 9). After
the addition of RNase A, at a concentration of 100 pg/ml, the
N-[GST-N] and N[GST-fibrillarin] interactions were inhibited
(lanes 6 and 10). This concentration of RNase did not affect
the ability of N to bind to GST-nucleolin, demonstrating that
the conditions used for RNase treatment did not affect the
stability of the labeled N protein (lane 8). These data indicate
that the presence of RNA is required for the N-fibrillarin
interaction.

The binding of fibrillarin to the phosphorylated form of N
was studied using the inorganic **P-labeled N protein prepared

[
NP GST  GST-N GST-Ncl GST-Fibn >z i
+ + + + + RN = 5 c'TIJ (|TIJ
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FIG. 9. Involvement of RNA in the interaction of fibrillarin and N. (A) The GST-fibrillarin (Fibn) fusion protein was expressed in E. coli and
subjected to a GST pull-down assay in the presence of 100 wg of RNase A/ml. The GST-fibrillarin-bound Sepharose beads were incubated with
the [**S]methionine-labeled N protein prepared from virus-infected cells. The beads were washed, and the bound proteins were resolved by
SDS-PAGE followed by autoradiography. Nucleolin as a GST fusion protein (GST-Ncl) was included as a control. N-IP, the immunoprecipitated
N protein as a molecular mass marker. (B) GST pull-down assay using the phosphorylated N protein radiolabeled in vivo with inorganic
[**P]orthophosphate upon virus infection. GST fusion proteins were subjected to a GST pull-down assay using the **P-labeled N protein as the

probe prepared from cells infected by PRRSV.
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from PRRSV-infected cells (Fig. 9B). The results showed that
GST-fibrillarin bound the **P-N protein. Together with the
results shown in Fig. 6, these data show that both the phos-
phorylated and unphosphorylated forms of N are capable of
binding fibrillarin and RNA.

DISCUSSION

We have shown that the PRRSV N protein colocalizes with
fibrillarin in the nucleoli of virus-infected cells and in N-gene-
transfected cells. Fibrillarin and the N protein colocalized in
the fibrillar region of the nucleolus, most notably in the regions
associated with the dense fibrillar component, but not in the
granular component surrounding the fibrillar regions, in Cajal
(coiled) bodies, or in the nucleoplasm. The specific interaction
between N and fibrillarin was biochemically confirmed in vivo
by the mammalian two-hybrid assay and in vitro using the
GST-fibrillarin pull-down assay. In both assays, the degree of
interaction of N with fibrillarin was comparable to N interact-
ing with itself, indicating that N and fibrillarin form a relatively
stable heterocomplex. The interactive domains of both N and
fibrillarin were mapped using deletion constructs. For N, eight
amino acids (IAQQNQSR) at positions 30 to 37 were identi-
fied as the binding domain with fibrillarin. Interestingly, this
string of amino acids was previously mapped as the region
which participated in the formation of the N-N interaction
(37). This region corresponds to a relatively hydrophilic region
of N and forms part of the conformational epitope recognized
by MAb SDOW17 (35). Therefore, this domain is likely to be
exposed to the aqueous environment rather than sequestered
internally. Due to the high concentration of amide-containing
asparagine (N) and glutamine (Q) residues, it is possible that
this region mediates relatively strong hydrogen bonding for the
formation of protein-protein interactions (40), such as N-N
interactions and N-fibrillarin interactions. For fibrillarin, the N
protein binding domain was mapped to the 80 amino acids at
the N terminus. This region contains as many as 46 glycines
(G) and 13 arginines (A) in a stretch of 70 residues and is
referred to as the GAR domain. The biological function of the
GAR domain is unclear.

The localization of viral nucleolar proteins to the nucleolus
generally occurs through the interactions of basic regions on the
viral protein with stretches of acidic residues on nucleolar pro-
teins, such as B23 and nucleolin (C23) (11, 28). Upon binding
viral protein in the cytoplasm or in the nucleus, B23 and nucleolin
can function as shuttle proteins, directing the transport of viral
proteins across the nuclear pore complex into the nucleoplasm
and then to the nucleolus. The PRRSV N protein contains two
domains enriched with basic amino acid residues, which may
function as a potential recognition sequence for B23 and nucleo-
lin. Unlike nucleolin and B23, however, fibrillarin lacks corre-
sponding stretches of positively charged residues. Furthermore, it
has been shown that the N protein has the ability to bind to
importin-a and importin-g8 (unpublished data); both play essen-
tial roles in the nuclear transport of a protein through the nuclear
pore complex. Therefore, it is assumed that N protein transport to
the nucleolus is perhaps mediated via the importin-o/B-based
pathway and/or the B23/nucleolin-based pathway rather than via
the involvement of fibrillarin (Fig. 9, lanes 7 and 8 [N interacts
with nucleolin]). The role of N during its interaction with fibril-
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larin may represent a unique function of N in the nucleolus.
Fibrillarin-N protein complex formation appears to be restricted
to the dense fibrillar component and nearby regions of the nu-
cleolus and to be associated with box C/D snoRNAs to form
snoRNP complexes. These snoRNAs contain an antisense ele-
ment complementary to rRNAs, and the antisense snoRNAs
function as the guide for snoRNPs in the dense fibrillar compo-
nent. The snoRNPs then participate in the site-specific 2'-O-
ribose methylation of the pre-rRNA, the precise pre-rRNA cleav-
age processing, and assembly of ribosomal subunits (30, 31). In
fact, the crystal structure of fibrillarin revealed a methyltrans-
ferase-like domain in the C-terminal region (34). Since fibrillarin
and N function as RNA binding proteins (Fig. 8) (4, 34), colocal-
ization to the same site may reflect a common RNA binding
function. We have shown that the N-fibrillarin interaction re-
quires RNA. Since replication of the PRRSV genomic RNA is
restricted to the cytoplasm and since fibrillarin exists mainly in the
nucleus and nucleolus, it is unlikely that the viral genomic RNA
participates in the N and fibrillarin interactions. Rather, rRNA—
presumably precursor rRNA, which is abundantly present in the
dense fibrillar component where the N-fibrillarin colocalization is
detected—may be the RNA species participating in this interac-
tion in the nucleolus. Indeed, we have shown that the N protein
was able to bind to rRNA (Fig. 8), and both 28S and 18S rRNAs
were capable of binding to N. A possibility is that N and fibrillarin
may compete for the same rRNA substrate in the dense fibrillar
component of the nucleolus, which may result in the modification
of fibrillarin function in virus-infected cells. Alternatively, the
binding of nucleolar RNAs in the fibrillar region may direct a
conformational change in N sufficient to facilitate a stable inter-
action with other nucleolar proteins, such as fibrillarin, and sub-
sequently to allow the N protein to counterregulate fibrillarin
function, such as site-specific methylation, leading to uncontrolled
cleavages of pre-rRNA. This hypothesis is further supported by
the observation that the colocalization of N and fibrillarin did not
occur in the Cajal body (Fig. 2B and E), where unlike in the
nucleolus, rRNA is absent (6). Studies are in progress to examine
a modulatory function of N for fibrillarin, such as RNA methyl-
ation.

Previously, it was shown that the phosphorylated form of N
was found in both the cytoplasm and the nucleoplasm, suggest-
ing that phosphorylation was not a determinant for the nuclear
localization of N (36). In the present study, we show that the N
protein binds to the viral genomic RNA via a region containing
amino acids 37 to 57 (Fig. 7). This region includes the putative
NLS situated at positions 41 to 47. It is postulated, therefore,
that RNA binding may be a determinant for N protein nuclear
localization. When the viral genomic RNA accumulates and
binds to the N protein in the cytoplasm, presumably at a later
stage of infection, the NLS of N is masked by the bound RNA.
In this scenario, the N-RNA complex becomes a viral capsid
and is utilized to constitute virions during virus assembly.
When the N protein is naked, however (for example, at an
early stage of infection, when the N protein concentration
surpasses the genomic RNA in the molar ratio), the NLS of N
is exposed and recognized by importin-a and importin-, lead-
ing to the transport of the cargo protein through the nuclear
pore complex into the nucleus. In the nucleus, importin-a and
-B dissociate, and the N protein is further transported to the
nucleolus, perhaps by nucleolin or B23, and more specifically
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to the dense fibrillar component, where N binds to fibrillarin
with the help of rRNA. Through this series of interactions, N
may play an important role during the early stage of virus
infection to modify the function of fibrillarin toward an active
production of the virus.

The nuclear and nucleolar distribution of the viral capsid
protein has been observed in other members of the order
Nidovirales and the families Arteriviridae (equine arteritis virus
[29]) and Coronaviridae (15, 38). The nucleocapsid proteins of
coronaviruses, such as infectious bronchitis virus, transmissible
gastroenteritis virus, and mouse hepatitis virus, have been re-
ported to localize to the nucleoli of infected cells (39). Among
these viruses, it is of particular interest that the nucleocapsid
proteins of avian infectious bronchitis virus and mouse hepa-
titis virus colocalize with two nucleolar antigens, fibrillarin and
nucleolin (9). Thus, colocalization and specific interaction of
the nucleocapsid protein with fibrillarin may be a common
feature of nidoviruses. Elucidation of the role that the nidovi-
rus N protein plays in the nucleolus may provide insight into
the mechanisms of viral strategies that alter host cell functions,
possibly by modulating host protein synthesis and the cell cycle
during virus replication.
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