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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), 71ï90 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, aa221ï236, and 325ï364), 

however, only the nuclear export signal (aa325ï364) 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, 180ï220 kDa), 

envelope (E, ~8.8 kDa), membrane (M, 27ï32 kDa), nucleoprotein (N, 55ï58 kDa), and several other 

proteins of unknown function [1ï3]. 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 [6ï8], inhibition 

of interferon production [9,10], up-regulation of COX2 production [11,12], up-regulation of AP1 

activity [13], induction of apoptosis [14ï16], 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 [23ï25]. 

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 Ŭ and ɓ) 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 (aa221ï236 and 325ï364), but only the NES (aa325ï364) 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-NR11ï50, pAcGFP-NR151ï100, or pAcGFP-NR1101ï147, and pDsRed-B23.1, analyzed using live 

cell imaging and confocal microscopy at 24 h post-transfection. The data indicated that 

AcGFP-NR151ï100 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 51ï100 were cloned into downstream of AcGFP, creating plasmids 

pAcGFP-NR151ï70, pAcGFP-NR161ï80, pAcGFP-NR171ï90, and pAcGFP-NR181ï100 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-NR171ï90 localized to the nucleolus and colocalized with B23.1. Therefore, the 

amino acids at positions 71ï90 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-NR11ï50, AcGFP-N151ï100, AcGFP-N1100ï147. 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-NR151ï70, AcGFP-NR161ï80, AcGFP-NR171ï90, AcGFP-NR181ï100. 

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. 

 



Viruses 2014, 6 1260 

 

 

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 1ï19 [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 148ï220 and 221ï294 were placed downstream of AcGFP, creating expression vectors 

pAcGFP-NR2148ï220 and pAcGFP-NR2221ï294. These expression plasmids were transfected into Vero E6 

cells, the nuclear was stained with DAPI at 24 h post-transfection indicated that amino acids 148ï220 

directed AcGFP to the cytoplasm and nucleus and had a subcellular localization similar to AcGFP.  

In contrast, amino acids 221ï294 directed AcGFP to the cytoplasm; further investigation revealed  

that amino acids 241ï260 and 261ï294, when fused to AcGFP, directed this protein to the cytoplasm 

and nucleus, whereas amino acids 221ï240 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 221ï240. These were placed down stream of AcGFP, creating expression 

plasmids, pAcGFP-NR2221ï224DLVA-AAAA , pAcGFP-NR2225ï228AVKD-AAAA , pAcGFP-NR2229ï232ALKS-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 


