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a b s t r a c t

The capsid (C) protein of Classical swine fever virus (CSFV) is proposed to play an essential role in the
replication and translation of the viral RNA. In this study, a monoclonal antibody (mAb) directed against
the C protein was generated with the recombinant C protein expressed in Escherichia coli as immunogen.
IFA and IPMA analysis showed that the native C protein of CSFV virions was reactive to the mAb. By
vailable online 19 January 2011
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truncating the C protein, we identified a linear epitope recognized by the mAb, corresponding to amino
acids 61TQDGLYHNKN70 of the CSFV C protein, which is well conserved among pestiviruses. Laser confocal
analysis showed that the C protein mainly locates in the cellular nucleoplasm and nucleolus of PK-15 cells.
The results have implications for further study of CSFV replication.

© 2011 Elsevier B.V. All rights reserved.

pitope
ubcellular localization

. Introduction

Classical swine fever virus (CSFV) is the causative agent of
lassical swine fever (CSF), a disease of pigs characterized by
ever, leukopenia, hemorrhage, and widespread apoptosis of lym-
hocytes (Summerfield et al., 1998, 2000). The disease causes
ignificant economic loss worldwide and is one of the Office
nternational des Epizooties listed notifiable diseases (Paton and
reiser-Wilke, 2003). CSFV is a small, enveloped virus with a
ingle-stranded, positive-sense RNA genome, which is classified
n the genus Pestivirus within the family Flaviviridae, along with
ovine viral diarrhea virus 1 (BVDV-1), BVDV-2, and border disease
irus (BDV) (Becher et al., 2003). The 12.5-kb CSFV genome con-
ains a single open reading frame that encodes a 3898-amino-acid
olyprotein and yields 12 final cleavage products: NH2-Npro-
-Erns-E1-E2-p7-NS2-NS3-NS4ANS4B-NS5A-NS5B-COOH through
o- and post-translational processing of the polyprotein by cellular

nd viral proteases (Meyers et al., 1989; Meyers and Thiel, 1996;
hiel et al., 1991). The virion consists of four structural proteins,
he capsid (C) protein and the glycoproteins Erns, E1, and E2 (Thiel
t al., 1991).
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The C protein of CSFV is located between the N-terminal pro-
tease Npro and the glycoprotein Erns in the polyprotein. The C
protein is a small protein and rich in basic amino acids (lysine and
arginine) (Meyers et al., 1989; Thiel et al., 1991). Mature C pro-
tein has 86 amino acids and its apparent molecular weight (MW)
is 14 kDa (Heimann et al., 2006). The N terminus (169Ser) of the C
protein is cleaved by autocatalysis of the Npro protein (Rumenapf
et al., 1998; Stark et al., 1993). The C protein is followed by the
Erns protein, of which N terminus (268Asp) is generated by the sig-
nal peptidase (SP) (Heimann et al., 2006; Stark et al., 1993). The C
protein acts as a transcriptional regulator and plays an important
role in the CSFV virion maturation (Liu et al., 1998a). Formation
of a C protein–RNA complex inside the virion suggests a protec-
tive function of the C protein (Meyers and Thiel, 1996; Thiel et al.,
1991). Furthermore, C proteins may function in RNA structural
rearrangements taking place during virus replication (Ivanyi-Nagy
et al., 2008) and RNA packaging and virion morphogenesis (Murray
et al., 2008). To our knowledge, other potential functions of the C
protein remain unknown.

The C protein of viruses is important for virus infection and
assembly (Matsumoto et al., 1996). Also, the C protein may also

play an important role in the pathogenesis of viral infection (Major
et al., 1995). To understand the functions of the C protein of CSFV
and directly elucidate the mechanisms involved in CSFV replica-
tion, the monoclonal antibody (mAb) tool is needed. Availability of
specific antibodies against the C protein of CSFV may facilitate fur-
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Table 1
The primers used in this study.

Primers Nucleotide sequences (5′ → 3′)\ Restriction sites

F-C CTGAATTCATGTCTGATGATGGCGCAAGTGG EcoRI
R-C CGCTCGAGCTAGGCTTCAACTGGTTGATACA XhoI
F-GFP-C CTCTCGAGATGTCTGATGATGGCGCAAGTGG XhoI
R-GFP-C CGGGATCCCTAGGCTTCAACTGGTTGATACA BamHI
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(nt 91–210), aa 61–99 (nt 181–297), and aa 61–70 (nt 181–210) of
the CSFV C protein, were amplified with a panel of primers con-
taining XhoI and BamHI sites (Table 1) as described above. The
purified PCR products were digested with XhoI and BamHI and
F-91 TACTCGAGGACAGCAGAACTAAGCCACCCG XhoI
R-120 CTGGATCCCGTTACGTAGCGTCGGGTGGCTTAG BamHI
F-181 TACTCGAGACCCAAGACGGCCTGTACCAC XhoI
R-210 CAGGATCCCGTTAATTCTTGTTGTGGTACAGG BamHI

her studies on viral replication and biosynthesis. To date, however,
here is no report about the mAb against C protein. In this study, we
xpressed the C protein of CSFV in Escherichia coli and prepared a
Ab against the C protein, and identified a linear epitope targeted

y the mAb. In addition, the cellular localization of the C protein
as analyzed.

. Materials and methods

.1. Viruses and cells

The CSFV Shimen strain used in this study was maintained in
he Harbin Veterinary Research Institute (Li et al., 2009). PK-15
ells were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
ibco, Grand Island, USA) supplemented with 10% fetal bovine
erum (FBS) at 37 ◦C in a 5% CO2 incubator.

.2. Construction of prokaryotic expression vectors

The 297-bp DNA fragment encoding the C protein of CSFV was
mplified with the specific primers F-C and R-C (Table 1). PCR
as performed by pre-denaturing at 94 ◦C for 5 min, denaturing at

4 ◦C for 45 s, annealing at 52 ◦C for 45 s, and extending at 72 ◦C for
.5 min for 30 cycles, with a final elongation step for 10 min at 72 ◦C.
CR products were cloned into the pMD18-T vector (TaKaRa). The
esulting expression plasmid, designated as pMD18-T-C, was then
erified by restriction digestion and sequencing. Subsequently, the
gene was subcloned into the prokaryotic expression vector pET-

2a (Novagen). The resulting recombinant expression plasmid was
esignated as pET-CSFV-C.

.3. Expression and purification of the recombinant protein

The E. coli BL21 (DE3) cells containing pET-CSFV-C was
ropagated at 37 ◦C for 4 h under induction with 1 mM isopropyl-
-d-thiogalactopyranoside (IPTG) for the expression of the His-C
rotein. The His-C protein was purified by Ni-NTA affinity chro-
atograph column (Novagen, Madison, WI, USA) according to

he manufacturer’s protocol. The purified protein was detected
y Western blot using mouse anti-His antibody (Santa Cruz). The
ET-32a plasmid encodes downstream the T7 promotor 105-aa
hioredoxin and various additional sequences that account for the
igher MW of the expression product (MW of the tag is about
0 kDa). Total protein concentration was determined by the Brad-
ord method (Bradford, 1976) using bovine serum albumin (BSA)
s a reference.

.4. Production and characterization of the mAb against the C
rotein
Three 8-week-old SPF BALB/c mice were immunized intraperi-
oneally (i.p.) and subcutaneously (s.c.) with the entire fusion
rotein (His-tagged C protein) (50 �g per mouse) emulsified in
omplete Freund’s adjuvant (Sigma–Aldrich, St. Louis, MO). The
h 156 (2011) 134–140 135

mice were boosted with the protein (50 �g per mouse) emulsi-
fied in incomplete Freund’s adjuvant (Sigma–Aldrich) two weeks
after the first immunization. Two more weeks later, the mice were
injected i.p. with 100 �g of the purified His-C. Three days after
the final immunization, the spleen cells were harvested to pre-
pare cell suspension. The spleen cells were fused with SP2/0 cells as
described essentially by Kohler and Milstein (1975). The hybridoma
cells were cultured in RPMI-1640 containing HAT and HT for 10–14
days. Further selection and characterization were carried out by
the indirect ELISA based on the His-C protein as described pre-
viously (Peng et al., 2008). After three times of limiting dilution,
the hybridoma cells of interest were propagated, suspended in
serum-free medium, and then inoculated into the pristine-primed
mice, from which ascetic fluids containing the mAb 3E8 (see below)
against the C protein was collected 7–10 days post-inoculation
(dpi). Reactivity and titer of the mAb were tested by Western blot
and ELISA using the His-C protein. The IgG subtype analysis of the
mAb was performed using a SBA Clonotyping System/horseradish
peroxidase (HRP) (Southern Biotechnology Associates, Inc., Birm-
ingham, AL, USA).

2.5. Western blot

The purified His-C protein was subjected to 12% SDS-PAGE
gels and then transferred to 0.22 �m nitrocellulose membranes
(Hybond-C Extra, Amersham Biosciences). After blocking, the mem-
branes were incubated with the mAb 3E8 at 37 ◦C for 60 min. After
washing three times with PBS containing 0.5% Tween-20 (PBST),
the membranes were inoculated with HRP-conjugated goat anti-
mouse IgG (Kirkegaard & Perry Laboratories, Inc., Gaithersburg,
MD) at 37 ◦C for 60 min and visualized using DAB substrate (Zhong-
shan Goldenbridge, Beijing, China).

2.6. Construction of eukaryotic expression vectors

To map the epitope on the CSFV C protein, four eukaryotic
expression vectors containing overlapped truncated C protein frag-
ments as well as the full-length C gene were constructed. Briefly,
the full-length C gene and four partial C genes, corresponding to
amino acids (aa) 1–99 (nt 1–297), aa 1–40 (nt 1–120), aa 31–70
Fig. 1. Western blot analysis of the purified His-C protein. The purified His-C recom-
binant protein (lane 1) was recognized by anti-His mAb (Novagen). Lysates of E. coli
BL21 (DE3) containing pET-32a (lane 2) and lysates of E. coli BL21 (DE3) (lane 3)
were used as controls. Lane M, PageRulerTM Prestained Protein Ladder (Fermentas,
Hanover, MD, Catalog SM0671).
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ig. 2. Reactivity of the mAb 3E8 with the CSFV C protein. Lane 1, cell lysates of E.
ET-32a; lane 3, CSFV virions purified from CSFV-infected PK-15 cells; lane 4, cell ly

nserted into the eukaryotic expression vector pEGFP-N1 (Clontech,
ountain View, CA, USA), in which EGFP is a C-terminal fusion.

o, five recombinant plasmids pEGFP-C1–99, pEGFP-C1–40, pEGFP-
31–70, pEGFP-C61–99, and pEGFP-C61–70 were constructed. The
ecombinant plasmids were identified by DNA sequencing.

.7. Transfection

The recombinant plasmids pEGFP-C1–99, pEGFP-C1–40, pEGFP-
31–70, pEGFP-C61–99, pEGFP-C61–70 and pEGFP-N1 were
urified using a high-purity plasmid purification kit (Qiagen) in
ccordance with the manufacturer’s instructions. The transfection
as performed using LipofectamineTM 2000 reagent (Invitrogen)
n 96-well plates according to the instruction manual as described
reviously (Zhang et al., 2009). Briefly, PK-15 cells of 95% con-
uence were transfected with 0.2 �g of plasmids and 0.6 mL of
ipofectamineTM 2000 reagent diluted in 25 mL of DMEM without
erum and antibiotics.

ig. 3. Binding of the mAb 3E8 to the C protein of CSFV in IFA. CSFV-infected PK-15 cells
ontrol. The nucleus was labeled with the DAPI dye. Bar = 10 �m.
21 (DE3) harboring pET-CSFV-C; lane 2, cell lysates of E. coli BL21 (DE3) harboring
of uninfected PK-15 cells; lane M, protein marker.

2.8. Immunoperoxidase monolayer assay (IPMA)

PK-15 cells, transfected with pEGFP-C1–99, pEGFP-C1–40,
pEGFP-C31–70, pEGFP-C61–99, pEGFP-C61–70 or pEGFP-N1, were
fixed with cold acetone–methanol (1:1) for 20 min at −20 ◦C, and
then allowed to air dry. After blocking with 5% skimmed milk, the
fixed cells were incubated with the mAb 3E8 for 60 min at 37 ◦C in
a humidified chamber. After washing three times with PBST, the
fixed cells were incubated with HRP-labeled goat anti-mouse IgG
(Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD). The cells
were visualized using DAB substrate (Zhongshan Goldenbridge,
Beijing, China) and examined using microscope.

2.9. Immunofluorescence assay (IFA)
PK-15 cells infected with 100 TCID50 CSFV Shimen strain were
cultured for 48 h. The cells were digested with trypsin and fixed
as mentioned above. After blocking with 5% skimmed milk, the
fixed cells were incubated with the mAb 3E8 and rabbit anti-E2

were tested using 3E8 and rabbit anti-E2 sera. Uninfected PK-15 cells were used as
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era (Sun et al., 2010) for 90 min at 37 ◦C in a humidified chamber.
fter washing three times with PBST, the fixed cells were incu-
ated with FITC-labeled goat anti-mouse IgG (Kirkegaard & Perry,
aithersburg, MD, USA) and TRITC-conjugated goat anti-rabbit IgG

Sigma, Saint Louis, MO, USA). The cells were washed three times
ith PBST and examined using fluorescence microscope.

. Results

.1. Identification of the recombinant C protein
After induction with 1 mM IPTG, the recombinant protein His-C,
ith the MW of 34 kDa, was expressed in pET-CSFV-C-transformed

ells. The purified His-C protein could be recognized by anti-His
Ab in Western blot (Fig. 1).

ig. 4. Epitope mapping of the mAb 3E8. (A) The schematic representations of the constru
runcated C proteins in IPMA. PK-15 cells transfected with pEGFP-C1–99, pEGFP-C1–40,

Ab 3E8 against the C protein of CSFV (200×).
h 156 (2011) 134–140 137

3.2. Characterization of the mAb against the C protein

A mouse mAb designated 3E8 against the C protein were pro-
duced using the purified C protein. The mAb 3E8 was identified to
belong to IgG1 isotype with a � light chain. The ascite titer of the
mAb 3E8 was up to 1:512,000. The mAb specifically recognized the
CSFV-infected PK-15 cells and CSFV virions, but not mock-treated
PK-15 cells, in Western blot assay (Fig. 2).
3.3. Reactivity of the mAb 3E8 with the C protein in CSFV-infected
cells

IFA was used to verify the reactivity of the mAb 3E8 with the C
protein in CSFV-infected and uninfected PK-15 cells. As shown in

cts used to map the epitope recognized by 3E8. (B) Reactivity of the mAb 3E8 with
pEGFP-C31–70, pEGFP-C61–99, pEGFP-C61–70 or pEGFP-N1 were tested using the
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Viruses (GenBank accession number)                       KGKNTQDGLYHNKNKPPES 

CSFV Paderborn (ADI58615)                            225  ...................  243 

CSFV Shimen (AAV40685)                                225  ...................  243 

CSFV BRESCIAX (AAT85717)                             225  ...................  243 

CSFV Glentorf (AAA86909)                             225  ..R................  243 

CSFV Alfort A19 (AAB50409)                           225  ...................  243 

CSFV 0406/CH/01/TWN (AAT66638)                      225  ...................  243 

CSFV CAP (CAA65386)                                   225  ..R................  243 

CSFV 39 (AAL01050)                                     225  ............R......  243 

CSFV CSFV/1.1/dp/CSF0382/XXXX/Koslov (ADN29915)   225  ...S...............  243 

CSFV CSFV/2.3/wb/XXX0609/2004/Uelzen (ADG23054)   225  ...................  243 

CSFV CSFV/2.3/wb/CSF1045/2009/Roesrath (ADG23052) 225  ...................  243 

CSFV C-ZJ-2008 (ADH59732)                            225  ...................  243 

CSFV ZJ0801 (ACL80334)                                225  ...................  243 

CSFV Chinese vaccine strain (AAQ88124)             225  ...................  243 

CSFV Riems (AAP14950)                                 225  ...................  243 

CSFV HCLV (AAM95952)                                  225  ...................  243 

CSFV HCLV (AAC99408)                                  225  ...................  243 

CSFV HCLV (ACF70601)                                  225  ...................  243 

BVDV-1 Yak (ACL36503)                                 62   .N.E....I..........  80 

BVDV-1 IW56/05/CP (BAH28807)                         228  .S.................  246 

BVDV-1 IS25CP/01 (BAF98859)                          228  .S.................  246 

BVDV-1 NCP 1741 (AAK69178)                           227  .N.D.K..........Q..  245 

BVDV-2 P11Q (AAN78116)                                229   ..................  246 

BVDV-2 1373 (AAD38683)                                229   ..................  246 

BVDV-2 Parker (AAD38687)                              229   ..................  246 

BVDV-2 Isolate 73 (ACJ72455)                         229   ..................  246 

BVDV-2 Ind 51966 (ABY75228)                          229   ..................  246 

BVDV-2 890/256 (AAR24083)                            229   ..................  246 

BVDV-2 Hokudai-Lab/09 (BAJ09450)                    229   ..................  246 

BDV LA/91/05 (CAQ57673)                               306   ..................  323 

BDV TO/121/04 (CAP15784)                              226   ..................  243 

BDV H2121 (ADK63187)                                  226  ...................  244 

BDV Gifhorn (ADI58614)                                226  ...................  244 

Pestivirus Tunisian sheep virus BM01 (AAR24372)   225  ...................  243 
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Pronghorn antelope pestivirus (AAX123

ig. 5. Alignment of the sequences around the epitope 61TQDGLYHNKN70 among
ccession numbers are shown in parentheses. Dots indicate identical residues. The

ig. 3, the mAb 3E8 showed reactivity with the PK-15 cells infected
ith CSFV, but not with the uninfected PK-15 cells.

.4. Epitope mapping of the mAb 3E8

To identify the epitope of the mAb 3E8, the truncated C genes
ere expressed in transfected PK-15 cells (Fig. 4A). The IPMA

howed that the mAb 3E8 was reactive with the complete C protein
xpressed in PK-15 cells, and the mAb 3E8 was able to recognize
a 31–70 and aa 61–99, but not aa 1–40 (Fig. 4B). Subsequently,
he fragment encoding aa 61–70 of the C protein was cloned and

xpressed in PK-15 cells, and was shown to be reactive with the
Ab 3E8 (Fig. 4B). This indicates that the epitope recognized by the
Ab 3E8 was 61TQDGLYHNKN70 on the CSFV C protein. This epitope

s well conserved among pestiviruses, as shown by the sequence
lignment of 35 different pesitivirus species and genotypes (Fig. 5).
        225  RSEK.K..........A..  243 

viruses. A total of 35 pestiviruses from GenBank database are included. GenBank
e is boxed.

3.5. Subcellular localization of the C protein of CSFV

The kinetic subcellular localization of the C protein in PK-15 cells
transfected with the eukaryotic expression vector containing the C
gene of CSFV was investigated. As shown in Fig. 6, the C protein of
CSFV was distributed in the nucleolus and cytoplasm in PK-15 cells.
A pat 7 pattern nuclear localization signal (NLS) (PESRKKL) on the
CSFV C protein was predicted by PSORT II (Horton and Nakai, 1997).

4. Discussion
There is very limited knowledge about the structure and func-
tion of the CSFV C protein because of the lack of tools such as mAb
against the C protein. In this study, we generated the mAb 3E8 rec-
ognizing the native CSFV C protein, using the recombinant protein
His-C expressed in E. coli as immunogens. Consequently, the mAb
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ig. 6. Subcellular localization of the CSFV C protein. The PK-15 cells transfected w
API dye. Bar = 10 �m.

E8 provides a tool to analyze the function of the C protein in CSFV
nfection. Then, using the truncated C proteins, an epitope recog-
ized by the mAb 3E8 corresponding to aa 61–70 (TQDGLYHNKN)
n the CSFV C protein was identified (Fig. 4). To our knowledge, this
pitope is the first one identified on the C protein of pestiviruses.
ine mapping of the epitope needs to be done to determine the
inimum motif and the contribution of each residue.
The C protein of many viruses is an important target of humoral

nd cellular immune responses to virus infection, and the primary
unction of viral core proteins is to provide a protective shell for
he viral genome inside the virion (Matsumoto et al., 1996). In the
ase of CSFV, the C protein of CSFV was suggested to represent an
mportant target for the host’s immune response (Liu et al., 1998b).
sing the expressed and purified the CSFV C protein, we prepared
n mAb against the C protein, which will be beneficial to uncover
he function of the C protein in CSFV infection and replication.

Up to now, there is no report about the distribution of the C
rotein of CSFV in host cells. In this study, using the recombinant
xpression vector pEGFP-C1–99, the distribution of the C protein
as investigated. We demonstrated that the C protein localized

n the cytoplasm and nucleolus of transfected PK-15 cells (Fig. 6).
his subcellular distribution of the C protein of CSFV is reasonable,
or that as a structural protein inside the virion, the major popula-
ion of the C protein should reside in the cytoplasm. On the other
and, in order to carry out the transcriptional regulation, the C pro-
ein may enter into the nucleus including the nucleolus, just as the
ocalization of the nucleoprotein of avian coronavirus and bovine

erpesvirus-1 infected cell protein 27 (BICP27) (Chen et al., 2002;
uo et al., 2009). Meanwhile, we detected the nucleolar localiza-

ion of the C protein of CSFV using 3E8 in CSFV-infected PK-15 cells.
owever, no nucleolar localization of the C protein was observed

n CSFV-infected cells. Possible explanations may be that success-
e pEGFP-C1–99 containing the C gene of CSFV. The nucleus was labeled with the

ful detection of nucleolar proteins using antibodies can be related
to the concentration of the protein within the nucleolus and the
nucleolus is not always refractive to antibody staining (Sheval et al.,
2005). In addition, charged proteins can also migrate through cells
post-fixation and become localized to the nucleus (Lundberg and
Johansson, 2001, 2002). In a previous report, no nucleolar localiza-
tion of SARS-CoV N protein was observed using anti-N antibody in
infected cells (You et al., 2005).

The mechanism how the C protein of CSFV localizes to the nucle-
olus has not been determined in this study. However, nuclear pore
complexes allow the passive transport in both directions between
the cytoplasm and nucleoplasm of ions, small molecules, and pro-
teins with MW ranging from 40 to 60 kDa (Peters, 1986). Then the
transport of larger proteins through the pore is an active process
requiring ATP, and such proteins contain a NLS (Nigg et al., 1991;
Richardson et al., 1988). The C protein of CSFV meets both criteria
in that the C protein is less than 40 kDa in size and is predicated
to contain a NLS (PESRKKL). Therefore, the C protein of CSFV might
enter the nucleus via both passive and active pathways.

In summary, we prepared the mAb 3E8 directed against the
C protein of CSFV, and identified a linear epitope of C protein of
CSFV. In addition, for the first time, we found that the nucleolar
localization of the C protein. The results of this study have impli-
cations for further analysis of the replication and pathogenicity of
CSFV.
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