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The nucleocapsid (N) proteins of the North American (type II) and European (type I) genotypes of porcine reproductive and re-
spiratory syndrome virus (PRRSV) share only approximately 60% genetic identity, and the functionality of N in both genotypes,
especially its role in virion assembly, is still poorly understood. In this study, we demonstrated that the ORF7 3= untranslated
region or ORF7 of type I is functional in the type II PRRSV background. Based on these results, we postulated that the cysteine at
position 90 (Cys90) of the type II N protein, which corresponds to an alanine in the type I protein, is nonessential for virus infec-
tivity. The replacement of Cys90 with alanine confirmed this hypothesis. We then hypothesized that all of the cysteines in the N
protein could be replaced by alanines. Mutational analysis revealed that, in contradiction to previously reported findings, the
replacement of all of the cysteines, either singly or in combination, did not impair the growth of either type II or type I PRRSV.
Treatment with the alkylating agent N-ethylmaleimide inhibited cysteine-mediated N dimerization in living cells but not in re-
leased virions. Additionally, bimolecular fluorescence complementation assays revealed noncovalent interactions in living cells
among the N and C termini and between the N-terminal and C-terminal regions of the N proteins of both genotypes of PRRSV.
These results demonstrate that the disulfide linkages mediating the N dimerization are not required for PRRSV viability and
help to promote our understanding of the mechanism underlying arterivirus particle assembly.

Porcine reproductive and respiratory syndrome virus (PRRSV)
is an enveloped, single-stranded, positive-sense RNA virus be-

longing to the family Arteriviridae in the order Nidovirales, which
also includes the families Coronaviridae and Roniviridae (7, 8, 16,
47). Other members of the family Arteriviridae include equine
arteritis virus (EAV), lactate dehydrogenase-elevating virus
(LDV), and simian hemorrhagic fever virus (SHFV) (47). The
PRRSV genome is about 15 kb in length, and the coding region is
flanked by untranslated regions (UTRs) at each end (the 5= and
3=UTR, respectively) (36). The genome contains at least 10 open
reading frames (ORFs), of which ORF1a and ORF1b encode the
two long nonstructural polyproteins pp1a and pp1ab and ORF2 to
ORF7 encode at least eight structural proteins, glycoprotein 2
(GP2), small envelope (E), GP3, GP4, GP5, ORF5a, membrane
(M), and nucleocapsid (N) (13, 25, 35, 36, 47, 56, 61). The struc-
tural proteins are expressed from a set of coterminal subgenomic
mRNAs (sgmRNAs), which are synthesized by a unique discon-
tinuous transcription strategy (40). The transcription-regulating
sequence (TRS) of the leader (5=UTR) and the downstream body
TRS (TRS-B) preceding the ORF coding region of each structural
protein in the viral genome are believed to play key roles in medi-
ating this process.

Based on genetic and antigenic differences, PRRSV strains are
classified into two distinct genotypes, North American (type II)
and European (type I), represented by VR-2332 (4) and Lelystad
virus (LV) (53), respectively. It is surprising that these two geno-
types, which were identified almost simultaneously as the caus-
ative agents of what was then known as blue-ear disease on two
different continents, share only approximately 60% nucleotide
sequence identity between the overall genomes (1, 14, 18, 34, 39).

The N protein, encoded by ORF7, comprises 123 and 128
amino acids for type II and type I PRRSVs, respectively (47). The
N protein is a basic protein and has been shown to be a serine-
phosphoprotein (58). It has been detected not only in the cyto-
plasm but also in the nucleus and nucleolus, and a nuclear local-

ization signal has been identified (42, 43). The N-terminal half of
the N protein is presumed to be mostly disordered and involved in
RNA binding (12, 62), while the C terminus is believed to be the
conformation-determining region of the protein (37, 55, 57). As
the sole protein component of the viral nucleocapsid, the N pro-
tein has been reported to interact with itself through covalent and
noncovalent mechanisms (59). The type II PRRSV N protein con-
tains three conserved cysteine residues at positions 23, 75, and 90;
cysteine 23 (Cys23) is capable of forming N-N disulfide linkages
(59). Cysteine-to-serine mutational analysis using an infectious
cDNA clone confirmed this property and also revealed that the
cysteine at position 90 (Cys90) is essential for virus infectivity
(31). This raised the question of how the type I N protein is able to
function despite having no cysteine corresponding to the type II N
Cys90. Indeed, the cysteine residue number patterns in N protein
are highly divergent among the different arterivirus family mem-
bers. There are only two cysteines in the N protein of the type I
PRRSV and LDV, and there are none in EAV or SHFV (10, 15, 28,
36).

The N protein is critical for genome encapsidation and virion
assembly. Although the crystal structure of a partial N protein
from type II PRRSV has been determined (11), the exact struc-
ture-function relationship is still poorly understood. Knowing
that the N proteins of the two PRRSV genotypes are genetically
and antigenically diversified, we explored the possibility of engi-
neering chimeric PRRSVs containing heterologous ORF7 (N
gene) and/or 3=UTR sequences, presuming that such constructs
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could be helpful to dissect the functionality of the N protein and
elucidate the mechanism of virion assembly. Here, we demon-
strate that the distantly related N protein of a type I virus is func-
tional in the genetic background of a type II PRRSV. Site-directed
mutagenesis demonstrated that all of the N protein cysteines are
nonessential for virus infectivity for both genotypes of PRRSV.
Although the disulfide-linked N dimers still were present in ma-
ture virions, our results reveal that the cysteine-mediated N-N
disulfide linkage is not required for porcine arterivirus viability in
cultured cells.

MATERIALS AND METHODS
Cells, plasmids, and reagents. MARC-145 cells were cultured as de-
scribed in our previous study (49). The infectious cDNA clone pAPRRS
(GenBank accession no. GQ330474) was derived from the type II PRRSV
strain APRRS (63). The infectious cDNA clone pSHE (GQ461593) was
derived from the type I strain SHE (49). These two clones were modified
to be driven by the eukaryotic cytomegalovirus (CMV) promoter as pre-
viously described (31). The mammalian expression vector pCAGGS was
kindly provided by Zejun Li (Shanghai Veterinary Research Institute,
China). Cell lysis buffer for Western blotting and immunoprecipitation
containing 1 mM phenylmethylsulfonyl fluoride (PMSF) (referred to here
as lysis buffer) was purchased from the Beyotime Institute of Biotechnol-
ogy (China). The sulfhydryl-reactive reagent N-ethylmaleimide (NEM)
and the reducing agent dithiothreitol (DTT) were purchased from Sigma-
Aldrich.

Plasmid construction. The splicing overlap extension PCR strategy
(19) was employed to construct the chimeric clones, as shown in Fig. 1A.
The intermediate PCR products were amplified using pAPRRS and pSHE
as templates, and the resulting two segments were spliced in a subsequent
PCR. The final product and parental pAPRRS were digested with SpeI/
XhoI (New England BioLabs) and then ligated by T4 DNA ligase to con-
struct the full-length chimeric clones pA-SHE73= and pA-OSHE73=. The
3=UTR of pA-OSHE73= then was replaced with the counterpart from pA-
PRRS to generate the pA-OSHE7 clone using the same PCR strategy. For
site-directed mutagenesis, two shuttle plasmids, pTB5c (63) and pSHEex,
were used. Plasmid pSHEex was generated by insertion of the 3= terminus
of the SHE genome into pBluescript II SK(�) with EcoRI and XbaI. Mu-
tagenic PCR was performed to replace the cysteine codon (TGC) in the N
protein with an alanine (GCG) or serine (AGC) codon. The SpeI/XhoI
and EcoRI/XbaI fragments carrying the cysteine mutations were obtained
from the shuttle plasmids and subcloned into the full-length cDNA clone
pAPRRS or pSHE to replace the respective corresponding segments.
These new mutants were named as shown in Fig. 2B. For the expression of
N protein by a mammalian vector, the full-length N gene was amplified
from pAPRRS or pSHE and cloned into pCAGGS with EcoRI and XhoI,
resulting in the pCAGG-AN and pCAGG-SN constructs. pCAGG-AN-
C23A and pCAGG-SN-C27A were generated from the clones pAN-C23A
and pSN-C27A (Fig. 2B), respectively, in the same manner. All of the
chimeric and mutant clones were verified by the restriction enzyme diges-
tion pattern of the plasmid and nucleotide sequencing of the PCR-manip-
ulated region. All of the primers used for plasmid construction are avail-
able upon request.

DNA transfection. The infectious cDNA clones pAPRRS, pSHE, and
their derivatives were isolated using the QIAprep spin miniprep kit (Qia-
gen). MARC-145 cells at approximately 80% confluence in 6-well plates
were transfected with 2 �g/well DNA prepared using the FuGENE HD
transfection reagent (Roche) according to the manufacturer’s protocol.
When about 80% cytopathic effect (CPE) was observed, the cell culture
supernatants were collected and designated passage 1 (P1). The P1 viruses
were used to inoculate fresh MARC-145 cells, and the P2-P3 virus stocks
were prepared in the same manner. For N protein expression by pCAGGS,
the plasmids were transfected by the strategy described above. At 36 h
posttransfection, the cells were subjected to SDS-PAGE and Western blot-
ting.

RT-PCR and nucleotide sequencing. Viral genomic RNA was isolated
using a QIAprep viral RNA minikit (Qiagen), and total intracellular RNA
was isolated using TRIzol reagent (Invitrogen) according to the manufac-
turer’s instructions. To verify the chimeric and mutant viruses, reverse
transcription-PCR (RT-PCR) was performed with avian myeloblastosis
virus reverse transcriptase (TaKaRa, China) and PfuUltra II Fusion HS
DNA polymerase (Stratagene). The PCR products were gel purified and
subjected to nucleotide sequencing. All of the primers used for sequencing
are available upon request.

Northern blot analysis. Total cellular RNA was isolated from MARC-
145 cells at day 2 posttransfection as described above. Northern blotting
was performed with the NorthernMax kit (Ambion) by following the
manufacturer’s instructions. Total RNA was loaded at 10 �g per lane and
separated by electrophoresis on 1% formaldehyde-denatured agarose gels
and then transferred to a BrightStar-Plus membrane (Ambion) and cross-
linked with UV light. Samples were probed with a biotin-labeled oligonu-
cleotide that specifically recognizes the type I PRRSV ORF7 (EU-ORF7;
5=-GGCCTGTCCTCCCCTAGGTTGCTGGCGCTGGGACTTTATCAT
TGC-3=).

After hybridization overnight at 42°C, the filters were incubated with
alkaline phosphatase-conjugated streptavidin followed by the chemilumi-
nescent substrate CDP-STAR detection reagent (Ambion). Immunoreac-
tive bands were visualized by exposure to Kodak film.

IFA. At day 2 posttransfection, indirect immunofluorescence analysis
(IFA) was performed on the MARC-145 cell monolayers as described
previously (49). Briefly, cells were fixed with cold methanol followed by
blocking with 1% bovine serum albumin (BSA) and then incubated for 2
h with a monoclonal antibody (MAb) (1AG11) that specifically recognizes
both type II and type I PRRSV N proteins (kindly provided by Ingenasa
Co., Madrid, Spain). After washing with phosphate-buffered saline (PBS),
the cells were incubated for 1 h with Alexa Fluor 568-labeled goat anti-
mouse secondary antibody (Invitrogen). After a final PBS wash step, cells
were visually analyzed by using an Olympus inverted fluorescence micro-
scope.

Viral plaque and growth kinetics assays. The viral plaque and growth
kinetics assays were conducted as previously described, with minor mod-
ifications (49). For the plaque assays, the rescued P1 viruses were diluted
serially and used to infect MARC-145 cells cultured in 6-well plates. After
incubation, the cells were washed and overlaid with modified Eagle’s me-
dium (2� MEM; Invitrogen) containing 4% fetal bovine serum (FBS) and
mixed with an equal volume of 2% low-melting-point agarose (Cam-
brex). After 3 to 5 days of incubation at 37°C, the plaques were stained
with crystal violet. To determine the growth curves, the MARC-145 cells
were infected with P1 viruses at a multiplicity of infection (MOI) of 0.1.
After incubation, the cells were washed and cultured with Eagle’s minimal
essential medium (EMEM; Invitrogen) supplemented with FBS. The cul-
ture supernatants (200 �l/well) were collected at 6, 12, 24, 36, 48, 60, 72,
96, and 108 h postinfection, and the progeny virus titers were determined
by 50% tissue culture infectious doses (TCID50/ml).

Purification of extracellular virions. MARC-145 cells in 100-mm
dishes were infected with each parental or mutant virus at various multi-
plicities of infection. At about 24 h postinfection, before any CPE was
observed, cell supernatants (200 ml) containing virions were subjected to
centrifugation at 6,000 � g at 4°C for 30 min in a Beckman JA-10 rotor to
remove cellular debris. Virions in the supernatants were pelleted through
a 30% sucrose cushion in a buffer containing 50 mM HEPES, 100 mM
NaCl, and 1 mM EDTA, pH 7.2, by ultracentrifugation at 110,000 � g at
4°C for 3 h in an SW32 Ti rotor. The pellets were resuspended in a buffer
containing 50 mM HEPES, 100 mM NaCl, and 1 mM EDTA, pH 7.2, and
again pelleted by centrifugation through the same cushion under the same
conditions but with an SW41 rotor. The final pellets were resuspended in
lysis buffer and subjected to SDS-PAGE and Western blotting. For the
isolation of NEM-treated virions, the cell supernatants were prepared as
described above and incubated with NEM (final concentration, 5 mM) for
30 min at room temperature. NEM (5 mM) was also used during all
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subsequent steps (performed as described above). An additional alterna-
tive purification method was also employed. Briefly, cell supernatants (1
liter) were prepared and subjected to CsCl density gradient centrifugation
as previously described (25). The purified virus band was removed with a
sterile needle and incubated with 5 mM NEM for 30 min at room tem-
perature before being subjected to SDS-PAGE and Western blotting.

SDS-PAGE and Western blotting. PRRSV-infected or pCAGGS ex-
pression vector-transfected cells in 6-well plates were washed twice with
PBS and lysed with lysis buffer in the presence or absence of 1 mM NEM.
After incubation for 10 min at room temperature, cell lysates were centri-
fuged at 12,000 � g for 5 min and the supernatants collected. Protein

samples were prepared in reducing buffer (50 mM Tris, pH 6.8, 10%
glycerol, 2% SDS, 0.02% [wt/vol] bromophenol blue, 100 mM DTT) or
nonreducing buffer (50 mM Tris, pH 6.8, 10% glycerol, 2% SDS, 0.02%
[wt/vol] bromophenol blue). Samples then were heated at 95°C for 5 min,
resolved on 12% SDS polyacrylamide gels, and transferred to Hybond-P
membranes (Amersham Biosciences). Membranes were blocked with 5%
nonfat dry milk in TBST (100 mM NaCl, 10 mM Tris, pH 7.6, 0.1% Tween
20) for 2 h at room temperature. Membranes were incubated overnight at
4°C with primary antibody (1AG11) specific to both type II and type I
PRRSV N proteins. After washing with TBST, blots were incubated with
horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary

FIG 1 Type I N protein can function in the type II PRRSV background. (A) Schematic diagram of the chimeras. The infectious cDNA clones of the type II PRRSV
strain APRRS and the type I strain SHE are indicated as white and gray boxes, respectively. The sequences after the boxes show the junction of ORF6 and ORF7.
Chimeric constructs were generated as detailed in Materials and Methods. For pA-SHE73=, the ORF7 3=UTR segment of SHE was placed immediately down-
stream of ORF6 of APRRS, the overlap between ORF6 and ORF7 was separated, and the start codon AUG for the type II ORF7 in the duplication of the overlap
was mutated to ACG. For pA-OSHE73=, the overlap between ORF6 and ORF7 was maintained as in SHE, and pA-OSHE7 was derived from pA-OSHE73= by
replacing the 3=UTR with its counterpart from APRRS. (B) Indirect immunofluorescence analysis was conducted to verify heterologous N protein expression.
Two days after transfection, MARC-145 cells were fixed and stained with a MAb that can specifically recognize both genotypes of PRRSV N protein, further
incubated with an Alexa Fluor 568-labeled goat anti-mouse antibody, and then visualized by inverted fluorescence microscopy. (C) Plaque morphology. The P1
viruses were used to inoculate MARC-145 cells for 1 h, overlaid with 1% agarose, and incubated for about 4 days until plaques developed. Plaques were stained
with 1% crystal violet. (D) Growth kinetics. MARC-145 cells were infected with P1 chimeric viruses at an MOI of 0.1, and the supernatants were harvested at the
indicated time points. Virus titer was determined by the TCID50/ml, and the results are presented as mean values from three independent experiments. (E) The
subgenomic RNA transcription profiles were analyzed by Northern blotting. Two days after the transfection of MARC-145 cells, RNAs from each sample were
loaded and separated by 1% agarose gel electrophoresis and then transferred to the membrane. sgmRNAs were hybridized with a type I-specific PRRSV probe
located in ORF7. 18S rRNA was used as an internal control. The nonspecific band is indicated by an asterisk.
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antibody (Santa Cruz) for 1 h at room temperature, washed again with
TBST, and developed using SuperSignal West Pico or Femto chemilumi-
nescent substrate according to the manufacturer’s instructions (Thermo
Fisher Scientific).

BiFC assay. A variant of yellow fluorescent protein, Venus, was ob-
tained by the site-directed mutagenesis of pEYFP-N1 (BD-Clontech) as
previously described (38). As shown in Fig. 7A, sequences encoding the
amino (residues 1 to 173; VN) or carboxyl (residues 174 to 239; VC)
fragment of Venus were fused to the C terminus of the full-length or
truncated N proteins via a (GGGGS)3 linker (44, 46). We also amplified
the alpha-tubulin gene from MARC-145 cell lines to be fused to the N
termini of VN and VC for use as negative controls. Detailed sequence
information for each construct is available upon request. MARC-145 cells
cultured in 6-well plates to about 60% confluence were cotransfected with
500 ng of each bimolecular fluorescence complementation (BiFC) plas-
mid using the FuGENE HD transfection reagent. At 16 h posttransfection,
live cells were visualized using an Olympus inverted fluorescence micro-
scope.

RESULTS
Type I N protein is functional in the type II PRRSV background.
The nucleotide and predicted amino acid sequences of the N pro-
tein are extremely conserved within each genotype but show only
about 60% identity between genotypes (Fig. 2A). Our previous
work had demonstrated that the envelope structural proteins
(ORF2 to ORF5) of type I PRRSV are fully functional in the type II
PRRSV background (49). To investigate whether the N protein is
exchangeable between type II and type I PRRSV, reverse genetic
manipulation was conducted based on the infectious cDNA
clones of pAPRRS and pSHE (Fig. 1A), which represent the type II
and type I PRRSV genotypes, respectively. The overlapping cod-

ing sequences shared by the adjacent ORF6 and ORF7 pose a
problem for the construction of chimeric PRRSV. To overcome
this challenge, we rearranged ORF6 and ORF7 and engineered
three chimeric clones: pA-SHE73=, pA-OSHE73=, and pA-OSHE7
(shown schematically in Fig. 1A). pA-SHE73= contained the ORF7
3=UTR of SHE; the overlap between ORF6 and ORF7 was sepa-
rated without any intervening inserted sequence, and the extra
AUG for type II ORF7 was knocked out to prevent the frameshift-
ing from occurring during the N translation by forcing the chime-
ric virus to utilize the authentic AUG for type I ORF7. For pA-
OSHE73=, the overlap between ORF6 and ORF7 was maintained
as in SHE, changing two amino acids in the C terminus of the M
protein of APRRS. As for pA-OSHE7, ORF7 of SHE was forced to
replace its counterpart in APRRS in an exact ORF-for-ORF sub-
stitution. These chimeras and their parental clones (pAPRRS and
pSHE) were transfected into MARC-145 cells, which were then
observed for cytopathic effect (CPE). At about 3 days posttrans-
fection, the chimeric plasmids produced visible CPE (data not
shown) similar to that induced by the parental clones. An indirect
immunofluorescence assay was then conducted, and it indicated
that the N protein of SHE can be expressed in the background of
APRRS. The clusters of stained cells shown in Fig. 1B indicate the
spread of virus infection.

To assess the virological properties of the chimeric viruses, the
rescued P1 viruses were used to infect fresh MARC-145 cells and
viral plaque assays were performed. There was no distinguishable
difference in plaque morphology among vA-SHE73=, vA-
OSHE73=, and vA-OSHE7. The chimeric plaques were slightly
reduced in size and sometimes poorly visible compared to the

FIG 2 Sequence alignment of PRRSV N proteins and the construction of cysteine mutants. (A) Alignment of N sequences from type II PRRSV strains (VR2332,
GenBank accession no. U87392; APRRS, GQ330474) with the corresponding sequences from type I strains (LV, M96262; SHE, GQ461593). Completely
conserved residues are indicated in black boxes, and partially conserved residues are in white boxes. The cysteines at positions 23, 75, and 90 of the type II N
protein are indicated by black triangles. The scissors indicate the split site of the N protein for the BiFC assay. The secondary structure elements above the
sequence show the structure of the C terminus of the VR2332 N protein (11). This figure was generated by ESPript (17), with slight modifications. (B) The
cysteine residues in the N protein of APRRS and SHE were replaced with alanine or serine, either alone or in combination. The number above the boxes indicates
the location of the cysteine or alanine. PCR-based site-directed mutagenesis was used to replace the codon for cysteine (TGC) with that of alanine (GCG) or serine
(AGC).
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wild-type plaques (Fig. 1C). The cells in the centers of the plaques
died more readily and detached earlier for the parental viruses
(vAPRRS and vSHE), while the centers of the chimeric plaques
contained more viable cells, which possibly contributed to the
obscured plaque phenotype. The growth kinetics of the P1 viruses
also were evaluated. As shown in Fig. 1D, the growth patterns of
vA-OSHE73= and vA-OSHE7 appeared to be similar to those of
the parental vAPRRS and vSHE, albeit with peak titers 0.5 log
lower than those of the parental viruses. It is noteworthy that the
vA-SHE73= titer was consistently lower than that of the other vi-
ruses, especially from 36 h postinfection, and the peak titer was
two logs lower than that of the parental viruses. We then analyzed
the subgenomic RNA profiles to assess the effect of chimeric ma-
nipulation on virus transcription. Northern blotting was con-
ducted on MARC-145 cells 2 days posttransfection using a syn-
thetic biotin-labeled probe that can detect the chimeras and the
type I vSHE but not the type II vAPRRS. As shown in Fig. 1E, the
levels of sgmRNAs, like sgmRNA4 and sgmRNA6, were propor-
tionately and strongly reduced in vA-OSHE73= and vA-OSHE7
compared to those of the parental vSHE. However, vA-SHE73=
displayed much lower levels of sgmRNAs.

Nucleotide sequencing of the ORF7 3=UTR region then was
performed for the P1 and P3 chimeric viruses. No nucleotide mu-
tation was found in vA-OSHE73= or vA-OSHE7, but the P1 and P3
vA-SHE73= sequences had a single-amino-acid mutation in the N
protein (K11R; codon AAG to AGG). We also chose passage 3 of
vA-OSHE7 for full-length genomic sequencing and found that it
contained only two silent mutations, one at nucleotide 7920 (A to
G) in the predicted nsp9 coding region and the other at 13769 (C
to T) in ORF4, indicating that the chimeric viruses can remain
generally stable for at least three passages in cultured cells. These
findings demonstrated for the first time that the type I N protein is
functional in the backbone of type II PRRSV despite the low sim-
ilarity of the N proteins between the genotypes.

All of the cysteines in the N protein are nonessential for type
II and type I PRRSV viability. Since the N gene of type II PRRSV
could be replaced by its type I counterpart, we speculated that the
intergenotypically conserved domains or amino acids play a more
significant role in N functionality. The N protein sequence align-
ment revealed that SHE and all type I PRRSV sequences contain an
alanine residue corresponding to position 90 of the N protein of
type II viruses, such as APRRS (Fig. 2A). A previous study revealed
that the replacement of cysteine with serine at position 90 in type
II is lethal for virus infectivity (31). Based on our chimera study,
we hypothesized that Cys90 of the type II N protein could be
successfully replaced by alanine. We constructed the mutant
pAN-C90A in which the Cys90 codon (TGC) of the APRRS N
gene was mutated to an alanine codon (GCG) (Fig. 2B). As a
control, we also constructed another cysteine mutant, pAN-C90S,
in which Cys90 was replaced with serine (AGC), as previously
reported (31). The mutants were transfected into MARC-145
cells, which were monitored daily for the appearance of CPE. Sur-
prisingly, both the pAN-C90A mutant and the parental pAPRRS
produced visible CPE about 3 days posttransfection (data not
shown). In contrast, pAN-C90S did not induce any visible CPE
even after prolonged incubation for up to 7 days. To further con-
firm this result, we have (i) repeated the nucleotide sequencing of
the full-length pAN-C90S clone, (ii) repeated the transfection at
least three times, (iii) blindly passaged the transfection superna-
tant for CPE observation, and (iv) detected the viral RNA by RT-

PCR. However, these measures failed to verify the production of
infectious progeny of pAN-C90S (data not shown), which is in
agreement with previous reports (31). We then further hypothe-
sized that all of the cysteine residues of the N protein could be
replaced by alanine. To test this, three mutants were constructed,
pAN-C23A, pAN-C75A, and pAN-C23/75/90A, in which the sin-
gle cysteines at positions 23 and 75 or all three of the cysteines in
the type II N protein, respectively, were mutated to alanine (Fig.
2B). As expected, all of these mutants could produce infectious
viruses when transfected into MARC-145 cells. Notably, another
mutant, pAN-C23S (Cys23 to serine), that was previously re-
ported to be lethal (31), could also induce CPE (data not shown).
The nucleotide changes made in the pAN-C90S and pAN-C23S
mutants were identical to those in the previous study (31). The
expression of N proteins was confirmed by IFA, as shown in Fig.
3A. The staining of single cells for pAN-C90S revealed that there
were no infectious progeny released.

We then characterized the virological properties of the mutant
viruses. Plaque morphology and growth kinetics were indistin-
guishable among vAN-C23A, vAN-C75A, vAN-C90A, and paren-
tal vAPRRS, while vAN-C23/75/90A showed somewhat smaller
plaque size and a peak titer 0.5 log lower than that of the parental
virus (Fig. 3B and C). The pinpoint plaque size and much lower
growth rate of vAN-C23S revealed that the mutation greatly af-
fected viral replication (Fig. 3B).

To further verify these findings, we engineered similar muta-
tions in the type I PRRSV background, represented in our study by
SHE. The cysteines at positions 27 (Cys27) and 76 of the N protein
were mutated to alanine either alone or in combination (as illus-
trated in Fig. 2C). When transfected into cells, all of these mutants
could induce CPE (data not shown), and IFA demonstrated their
corresponding expression of N proteins (Fig. 4A). The rescued
viruses showed no significant differences in plaque size or growth
rate compared to those of the parental vSHE (Fig. 4B and C).

To assess their genetic stabilities, all of these cysteine mutants
of both type II and type I PRRSV were passaged three times on
MARC-145 cells, and the ORF7 regions from both the P1 and P3
viruses were sequenced. The sequencing data showed that all of
the engineered cysteine mutations were retained for at least three
passages. No second-site mutation was found in these viruses,
with the exception of a single-amino-acid change (E71V; codon
GAG to GTG) in the P1 and P3 vAN-C23S sequences. These re-
sults demonstrated that, in contrast to what was previously be-
lieved (31), all of the N protein cysteine residues are nonessential
for type II and type I PRRSV infectivity.

NEM treatment prevents disulfide-linked N dimerization in
cells but not in extracellular virions. The facts that both geno-
types of PRRSV remained viable after all N protein cysteines were
mutated and that their virological properties were similar to those
of the parental viruses contradicted previously published findings
from others, which showed that Cys23 and Cys90 were essential
for type II PRRSV infectivity and that Cys23-mediated disulfide
bond formation was involved in N protein homodimerization
(31, 59). Thus, we attempted to explore the biochemical evidence
of disulfide bond formation in both intracellular N proteins and
extracellular virions. First, we investigated whether disulfide bond
formation is involved in N protein homodimerization in PRRSV-
infected cells. MARC-145 cells were infected with all of the mutant
and parental viruses. About 24 h postinfection, before any CPE
was observed, cells were harvested in lysis buffer in the presence or
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absence of 1 mM NEM. The alkylating agent NEM is a small mem-
brane-permeable compound that can irreversibly modify the free
thiols of cysteine residues, thereby preventing de novo disulfide
bond formation. Cell lysates were resolved by SDS-PAGE under
reducing and nonreducing conditions and subjected to Western
blotting. The results showed that in the absence of both the reduc-
ing agent DTT and the alkylating agent NEM, N proteins ex-
pressed from vAPRRS, vAN-75A, vAN-90A, vSHE, and vSN-76A
formed dimers as well as monomers (Fig. 5A and B), whereas
those from vAN-23A, vAN-23/75/90A, vSN-27A, and vSN-27/
76A produced only monomers. To distinguish between disulfides
preformed in cells and those formed only after cell lysis, NEM was
included in the lysis buffer to block new disulfide bond formation.
Under nonreducing conditions in the presence of NEM, we could
not detect N protein dimerization for any of the type II or type I
parental or mutant viruses (Fig. 5A and B). In addition, the same
phenomena occurred when N proteins with (Cys23 to A and
Cys27 to A for the type II APRRS and type I SHE N proteins,
respectively) or without the cysteine mutations were expressed
from the mammalian vector pCAGGS (Fig. 5C). These results
demonstrated that Cys23 in type II and Cys27 in type I PRRSV
participated in disulfide-linked N protein homodimerization that
could be prevented by lysing cells in the presence of NEM, sug-
gesting that the disulfide bond formation observed had occurred
when the N proteins were exposed to the oxidizing extracellular
environment after cell lysis.

To further confirm that the formation of cysteine-mediated
disulfide bonds in cytoplasmic N dimers was aberrant and oc-
curred only after cell lysis, virus-infected or pCAGGS-transfected
cells were incubated at 37°C in EMEM containing 1 mM NEM for

FIG 3 All of the type II N protein cysteines can be knocked out without effect. (A) IFA showing the expression of N protein. The clusters of stained cells represent
the spread of virus infection, whereas the single cell indicates the absence of released live virus. (B) Plaque morphology of cysteine mutants. (C) Growth kinetics
were examined, and the results are presented as mean values from three independent experiments.

FIG 4 Cysteine knockout mutants of type I PRRSV show virological proper-
ties similar to those of the parental virus. (A) Expression of N protein was
verified by IFA. (B) Plaque morphology. (C) Growth curves for cysteine mu-
tants and the wild-type virus. The results are presented as mean values from
three independent experiments.
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10 min prior to harvesting, which ensured that any disulfide bonds
detected in cells had, in fact, formed in cells prior to lysis, and then
they were harvested in lysis buffer without additional NEM. As
shown in Fig. 5E, only N protein monomers were detected under
these conditions. As an alternative method, cells were harvested in
NEM-free lysis buffer at pH 5.5; such low pH is expected to pre-
vent disulfide bond formation. SDS-PAGE under nonreducing
conditions and Western blot analysis demonstrated that the disul-
fide linkage of N-N interactions was blocked (Fig. 5F). Taken to-
gether, these observations suggest that the N protein cysteines
have an intrinsic ability to form disulfide bonds, but only under
oxidizing conditions.

We next investigated whether the disulfide bonds between N
proteins could be detected in extracellular virions. Virions in the
supernatants were pelleted twice through a 30% sucrose cushion,
as described in Materials and Methods, and then analyzed by SDS-

PAGE under reducing and nonreducing conditions followed by
Western blotting. When Cys23 in the APRRS N protein or Cys27
in the SHE protein was not mutated to alanine, the disulfide-
linked N dimers were found to be present in the extracellular virus
particles collected in the absence of NEM under nonreducing con-
ditions (Fig. 6A and B), as detected with samples of cellular N
proteins. However, as shown in Fig. 6C, NEM treatment did not
prevent the dimerization of the N proteins of either vAPRRS or
vSHE virions collected under nonreducing conditions. Both the
monomeric and dimeric N proteins were detectable for both
vAPRRS and vSHE particles, regardless of whether NEM was pres-
ent throughout the purification process or only in the lysis buffer
in the last resuspension step, or even when its concentration was
increased to 20 mM (data not shown). Furthermore, to obtain
highly purified virus particles, we performed CsCl equilibrium
density gradient centrifugation on supernatants containing

FIG 5 Dimerization of cellular N proteins. Virus-infected or expression vector pCAGGS-transfected cells were lysed in the presence (�) or absence (�) of 1 mM
NEM, separated by SDS-PAGE under reducing (�DTT) or nonreducing (�DTT) conditions, and subjected to Western blot analysis. (A) N proteins expressed
from wild-type and mutant type II PRRSV APRRS. (B) N proteins expressed from wild-type and mutant type I PRRSV SHE. (C) Wild-type and cysteine mutant
APRRS N proteins expressed from the mammalian vector pCAGGS. (D) Wild-type and cysteine mutant SHE N proteins expressed from pCAGGS. (E) Cellular
APRRS N proteins expressed from virus or pCAGGS were treated with 1 mM NEM before cell lysis. Cells then were lysed without NEM and subjected to
SDS-PAGE under reducing or nonreducing conditions, followed by Western blotting. (F) Cellular APRRS N proteins expressed from virus or pCAGGS were
lysed at pH 5.5 without NEM treatment. Cell lysates then were subjected to SDS-PAGE under reducing or nonreducing conditions and analyzed by Western
blotting. Monomers (N) or dimers (2N) of the N protein are indicated by arrows.

Zhang et al.

4676 jvi.asm.org Journal of Virology

http://jvi.asm.org


vAPRRS virions, and disulfide-linked N dimers were still detected
in the presence of NEM (data not shown). Collectively, these re-
sults confirmed that the disulfide-linked N dimerization occurs in
the mature virions and is mediated by C23 in type II or C27 in type
I N, which is in line with a previous study (59).

In vivo characterization of N-N interactions by BiFC. Previ-
ous reports have demonstrated that not only the cysteine-medi-
ated covalent interactions but also noncovalent interactions are
involved in N protein dimerization (59). To better understand the
status of N dimerization, we employed a newly developed tech-
nique, known as bimolecular fluorescence complementation
(BiFC). The BiFC assay was first developed by Hu and colleagues
(21) for investigating protein-protein interactions, and it is a pow-
erful tool to specifically and sensitively detect weak or otherwise-
transient protein-protein interactions in vivo (22, 27, 45). BiFC is
based on the principle that two interacting proteins individually
fused to the N- and C-terminal fragments of a fluorescent protein
can bring the two halves of the fluorescent protein into close prox-
imity, thereby facilitating the reconstitution of the fluorophore.
As such, BiFC assays allow for the visualization and localization of
specific protein-protein interactions within living cells.

We used Venus, a variant of enhanced yellow fluorescent pro-
tein, for the BiFC assays in our study. We first split the fluorescent
protein between amino acid residues 173 and 174 to generate two
fragments, VN and VC. As expected, neither VN nor VC alone
produced a fluorescent signal when expressed in MARC-145 cells
(data not shown). Likewise, the coexpression of VN and VC pro-
duced no fluorescence (Fig. 7B, panel a). We then generated chi-
meric constructs in which the full-length N protein of APRRS was
fused to the N terminus of VN or VC with a flexible linker and
designated AN-VN or AN-VC, respectively. To determine
whether BiFC can efficiently detect the N-N interactions in living
cells, cells were cotransfected with AN-VN and AN-VC and exam-
ined for fluorescence. At 16 h posttransfection, we found that
fluorescence, representing the N-N interaction, was distributed
throughout the cytoplasm and in the nucleoli (Fig. 7B, panel d).
To investigate the specificity of the BiFC assay, the �-tubulin gene
then was amplified from MARC-145 cells and ligated to the N
terminus of VN or VC, and the resulting constructs were desig-
nated Tubulin-VN and Tubulin-VC, respectively. The AN-VN/
Tubulin-VC and AN-VC/Tubulin-VN pairs were employed as
negative controls, and when transfected into living cells neither
produced any positive BiFC signals (Fig. 7B, panels b and c),
which confirmed the feasibility of the BiFC assay in studying the
N-N interactions.

FIG 6 Dimerization of N proteins in extracellular virions. Virions from cul-
ture supernatants were purified in the absence or presence of NEM as de-
scribed in Materials and Methods. Purified particles were resolved by SDS-
PAGE under reducing or nonreducing conditions and subjected to Western
blot analysis. (A) Purified wild-type and mutant APRRS particles without
NEM treatment. (B) Purified wild-type and mutant SHE particles without
NEM treatment. (C) Purified APRRS and SHE particles with NEM treatment.
Monomers (N) or dimers (2N) of the N protein are indicated by arrows.

FIG 7 BiFC analysis of full-length N proteins. (A) Schematic diagram of BiFC
constructs. The Venus protein was split between amino acid residues 173 and
174, resulting in fragments VN (N-terminal 173 residues) and VC (C-terminal
66 residues). The so-called Target protein was fused to the N terminus of VN or
VC with a linker sequence to generate the BiFC pair. (B) Visualization of
interactions between full-length N proteins in living cells. Fragments VN and
VC or �-tubulin gene-fused VN and VC were coexpressed in MARC-145 cells,
and the fluorescent signals were examined as negative controls to assess the
specificity of the BiFC method (panels a to c). Full-length N proteins from both
genotypes of PRRSV with or without cysteine mutations were fused to the N
terminus of VN or VC, and cells were cotransfected and examined for fluores-
cence (panels d to i).
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We next extended the BiFC approach to investigate potential
interactions between N proteins for both genotypes of PRRSV.
First, to ascertain whether the cysteines affect the N-N interac-
tions, ANC23A-VN/ANC23A-VC and ANC23/75/90A-VN/
ANC23/75/90A-VC pairs, in which full-length N proteins of
APRRS contain the C23A and C23/75/90A mutations, respec-
tively, were generated by the strategy described above. Cells
cotransfected with these pairs gave rise to fluorescent signals sim-
ilar to those for AN-VN/AN-VC (Fig. 7B, panels e and f). Likewise,
we generated BiFC constructs fused with the full-length wild-type,
C27A, and C27/76A N proteins of type I SHE and found that the
coexpression of these BiFC combinations resulted in strong fluo-
rescent signals (Fig. 7B, panels g to i). The fluorescence produced
by these BiFC pairs demonstrated that there is an intermolecular
interaction between the N proteins regardless of the cysteine mu-
tations in either genotype of PRRSV. This finding is in agreement
with previously reported data obtained from both well-estab-
lished in vitro glutathione S-transferase (GST) pulldown and in
vivo mammalian two-hybrid assays (59). We attempted to further
probe the interactions between N proteins. To this end, we split
the N protein of APRRS (as shown in Fig. 2A), and the N-terminal
61 and C-terminal 62 amino acids were fused to VN or VC, gen-
erating AN(1-61)-VN/AN(1-61)-VC and AN(62-123)-VN/
AN(62-123)-VC, respectively. The coexpression of the N or C
termini of N proteins in the BiFC pairs described above produced
good fluorescence complementation (Fig. 8a and b), indicating
that both the N and C termini of N form intermolecular interac-

tions. It is noteworthy that obvious fluorescence was detected after
cotransfection with the AN(1-61)-VN/AN(62-123)-VC or AN(1-
61)-VC/AN(62-123)-VN combination in which only the N-ter-
minal and C-terminal halves of the N protein were coexpressed in
cells (Fig. 8c and d). This finding was suggestive of a heterodimeric
or intramolecular interaction between the N- and C-terminal re-
gions of N proteins. The same observation was made when the
cysteine residues were removed from the truncated N proteins
(Fig. 8e to h). Moreover, we conducted similar experiments for the
type I SHE protein, for which we cleaved the N protein between
amino acids 62 and 63 according to the sequence alignment in Fig.
2A, and we found fluorescent intensities similar to those of the
truncated N proteins of type II APRRS (Fig. 8i to p). Taken to-
gether, these data obtained from BiFC analysis in living cells led us
to conclude that interactions occurred among the N or C termini
of N proteins and also between the N- and C-terminal regions of N
proteins, either with or without cysteine residues, for both type II
and type I PRRSV.

In addition, we observed an interesting phenomenon in which
the nucleoli revealed no fluorescence in Fig. 8b, f, j and n, which
can be explained by the fact that the N-terminally truncated N
proteins lack the nucleolar location signal (NoLS) sequences (42,
43). The presence of fluorescence in the nucleoli in Fig. 7B and 8
indicates N-N interactions in these areas, implying that the NoLS
sequences in the N terminus are able to guide the binary full-
length or truncated N protein complexes to migrate from the cy-
toplasm into the nucleoli.

FIG 8 BiFC analysis of truncated N proteins. Full-length N proteins with or without cysteine mutations were split between amino acid residues 61 and 62 for
APRRS or between 62 and 63 for SHE. The resulting halves were ligated to VN or VC, MARC-145 cells were transfected, and fluorescent signals were visualized.
The arrows indicate the nucleoli with no fluorescence.
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DISCUSSION

In this paper, we report that the ORF7 3=UTR or ORF7 of type I
PRRSV can be swapped into the type II PRRSV genomic back-
ground in spite of the low intergenotypic sequence identity, and
that the N protein cysteine residues are not essential for the infec-
tivity of either PRRSV genotype. These chimeric viruses were ge-
netically stable and their growth properties similar to those of the
parental viruses, with the exception of vA-SHE73=, in which ORF6
and ORF7 were separated. The growth rate and sgmRNA level of
vA-SHE73= were found to be significantly decreased, whereas vA-
OSHE73= showed only proportionately reduced sgmRNAs com-
pared to that of the wild type. The TRS-flanking sequences have
been previously reported to play a role in regulating nidoviral
transcription (40). Whether our chimeric manipulations altered
the local flanking sequence of TRS-B and its secondary structure,
thereby greatly affecting the viral transcription or replication, is a
focus of our ongoing study. It has been reported that a stretch of 34
nucleotides within ORF7 of LV, the prototypic type I PRRSV, is
essential for RNA replication, and a 7-base core sequence within
this stretch is engaged in a kissing-loop interaction with a stem-
loop structure located in the 3=UTR (50, 51). The 34-nucleotide
stretch in ORF7 is well conserved between the genotypes. Our
chimeric virus vA-OSHE7, in which ORF7 of type I was forced to
replace its counterpart in type II PRRSV in an exact ORF-for-ORF
substitution, demonstrated that the heterologous ORF7 of type I is
compatible with the type II 3=UTR and does not disrupt the kiss-
ing-loop interaction.

The fact that the heterologous N gene of type I is functional in
the type II PRRSV genomic background lays the foundation for
further investigations of the structure-function relationships of
the N protein. The conserved domains or critical amino acid res-
idues of N proteins from the two genotypes may share the same
functions, such as the RNA-binding domains, nuclear localization
signal sequences, phosphorylation sites, and conformation-deter-
mining domains. Comparative analysis suggested to us that Cys90
of the type II PRRSV N protein is nonexistent in the type I isolates
and thus could be irrelevant to N functions. Cysteine-to-serine
mutational analysis had previously shown that Cys90 and Cys23,
but not Cys75, are essential for virus infectivity (31). It was further
speculated that Cys90 engages in a possible disulfide linkage with
another type II PRRSV structural protein. For example, the type II
PRRSV E protein contains two cysteines at positions 49 and 54,
while type I isolates contain only a single cysteine at position 51
(56, 60). However, data from a previous study disproved the hy-
pothesis that the E and N proteins interact through their cysteine
residues (32). The functional significance of Cys90 in type II N
proteins is still undefined. In the present study, the Cys90-to-
alanine mutation in combination with the chimera results unam-
biguously demonstrated that this cysteine is nonessential for virus
infectivity, suggesting either that Cys90 does not mediate the co-
valent interactions between N and other structural proteins in
type II PRRSV or that Cys90 is involved but not essential.

Furthermore, one of the most remarkable findings from our
genetic studies was that all of the cysteine residues of the N protein
could be knocked out for both genotypes of PRRSV, which chal-
lenges previous reports that Cys23-mediated disulfide-linked N
dimerization is essential for virus infectivity (31, 59). To investi-
gate the biological significance of the N protein cysteines and re-

solve this apparently conflicting data, we repeated the biochemical
work to mimic that conducted in the previous study (59) for types
II and I PRRSV. Although we demonstrated that Cys23 in type II
or Cys27 in type I N participated in disulfide-linked ho-
modimerization in cell lysates exposed to an oxidizing environ-
ment, a portion of the N proteins in extracellular virions treated
with NEM still formed homodimers under nonreducing condi-
tions, which is suggestive of disulfide bond formation between N
proteins in virions. The application of different virus purification
procedures did not produce direct evidence from virions to reject
the result described above. These observations were fully consis-
tent with the previous findings (59), supporting the notion that
disulfide bonds participate in virus particle assembly and the sta-
bilization of the capsid structure as reported for other viruses (23,
29, 33, 41, 48, 52). However, it was surprising that the mutant
viruses that completely prevented disulfide-linked N dimerization
in virus particles, such as vAN-C23A and vSN-C27A (Fig. 6A and
B), still showed growth properties comparable to those of parental
viruses (Fig. 3B and C and 4B and C). The likely explanation for
these observations is that the cysteine-mediated disulfide linkages
in N dimers have subtle effects on virion stability, or that the
noncovalent interactions between N proteins are more important
for N dimerization during virus particle assembly, and it is the
noncovalent interactions that position the cysteines for disulfide
formation, which in turn reinforces the noncovalent interactions.
It is noteworthy that both monomers and dimers of N protein
were present in extracellular virions (Fig. 6C), suggesting that not
all of the N proteins in virions were dimerized. Thus, it remains
possible that disulfide-linked N dimers detected from purified vi-
rions were actually an artifact of lysis, as the purification proce-
dures may not have produced highly purified intact virions. In
addition, it is also likely that the penetration of the alkylating agent
NEM into virions was less effective than that in living cells. The
compact structure of the virion may hamper the effective modifi-
cation of cysteine thiols in the N protein. Moreover, since other
members of the family Arteriviridae, such as EAV and SHFV, com-
pletely lack cysteines in the N protein (10, 15), the virus assembly
mechanism would be expected to be the same among the arterivi-
ruses; however, this hypothesis requires further investigation.

In the current study, the successful replacement of cysteine
with alanine at position 23 or 90 in the type II N protein led us to
speculate about the reasons for the difference in outcome from the
similar cysteine-to-serine mutagenesis in previous work (31). The
replacement of target amino acids with alanine removes the side
chains beyond the �-carbon without changing the main-chain
conformation or imposing extreme electrostatic or steric effects
(9). The cysteine-to-alanine mutation conserves the hydrophobic
character, while the cysteine-to-serine replacement results in a
more hydrophilic side chain and a relatively small change of size
(30, 54). The crystal structure of a partial type II PRRSV N protein
indicated that the C-terminal half exists as a dimer, and the rather
hydrophobic � sheet floors make up the internal surface of the
shell (11). Cys90 is located only on the �1 strand (Fig. 2A), and
Cys23 is presumed to be located in the interior of the nucleocapsid
based on the proposed model (11). Therefore, while it cannot be
ascertained at present, the substitution of the more hydrophilic
serine residue may affect the structural stability of the N protein;
for example, the more polar hydroxyl group of serine may change
the positioning of other amino acids via hydrogen bond forma-
tion. However, we still do not know how to explain properly our
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successful rescue of pAN-C23S, which was lethal in a previous
study (31). The previously reported lethal effect of C23S may be a
strain-specific observation. The rescue of pAN-C23S, albeit with a
retarded growth rate, clearly demonstrated that Cys23 is nones-
sential for virus infectivity.

The fact that disulfide-linked N dimers are present in the ma-
ture virions seems to be contradictory to our genetic evidence,
which indicated that all of the cysteines can be knocked out with-
out effect. Thus, the further study of specific N-N interactions can
greatly contribute to our understanding of N protein dimerization
and virus particle assembly. In this study, we used a BiFC assay to
investigate the interactions between N proteins in living cells. The
advantage of this method is its capacity to directly visualize, under
physiological conditions, weak or transient protein-protein inter-
actions that cannot be detected by traditional biochemical tech-
niques. Although developed only recently, this assay has been
widely employed to investigate viral protein-protein interactions
(2, 3, 5, 6, 20, 24, 26, 64). Previous reports using the GST pulldown
assay have shown that amino acids 30 to 37 are essential for N-N
interactions (59). The crystal structure of the C-terminal part of
the type II PRRSV N protein shows a tight dimer, indicating the
existence of interactions between the C-terminal regions (11).
Here, we used BiFC to demonstrate not only intermolecular in-
teractions between the full-length N proteins but also interactions
among the N or C termini, as well as possible inter- or intramo-
lecular interactions between the N- and C-terminal regions of N
proteins, either with or without cysteine residues, implying an
important role of noncovalent interactions in particle assembly.
Furthermore, the nucleolar localization of N-N interactions in
living cells was illustrated, which should be helpful in furthering
our knowledge of the characteristics and functionality of the N
protein.

Taken together, our results show that the nucleocapsid pro-
teins from two genotypes of PRRSV are exchangeable, and that
none of the type II or I N protein cysteines is essential for virus
infectivity. We have once again confirmed that disulfide-linked N
dimers are present in extracellular virions and also defined the
interacting domains of the N proteins by using a BiFC assay. These
findings suggest that the disulfide linkages mediating N dimeriza-
tion are not required during PRRSV particle formation, which will
be of great significance in further understanding the role of N
dimerization and the mechanism of arterivirus virion assembly.
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