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spiratory syndrome virus (PRRSV), an arterivirus, in common with many other
positive strand RNA viruses, encodes a nucleocapsid (N) protein which can localise not only to the cytoplasm
but also to the nucleolus in virus-infected cells and cells over-expressing N protein. The dynamic trafficking
of positive strand RNA virus nucleocapsid proteins and PRRSV N protein in particular between the cytoplasm
and nucleolus is unknown. In this study live imaging of permissive and non-permissive cell lines, in
conjunction with photo-bleaching (FRAP and FLIP), was used to investigate the trafficking of fluorescent
labeled (EGFP) PRRSV-N protein. The data indicated that EGFP-PRRSV-N protein was not permanently
sequestered to the nucleolus and had equivalent mobility to cellular nucleolar proteins. Further the nuclear
import of N protein appeared to occur faster than nuclear export, which may account for the observed
relative distribution of N protein between the cytoplasm and the nucleolus.

© 2008 Elsevier Inc. All rights reserved.
Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV) is a
spherical, enveloped virus, which causes highly contagious, severe
disease in the natural host, the swine, with a spectrum of disease
states ranging from respiratory failure in neonates to abortions in
sows and persistence (Wills et al., 2003). PRRSV is endemic to most
swine producing countries and imposes a heavy economic burden due
to the high mortality associated with the disease.

PRRSV is a positive strand RNA virus belonging to the Arteriviridae
family, order Nidovirales. Although the primary site of replication is
the cytoplasm, the viral encoded nucleocapsid (N) protein (an RNA
binding protein) localises predominately in the cytoplasm and
nucleolus during virus infection and when over-expressed in cell
lular Biology, Faculty of Biology
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culture (Rowland et al., 1999). This property is common with related
viruses including the equine arterivirus (EAV) N protein (Tijms et al.,
2002) and the coronavirus N proteins (Hiscox et al., 2001;Wurm et al.,
2001) with the possible exception of the severe acute respiratory
syndrome coronavirus (SARS-CoV) N protein (Li et al., 2005; Rowland
et al., 2005; Timani et al., 2005; You et al., 2005; You et al., 2007).
Localisation and trafficking of the avian coronavirus infectious
bronchitis virus (IBV) N protein to the nucleolus (Cawood et al.,
2007) correlates with the stage in the cell cycle (G2) when virus
protein synthesis and progeny virus production is most efficient (Dove
et al., 2006; Harrison et al., 2007; Li et al., 2007).

The nucleolus is a dynamic sub-nuclear compartment found
principally during interphase in eukaryotic cells (Andersen et al.,
2005; Boisvert et al., 2007; Hernandez-Verdun, 2006; Matthews and
Olson, 2006). Solution of thenucleolar proteome (Andersen et al., 2002)
has indicated that the nucleolus has a numberof functions ranging from
ribosome subunit biogenesis to non-classical functions such as the
stress response (Mayer and Grummt, 2005; Rubbi and Milner, 2003)
and regulation of cell growth (Hernandez-Verdun and Roussel, 2003).
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There are over 700 proteins associated with the nucleolar proteome
(Leung et al., 2006) and these include nucleolin, fibrillarin and B23.1.

Localisation of positive strand RNA virus capsid proteins and
replication proteins (and in one case partial RNA synthesis) in the
nucleus and/or nucleolus appears to be an emerging feature of positive
strand RNA viruses. The reason why positive strand RNA virus capsid
proteins localise to the nucleolus is unknown, and several hypotheses
have been proposed including; as part of a cellular defensemechanism
to sequester viral proteins away from sites of virus replication and
assembly, to recruit nucleolar proteins to facilitate virus replication, to
usurp cellular processes by disrupting the nucleolar proteome or
because the viral protein contains motifs which mimic nucleolar
localisation signals (NoLSs) (Hiscox, 2002, 2003, 2007; Rowland and
Yoo, 2003; Uchil et al., 2006; Weidman et al., 2003).

However, the majority of RNA synthesis in positive strand RNA
viruses (Ahlquist, 2006; de Haan and Reggiori, 2008; Taylor and
Kirkegaard, 2008) including arteriviruses (Posthuma et al., 2008; van
Hemert et al., in press) is thought to occur on cytoplasmic membrane
bound replication complexes. Assembly also occurs in the cytoplasm;
therefore capsid proteins are required in this cellular compartment to
facilitate these processes. This would infer the need for appropriate
trafficking signals to ensure import and export from the nucleus and
several such motifs have been identified. Mutational analysis and
abrogation of nuclear/nucleolar localisation of viral proteins for the
PRRSV N protein (Lee et al., 2006; Pei et al., 2008) and the positive
strand RNA plant RNA virus groundnut rosette virus ORF3 (Kim et al.,
2007a,b) have elegantly demonstrated the importance of nucleolar
localisation in the biology of these viruses.

For PRRSV N protein, the motifs which direct nucleolar localisation
are composed of a nuclear localisation signal (NLS) acting in concert
with a NoLS (Lee et al., 2006; Rowland et al., 2003). Whereas for IBV N
protein an eight amino acid motif was shown to be necessary and
sufficient to act as an NoLS (Reed et al., 2006). For nuclear export of the
arterivirus and coronavirus N proteins, nuclear export signals (NESs)
have either been identified or inferred from molecular genetic and/or
bioinformatic analysis, structural modeling or use of specific meta-
bolic inhibitors of nuclear export (Reed et al., 2007; Rowland and Yoo,
2003; Tijms et al., 2002; You et al., 2007).

The dynamic trafficking of positive strand RNA virus capsid
proteins between the nucleolus and the cytoplasm or the mobility
in the nucleolus is not clearly understood. Previous studies which
have been mainly based on preparations of fixed cells could not
distinguishwhether therewere for example two populations of capsid
protein; one which sequestered to the cytoplasm and one which
sequestered to the nucleolus or whether protein trafficked between
the two compartments. In order to distinguish between these
possibilities and derive a model for PRRSV N protein trafficking, this
study used live cell confocal microscopy to investigate the trafficking
of fluorescent labeled N protein in porcine and non-porcine cell lines
which were permissive and non-permissive for PRRSV.

Results and discussion

To investigate whether the localisation of N protein within live
cells was equivalent to that previously observed in fixed cells and
for subsequent trafficking analysis, the PRRSV N gene was PCR
cloned downstream of the enhanced green fluorescent protein
(EGFP) in the expression vector pEGFPC2. This created plasmid
pEGFP-PRRSV-N, which when transfected into cells led to the
expression of PRRSV N protein fused to EGFP. Although several cell
lines were used in this study, primarily, the continuous porcine
monocytic cell line, 3D4/31, was used in the majority of experi-
ments. Although not permissive for PRRSV infection, these cells
were derived from porcine alveolar macrophages (which are
permissive) following expressing of the SV40 large T antigen
(Weingartl et al., 2002).
To investigate the localisation of EGFP-PRRSV-N protein, 3D4/31
cells were co-transfected with pEGFP-PRRSV-N and a vector which
directed the expression of the nucleolar protein B23.1 fused to DsRed
(DsRed-B23.1) (Reed et al., 2006; You et al., 2005) to act as amarker for
the nucleolus (Fig. 1A). Two different localisation patterns of EGFP-
PRRSV-N protein were observed: In 3D4/31 cells which expressed
lower amounts of EGFP-PRRSV-N protein, localisation was predomi-
nately nucleolar with some nuclear signal (Fig. 1A, panel A). In 3D4/31
cells which expressed higher amounts of protein localisation was
predominately either cytoplasmic and nucleolar (Fig. 1A, panel C) or
predominately nucleolar with some cytoplasmic and nuclear signal
(Fig. 1A, panel D). This difference in expressionwas evident in that the
fluorescent signal from EGFP-PRRSV-N protein in Fig. 1A, panel A was
captured in the linear range. However, using the same setting led to
over-saturated pixels in cells expressing higher amounts of EGFP-
PRRSV-N protein e.g. Fig. 1A, panel B (red indicates that the image
range is not linear). Gain adjustment to ensure pixels were captured in
the linear range restored image clarity (Fig. 1A, panel C). Nucleolar
localisation of EGFP-PRRSV-N protein was confirmed due to co-
localisation with the nucleolar marker protein DsRed-B23.1 (yellow
signal). Previously, N protein has been shown to interact with the
nucleolar protein fibrillarin (Yoo et al., 2003).

There are several different mechanisms which may account for the
concentration dependent localisation pattern of N protein. N protein
could diffuse and/or beactively transported into thenucleus through the
nuclear pore complex (NPC), diffuse through the nucleoplasm and be
permanently sequestered in the nucleolus. As the nucleolar concentra-
tion of N protein becomes saturating so excess protein could either
diffuse or be actively transported through the NPC to the cytoplasm.
Alternatively, N protein could be continuously exchanged between the
nucleolus and the nucleus and the cytoplasm, with localisation being
driven by possible differential relative trafficking rates between nuclear
import and export. To investigate and discriminate between these
possibilities dynamic live cell imaging using fluorescence loss in photo-
bleaching (FLIP) andfluorescence recoveryafter photo-bleaching (FRAP)
was used to study movement of EGFP-PRRSV-N protein.

Relative trafficking within the nucleolus and trafficking from the
cytoplasm to the nucleolus was investigated using FLIP to continu-
ously photo-bleach a defined portion of the nucleolus in 3D4/31 cells
expressing EGFP-PRRSV-N protein. This was compared to the traffick-
ing of three nucleolar marker proteins (Reed et al., 2006; You et al.,
2005); EGFP-nucleolin, EGFP-B23.1 and EFP-fibrillarin (Fig. 1B). Loss of
fluorescence is then a result of the EGFP-tagged fusion protein
trafficking into and out of the photo-bleached areawith time. The data
indicated that by 180s, loss of fluorescence from cells expressing
EGFP-nucleolin and EGFP-fibrillarin was greater than EGFP-B23.1. In
cells expressing lower amounts of EGFP-PRRSV-N protein, fluores-
cence was completely photo-bleached by 120s and in higher
expressing cells EGFP-PRRSV-N protein fluorescence was completely
photo-bleached in the nucleus and reduced in the cytoplasm by 180s
(Fig.1B). This indicated that PRRSV N proteinwas potentially asmobile
as the cellular nucleolar proteins examined.

To compare the relative nucleolar mobility between EGFP-PRRSV-
N protein and EGFP-nucleolin, EGFP-B23.1 and EFP-fibrillarin in 3D4/
31 cells, FRAP was used to photo-bleach a defined portion of the
nucleolus (Fig. 2A) and the time taken to refill the photo-bleached area
was measured (Fig. 2B) and t1/2 values were compared (Fig. 2C). The
data indicated that EGFP-PRRSV-N protein had the lowest t1/2 value
and therefore had a slightly faster mobility than the three cellular
nucleolar marker proteins used in this study. Cellular nucleolar
proteins can have different mobility rates and nucleolar localisation
patterns depending on their functions (Andersen et al., 2005) and can
show a continuous rapid turn over between the nucleus and the
nucleolus — yet the overall structure of the nucleolus is maintained
(Misteli, 2001). The diffusion coefficient (D) value of EGFP-PRRSV-N
protein and EGFP-nucleolin, EGFP-B23.1 and EFP-fibrillarin was
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calculated from the recovery curves (Phair and Misteli, 2000). This
value is the rate at which a protein repopulates a photo-bleached
area. This confirmed that EGFP-PRRSV-N protein had an equivalent
(or slightly higher) mobility (D=0.839 μm2/s) than EGFP-nucleolin
(D=0.156μm2/s), EGFP-fibrillarin (D=0.278μm2/s) or EGFP-B23.1
(D=0.166μm2/s). In a previous study the half time of EGFP-fibrillarin
in BHK cells was reported to be approximately 3s with a D value of
0.53μm2/s (Phair and Misteli, 2000), which is in similar agreement
to this study. Phair and Misteli (2000) noted that the D values of
EGFP-fibrillarin and other fluorescent tagged nuclear/nucleolar
proteins were 100 times lower than that reported for free solutes
in the nucleus and suggested that this was due to interactions with
other nuclear components. Therefore, similar to the cellular
nucleolar proteins the mobility of EGFP-PRRSV-N protein indicated
that N protein probably localised to the nucleolus by diffusing
through the nucleoplasm until it located an appropriate binding site,
possibly a nucleolar protein or ribosomal RNA, and thus appeared to
accumulate in this compartment. PRRSV N protein has been shown
to interact with fibrillarin (Yoo et al., 2003).

The precise mechanism of trafficking of N protein within a cell and
to the nucleolus is unknown, although N protein has been shown to
interact with and pull down fibrillarin and thus may potentially
localise to the nucleolus via this interaction (Yoo et al., 2003). For
example, the nucleolin binding activity of hepatitis delta antigen is
associated with nucleolar localisation (Ning and Shih, 2004). PRRSV N
protein has also been shown to interact with importin-α and
importin-β (Rowland et al., 2003) and is sensitive to leptomycin B
(LMB), an inhibitor of CRM1-dependent export (Rowland and Yoo,
2003). Several different nuclear-cytoplasmic trafficking pathways are
utilized by viruses (Whittaker et al., 2000) and have been described
for a number of different virus nucleocapsids and nucleocapsid
proteins. For example, in vesicular stomatitis virus nucleocapsids are
trafficked via a microtubule mediated process (Das et al., 2006), as are
the Hantaan virus nucleocapsid protein (Ramanathan et al., 2007) and
the West Nile virus capsid protein (Chu and Ng, 2002). To investigate
whether the trafficking of N protein between the cytoplasm and the
nucleus/nucleolus was associated with microtubules or energy
dependent, the mobility of EGFP-PRRSV-N protein was compared in
3D4/31 cells incubated at 37°C in the presence and absence of
nocodazole (60ng/ml nocodazole (Sigma) for 16h), a microtubule
inhibitor, or incubated at 10°C. In preparations of fixed cells, in the
absence of nocodazole (Fig. 3A) microtubules were visualized
(observed as filaments) using an anti-tubulin antibody. As before
EGFP-PRRSV-N protein localised predominately to the nucleolus. In
preparations of fixed cells in the presence of nocodazole (Fig. 3B)
microtubule polymerization was inhibited (diffuse staining of tubu-
lin), although similar to untreated cells, EGFP-PRRSV-N protein
remained predominately localised in the nucleolus. The activity of
nocodazole was also confirmed by analyzing the cell cycle stage of
treated cells (using flow cytometry as described previously (Dove
et al., 2006; Harrison et al., 2007)), which demonstrated enrichment
in the G2/M stage (Fig. 3B) compared to untreated cells (Fig. 3A), and is
a result of the inhibition of spindle formation in metaphase. To
investigate the trafficking of EGFP-PRRSV-N protein in live cells, a
nucleolus in 3D4/31 cells expressing EGFP-PRRSV-N protein was
continuously photo-bleached (FLIP) in the presence of nocodazole at
37°C (Fig. 3C) and in the absence of nocodazole in cells that had been
pre-cooled to 10°C (Fig. 3D). In both cases, photo-bleaching resulted in
Fig. 1. A. (Panels A, C and D). Live cell confocalmicroscope images of 3D4/31 cells showing differ
and transmission phase images are also presented. Co-localisationwhen it occurs is shown in ye
B23.1 shown inpanel A, for leftmost images red represents saturated pixels. For orientation an e
photo-bleach the nucleolus (arrowed) between three cellular nucleolar proteins tagged with EG
protein. Presented are the EGFP-protein signals to the left and then the corresponding rainbow
concentration inblue. Imageswere sampled after10, 30, 60,120and180s of photo-bleaching. Th
The width of all images is 35 μm.
the loss of fluorescent signal in both the cytoplasm (where appro-
priate) and nucleus and the non photo-bleached nucleolus, indicating
that cytoplasmic to nuclear trafficking occurred, and was not inhibited
by either the presence of nocodazole or cooling to 10°C. This suggested
that the trafficking of N protein from the cytoplasm to the nucleus was
not microtubule or energy dependent. To investigate trafficking
within the nucleolus a defined portion of the nucleolus was photo-
bleached (FRAP) in cells incubated at either 37°C, 10°C or 37°C in the
presence of nocodazole (Fig. 4A) and the time taken to refill the photo-
bleached area was measured (Fig. 4B). The data indicated that EGFP-
PRRSV-N protein at 37°C had a t1/2 value of 0.74±0.07 which was
similar to the t1/2 value (0.75±0.18) at 4°C and at 37°C in the presence
of nocodazole (t1/2 value of 1.37±0.55).

The mobility of EGFP-PRRSV-N protein between the nucleolus and
the cytoplasm and vice versa was compared to EGFP using FRAP and
FLIP on the cytoplasm or the nucleus/nucleolus in 3D4/31 cells. EGFP is
approximately 27kDa and contains no known NLS, NoLS or NES motifs
and therefore the relative localisation of EGFP between the nucleus
and the cytoplasm would reflect the relative trafficking of the protein
across the NPC, most likely due to diffusion and concentration
gradients, such that equilibrium would be reached depending on the
relative balance between the rate of nuclear import versus nuclear
export and the relative volume of the cytoplasm versus the nucleus.
PRRSV N protein is approximately 15kDa (and with the addition of
EGFP approximately 42kDa) and although the fusion protein has the
potential to freely diffuse through the NPC (which has a size exclusion
limit for passive transport of approximately 50kDa (Macara, 2001;
Terry et al., 2007)), clearly EGFP-PRRSV-N protein has a discrete
localisation pattern being cytoplasmic and nucleolar (with some
nuclear signal) (Rowland et al., 1999). Without the presence of
trafficking signals N protein would be predicted to display similar
trafficking and localisation to EGFP.

The traffickingof EGFP compared to EGFP-PRRSV-Nprotein between
the nucleus and the cytoplasm and vice versawas analyzed by FRAP (Fig.
5) and the relative level of fluorescence between the nucleus and the
cytoplasm was measured using ImageJ software (NIH) as described
(Reed et al., 2007) for the 3D4/31 cell line. This takes into account the
reduction in fluorescence during photo-bleaching due to ongoing
trafficking into and out of the bleach area. In EGFP-expressing 3D4/31
cells the pre-bleach level of EGFP in the nucleus to that of the cytoplasm
was 0.56±0.05 to 0.44±0.03, respectively. To examine trafficking into
the nucleus, this area was photo-bleached and subsequent recovery of
fluorescence in the nucleus (due to import of EGFP from the cytoplasm)
indicated that after 180s the relative level of EGFP between the nucleus
and the cytoplasmwas 0.60±0.04 compared to 0.41±0.05, respectively,
which was not significantly different from the pre-bleach levels (Fig.
5A). Analysis by 180s was then used as a base line for comparison of
trafficking of EGFP and EGFP-PRRSV-N protein between the nucleus and
the cytoplasm in FRAP analysis. In 3D4/31 cells expressing EGFP-PPRSV-
N proteinwith nucleolar/nuclear and cytoplasmic distribution, the pre-
bleach level of EGFP-PRRSV-Nprotein between the total nuclear content
and the cytoplasm was 0.78±0.07 and 0.22±0.03, respectively. 180s
after photo-bleaching, the nuclear to cytoplasm level was 0.81±0.08 to
0.24±0.04, respectively (Fig. 5B), which was not significantly different
from the pre-bleach level.

To examine trafficking of EGFP into the cytoplasm, this area was
photo-bleached in 3D4/31 cells and subsequent recoveryoffluorescence
in the cytoplasm (due to import of non photo-bleached EGFP from the
ent examples of the distribution of EGFP-PRRSV-N (green) and DsRed-B23.1 (red). Merged
llow. Panel B is the range indicator for the fluorescent signal of EGFP-PRRSV-N and DsRed-
xample of a nucleolus is indicated (No). (B). Comparison of trafficking analysis using FLIP to
FP; EGFP-nucleolin, EGFP-B23.1 and EGFP-fibrillarinwith two examples of EGFP-PRRSV-N
image of this where regions of high protein concentration are denoted in red and low to no
epositionof thephoto-bleachon thenucleolus is indicatedby the tipof the lighting symbol.
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nucleus) was compared to levels before photo-bleaching (nucleus to
cytoplasm level of 0.58±0.04 to 0.41±0.05, respectively) to levels 180s
after photo-bleach when the nuclear to cytoplasm ratio was 0.72±0.05
compared to 0.28±0.04, respectively (Fig. 5C). This indicated that EGFP
had not reached pre-bleach levels, which was different when consider-
ing cytoplasm to nucleus trafficking.

To examine trafficking of EGFP-PRRSV-N protein into the cytoplasm,
this area was photo-bleached and subsequent recovery of fluorescence
in the cytoplasm (due to import of EGFP-PRRSV-N protein from the
nucleus) was compared before photo-bleach (nucleus to cytoplasm
relative level of 0.71±0.06 to 0.29±0.03, respectively) to 180s after
photo-bleach, when the nuclear to cytoplasm ratio was 0.92±0.08
compared to 0.08±0.05, respectively (Fig. 5D). (Note that this experi-
ment was performed on cells in which EGFP-PRRSV-N protein localised
also in the cytoplasm). This data indicated that the ratio of EGFP-PRRSV-
N protein had not reached pre-bleach levels, which was different when
considering cytoplasm to nucleus trafficking. This indicated that the
export of EGFP-PRRSV-N protein from the nucleus was potentially
slower than import and given the difference in relative ratios, slower
than the export of EGFP from the nucleus to the cytoplasm.

The relative difference between nuclear import and nuclear export
observed with EGFP-PRRSV-N protein was investigated using FLIP in
which either a defined area of the nucleus (not the nucleolus) was
photo-bleached for either EGFP (Fig. 6A) or EGFP-PRRSV-N protein
(Fig. 6B) expressing 3D4/31 cells or a defined area of the cytoplasm
was photo-bleached for either EGFP (Fig. 6C) or EGFP-PRRSV-N
protein (Fig. 6D) expressing 3D4/31 cells. Again, comparison of the
data from the two proteins indicated that more fluorescent signal of
EGFP-PRRSV-N proteinwas lost during import than export, suggesting
that the former process operates faster than the latter. Reflecting the
FRAP analysis, the relative trafficking of EGFP-PRRSV-N protein
between the nucleus and the cytoplasmwas in favor of nuclear import.

The observed live cell trafficking patterns of EGFP-PRRSV-N protein
may have been specific to 3D4/31 cells. Therefore, to investigate this
possibility, the localisation and dynamic trafficking of this proteinwas
compared to EGFP inMARC-145 cells (an African greenmonkey kidney
cell line permissive for PRRSV infection (Kim et al., 1993)) and HeLa
cells (derived from a human cervical cell line, and non-permissive for
infection). The data indicated that in both MARC-145 and HeLa cell
types EGFP-PRRSV-N protein localised predominately to the nucleus/
nucleolus compared to EGFP which localised throughout the cell (Figs.
7A and 8A, respectively). Very few cells (less than 5%) exhibited more
than 10% of the total fluorescence from EGFP-PRRSV-N protein in the
cytoplasm. Note that for EGFP, the transmission phase image is
presented to highlight the differentiation between the cytoplasm,
nucleus and nucleolus. (Such images were used in subsequent analysis
for placement of photo-bleaching in the EGFP fluorescent cell, where
distinction between the nucleus/nucleolus/cytoplasm was not possi-
ble). The sub-cellular localisationpatterns for bothfluorescent proteins
were similar to that observed in 3D4/31 cells.

Investigation of the trafficking of EGFP-PRRSV-N protein compared
to EGFP between the cytoplasm and the nucleus and vice versa by
continuous photo-bleaching (FLIP) a defined portion of the nucleus or
the cytoplasm in both MARC-145 cells (Fig. 7) and HeLa cells (Fig. 8),
indicated that photo-bleaching in the nucleus in cells expressing EGFP
resulted in apparent simultaneous loss offluorescence from the nucleus
and the cytoplasm (Figs. 7B and 8B), indicating rapid trafficking of EGFP
between the two compartments. In comparison, little fluorescence
Fig. 2. A. FRAP analysis of a defined portion of the nucleolus to compare the nucleolar traffi
PRRSV-N protein showing different distributions within a 3D4/31 cell. Presented are the EG
regions of high protein concentration are denoted in red and low to no concentration in blue.
by images sampled at 0.5, 5, 10 and 30 s post-bleach. The width of all images is 35 μm. The po
(B). Comparison of the normalization of recovery in the photo-bleached area of the nucleolus
(□) where datawas processed to ensure the recovery profiles were set to zero at the initial tim
life recovery (t1/2) between EGFP-B23.1, EGFP-nucleolin, EGFP-fibrillarin and EGFP-PRRSV-N
(approximately ~ 5%of totalfluorescence) of EGFP-PRRSV-Nproteinwas
observed in the cytoplasm in bothMARC-145 and HeLa cells and photo-
bleaching in the nucleus resulted in loss of fluorescence from the
nucleoplasm and then the nucleolus (Figs. 7C and 8C upper panels,
respectively). In approximately 10% of cells expressing EGFP-PRRSV-N
protein fluorescencewas observed in the cytoplasm, but only if imaging
was adjusted so that the fluorescent signal in the nucleus/nucleoluswas
above the linear range (for example Fig. 8C, lower panels). In this case
photo-bleaching in the nucleus resulted in loss of fluorescence from the
cytoplasm which could be accounted by faster trafficking into the
nucleus of non-photo-bleached proteinwhichwas thenphoto-bleached
than the export of photo-bleached protein into the cytoplasm. Photo-
bleaching in the cytoplasm of either MARC-145 cells or HeLa cells
expressing EGFP resulted in loss of signal from both the nucleus and the
cytoplasm (Figs. 7D and 8D, respectively). In comparison, photo-
bleaching in the cytoplasm of either MARC-145 cells or HeLa cells
expressing EGFP-PRRSV-N protein resulted in less loss of fluorescence
when compared to EGFP (Figs. 7E and 8E). The photo-bleaching analysis
for EGFP-PRRSV-N protein also indicated that when the nucleus was
photo-bleached loss of fluorescence in the cytoplasm was due to the
trafficking of non photo-bleached protein into the nucleus rather than
the rapid export of photo-bleached protein from the nucleus into the
cytoplasm. Thus the photo-bleaching analysis of EGFP and EGFP-PRRSV-
N protein in MARC-145 and HeLa cells was similar to that found in 3D4/
31 cells.

Thus we propose a model of N protein trafficking in which the
nuclear import of N protein is faster than the nuclear export and
N protein is apparently localised in greater amounts in the nucleolus
(Fig. 9). The deficiency of the model is that the analysis was conducted
in the absence of other viral proteins or RNA (i.e. infected cells) which
may associate with N protein and alter its relative trafficking rates.
This may be certainly true for the cytoplasm, where N protein will
complex with viral RNA and possibly components of the replicase
complex. Although there is currently no published data that other
PRRSV macromolecules localise in the nucleus/nucleolus, the EAV
non-structural protein 1 (nsp1) has also been observed in the nucleus
(Tijms et al., 2002), and therefore PRRSV nsp1 may have similar
properties. PRRSV N protein does not accumulate or is sequestered in
the nucleus/nucleolus per se and in common with other cellular
nuclear/nucleolar proteins is continuously being exchanged between
the nucleolus and the nucleoplasm and indeed is as mobile as the
cellular nucleolar proteins examined. The implication of this study is
that all de novo synthesized N protein (when over-expressed) traffics
to the nucleolus. Together with molecular genetic analysis showing
that virus replication is reduced when N protein nucleolar localisation
is abolished (Lee et al., 2006; Pei et al., 2008), suggests that the
nucleolar trafficking of N protein is playing a crucial role in virus
biology. What this role is remains to be elucidated.

Materials and methods

Cell culture

3D4/31 cells were grown at 37°C with 5% CO2 in DMEM and
RPMI 1640 (50:50). MARC-145 and HeLa cells were maintained in
DMEM supplemented with 10% foetal bovine serum and grown at
37°C with 5% CO2. 30mm glass bottom tissue culture dishes were
seeded with 2 × 105 cells 24h prior to transfection.
cking of EGFP-nucleolin, EGFP-B23.1 and EGFP-fibrillarin with two examples of EGFP-
FP-protein signals to the left and then the corresponding rainbow image of this where
The pre- and post-bleach image for each fluorescent fusion protein is presented followed
sition of the photo-bleach on the nucleolus is indicated by the tip of the lighting symbol.
for EGFP-nucleolin (▵), EGFP-B23.1, (▲) EGFP-fibrillarin (■) and EGFP-PRRSV-N protein
e point post bleaching, and set to 1 at the final time point. (C) Comparison of time to half
protein.
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Fig. 4. FRAP analysis of a defined portion of the nucleolus to compare the nucleolar mobility of EGFP-PRRSV-N protein in 3D4/31 cells incubated at 37 °C, 10 °C and at 37 °C in the
presence of nocodazole. Presented are the EGFP-protein signals to the left and then the corresponding rainbow image of this where regions of high protein concentration are denoted
in red and low to no concentration in blue. The pre- and post-bleach image for each fluorescent fusion protein is presented followed by images sampled at 0.5, 5, 10 and 30 s post-
bleach. The width of all images is 35 μm. The position of the photo-bleach on the nucleolus is indicated by the tip of the lighting symbol. (B). Comparison of the normalization of
recovery in the photo-bleached area of the nucleolus for EGFP-PRRSV-N protein incubated at 37 °C (□), 10 °C (■) and at 37 °C in the presence of nocodazole (▵). The data was
processed to ensure that the recovery profiles were set to zero at the initial time point post bleaching, and set to 1 at the final time point.
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Expression plasmids

The plasmid pEGFP-PRRSV-N, which expressed PRRSV N protein
fused C-terminal to EGFP, was constructed by amplifying the N gene
using the amplicon FL12 (Truong et al., 2004) (Genbank accession
Fig. 3. A and B. Sub-cellular localisation of EGFP-PRRSV-N protein (green) in 3D4/31 cells whic
for anti-tubulin to highlight microtubules (red) and DAPI to highlight the nucleus (blue). A m
cytometry is also presented to the right with the fluorescent intensities corresponding to a 2N
G0/G1, S and G2/M phases is provided. (C) and (D) FLIP analysis where when nucleolus is
presence of nocodazole (C) or incubated at 10 °C (D). Presented are the EGFP-protein signa
protein concentration are denoted in red and low to no concentration in blue. Images were
number AY545985) as template. Primers were designed to the 5′ and
3′ end of the N gene and contained appropriate restriction enzyme
sites; 5′ HindIII and 3′ EcoRI respectively. The amplification product
was ligated into the Topo vector pCR2.1 and then cloned into HindIII
and EcoRI restricted pEGFP-C2 (Clontech). The insert was sequenced
h have been either non-treated (A) or treated with nocodazole (B) and fixed and stained
erged image is also presented. The cell cycle profile of these cells as determined by flow
(G0/G1) and 4N (G2/M) DNA content denoted by vertical arrows. The ratio of cells in the
continuously photo-bleached in 3D4/31 cells expressing EGFP-PRRSV-N protein in the
ls to the left and then the corresponding rainbow image of this where regions of high
sampled after 10, 30, 60, 120, 180 and 220 s of photo-bleaching.
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Fig. 6. Trafficking analysis using FLIP of EGFP or EGFP-PRRSV-N protein between the cytoplasm and the nucleus (A and B, respectively) or between the nucleus and the cytoplasm
(C and D, respectively) in 3D4/31 cells. Presented are the EGFP-protein signals to the left and then the corresponding rainbow image of this where regions of high protein
concentration are denoted in red and low to no concentration in blue. For FLIP pre- and during bleach images are shown and the times indicated (in s) are when the images were
sampled. The width of all images is 35 μm.
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in both directions to confirm authenticity and western blot analysis to
confirm expression. Plasmids which led to the expression of the
nucleolar marker proteins EGFP-nucleolin, EGFP-B23.1, DsRed-B23.1
and EFP-fibrillarin have been described previously (Reed et al., 2006;
You et al., 2005).

FRAP analysis

Transfected cells were imaged at 37°C in CO2-independent media
(Gibco) supplemented with 5% FBS on an inverted LSM510 META
confocal microscope (Carl Zeiss) using a 63× objective and a 4 factor
zoom. Five images were captured before a short period of photo-
bleaching using conditions that had negligible effects on total cell
Fig. 5. Trafficking analysis of EGFP or EGFP-PRRSV-N protein between the cytoplasm and the
using FRAP in 3D4/31 cells. Presented are the EGFP-protein signals to the left and then the
denoted in red and low to no concentration in blue. For FRAP pre- and post-bleach images ar
all images is 35 μm.
fluorescence. Photo-bleaching was performed on an area of 12 by
12pixels (approx 20.16μm2) with a 25mW argon laser at 100%
power, bleaching took approximately 1.2s. Fluorescence was ana-
lyzed with LSM510 software and raw data was imported into
Microsoft Excel for analysis and generation of graphs.

Raw data were averaged before normalizing. Normalization of
the data was performed in such a way as to ensure that the recovery
profiles were set to zero at the initial time point post bleaching, and
set to 1 at the final time point; as previously described (Marcelli et
al., 2006; Stenoien et al., 2002). Time to half life recovery (t1/2) was
performed on the mean raw data, determined by the equation (IE −
IO) / 2, where IE was the intensity at the final time point, and IO the
intensity at the time point immediately following photo-bleaching.
nucleus (A and B, respectively) or the nucleus and the cytoplasm (C and D, respectively)
corresponding rainbow image of this where regions of high protein concentration are
e shown and the times indicated (in s) are when the images were sampled. The width of
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Diffusion coefficient (D) values were calculated from the half life
recovery (t1/2) using the followingdiffusion equationD=(w2 / 4t1/2) × 0.88
wherew is the width of the bleach area, approx 1.68μm, and a constant
Fig. 7. (A). Live cell confocal analysis of the distribution of EGFP-PRRSV-N protein in MARC-1
phase image is presented to show the location of the nucleolus/nucleus and cytoplasm. Traffi
(B and C, respectively) or between the nucleus and the cytoplasm (D and E, respectively) usin
corresponding rainbow image of this where regions of high protein concentration are denote
shown and the times indicated (in s) are when the images were sampled. The width of all
factor of 0.88was used for a Gaussian beamprofile (Axelrod et al.,1976).
Data from 5 experiments were used per construct and standard
deviation was calculated in the usual manner using Microsoft Excel.
45 cells (two examples shown) compared to EGFP. Note that for EGFP the transmission
cking analysis of EGFP or EGFP-PRRSV-N protein between the cytoplasm and the nucleus
g FLIP in MARC-145 cells. Presented are the EGFP-protein signals to the left and then the
d in red and low to no concentration in blue. For FLIP pre- and during bleach images are
images is 35 μm.



Fig. 8. (A). Live cell confocal analysis of the distribution of EGFP-PRRSV-N protein in HeLa cells (two examples shown) compared to EGFP. Note that for EGFP the transmission phase
image is presented to show the location of the nucleolus/nucleus and cytoplasm. Trafficking analysis of EGFP or EGFP-PRRSV-N protein between the cytoplasm and the nucleus (B and
C, respectively) or between the nucleus and the cytoplasm (D and E, respectively) using FLIP in MARC-145 cells. Presented are the EGFP-protein signals to the left and then the
corresponding rainbow image of this where regions of high protein concentration are denoted in red and low to no concentration in blue. For FLIP pre- and during bleach images are
shown and the times indicated (in s) are when the images were sampled. For (C) two examples of lower and higher expression levels are shown in the upper and lower panels,
respectively. The width of all images is 35 μm.
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Fig. 9. Model of the trafficking of PRRSV N protein within the cell where the width of
arrows denotes the relative movement of N protein and shading is relative con-
centration of the protein. Trafficking from the cytoplasm to the nucleus and localisation
to the nucleolus is fast compared to export of N protein from the nucleus to the
cytoplasm which is slower. (NPC denotes nuclear pore complex).
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FLIP microscopy

Transfected cells were imaged in glass base dishes as outlined
above. Imaging and photo-bleaching was performed with the same
laser settings as detailed in the FRAP microscopy. In each FLIP
experiment cells were imaged 5 times followed by a period of photo-
bleaching for a total time of 3min. Photo-bleaching was performed on
a defined area (12 by 12pixels (approx 20.16μm2)) within the cell for
50 iterations (mean bleach time 2.1s).
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