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Abstract: The nucleolus is a dynamic subnuclear structure, which is crucial to the normal
operation of the eukaryotic cell. The porcine epidemic diarrhea virus (PEDV), coronavirus
nucleocapsid (N) protein, plays important roles in the process of virus replication and
cellular infection. Virus infection and transfection showed that N protein was predominately
localized in the cytoplasm, but also found in the nucleolus in Vero E6 cells. Furthermore, by
utilizing fusion proteins with green fluorescent protein (GFP), deletion mutations or
site-directed mutagenesis of PEDV N protein, coupled with live cell imaging and confocal
microscopy, it was revealed that, a region spanning amino acids (aa), 71–90 in region 1 of
the N protein was sufficient for nucleolar localization and R87 and R89 were critical for its
function. We also identified two nuclear export signals (NES, aa221–236, and 325–364),
however, only the nuclear export signal (aa325–364) was found to be functional in the
context of the full-length N protein. Finally, the activity of this nuclear export signal (NES)
was inhibited by the antibiotic Lepomycin B, suggesting that N is exported by a chromosome
region maintenance 1-related export pathway.
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1. Introduction
Porcine epidemic diarrhea (PED) was first recognized as a devastating enteric disease in feeder and
fattening pig, resembling transmissible gastroenteritis (TGE) in pigs in the United Kingdom, in 1971. It
is a member of Coronavirinae, which are single-stranded, positive-sense RNA viruses with the largest
genome that are known to infect humans, other mammals, and birds, usually causing subclinical or
respiratory and gastrointestinal diseases. The porcine epidemic diarrhea virus (PEDV) subgenomic
mRNAs, which are transcribed from the genome, produce viral proteins, such as the spike (S, 180–220 kDa),
envelope (E, ~8.8 kDa), membrane (M, 27–32 kDa), nucleoprotein (N, 55–58 kDa), and several other
proteins of unknown function [1–3]. Among the proteins, N, as the RNA-binding protein, play an
important role in both virus RNA synthesis and modulating host cell processes, and phosphorylation
may regulate these processes by exposing various functional motifs [4,5]. Several other functions have
been postulated for the coronavirus N protein throughout the virus life cycle, including encapsidation,
packaging, correct folding of the RNA molecule, the deregulation of the host cell cycle [6–8], inhibition
of interferon production [9,10], up-regulation of COX2 production [11,12], up-regulation of AP1
activity [13], induction of apoptosis [14–16], association with host cell proteins [17], and RNA chaperone
activity [18]. Therefore, it is clear that N is a multifunctional protein involved in biological processes
related to the survival of PEDV.
The nucleolus was one of the first subcellular structures to be identified by early users of the light
microscope, appearing as a highly refractive black dot(s) in the nucleus of the cell [19]. The
nucleolus is a highly specialized structure that participates in regulation of several host cell processes,
including ribosome subunit biogenesis, RNA processing, control of cell growth and response [20].
Interestingly, a cytoplasmic-nucleolar distribution pattern has been reported for the N proteins of several
coronaviruses, including representative members of Alphacoronavirus (transmissible gastroenteritis
virus, TGEV), Betacoronavirus (mouse hepatitis virus, MHV; and severe acute respiratory syndrome
coronavirus, SARS-CoV), and Gammacoronavirus (infectious bronchitis virus, IBV) [2,21,22]. Further
study indicated that N protein co-localize with major nucleolar proteins, including nucleolin, fibrillarin,
and nucleophosmin [23–25].
How viral and cellular proteins traffic to the nucleolus and what determines their sub-nucleolar
localization is not clearly understood, but proteins that localize to the cytoplasm and nucleus or
nucleolus contain multiple signals that determine their subcellular localization [26], such as nucleolar
localization signal (NoLS). Active nuclear import of proteins is mediated by nuclear localization signals
(NLSs), which are then recognized by proteins of the importin super-family (importin α and β) that
mediate the transport across the nuclear envelope using Ran-GTP [27]. Similar to nuclear import, export
of a protein from nucleus depends on the presence of a specific nuclear export signal (NES) [28]. The
chromosome region maintenance 1 (CRM1; also known as exportin 1 or Xpo1) has been identified as an
export receptor that interacts with the predominant NES, the so-called leucine-rich NES, which is found
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in a large variety of nucleocytoplasmic shuttling proteins [29,30]. In fact, some of these NESs are not
necessarily leucine rich but rather characterized by several hydrophobic residues. The pharmacological
compound leptomycin B (LMB) directly interacts with CRM1 and blocks NES-mediated protein
export [31]. Therefore, the proteins can shuttle between the nucleus and the cytoplasm with their
subcellular localization signals.
It was reported previously that N protein nucleolar localization is a common feature in coronaviruses,
however, there are different results regarding N subcellular localization in a strain of SARS-CoV [4].
Within the Alphacoronavirus coronaviruses, the precise NoLS and NES of PEDV N and its traffic
mechanism are still elusive. Therefore, we have attempted to characterize these signals, and the
molecular mechanism responsible for its subcellular localization. In this study, we examined the
intracellular localization of the PEDV N protein in PEDV-infected and transfected cell lines using
mouse polyclonal antisera and confocal microscopy. By generating a series of deletion and mutagenesis
constructions, we found that amino acids 71-90 in region 1 were sufficient for nucleolar retention and we
also identified two NESs (aa221–236 and 325–364), but only the NES (aa325–364) was found to be
functional in the context of the full-length N protein. The nucleocytoplasmic shuttling of N and the
nuclear export of GFP-NES could be blocked by LMB, an inhibitor of the CRM1, which is the receptor
for exportin-1-dependent nuclear export.
2. Results and Discussion
2.1. Polyclonal Antibody React Specifically with the N Protein of PEDV
A polyclonal antibody specifically against the N protein was produced to determine its intracellular
localization. We generated anti-N mouse antisera using an E coli-produced fusion protein as the antigen.
The antigenicity of the recombinant N protein was confirmed by immunoreactivity with PEDV pigs sera
using ELISA assay, which showed high sensitivity and specificity (data not show). To examine the
reactivity and specificity of the mouse antiserum, blot results demonstrated that mouse antisera notably
reacted with N protein from CV777 strain PEDV, and the cell lysate from Vero E6 cells transfected with
pcDNA3.1-N showed a band with the same molecular mass to N protein, whereas no band was detected
from samples of cells uninfected PEDV and transfected with an empty vector alone (Figure 1A,B).
Figure 1. (A) Characterization of the mouse anti-N polyclonal antibody. Lane 1, negative
control; Lane 2, N protein from PEDV CV777; M, protein marker; (B) Analysis of N
protein in transiently transfected Vero E6 cells. M, protein marker; Lane 1, pcDNA3.1 (+)
control; Lane 2, N protein.
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2.2. N Protein Can Localize in Nucleolus in PEDV-Infected and Transfected Cell Lines
Our results showed that N protein was localized predominantly in the cytoplasm in PEDV
CV777-infected cells, while in a few cells fluorescence was also observed in the nucleus (or nucleolus)
(Figure 2A). No significant fluorescence was observed in uninfected cells (data not shown). A similar
observation was also found in Vero E6 cells transfected with plasmid expressing full length N protein
(Figure 2B). The N protein was observed to localize mainly in the cytoplasm with some protein in the
nucleus (or nucleolus). The results suggested that the N protein localized to a subnuclear structure and
may contain functional signals. To identify predicted nuclear (or nucleolar) localization signals, and
whether they participate in this process or not, we conducted further experiments.
Figure 2. (A) Detection of PEDV N protein by indirect immunofluorescence in cells infected
with PEDV CV777; (B) Detection of PEDV N protein by indirect immunofluorescence in
cells transfected with pcDNA3.1 (+)-N. After 24 h, infected or transfected, cells were fixed
and analyzed by indirect immunofluorescence using mouse anti-N polyclonal antibody
(Green) and stained with PI (red) to visualize the nuclear DNA. Differentially fluorescing
images were gathered separately using confocal microscopy. Images were obtained with a
63× oil objective.

2.3. Bioinformatics Analysis of Subcellular Localization Signals and Delineation of a NoLS in Region 1
of PEDV N Protein
To identify whether there were subcellular localization signals in PEDV N protein, we first conducted a
bioinformatics analysis on the protein using existing motif prediction algorithms. Predict NLS [32] and
PSORT II [33] were used to identify potential NLSs, and the NES predictor (Net NES) [29] was used to
identify potential NESs. Predict NLS found no NLSs, whereas PSORT II indicated that PEDV N protein
contained a pat7 motif (261PKKNKSR267). Net NES found no NES. In other studies, coronaviruses,
such as TGEV, MHV, IBV, and SARS-CoV showed a common characteristic, that of NLS-rich in
C-terminal. So through amino acid sequence comparison among groups we also found a basic amino
acid-rich short peptide (383RKKEKKNKRE393) in C-terminal. We presumed it might play a role in N
protein localization as a new localization signal, and named it patx. Although N protein contains putative
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nuclear (or nucleolar) localization signals (N (or No) LS), it is not known whether they are functional or
not. To investigate whether these and other unknown signals operated to determine the subcellular
trafficking of N protein, we utilized AcGFP as a fusion marker to observe the localization characteristics
of N and truncated N protein in live cells. The B23.1-DsRed fusion protein was used to tag the nucleolus,
so we could analyze nucleolar localization properties and colocalization in cotransfected cells by live cell
imaging (direct fluorescence) or confocal microscopy. At 24 h post-cotransfection, live cell imaging
indicated that as previously shown, AcGFP evenly distributed throughout the cytoplasm and the
nucleoplasm but not the nucleolar, on the contrary AcGFP-N protein localized to both the cytoplasm and
nucleolus but not the nucleus in Vero E6 cells (Figure 3). From the above results we hypothesize that
there is a NoLS in N, which can guide exogenous protein to the nucleolus. To determine the exact NoLS,
the AcGFP-tagged truncated different regions of the N protein were transfected into Vero E6 cells,
which did not destroy the integrity of the signals. In our observation, AcGFP-NR1 mainly localized to
nucleolar structures, AcGFP-NR2 localized predominantly to the cytoplasm and appeared also to
accumulate in the nucleolus to the low level as the cytoplasm, whereas AcGFP-NR3 predominantly
localized to the cytoplasm; AcGFP-NR1+2 protein same to AcGFP-N and localized to the cytoplasm and
nucleolus, AcGFP-NR2+3 protein localized predominantly in cytoplasmic (Figure 3). This evidence
demonstrated that region 2 targeted to the nucleolus with weaker enrichment, while region 1 localized to
the nucleolus with stronger enrichment. Thus, we speculated that region 1 have an effect on the nucleolar
localization of N. This data also suggested that region 2 and 3 may contain NESs because region 2 and 3
was mainly directed to the cytoplasm. Interestingly, although region 2 and 3 contained predicted pat7
and patx motifs, respectively, they could either have been submissive to the NES or not functional. None
of these fusion proteins had a distribution similar to AcGFP only.
To further identify the sequence for nucleolar localization in detail, a series of expression constructs
containing fragments of region 1 were constructed. Vero E6 cells were cotransfected with, either
pAcGFP-NR11–50, pAcGFP-NR151–100, or pAcGFP-NR1101–147, and pDsRed-B23.1, analyzed using live
cell imaging and confocal microscopy at 24 h post-transfection. The data indicated that
AcGFP-NR151–100 colocalized with B23.1, whereas the other two fusion proteins did not (Figure 4). To
further refine the amino acids involved in nucleolar localization, 20 amino acid overlapping motifs
encompassing amino acids 51–100 were cloned into downstream of AcGFP, creating plasmids
pAcGFP-NR151–70, pAcGFP-NR161–80, pAcGFP-NR171–90, and pAcGFP-NR181–100 for the expression of
recombinant fusion proteins. Vero E6 cells were cotransfected with these constructs and pDsRed-B23.1,
at 24 h post-cotransfection analyzed using live cell imaging and confocal microscopy (Figure 5). The data
indicated that AcGFP-NR171–90 localized to the nucleolus and colocalized with B23.1. Therefore, the
amino acids at positions 71–90 in PEDV N protein were capable to localize in the nucleolus.
Comparison of the PEDV N protein NoLS with known cellular and viral NoLSs showed that the R87
and R89 of the PEDV N protein NoLS might be conserved, although some cellular and viral NoLSs
in this site did not contain basic amino acids (Figure 6). Current work is directed at further resolving
PEDV NoLS sequence, including the contribution of individual amino acid residues.
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Figure 3. Live cell and confocal microscopy of the subcellular localization of fluorescent
fusion proteins: AcGFP, AcGFP-N, AcGFP-NR1, AcGFP-NR2, AcGFP-NR3, AcGFP-NR1+2,
and AcGFP-NR2+3 proteins. Vero cells were visualized 24 h post-transfection in culture
conditions. Confocal analysis of the subcellular localization of AcGFP, AcGFP-N,
AcGFP-NR1, AcGFP-NR2, AcGFP-NR3, AcGFP-NR1+2, and AcGFP-NR2+3 proteins in
cells co-expressing B23.1-DsRed, at 24 h post-transfection. The PEDV fusion peptides are
colored green and the B23.1 fusion protein colored red. Merged images are also presented.
The nucleolus (No) is arrowed where appropriate.
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Figure 4. Live cell and confocal microscopy of the sub-cellular localization of fluorescent
fusion proteins: AcGFP-NR11–50, AcGFP-N151–100, AcGFP-N1100–147. The PEDV fusion
peptides are colored green and the B23.1 fusion protein colored red. Merged images are
also presented. The nucleolus (No) is arrowed where appropriate.

Figure 5. Live cell and confocal microscopy of the sub-cellular localization of fluorescent
fusion proteins: AcGFP-NR151–70, AcGFP-NR161–80, AcGFP-NR171–90, AcGFP-NR181–100.
The PEDV fusion peptides are colored green and the B23.1 fusion protein colored red.
Merged images are also presented. The nucleolus (No) is arrowed where appropriate.
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Figure 6. Clustal W analysis of the PEDV N protein NoLS with known cellular and viral
NoLSs. Red squares indicate the amino acids of conservation. The cellular and viral NoLSs
are described in NoLS IBV N protein [34], NoLS PRRSV N [20], NoLS HTLV-1 Rex [35],
NoLS HSV gamma1 34.5 [36], NoLS MDM2 [37], NoLS MDV MEQ [38], NoLS
NF-kappa [39], NoLS Nuclear VCP-like protein (NVL2) [40], NoLS p 120 [41],
NoLS surviving-deltaEx3 [42], NoLS (GGNNV) protein alpha [43], BHV-1 BICP27 [44],
Earning-associated protein 1–19 [45], HSV-1 ICP27 [46], NoLS angiogen [47], NoLS
Fibroblast growth factor-2 [48], NoLS herpes-mareks MEQ [38], NoLS HIC p40 [49],
NoLS HIV-1 rev [50], NoLS HIV-1 Tat [51].

2.4. Mapping a Functional NES in PEDV N Protein Region 3
To map the amino acid sequence of region 2 responsible for its nuclear export, similar to the approach
used to identify the NoLS in region 1, region 2 was subdivided into two distinct components. Amino
acids 148–220 and 221–294 were placed downstream of AcGFP, creating expression vectors
pAcGFP-NR2148–220 and pAcGFP-NR2221–294. These expression plasmids were transfected into Vero E6
cells, the nuclear was stained with DAPI at 24 h post-transfection indicated that amino acids 148–220
directed AcGFP to the cytoplasm and nucleus and had a subcellular localization similar to AcGFP.
In contrast, amino acids 221–294 directed AcGFP to the cytoplasm; further investigation revealed
that amino acids 241–260 and 261–294, when fused to AcGFP, directed this protein to the cytoplasm
and nucleus, whereas amino acids 221–240 directed AcGFP to the cytoplasm (Figure 7). To further
define the amino acids involved in cytoplasm trafficking, we conducted a tetra-alanine substitution
mutagenesis of amino acids 221–240. These were placed down stream of AcGFP, creating expression
plasmids, pAcGFP-NR2221–224DLVA-AAAA, pAcGFP-NR2225–228AVKD-AAAA, pAcGFP-NR2229–232ALKS-AAAA,
pAcGFP-NR2233-236LGIG-AAAA and pAcGFP-NR2237-240ENPD-AAAA. Therefore, in some cases, the
wild-type alanine was not substituted. The data indicated that substituting 221-224DLVA-AAAA,
229-232ALKS-AAAA, and 233-236LGIG-AAAA abolished cytoplasm trafficking. The remaining
tetra-alanine substitutions had no effect on cytoplasm trafficking (Figure 8), indicating that amino acids
221 DLVAAVKDALKSLGIG 236 were involved in cytoplasm trafficking. To test whether this amino
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acid sequence was involved in directing the cytoplasm trafficking of N protein, this motif was deleted in
the context of full-length N protein tagged to AcGFP (plasmid pAcGFP-N∆221–236). This plasmid was
transfected into Vero E6 cells and the subcellular localization of the resulting fusion protein
AcGFP-N∆221–236 investigated using confocal microscopy. There was no difference at 24 h
post-transfection (Figure 9) compared with cells expressing AcGFP-N protein. This data also indicated
that the NES identified in region 2 was not necessary for cytoplasm trafficking in PEDV N protein.
As region 3 of PEDV N protein localized to the cytoplasm, thus, the similar approach was used to
identify the NES in region 3. The data indicated that amino acids 295–394 directed AcGFP to the
cytoplasm; further investigation revealed that amino acids 325–364 directed AcGFP to the cytoplasm
(Figure 10). Taken together, we proposed that amino acids 325–364 are necessary and sufficient to direct
N protein to the cytoplasm, and no other signals are involved.
Figure 7. Confocal microscopy of the sub-cellular localization of fluorescent fusion
proteins: AcGFP-NR2148–220, AcGFP-NR2221–294 AcGFP-NR2221–240, AcGFP-NR2241–260,
and AcGFP-NR2261–294. Fusion proteins are colored green and nucleus colored blue.
Merged images are also presented. The nucleolus (No) is arrowed where appropriate.
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Figure 8. Confocal microscopy of the sub-cellular localization of fluorescent fusion
proteins: AcGFP-NR2221DLVA-AAAA, AcGFP-NR2225AVKD-AAAA, AcGFP-NR2229ALKS-AAAA,
AcGFP-NR2233LGIG-AAAA and AcGFP-NR2237ENPD-AAAA Fusion proteins are colored green
and nucleus colored blue. Merged images are also presented. The nucleolus (No) is
arrowed where appropriate.

Figure 9. Confocal microscopy of the sub-cellular localization of fluorescent fusion
proteins AcGFP-N∆221–236. Fusion proteins are colored green and nucleus colored blue.
Merged images are also presented. The nucleolus (No) is arrowed where appropriate.
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Figure 10. Confocal microscopy of the sub-cellular localization of fluorescent fusion proteins:
AcGFP-N295–394 and AcGFP-N345–441 AcGFP-N295–324, AcGFP-N325–364, AcGFP-N365–394.
Fusion proteins are colored green and nucleus colored blue. Merged images are also
presented. The nucleolus (No) is arrowed where appropriate.

2.5. The Nuclear Export of N Protein Is CRM1 Dependent
To determine if the PEDV N protein was exported via the CRM1-mediated pathway, the subcellular
localization of the pAcGFP-N, pAcGFP-NR3 or pAcGFP-NR3325-364, was compared between Vero E6
cells left untreated or treated with 2.5 ng/mL LMB. As shown in Figure 11, the nucleocytoplasmic
shuttling of PEDV N, NR3 and NR3325–364 was completely inhibited by LMB. The finding indicates that
PEDV N shuttling activity was affected by LMB and, thus, suggests that PEDV N protein was
transported via the classical CRM1-dependent pathway.
PEDV is an important pathogen causing viral diarrhea in the swine industry. Although much research
has been carried out on the general characteristics of PEDV, few reports have been reported on the
functions of the PEDV structural proteins, especially N protein. N protein plays an important role in
virus replication and modulation of host cellular machinery, which should be a result of its
self-interaction and interaction with other viral and cellular proteins and with virus and host cell
nucleic acids. Therefore, it is important to understand the subcellular localization properties of the
PEDV N protein.
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Figure 11. The nuclear export mechanism of PEDV N. Vero E6 cells were transiently
transfected with plasmids encoding pAcGFP-N, pAcGFP-NR3, pAcGFPNR3365-394, with
or without treatment with LMB, and examined live 24 h after transfection by confocal
microscopy. Each image is representative of the majority of the cells observed in the same
cells. The nucleolus (No) is arrowed where appropriate.

To enter and export from the nucleus, all molecules or cargoes must traverse a large macromolecular
structure called the nuclear pore complex (NPC), which is located in the nuclear envelope. Small
molecules up to 40–60 kDa or less than 10 nm in diameter can passively diffuse through the NPC, but if
proteins are larger than this size-exclusion limit and/or are required to move against a concentration
gradient, then transport requires energy-driven mechanisms [52]. In this case, most proteins should
contain the appropriate trafficking motifs, such as NLS. The rules and signals that govern the nuclear
localization of proteins are well defined. NLSs can be classified into several categories, including the
pat4 and pat7 motifs and bipartite NLSs, are composed of basic amino acids of a given sequence length.
The pat4 motif consists of a continuous stretch of (usually) four basic amino acids, and the pat7 motif
starts with a proline residue and is followed by six amino acids [32,53]. By contrast, the signals that
govern nucleolar localization and retention are not well defined [26]. The motifs involved are usually
rich in arginine and lysine residues; however there is no immediately obvious consensus sequence or
structure. Proteins that localize to the nucleolus can also have nuclear-import motifs. The NoLSs that
have been identified so far can be grouped into those that contain single motif and those that contain
multiple motifs [54].
In this study, the living cells fluorescence microscopy and confocal microscopy were employed for
investigating the subcellular localization and nuclear import and export mechanisms of PEDV N protein.
It is well known that living cells fluorescence microscopy and confocal microscopy has an advantage
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over conventional in vitro nuclear transport assays in that cells are not physically damaged by
microinjection, detergent, or mechanical perforation, this means that cellular components important for
trafficking, such as nuclear import and export receptors, the MT network, intact [55,56]. Our results
indicated that PEDV N protein mainly distributes throughout the cytoplasm with localization to a
substructure within the nucleolus in infected cells. Similar results were also obtained in transfected cells.
To eliminate the influence of charged protein migration to the nucleolus post-fixation, and to
investigate the nuclear (or nucleolar) localization of PEDV N protein and the functions of these motifs in
more detail, we generated constructs that express the protein (or parts of the protein) as a fusion with
enhanced green fluorescent protein. The protein could then be detected by direct fluorescence using both
live-cell and confocal microscopy. No difference in the localization of either protein was observed
between different cell lines, and the presence of a fluorescent tag at either the N terminus or C terminus
of N protein did not affect the localization of the fusion protein compared with native protein [2,4].
Furthermore, the B23.1 gene was amplified from the Vero E6 cells and then fused with DsRed in order
to visualize the nucleolus.
Transfection assay results indicated that AcGFP localized predominately to the cytoplasm and the
nucleus, but not the nucleolus. The characteristics of AcGFP-N protein localized to either the cytoplasm
alone or the cytoplasm and nucleolus, with a maximum of 60% of transfected cells exhibiting this
phenotype at 24 h. Our studies indicated that fusing AcGFP with PEDV N protein increased the
molecular weight of this protein (82 kDa) above the size exclusion limit of the nuclear pore complex,
and it could not diffuse passively through the NPC. This result suggested that there must be some signals
in N protein that determined the nucleolar localization. A number of viruses and viral proteins can
disrupt nucleolar architecture [57], and the N protein of coronavirus can also localize to the nucleolus in
a cell cycle dependent manner and this may be related to dynamic trafficking [58]. A previous study of
SARS-CoV indicated the N protein inhibited B23 phosphorylation and might influence ribosome
biogenesis to suppress host gene expression and create a more favorable milieu for virus survival [25], so
the N protein of PEDV might take part in some cellular process.
To investigate whether PEDV N protein contained a NoLS, the protein was expressed as a series of
single and overlapping regions. This preliminary analysis indicated that PEDV N protein contained a
NoLS in region 1. Deletion mutagenesis delineated amino acid PEDV N 71–90, a 20 aa motif that
modulated nucleolar localization. Furthermore, comparison with cellular and viral NoLSs, the data
indicated that R87 and R89 may be critical for the nucleolar localization. For the site of replication and
virus assembly is the cytoplasm, if the subcellular localization of the nucleocapsid protein is in the
nucleolar, then the protein is not available for RNA synthesis, encapsidation and assembly, and therefore
progeny virus production might be less efficient. However, if such proteins do target the nucleolar as
part of a virus replication strategy then they will contain appropriate targeting signals. Thus, these will
include not only NLSs and NoLSs, but perhaps more importantly NES. By using a series of N deletion
mutants fused to the AcGFP and tetra-alanine substitution mutagenesis, we identified two NES site in
region 2 (aa221–236) and region 3 (aa325–364), but NES in region 2 was deleted in the context of full
length N protein did not affect cytoplasm trafficking, suggesting that the NES presented in region 2
submissive to the NES in region 3 or not function. Furthermore, PEDV N protein nucleocytoplasmic
shuttling was specifically blocked by LMB treatment suggested that PEDV N protein is transported via
the classical CRM1-dependent pathway.
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3. Experimental Section
3.1. Cells Culture and Virus Infection
Vero E6 was grown and maintained in Dulbecco’s modified Eagle’s medium supplemented with 10%
heat-inactivated fetal calf serum and penicillin-streptomycin, and incubated at 37 °C in 5% CO2. Vero
E6 cells were infected with PEDV strain CV777 kindly provided by Pensaert M B at MOI = 1, and were
seeded and after 24 h for both indirect immunofluorescence assay and Western blot analysis.
3.2. Construction of Plasmids
All enzymes used for cloning procedures were purchased from Takara (Dalian, China) except T4
DNA ligase from New England Biolabs (Ipswich, MA, USA). pDsRed-B23.1 encodes a fusion of
DsRed protein to the amino terminus of B23.1 and pAcGFP-N encodes a C-terminally
GFP-epitope-tagged version of PEDV N and has been previously described [59]. The regions and
subregions were amplified by PCR using pAcGFP-N as a template. Primers incorporated 5' BamH I site
and 3' Xho1 used for cloning into pET30a; Primers incorporated 5' Kpn I site and 3' Xho I site used for
cloning into pcDNA3.1 and the other primers incorporated 5' Xhol I site and 3' Kpn I site used for cloning
into pAcGFP-C1. The cloning procedures for constructing most of recombinant plasmids were similar
and all primers are listed in Table 1. At all times, numbers used in primer or construct names denoting
amino acid numbers refer to their position on the full length N protein. For the Tetra-alanine
substitution, each pair of oligonucleotide strands was annealed, and the resultant double-stranded DNA
fragments were cloned into the vector pAcGFP-C1. Additionally, the NES of NR2 was deleted in the
context of full-length N protein by overlapping PCR using forward primer 1-U and reverse primer 1-L
(Table 1) to generate one PCR product and forward primer 2-U and reverse primer 2-L (Table 1) to
generate the second PCR product. A second round of PCR was performed using both PCR products as
templates and 1-U and 2-L as the forward and reverse primer, respectively. The resulting product was
subcloned into pAcGFP-C1. All plasmid were confirmed by sequencing analysis.
Table 1. Primers for constructing recombinant plasmids.
Name of plasmids

Forward primer(5'→3')

Reverse primer(5'→3')

pET30a-N

CAGAGGATCCATGGCTTCTGTCAGC

CAAACTCGAGTTAATTTCCTGTATC

pcDNA3.1-N

AGAGGTACCATGGCTTCTGTCAGCTTTCAG

GCGCTCGAGTTAATTTCCTGTATCGAAGAT

pAcGFP-NR1+2

GCACTCGAGCTATGGCTTCTGTCAGCTTTC

GCCCCATCTGGTACCTTAGCAAGCTGCTAC

pAcGFP-NR2+3

TTCACCTCGAGCTATGCGTAGCAGGAGT

GCCGGTACCTTAATTTCCTGTATCGAAGAT

pAcGFP-NR1

GCACTCGAGCTATGGCTTCTGTCAGCTTTC

GCCACGACTGGTACCTTACGAATTTGCACG

pAcGFP-NR2

TTCACCTCGAGCTATGCGTAGCAGGAGT

GCCCCATCTGGTACCTTAGCAAGCTGCTAC

pAcGFP-NR3

TAGCGCTCGAGCTATGTTCGGACCCAGAGG

GCCGGTACCTTAATTTCCTGTATCGAAGAT

pAcGFP-NR11–50

GCACTCGAGCTATGGCTTCTGTCAGCTTTC

ATTGGTACCTTAAATTTGCTGGTCCTTATT

pAcGFP-NR151–100

ACCCTCGAGTTGGGTACTGGAATGAGCAAA

CTTGGTACCTTATTT AGCAACCCAGAAAAC

pAcGFP-NR1101–147

GGGCTCGAGAAGAAGGCGCAAAGACTGAAC

GCCACGACTGGTACCTTACGAATTTGCACG

pAcGFP-NR151–70

ACCCTCGAGTTGGGTACTGGAATGAGCAAA

ATGGGTACCTTAAGGTTGTTCAATTCGCTC

pAcGFP-NR161–80

TTCCTCGAGTTATGCGCCGTGGTGAGCGAA

CGCGGTACCTTATGTTCCGAGGTAGTAGAAATG

pAcGFP-NR171–90

TTGCTCGAGTTTCCAATTGGCATTTCTACT

GCCGGTACCTTAAGTCCTATAACGGAGGTCGCCGTG
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Table 1. Cont.

Name of plasmids

Forward primer(5'→3')

Reverse primer(5'→3')

pAcGFP-NR181–100

ACCCTCGAGTTGGACCTCACGGCGACCTCC

CTTGGTACCTTATTT AGCAACCCAGAAAAC

pAcGFP-NR2148–220

GCACTCGAGCTCGTAGCAGGAGTCGTGGCAA

GCCGGTACCTTAATCGCGTGATG

pAcGFP-NR2221–294

GCACTCGAGCTGATCTGGTGGCTGCTGTCAA

GCCGGTACCTTAGCAAGCTGCTACGCTATTTTC

pAcGFP-NR2221–240

GCACTCGAGCTGATCTGGTGGCTGCTGTCAA

GCCGGTACCTTAGTCAGGATTTTCTCCA

pAcGFP-NR2241–260

GCACTCGAGCTAGGCATAAGCAACAGCAGAA

GCCGGTACCTTATGTATTTTTGCCGCTGTTGTC

pAcGFP-NR2261–294

GCACTCGAGCTCCTAAGAAGAACAAATCCA

GCCGGTACCTTAGCAAGCTGCTACGCTATTTTC

pAcGFP-NR3295–394

GCACTCGAGCTTTCGGACCCAGAGGGGGCTT

GCCGGTACCTTACGTGGTTTCACGCTTGTTCT

pAcGFP-NR3345–441

GCACTCGAGCTGACTCTTACGAGATTAC

GCCGGTACCTTAATTTCCTGTATCGAAGAT

pAcGFP-NR3295–324

GCACTCGAGCTTTCGGACCCAGAGGGGGCTT

GCGGTACCACTGGCGATCT

pAcGFP-NR3325–364

GCACTCGAGCTTTAGCACCAAAT

GCCGGTACCAACATTTGGATCTGACT

pAcGFP-NR3365–394

GCACTCGAGCTGAGCTTCTTGTTTCACAGG

GCCGGTACCCGTGGTTTCACGCTTGTTCT

pAcGFP-NR2221–224
DLVA-AAAA

pAcGFP-NR2225–228
AVKD-AAAA

pAcGFP-NR2229–232
ALKS-AAAA

pAcGFP-NR2233–236
LGIG-AAAA

pAcGFP-NR2237–240
ENPD-AAAA

TCGAGCTGCTGCTGCTGCTGCTGTCAAGGATG
CACTTAAATCTTTGGGTATTGGAGAAAATCCTG
ACTAAGGTAC
TCGAGCTGATCTGGTGGCTGCTGCTGCTGCTGC
ACTTAAATCTTTGGGTATTGGAGAAAATCCTGA
CTAAGGTAC
TCGAGCTGATCTGGTGGCTGCTGTCAAGGATG
CTGCTGCTGCTTTGGGTATTGGAGAAAATCCTG
ACTAAGGTAC
TCGAGCTGATCTGGTGGCTGCTGTCAAGGATG
CACTTAAATCTGCTGCTGCTGCTGAAAATCCTG
ACTAAGGTAC
TCGAGCTGATCTGGTGGCTGCTGTCAAGGATG
CACTTAAATCTTTGGGTATTGGAGCTGCTGCTG
CTTAAGGTAC
GCCTCGAGATGGCTTCTGTCAGCTTT(1-U)

pAcGFP-N ∆221–236

GGAATGACATCACGCGATGAAAATCCTGACAG
GCATAA(2-U)

CTTAGTCAGGATTTTCTCCAATACCCAAAGATTTAA
GTGCATCCTTGACAGCAGCAGCAGCAGCAGC
CTTAGTCAGGATTTTCTCCAATACCCAAAGATTTAA
GTGCAGCAGCAGAAGCAGCCACCAGATCAGC
CTTAGTCAGGATTTTCTCCAATACCCAAAGCAGCAG
CAGCATCCTTGACAGCAGCCACCAGATCAGC
CTTAGTCAGGATTTTCAGCAGCAGCAGCAGATTTAA
GTGCATCCTTGACAGCAGCCACCAGATCAGC
CTTAAGCAGCAGCAGCTCCAATACCCAAAGATTTA
AGTGCATCCTTGACAGCAGCCACCAGATCAGC
ATGCCTGTCAGGATTTTCATCGCGTGATGTCATT(1-L)
GCGGTACCTTAATTTCCTGTGTC(2-L)

3.3. Generation of Polyclonal Antisera in Mouse
The recombinant 6× His-tagged N protein was expressed in E. coli BL21 (DE3) cells after
induction with 1 mM IPTG for 5 h in LB-medium at 37 °C. The recombinant protein was purified by a
GravitrapTM affinity column (GE Healthcare, Bio-Sciences, Piscataway, NJ, USA) according to the
manufacturer’s instructions.
BALB/c mice were immunized with 0.1~0.2 mg of purified recombinant N protein injected
subcutaneously at multiple sites on the back. Booster injections were given two and four weeks later.
Blood was drown from the mouse at the fifth week following the immunization, and the blood was
allowed to clot at 4 °C and the antiserum was recovered by centrifugation at 5,000× g for 10 min
at 4 °C. A control serum was made by injecting normal saline under the same conditions. The animal
experiment was approved by Harbin Veterinary Research Institute and performed in accordance with
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animal ethics guidelines and approved protocols. The animal Ethics Committee approval number
is Heilongjiang-SYXK-2006-032.
3.4. Transfection and Western Blotting
On the day before transfection, 0.5~2 × 105 cells grown on 35 mm culture dishes so that 60%–80%
confluent cell monolayers were transfected with plasmid DNA with Lipofectamine™ 2000 (Invitrogen,
Groningen, Netherlands) according to the instructions of the manufacturer. Protein samples were
collected 48 h after transfection by direct lysis of the cells in 5× SDS protein sample buffer with 5%
2-mercaptoethanol. The samples were boiled for 5 min, resolved with 12% SDS-PAGE, and blotted with
the following antibodies. For the infection and transfection protein samples: the N protein polyclonal
antiserum was the first antibody and IRDyeTM700DX Conjugated Affinity Purified anti-Mouse IgG
(H&L)(Mouse) (LI-COR Biosciences, Lincoln, NE, USA) was the second antibody; The images were
acquired by The ODYSSEYTM Infrared Imaging System (LI-COR).
3.5. Indirect Immunofluorescence Assay
Vero E6 Cells were grown on coverslips and fixed 24 h post-infection (or post-transfection) with 50%
methanol-50% acetone for analysis by indirect immunofluorescence using mouse anti-PEDV N
polyclonal sera (1:50 dilution) followed by fluorescein isothiocyanate (FITC)-labeled goat anti-mouse
antibody (Sigma, St Louis, MO, USA). The cells were washed twice with phosphate-buffered saline
(PBS) and subjected to perforation using 0.2% Triton X-100. Then the cells were stained with
propidium iodide (PI) (50 μg/mL) (Sigma) to visualize nuclear DNA. Samples were analyzed using
fluorescence microscopy.
3.6. Confocal Microscopic Analysis
For AcGFP and DsRed fusion expression constructs, co-transfection analyses were carried out.
At 24 h post-transfection, subcellular localization properties in living cells were analyzed by laser
confocal scanning microscope (Leica Laser Technik, Heidelberg, Germany) with appropriate filters. In
order to better display the results at the time of identify the NES in the regions of NR2 and NR3, at 24 h after
transfection, cells on glass cover slips were rinsed with PBS and subjected to fixation using 50%
methanol-50% acetone for 30 min and permeabilized with 0.2% Triton X-100. Then the nuclear was stained
with 4',6-diamidino-2-phenylindole (DAPI) (0.05μg /mL) (Sigma) and analyzed by confocal microscope.
3.7. LMB Treatment
Cells were transfected with pAcGFP-N, pAcGFP-NR3, or pAcGFP-NR3325–364. At 18 h post-transfection,
cells were washed with PBS followed by either treated with 2.5 ng/mL LMB diluted with medium or left
in unsupplemented cell culture medium for a further 6 h, then analyzed by used confocal microscope.
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4. Conclusions
A NoLS (aa71–90) and a functional NES (aa325–364) of PEDV N protein were identified for the first
time. Additionally, the N protein was demonstrated to transport between the nucleolus and the cytoplasm
through the NES by CRM1-dependent pathway.
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