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Porcine reproductive and respiratory syndrome virus (PRRSV) is a cytoplasmic RNA virus with the unique
or unusual feature of having a nucleocapsid (N) protein that is specifically transported to the nucleolus of
virus-infected cells. In this communication, we show that the N protein is a phosphoprotein. Phosphoamino
acid analysis of authentic and recombinant N proteins demonstrated that serine residues were exclusively
phosphorylated. The pattern of phosphorylated N protein cellular distribution in comparison with that of
[35S]methionine-labeled N protein suggested that phosphorylation does not influence subcellular localization
of the protein. Time course studies showed that phosphorylation occurred during, or shortly after, synthesis of
the N protein and that the protein remained stably phosphorylated throughout the life cycle of the virus to the
extent that phosphorylated N protein was found in the mature virion. Two-dimensional electrophoresis and
acid-urea gel electrophoresis showed that one species of the N protein is predominant in virus-infected cells,
suggesting that multiple phosphorylated isoforms of N do not exist.

Porcine reproductive and respiratory syndrome (PRRS) is
an economically important disease of pigs defined by severe
respiratory disorders in piglets and widespread abortions in
gestating sows and gilts. PRRS virus (PRRSV), the causative
agent of PRRS, is a single-stranded, positive-sense, enveloped
RNA virus classified in the family Arteriviridae, order Nidovi-
rales (3). North American and European isolates of PRRSV
represent two distinct genotypes (13, 16, 20), which have sig-
nificant antigenic differences (22, 32). These observations were
subsequently corroborated with the decoding of the full-length
genomic sequences of both North American (1, 21, 34) and
European PRRSV isolates (17). The 5� two-thirds of the ge-
nome encodes the replicase gene that produces two polypro-
teins: open reading frame 1a (ORF1a) and ORF1ab, the latter
of which results from a �1 frameshift during translation. The
remaining one-third of the genome encodes seven structural
proteins that are translated from a 3�-coterminal nested set of
subgenomic mRNAs which also share a common 5� leader
sequence that is derived from the 5� end of the genome (24,
31).

The nucleocapsid (N) protein is comprised of 123 and 128
amino acids for North American and European genotypes,
respectively, and constitutes up to 40% of the protein content
of the virion. This highly basic protein is also a major immuno-
gen of the virus, with major antigenic determinants located
predominantly in the central region of the protein (18, 25, 33)
in an area of high surface probability (7). Mapping studies
indicate that N protein conformation is readily disrupted by
small deletions from the carboxy terminus and that structural
integrity is essential for antigenic determinant formation (18,
33, 35). Two stretches of basic amino acids are situated in the

amino terminus of the N protein. In addition to their presumed
role in binding to and packaging of genomic RNA, these basic
amino acids encode two potential nucleolar localization signals
that may function to direct the transport of the N protein to the
nucleolus (27). The biological significance of N protein nucle-
olar localization is not yet understood. However, in equine
arteritis virus (EAV), the prototype arterivirus, continuous
replication and mRNA synthesis have been observed in cells
treated with leptomycin B, a chemical that disables the CRM1
export pathway and results in nuclear retention of the N pro-
tein (29). This observation suggests that replication can pro-
ceed in the absence of the N protein. Indeed, Molenkamp et al.
(19) have shown that the structural proteins of EAV are dis-
pensable for genome replication and subgenomic mRNA tran-
scription. It is of interest, however, that the N proteins of group
I, II, and III coronaviruses are also transported to the nucle-
olus (37), which suggests, given its evolutionary conservation,
that localization of the N protein to the nucleolus may be of
functional significance in the order Nidovirales. Regardless of
its function in the nucleus, nucleocapsid assembly and budding
of arteriviruses are cytoplasmic events, and therefore the N
protein must be transported back to the cytoplasm to fulfill its
role in virion assembly.

Multifunctional proteins are often regulated by phosphory-
lation, and this phenomenon is particularly common to posi-
tively charged, nucleic acid binding proteins that make up the
nucleocapsids of such viruses as the coronavirus (12, 39), hep-
atitis B virus (26), hepatitis delta virus (4), influenza virus (2),
rabies virus (38), herpes simplex virus (15), and parvovirus
(14). Since it is well documented that phosphorylation is in-
volved in regulating the activities of proteins at multiple levels,
including nucleic acid binding, oligomerization, and nuclear
transport, phosphorylation may likewise affect these properties
of the PRRSV N protein.

In order to determine whether the PRRSV N protein is
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phosphorylated, MARC-145 cells (a subclone of MA104 mon-
key kidney cells [11]) infected with the PA8 strain of PRRSV
were metabolically labeled with [32Pi]orthophosphate from 32
to 38 h postinfection (p.i.). Cell lysates were prepared using
radioimmunoprecipitation assay (RIPA) buffer (1% Triton
X-100, 1% sodium deoxycholate [DOC], 150 mM NaCl, 50
mM Tris-HCl [pH 7.4], 10 mM EDTA, 0.1% sodium dodecyl
sulfate [SDS], 2 mM phenylmethylsulfonyl fluoride) and sub-
jected to immunoprecipitation with a mixture of N-specific
monoclonal antibodies (MAbs) (33). A 15-kDa 32Pi-labeled
protein was precipitated from virus-infected cell lysates (Fig.
1A, lane 4). This protein corresponded to the [35S]methionine-
labeled N protein (lane 2), indicating that the PRRSV N pro-
tein was a phosphoprotein. Since the N protein amino acid
similarity between the two PRRSV genotypes is only 58%, it
was of interest to examine whether the Lelystad virus (Euro-
pean genotype) N protein was a phosphoprotein. As shown in
Fig. 1A, lane 6, the Lelystad virus N protein was specifically
labeled by 32Pi. The efficacy of 32Pi metabolic labeling was
verified using the bovine coronavirus (BCV) N protein, a
known phosphoprotein (39). As demonstrated in Fig. 1A, lane
8, a 55-kDa phosphorylated protein was immunoprecipitated
from BCV-infected cell lysates by using an N-specific MAb.
These data demonstrate that the PRRSV N protein is modified
by phosphorylation and that N protein phosphorylation is a
common feature of PRRSV, irrespective of genotype. More-
over, since the EAV N protein has been shown to be phos-
phorylated (41), this suggests that phosphorylation of N may
be of functional importance for the family Arteriviridae.

To investigate whether N protein phosphorylation required
the presence of other PRRSV constituents, phosphorylation of
the N protein expressed from a recombinant vaccinia virus
(VV-N) was examined. The N protein immunoprecipitated
from recombinant vaccinia virus-infected cell lysates was found
to be phosphorylated (Fig. 1B, lane 12), thereby indicating that
N protein phosphorylation does not require the presence of
other structural or nonstructural components of PRRSV. To
address the possible involvement of vaccinia virus-specific
functions in this process, the N gene was subcloned into the
eukaryotic expression vector pCI-Neo (Invitrogen) and used to
transfect COS-1 cells. The transfected cells were radiolabeled
with either [35S]methionine or 32Pi from 36 to 48 h posttrans-
fection, and cell lysates were immunoprecipitated with a mix-
ture of N-specific MAbs. A 15-kDa phosphorylated protein
was identified in the N gene-transfected cells (Fig. 1C, lane 16),
indicating that N protein phosphorylation was not mediated by
a vaccinia virus-encoded kinase, but rather by a cellular kinase.
As we were unable to identify any autophosphorylation activity
associated with the N protein coupled to Sepharose beads by in
vitro kinase assay, we concluded that N protein phosphoryla-
tion was mediated by a cellular kinase(s).

The N protein of PA8 contains 1 tyrosine, 9 threonine, and
10 serine residues that can potentially function as targets for
phosphorylation (Fig. 2A). To determine the identity of the
phosphorylated amino acid(s), phosphoamino acid analysis
was carried out. The 32Pi-labeled N protein immunoprecipi-
tated from either PRRSV- or VV-N-infected cells was sepa-
rated by SDS-polyacrylamide gel electrophoresis (PAGE) and

FIG. 1. Phosphorylation of the PRRSV N protein. (A) N protein phosphorylation in virus-infected cells. MARC-145 cells were infected with
the PA8 strain (North American genotype) or Lelystad strain (European genotype) of PRRSV and labeled at 32 h p.i. for 6 h with either 50 �Ci
of [35S]methionine/ml or 300 �Ci of [32Pi]orthophosphate/ml. For BCV, Mardin-Darby bovine kidney cells were infected and labeled at 24 h p.i.
for 6 h with 32Pi. Cell lysates were immunoprecipitated with a mixture of the N-specific MAbs for PA8 virus or with MAb NS99 for Lelystad virus.
The BCV N protein was precipitated using MAb MD8-3. The precipitates were separated by SDS–12% PAGE followed by autoradiography. Lanes
1, 3, 5, and 7, uninfected; lanes 2 and 4, PA8 infected; lane 6, Lelystad virus infected; lane 8, BCV infected. (B) N protein phosphorylation in
recombinant vaccinia virus-infected cells. MARC-145 cells were infected with either wild-type vaccinia virus (VV-WT) or recombinant vaccinia
virus expressing the PRRSV N protein (VV-N) and radiolabeled at 12 h p.i. for 6 h with [35S]methionine or 32Pi. Cell lysates were immunopre-
cipitated as describe above. Lanes 9 and 11, wild-type vaccinia virus-infected cells; lanes 10 and 12, recombinant vaccinia virus-infected cells. (C) N
protein phosphorylation in N gene-transfected cells. COS-1 cells were transfected with plasmids pCI-Neo or pCI-Neo-N containing the N coding
sequence and labeled at 36 h posttransfection for 12 h with either [35S]methionine or 32Pi. Lanes 13 and 15, pCI-Neo transfected; lanes 14 and 16,
pCI-Neo-N transfected. Arrows denote the N protein of BCV or PRRSV.
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transferred to a polyvinylidene difluoride membrane in CAPS
buffer (pH 10.4; Sigma). The region of the membrane contain-
ing the N protein was excised and hydrolyzed in 6 N HCl at
110°C for 2 h. The hydrolysate was lyophilized and dissolved in
water containing 0.5 �g each of phosphoserine, phosphothreo-
nine, and phosphotyrosine standards (Sigma). The samples
were subsequently spotted onto silica gel plates (Whatman
flexible-backed TLC plate; Fisher Scientific) and electropho-
resed in one dimension in 0.5% pyridine–5% acetic acid (pH
3.5) for 150 min at 400 V with cooling at 10°C. The amino acid
standards were visualized by ninhydrin staining (Fig. 2B and C,
lanes 1 and 3). The same plates were then exposed to a phos-
phorimager to obtain radiographic images of the labeled
amino acid(s). The results demonstrated that the N protein
prepared from PRRSV-infected cells was phosphorylated ex-
clusively on serine residues (Fig. 2B, lane 2), and no evidence
was obtained to suggest that either threonines or tyrosines
were phosphorylated. Additional experiments were performed
using the recombinant N protein purified from recombinant
vaccinia virus-infected cells, and identical results were ob-

tained, such that the liberated phosphoamino acid corre-
sponded to phosphoserine (Fig. 2C, lane 4), thereby confirm-
ing that the PRRSV N protein is a serine phosphoprotein.

Rowland et al. (27) have demonstrated that, in addition to
its cytoplasmic distribution, the N protein of PRRSV is found
in the nucleolus of virus-infected cells. As phosphorylation is
commonly used to regulate the subcellular localization of pro-
teins, we wanted to examine whether phosphorylation of the N
protein had an effect on its cellular compartmentalization. To
confirm nucleolar localization of the N protein derived from
the PA8 strain, confocal microscopy of virus-infected and N
gene-transfected cells was performed. In PRRSV-infected
cells, we monitored N protein distribution over time and found
that N protein staining varied from intensely nucleolar during
the early stages of infection (6 to 20 h p.i.) to exclusively
cytoplasmic (30 to 48 h p.i.) during the later stages of infection
(data not shown). Distribution of the N protein in PRRSV-
infected cells at 25 h p.i. is illustrated in Fig. 3A. This image is
representative of the various cellular compartments within
which the N protein is found to localize over time. These

FIG. 2. (A) Amino acid sequence and the predicted functional motifs of the PRRSV N protein. Nuclear localization signals are indicated in
bold italics (27), and the protein kinase motifs for protein kinase C (PKC) (S-X-R) and PKA (R-X-S) are outlined with boxes. Numbers indicate
the positions of serine residues. (B and C) Identification of phosphoamino acids of the N protein. MARC-145 cells infected with PRRSV (B) or
recombinant vaccinia virus expressing the PRRSV N protein (C) were radiolabeled with 300 �Ci of 32Pi/ml and subjected to immunoprecipitation
with an N-specific MAb mixture. The precipitates were resolved by SDS-PAGE and transferred to polyvinylidene difluoride membrane. N protein
bands were excised and hydrolyzed with 6N HCl for 2 h at 110°C. Amino acids were separated by one-dimensional electrophoresis on cellulose
plates in 0.5% pyridine–5% acetic acid [pH 3.5] for 150 min at 400 V with cooling at 10°C. Unlabeled phosphoamino acid standards were visualized
by staining with 0.25% ninhydrin (lanes 1 and 3), and the 32Pi-labeled amino acids were visualized by autoradiography (lanes 2 and 4).
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include the intensely stained regions in the endoplasmic retic-
ulum (ER), perinuclear region, and nucleolus as well as the
diffusely stained cytoplasm. Although the same intense nucle-
olar staining of the N protein was consistently observed in the
N gene-transfected cells, we did not see marked accumulation
of the N protein in the ER, but rather the distribution of N was
more diffuse in the cytoplasm (Fig. 3B). This difference in
cytoplasmic distribution between recombinant and viral N pro-
tein may be due to the fact that replication complex formation
and virus assembly do not take place in N gene-transfected
cells and these processes are likely what concentrate the N
protein in the ER and perinuclear regions of the cell, as has
been documented for EAV (19, 30). To examine whether
phosphorylated N protein was specifically localized in one par-
ticular compartment of the cell, fractionation experiments
were conducted. Virus-infected or N gene-transfected cells
were labeled with either [35S]methionine or 32Pi and separated
into cytoplasmic and nuclear fractions according to the proto-
col of Jameel et al. (6). Cell monolayers were washed twice
with phosphate-buffered saline and then scraped into 1 ml of
phosphate-buffered saline. After low-speed centrifugation, cell
pellets equivalent to a 60-mm-diameter plate were resus-
pended in 0.5 ml of lysis buffer (10 mM Tris-HCl [pH 8.0], 140
mM NaCl, 5 mM iodoacetamide, 0.5% Triton X-100, 2 mM
phenylmethylsulfonyl fluoride) and incubated on ice for 1 h.
Lysates were centrifuged at 14,000 rpm for 30 min (Micromax;
International Equipment Co., Needham Heights, Mass.). The
supernatant (cytoplasmic fraction) was removed to a fresh
tube, and 50 �l of a 10� DOC–SDS solution (10% sodium
DOC, 1% SDS) was added to it. The pellet was washed once

in 0.5 ml of lysis buffer as described above and resuspended in
0.5 ml of RIPA buffer (nuclear fraction). Both fractions were
immunoprecipitated with an N-specific MAb mixture. In ac-
cordance with the immunofluorescence data shown in Fig. 3A
and B, approximately equal amounts of the [35S]-labeled N
protein was found to be associated with the cytoplasmic and
nuclear fractions (Fig. 3C and D, lanes 1 and 2), whether or not
other viral constituents were present. An equivalent distribu-
tion was observed with the 32Pi-labeled N protein, such that
equal amounts of N were associated with both the cytoplasmic
and nuclear fractions (Fig. 3C and D, lanes 3 and 4). As a
control, �-galactosidase extracts prepared from cells trans-
fected with pCMV-Sport-�-Gal (Invitrogen) were fractionated
and the cellular distribution of this resident cytoplasmic re-
porter protein was assessed colorimetrically. The results from
the �-galactosidase assay confirmed the authenticity of the
cytoplasmic and nuclear fractions prepared using this fraction-
ation method (data not shown). We concluded, therefore, that
phosphorylation does not appear to limit or confine the N
protein to a particular region of the cell, such as the nucleolus,
suggesting that N protein nucleolar localization is not likely to
be regulated by phosphorylation.

To examine the kinetics of N protein phosphorylation, virus-
infected cells were starved for 1 h at 32 h p.i. and pulse-labeled
with 500 �Ci of 32Pi/ml for 30 min. The cells were either
harvested immediately or chased for 0.5, 1, 2, 4, 8, and 12 h and
then subjected to immunoprecipitation with N-specific MAbs.
As shown in Fig. 4B, a single species of 32Pi-labeled protein
was identified, which was stable for at least 12 h following its
synthesis. The 32Pi-labeled protein was visible immediately fol-
lowing the 30-min pulse, which suggests that the N protein is
rapidly phosphorylated following translation. The amount of
[35S]methionine- and 32Pi-labeled N protein remained constant
throughout the chase period (Fig. 4A and B, respectively),
demonstrating that the N protein was not subject to degrada-
tion over time and that phosphorylation was stable.

To determine whether multiple isoforms of the N protein
exist, two-dimensional isoelectric focusing was carried out.
[35S]methionine-labeled N protein was purified from virus-
infected cells by immunoprecipitation and subsequently con-
centrated into a low salt buffer (25 mM Tris-HCl [pH 7.4])
using a Microcon filter device (model YM-10; Millipore). Pre-
cast Immobiline dry strips (pH 6 to 11, linear gradient; Amer-
sham Biosciences) were rehydrated in 8 M urea, 0.5% Triton
X-100, 0.5% carrier ampholyte (pH 6 to 11), and 0.2% (wt/vol)
dithiothreitol for 16 h. The samples were applied to the anodic
end of the strip and electrophoresed for a total of 25,000 V-h
at 20°C. For the second-dimension separation, the equilibrated
strips were placed on top of a 15% polyacrylamide gel in the
usual position of the stacking gel, and PAGE was performed in
the Tris-glycine buffer system followed by autoradiography.
Only a single species of N was discernible in the two-dimen-
sional separation, and this species migrated with a basic pI well
within the range of the predicted pI for the N protein of 10.08
(Fig. 5A). These results suggested that one form of the N
protein was predominant in virus-infected cells. To further
evaluate whether the N protein could be resolved into multiple
isomers, [35S]methionine-labeled N protein was subjected to
acid-urea gel electrophoresis. Acid-urea separation has typi-
cally been employed to evaluate the processing of basic pro-

FIG. 3. Subcellular distribution of the N protein. PRRSV-infected
(25 h p.i.) (A) or N gene-transfected (B) cells were fixed with 4%
formaldehyde and permeabilized with 0.1% NP-40. The cells were
stained with an N-specific MAb mixture followed by Alexa Fluor 488
goat anti-mouse antibody and examined by laser scanning confocal
microscopy. (C and D). Subcellular fractionation of the N protein.
PRRSV (C) or recombinant vaccinia virus-infected (D) cells were
radiolabeled with either [35S]methionine (lanes 1 and 2) or 32Pi (lanes
3 and 4) and separated into cytoplasmic (lanes 1 and 3) and nuclear
(lanes 2 and 4) fractions followed by immunoprecipitation with an
N-specific MAb mixture and SDS-PAGE.

10572 NOTES J. VIROL.



teins into their multiple isoforms (23). Again, only a single
species of the N protein was identified using this separation
method (Fig. 5B, lane 2). Therefore, we did not obtain any
evidence to indicate that differentially phosphorylated iso-
forms of the N protein exist. Taken together, our results sug-
gest that N protein phosphorylation is unlikely to be transient
but rather is uniform and stable.

Given that the addition of phosphate groups to the N pro-
tein appeared to be a stable modification, it was therefore

expected that the N protein in the virion would be phosphor-
ylated. To examine the virion N protein, PRRSV-infected cells
were radiolabeled at 32 h p.i. for 16 h with either 50 �Ci of
[35S]methionine/ml or 300 �Ci of 32Pi/ml and the culture su-
pernatants were collected. After cell debris was removed, the
virions were pelleted through a 20% sucrose cushion. The virus
pellet was then resuspended in Tris-EDTA buffer containing
100 mM NaCl and separated on a 20-to-50% (wt/vol) sucrose
gradient at 50,000 rpm for 5 h in an SW55Ti rotor (Beckman).

FIG. 4. Pulse-chase analysis of the PRRSV N protein. Following 1 h of starvation in deficient medium, PRRSV-infected cells were pulse-
labeled at 32 h p.i. for 30 min in medium supplemented with either 150 �Ci of [35S]methionine/ml (A) or 500 �Ci of 32Pi/ml (B) and then chased
for the indicated time intervals. At various time points postlabeling, cells were harvested and the lysates were reacted with an N-specific MAb
mixture. The immunoprecipitated proteins were separated by SDS–12% PAGE and visualized by autoradiography. Mock-infected cells were
harvested immediately following the pulse-label (lane 1). The chase times (in hours) are displayed above the panels.

FIG. 5. Two-dimensional analysis and acid-urea gel electrophoresis of the PRRSV N protein. (A) For two-dimensional analysis, the N protein
was purified by immunoprecipitation from virus-infected cells radiolabeled with 50 �Ci of [35S]methionine/ml. For the first dimension, the samples
were applied to precast Immobiline dry strips (pH 6 to 11, linear pH gradient) and focused at 20°C for a total of 25,000 V-h. For the
second-dimension separation, the equilibrated strips were placed on top of an SDS–15% polyacrylamide gel and electrophoresed at 15 mA for the
first 15 min and 30 mA for a total of 5 h. The gel was dried and autoradiographed. (B) Analysis of the PRRSV N protein by acid-urea gel
electrophoresis. MARC-145 cells were infected with PRRSV and radiolabeled with 50 �Ci of [35S]methionine/ml between 32 and 38 h p.i. Cell
lysates were prepared and subjected to immunoprecipitation. The proteins were eluted from Sepharose beads in acid-urea sample buffer (5% acetic
acid, 9 M urea, 0.002% methyl green) by heating samples at 80°C for 5 min. After prerunning gels in reverse polarity for 2 h at 150 V in 5% acetic
acid, samples were loaded and electrophoresed at a constant voltage of 150 V for 1.5 h in a 15% polyacrylamide gel containing 6.4 M urea and
5% acetic acid. The gel was dried and autoradiographed. Lane 1, mock infected; lane 2, PRRSV infected.
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The purification procedure was performed in parallel, such
that one sample contained 32Pi-labeled virus and the other
sample contained [35S]methionine-labeled virus. A total of 20
fractions were collected from the top to the bottom of the
gradient, and aliquots from even-numbered fractions were re-
solved by SDS-PAGE under reducing conditions. Three major
viral proteins were readily identified in fractions 16 to 20 of the
[35S]methionine-labeled virion preparation (Fig. 6A). The fast-
est-migrating band represented the N protein, and the next two
higher-molecular-weight bands represented the M and GP5
proteins, respectively. In the case of the 32Pi-labeled virion
preparation, a 15-kDa protein was identified in fractions 14 to
20 (Fig. 6B), and this protein migrated at the same rate as the
immunoprecipitated N protein (Fig. 6B, lane N). To confirm
the specificity of the phosphorylated band identified in Fig. 6B,
the same fractions were subjected to immunoprecipitation with
a mixture of N-specific MAbs. Immunoprecipitation of the N
protein from individual fractions containing the intact virions
was performed by adding a final concentration of 0.5% SDS,
1% Triton X-100, and 1% sodium DOC to the reaction, which
served to disrupt the viral envelope, thus making the N protein

accessible to MAbs. The identical bands were immunoprecipi-
tated from these fractions (Fig. 6C), demonstrating that the
32Pi-labeled band identified in Fig. 6B was in fact the N pro-
tein. We concluded, therefore, that the virion-associated N
protein is phosphorylated.

In this communication, we have demonstrated that the
PRRSV N protein is a phosphoprotein. Given that EAV and
coronavirus nucleocapsid proteins are also phosphoproteins
(41, 12), phosphorylation of the nucleocapsid protein appears
to be a common feature of nidoviruses. Evolutionary conser-
vation of this chemical modification suggests that phosphory-
lation of the N protein may be of significant biological impor-
tance for the virus and, therefore, it warranted further
investigation. Phosphorylation of the N protein occurs not only
in PRRSV-infected cells but also in N gene-transfected cells,
where the N protein is synthesized in the absence of other viral
components. Therefore, phosphorylation of the N protein is
not an artifact and cellular kinases are involved in this process.
Phosphoamino acid analysis was performed on authentic and
recombinant N proteins, and in each case the liberated phos-
phorylated amino acid corresponded to phosphoserine. Given
that analysis of a phosphoprotein purified by immunoprecipi-
tation would represent the average state of phosphorylation, it
is therefore unlikely that the N protein would be transiently
phosphorylated on either threonine or tyrosine residues. Since
identification of phosphorylated serine residues through pro-
teolytic digestion of the 32Pi-labeled N protein was not possible
due to the small size of the resultant digestion products, indi-
vidual serine residues were mutated to alanine and examined
for their phosphorylation properties (data not shown). Results
from these experiments revealed that the N protein was phos-
phorylated on more than one residue and, thus, an alternative
approach is currently being taken in order to thoroughly de-
lineate the location of the phosphorylated serine residues.

Since the PRRSV N protein is both a cytoplasmic and nu-
clear-associated phosphoprotein, phosphorylation does not ap-
pear to be the mechanism determining N protein subcellular
localization, unless of course transient hyperphosphorylated
forms of the N protein exist. This, however, is an unlikely
scenario because results from the pulse-chase and two-dimen-
sional electrophoresis and acid-urea electrophoresis experi-
ments suggest that the N protein population is rather homo-
geneous, with one species of N existing. Because the amount of
32Pi-labeled N protein remained constant throughout the chase
period, this implies that phosphorylation of N is relatively
stable and that cycling between phosphorylated and unphos-
phorylated species seems improbable. We examined purified
virus particles to determine whether the virion N protein, fol-
lowing egress from the cell, was phosphorylated. As was ex-
pected, given the stable nature of N protein phosphorylation,
the virion N protein was shown to be phosphorylated. There-
fore, N appears to be phosphorylated throughout the extent of
the virus life cycle. We did not, however, explore the possibility
of N protein dephosphorylation occurring during uncoating, as
it does in the case of the mouse hepatitis coronavirus (MHV)
N protein (8).

Phosphorylation is an important posttranslational modifica-
tion that has been shown to modulate a variety of macromo-
lecular events in virus biology. As with the PRRSV N protein,
numerous plant and animal virus nucleocapsid proteins are

FIG. 6. Phosphorylation of the virion N protein. Virus-infected
cells were labeled between 36 and 48 h p.i., and the culture superna-
tants were harvested. The supernatants were preclarified to remove
cellular debris before concentrating the virus through a 20% sucrose
cushion for 2 h at 25,000 rpm in an SW28 rotor (XL-90 ultracentrifuge;
Beckman Instruments, Inc.). Virus pellets obtained from the 20%
sucrose cushion were resuspended in Tris-EDTA buffer and further
purified in a 20-to-50% continuous sucrose gradient at 50,000 rpm
(SW55Ti) for 5 h. Fractions were taken from the top of the gradients
and aliquots from alternate fractions were directly analyzed without
immunoprecipitation (A and B) or immunoprecipitated using N-spe-
cific MAbs (C), followed by SDS-PAGE under reducing conditions
and autoradiography. (A) [35S]methionine-labeled virions; (B and C)
32Pi-labeled virions. GP5[35S], [35S]methionine-labeled GP5 glycopro-
tein; M[35S], [35S]methionine-labeled membrane-associated pro-
tein; N[35S], [35S]methionine-labeled nucleocapsid protein; N[32P],
[32P]phosphate-labeled nucleocapsid protein.
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phosphorylated, and in many cases this chemical modification
serves to stabilize distinct conformations of the protein (40).
Although we have not addressed the biological function of N
protein phosphorylation in this study, the consequence of viral
capsid protein phosphorylation in general is well documented
and typically falls into one of three categories: modulation of
nucleic acid binding activity, regulation of nuclear localization,
or mediation of protein-protein interactions including oli-
gomerization. Phosphorylation modulates the RNA binding
activity of many viral proteins, and instances of both positive
and negative regulation have been cited in the literature. For
example, in the human T-cell leukemia virus type 2, phosphor-
ylation of the Rex protein enhances RNA binding activity (5),
whereas for the hepatitis B virus core protein and the rabies
virus nucleoprotein, phosphorylation leads to decreased RNA
binding activity (9, 38). In the case of MHV, dephosphoryla-
tion of the N protein occurs upon virus entry into neutral
endosomes and is required for subsequent uncoating and re-
lease of the viral RNA (8). Therefore, phosphorylated MHV N
appears to exert a much higher affinity for genomic RNA than
does the unphosphorylated N protein. Since phosphorylation
of the N protein is conserved across the nidoviruses, it is quite
possible that a similar mechanism of phosphorylation-regu-
lated RNA binding may occur with the PRRSV N protein
during uncoating. Alternatively, phosphorylation may regulate
dimer formation or oligomerization, as has been speculated in
the case of hepatitis C virus, where phosphorylation appears to
modulate core protein dimer formation (28). In fact, the
PRRSV N protein exists as a dimer in the mature virion (36)
and, therefore, it is possible that phosphorylation may be in-
volved in dimerization and subsequent oligomerization of the
N protein for capsid assembly. Phosphorylation has also been
shown to regulate nuclear localization of viral proteins. In the
case of hepatitis B virus, phosphorylation regulates the core
protein nuclear localization by inducing a conformational
change that exposes a nuclear localization signal in the carboxy
terminus of the core protein, which allows core binding to the
nuclear pore complex through the importin-mediated pathway
(10). This seems unlikely, however, for the PRRSV N protein,
since our experimental data suggest that the phosphorylated N
protein is distributed in all cellular compartments and thus
phosphorylation does not appear to restrict its localization.
Considering these aspects, the mechanism by which phosphor-
ylation of the N protein plays a role in the PRRSV life cycle is
currently under investigation.
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