
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



I
p

X
D
A

a

A
R
R
1
A
A

K
V
N
T

1

p
h
t
a
R
a
r
r
v
B
G
e
h

(

o
A
1

h
0

Virus Research 200 (2015) 56–63

Contents lists available at ScienceDirect

Virus  Research

j ourna l ho me  pa g e: www.elsev ier .com/ locate /v i rusres

dentification  of  the  interaction  between  vimentin  and  nucleocapsid
rotein  of  transmissible  gastroenteritis  virus

in  Zhang,  HongYan  Shi,  JianFei  Chen,  Da  Shi,  Hui  Dong,  Li  Feng ∗

ivision of Swine Infectious Diseases, National Key Laboratory of Veterinary Biotechnology, Harbin Veterinary Research Institute of the Chinese Academy of
gricultural Sciences, Harbin 150001, China

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 17 October 2014
eceived in revised form
1 December 2014
ccepted 11 December 2014
vailable online 20 December 2014

eywords:

a  b  s  t  r  a  c  t

Nucleocapsid  (N)  protein  of  transmissible  gastroenteritis  virus  (TGEV)  packages  viral  RNA  genome  to  form
a ribonucleoprotein  complex.  In addition  to  its  function  as a structural  protein,  N  protein  is involved  in
cell apoptosis  or  cell-cycle  regulation.  N  protein  possibly  interacts  with  host  factors  to modulate  cellular
functions.  To  identify  cellular  proteins  that  interacted  with  N protein  of  TGEV,  methods  of  GST  pull-
down  and  Co-IP  were  utilized  to precipitate  cellular  proteins  of  swine  testicular  (ST).  Bound  cellular
proteins  were  resolved  by SDS-PAGE.  Analysis  of  interacting  proteins  by  mass  spectrometry  allowed
identification  of 15  cellular  protein  bands  representative  of 12  cellular  proteins  including  vimentin  that
imentin
ucleocapsid
ransmissible gastroenteritis virus

bound  to  N protein.  Furthermore,  the function  of vimentin  cytoskeleton  in  ST cells  during  TGEV  infection
was  examined.  Vimentin  cytoskeleton  was required  for virus  replication.  The  present  study  thus  provides
protein-related  information  about  interaction  of  TGEV  N protein  with  host  cell  that  should  be  useful  for
understanding  host  cell response  to  coronavirus  pathogenesis  infection  and  the  underlying  mechanism
of  coronavirus  replication.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Coronaviruses (CoVs), a genus in the Coronaviridae family, are
leomorphic, enveloped viruses (Perlman and Netland, 2009). CoVs
ave been clustered in the Cornavirinae subfamily, which includes
hree approved genera, alpha-,  beta- and gammacoronavirus, as well
s a tentative new genus, the deltacoronavirus (de Groot et al., 2011;
eguera et al., 2012). Transmissible gastroenteritis virus (TGEV) is

 representative CoV in the alphacoronavirus genus; severe acute
espiratory syndrome-related coronavirus (SARS-related CoV) is a
epresentative of the betacoronavirus genus; infectious bronchitis
irus (IBV) is a representative of the gammacoronavirus genus; and
ulbul-CoV is a representative of the deltacoronavirus genus (de
root et al., 2011). The Coronaviridae are involved in respiratory,
nteric, hepatic and neuronal infectious disease in animals and

umans (Perlman and Netland, 2009).

TGEV infection causes severe diarrhea in suckling piglets
about 2 weeks old), which results in enormous economic loss in

∗ Corresponding author at: Division of Swine Infectious Diseases, State Key Lab-
ratory of Veterinary Biotechnology, Harbin Veterinary Research Institute, Chinese
cademy of Agricultural Sciences, No. 427 Maduan Street, Nangang District, Harbin
50001, China. Tel.: +86 18946066048; fax: +86 451 51997164.

E-mail addresses: fl@hvri.ac.cn, fengli h@163.com (L. Feng).

ttp://dx.doi.org/10.1016/j.virusres.2014.12.013
168-1702/© 2014 Elsevier B.V. All rights reserved.
swine-producing areas in the world (Kim and Chae, 2001; Sestak
et al., 1996). About two-thirds of the TGEV genome (28.5 kb)
encodes the replicase gene (rep) at the 5′ end, and one-third of
the genome encodes other viral genes at the 3′ end in the order
5′-S-3a-3b-E-M-N-7-3′ (Penzes et al., 2001). The genome of the
TGEV encodes four structural proteins: spike (S), membrane (M),
envelope (E), and nucleocapsid (N). N proteins of CoVs are highly
basic with a molecular mass ranging from 40 to 63 kDa, depend-
ing on the species and strains. N protein binds to the RNA genome,
forming a helical nucleocapsid (Escors et al., 2001; Sturman et al.,
1980).

Recently, some reports showed that N protein of TGEV play an
important role in host cell for virus replication. N protein of TGEV
facilitates template switching and is required for efficient tran-
scription (Zuniga et al., 2010). N protein underwent proteolysis in
parallel with the activation of caspases within host cell and N pro-
tein of TGEV is a substrate for caspases (Eleouet et al., 2000). TGEV
N protein nucleolus localization was found in transfection exper-
iments and might induced a cell cycle delay or arrest to facilitate
virus replication (Wurm et al., 2001). In contrast, TGEV N protein
was not accumulated in the nucleus in the infection context (Calvo

et al., 2005). In addition, the role of TGEV N protein in cell cycle
arrest has been recently reported (Ding et al., 2014). N protein
of TGEV may  function through direct or indirect interaction with
cellular proteins.

dx.doi.org/10.1016/j.virusres.2014.12.013
http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virusres.2014.12.013&domain=pdf
mailto:fl@hvri.ac.cn
mailto:fengli_h@163.com
dx.doi.org/10.1016/j.virusres.2014.12.013
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For better understanding of the mechanisms associated with
leiotropic functions of N protein, cellular proteins of swine testi-
ular (ST) cells were pulled down associated with N protein using
lutathione (GST)-tagged full-length N proteins immobilized on
ST agarose. And cellular proteins of ST cells were precipitated
sing N protein mAb. By SDS-PAGE coupled with mass spectrom-
try (MS), a total of 12 cellular proteins interacting with N protein
ere successfully identified. Information on the expanded reper-

oire of cellular proteins interacting with N protein will provide a
ramework for future biochemical analyses of these protein func-
ions in TGEV infection.

. Materials and methods

.1. Cells and virus

ST cells were grown in RPMI-1640 medium supplemented with
0% fetal calf serum under standard culture conditions (5% CO2,
7 ◦C). TGEV infectious strain H (Accession No. FJ755618) (Wang
t al., 2010) was propagated on an ST cell monolayer.

.2. Antibodies

Mouse mAb  to glyceraldehyde-3-phosphate dehydrogenase
GAPDH) (ab9484) and Rabbit poloclonal antibody vimentin
ab92547) were purchased from Abcam. FITC-labeled goat anti-

ouse IgG was purchased from Kirkegaard and Perry Laboratories
KPL). TRITC-labeled goat anti-rabbit IgG was purchased from
igma. The mAb  to N protein of TGEV were donated from Mr.  Wang
hao (Institute of Animal Husbandry and Veterinary Science, Fujian
cademy of Agricultural Science, China).

.3. Cell infection

ST cells were plated in six-well plates 1 day prior to infection
ith TGEV infectious strain H at a multiplicity of infection (MOI)

f 1. TGEV not-infected samples were exposed to culture medium
lone. After adsorption for 1 h, cells were washed twice and incu-
ated in fresh RPMI-1640.

.4. GST pull-down assay

The prokaryotic expression plasmid pGEX-TGEV-N was con-
tructed previously (Zhang et al., 2014). Escherichia coli BL21 (DE3)
train containing pGEX-TGEV-N plasmid was expressed under
nduction of 1 mM isopropyl-�-d-thiogalactopyranoside. GST pull-
own assay was performed as previously described (Zhang et al.,
014). Expressed GST protein was used as a control.

.5. Co-immunoprecipitation (Co-IP) assay

The lysate of TGEV-infected ST cells was prepared with RIPA
ysis buffer (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.25%
eoxycholate) containing a protease inhibitor phenylmethanesul-
onyl fluoride (PMSF) (1 mM).  After centrifugation at 12,000 × g
or 15 min, lysate supernatant was pretreated with 2 �L mouse
gG control (Beyotime) and protein A/G plus-agarose (Santa Cruz
iotechnology) for 30 min  at 4 ◦C to eliminate non-specific binding
o agarose gel. The lysate supernatant (500 �g) was incubated with

 �g of mAb  to N protein of TGEV for overnight at 4 ◦C. Then, 20 �L
esuspended protein A/G plus-agarose was added to this mixture
nd incubated at 4 ◦C on a rocker platform for 2 h. After washing

our times with lysis buffer, isolated immunoprecipitated proteins
boiling 10 min  with PAGE sample loading buffer) were then ana-
yzed by 12% PAGE analysis. The lysate of TGEV not-infected ST cells

as used as a control.
ch 200 (2015) 56–63 57

2.6. Protein identification by matrix-assisted laser
desorption/ionization time of flight (MALDI-TOF/TOF) MS

The gels described above stained with PhastGel Blue R (GE
Healthcare). Protein bands of interest were manually excised
from gels. MALDI-TOF/TOF was  performed as previously described
(Zhang et al., 2009). Data were searched by GPS Explorer (ver. 3.6)
with the search engine MASCOT (ver. 2.1). The search parameters
were as follows: National Center for Biotechnology Information
non-redundant (NCBInr) database (release date, July 2011), and the
database Sus (41,373 sequences; 16,019,616 residues); a trypsin
digest was performed with one missing cleavage, MS  tolerance was
set at 100 ppm and MS/MS  tolerance at 0.6 Da. Known contaminant
ions (tryptic autodigest peptides) were excluded. MASCOT pro-
tein scores (based on combined MS  and MS/MS  spectra) >59 were
considered statistically significant (p ≤ 0.05). Individual MS/MS
spectrum, with a statistically significant (confidence interval ≥ 95%)
ion score (based on MS/MS  spectra), was accepted. To eliminate
redundancy of proteins that appeared in database under different
names and accession numbers, single protein member belonging
to species Sus or with the highest protein score (top rank) was
separated from multi-protein family.

2.7. Western blotting

Equivalent amounts of cell lysates were subjected to 12%
PAGE and then transferred to 0.22 �m nitrocellulose membranes
(Hybond-C Extra, Amersham Biosciences). After blotting, mem-
branes were incubated with mouse pAb to vimentin or with mouse
mAb  to N protein (1:2000) at 37 ◦C for 1 h. After washing three
times with PBST, membranes were inoculated with DyLightTM

800-labeled antibody to mouse IgG (H+L) (1:10,000, KPL, USA)
or DyLightTM 800-labeled antibody to rabbit IgG (H+L) (1:5000,
KPL, USA) at 37 ◦C for 45 min. Images were visualized by Odyssey
Infrared Imaging System (LI-COR).

2.8. Immunofluorescence assay

ST cells inoculated with TGEV were cultured for 0, 1, 2, 4,
8, and 16 h. Cells were washed twice with PBS and fixed with
paraformaldehyde (4%) for 30 min  at 4 ◦C, and then allowed to
air dry. After blotting with 5% skimmed milk powder, the fixed
cells were incubated with mAb  to TGEV N protein (1:200) and
rabbit pAb to vimentin (1:100, Abcam) for 1 h at 37 ◦C in a humidi-
fied chamber. After washing three times with PBST, the fixed cells
were incubated with FITC-labeled goat anti-mouse IgG (1:100, KPL)
and TRITC-labeled goat anti-rabbit IgG (1:200, Sigma). Additional
nuclear staining with 4′,6-diamidino-2-phenylindole (DAPI, Sigma)
was performed as described previously (Jungmann et al., 2001). The
triple-stained cells were washed three times with PBST and subse-
quently examined under a Leica TCS SP5 laser confocal microscopy.

2.9. Transfection of siRNA against vimentin

siRNA against vimentin (GenePharma) was  used for transfec-
tion. Sequence of the siRNA strands (two rounds of silencing)
were as follows: 5′-GCUAACUACCAAGACACUATT-3′ (sense) and 5′-
UAGUGUCUUGGUAGUUAGCTT-3′ (antisense); 5′-CCUCUGGUU-
GACACCCAUUTT-3′ (sense) and 5′-AAUGGGUGUCAACCAGAGGTT-
3′ (antisense). Negative control siRNA strands were as fol-
lows: 5′-UUCUCCGAACGUGUCACGUTT-3′ (sense), 5′-ACGUGA-
CACGUUCGGAGAATT-3′ (antisense). Transfection with siRNA was

performed with Lipofectamine 2000 reagent (Invitrogen) by fol-
lowing the manufacturer’s instructions. ST cells were cultured
overnight in six-well tissue culture plates. The siRNA (20 nM)
was complexed with Lipofectamine 2000 reagent by incubating
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Fig. 1. SDS-PAGE analysis of cellular proteins that interact with TGEV N protein.
Cellular proteins binding to GST-N agarose or to GST protein were resolved by SDS-
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ogether at room temperature for 30 min. After removing the cell
ulture supernatant, the complex was added. After incubation for
6 h, the cells were infected with TGEV.

.10. Real time RT-PCR

Total RNA was extracted from the ST cells transfected with
iRNA against vimentin and negative control siRNA, using the
Neasy Mini Kit (Qiagen) according to the manufacturer’s proto-
ol. cDNA synthesis was performed with total cellular RNA using

 Reverse Transcriptase M-MLV  kit (TaKaRa), according to the
anufacturer’s protocol. Real time RT-PCR was performed using

 LightCycler 480 II (Roche) in a total volume of 25 �L contain-
ng 10 ng of cDNA template, 1× SYBR® Premix Ex TaqTM II (Perfect
eal Time, TaKaRa), and a 0.4 �M concentration of each primer.
fter initial denaturation at 95 ◦C for 2 min, the amplification was
erformed for 40 cycles, each consisting of denaturation at 95 ◦C
or 5 s and primer annealing at 60 ◦C for 30 s. Melting curves were
btained, and quantitative analysis of the data was  performed in

 relative quantification (2−��CT) study model. Parallel TGEV not-
nfected ST cells were used as control (relative expression = 1) and
APDH as an internal reference gene.

.11. Virus titer assay

ST cells were re-plated 1 day before infection in 96 well plates for
he 50% infectious dose (TCID50) assays. Treated samples and their
aired controls were thawed as described and immediately serially
iluted. Cell cultures were then infected for 1 h. After 48 h of incu-
ation, CPE was observed. TCID50 is calculated using the method of
eed and Munch. Virus titer assay were performed three times for
ach condition and were performed using the Student’s t-test.

. Results

.1. SDS-PAGE and Co-IP of cellular proteins interacting with N
rotein
The expressed GST-N protein immobilized on GST-agarose
eads was used as a bait to pull down cellular proteins of TGEV-

nfected ST cells that form a complex with N protein. GST protein

able 1
GEV N protein-associated cellular proteins identified by MALDI-TOF MS.

Band no.a Protein name Accession no. b Molecular
(kDa)

1 ATP-dependent RNA helicase A gi|335306989 141.7 

2  Heterogeneous nuclear
ribonucleoprotein U

gi|335296158 104.8 

3  Alpha-actinin-4 gi|335289614 104.3 

4  ATP-dependent RNA helicase gi|335285861 78.9 

5  Vimentin gi|335296459 53.6 

6  Eongation factor 1-alpha gi|68124034 50.1 

7  Vasohibin-1 gi|335292809 40.7 

8  40S ribosomal protein S9 gi|335290197 24.1 

9  60S ribosomal protein L26 gi|213983067 17.3 

10  40S ribosomal protein S13 gi|311248161 17.2 

11  Myosin-9 gi|335287642 228.9 

12  Myosin-10 gi|335298584 165.6 

13  Heterogeneous nuclear
ribonucleoprotein U

gi|335296158 104.8 

14  Alpha-actinin-4 gi|335289608 102.2 

15  Vimentin gi|335296459 53.6 

a Protein band number as in Fig. 1.
b Accession numbers according to NCBInr database.
c Number of peptides identified by MALDI-TOF/TOF is given by MASCOT. The number o
d Protein score (based on combined MS and MS/MS spectra) and best ion score (base

tatistically significant protein score of great than 59 (p ≤ 0.05) were considered successfu
PAGE. PM,  protein marker. T+ and T− represent the TGEV-infected and not-infected
ST cells, respectively.

was used as control to eliminate non-specifically binding proteins.
After extensive washing the resins with RIPA buffer, cellular pro-
teins bound to N protein were analyzed by SDS-PAGE and stained
with PhastGel Blue R (GE Healthcare). As shown in Fig. 1, 10 cellular
protein bands that were not seen in GST control gel. The 10 protein
bands of interest were manually excised from gels and plated into
96-well microplates for MS  identification.

The mAb  to N protein was  used as a bait to precipitate cellu-
lar proteins of TGEV-infected ST cells that form a complex with
N protein. After extensive washing resins with RIPA buffer, cellu-
lar proteins bound to N protein were analyzed by SDS-PAGE and

stained with PhastGel Blue R (GE Healthcare). As shown in Fig. 1, 5
cellular protein bands that were not seen in TGEV not-infected ST
cells. The 5 protein bands of interest were manually excised from
the gels and plated into 96-well microplates for MS  identification.

 mass No. of peptide
matchedc

Sequence
coverage (%)

Protein score/best ion
scored

38 28 562/87
17 15 330/131

20 19 96/58
24 27 324/95
18 36 107/20

6 15 60/32
11 25 60/20
11 41 226/55

8 37 138/63
9 46 137/73

44 42 388/140
26 35 72/35
14 18 92/39

27 32 274/85
23 39 389/176

f peaks which match to the trypsin peptides.
d on MS/MS  spectra) were from MALDITOF/TOF identification. The proteins had
lly identified.
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Fig. 2. MALDI-TOF MS  spectr

.2. MS  identification of cellular proteins interacting with N
rotein

TGEV N protein-associated cellular proteins were identified
sing in-gel tryptic digestion, and MALDI-TOF/TOF identification.
5 protein bands binding to N protein were subjected to in-gel
rypsin digestion, and peptides were analyzed by MS.  Database
earches with the peptide masses resulted in positive identifica-
ion for 8 different cellular proteins (Table 1, Table S1, and Fig.
1). Two ATP-dependent RNA helicase proteins were identified as
nteracting with N protein. Protein band 1 was identified as ATP-
ependent RNA helicase A (RHA) and protein band 4 was  identified
s ATP-dependent RNA helicase DDX1 (DBP-RB). Four cytoskeleton
roteins were identified as interacting with N protein. Protein band

 and band 14 were identified as �-actinin-4 (ACTN4). Protein band
 and band 15 were identified as vimentin (VIM). Protein band 11

nd band 12 were identified as myosin. Four ribosome-associated
roteins were identified as interacting with N protein: heteroge-
eous nuclear ribonucleoprotein U (hnRNP U) (band 2 and band

ig. 3. Western blot confirmation of representative proteins interacted with TGEV
 protein identified by MS.  PM,  protein marker. GST-N and GST proteins were visu-
lized using mAb  to GST; Cellular vimentin of ST cells was  visualized using pAb to
imentin.
TOF/TOF spectra of vimentin.

13); 40S ribosomal protein S9 (band 8); 60S ribosomal protein L26
(band 9); and 40S ribosomal protein S13 (band 10). One protein-
biosynthesis-associated protein (elongation factor 1-�,  band 6) and
one cell-cycle-arrest protein (vasohibin-1, band 7) were identified
as interacting with N protein. MALDI-TOF MS  spectra and TOF/TOF
spectra of vimentin are shown in Fig. 2.

Three cellular proteins, hnRNP U, ACTN4, and vimentin, were
identified both by GST-N pull down and Co-IP in TGEV-infected
cells, which should have more biological importance in the context
of infection.

3.3. Western blotting confirmation of MS results

To verify the proteins identified by MS, western blotting was
performed. Many cytoskeleton associated proteins play impor-
tant roles in virus infection (Dohner and Sodeik, 2005). Vimentin
protein was identified not only in GST pull-down assay but also
in Co-IP assay. Therefore, the identified protein vimentin was

selected for western blot analysis. Cellular proteins immobilized
on GST-agarose beads in GST pull-down assay were examined
with specific antibodies to vimentin (Fig. 3). Results validated the
MALDI-TOF/TOF identification of cellular proteins.

N 

vimentin 

T  −  T + 
IP Input 

T  −  T + 

Fig. 4. Cellular vimentin interacts with N protein of TGEV in vivo. N protein of TGEV
was precipitated by pAb to cellular vimentin in TGEV-infected ST cells but not in
TGEV not-infected ST cells (A). T+ and T− represent the TGEV infected and uninfected
ST  cells, respectively.
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Fig. 5. Localization of cellular vimentin and N protein of TGEV. Cells were infected with TGEV. Virus assembly sites were located using antibodies specific for the N protein
(green).  Vimentin was visualized using antibodies specific for vimentin (red). The nucleus was stained with DAPI (blue). The triple-stained cells were observed by Leica TCS
SP5  laser confocal microscopy. The arrows indicate co-localization signal. Bars, 10 �m.  (For interpretation of reference to color in this figure legend, the reader is referred to
the  web  version of this article.)
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Fig. 6. Gene silencing of vimentin reduced TGEV replication in ST cells. Vimentin-knockdown cells, negative control knockdown cells and untreated cells were adsorbed
with  TGEV (MOI = 1) at 37 ◦C for 1 h. Cells were washed and further incubated with TGEV. The levels of mRNA for vimentin in vimentin-knockdown cells were confirmed by
RT-PCR  compared with the corresponding control (A). The cell lysates were harvested for western blotting with antibodies against vimentin, TGEV N protein and GAPDH, as
i r vira
o

3
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l
w
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w
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ndicated (B). The culture supernatants of cells infected with TGEV were collected fo
f  three independent samples. * p < 0.05.

.4. Cellular vimentin interacts with N protein in TGEV infected
ells

To confirm the interaction between N protein of TGEV and cel-
ular vimentin, immunoprecipitation assay was  utilized to identify

hether TGEV N protein interacted with cellular vimentin in TGEV-
nfected ST cells. From the immunoprecipitation results (Fig. 4),

e can see that the N protein of TGEV was precipitated by the
Ab to cellular vimentin in TGEV-infected ST cells but not in TGEV
ot-infected ST cells. Results demonstrate that cellular vimentin

nteracted with N protein of TGEV.

.5. TGEV N protein co-localized with vimentin during infection

Subcellular localization of vimentin was investigated in TGEV-

nfected ST cells using indirect immunofluorescence confocal

icroscopy. Results indicated that subcellular localization of
imentin was distributed in cytoplasm with enrichment in the
erinuclear region after TGEV infection (Fig. 5). Cellular vimentin
l titration (C). The virus titers shown here are the averages and standard deviations

labeled with TRITC was overlaid with N protein of TGEV labeled
with FITC, indicating that cellular vimentin was co-localized with
N protein of TGEV within the ST cells during infection.

3.6. Knockdown of vimentin impairs TGEV replication in host cell

To further investigate the role of vimentin in virus infection,
vimentin protein of ST cells was  inhibited using siRNA. The decrease
level of vimentin mRNA was  validated by RT-PCR (Fig. 6A). ST cells
transfected with vimentin-specific siRNA expressed lower level of
vimentin by western blot analysis, compared to that transfected
with the control siRNA (Fig. 6B). After transfection with siRNA,
ST cells were infected with TGEV for another 16 h after transfec-
tion with siRNA at an MOI  of 1. Virus titer assay were performed
three times for each condition and were performed using the Stu-

dent’s t-test. TCID50 of virus in control siRNA group was 105.2/mL
and the vimentin siRNA group was  103.1/mL. Fig. 5C shows that
knock-down of vimentin resulted in significant reduction of cell-
associated virus, which reflected viral replication.
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. Discussion

Identifying host cell protein interacting with viral protein is a
ritical step for understanding protein function and viral replica-
ion. Recently, affinity purification followed by MS has been widely
sed to find protein–protein interactions (Dunham et al., 2012). In
he present study, using GST pull-down and Co-IP coupled with

S  identification, 15 cellular protein bands representative of 12
ellular proteins interacting with TGEV N protein were identified.

Several cellular proteins found in this study were identical to
hose previously described interacting with CoV N protein. EF1A,
DX1 and hnRNP U were also observed in infectious bronchi-

is virus (IBV) N protein using quantitative proteomic approaches
Emmott et al., 2013). Interaction between EF1A and N protein of
GEV (Zhang et al., 2014) and SARS-CoV were founded (Zhou et al.,
008). The hnRNP U protein was identified as binding preferentially
GEV 3′-end (Galan et al., 2009). A very recent work describes the
ey role of IBV N protein interaction with DDX1 in viral transcrip-
ion (Wu et al., 2014).

Four cytoskeleton-associated proteins were identified that asso-
iated with N protein in this study. The cytoskeleton consists of a
lament scaffold within cell. Filaments are dynamic and divided

nto three types: microfilaments (actin filaments), microtubules,
nd intermediate filament (Naghavi and Goff, 2007). During infec-
ion, viruses interact with components of the cytoskeleton to reach
heir appropriate intracellular sites of replication (Radtke et al.,
006). In previous study, differentially expressed cytoskeletal pro-
eins were found in TGEV infected ST cells using two-dimensional
ifference gel electrophoresis (Zhang et al., 2013). Cytoskeletal pro-
eins found in this study provides new insights for understanding
he mechanisms of TGEV replication.

CoV replication uses complex mechanisms that involve viral and
ellular proteins. Similar to other positive-strand RNA viruses, CoV
enome replication takes place in the cytoplasm in a membrane-
rotected microenvironment that contains all the protein required
or viral RNA synthesis (Enjuanes et al., 2006). Electron microscopy
tudies of mouse-hepatitis-virus-infected cells have shown that
eplication complexes of virus consist of double-membrane vesi-
les (Gosert et al., 2002). CoV replication complex formation
ossibly utilizes components of cellular autophagy (Prentice et al.,
004). Although CoV replication essentially takes place within the
ytoplasm, the virus may  control cell machinery by locating some of
ts proteins in host cell nucleus (Enjuanes et al., 2006). In the present
tudy, vimentin was identified in pull-down assay and Co-IP assay,
uggesting that it plays an important role in TGEV infection. Co-
taining of cellular vimentin and N protein on immunofluorescence
icroscopy also supported an association between proteins. Based

n these findings, we speculate that vimentin plays a role in TGEV
eplication.

Some studies demonstrate that vimentin plays important role
n virus infection cycle. Vimentin binding is critical for virus entry,
uch as human cytomegalovirus (CMV) (Miller and Hertel, 2009),
apanese encephalitis virus (JEV) (Liang et al., 2011), and cowpea

osaic virus (CPMV) (Koudelka et al., 2009). Vimentin is required
or virus replication, such as bluetongue virus (BTV) (Bhattacharya
t al., 2007), and dengue virus (DENV) (Kanlaya et al., 2010). In this
tudy, vimentin is required for TGEV replication. Therefore, these
ay  potentially serve as novel therapeutic targets for controlling

GEV infection.
The efficiency of TGEV infection depends on the presence and

ntegrity of vimentin cytoskeleton, which may  facilitate virus infec-
ion at different steps. Vimentin may  promote viral replication by

nteraction with N protein, which may  help virions to transport
hrough a functional Golgi complex for viral maturation (Risco et al.,
998). Additional work will be needed to pinpoint the exact steps
uring viral infection.
ch 200 (2015) 56–63

Overall, this study was the first to identified cellular proteins
interaction with TGEV N protein using proteomics method. A total
of 12 cellular proteins were identified, which provided new infor-
mation to understand the mechanism of coronavirus replication.
The interaction between the cellular vimentin and N protein of
TGEV was  confirmed in TGEV-infected ST cells. Knockdown of
vimentin impairs TGEV replication in ST cells. The present study
thus provides insights into interaction of TGEV N protein with host
cellular proteins that would be useful for further studying viral
replication and pathogenesis.
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