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Porcine circovirus type 2 (PCV2) is associated with postweaning multisystemic syndrome in pigs, whereas the
ubiquitous related porcine circovirus type 1 (PCV1) is nonpathogenic. Corroborating an earlier observation in
PCV2, Rep and Rep’ proteins encoded by ORF1 are essential for the initiation of PCV2 replication. Cap protein
encoded by ORF2 has a potential causative role in the initiation of PCV2 replication and contains a type-specific
epitope. The putative ORF3 of PCV2 oriented in the opposite direction within ORF1 is unknown. In this study,
ORF3-encoding protein of PCV2 was expressed in vitro as a fusion protein (GST-ORF3 protein), and monoclonal
antibodies (MAbs) to the PCV2-ORF3-encoding protein were generated and biologically characterized. The
mRNA transcript of ORF3 was characterized during a productive infection in PK-15 cells, and the PCV2 in-
fectious DNA clone lacking ORF3 was constructed. GST-ORF3 protein, with an approximate molecular weight
of 37.7 kDa, was obtained from the Escherichia coli transformed with the recombinant vector pGEX-4T-1-F3 after
codon optimization of ORF3 DNA sequence. Four MAbs reacted strongly to the ORF3-encoding protein ex-
pressed in PK-15 cells in immunohistochemical staining. The mRNA transcript of ORF3 was confirmed in RT-
PCR, Northern blot, and sequencing analyses. The progeny PCV2 virions were not revealed in the PK-15 cells
transfected by the PCV2 infectious DNA clone without ORF3. These results demonstrate that the ORF3 of PCV2
can be transcribed and expressed and that ORF3-encoding protein plays a pivotal role in viral replication.

Introduction

T he circoviruses are a family of small non-enveloped
icosahedral viruses infecting parrots, geese, canaries,

pigeons, and pigs.(1–6) Porcine circovirus (PCV) isolated as
a persistent contaminant from a porcine kidney cell line is
non-pathogenic for experimentally infected pigs and is
designated PCV1.(3,7–9) In 1991 a new disease, postweaning
multisystemic wasting syndrome (PMWS), was found in
pigs.(10,11) A novel strain of PCV was isolated from pigs with
PMWS and named PCV2.(12–15) Pathogenic and phylogenetic
studies show that PCV1 and PCV2 belong to two different
genotypes.(16)

PCV has an ambisense, single-stranded, closed-circular
genome of 1759 bp for PCV1, 1767 bp, and 1768 bp for
PCV2.(12,16–19) The overall DNA sequence homology within
the PCV1 or PCV2 isolates is greater than 90%, while the
homology between PCV1 and PCV2 is only about 76%.(12,17)

The genomic DNA of both PCV1 and PCV2 has a similar
genomic organization, containing 11 predicted open reading
frames (ORFs).(17) ORF1 and ORF2, oriented in opposite di-
rections, are the two major ORFs in PCV1 and PCV2. ORF1
encodes Rep protein in viral DNA replication, while ORF2
encodes an immunogenic capsid protein.(20,21) Cheung and

associates further reported that 9 PCV2-specific RNAs and 12
PCV1-specific RNAs were detected during productive infec-
tion in PK-15 cells. The ORF3 gene of PCV2 identified in 2005
encodes an 11.9 kDa protein, which completely overlaps the
ORF1 gene and is oriented in the opposite direction. The novel
protein is not essential for PCV2 replication but can induce
apoptosis in infected cells and plays an important role in viral
pathogenesis by its apoptotic activity.(22,23)

Until now the role and expression of ORF3-encoding pro-
tein were unknown in PCV2 replication. In this study, we
report for the first time the expression of the ORF3-encoding
protein of PCV2 in prokaryotic and eukaryotic cells, and the
creation of a monoclonal antibody (MAb) to the PCV2-ORF3-
encoding protein. The role of ORF3 in PCV2 replication was
characterized in the PK-15 cell line by the construction of a
PCV2 infectious DNA clone without ORF3.

Materials and Methods

Virus, cell line, and antiserum

The PCV2 isolate HZ0201was originally isolated from a
superficial inguinal lymph node sample of a pig with natu-
rally occurring PMWS.(19) The PCV1 virus (ISUVDL PK-15
2000) was kindly provided by Dr. K.J. Yoon (Veterinary
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Diagnostic Laboratory, Iowa State University, Ames, IA). The
PCV1-free PK-15 cell line was kept in our laboratory and
maintained in minimal essential medium (MEM) supple-
mented with 10% heat-inactivated fetal calf serum (FCS,
Gibco BBL, New York, NY) at 37�C with 5% CO2. Swine
PCV2-positive serum was described previously.(24)

Expression of ORF3-encoding protein
(GST-ORF3 protein) in E. coli

To generate the recombinant ORF3-encoding protein,
PCV2 virions from the infected PK-15 cells were purified
through sucrose gradient and diluted with the nuclease-free
ddH2O. The recombinant vector pGEX-4T-1-F3 was con-
structed as follows. Briefly, a modified 108 bp fragment (nt
671 to 564) was amplified with the primers F3GZU1 con-
taining the Eco RI site and F3GZD1 (Table 1) from the DNA of
PCV2 strain HZ0201 (Genbank accession no. AY188355), and
another modified 227 bp fragment (nt 583 to 357) was am-
plified with the primers F3GZU2 and F3GZD2 containing the
Xho I site (Table 1). Then the full ORF3 fragment of 315 bp (nt
671 to 357) was amplified by PCR from the 108 bp and 227 bp
fragments with the primers F3GZU1 and F3GZD2 (Fig. 1).
The PCR product was digested with Eco RI and Xho I and
cloned into the vector pGEX-4T-1 (Amersham, Pharmacia
Biotech AB, Uppsala, Sweden). The resultant plasmid (pGEX-
4T-1-F3) was transformed into E. coli BL21 (Invitrogen,
Carlsbad, CA) and sequenced. The expression was induced by
isopropylthio-b-D-galactoside (IPTG, Amersham) according
to the manufacturer’s protocol.

Purification of the recombinant GST-ORF3 protein

Purification of GST-ORF3 protein was performed by the
following two methods. In the first method, the supernatant
of the cell lysates containing GST-ORF3 protein was loaded to
HiTrap affinity column (Amersham) according to the manu-
facturer’s protocol, and GST-ORF3 protein was purified. In
the other method, the purified GST-ORF3 protein was gen-
erated by cutting off the specific band after SDS-PAGE.
Briefly, the lysates were electrophoresed through a 15% SDS-

PAGE gel. After staining with Coomassie blue, the interest gel
band was cut off. The recombinant GST-ORF3 protein was
released from the specific gel within a dialyzer (Serva, Hei-
delberg, Germany) by electrophoresis in protein electropho-
resis buffer (25 mM Tris base, 192 mM glycine, 3.5 mM SDS).
After that, the purified protein was concentrated with
PEG20000. Total protein concentration was determined by the
Bradford assay with bovine serum albumin as a standard.

Preparation of MAb against ORF3-encoding
protein and isotyping

The MAbs against ORF3-encoding protein were produced
as described previously.(24) Briefly, the SPF BALB/c mice
were immunized subcutaneously (S/C) with complete
Freund’s adjuvant (Sigma-Aldrich, St. Louis, MO)-GST-ORF3
protein emulsion (50mg GST-ORF3 protein per mouse). Three
weeks later, the mice were injected intraperitoneally (i.p.)
with incomplete Freund’s adjuvant-GST-ORF3 protein
emulsion. After another 3 weeks, each mouse was given
0.1 mg GST-ORF3 protein i.p. The mice were subsequently
euthanized 3 days after the third immunization, and their
splenocytes were collected and fused with SP2/0 myeloma
cells. Hybridoma supernatants were screened by an indirect
ELISA for the presence of the specific antibodies using GST-
ORF3 protein, recombinant Cap protein of PCV2,(24) the pu-
rified PCV2 and PCV1 virions, and cell lysates of E. coli BL21
strain containing the parental pGEX-4T-1 vector, PK-15 cells,
and RPMI 1640 medium as antigens. Finally, analysis of MAb
IgG subtype was performed with standard procedures illu-
minated by the protocols of SBA ClonotypingTM System/
HRP (Southern Biotechnology Associates, Birmingham, AL).

SDS-PAGE and Western blot analyses

Bacterial lysates and the purified GST-ORF3 protein were
separated by SDS-PAGE on 15% polyacrylamide gels and
were transferred onto nitrocellulose membranes (Amersham)
in a transfer buffer (20 mM Tris-HCl, 190 mM glycine,
20%[vol/vol] methanol [pH 8.3]) using a semi-dry transfer
unit (Amersham) at 50 V for 1 h. The membranes were

Table 1. Oligonucleotide Primers in This Study

Primer Primer sequencea Application

F3GZU1 > 5¢-GCGAATTCATGGTAACCATCCCACCACTTGTTTCTCGAT-3¢ Amplification of ORF3 DNA
sequence

F3GZD1 < 5¢-TGTGCGGCCAGCGCGGTGTGGTAA-3¢ Rare codon modification of ORF3
DNA sequence

F3GZU2 > 5¢-TACCACACCGCGCTGGCCGCACAATGA-3¢ Rare codon modification of ORF3
DNA sequence

F3GZD2 < 5¢-GGCCTCGAGTTACTTATTGAATGTGGAGCTTCGCGATCGCAA-3¢ Amplification of ORF3 DNA
sequence

F3TF3 < 5¢-GCGGATCCTTACTTATTGAATG-3¢ pEGFP construction
F671 > 5¢-ATGGTAACCATCCCACCACTTG-3¢ RT-PCR
R357 < 5¢-TTACTGATGGAGTGTGGA-3¢ RT-PCR
F-sac2 > 5¢-GAACCGCGGGCTGGCTGAACTTTTGAAAGT-3¢ Amplification of full-length PCV2

genome
R-658 < 5¢-TTCTTCACCTTGGTAACCATC-3¢ Mutation of ORF3 initiation codon
F661 > 5¢-ATGGTTACCAAGGTGAAGAAGT-3¢ Mutation of ORF3 initiation codon
R-sac2 < 5¢-GCACCGCGGAAATTTCTGACAAACGTTACA-3¢ Amplification of full-length PCV2

genome

aPrimer direction is designated at beginning of sequence.
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blocked with 5% skimmed milk in TTBS (Tris-buffered saline
containing 0.05% Tween-20) overnight and incubated with
rabbit anti-GST polyclonal antibody (1:1000, Zymed Labora-
tories, South San Francisco, CA), diluted hybridoma super-
nantants (1:10) for 2 h at 37�C, respectively. After three washes
in TTBS, the membranes were incubated with horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG or goat
anti-mouse IgG (KPL, Kirkegaard & Perry Laboratories,
Gaithersburg, MD) for 1 h. Color development was per-
formed using 3,3’-5,5’-tetramethylbenzidine (Promega, Ma-
dison, WI).

Virus neutralization assay

To access the virus neutralization (VN) activity of the
MAbs, a 100 mL volume of serial ten-fold dilutions (10 - 1 to
10 - 6) of MAb in MEM was mixed respectively with an equal
volume 10 - 4.75 TCID50/mL PCV2 virions and was placed in
an incubator at 37�C for 3 h. Following this incubation, the
mixture was mixed with PK-15 cells (2 · 104 cell/mL) dis-
persed from confluent monolayers at a ratio of 2:8, and this
suspension was added to each well in a 96-well plate. After a
further incubation for 72 h, the cell monolayers were stained
by an immunohistochemical method (IHC) as described
elsewhere.(25) Briefly, 72 h after infection, the infected PK-15
cells were rinsed three times in PBS (137 mM NaCl, 2.7 mM
KCl, 10 mM Na2HPO4, 2 mM KH2PO4 [pH7.4]), and fixed in
PBS containing 4% paraformaldehyde (pH 7.4) at room tem-
perature for 30 min. After being washed twice in PBS, the PK-
15 cells were incubated with PBSTW (0.05% Tween-20, 0.1%
Triton X-100, 4% skimmed milk in PBS) for 1 h at 37�C. After
three washes in PBST (0.25% Tween-20 in PBS), the cells were
incubated with MAbs to PCV2 capsid protein for 90 min.
After they were washed three times with PBST, the cells were
incubated in HRP-labeled goat anti-mouse IgG for 1 h. Color
development was carried out with 3-Amino-9-ethylcarbazole
(Sigma).

Expression of ORF3-encoding protein
in eukaryotic cells

To express ORF3-encoding protein in eukaryotic cells,
ORF3 DNA sequence of PCV2 containing the Eco RI and the
Bam HI sites was amplified by PCR from the genomic DNA of
PCV2 isolate HZ0201 with the primers F3GZU1 and F3TF3
(Table 1). Afterwards, the PCR products of 315 bp in length,
the vector pEGFP-C2 (Clontech, Franklin Lakes, NJ), and pCI-
neo (Promega) were digested respectively with the Eco RI and

Bam HI enzymes and were ligated at 16�C overnight and
transformed into the competent cells of E. coli Top10 strain
(Invitrogen). After being sequenced, the resultant plasmids
pEGFP-C2-F3 and pCI-neo-F3 were purified respectively us-
ing the Bioscience Plasmid Purified Kit (Marligen, Bios-
ciences, Ijamsville, MD) and transfected into PK-15 cells.
Briefly, when PK-15 cells reached 90–95% confluency, the cells
were transfected respectively with the plasmids pEGFP-C2-F3
and pCI-neo-F3 using the lipofectamineTM 2000 reagent
(1 mg/mL; Life Technology, Grand Island, NY) according to
the manufacturer’s protocol. Mock-transfected cells with
pEGFP-C2 and pCI-neo vectors were included as controls.
From 5 to 60 h post-transfection, the PK-15 cells were ob-
served. At 48 h post-transfection, the PK-15 cells were de-
tected by using the above-mentioned IHC with MAbs to
PCV2-ORF3-encoding protein.

RT-PCR and Northern blot analysis
of ORF3 transcription

To identify the mRNA of ORF3 transcription, total cell
RNAs were prepared from PCV2-infected PK-15 cells at 10 to
60 h post-inoculation (h.p.i.) and RT-PCR was performed.
Briefly, between 10 and 60 h.p.i., the cells were lysed and the
RNAs were extracted with Trizol according to the manufac-
turer’s instructions (Gibco). The resulting RNA samples were
incubated with DNase I (Promega) for 60 min at 37�C to re-
move any contaminating viral DNA. Reverse transcription
was carried out with 1 mg of total RNA using ORF3 specific
reverse primer R357 following the RevertAid First Strand
cDNA Synthesis Kit (MBI Fermentas, Burlington, Canada).
PCR was performed with the primers F671 and R357 by 30
cycles of denaturation at 94�C for 30 s, annealing at 55�C for
30 s and polymerization at 72�C for 1 min, with a final ex-
tension at 72�C for 10 min. PCR products were analyzed on a
1.2% agarose gel and identified by DNA sequencing. The
RNA without reverse transcription was used as a control in
order to avoid DNA contamination. Northern blot analysis
was performed as described elsewhere.(26) Briefly, the RNA
samples were subjected to electrophoresis in 2.2 M formal-
dehyde gel and transferred onto a nylon membrane (Amer-
sham). The transferred RNA was further hybridized with 32P-
labeled ORF3 DNA probe in 3.2 M tetramethylammonium
chloride solution containing 1% sodium-dodecyl sulfate
overnight at 60�C. Finally, the membrane was washed twice
in 0.1 · SSC containing 0.5% SDS for 30 min at 60�C and then
exposed to X-ray films.

FIG. 1. Modified schematic map of PCV2 ORF3 DNA sequence expressed in E. coli. The mutated nucleotide is in gray
highlight. A fragment of 108 bp in length was obtained with the primers F3GZU1 and F3GZD1, while a fragment of 227 bp in
length was amplified with the primers F3GZU2 and F3GZD2. Modified DNA sequence of ORF3 was generated by primers
F3GZU1 and F3GZD2 from fragments of 108 bp and 227 bp.
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Expressing detection of ORF3-encoding protein
in PCV2 replication

Briefly, the monolayer of PK-15 cells was inoculated with
PCV2 isolate HZ0201 as described previously.(19) Between
5 and 60 h.p.i., the monolayer of PK-15 cells was screened
using the above-mentioned IHC with MAbs to PCV2-ORF3-
encoding protein to detect the cellular expression of the
putative ORF3-encoding protein during PCV2 replication.

Construction of PCV2-mORF3 and PCV2-normal
infectious DNA clones

To generate the infectious DNA clone lacking ORF3 (Fig. 2),
the initiation codon of ORF3 was mutated to ATT from ATG
by designing the specific primers. Briefly, a modified 190 bp
fragment (nt 491 to 680) was amplified with the primers F-
sac2 containing the Sac II site and R-658 (Table 1) with the
genomic DNA from the PCV2 strain HZ0201. Primers F661
and R-sac2 containing the Sac II site (Table 1) generated an-
other subgenomic modified DNA fragment of 1603 bp (nt 661
to 491). Then a 1767 bp fragment of the complete PCV2 ge-
nome (nt 491 to 491) without ORF3 was amplified by PCR
from the 190 bp and 1603 bp fragments using the primers F-
sac2 and R-sac2. The PCR product was digested further with
the Sac a enzyme and cloned into pBluescript SK + (pSK + )
vector (Stratagene, La Jolla, CA). The competent cells of E. coli
Top 10 strain were used for transformation. Recombinant
plasmids containing the full-length PCV2 genome without
ORF3 were isolated with the Bioscience Plasmid Purified Kit
(Marligen) and were verified by restriction enzyme digestion
and sequencing. The full-length PCV2 genomes were excised
from the recombinant pSK + vector with the Sac II digestion
and dimerized at 37�C for 30 min to produce tandem dim-
mers. The tandem dimmers were subsequently cloned into the
digested pSK + vector, named pSK-PCV2-mORF3. The re-
sultant plasmid pSK-PCV2-mORF3 was purified and trans-
fected into PK-15 cells using the above-mentioned method. As
a positive control, the construction of PCV2 infectious DNA
clone (pSK-PCV2-normal) was generated with the primers F-
sac2 and R-sac2 as described by Fenaux and colleagues.(27,28)

At 48 h post-transfection, the above-mentioned IHC was ap-

plied to detect the presence of PCV2 virions with swine anti-
PCV2 serum. In addition, PCV2-infected and PCV-free PK-15
cells were also used as controls.

Results

Expression and purification of GST-ORF3 protein
expressed in E. coli

According to Kane’s report,(29) 12 rare codons of E. coli
were found within PCV2-ORF3 DNA sequence. As shown in
Figure 1 and Table 1, to express ORF3-encoding protein in
E. coli efficiently, nine bases of six rare codons within ORF3
DNA sequence for E. coli were mutated artificially by the
designing specific primers and two DNA fragments of 108 bp
and 227 bp were obtained by PCR. Subsequently, the two
fragments generated an entirely rebuilt ORF3 DNA sequence
of 315 bp by PCR technique (Fig. 3A). The recombinant
pGEX-4T-1-F3 was constructed by inserting the ORF3 DNA
fragment of 315 bp into the multiple cloning site (MCS) of
pGEX-4T-1vector containing the glutathione S-transferase
(GST) gene. After induction with IPTG, the GST-ORF3 pro-
tein recognized with rabbit anti-GST polyclonal antibody, an
approximate molecular weight of 37.7 kDa, was expressed in
the E. coli BL21 strain containing the pGEX-4T-1-F3 plasmid
(Fig. 3B,C). Furthermore, to purify the expressed GST-ORF3
protein, the supernatant of the bacterial lysates containing
GST-ORF3 protein was loaded to HiTrap affinity column.
Unfortunately, the collected elution was not reacted with
rabbit anti-GST polyclonal antibody in Western blot assay,
indicating that there was no GST-ORF3 protein in the elution.
Subsequently, after separating on 15% SDS-PAGE gel and
cutting off the specific protein band within the gel, the puri-
fied GST-ORF3 protein was obtained and the yield of the
purified protein was about 1 mg/L bacterial culture, as as-
sessed by the Bradford method (Fig. 3B).

Production and isotypes of MAbs against PCV2
ORF3-encoding protein

The supernatant of hybridomas secreting MAb to ORF3-
encoding protein was detected by an indirect ELISA using
antigens (i.e., GST-ORF3 protein, recombinant Cap protein of

FIG. 2. Construction of PCV2 infectious DNA clone lacking ORF3. Linear PCV2 genome without ORF3 was amplified by
mutating initiation codon ATG of ORF3 to ATT with designing the specific primers. The PCV2 infectious DNA clone was
generated by ligating two full-length linear PCV2 genome without ORF3 in tandem into vector pSK + .
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PCV2, the purified PCV2 and PCV1 virions, and lysates of E.
coli BL21 strain containing the parental pGEX-4T-1 vector, PK-
15 cell, and RPMI 1640 medium. Only the positive hybrid-
omas reacting strongly with GST-ORF3 protein were further
selected and cloned. Four hybridoma cell lines to ORF3-
encoding protein of PCV2 were selected and characterized
and then designated MAbs 1H3, 3B1, 3D12, and 3G7 (Table 2).
All four MAbs were found to belong to the IgG1 subclass,
with kappa light chains.

Reactivity, specificity, and VN activity of MAbs
against ORF3-encoding protein

The ability of each MAb was detected using Western blot
assay to recognize a linear epitope on the ORF3-encoding
protein. Bacterial lysates containing GST-ORF3 protein, pu-
rified GST-ORF3 protein, purified PCV2 and PCV1 virions,
lysates of E. coli BL21 strain and E. coli BL21 containing the
parental pGEX-4T-1 vector, and PK-15 cells were separated by
SDS-PAGE and transferred onto nitrocellulose membranes. In
Western blot analysis, MAbs 1H3, 3B1, 3D12, and 3G7 reacted
strongly and specifically with the GST-ORF3 protein (Fig. 3C),
and no signal was detected with the BL21 strain and pGEX-
4T-1, the purified PCV2 and PCV1 virions, and PK-15 cells. In

addition, after all MAbs were neutralized with PCV2 virions,
PCV2 virions were still replicated in the infected PK-15 cell,
showing that the infectivity of PCV2 virions could not be
neutralized.

Expression of ORF3 for PCV2 in PK-15 cells

To express ORF3-encoding protein in eukaryotic cells, the
ORF3 sequence of PCV2 was cloned respectively into the
MCS of the plasmids pEGFP-C2 and pCI-neo. At 8–9 h post-
transfection, GFP-ORF3 fusion protein began to present in the
cytoplasm of PK-15 cells. Later, the cells presenting the fluo-
rescence increased gradually, and the expressed GFP-ORF3
fusion protein was found in the cytoplasm, or in the nucleus,
or in both the cytoplasm and nucleus (Fig. 4). Moreover, the
GFP-ORF3 fusion protein expressed in the PK-15 cell could be
recognized specifically with the MAbs 1H3, 3B1, 3D12, and
3G7 in immunohistochemical analysis (data not shown). Si-
milarly, the entire ORF3-encoding protein was achieved by
expression in the PK-15 cells transfected with pCI-neo-F3
vector by IHC analysis with the MAbs 1H3, 3B1, 3D12, and
3G7 (Fig. 4), showing that ORF3-encoding protein expressed
in PK-15 cells possess the binding epitopes of the MAbs for
the ORF3-encoding protein expressed in E. coli. In addition,

FIG. 3. PCR, SDS-PAGE, and Western blot analyses of in vitro expression of ORF3-encoding protein. (A) PCR amplification
of rebuilt ORF3. Lane 1, 315 bp fragment of the rebuilt ORF3; lane 2, 108 bp fragment; lane 3, 227 bp fragment; lane M, 100 bp
marker. (B) SDS-PAGE analysis of ORF3-encoding protein expressed in E. coli. Lane P, protein marker; lane 1, cell lysates of E.
coli strain BL21; lane 2, cell lysates of E. coli strain BL21 transformed with the vector pGEX-4T-1; lane 3, cell lysates of E. coli
strain BL21 transformed with the recombinant plasmid pGEX-4T-1-F3; lane 4, purified GST-ORF3 protein expressed in E. coli
strain BL21. (C) Western blot analyses of GST-ORF3 protein and MAbs against ORF3-encoding protein. Lane 1, GST-ORF3
protein recognized with rabbit anti-GST polyclonal antibody; lane 2, positive control reacted with rabbit anti-GST polyclonal
antibody; lanes 3–6, MAbs 1H3, 3B1, 3D12, and 3G7 against PCV2-ORF3-encoding protein strongly reacted with GST-ORF3
protein expressed in E. coli.

Table 2. Optical Densities for Reactivity of MAbs with Purified ORF3 Protein of PCV2 in ELISA

OD490
b at MAb (supernatant) dilution

MAb Isotype Light chain 1:10 1:20 1:40 1:80 1:160 1:320

3B1

IgG1 k

1.889 1.561 1.321 1.025 0.654 0.324
3D12 2.869 2.310 1.641 1.214 0.894 0.650
3G7 1.521 1.204 0.856 0.652 0.456 0.213
1H3 2.521 2.103 1.412 1.102 0.752 0.501
Anti-IBDVa 0.098 0.085 0.086 0.090 0.072c 0.076d

aMAb from an irrelevant virus, infectious bursal disease virus.
bOptical density at 490 nm.
cPlate background.
dConjugated background.
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most transfected PK-15 cells with fluorescence began to shrink
and segment after 48 h post-transfection (Fig. 4). In contrast,
no signals were detected in PK-15 cells, and PK-15 cells
transfected respectively with pEGFP-C2 and pCI-neo vectors
(data not shown).

Intracellular transcription and expression
of ORF3 for PCV2

To confirm whether the mRNA of ORF3 was transcribed
during the replication of PCV2 virions, total RNAs extracted
from PCV2-infected PK-15 cells at 10 to 60 h.p.i. were sub-
jected to RT-PCR using ORF3 specific primers. As shown in
Figure 5, findings revealed that the RT-PCR product of 315 bp
in length was determined at 12 to 60 h.p.i. Sequencing analysis
further showed that the nucleotide sequence of the RT-PCR
product was 100% identified to ORF3 of PCV2. In the previ-
ous studies, Cheung and colleagues21 considered that the
RNA transcripts were detected at 18 h.p.i., while we found
that the mRNA of ORF3 was detected at 12 h.p.i., indicating
that the transcription of ORF3 appeared in the early stage of
PCV2 replication. In Northern blot assay, the transferred RNA
was hybridized weakly with a 32P-labeled probe of the PCV2-
ORF3 sequence (data not shown). However, in the analysis of

the intracellular ORF3-encoding protein expression, no posi-
tive signals were detected by IHC assay with MAbs to ORF3-
encoding protein in PK-15 cells infected with the mixture of
PCV2 virions and MAbs to ORF3-encoding protein at 5 to
60 h.p.i.

Role of putative ORF3 in replication of PCV2 virions

The IHC reactivities of swine PCV2 antiserum with clones
pSK–PCV2-mORF3 and pSK-PCV2-normal after transfection
are shown in Figure 6. At 48 h post-transfection, the positive
signals were obtained with swine PCV2 antiserum in PK-15
cells transfected with pSK-PCV2-normal. In contrast, no
positive signals appeared in the cells transfected with pSK-
PCV2-mORF3 vector and the PCV2-free PK-15 cells, indicat-
ing that the knock-out of ORF3 inhibited the replication of
PCV2 virions and verifying that transcription and translation
of the putative ORF3 play pivotal roles in the replication of

FIG. 4. PK-15 cells transfected with the vectors pEGFP-C2-F3 and pCI-noe-F3. (A) PK-15 cells transfected with pEGFP-C2
vector. (B) GFP-ORF3 fusion protein was expressed in PK-15 cells at 9 h post-transfection. (C) PK-15 cells expressing GFP-
ORF3 fusion protein shrank and segmented at 48 h post-transfection. (D–G) PK-15 cells transfected with the recombinant
plasmid pCI-neo-F3 was recognized specifically by MAbs 1H3, 3B1, 3D12, and 3G7 in IHC analysis. (H) PK-15 cells trans-
fected with the vector pCI-neo in IHC analysis.

FIG. 5. RT-PCR analysis of ORF3 mRNA transcription in
PCV2-infected PK-15 cells. Lanes 1, 3, 5, 7, and 9, RT-PCR
products of ORF3 were amplified at 12, 24, 36, 48, and
60 h.p.i. from the total RNA of PCV2-infected PK-15 cells.
Lanes 2, 4, 6, 8, and 10, PCR products were amplified at 12,
24, 36, 48, and 60 h.p.i. from the total RNA of PCV2-infected
PK-15 cells to avoid any DNA contamination as a negative
control; lane 11, RT-PCR product of PK-15 cells; lane 12, PCR
product of PK-15 cells.

FIG. 6. IHC reactivity with swine PCV2 antiserum in PK-15
cells transfected with PCV2 infectious DNA clones pSK-
PCV2-mORF3 and pSK-PCV2-normal. (A) PK-15 cells
transfected with pSK-PCV2-normal was reacted with swine
PCV2 antiserum. (B) PK-15 cells transfected with pSK-PCV2-
mORF3 could not be recognized by swine PCV2 antiserum.
(C) PK-15 cells infected with PCV2 virions were recognized
by swine PCV2 antiserum. (D) PK-15 cells.

FUNCTIONAL ANALYSIS OF A PUTATIVE ORF3 WITHIN PCV2 185



PCV2 virions. In addition, within cells transfected with PCV2
clone pSK-PCV2-normal, the positive signals appeared pre-
dominantly as small, dense, granular intranuclear inclusion
bodies resembling the prereplication sites reported in herpes
simplex viruses.(30)

Discussion

In this report we describe how the PCV2-ORF3-encoding
protein, as a GST-fusion protein with an approximate mo-
lecular weight of 37.7 kDa (Fig. 3B), was obtained for ex-
pression using pGEX-4T-1 vector in E. coli, with some
optimization of DNA sequence. In this experiment, we also
constructed the recombinant vector containing ORF3 DNA
sequence without modifications using the vectors pET, pBAD
His/B, and pET-30a, as well as pGEX-4T-1. Interestingly, we
found that no expression of ORF3-encoding protein was ob-
served. Sequence analysis revealed that the DNA sequence of
ORF3 contains 12 rare condons for E. coli, which may be an
important factor in the failure of the ORF3-encoding protein
to express in E. coli, as previous reports demonstrated that
some rare condons of the inserted foreign gene for E. coli were
disadvantageous for a foreign gene expression.(29) Even if the
ORF3 DNA sequence was optimized, with the exception of
the pGEX-4T-1 vector, the vectors pET, pBAD His/B, and
pET-30a failed to express the ORF3-encoding protein in E. coli.
Therefore, we concluded that the pGEX-4T-1 vector and the
E. coli BL21 strain was a suitable prokaryotic expression sys-
tem for ORF3 of PCV2.

As for purification of the GST-ORF3 protein, although
the supernatant of bacterial lysates were verified containing
the soluble GST-ORF3 protein by SDS-PAGE and Western
blot assay, but GST-ORF3 protein expressed in E. coli failed
to purify with a commercial HiTrap affinity column, and only
the purified 37.7 kDa-GST-ORF3 protein was obtained
by ‘‘cutting off’’ the gel. The reason for this observation was
not clear. It is possible that the ORF3 moiety interfered
with the proper folding of GST and therefore reduced dra-
matically the interaction of GST with glutathione, indicating
that GST conformations within the GST-ORF3 protein were
changed.(31)

The MAbs 1H3, 3B1, 3D12, and 3G7 generated in this study
could recognize specifically GST-ORF3 protein expressed in
E. coli and ORF3-encoding protein expressed in PK-15 cells in
Western blot and IHC assays, indicating that all MAbs to
ORF3-encoding protein expressed in E. coli possessed the
binding epitopes of natural ORF3-encoding protein expressed
in PK-15 cells. In the VN assay, we further observed that PCV2
virions still replicated in PK-15 cells after inoculation with a
mixture of PCV2 and MAb, raising the question of whether
these MAbs were non-neutralizing for the epitopes of ORF3-
encoding protein or ORF3-encoding protein was a non-
structural protein for PCV2 virions. In general, the MAbs
against ORF3-encoding protein of PCV2 generated in this
study should be a valuable and useful tool for in-depth
studies of molecular biology and structure of PCV2 ORF3-
encoding protein and for virus-cell interaction studies.

In the analyses of mRNA transcription and expression for
ORF3-encoding protein, we found that the RT-PCR product
was amplified successfully from the total RNAs extracted
from the PCV2-infected PK-15 cells (Fig. 5), and that the
weaker positive signal was observed after the total cellular

RNA was hybridized with a 32P-labeled probe of ORF3 DNA
sequence, confirming that ORF3 was transcribed in PCV2
replication. Previous reports proposed that 9 PCV2-specific
RNAs were detected during productive infection in PK-15
cells,(21,25,32) including the viral capsid protein RNA (CR), a
cluster of five Rep-associated RNAs (Rep, Rep’, Rep3a, Rep3b,
Rep3c), and three NS-associated RNAs (NS515, NS672, and
NS0). Members of the Rep-associated RNA cluster all share
common 5¢ and 3¢ nt sequences. The three NS-associated
RNAs are probably transcribed from three different promot-
ers present inside ORF1, independent from the Rep promoter.
However, all of the Rep-associated RNAs and NS-associated
RNAs are transcribed in the same clockwise orientation as the
Rep’ RNA. In this experiment, compared with the above-
mentioned nine RNAs, the RNA of ORF3 we discovered is
anticlockwise inside ORF1, and the specific reverse primer
was used. Therefore, we confirmed that the RNA of ORF3 was
novel in PCV2 replication. Unfortunately, although mRNA of
ORF3 was monitored (Fig. 5), none of the MAbs detected the
ORF3-encoding protein in purified PCV2 virions and PK-15
cells infected with PCV2 as we expected. This could be due to
the amount of ORF3-encoding protein being too low to detect
in PCV2 replication.

In conclusion, in the experiment using PCV2 infectious
DNA clones, we found that the new progeny PCV2 antigens
were not observed in PK-15 cells transfected with the plasmid
pSK-PCV2-mORF3 after 48 h post-transfection, with the ex-
ception of PK-15 cells transfected with the clone pSK-PCV2-
normal with ORF3. Therefore, we concluded that the putative
ORF3 protein played a pivotal role in the process of PCV2
replication. But we are unclear about whether the ORF3-
encoding protein is a replicase. Furthermore, when the
ORF3-encoding protein was expressed in PK-15 cells, we also
investigated whether or not the fluorescence cells expressing
ORF3-encoding protein shrunk and segmented after 48 h
post-transfection compared to PK-15 cells transfected with the
vector pEGFP-C2. This phenomenon resembled the apoptosis
of VP3 apoptin of chicken anemia virus. Therefore, we won-
dered whether the ORF3-encoding protein also plays an im-
portant role in PCV2 pathogenesis. Fenaux and colleagues(28)

reported previously that a chimeric PCV1-2 virus was atten-
uated when compared to normal PCV2, suggesting that an-
other protein important to the virulence of PCV2 besides
ORF2 still exists.
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