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Abstract: The nucleolus is a dynamic subnuclear stru¢twtech is crucial to the normal
operation of the eukaryotic cell. Tip@rcine epidemic diarrhea virus (PEQ\¥pronavirus
nucleocapsid (N) protejmplays important role in the process o¥irus replication and
cellularinfection.Virus infection and transttion showedhat N proteirwaspredominately
localized in the cytoplasmbut also found in thaucleolus invero E6cells. Furthemore by
utilizing fusion proteins withgreen fluorescent protei(GFP), deletion mutations or
site-directed mutagenesis of PEDV N protetoupledwith live cell imagingandconfocal
microscopy it wasrevealed thata regionspanningaminoacids (aa)71i 90 in regionl of
the N protein was sufficient for nucleolacalizaton and R87 and R89 were critical for its
function. We also identified two nuclear export signals (NES, H&Z85 and 325364),
however only the nuclear export signal (aa8354) was found to be functional in the
context of the fuHlength N protein. Fially, the activity of thiswuclear export signgNES)
was inhibited by the antibiotic Lepomycin B, suggesting that N is exportedtorpmosome
region maintenance-tklated export pathway.
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1. Introduction

Porcine epidemic diarrhea (PED) was first recognized as a devastating enteric disease in feeder an
fattening pig, resembling transmissible gastroenteritis (TGE) in pitieeiUnited Kingdomin 1971. It
is a member o€oronavirinag which are singlestranded, positiveense RNA viruses with the largest
genome that are known to infect humans, other mammals, and birds, usually causing subclinical or
respiratory and gastrdestinal diseases. Thgorcine epidemic diarrhea virl®EDV) subgenomic
MRNAs, which are transcribed from the genome, produce viral prtacisas the spike (S, 1&20kDa),
envelope (E, ~8.8Da), membrane (M, 482 kDa), nucleoprotein (N, 558 kDa), and several other
proteins of unknown function {B]. Among the proteins, N, as the RMNunding protein, play an
important role in both virus RNA synthesis and modulating host cell processes, and phosphorylation
may regulate these processes by exmpsarious functional motifgt,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 cel[@&leinhibition
of interferon productior{9,10], up-regulation of COX2 productiofill1,12], up-regulation of AP1
activity [13], induction of apoptosis [146], associion with host cell proteins [, and RNA chaperone
activity [18]. Therefore, it is @ar 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, apgaring as a highly refractive ddk dot(3 in the nucleus of the celllp]. The
nucleolus isa highly specialized structure that participates in regulation of several host cell processes,
including ribosome subunit biogenesis, RNA processing, coofrakell growth and response(R
Interestingly, a cytoplasmicucleolar distribution pattern has been reported for the N proteins of several
coronaviruses, including representative member&lphacoronavirus(transmissible gastroenteritis
virus, TGEV), Betacoronavirugmouse hepatitizirus, MHV; and severe acute respiratory syndrome
coronavirus, SRS-CoV), andGammacoronavirug@infectious bronchitis virus, IBV) [2,222]. Further
study indicated that N protein-docalize with major nucleolar proteins, including nucleolin, fibrillarin
and nuctophosmin [3i 25].

How viral and cellular proteins traffic to the nucleolus and what determines theirusléolar
localization is not clearly understood, but proteins that localize to the cytoplasm and nucleus or
nucleolus contain multiple sigis that determine &ir subcellular localization @&, 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 sapgty i mportin U an.
mediate the transport across thelear envelope using RA&BTP [27]. Similar to nuclear import, export
of a protein from nucleus depends on the presence of a spraifear export signal (NES)8R The
chromosome region mainter@l (CRM1; also known as exportin 1 or Xpol) has been identified as an
export receptor that interacts with the predominant NES, toalted leucineich NES, which is found
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in a large variety of nucleocytoplasmic shuttling prote2%30]. In fact, some of these NESs are not
necessarily leucine rich but rather characterized by several hydrophobic residues. The pharmacologica
compound leptomycin B (LMB) directly interacts with CRM1 and blocks N&E&liated protein
export [31]. Therefore, he 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 regardihgubcellular localization in a strain of SAR®V [4].
Within the Alphacoronaviruscoronaviruses, 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
molecula mechanism responsible for its subcellular localization. In this study, we examined the
intracellular localization of the PEDV N protein in PEBWected and transfected cell lines using
mouse polyclonal antisera and confocal microscopy. By generatargea of deletion and mutagenesis
constructions, we found that amino acidsdnlin region 1 were sufficient for nucleolar retention and we
also identified two NESs (aaZ2236 and 325364), but only the NES (aa32564) was found to be
functional in the cotext of the fultlength N protein. The nucleocytoplasmic shuttling of N and the
nuclear export of GFHRIES could be blocked dyMB, an inhibitor of the CRM1, which is the receptor
for exportinl-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 aiNimouse antisera using an E eptoduced fusion protein &dse antigen.
The antigenicity of the recombinant N protein was confirmed by immunoreactivity with PEDV pigs sera
using ELISA assay, which showed high sensitivity and specif{ciéga not show)To examine the
reactivity and specificity of the mouse antig®, blot results demonstrated that mouse antisera notably
reacted with N protein from CV777 strain PEDV, and the cell lysate from Vero EG6 cells transfected with
pcDNAS3.1-N showed a band with the same molecular mass to N protein, whereas no band we detect
from samples of cells uninfected PEDV and transfected with an empty vector Filgure (1A, B).

Figure 1.(A) Characterization of the mouse aNtipolyclonal antibody. Lane 1, negative
control; Lane 2, N protein from PEDV CV777; M, protein mark@) 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 PEDNected and Transfected Cell Lines

Our results showed that N protein was localized predominantly in the cytoplasm in PEDV
CV7T7T-infected cells, while in a few cells fluorescence was also observed in the nucleus (or nucleolus)
(Figure2A). No significant fluorescence was observed in unief@cells (data not shown). A similar
observation was also found in Vero E6 cells transfected with plasmid expressing full length N protein
(Figure2B). The N protein was observed to localize mainly in the cytoplasm with some protein in the
nucleus (or nueolus). The results suggested that the N protein localized to a subnuclear structure and
may contain functional signals. To identify predicted nuclear (or nucleolar) localization sigmals
whether they participate in this process or not, we conduetéeef 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 ortransfectedcells were fixed

and analyzed by indirect immunofluorescence using mouseNaptlyclonal antibody
(Green) and stained with PI (red) to visualize the nuclear DNA. Differentially fluorescing
images were gathered separately using confogaioscopy. Images were obtained with a
63% oil objective
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2.3. BioinformaticsAnalysis of Subcellular Localization Signals and Delineation of al\toRegion 1
of PEDV N Protein

Merge

To identify whether there were subcellular localization signals in PERkbin, we first conducteal
bioinformatics analysis on the protein using existing motif prediction algorithms. Predict RL&8
PSORTII [33] were used to identify potential NLSs, atheé NES predictor (Net NES29] was used to
identify potentiaNESs. Predict NLS found no NLSs, whereas PSORTdicated that PEDV N protein
contained a pat7 motif (261PKKNKSR267). Net NES found no NES. In other stadiesaviruses
such as TGEV, MHV, IBV, and SARGoV showeda common characteristic, that of Niish in
C-terminal. So through amino acid sequence comparison among groups we also found a basic aminc
acidrich short peptide (383RKKEKKNKRE393) in-terminal. We presumed it might play a role in N
protein localization as a new localization signal, andethit 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 subcellula
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 B2B4Red fusion protein was usedag the nucleolus,

so we could analyze nucleolar localizationgerties and colocalization in cotransfeatetls by live cell
imaging (direct fluorescence) or confocal microscopy. At 24 h-pasansfection, live cell imaging
indicated that as previously shown, AcCGFP evenly distributed throughout the cytoplastheand
nucleoplasm but not the nucleolar, on the contrary AcFiPotein localized to both the cytoplasm and
nucleolus but not the nucleus in Vero &#ls Figure 3. Fromthe above results we hypothesize that
there is a NoLS in Nwhich can guide exogenopsotein to the nucleolus. To determine the exact NoLS,

the AcGFPtagged truncated different regions of the N protein were transfected into Vero E6 cells,
which did not destroy the integrity of the signals. In observation, AcCGFRNR1 mainly localized to
nucleolar structures, ACGHRR2 localized predominantlyo the cytoplasm and appeared also to
accumulate in the nucleolus to the low level as the cytopladrareas ACGFRR3 predominantly
localized to the cytoplasm; AcGH®PR1+2 protein same #8cGFPN ard localized to the cytoplasm and
nucleolus, AcCGFMNR2+3 protein localized predominantly cytoplasmic Figure 3). This evidene
demonstrated that region 2 targeted to the nucleolus with weaker enrichment, while region 1 localized to
the nucleolus with stronger enrichmehus,we speculated that region 1 have an effect on the nucleolar
localization of N. This data also suggestieak 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 rmtduridtine

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. Vercc&& were ctransfected with either
PACGFRNR1y;50, PACGFRNR 1535100, OF PACGFRNR L 01147, and pDsRedB23.1, analyzed using live
cell imaging and confocal microscopy at 24 posttransfection. The data indicated that
AcGFRNR1s53i 100 colocalized with B23L, whereashe other two fusion proteins did not (Figune flo
further refine the amino acids involved in nucleolar localization, 20 amino acid overlapping motifs
encompassing amino acids 13D0 were cloned into downstream of AcGFP, creating plasmids
PACGFRNR151; 70, PACGFRNR 1511 80, PACGFRNR 1715 90, and pACGFPNR 1g3; 100 for the expression of
recombinant fusion proteins. Vero E6 cells were cotransfected with these constryiisRedB23.1,
at 24h postcotransfection analyzed using live cell imaging and confocabscopyFigure 5. The data
indicated that AcCGFMNR 17490 localized to the nucleolus and colocalized with B23 Herefore, the
amino acids at positions 720 in PEDV N protein were capable to localize in the nucleolus.
Comparison of the PEDV N proteMoLS 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 sie did not contain basic amino acids (Figude Gurrent work is directed at further resioly
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, AcCGFR, AcGFRNR1, AcGFPNR2, AcGFPNR3, AcCGFPNR1+2

and AcGFRNR2+3 proteins. Vero cells were visualized 24 h qimtsfection in culture
conditions. Confocal analysis of the subcellular localization of AcGFP, AdGFP
AcGFPNR1, AcGFRNR2, AcGFRPNR3, AcGFRNR1+2 and AcGFPNR2+3 proteins in

cells ceexpressing B23.ADsRed, at 24 h postansfection. 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 micra®py of the suizellular localization of fluorescent
fusion proteins: ACGFNR150, ACGFRN1531000 ACGFRN1106147. The PEDV fusion
peptides are colored green and the B23.1 fusion protein colored red. Merged images are
also presented. Thrucleolug(No) is arrowedwhere appropriate.
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Figure 5. Live cell and confocal microscopy of the scéllular localization of fluorescent
fusion proteins: AcCGFRNR 15170, ACGFRNR 15180, ACGFRNR173190, ACGFRNR 151 100.

The PEDV fusion peptides are colored green and the B23.1 fusion protein colored red.
Merged images are also presented. The nucléNlo)sis 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 thmimo acids of conservation. The cellular and viral NoLSs
are described in NoLS IBV Nrotein B4], NOLS PRRSV N [@], NoLS HTLV-1 Rex B5),
NoLS HSV gammal 34.53f], NoLS MDM2 [37], NoLS MDV MEQ [38], NoLS
NF-kappa B9, NoLS Nuclear VCHike protein (NVL2) B0, NoLS p 120 41],
NoLS survivingdeltaEx3 #12], NoLS (GGNNYV) protein alpha43], BHV-1 BICP27 A4,
Earningassociated proteini19 [45, HSV-1 ICP27 B6], NoLS angiogen 47], NoLS
Fibroblast growth facte? [48], NoLS herpesnareks MEQ 38], NoLS HIC p40 49,
NoLS HIV-1 rev B0], NoLS HIV-1 Tat p1].

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 approact
used to identify the No& in region 1, region 2 was subdivided into two distinct components. Amino
acids 148220 and 2201294 were placed downstream of AcGFP, creating expression vectors
PACGFRNR245 220 and pACGFPNR 221294 These expression plasmids eéransfected into Vero E6
cells, the nuclear was stained with DAPI ati2gosttransfection indicated that amino acids 1280
directed AcGFP to the cytoplasm and nucleus and had a subcellular localization similar to AcGFP.
In contrast, amino acids 2294 directed AcGFP to the cytoplasm; further investigation revealed
that amino acids 24260 and 2601294, when fused to AcGFRlirected this protein to the cytoplasm
and nucleus, whereas amino acidsi22D directed AcGFP to theytoplasm Figure 7. To further
define the amino acids involved in cytoplasm trafficking, we conducted aalatrane substitution
mutagenesis of amino acids 2220. These were placed down stream of AcGFP, creating expression
plasmids, pACGFMNR 221 224pLva-aaan , PACGFRNR2225 228avkp-AAAA , PACGFRNR 2229 23241 ks AAAA 5
pACGFP'NR2233236|_G|GAAAA and pACGFH\lR2237.24QENpDAAAA. Therefore, in some cases, the
wild-type alanine was not substituted. The data indicated that substituting22Zil VA-AAAA,
229232ALKS-AAAA, and 233-236LGIG-AAAA abolished cytoplasm trafficking. The remaining
tetraalanine substitutions had no effect on cytoplasfiicking (Figure 8, indicatingthat amino acids
221 DLVAAVKDALKSLGIG 236 were involved in cytoplasm trafficking. To test whether this amino



