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Abstract

Feline coronavirus (FCoV) has been identified as the aetiological agent of feline infectious peritonitis (FIP), a highly fatal systemic 
disease in cats. FCoV open reading frame 3 (ORF3) encodes accessory proteins 3a, 3b and 3 c. The FCoV 3b accessory protein 
consists of 72 amino acid residues and localizes to nucleoli and mitochondria. The present work focused on peptide domains 
within FCoV 3b that drive its intracellular trafficking. Transfection of different cell types with FCoV 3b fused to enhanced green 
fluorescent protein (EGFP) or 3×FLAG confirmed localization of FCoV 3b in the mitochondria and nucleoli. Using serial trun-
cated mutants, we showed that nucleolar accumulation is controlled by a joint nucleolar and nuclear localization signal (NoLS/
NLS) in which the identified overlapping pat4 motifs (residues 53–57) play a critical role. Mutational analysis also revealed that 
mitochondrial translocation is mediated by N-terminal residues 10–35, in which a Tom20 recognition motif (residues 13–17) 
and two other overlapping hexamers (residues 24–30) associated with mitochondrial targeting were identified. In addition, a 
second Tom20 recognition motif was identified further downstream (residues 61–65), although the mitochondrial translocation 
evoked by these residues seemed less efficient as a diffuse cytoplasmic distribution was also observed. Assessing the spati-
otemporal distribution of FCoV 3b did not provide convincing evidence of dynamic shuttling behaviour between the nucleoli and 
the mitochondria.

InTRoduCTIon
Coronavirus infections have emerged in various species of 
mammals and birds and are generally associated with a wide 
spectrum of respiratory, intestinal and systemic infections. 
Feline coronaviruses (FCoV) can cause both enteric and 
systemic diseases in domestic and wild Felidae and occur 
as two pathotypes for which the disease-causing potential is 
determined by their cell tropism. The feline enteric corona-
virus (FECV) is an enzootic enteropathogenic virus that repli-
cates in intestinal epithelial cells after oral uptake [1–5]. Most 
infections with FECV are subclinical and rarely give rise to 
symptoms such as mild diarrhoea or reduced appetite [5]. The 
highly virulent feline infectious peritonitis virus (FIPV) arises 
within an individual cat by mutations in the FECV genome, 
which enables efficient viral replication in monocytes and 

macrophages [6–9]. FIPV spreads systemically and causes 
the highly fatal disease known as feline infectious peritonitis 
virus (FIP), which is characterized by a fibrinous and granu-
lomatous serositis, fibrinous effusions in the affected body 
cavities and/or multifocal granulomatous vascular lesions in 
several organs [10–12]. Besides these two pathotypes, two 
FCoV serotypes can be distinguished. Serotype I FCoVs are 
most prevalent in the field [13–18], but difficult to grow in 
vitro. To date, the only cell line that allows sustainable growth 
of serotype I FCoV strains is a feline intestinal epithelial cell 
(fIEC) line established by Desmarets and colleagues [19]. 
The less prevalent serotype II FCoV arose by double recom-
bination between serotype I FCoV and canine coronavirus 
(CCoV), resulting in a FCoV with spike and open reading 
frame 3 (ORF3) sequences of CCoV origin [20, 21].

https://jgv.microbiologyresearch.org/content/journal/jgv/
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The FCoV genome consists of a single-stranded positive-
sense RNA strand of about 29 kb that codes for 16 non-struc-
tural, 4 structural and 5 accessory proteins. ORF3 encodes 
accessory proteins 3a, 3b and 3 c. The ORF3-encoded 
proteins do not seem to be essential for sustainable growth 
in vitro in Felis catus whole foetus cells and feline blood 
monocytes [22, 23], although virus titres were markedly 
lower after the inoculation of feline blood monocytes with 
a FIPV ORF3 deletion mutant compared to the wild-type 
[22]. Moreover, inoculation of cats with recombinant FIPV 
lacking ORF3 failed to induce typical FIP clinical signs. 
This loss of virulence in vivo suggests a potential role of the 
ORF3-encoded proteins in virus–host interactions [23]. The 
FCoV 3b amino acid sequence comprises about 72 amino 
acid residues and is well conserved within pathotypes [24]. 
It was recently reported that 3b localizes to mitochondria 
and nucleoli, both in the presence and absence of other viral 
proteins [25]. However, the function(s) of this accessory 
protein remain unknown. Interestingly, the accessory 3b 
protein of severe acute respiratory syndrome coronavirus 
(SARS-CoV), which comprises 154 amino acids, also trans-
locates to mitochondria and nucleoli [26–28], even though 
it does not share any amino acid sequence homology with 
FCoV 3b. SARS-CoV 3b induces apoptosis [29, 30], necrosis 
[29] and cell-cycle arrest [30], and suppresses type I IFN 
expression induced by retinoic acid-induced gene 1 and 
the mitochondrial antiviral signalling protein (MAVS) [26].

Many viral proteins are known to target the nucleolus and 
may interfere with cellular stress responses, cell cycle regula-
tion and apoptotic processes. In addition, these proteins can 
modify cellular and viral transcription or recruit specific 
nucleolar components, such as nucleolin, to facilitate viral 
replication (reviewed in [31–34]). Upon synthesis in the 
cytoplasm, nucleolar proteins first migrate to the nucleus and 
then subsequently to the nucleolus. Small soluble proteins 
can passively diffuse from the cytoplasm through the nuclear 
pore complex into the nucleoplasm (reviewed in [35–37]). 
Transport of larger proteins to the nucleus, however, is an 
ATP-dependent active process driven by nuclear localization 
signals (NLSs), which are typically characterized by clusters of 
basic amino acids (reviewed in [38–42]). These NLSs are recog-
nized by importins that mediate transport into the nucleus. 
Similarly, shuttling of proteins from the nucleus back to the 
cytoplasm is established by nuclear export signals (NESs) 
that are recognized by exportins such as CRM1. Nucleolar 
import of proteins can be achieved through association with 
nucleolar components such as rRNA or nucleolar proteins 
[32, 34, 43, 44]. For various proteins, a nucleolar localization 
signal (NoLS) was identified that targets these proteins to the 
nucleoli. However, NoLSs are not well characterized and no 
consensus motif is available. In general, they display a high 
content of basic residues and thus resemble or incorporate 
NLSs (reviewed in [32–34, 44, 45]).

Viral proteins that target mitochondria have been implicated in 
Ca2+ homeostasis, energy production and apoptosis. Further-
more, such proteins can cause oxidative stress and modulate 
the mitochondrial membrane permeability and potential, and 

antiviral responses that emanate from a mitochondria-asso-
ciated complex such as MAVS. Some of these viral proteins 
mimic or hijack mitochondrial proteins to their advantage, 
or alter the dynamics or intracellular localization of mito-
chondria (reviewed in [46–51]). Most mitochondrial proteins 
are encoded by nuclear genes, synthesized in the cytosol and 
subsequently imported into mitochondria. This process is 
typically driven by an N-terminal cleavable presequence, 
the mitochondrial targeting peptide (mTP), which interacts 
with the translocase of the outer membrane (TOM) complex, 
more specifically with the Tom20 and Tom22 proteins in 
the outer mitochondrial membrane (reviewed in [51, 52]). 
Even though a consensus sequence for these mTPs has not 
been established, there are common features with respect to 
amino acid composition and physicochemical properties. For 
example, mitochondrial targeting peptides are often rich in 
positively charged residues, such as arginine, almost always 
lack negatively charged residues and generally have the ability 
to form amphipathic α-helices with hydrophobic residues on 
one side and positively charged residues on the other [53–58]. 
The hydrophobic surface is recognized by Tom20 and the 
positively charged surface interacts with Tom22 [59–61]. 
Upon import into the mitochondrial matrix, the N-terminal 
presequence is cleaved off by the mitochondrial processing 
peptidase (MPP) and the protein subsequently translocates 
to one of the submitochondrial compartments [51].

In this study, we investigated the subcellular localization of 
FCoV 3b and characterized the molecular determinants that 
drive intracellular targeting of this accessory protein.

METHodS
Plasmid construction: pEGFP–3b, p3b–EGFP, 
p3×FLAG–3b, p3b–3×FLAG
The FCoV genome was amplified from viral RNA present in 
faeces from cats that had been experimentally infected with 
FECV UCD [62] using the primers listed in Table 1. The 
faeces were collected 9 days post-infection and the complete 
viral genome sequence was obtained (GenBank accession 
number KU215423). Viral RNA was extracted with the 
QIAamp Viral RNA Mini kit (Qiagen) according to the 
manufacturer’s instructions and cDNA was produced with 
the SuperScript III First-Strand Synthesis System (Invit-
rogen). Next, the 3b open reading frame was amplified by 
PCR with Herculase II Fusion DNA Polymerase (Agilent 
Technologies). To create p3b–EGFP, where 3b is fused at 
its C-terminus with enhanced green fluorescent protein 
(EGFP), the forward primer contained an EcoRI site, a 
Kozak sequence (GCCGCCACC) and the 5′ end of the 3b 
gene. The reverse primer contained a BamHI site and the 
3′ end of the 3b gene, but no 3b stop codon to allow read-
through transcription (Table 1). The restriction enzyme-
digested PCR product was cloned into pcDNA3.1(−)-EGFP 
with a mutated EGFP start codon (TTG instead of ATG). To 
construct pEGFP–3b, where 3b is fused at its N-terminus 
with EGFP, the forward primer comprised an EcoRI site 
and the 5′ end of the 3b gene with a mutated 3b start codon 
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(TTG instead of ATG), and the reverse primer contained 
a BamHI site and the 3′ end of the 3b gene (Table  1). 
The PCR product was cloned into pcDNA3.1(−)-EGFP 
in which the stop codon of EGFP was deleted. Similarly, 
p3b–3×FLAG and p3×FLAG–3b constructs were created 
using pcDNA3.1(−)-3×FLAG. The correctness of the cloned 
expression constructs was confirmed by Sanger sequencing.

Cell culture and transfection
Crandell Rees feline kidney (CRFK) cells were grown on 
coverslips in 24-well cell culture plates in minimum essential 
medium (MEM; Gibco BRL) supplemented with 5 % (v/v) 
foetal bovine serum (Sigma-Aldrich) and 2 % (w/v) lactal-
bumine (BD Biosciences) at 37 °C and 5 % CO2. Similarly, 
fIECs were grown in Dulbecco’s modified Eagle’s medium 
(DMEM; Gibco BRL)/Ham’s F12 Nutrient Mixture (Gibco 
BRL) (1 : 1, v/v) supplemented with 5 % (v/v) foetal bovine 
serum (Sigma-Aldrich) and 1 % (v/v) non-essential amino 
acids 100× (Gibco BRL). When reaching 60–80 % conflu-
ency, 24 h post-seeding, cells were transfected with 1 µg 
of plasmid DNA using Lipofectamine 2000 (Invitrogen). 
Six hours post-transfection, cells were washed and fresh 
medium with antibiotics (100 U ml−1 penicillin, 0.1 mg ml−1 
streptomycin and 0.1 mg ml−1gentamycin) was added.

Immunofluorescence
Twenty-four hours post-transfection, expression of the 
3b protein was assessed by immunofluorescence. For the 
EGFP fusion constructs, cells were fixed with 4 % (w/v) 
paraformaldehyde (PF) in phosphate-buffered saline (PBS) 
for 10 min at room temperature (RT) and nuclei were stained 
with Hoechst 33 342 (Invitrogen) for 10 min at RT. The 
coverslips were washed twice with PBS, mounted in 0.9 : 0.1 
(v/v) glycerin/PBS with 2.5 % (w/v) 1,4-diazabicyclo (2,2,2) 
octane and analysed by fluorescence microscopy (Leica 
Microsystems DMRBE). For the constructs containing the 
3×FLAG-tag, cells were fixed with 4 % (w/v) PF in PBS for 
10 min at RT, followed by permeabilization with 0.1 % (v/v) 
Triton X-100 for 2 min at RT. Next, coverslips were incubated 
with rabbit anti-FLAG antibody (Sigma-Aldrich) dilutions 
containing 10 % (v/v) negative goat serum for 1 h at 37 °C, 
followed by incubation with FITC-conjugated goat anti-
rabbit antibodies (Invitrogen) for 1 h at 37 °C and Hoechst 
staining of the nuclei. To evaluate the dynamic localization 
of FCoV 3b, CRFK cells transfected with p3b–EGFP were 
fixed with PF at different time points (1, 2, 3, 4, 5, 6, 9, 12 
and 18 h post-transfection) and nuclei were counterstained 
with Hoechst.

Table 1. Primers used for the construction of the wild-type and truncated 3b

Construct name Mutation Polarity Sequence

pEGFP–3b and p3×FLAG–3b Wild-type Sensea,b

Antisensea
5′ TCTGCAGAATTCTTGCCAAACTTCAGCT 3′

5′ CCCCTTGGATCCTCATTTTCGCGCTGCGTTTAGAA 3′

p3b–EGFP and p3b–3×FLAG Wild-type Sensea,c

Antisensea,d
5′ TCTGCAGAATTCGCCGCCACCATGCCAAACTTCAGCT 3′

5′ CCCCTTGGATCCTTTTCGCGCTGCGTTTAGAA 3′

p3b–EGFP N-terminal deletions Antisensee 5′ CATGGTGGCGGCGAATTC 3′

D2–15
D2–25
D2–35
D2–45
D2–50
D2–55
D2–65

Sense 5′ CTGTTTAATATCACAGTTTACGATTTTTGTG 3′
5′ GCTAAAAACTGGTATAAGTTACCTTTTG 3′

5′ GTCAGATTACGTATCATAAATAATACAAAACC 3′
5′ CCTAAAACAGCAAGTACTATAAAACG 3′

5′ ACTATAAAACGTAGAAGAAGG 3′
5′ AGAAGGGTTGTTGATTACAGAAAAATTG 3′

5′ ATTCTAAACGCAGCGCGAAAAG 3′

p3b–EGFP C-terminal deletions Sensef 5′ GGATCCTTGGTGAGCAAG 3′

D11–72
D21–72
D31–72
D41–72
D51–72
D56–72
D61–72

Antisense 5′ ACTCTTCAATATCCAGCTG 3′
5′ TGTGATATTAAACAGTCGTATG 3′

5′ ATACCAGTTTTTAGCACAAAAATC 3′
5′ GATACGTAATCTGACTGC 3′

5′ ACTTGCTGTTTTAGGTTTTG 3′
5′ TCTACGTTTTATAGTACTTGC 3′
5′ ATCAACAACCCTTCTTCTAC 3′

p3b–EGFP Deletion of pat4 motifs
(D53–57)

Sense
Antisense

5′ GTTGTTGATTACAGAAAAATTG 3′
5′ TATAGTACTTGCTGTTTTAG 3′

a, bold nucleotides are the restriction sites.
b, mutated 3b start codon (italic).
c, underlined nucleotides represent the Kozak sequence.
d, absent 3b stop codon.
e, common reverse primer for N-terminal truncations.
f, common forward primer for C-terminal truncations.
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To assess mitochondrial localization, live cells were labelled 
with the MitoTracker Red CMXRos (100 nM, Cell Signaling 
Technology), followed by fixation and Hoechst staining of the 
nuclei. To determine colocalization with nucleoli, cells were 
fixed and permeabilized and subsequently incubated with 
rabbit anti-nucleolin antibody dilutions (Abcam) containing 
10 % (v/v) negative rabbit serum. After two washes with PBS, 
Texas red-conjugated goat anti-rabbit IgG antibody dilutions 
(Invitrogen) were added for 1 h at 37 °C. Nuclei were stained 
with Hoechst and coverslips were washed twice with PBS, 
mounted and examined for fluorescence.

Western blot analysis
Twenty-four hours post-transfection, cells were lysed for 
immunoblotting in radioimmunoprecipitation assay (RIPA) 
lysis buffer (Abcam) supplemented with the Halt Protease 
Inhibitor Cocktail (Thermo Scientific) for 1 h at 4 °C. After 
centrifugation, the supernatant was fractionated on a 12 % 
polyacrylamide gel by SDS-PAGE and then transferred to a 
Hybond-P PVDF membrane. After blotting, the membranes 
were blocked in 5 % (w/v) non-fat dry milk in PBS with 0.1 % 
(v/v) Tween-20 for 1 h at RT. The blots were further incubated 

Fig. 1. Expression of FCoV 3b protein in transfected CRFK cells. (a) Schematic overview of EGFP fusion constructs. (b) Western blot 
analysis. Twenty-four hours after transfection with p3b–EGFP, pEGFP–3b and pEGFP, cell lysates were prepared and fractioned by SDS-
PAGE. After transfer, the PVDF membrane was probed with monoclonal anti-GFP antibodies. The molecular mass of the EGFP protein 
is ~27 kDa and after fusion with 3b, it is ~36 kDa. (c) Cellular localization of the EGFP constructs. CRFK cells were transfected with p3b–
EGFP, pEGFP–3b and pEGFP. Cells were fixed 24 h post-transfection, the nuclei were stained with Hoechst (blue) and localization of the 
fusion protein (green) was assessed by confocal microscopy.
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overnight with ABfinity recombinant rabbit GFP monoclonal 
antibodies (Invitrogen) or rabbit anti-FLAG polyclonal anti-
bodies (Sigma-Aldrich) at 4 °C. After being washed three 
times with Tris-buffered saline with 0.1 % (v/v) Tween-20, 
the blots were incubated for 1 h at RT with HRP-conjugated 
goat anti-rabbit antibodies (DakoCytomation). After three 
washing steps, proteins were visualized by enhanced chemi-
luminescence (ECL Prime, GE Healthcare) and analysed with 
the ChemiDoc MP Imaging System (Bio-Rad).

Prediction and comparative sequence alignment
The FECV UCD 3b protein sequence was run through the 
PSORT II server (https:// psort. hgc. jp) to predict the protein 
localization sites in cells. Potential nuclear export signals were 
identified using LocNES (http:// prodata. swmed. edu/ LocNES) 
and Wregex (http:// wregex. ehubio. es). The MitoFates server 
(http:// mitf. cbrc. jp) was used to assess the presence of mito-
chondrial localization sequences. A hydrophilicity plot of 
FCoV 3b protein based on the amino acid sequence analysis 
according to Hopp and Woods [63] was obtained with 
ProtScale from ExPASy (https:// web. expasy. org/ protscale/). 
To further identify conserved residues that may be involved 
in subcellular localization, the FECV UCD 3b amino acid 
sequence (GenBank accession number AMD11177.1) was 
compared with the FECV UG-FH8 3b sequence, kindly 
provided by Lars Larsen’s group (GenBank accession number 
ASU62490.1) and 176 other (putative) serotype I FCoV 3b 
amino acid sequences that were obtained from the National 
Center for Biotechnology Information (NCBI) Protein data-
base (https://www. ncbi. nlm. nih. gov/ protein) and provided 
by Bank-Wolf et al. [64], Brown et al. [65], Desmarets et al. 
[62], Hora et al. [66], Lewis et al. [67], Meszaros et al. [25] 
and Terada et al. [68]. The GenBank accession numbers 
can be found in Table S1 (available in the online version of 
this article). mega 7 software was used to perform multiple 
sequence alignment.

Site-directed mutagenesis
Serial 3b truncated mutants were engineered by designing 
several forward and reverse primers that flank the region to 
be deleted (Table 1). The p3b–EGFP plasmid was amplified 
with these primers using Q5 DNA polymerase (New England 
Biolabs), followed by DpnI (New England Biolabs) and T4 
polynucleotide kinase (New England Biolabs) treatment 
and ligation with the T4 DNA ligase (Promega). All plasmid 
sequences were confirmed by sequencing analysis. Transfec-
tion and immunofluorescent stainings were performed as 
described above.

RESuLTS And dISCuSSIon
Expression of the FCoV 3b protein in transfected 
cells
Bioinformatics analysis using the PSORT II server predicted 
the 3b protein to localize to the cytoplasm (47.8 %), mitochon-
dria (26.1 %), nucleus (21.7 %) or secretory vesicles (4.3 %). 
To examine its subcellular localization, the FCoV 3b coding 

information was cloned in pcDNA3.1(−)-EGFP, fusing it 
either at the C-terminus (p3b–EGFP) or at the N-terminus 
(pEGFP–3b) with EGFP (Fig. 1a). Next, CRFK cells were 
transfected with these constructs and the subcellular distribu-
tion pattern was evaluated by confocal microscopy (Fig. 1c). 
Wild-type EGFP, which functions as the control vector, 
showed a diffuse distribution throughout the cytoplasm and 
the nucleus, but was excluded from the nucleoli, as described 
by other authors (i.e. in [69, 70]). Transfection of the p3b–
EGFP expression vector resulted in a dotted or tubular distri-
bution in the cytoplasm. Visualization of the mitochondria 
using MitoTracker Red CMXRos clearly demonstrated that 
FCoV 3b–EGFP colocalizes with this organelle (Fig. 2). As 
mitochondria are dynamic structures characterized by fusion 
and fission, they can occur either as individual structures or 
form a large interconnected tubular network [49], which 
could explain the fact that some cells show a more dotted 
cytoplasmic 3b expression pattern and others a more tubular 
one.

Although the majority of cells exclusively expressed the 
3b–EGFP fusion protein in mitochondria, accumulation in 
certain regions of the nucleus was apparent in some cells 
(Fig. 1c). These subnuclear compartments corresponded with 
nucleoli, as confirmed by immunofluorescent staining (Fig. 2). 
Western blot analysis using anti-GFP antibodies showed the 
migration of chimeric proteins at the expected molecular 
mass of approximately 36 kDa (Fig. 1b). These results are in 
line with the observations from Meszaros and colleagues, 
who investigated the subcellular localization of all FCoV 
ORF3-encoded proteins [25]. Interestingly, fusion of 3b at 
the C-terminus of EGFP abolished mitochondrial transloca-
tion and 3b expression was restricted to the nucleoli (Fig. 1c), 
which may indicate the presence of an important N-terminal 
targeting signal to allow mitochondrial localization.

Due to the lack of specific anti-3b antibodies and to exclude 
a potential effect of EGFP on subcellular localization, 3b 
was also fused with a 3×FLAG-tag either N-terminally or 
C-terminally (p3×FLAG–3b and p3b–3×FLAG, respec-
tively) (Fig. 3a) and expression of the tagged 3b proteins was 
confirmed by Western blot analysis, revealing bands with the 
expected molecular weight of approximately 12 kDa (Fig. 3b). 
Similar results were obtained as for the EGFP fusion proteins, 
i.e. mitochondrial and nucleolar expression for p3b–3×FLAG 
and only nucleolar expression for p3×FLAG–3b (Fig. 3c). The 
fluorescent signal was, however, weaker compared to EGFP. 
In addition, these EGFP and 3×FLAG constructs were also 
introduced in fIECs to exclude cell type-dependent localiza-
tion of 3b. These fIECs are in fact the target cells for FECV 
and to date the only cell line in which serotype I strains 
can be propagated in vitro [19]. Even though the transfec-
tion efficiency is quite low in this epithelial cell line, the 3b 
expression pattern was comparable to that observed in CRFK 
cells (Fig. 4). From these results, we can conclude that the 3b 
localization is not influenced by the fusion protein or tag to 
which it was fused nor by the cell type in which the protein is 
expressed, and thus most likely represents the actual subcel-
lular localization of FCoV 3b. Furthermore, it was shown 

https://psort.hgc.jp
http://prodata.swmed.edu/LocNES
http://wregex.ehubio.es
http://mitf.cbrc.jp
https://web.expasy.org/protscale/
https://www.ncbi.nlm.nih.gov/protein
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by Meszaros and colleagues that the 3b expression pattern 
did not change when transfection was followed by infection 
with FIPV DF-2, although 3b accumulation in the nucleolus 
was more frequently observed in infected cells compared to 
transfection only [25].

determination of the peptide domains involved in 
nucleolar localization
Proteins that target the nucleolus first migrate to the nucleus 
and then subsequently to the nucleolus. The active transporta-
tion of proteins through the nuclear pore complex is usually 
driven by NLSs. Classical NLSs include the monopartite 
pat4 and pat7 motifs and the bipartite motif (reviewed in 
[38, 40, 41, 71]). The pat4 motif is a continuous stretch of 
four basic amino acid residues (arginine or lysine) [β4] or 
three basic amino acid residues followed by a histidine or 
proline [β3(H/P)]. The pat7 motif starts with a proline and is 
followed, within three residues, by a basic four-residue cluster 
containing at least three arginines or lysines [Pχχ(β3χ)]. Bipar-
tite NLSs have 2 clusters of basic amino acids separated by a 
10–12 amino acid-long spacer, where the first cluster consists 
of 2 basic residues and the second cluster is a basic 5-residue 
region consisting of at least 3 basic residues [ββχ(10-12)(β3χ2)] 
[72, 73]. NLS diversity keeps expanding as non-classical NLSs 
(reviewed in [38]) and additional NLS classes have been iden-
tified [74]. It should be noted that, in the absence of an NLS, 
proteins can still localize to the nucleus by co-transportation 
with other proteins that contain an NLS [75, 76]. In addition, 
the presence of an NLS does not guarantee nuclear localiza-
tion, as the NLS may be masked from the protein surface 
(reviewed in [42]). NoLSs that drive nucleolar targeting are 
poorly characterized and usually closely associated with 
NLSs, thereby hampering the identification of a consensus 
motif. It is important, however, to differentiate between (1) 

NLS-only signals, which will target proteins to the nucleus but 
not to nucleoli, (2) NoLS-only signals, which will translocate 
proteins to the nucleoli, but are not capable of transporting 
them through the nuclear pore complex, and (3) joint NoLS–
NLS signals, which will target the proteins to the nucleus and 
subsequently induce nucleolar accumulation [45].

A potential NLS is present in the FCoV 3b amino acid 
sequence, as the PSORT II server identified two putative 
(overlapping) pat4 motifs (amino acids 53 to 56 and 54 to 
57) (Fig. 5a). In addition, a Hopp–Woods hydrophilicity plot 
(Fig. 5b) shows that these overlapping pat4 motifs are located 
in a hydrophilic region and therefore the surface should be 
easily accessible for interaction with importins. To investi-
gate if these residues are conserved amongst different strains, 
178 (putative) serotype I FCoV 3b protein sequences were 
compared. All of them contained at least one pat4 motif in 
the same region. Thirteen (7.30 %) had a single pat4 motif and 
165 (92.7 %) had 2 overlapping pat4 motifs. There is a 90 % 
amino acid homology between the 3b sequence described 
by Meszaros and colleagues (isolate HU2009FC, GenBank 
accession number AWU66525.1), which was also shown to 
localize to nucleoli, and the FECV UCD 3b strain used in this 
study. Both isolates have two overlapping pat4 motifs, with a 
slightly different amino acid sequence (KRRKR and KRRRR, 
respectively). The nucleocapsid proteins of several members 
of the order Nidovirales, such as porcine reproductive and 
respiratory syndrome virus (PRRSV, family Arteriviridae) 
[70, 77–80], transmissible gastroenteritis virus (TGEV) [81], 
mouse hepatitis virus (MHV) [81, 82] and infectious bron-
chitis virus (IBV) [82–85] (family Coronaviridae), also target 
the nucleolus and have been shown to incorporate one or 
more potential NLSs. Similarly, the SARS-CoV 3b protein 
was predicted to have two overlapping NLSs, a pat4 and 

Fig. 2. Colocalization of FCoV 3b protein with mitochondria and nucleoli. CRFK cells were transfected with p3b–EGFP (green) and 
colocalization of 3b with mitochondria and nucleoli (red) was evaluated 24 h after transfection. Mitochondria were visualized by labelling 
live cells with MitoTracker Red CMXRos, followed by fixation and Hoechst staining (blue) of the nuclei. To stain the nucleoli, cells were fixed 
and permeabilized, incubated with anti-nucleolin antibodies and Texas red-conjugated antibodies, and the nuclei were counterstained 
with Hoechst (blue).
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bipartite motif, that were shown to be associated with nuclear 
(nucleolar) localization [27].

To examine which peptide domains are responsible for the 
observed nucleolar expression pattern of FCoV 3b, a set of 
consecutive truncations, starting from both the N-terminus 
and the C-terminus of the 3b protein, were constructed and 
expressed in CRFK cells. As shown in Fig. 6, deletion of resi-
dues 2 to 50 (p3b–EGFP D2–15, D2–25, D2–35, D2–45 and 
D2–50) still resulted in EGFP translocation to the nucleoli. 
However, deletion of residues 2 to 55 (p3b–EGFP D2–55), 
which results in a deletion of the first three residues of the 
pat4 motifs, and deletion of residues 2 to 65 (p3b–EGFP 
D2–65), whereby the complete pat4 motifs are removed, 

was associated with a complete loss of nucleolar accumula-
tion of the corresponding EGFP fusion protein. Similarly, 
deleting the 12 C-terminal residues (p3b–EGFP D61–72) 
did not alter nucleolar localization, but deletion of the 17 
C-terminal residues (p3b–EGFP D56–72), which results in 
a deletion of the last 2 residues of the pat4 motifs, or dele-
tion of the 22 C-terminal residues (p3b–EGFP D56–72), 
whereby both pat4 motifs are completely removed, abro-
gated nucleolar expression. In addition, deletion of the 
overlapping pat4 motifs (p3b–EGFP D53–57), also resulted 
in a lack of nucleolar localization. These results suggest that, 
even though the 3b protein is theoretically able to passively 
diffuse through the nuclear pore complex, translocation to 

Fig. 3. Expression of FCoV 3b protein in CRFK cells transfected with 3×FLAG constructs. (a) Schematic overview of 3×FLAG fusion 
constructs. (b) Western blot analysis. Twenty-four hours after transfection with p3b–3×FLAG and p3×FLAG–3b, cell lysates were 
prepared and fractioned by SDS-PAGE. After blotting, the PVDF membrane was probed with polyclonal anti-FLAG antibodies. The 
expected molecular mass of p3b–3×FLAG and p3×FLAG–3b is ~12 kDa. (c) Cellular localization of the 3×FLAG constructs. CRFK cells were 
transfected with p3b–3×FLAG and p3×FLAG–3b. Twenty-four hours post-transfection, cells were fixed, permeabilized and incubated 
with rabbit anti-FLAG antibodies, followed by incubation with FITC-conjugated goat anti-rabbit antibodies. The nuclei were stained with 
Hoechst (blue) and localization of the fusion protein (green) was assessed by confocal microscopy.



1424

Acar et al., Journal of General Virology 2019;100:1417–1430

the nucleus is likely to be an active process driven by a joint 
NoLS–NLS signal.

Identification of the molecular determinants 
involved in mitochondrial translocation
Mitochondrial localization is often driven by the presence 
of an mTP. As mTPs have no consensus motif, prediction is 
frequently based on (1) the amino acid composition of the 
N-terminal part of the protein, (2) the propensity to form 
amphipathic α-helices and (3) the presence of putative 
recognition motifs or MPP cleavage sites. A conserved motif 
ϕχχϕϕ in the N-terminal mitochondrial presequence, where 
ϕ represents hydrophobic residues (L, F, I, V, W, Y, M) and χ 
any residue, that is recognized by the Tom20 protein has been 

identified [86, 87], with a preference for basic residues on 
position 3 (ϕχβϕϕ, with β representing either R, K or H) [87]. 
However, import into mitochondria can still be observed after 
substituting such hydrophobic residues with alanine, despite 
reduced Tom20 binding [88]. In addition, 14 hexamers, such 
as ϕϕσβϕϕ, ϕϕβσϕϕ and βϕϕσσσ (where σ represents polar 
residues S, T, N or Q), have been proposed to be involved 
in mitochondrial targeting, but their actual function as 
mitochondrial targeting sequences remains to be elucidated 
[89]. In the absence of an N-terminal mTP, proteins can still 
target the mitochondria through internal targeting signals 
or hydrophobic domains (reviewed in [51]). Mitochondrial 
targeting of the SARS-CoV 3b protein was shown to be 
determined by a region located in the middle of the protein 
rather than by N-terminal residues [26, 28]. Furthermore, 
the outer membrane of the mitochondria contains proteins, 
called porins, that will freely allow molecules smaller than 
10 kDa to cross the mitochondrial membrane [46]. In addi-
tion, viral proteins can also be transported from the ER into 
the mitochondria via the mitochondria-associated membrane 
compartment (reviewed in [51, 90]).

The N-terminal part of the FCoV 3b protein mainly consists of 
hydrophobic and positively charged residues, whereas nega-
tively charged residues are nearly absent. MitoFates allocated 
the maximum positively charged amphiphilicity score to resi-
dues 10 to 19. Furthermore, MitoFates identified two putative 
Tom20 recognition motifs [amino acids 13 to 17 and 61 to 65, 
further annotated as Tom20(1) and Tom20(2), respectively] 
with a consensus ϕχβϕϕ pattern (Fig. 5a). Multiple sequence 
alignment revealed that 173 (97.19 %) and 176 (98.88 %) of a 
total of 178 aligned sequences respectively have a Tom20(1) 
and Tom20(2) recognition motif. The amino acid composi-
tion varied, however, amongst different strains: I/L-I/L/V-R-
L-F/Y for Tom20(1) and Y-R/G-K/R-I/V-A for Tom20(2). 
Five isolates (2.81 %) seemed to lack a Tom20(1) motif and 
two isolates (1.12 %) a Tom20(2) motif (Table 2). Comparison 
of the 3b sequence of isolate HU2009FC, which is known to 
locate to mitochondria [25], and FECV UCD showed that the 
Tom20(1) and Tom20(2) recognition motifs were identical. In 
addition to these Tom20 recognition motifs, two overlapping 
hexamers (amino acids 24 to 29 and 25 to 30) with a ϕϕϕβσϕ 
and ϕϕβσϕϕ pattern, respectively, and potentially associated 
with mitochondrial targeting, were identified by MitoFates. 
Of the 178 aligned 3b sequences, 155 (87.08 %) had at least 1 
hexamer in this region. There was, however, great variability 
between isolates in terms of amino acid composition. Finally, 
an MPP cleavage site between residue 16 and 17 was proposed 
(Fig. 5a). MPP cleavage sites are often characterized by the 
presence of arginine at position –2, –3 or −10 relative to the 
cleavage site (reviewed in [91]).

As for nucleolar localization, mitochondrial targeting 
was assessed after the transfection of different truncated 
3b mutants fused to EGFP (Fig.  6). The constructs with 
C-terminal deletions of residues 21 to 72 (p3b–EGFP 
D21–72, D31–72, D41–72, D51–72, D56–72 and D61–72) 
all continued to target EGFP to the mitochondria, but 
p3b–EGFP D11–72 was distributed diffusely throughout 

Fig. 4. Expression of FCoV 3b protein in transfected fIECs. Feline 
intestinal epithelial cells were transfected with the EGFP and 3×FLAG 
fusion constructs. Cells were fixed 24 h post-transfection and probed 
with anti-FLAG antibodies for the 3×FLAG constructs. The nuclei were 
stained with Hoechst (blue) and localization of the fusion protein (green) 
was assessed by confocal microscopy.
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the cytoplasm and a mitochondrial expression pattern was 
no longer observed. For the N-terminal truncated mutants, 
deletion of residues 2 to 25 (p3b–EGFP D2–15 an D2–25) did 
not seem to influence mitochondrial colocalization, but mito-
chondrial expression was abrogated when amino acids 2 to 35 
(p3b–EGFP D2–35) were deleted. These results suggest the 
presence of an N-terminal mTP with a critical role for residues 
10 to 35, which comprise both the predicted Tom20(1) motif 
and the identified hexamers, in mitochondrial localization. 
However, it remains unclear what specific role is exerted by 
the Tom20(1) motif and the identified hexamers, as deletion 
of one of them has no effect on mitochondrial expression, but 
deletion of both constrains localization to the mitochondria.

Interestingly, after transfection of p3b–EGFP D2–55, the 
fluorescent signal was diffusely present in the cytoplasm as 
for p3b–EGFP D2–35, D2–45 and D2–50, but additionally 
the typical mitochondrial expression pattern could also be 
observed (Fig. 6). This could be a consequence of the pres-
ence of the Tom20(2) motif that is now in the N-terminus 
of this truncated protein. Furthermore, deletion of residues 
2 to 65 (p3b–EGFP D2–65), which includes deletion of the 
Tom20(2) motif, no longer induced mitochondrial colocaliza-
tion. It should be noted that as a diffuse cytoplasmic pattern 
was observed after the transfection of p3b–EGFP D2–55, 
in addition to mitochondrial expression, there may be an 
indication that mitochondrial localization of this truncated 

protein is reduced compared to the wild-type 3b. This could 
be explained by the presence of an alanine at position 5 of the 
Tom20(2) motif YRKIA, as Mukhopadhyay and colleagues 
have related that alanine substitution of the hydrophobic 
residues is associated with reduced Tom20 binding [88].

dynamic localization of FCoV 3b
To assess the dynamics of 3b expression and the potential traf-
ficking of 3b from the nucleus to the cytoplasm or vice versa, 
3b translocation was assessed at different time points post-
transfection. Faint expression in the nucleoli was observed 
3 h post-transfection (Fig. 7). At 4 h post-transfection, the 
fluorescent signal in the nucleoli was found to increase and 
a vague cytoplasmic signal was detected, but it was not until 
5 h after transfection that a mitochondrial pattern was clearly 
visible. As of 6 h post-transfection, the fluorescent signal was 
brighter and an increasing number of cells began to show 
exclusive mitochondrial expression of the 3b protein, as exem-
plified in Fig. 2. These results may indicate nucleolar–mito-
chondrial shuttling, as observed for the PRRSV nucleocapsid 
[78]. Like nuclear import, shuttling proteins from the nucleus 
back to the cytoplasm is established by a nuclear export signal 
(NES) that is recognized by exportins such as CRM1. A well-
characterized NES is the export motifϕχ(2-3)ϕχ(2-3)ϕχϕ (where 
ϕ represents one of the hydrophobic residues L, V, I, F or M 
and χ is any residue) [92, 93], but this consensus pattern has 

Fig. 5. Predicted peptide domains involved in subcellular localization of 3b. (a) Schematic overview of the predicted molecular 
determinants involved in nuclear and mitochondrial localization of 3b. The PSORT II server identified two overlapping pat4 motifs that 
may be involved in nuclear translocation. A potential NES was predicted by the LocNES and Wregex. MitoFates located two putative 
Tom20 recognition motifs, which may be involved in binding of 3b to Tom20 in the outer membrane of the mitochondria. Additionally, a 
potential MPP cleavage site and two overlapping significant hexamers were observed. (b) Hopp−Woods hydrophilicity plot of FCoV 3b 
protein.
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been progressively expanded and computational methods 
have been addressed to further model the sequence diversity 
of NESs [93–100].

A potential NES was identified in the FCoV 3b sequence – 
FSWILKSRLII (amino acids 4 to 14) – by both the LocNES 
and Wregex prediction tools (Fig.  5a). However, despite 
the presence of this potential NES, the expression of the 
corresponding truncated 3b variants showed no indication 
of its actual functionality. Indeed, deletion of the first 25 
amino acids (p3b–EGFP D2–15 an D2–25), including this 
potential NES, did not abrogate mitochondrial expression 
(Fig. 6). These results suggest that 3b may not migrate first 
to the nucleolus and subsequently to the mitochondria, or 
that another unidentified NES is present in the 3b sequence. 
An alternative hypothesis to account for the observed spati-
otemporal kinetics is that nucleolar accumulation is much 
more concentrated compared to mitochondrial expression, 
thus facilitating the observation of fluorescent signal in the 
nucleoli. Furthermore, it was described that proteins that 

Fig. 6. Subcellular localization of 3b truncated mutants. N-terminal and C-terminal mutants of p3b–EGFP were constructed by site-
directed mutagenesis. Next to the name of the truncated constructs, a schematic representation is given where the black line represents 
the truncated 3b part of the protein sequence and the green line represents EGFP. For each of the truncated constructs, nucleolar and 
mitochondrial translocation was evaluated after transfection of CRFK cells. The images on the right show the localization pattern of 
EGFP for the respective truncations.

Table 2. FCoV serotype I strains with deviant Tom20 recognition motifs

Strain/isolate GenBank 
accession no.

Tom20(1) 
motif

Tom20(2) 
motif

4662inCJB07 ACI13613 Yes No (YRGIA)

FIPV12F AIL54196 No 
(IIGVC)

Yes

FIPV04A AIL54201 No 
(IIQLF)

Yes

FIPV09A AIL54208 No 
(IIQLF)

Yes

FIPV09F AIL54210 No 
(IIQLF)

Yes

USP7/faeces/FIP+/local3/
C27

AIN55828 Yes No 
(YRRRRIA)

USP7/faeces/FIP+/local3/
C17

AIN55946 No (II---) Yes
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target both the nucleus and cytoplasmic structures usually 
contain multiple signals to target them to their subcellular 
compartments [32, 34, 39] and it was suggested by Garcia-
Bustos and colleagues that the most N-terminal-located signal 
dominates [39]. As the putative mTP of the FCoV 3b is located 
more N-terminally compared to the NoLS, this may explain 
why many cells exclusively show mitochondrial expression.

Concluding remarks
In the present study, we present data demonstrating that the 
FCoV 3b protein directs the localization of a fusion protein 
(EGFP) or tag (3×FLAG tag) to mitochondria and nucleoli, 
independently of the type of fusion protein and transfected cell 
type. Nucleolar localization requires a joint NoLS–NLS signal 
that encompasses two overlapping pat4 motifs. Moreover, the 
presence of a pat4 motif is highly conserved among serotype I 
FCoV strains. Mitochondrial expression is mainly triggered by 
N-terminal residues 10–35, which contain a putative Tom20 
recognition motif and two overlapping hexamers potentially 
involved in mitochondrial localization. Additionally, a second 
Tom20 recognition motif was identified, which seems to be 
able to target the protein to mitochondria, although less effi-
ciently compared to the N-terminal mTP. Our observations 
provide new insights into the intracellular trafficking of FCoV 
3b and further research should focus on the specific functions 

3b exerts in its target organelles to unravel the mechanisms 
that allow 3b to contribute to FCoV pathogenesis.

Funding information
V. J. E. S. is supported by the Research Foundation – Flanders (FWO 
– Vlaanderen).

Acknowledgements
The authors gratefully acknowledge Ytse Noppe and Marthe Pauwels 
for their skillful technical assistance.

Author contributions
D. D. A.: conceptualization, methodology, investigation, visualization, 
original draft preparation. V. J. E. S.: validation, review and editing. H. F.: 
supervision, review and editing. X. S.: supervision, review and editing. H. 
J. N.: supervision, review and editing, funding.

Conflicts of interest
The authors declare that there are no conflicts of interest.

References
 1. Addie D, Jarrett O. A study of naturally occurring feline corona-

virus infections in kittens. Vet Rec 1992;130:133–137.

 2.  Herrewegh AA, Mähler M, Hedrich HJ, Haagmans BL, Egberink HF 
et al. Persistence and evolution of feline coronavirus in a closed 
cat-breeding colony. Virology 1997;234:349–363.

 3.  Kipar A, Meli ML, Baptiste KE, Bowker LJ, Lutz H. Sites of 
feline coronavirus persistence in healthy cats. J Gen Virol 
2010;91:1698–1707.

Fig. 7. Dynamic localization of FCoV 3b. Confocal microscopy of CRFK cells expressing 3b–EGFP (green) at 3, 4, 5 and 6 h post-transfection. 
Nuclei were stained with Hoechst (blue).



1428

Acar et al., Journal of General Virology 2019;100:1417–1430

 4.  Meli M, Kipar A, Müller C, Jenal K, Gönczi E et al. High viral loads 
despite absence of clinical and pathological findings in cats 
experimentally infected with feline coronavirus (FCoV) type I and 
in naturally FCoV-infected cats. J Feline Med Surg 2004;6:69–81.

 5.  Pedersen NC, Boyle JF, Floyd K, Fudge A, Barker J. An enteric 
coronavirus infection of cats and its relationship to feline infec-
tious peritonitis. Am J Vet Res 1981;42:368–377.

 6.  Dewerchin HL, Cornelissen E, Nauwynck HJ. Replication of 
feline coronaviruses in peripheral blood monocytes. Arch Virol 
2005;150:2483–2500.

 7. Rottier PJM, Nakamura K, Schellen P, Volders H, Haijema BJ. 
Acquisition of macrophage tropism during the pathogenesis of 
feline infectious peritonitis is determined by mutations in the 
feline coronavirus spike protein. J Virol 2005;79:14122–14130.

 8.  Stoddart CA, Scott FW. Intrinsic resistance of feline peritoneal 
macrophages to coronavirus infection correlates with in vivo 
virulence. J Virol 1989;63:436–440.

 9.  Vennema H, Poland A, Foley J, Pedersen NC. Feline infectious 
peritonitis viruses arise by mutation from endemic feline enteric 
coronaviruses. Virology 1998;243:150–157.

 10.  Horzinek MC, Osterhaus AD. The virology and pathogenesis of 
feline infectious peritonitis. brief review. Arch Virol 1979;59:1–15.

 11. Kipar A, Bellmann S, Kremendahl J, Köhler K, Rein-
acher M. Cellular composition, coronavirus antigen expression 
and production of specific antibodies in lesions in feline infec-
tious peritonitis. Vet Immunol Immunopathol 1998;65:243–257.

 12.  Kipar A, May H, Menger S, Weber M, Leukert W et al. Morphologic 
features and development of granulomatous vasculitis in feline 
infectious peritonitis. Vet Pathol 2005;42:321–330.

 13.  Addie DD, Schaap IAT, Nicolson L, Jarrett O. Persistence and 
transmission of natural type I feline coronavirus infection. J Gen 
Virol 2003;84:2735–2744.

 14.  Benetka V, Kübber-Heiss A, Kolodziejek J, Nowotny N, Hofmann-
Parisot M et al. Prevalence of feline coronavirus types I and II in 
cats with histopathologically verified feline infectious peritonitis. 
Vet Microbiol 2004;99:31–42.

 15.  Hohdatsu T, Okada S, Ishizuka Y, Yamada H, Koyama H. The prev-
alence of types I and II feline coronavirus infections in cats. J Vet 
Med Sci 1992;54:557–562.

 16. Kummrow M, Meli ML, Haessig M, Goenczi E, Poland A et  al. 
Feline coronavirus serotypes 1 and 2: seroprevalence and 
association with disease in Switzerland. Clin Vaccine Immunol 
2005;12:1209–1215.

 17. Lin CN, Su BL, Wang CH, Hsieh MW, Chueh TJ et al. Genetic diver-
sity and correlation with feline infectious peritonitis of feline 
coronavirus type I and II: a 5-year study in Taiwan. Vet Microbiol 
2009;136:233–239.

 18.  Vennema H. Genetic drift and genetic shift during feline corona-
virus evolution. Vet Microbiol 1999;69:139–141.

 19.  Desmarets LMB, Theuns S, Olyslaegers DAJ, Dedeurwaerder A, 
Vermeulen BL et al. Establishment of feline intestinal epithelial 
cell cultures for the propagation and study of feline enteric coro-
naviruses. Vet Res 2013;44:71.

 20.  Herrewegh AA, Smeenk I, Horzinek MC, Rottier PJ, de Groot RJ. 
Feline coronavirus type II strains 79-1683 and 79-1146 originate 
from a double recombination between feline coronavirus type I 
and canine coronavirus. J Virol 1998;72:4508–4514.

 21.  Lin CN, Chang RY, Su BL, Chueh LL. Full genome analysis of a novel 
type II feline coronavirus NTU156. Virus Genes 2013;46:316–322.

 22.  Dedeurwaerder A, Desmarets LM, Olyslaegers DAJ, 
Vermeulen BL, Dewerchin HL et al. The role of accessory proteins 
in the replication of feline infectious peritonitis virus in periph-
eral blood monocytes. Vet Microbiol 2013;162:447–455.

 23.  Haijema BJ, Volders H, Rottier PJM, Live RPJ. Live, attenuated 
coronavirus vaccines through the directed deletion of group-
specific genes provide protection against feline infectious peri-
tonitis. J Virol 2004;78:3863–3871.

 24.  Haijema BJ, Rottier PJM, de Groot RJ. Feline coronaviruses: a 
tale of two-faced types. In: Thiel V (editor). Coronaviruses: Molec-
ular and Cellular Biology. Norfolk, UK: Caister Academic Press; 
2007. pp. 183–204.

 25. Mészáros I, Olasz F, Kádár-Hürkecz E, Bálint Ádám, 
Hornyák Ákos et  al. Cellular localisation of the proteins 
of region 3 of feline enteric coronavirus. Acta Vet Hung 
2018;66:493–508.

 26.  Freundt EC, Yu L, Park E, Lenardo MJ, Xu X-N. Molecular deter-
minants for subcellular localization of the severe acute respira-
tory syndrome coronavirus open reading frame 3B protein. J Virol 
2009;83:6631–6640.

 27.  Yuan X, Yao Z, Shan Y, Chen B, Yang Z et al. Nucleolar localiza-
tion of non-structural protein 3B, a protein specifically encoded 
by the severe acute respiratory syndrome coronavirus. Virus Res 
2005;114:70–79.

 28.  Yuan X, Shan Y, Yao Z, Li J, Zhao Z et al. Mitochondrial location of 
severe acute respiratory syndrome coronavirus 3B protein. Mol 
Cells 2006;21:186–191.

 29.  Khan S, Fielding BC, Tan THP, Chou C-F, Shen S et  al. Over-
Expression of severe acute respiratory syndrome coronavirus 
3B protein induces both apoptosis and necrosis in Vero E6 cells. 
Virus Res 2006;122:20–27.

 30.  Yuan X, Shan Y, Zhao Z, Chen J, Cong Y. G0/G1 arrest and apop-
tosis induced by SARS-CoV 3B protein in transfected cells. Virol J 
2005;2:66.

 31.  Greco A. Involvement of the nucleolus in replication of human 
viruses. Rev Med Virol 2009;19:201–214.

 32.  Hiscox JA. Rna viruses: hijacking the dynamic nucleolus. Nat Rev 
Microbiol 2007;5:119–127.

 33.  Rawlinson SM, Moseley GW. The nucleolar interface of RNA 
viruses. Cell Microbiol 2015;17:1108–1120.

 34.  Wang L, Ren X-ming, Xing J-ji, Zheng AC. The nucleolus and viral 
infection. Virol Sin 2010;25:151–157.

 35.  Görlich D, Kutay U. Transport between the cell nucleus and the 
cytoplasm. Annu Rev Cell Dev Biol 1999;15:607–660.

 36.  Paine PL, Moore LC, Horowitz SB. Nuclear envelope permeability. 
Nature 1975;254:109–114.

 37.  Peters R. Fluorescence microphotolysis to measure nucleocy-
toplasmic transport and intracellular mobility. Biochim Biophys 
Acta 1986;864:305–359.

 38. Cautain B, Hill R, de Pedro N, Link W. Components and regula-
tion of nuclear transport processes. Febs J 2015;282:445–462.

 39.  Garcia-Bustos J, Heitman J, Hall MN. Nuclear protein localiza-
tion. Biochim Biophys Acta 1991;1071:83–101.

 40.  Hicks GR, Raikhel NV. Protein import into the nucleus: an inte-
grated view. Annu Rev Cell Dev Biol 1995;11:155–188.

 41.  Macara IG. Transport into and out of the nucleus. Microbiol Mol 
Biol Rev 2001;65:570–594.

 42.  Silver PA. How proteins enter the nucleus. Cell 1991;64:489–497.

 43.  Carmo-Fonseca M, Mendes-Soares L, Campos I. To be or not to 
be in the nucleolus. Nat Cell Biol 2000;2:E107–E112.

 44.  Emmott E, Hiscox JA. Nucleolar targeting: the hub of the matter. 
EMBO Rep 2009;10:231–238.

 45.  Scott MS, Boisvert F-M, McDowall MD, Lamond AI, Barton GJ. 
Characterization and prediction of protein nucleolar localization 
sequences. Nucleic Acids Res 2010;38:7388–7399.

 46.  Anand SK, Tikoo SK. Viruses as modulators of mitochondrial 
functions. Adv Virol 2013;2013:738794–.

 47.  Boya P, Pauleau AL, Poncet D, Gonzalez-Polo RA, Zamzami N 
et al. Viral proteins targeting mitochondria: controlling cell death. 
Biochim Biophys Acta 2004;1659:178–189.

 48.  Castanier C, Arnoult D. Mitochondrial localization of viral 
proteins as a means to subvert host defense. Biochim Biophys 
Acta 1813;2011:575–583.



1429

Acar et al., Journal of General Virology 2019;100:1417–1430

 49.  Khan M, Syed GH, Kim SJ, Siddiqui A. Mitochondrial dynamics 
and viral infections: a close nexus. Biochim Biophys Acta 
1853;2015:2822–2833.

 50.  Ohta A, Nishiyama Y. Mitochondria and viruses. Mitochondrion 
2011;11:1–12.

 51.  Williamson CD, DeBiasi RL, Colberg-Poley AM. Viral product traf-
ficking to mitochondria, mechanisms and roles in pathogenesis. 
Infect Disord Drug Targets 2012;12:18–37.

 52.  Chacinska A, Koehler CM, Milenkovic D, Lithgow T, Pfanner N. 
Importing mitochondrial proteins: machineries and mechanisms. 
Cell 2009;138:628–644.

 53.  Huang S, Taylor NL, Whelan J, Millar AH. Refining the definition 
of plant mitochondrial presequences through analysis of sorting 
signals, N-terminal modifications, and cleavage motifs. Plant 
Physiol 2009;150:1272–1285.

 54.  von Heijne G. Mitochondrial targeting sequences may form 
amphiphilic helices. Embo J 1986;5:1335–1342.

 55.  von Heijne G, Steppuhn J, Herrmann RG. Domain structure of 
mitochondrial and chloroplast targeting peptides. Eur J Biochem 
1989;180:535–545.

 56.  Roise D, Horvath SJ, Tomich JM, Richards JH, Schatz G. A chemi-
cally synthesized pre-sequence of an imported mitochondrial 
protein can form an amphiphilic helix and perturb natural and 
artificial phospholipid bilayers. Embo J 1986;5:1327–1334.

 57.  Roise D, Theiler F, Horvath SJ, Tomich JM, Richards JH et  al. 
Amphiphilicity is essential for mitochondrial presequence func-
tion. Embo J 1988;7:649–653.

 58.  Roise D, Schatz G. Mitochondrial presequences. J Biol Chem 
1988;263:4509–4511.

 59.  Moberg P, Nilsson S, Ståhl A, Eriksson A-C, Glaser E et al. Nmr 
solution structure of the mitochondrial f1beta presequence from 
Nicotiana plumbaginifolia. J Mol Biol 2004;336:1129–1140.

 60.  Saitoh T, Igura M, Obita T, Ose T, Kojima R et al. Tom20 recog-
nizes mitochondrial presequences through dynamic equilibrium 
among multiple bound states. Embo J 2007;26:4777–4787.

 61.  Yamano K, Yatsukawa Y-I, Esaki M, Hobbs AEA, 
Jensen RE et al. Tom20 and Tom22 share the common signal 
recognition pathway in mitochondrial protein import. J Biol 
Chem 2008;283:3799–3807.

 62.  Desmarets LMB, Vermeulen BL, Theuns S, Conceição-Neto N, 
Zeller M et al. Experimental feline enteric coronavirus infection 
reveals an aberrant infection pattern and shedding of mutants 
with impaired infectivity in enterocyte cultures. Sci Rep 
2016;6:20022.

 63.  Hopp TP, Woods KR. Prediction of protein antigenic deter-
minants from amino acid sequences. Proc Natl Acad Sci USA 
1981;78:3824–3828.

 64.  Bank-Wolf BR, Stallkamp I, Wiese S, Moritz A, Tekes G et al. Muta-
tions of 3C and spike protein genes correlate with the occurrence 
of feline infectious peritonitis. Vet Microbiol 2014;173:177–188.

 65.  Brown MA, Troyer JL, Pecon-Slattery J, Roelke ME, O'Brien SJ. 
Genetics and pathogenesis of feline infectious peritonitis virus. 
Emerg Infect Dis 2009;15:1445–1452.

 66.  Hora AS, Tonietti PO, Taniwaki SA, Asano KM, Maiorka P et al. 
Feline coronavirus 3C protein: a candidate for a virulence 
marker? Biomed Res Int 2016;2016:8560691–.

 67.  Lewis CS, Porter E, Matthews D, Kipar A, Tasker S et al. Geno-
typing coronaviruses associated with feline infectious peritonitis. 
J Gen Virol 2015;96:1358–1368.

 68.  Terada Y, Shiozaki Y, Shimoda H, Mahmoud HYAH, Noguchi K 
et al. Feline infectious peritonitis virus with a large deletion in the 
5'-terminal region of the spike gene retains its virulence for cats. 
J Gen Virol 2012;93:1930–1934.

 69.  Dai L-C, Xu D-Y, Yao X, Min L-S, Zhao N et al. Construction of a 
fusion protein expression vector MK-EGFP and its subcellular 
localization in different carcinoma cell lines. World J Gastroen-
terol 2006;12:7649–7653.

 70.  Rowland RR, Kervin R, Kuckleburg C, Sperlich A, Benfield DA. The 
localization of porcine reproductive and respiratory syndrome 
virus nucleocapsid protein to the nucleolus of infected cells 
and identification of a potential nucleolar localization signal 
sequence. Virus Res 1999;64:1–12.

 71.  Nakai K, Kanehisa M. A knowledge base for predicting protein 
localization sites in eukaryotic cells. Genomics 1992;14:897–911.

 72.  Dingwall C, Robbins J, Dilworth SM, Roberts B, Richardson WD. 
The nucleoplasmin nuclear location sequence is larger and 
more complex than that of SV-40 large T antigen. J Cell Biol 
1988;107:841–849.

 73.  Robbins J, Dilworth SM, Laskey RA, Dingwall C. Two interde-
pendent basic domains in nucleoplasmin nuclear targeting 
sequence: identification of a class of bipartite nuclear targeting 
sequence. Cell 1991;64:615–623.

 74.  Kosugi S, Hasebe M, Matsumura N, Takashima H, Miyamoto-
Sato E et al. Six classes of nuclear localization signals specific 
to different binding grooves of importin alpha. J Biol Chem 
2009;284:478–485.

 75.  Dingwall C, Sharnick SV, Laskey RA. A polypeptide domain 
that specifies migration of nucleoplasmin into the nucleus. Cell 
1982;30:449–458.

 76.  Zhao LJ, Padmanabhan R. Nuclear transport of adenovirus DNA 
polymerase is facilitated by interaction with preterminal protein. 
Cell 1988;55:1005–1015.

 77.  Rowland RRR, Schneider P, Fang Y, Wootton S, Yoo D et  al. 
Peptide domains involved in the localization of the porcine repro-
ductive and respiratory syndrome virus nucleocapsid protein to 
the nucleolus. Virology 2003;316:135–145.

 78. Rowland RRR, Yoo D. Nucleolar-cytoplasmic shuttling of 
PRRSV nucleocapsid protein: a simple case of molecular 
mimicry or the complex regulation by nuclear import, nucle-
olar localization and nuclear export signal sequences. Virus 
Res 2003;95:23–33.

 79.  Yoo D, Wootton SK, Li G, Song C, Rowland RR. Colocalization and 
interaction of the porcine arterivirus nucleocapsid protein with 
the small nucleolar RNA-associated protein fibrillarin. J Virol 
2003;77:12173–12183.

 80.  You JH, Howell G, Pattnaik AK, Osorio FA, Hiscox JA. A model 
for the dynamic nuclear/nucleolar/cytoplasmic trafficking 
of the porcine reproductive and respiratory syndrome virus 
(PRRSV) nucleocapsid protein based on live cell imaging. Virology 
2008;378:34–47.

 81.  Wurm T, Chen H, Hodgson T, Britton P, Brooks G et al. Localiza-
tion to the nucleolus is a common feature of coronavirus nucleo-
proteins, and the protein may disrupt host cell division. J Virol 
2001;75:9345–9356.

 82.  Chen H, Wurm T, Britton P, Brooks G, Hiscox JA. Interaction of the 
coronavirus nucleoprotein with nucleolar antigens and the host 
cell. J Virol 2002;76:5233–5250.

 83.  Cawood R, Harrison SM, Dove BK, Reed ML, Hiscox JA. Cell cycle 
dependent nucleolar localization of the coronavirus nucleocapsid 
protein. Cell Cycle 2007;6:863–867.

 84.  Dove BK, You JH, Reed ML, Emmett SR, Brooks G et al. Changes 
in nucleolar morphology and proteins during infection with 
the coronavirus infectious bronchitis virus. Cell Microbiol 
2006;8:1147–1157.

 85.  Hiscox JA, Wurm T, Wilson L, Britton P, Cavanagh D et al. The 
coronavirus infectious bronchitis virus nucleoprotein localizes to 
the nucleolus. J Virol 2001;75:506–512.

 86.  Muto T, Obita T, Abe Y, Shodai T, Endo T et al. Nmr identification 
of the Tom20 binding segment in mitochondrial presequences. J 
Mol Biol 2001;306:137–143.

 87.  Obita T, Muto T, Endo T, Kohda D. Peptide library approach with 
a disulfide tether to refine the Tom20 recognition motif in mito-
chondrial presequences. J Mol Biol 2003;328:495–504.

 88.  Mukhopadhyay A, Yang CS, Weiner H. Binding of mitochon-
drial leader sequences to Tom20 assessed using a bacterial 



1430

Acar et al., Journal of General Virology 2019;100:1417–1430

two-hybrid system shows that hydrophobic interactions are 
essential and that some mutated leaders that do not bind Tom20 
can still be imported. Protein Sci 2006;15:2739–2748.

 89. Fukasawa Y, Tsuji J, Fu SC, Tomii K, Horton P et  al. Mito-
Fates: improved prediction of mitochondrial targeting 
sequences and their cleavage sites. Mol Cell Proteomics 
2015;14:1113–1126.

 90.  Williamson CD, Colberg-Poley AM. Access of viral proteins to 
mitochondria via mitochondria-associated membranes. Rev Med 
Virol 2009;19:147–164.

 91. Mossmann D, Meisinger C, Vogtle FN. Processing of 
mitochondrial presequences. Biochim Biophys Acta 
1819;2012:1098–1106.

 92.  Bogerd HP, Fridell RA, Benson RE, Hua J, Cullen BR. Protein 
sequence requirements for function of the human T-cell 
leukemia virus type 1 Rex nuclear export signal delineated by 
a novel in vivo randomization-selection assay. Mol Cell Biol 
1996;16:4207–4214.

 93.  la Cour T, Kiemer L, Mølgaard A, Gupta R, Skriver K et al. Analysis 
and prediction of leucine-rich nuclear export signals. Protein Eng 
Des Sel 2004;17:527–536.

 94.  Fu S-C, Imai K, Horton P. Prediction of leucine-rich nuclear 
export signal containing proteins with NESsential. Nucleic Acids 
Res 2011;39:e111.

 95.  Kosugi S, Hasebe M, Tomita M, Yanagawa H. Nuclear export 
signal consensus sequences defined using a localization-based 
yeast selection system. Traffic 2008;9:2053–2062.

 96.  Kosugi S, Yanagawa H, Terauchi R, Tabata S. NESmapper: accu-
rate prediction of leucine-rich nuclear export signals using 
activity-based profiles. PLoS Comput Biol 2014;10:e1003841.

 97.  Prieto G, Fullaondo A, Rodriguez JA. Prediction of nuclear export 
signals using weighted regular expressions (Wregex). Bioinfor-
matics 2014;30:1220–1227.

 98.  Liku ME, Legere E-A, Moses AM. NoLogo: a new statistical 
model highlights the diversity and suggests new classes of 
CRM1-dependent nuclear export signals. BMC Bioinformatics 
2018;19:65.

 99.  Xu D, Farmer A, Collett G, Grishin NV, Chook YM. Sequence and 
structural analyses of nuclear export signals in the NESdb data-
base. Mol Biol Cell 2012;23:3677–3693.

 100.  Xu D, Marquis K, Pei J, Fu S-C, Cağatay T et al. LocNES: a compu-
tational tool for locating classical NESs in CRM1 cargo proteins. 
Bioinformatics 2015;31:1357–1365.

Five reasons to publish your next article with a Microbiology Society journal
1.  The Microbiology Society is a not-for-profit organization.
2.  We offer fast and rigorous peer review – average time to first decision is 4–6 weeks.
3.   Our journals have a global readership with subscriptions held in research institutions around  

the world.
4.  80% of our authors rate our submission process as ‘excellent’ or ‘very good’.
5.  Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.


	Identification of peptide domains involved in the subcellular localization of the feline coronavirus 3b protein
	Abstract
	Introduction
	Methods
	Plasmid construction: pEGFP–3b, p3b–EGFP, p3×FLAG–3b, p3b–3×FLAG
	Cell culture and transfection
	Immunofluorescence
	Western blot analysis
	Prediction and comparative sequence alignment
	Site-directed mutagenesis

	Results and discussion
	Expression of the FCoV 3b protein in transfected cells
	Determination of the peptide domains involved in nucleolar localization
	Identification of the molecular determinants involved in mitochondrial translocation
	Dynamic localization of FCoV 3b
	Concluding remarks

	References


