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Replication of Porcine Circovirus Type 1 Requires Two Proteins Encoded
by the Viral rep Gene
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The rep gene of porcine circovirus type 1 (PCV1) is indispensable for replication of viral DNA. Truncation or introduction
of point mutations into four conserved sequence motifs led to inactivation of Rep as replication initiator. Transcription of rep
starts at nucleotide 767 = 10 bp. An intron (nucleotides 1176 to 1558) is removed by splicing. This leads to synthesis of a
truncated protein, which was termed Rep’ (19.2 kDa). Because of a frameshift, the last 48 amino acids of Rep’ deviate from
the C-terminus of the 35.6-kDa full-length Rep protein. The presence of full-length and spliced rep transcripts was
demonstrated in PCV1-infected cells as well as in cells transfected with a plasmid carrying the rep gene by real-time PCR.
In contrast to other viruses replicating via a rolling circle, Rep protein alone cannot promote replication: Rep and Rep’

together comprise the functional replication initiator factor of PCV1.
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INTRODUCTION

The virus family Circoviridae (McNulty et al, 2000)
comprises small icosahedral nonenveloped viruses in-
fecting vertebrates. Circoviridae are divided into two gen-
era: Porcine circovirus type 1 (PCV1) and Beak and
feather disease virus (BFDV) (Bassami et al., 1998; Nia-
gro et al., 1998) are assigned to the genus Circovirus.
Inclusion of recently isolated circoviruses Porcine circo-
virus type 2 (PCV2) (Hamel et al, 1998; Meehan et al,
1998; Morozov et al., 1998) and Columbid circovirus from
pigeons (CoCV) (Mankertz et al, 2000) into this genus
was proposed. Chicken anemia virus (CAV) (Kato et al.,
1995), the only member of the genus Gyrovirus, shows
similarities to TT virus (TTV) (Biagini et al, 2000; Oka-
moto et al., 2000) and TTV-like mini virus (TLMV) (Taka-
hashi et al., 2000), two recently isolated human viruses.

PCV1 is an apathogenic contaminant of cell line PK-15
(Tischer et al., 1974), whereas PCV2 was isolated from
pigs affected by postweaning multisystemic wasting syn-
drome (PMWS), a new emerging disease in swine.
PMWS-affected animals show lymph node enlargement,
lymphocyte depletion, growth retardation, and dyspnea.
Experimental infection with PCV2 showed PMWS typical
lesions, clinical disease, and death (Allan et al, 1999;
Kennedy et al., 2000), demonstrating the role of PCV2 as
an etiological agent of PMWS. The genomes of PCV1 and
PCV2 are similarly organized and display a homology of
76% identity. The degree of homology varies in different
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parts of the genome: the replication initiator protein (Rep)
is highly conserved (85% amino acid identity), while open
reading frame (ORF) C1 on the counterclockwise strand,
which encompasses the capsid protein (Nawagitgul et
al., 2000), shows only 65% identical residues. The rep
gene is essential for replication of PCV1 (Mankertz et al.,
1998). The origin of DNA replication of PCV1 is located
on a 111-bp fragment (nucleotides 728 to 838) (Mankertz
et al., 1997), located between the two major ORFs Rep
and C1. It is characterized by a stem—loop structure with
a conserved nonamer (5'-TAGTATTAC) in the loop. The
sequence CGGCAGCGG/TCAG is found twice and may
represent the binding site for the replication initiator Rep.

Several similarities can be seen between the genus
Circovirus from vertebrates and the genus Nanovirus and
the family Geminiviridae from plants: (1) the genome
consists of one or several small, single-stranded, circular
DNA molecules; (2) because of the small genome size,
the viral life cycle relies extensively on host factors; (3)
the origin of replication shows a characteristic stem—
loop structure with a conserved nonamer motif at the
apex and a Rep binding site; and (4) the Reps belong to
a family of enzymes initiating replication in the rolling-
circle mode (llyina and Koonin, 1992; Koonin and llyina,
1993). These proteins display three conserved amino
acid motifs and a P-loop for dNTP binding. According to
phylogenetic analyses, PCV may represent a link be-
tween mammalian and plant viruses (Mankertz et al.,
1997; Meehan et al., 1997). Recently, it was proposed that
circoviruses evolved by recombination between a nano-
virus and an RNA virus, e.g., a calicivirus (Gibbs and
Weiller, 1999).
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FIG. 1. Map of the rep gene. (A) 5’- and 3'-terminal deletion derivatives of the rep gene are indicated by black bars. The internal start codon at
nt 1287 is marked by an asterisk. (B) Map of the rep gene, which shows the location of the two rep transcripts and positions of restriction enzymes
used in this study. Position of the start and stop codons of rep as well as the splice donor and acceptor of the rep’ transcript are shown. Gray boxes
mark the conserved domains within the rep reading frame. Direction of transcription is indicated by an open triangle. (C) Positions of primers utilized
for RACE analysis. (D) Positions of primers used in TagMan PCR. Note that TagMan primer T2F spans the junction of the two exons of the rep

transcript, thus amplifying only the rep’ transcript.

To understand the mechanisms of pathogenicity of
PCV and to develop therapeutics and vaccines against
PMWS, we have to enlarge our understanding of the
molecular biology of PCV1 and PCV2, which will enable
us to analyze pathogenic determinants and provide a
model for the disease. Porcine viruses are also in the
focus of attention with respect to xenotransplantation,
since they must be regarded as potential agents of new
zoonoses in human recipients. In this report, we de-
scribe transcriptional analyses of the rep gene of PCV1
and the capability of the encoded gene products to
promote replication. It could be demonstrated for the first
time that two differentially spliced products from the rep
gene together comprise the initiator of viral DNA repli-
cation of PCV1.

RESULTS

Mutants of Rep and their activity in the replication
assay

The N-terminus of Rep includes three amino acid mo-
tifs (I, II, and Ill) that are conserved in rolling-circle

replication initiator proteins. To determine the contribu-
tion of these motifs to replication of PCV1, a set of
deletion mutants of the rep gene was constructed (Fig.
1A). Plasmids pRep(1-217), pRep(1—-186), and pRep(1—
128) carry a rep gene shortened progressively from the
3'-terminus. Only pRep(1-217) and pRep(1—186) retain all
four motifs, whereas the P-loop is deleted in pRep(1-
128). Plasmid pRep(1567—312) is deprived of the N-termi-
nus with motifs | to Ill. The ability of truncated Rep to
promote replication was tested in the Dpnl assay, in
which each of the four plasmids was cotransfected with
plasmid pOP11 containing the replication origin of PCV1
into PS cells and subsequently subjected to a Dpnl
assay. None of the truncated Rep proteins could initiate
replication at the PCV1 origin (Fig. 2, lanes 1-6). To
perform a more detailed analysis, the four conserved
motifs were altered by site-directed mutagenesis (motif
changes are indicated in bold). In pRep-mutl, motif |
FTLNN is changed to LTLKN. HLQGF was replaced by
HLPGF in pRep-mutll. FCSI was introduced instead of
the YCSK motif in pRep-mutlll. In plasmid pRep-mutP, the
dNTP-binding core motif was altered from GKS to GRI.
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FIG. 2. Activity of Rep mutant plasmids in replication. Activity of truncated and mutagenized variants of Rep protein to initiate replication of
PCV-derived plasmid pOP11 was analyzed using a Dpnl assay. Lane M, DIG-labeled size marker Il (Roche Molecular Biochemicals, Mannheim,
Germany); lane 1, mock-transfected PS cells (negative control); lane 2, PS cells cotransfected with pORF4A and pOP11 (positive control); lane 3,
PS/pRep(1-217) and pOP11; lane 4, PS/pRep(1-186) and pOP11; lane 5, PS/pRep(1-128) and pOP11; lane 6, PS/pRep(157-312) and pOP11; lane 7,
PS/pRep-mutl and pOP11; lane 8, PS/pRep-mutll and pOP11; lane 9, PS/pRep-mutlll and pOP11; lane 10, PS/pRep-mutP and pOP11; lane C, 10 pg
pOP11 (2950 bp) restricted with BamHI; lane M,, DIG-labeled size marker VII (Roche). Lanes 7 to 10 of the autoradiograph are shown after

overexposure.

When the replication assay was performed, mutll and
mutlll were inactive (Fig. 2, lanes 8 and 9). Activity of
plasmid pRep-mutl was strongly decreased (Fig. 2, lane
7). pRep-mutP was almost inactive, in that only a faint
band was seen after overexposure (Fig. 2, lane 10).
Combined, these results indicate that the four conserved
motifs as well as the C-terminus of Rep contribute to
replication of PCV1.

Nuclease S1 mapping

To obtain more information about the expression of the
rep gene, the starting point of the rep transcript was
determined using the nuclease S1 technique (Berk and
Sharp, 1977). RNA isolated from PCV1-infected PSM
cells was hybridized with 3'-labeled probe 1 (nts) and
subsequently digested with nuclease S1. A signal of
290 *= 10 bp in size was detected (Fig. 3B). This signal
was absent when RNA isolated from PCV1-free PS cells
was used. This demonstrates the presence of a PCV1
plus-strand-encoded transcript starting at nt 766 (*=10
nt). To investigate the extent of the rep transcript, probes
2 and 3 were used. When RNA from PSM cells was
hybridized with 3’-labeled probe 2 (nts 796-1100), the
full-length probe was protected against nuclease S1 di-
gestion (Fig. 3C), suggesting extension of the transcript
up to nt 1100. With 3’-labeled probe 3 (nts 728-1424), no
nuclease Si-resistant signal was visible in RNA from
PCV1-infected cells, a result that indicates termination or
discontinuity of the rep transcript between nts 1101 and
1424,

RACE analysis of rep transcripts

A RACE analysis was performed for further character-
ization of the rep transcript. After 3'-RACE with the
adapter primer AP1 and the rep gene-specific primer
GP1 (nts 1049—-1068; primer locations are shown in Fig.
1C), a PCR product of about 400 bp was detected in
subsequent gel electrophoresis. The fragment was
cloned and sequenced, from which 31 clones were ob-

tained, showing a sequence corresponding to PCV1
(with the exception of some mismatches acquired during
amplification). The RACE product started at nt 1049 and
was discontinuous, i.e., nucleotides 1175 and 15659 were
joined (Fig. 1B). The transcript proceeded to the stop
codon TGA at nt 1706 and passed the arbitrarily selected
point, where nt 1759 is followed by nt 1. Polyadenylation
took place further downstream at positions 9 and 16. For
5'-RACE, rep-specific primer GP4 (nts 1605-1584) and
adapter primer AP1 were used. A PCR product of approx-
imately 500 bp was cloned into vector pCR2.1. A se-
guence analysis of all 19 clones obtained again revealed
the transition between nts 1559 and 1175, indicating that
the rep transcript is subjected to splicing. The 5’-ends of
the amplified transcript were located between nts 786
and 817. The 3’- and 5’-RACE products were combined
using the internal Pstl site (nt 1101) and cloned into
vector pUC19. A construct expressing the Rep’ protein,
under the control of the SV40 late promoter, was built by
cloning a Pstl=Kpnl fragment (nts 1001-1175:15569-1692)
into plasmid pORF4A. Amplification of an unspliced rep
transcript failed. A RACE product was neither seen with
rep-specific primer GKS (nts 1288-1309) and the adapter
primer AP1, nor when these products were reamplified in
a nested PCR using primers AP2 and nGKS (nts 1362-85)
for the second round of amplification.

Real-time PCR detecting rep and rep’ transcript

Since the full-length rep transcript was not detected by
nuclease S1 mapping and RACE analysis, real-time
PCR was applied. TagMan probe S2 (nts 1585—-1609)
hybridizes to both the full-length and the spliced rep
transcripts. Differentiation was achieved with two
primer pairs: a 111-bp fragment was amplified from the
spliced transcript with primer pair T2F (nts 1157-1175:
1659—-1560) and T2B (nts 1650—1625), spanning the junc-
tion between the two exons. Primers T3F (nts 15637—-1558)
and T2B were designed to detect full-length rep tran-
script by amplification of a 114-bp fragment. Specificity of
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FIG. 3. Nuclease S1 mapping of rep gene products. (A) Map of the rep gene and the probes used for nuclease S1 mapping. Restriction enzymes
used for generation of the nuclease S1 probes are indicated. (B) Starting point of the rep transcript. RNA from PSM and PS cells was hybridized with
probe 1, a 531-bp Hincll-Tagql fragment (nts 527-1056), 5'-*P-labeled at the Taql site. Lane 1, size marker; lane 2, probe 1 not treated with nuclease
S1; lane 3, probe 1 hybridized with RNA isolated from PCV1-infected PSM cells; lane 4, probe 1 hybridized with RNA from virus-free PS cells. (C)
Discontinuity of the rep transcript. The result of nuclease S1 mapping using probes 2 and 3 is shown (probe 2: 305-bp Hgal—Pstl fragment, nts
796-1100, 5'-*P-labeled at the Pstl site; probe 3: 697-bp Mscl-EcoRV fragment, nts 728-1424, 5'-*P-labeled at the £coRV site). Lane 1, ¢px174/Haelll
size markers; lane 2, probe 2 not treated with nuclease S1; lane 3, probe 2 hybridized with RNA from PSM cells; lane 4, probe 2 hybridized with PS

RNA; lane 5, probe 3; lane 6, probe 3 hybridized with PSM RNA; lane 7, probe 3 hybridized with PS RNA.

both primer pairs was demonstrated with DNA from
plasmids pORF4A and pAM4, instead of cDNA; pORF4A
was amplified only with primer pair T3F/T2B, whereas
primer pair T2F/T2B resulted in specific amplification of
pAM4, but not of pORF4A (data not shown).

Real-time PCR with cDNA from persistently PCV1-in-
fected PSM cells resulted in detection of the spliced
transcript, if T2F/T2B//S2 was used. Amplification of the
full-length rep transcript was seen as well (T3F/T2B//S2).
Both transcripts were also detected in cDNA from PS/
pORF4A cells (Fig. 4). In PS cells, serving as a negative

control, neither rep nor rep’ transcripts were amplified.
This result indicates that both the spliced and the full-
length rep transcripts are present in PCV1-infected cells,
as well as in PS cells transfected with pORF4A.

Sequence analysis of Rep’

The product of the spliced rep transcript was termed
Rep’. In contrast to the complete Rep protein (nts 819 to
1757) with a predicted size of 312 amino acids (aa) (35.6
kDa), the Rep’ coding sequence extends from nts 819 to
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FIG. 4. Real-time PCR of differentially spliced transcripts of the rep gene. cDNA was synthesized from RNA isolated from PCV1-free PS cells (gray
circles), PS cells transfected with the rep-expressing plasmid pORF4A (gray squares), and PSM cells persistently infected with PCV1 (black squares).
cDNA was amplified subsequently using real-time PCR either with primer pair TF3F/TF2B and probe S2 to detect the full-length, unspliced rep
transcript (A), or with primer pair T002F/T002B and probe S2 to amplify a product specific for the spliced rep’ transcript (B).

1175:15659 to 1708. The Rep’ protein is reduced to 168 aa
(19.2 kDa; Fig. bA). Splicing results in expression of Rep’
in a different reading frame after A119. Therefore, the
C-terminal 48 amino acids of Rep’ are different from
those of the Rep sequence. Rep’ carries the three do-
mains which are characteristic of rolling-circle-type Rep
proteins, but the P-loop for dNTP binding is missing.
BLASTP comparison (Altschul et al, 1997) with the C-
terminal part of Rep’ revealed limited homology to hypo-
thetical protein AF0O007 of Archaeoglobus fulgidus (Gen-
Bank accession number AE001106, E = 0.0033; E val-
ues < 1 X 107% are generally assumed to indicate
relatedness). Homology (Fig. 5B) was also seen to hu-
man, murine, and feline arylsulfatase B precursors
(NM_000046, E = 0.0074, D49434, E = 0.010; S48472,
E = 0.014).

Activity of Rep and Rep’ in replication

Detection of the full-length transcript of rep may be
attributed to its function as a precursor molecule for the
rep’ transcript. To test their functional significance, Rep
and Rep’ had to be synthesized independently from each
other. Plasmid pAM4 carries the cDNA product of rep’;
Rep’ but not Rep is expressed. Plasmid pAM9 directs the
synthesis of Rep but not Rep’, the main splice donor at
nts 1176—7 and surrounding GT dinucleotides were al-
tered to prevent splicing; however, silent mutagenesis
was not possible: Three amino acid exchanges had to be
introduced into Rep in plasmid pAM9. The result of the
mutagenesis was examined by RT-PCR. After transfec-
tion of plasmid pAM9 into PS cells, the rep’ transcript
was no longer detected (data not shown). The ability of
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FIG. 5. Amino acid sequence of Rep and Rep’. (A) Amino acid sequence variation of mutant Rep proteins. Point mutations were introduced in
plasmids pRep-mutl to -mutP into four conserved motifs (underlined). The inactivation of splice donor sites in rep led to three amino acid substitutions
in pAMO. The different C-termini of Rep and Rep’ (pAM4) are shown. (B) Result of a BLASTP search with the C-terminus of Rep’. Homology to a protein
of A. fulgidus and arylsulfatase precursors of several species were found. As one example, the sequence of human arylsulfatase B is given. A
consensus sequence is indicated when at least three of four residues are conserved; capitals indicate residues conserved in all sequences.
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Hydrophilic amino acids are shown by “+"; basic, by “"; and hydrophobic, by “-".

Rep and Rep’ to promote replication was tested. Repli-
cation of pOP11 was not observed, either when Rep’ was
supplied by plasmid pAM4 or when Rep was synthesized
by pAM9 (Fig. 6). This implies that neither Rep nor Rep’
alone is sufficient for replication of PCV1. In contrast,
replication was seen when PS cells were cotransfected
with plasmids pOP11, pAM4 (Rep’), and pAM9 (Rep),
thereby demonstrating that replication of PCV1 strictly
depends on two rep gene products, Rep and Rep'.

DISCUSSION

Four conserved amino acid motifs in the Rep proteins
of circo-, nano-, and geminiviruses have been identified.
Three, found in the N-terminal part of Rep, are charac-
teristic of proteins initiating rolling-circle replication
(Koonin and llyina, 1993). A dNTP-binding motif is located
in the center of the protein. We tested truncated Rep
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FIG. 6. Function of Rep and Rep’ in replication. The capability of Rep
and Rep’ to initiate replication of PCV1-derived plasmid pOP11 is
assayed. Lane M,, DIG-labeled size marker Ill (Roche); lane 1, mock-
transfected PS cells (negative control); lane 2, PS cells cotransfected
with pORF4A and pOP11 (positive control); lane 3, PS cells/pAM4 (Rep’)
and pOP11; lane 4, PS/pAM9 (Rep) and pOP11; lane 5, PS/pAM9, pAM4
(Rep’ plus Rep) and pOP11; lane C, 10 pg pOP11 (2950 bp) restricted
with BamHI; and lane M,, DIG-labeled size marker VII (Roche).

proteins in a transient replication assay and none was
able to promote replication. To analyze the conserved
motifs in detail, replication activity was tested after site-
directed mutagenesis: No replication was seen after
mutagenesis of motif I, potentially involved in metal ion
binding (llyina and Koonin, 1992), and motif Ill, corre-
sponding to the catalytic site for DNA cleavage (Laufs et
al, 1995). Alteration of the first motif (FTLNN to LTLKN)
resulted in strong reduction of replication activity, while
mutagenesis of the dNTP-binding motif GKS to GRI re-
sulted in a decrease of activity almost beyond the limits
of detection. Assuming that mutagenesis did not resultin
a misfolding of the Rep protein, this result indicates that
both the four conserved domains and the C-terminus of
Rep are necessary for efficient replication of PCV1. It
further strengthens the hypothesis that PCV replicates
via the rolling-circle mode. Our observation is corrobo-
rated by results obtained by extensive analysis of the
replication initiation proteins of geminiviruses (Eagle et
al, 1994: Hanson et al, 1995; Orozco and Hanley-Bow-
doin, 1998).

Transcription of the rep gene was analyzed. Using
nuclease S1 mapping, the transcript starting point was
mapped to the position 766 (*£10 bp). This result is
consistent with the location of the ATG of the rep gene at
position 819 and a TATA box at position 739, matching the
usual location of —26 nt with respect to transcription
start (Penotti, 1990). In RACE analysis, the starting point
of the cDNA was mapped between nts 798 and 817,
probably because of partial RNA degradation during
cDNA synthesis. The transcript was mapped using two
probes extending to nts 1100 and 1424, respectively.
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Since only hybridization with the probe encompassing nt
1100 yielded a nuclease S1-protected fragment, this re-
sult implies termination or a discontinuity of the rep
transcript between nts 1101 and 1424. RACE analysis
revealed that an intron between nts 1176 and 1558 is
removed from the rep transcript. The intron starts with
GTgAGT and ends with CAG, according to the consensus
sequences for splice donor and acceptor sites (capitals
indicate conformity with the consensus sequence)
(Mount, 1982). Since the full-length transcript was not
detected, either by nuclease S1 mapping or by RACE, a
real-time PCR approach was used. Both full-length and
spliced transcripts were detected in PSM cells persis-
tently infected with PCV1 as well as in pORF4A-trans-
fected PS cells. The comparison of rep expression in
persistently and transiently transfected cells ensures
that the rep’ transcript is not an artifact acquired by PSM
cells. Failure of rep RNA detection by nuclease S1 map-
ping and RACE may be attributed to different amounts of
both transcripts in the infected cells. Since nothing is yet
known about the concentration and stability of the two
transcripts, no prediction about Rep and Rep’ protein
concentrations can be made.

The product of the spliced transcript was termed Rep’.
In contrast to Rep with a predicted size of 312 aa, Rep’ is
truncated (168 aa) and P-loop-deprived. Splicing results
in expression of the last 48 aa in a different reading
frame. BLASTX comparison showed homology of the
frameshifted C-terminus of Rep’ to bacterial and verte-
brate proteins. Although E values indicate probable re-
latedness, no conclusions with respect to the function of
Rep’ could be drawn. Interestingly, the frameshift from
Rep to Rep’ coincides with the locus at which recombi-
nation between nanovirus Reps and RNA-directed RNA
polymerases (2C protein) of caliciviruses was previously
proposed (Gibbs and Weiller, 1999). Since Rep’ is the
result of a frameshift within the rep gene transcript, we
searched for homology between Rep’ and either frame-
shifted 2C protein of Norwalk calicivirus (AF093797) or
Rep proteins of gemini- and nanoviruses. No homologies
were identified, suggesting that Rep’ was probably not
acquired from these viruses, but may have evolved sep-
arately. No experimental evidence about the presence of
rep and rep’ transcripts in PCV2 is yet available. Never-
theless, the splice donor and acceptor sites involved in
processing of the rep transcript of PCV1 are conserved in
PCV2. Thus, two rep variants may also be synthesized in
PCV2-infected cells.

To investigate the biological relevance of Rep and
Rep’, we determined which product of the rep gene is
involved in replication. In a transient replication assay,
the ability of Rep, Rep’, and both proteins combined to
promote replication was tested. Rescue of plasmid
pOP11 was not observed either with Rep or with Rep’
expressed alone, but it was restored when replication
was tested in the presence of Rep plus Rep’. This result

indicates that both proteins are required for replication of
PCV1.

Splicing of rep transcripts is a well-established fea-
ture. Two Rep proteins are expressed via differentially
spliced mRNAs in Maize streak virus and Wheat dwarf
virus, geminiviruses in the genus Mastrevirus. The
spliced form of the transcript allows the production of
Rep, a fusion protein from ORF C1 and C2 (Schalk et al.,
1989), whereas RepA is encoded by the C1 ORF. Rep
protein is absolutely required for replication in all genera
of geminiviruses (Palmer and Rybicki, 1998). The un-
spliced transcript directs the synthesis of the replication-
associated protein RepA. RepA interacts with plant ho-
mologs of retinoblastoma protein (Rb), which are cell-
cycle regulators, and is involved in transactivation of
virion-sense gene expression (Gutierrez, 2000). In ad-
eno-associated virus type 2 (AAV-2), the rep gene en-
codes four overlapping proteins which are generated by
alternative promoter usage and differential splicing (Re-
demann et al., 1989). Rep68 and Rep78 possess several
biochemical activities in common, including binding to
the minimal DNA replication origin, DNA helicase activ-
ity, and origin-specific replication of double-stranded lin-
ear DNA. In contrast to PCV1, expression of only one
protein, either Rep68 or Rep78, is sufficient for replica-
tion of AAV-2 (Ni et al,, 1994).

The role of Rep and the cooperation between Rep and
Rep’ remains to be elucidated. It will be interesting to
learn whether both proteins take part in sequence-spe-
cific DNA recognition, cleavage/joining function, and in-
teraction with viral and cellular proteins. It is hoped that
experiments addressing these questions will enable us
to understand the molecular biology of PCV1 and PCV2.

MATERIALS AND METHODS
Plasmid construction

Plasmids pAM4, pORF4A, and pRep-derivatives are
based on vector pSVL (Amersham Pharmacia Biotech,
Freiburg, Germany), in which genes are expressed by
the SV40 late promoter. pORF4A carries the rep gene of
PCV1 (Mankertz et al., 1998). pAM4 contains the intron-
less ORF corresponding to the spliced rep gene product
Rep’. It was constructed by transferring a 209-bp Pstl—
Kpnl (PCV1 nts 1101-1175:1559-1691) fragment from
plasmid pAM3 (cDNA of the spliced rep transcript cloned
into pUC19) into Kpnl and Pstl restricted plasmid
pORF4A. Digestion of pORF4A with BstEll and BamHI
(Fig. 1A) and subsequent religation resulted in pRep(1—
217), while Celll and BamHI were used for construction
of pRep(1—186) and Tth111l and BamHI for pRep(1—128),
respectively. Restriction and religation of pORF4A with
Xbal and Tth111l led to the deletion of the 5’-terminus of
rep in plasmid pRep(157-312); translation is initiated us-
ing an internal ATG at nt 1287. In pOP11, a 481-bp frag-
ment (nts 619-1100), encompassing the origin of PCV
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DNA replication, was cloned into vector pUC19 (Man-
kertz et al, 1997). All PCV1 coordinates refer to PCV1
isolated from PK-15 cells (accession number Y09921).

Cell lines and maintenance

PS is a PCV-free variant of porcine kidney cell line
PK-15 (ATCC CCL33; American Type Culture Collection,
Rockville, MD), whereas PSM cells are PS cells persis-
tently infected with PCV1. Cells were grown at 37°C in
DMEM with 5% fetal calf serum and 5% CO,, and pas-
saged weeKkly.

Site-directed mutagenesis

Mutagenesis of the conserved motifs in Rep was per-
formed according to the recombinant PCR method, am-
plifying the entire plasmid (Du et al., 1995). Oligonucleo-
tides used for this purpose contain an overlapping region
of 24 bp at their 5’-ends. By recombination between
these homologous ends, the plasmids are reconstituted
after transformation in E. coli. Introduction of restriction
sites for Hincll and Aflll (sites are underlined; mutations
are in bold type) with oligonucleotides RPCR7 and
RPCR8 (56'-GTGGGTGTTAACCCTTAAGAATCCTTCCGAG-
GAGGAG, b5'-GGATTCTTAAGGGTTAACACCCACCTCTT-
ATGGGGTTG), led to mutagenesis of F16L. and N19K (the
first letter and number refer to the amino acid and its
position in the protein, the second letter to the modified
amino acid) in plasmid pRep-mutl (Fig. 5). The insertion
of a restriction site for Smal with oligonucleotides RPCR9
(5'-GAACTGCTCACCTCCCGGGGTTTGGCTAATTTTGCT-
AAG) and RPCR10 (5'-AAACCCCGGGAGGTGAGCAGT-
TCTACCCTCTTCCAAACCTTCC) resulted in Q56P in
pRep-mutll. pRep-mutlll (Y93F, K96l) was constructed by
insertion of an EcoRI site with oligonucleotides RPCR11
(6'-GAATTCTGCAGTATACAAGGCCACATACTTATCGAG)
and RPCR12 (5'-GGCCTTGTATACTGCAGAATTCTTTAT-
TCTGCTGGTC), and pRep-mutP (K177R, S178l1) with oli-
gonucleotides RPCR13 (5'-CCCGGTTGTGGGAGGATC-
CAGTGGGCCCGTAATTTTGC) and RPCR14 (5'-CCACTG-
GATCCTCCCACAACCGGGCGGGCCCACTATGACG; the
newly introduced BamHI site is underlined). Recombi-
nant plasmids were screened for existence of the intro-
duced site(s) and subsequently sequenced.

To supply only the full-length Rep protein and not Rep’,
plasmid pORF4A was engineered. A 113-bp Sacll frag-
ment from the rep gene was rebuilt using 10 overlapping
oligonucleotides, in which seven GC dinucleotides sur-
rounding the junction of exon and intron were altered.
This extensive mutagenesis was necessary to avoid us-
age of alternative GT sequences. Phosphorylated oligo-
nucleotides were mixed, denatured, and renatured. The
resultant fragment was ligated with T4-DNA ligase,
Sacll-restricted, and cloned in Sacll-restricted vector
pORF4A. This resulted in three amino acid substitutions

(V120l, V130I, V132l) in plasmid pAM9 (Fig. b), verified by
sequencing.

Nuclease S1 mapping

Digestion with single-strand-specific nuclease S1 was
used to analyze the starting point and the extent of the
rep transcript. RNA was prepared from PS cells (PCV-
free) and PCV1-infected PSM cells using an RNA extrac-
tion kit (Pharmacia). Nuclease S1 mapping was per-
formed as previously described (Berk and Sharp, 1977)
but with the following modifications: RNA (100 ug) was
coprecipitated with 50,000 Cerenkov counts of either
probe 1, 2, or 3. The pellet was dissolved in 50 pul
hybridization buffer. After denaturation at 85°C for 10
min, the nucleic acids were hybridized for 3 h at 50°C. A
500-ul aliquot of cold nuclease S1 buffer was added and
the samples were digested with 100 U nuclease S1
(BRL/Life Technologies, Gaithersburg, MD) at 37°C for
30 min. The reaction was stopped with 0.5 M ammonium
acetate, 10 mM EDTA (final concentration). After precip-
itation, the DNA fragments protected from nuclease S1
digestion were resuspended in 80% formamide, 20% TBE
buffer, 0.025% bromphenol blue, and 0.025% xylene cya-
nol, and resolved on 6% polyacrylamide, 8 M urea gels.
Probe 1, a 530-bp Hincll-Taql fragment (nts 527—1056), in
which the lower strand was 5'-*P-labeled at the Tagl
site, was used for starting point determination. Probes 2
and 3 were used to detect transcript sequences (probe 2:
305-bp Hgal—-Pstl fragment, nts 796-1100, 5'-*P-labeled
at the Pstl site; probe 3: 697-bp Mscl-EcoRV fragment,
nts 728—1424, 5'-*P-labeled at the FcoRV site).

RACE analysis

RACE analysis was performed using the Marathon kit
(Clontech, Palo Alto, CA), according to the manufactur-
er's instructions, with RNA isolated from PCV1-infected
porcine kidney cells (PSM). cDNA was synthesized using
polyadenylated RNA isolated from PSM cells and a
poly T4 N,-based cDNA synthesis primer carrying restric-
tion sites for EcoRIl and Notl. After second-strand syn-
thesis, adapters carrying restriction sites for Notl and
Xmal were ligated to the double-stranded DNA fragment.
Amplification of RACE products was performed with
Takara LA PCR kit (Takara Biomedicals, Japan), using a
manual hot start and the following PCR parameters:
94°C, 1 min; 35 cycles of 94°C, 30 s; 60°C, 30 s; 68°C, 4
min. 3'-RACE products were amplified with primers GP1
(nts 1049-68; 5'-CTGCCACATCGAGAAAGCGA) and AP1
(5'-CCATCCTAATACGACTCACTATAGGGC, Clontech); 5'-
RACE was performed using primer GP4 (nts 1605—1594;
5'-TACAGTCACCAAAGACCCCGTC) and AP1. The first
round of nested PCR to detect the full-length rep tran-
script was performed with primer GKS (nts 1288—1309;
5'-TGCAGCAGCGTGATTGGAAGAC) and AP1, while sec-
ond-round synthesis used primer nGKS (nts 1362-85;
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5'-CGTAATTTTGCTGAGCCTAGCGAC) and AP2 (5'-ACT-
CACTATAGGGCTCGAGCGGC, Clontech). Amplified frag-
ments were cloned into pCR2.1 using the TOPO T/A
cloning kit and were then sequenced.

Real-time PCR (TagMan PCR)

To detect full-length and spliced rep transcripts, a
real-time fluorescent-probe PCR was used. Unlike a
standard PCR reaction, which is characterized by the
amount of PCR product after a fixed number of cycles,
fluorescence-based PCR reaction is characterized by C,,
the point when amplification is first detected. C, is de-
fined as the fractional cycle number at which fluores-
cence generated by separation of reporter and quencher
of the probe passes a fixed threshold above baseline.
TagMan probes for detection of rep gene transcripts
were designed using the Primer Express™ Oligo Design
software (Perkin—Elmer/Applied Biosystems, Foster City,
CA). The presence of rep and rep’ transcript was ana-
lyzed in persistently PCV1-infected PSM cells and in PS
cells transfected with plasmid pORF4A. Virus-free PS
cells served as a negative control. For this purpose, RNA
from PSM cells, PS/pORF4A cells (4 days after transfec-
tion), and PS cells (2 X 10° each) was isolated with
RNAzol (WAK Chemie, Bad Soden, Germany), following
the manufacturer's instructions. After treatment with 50 U
DNase | (Pharmacia) for 45 min at room temperature (RT)
and subsequent phenol extraction, cDNA was synthe-
sized according to the Qiagen omniscript protocol (Qia-
gen, Chatsworth, CA) using 1/56 of the isolated RNA.
Products were treated with 2 U RNase H for 30 min at RT,
and 3-ul aliquots of the RNA preparations were incu-
bated with 1 wl RNase A (1 mg/ml) for 1 h at 37°C. These
samples were used as template for subsequent TagMan
PCR, in which no signal was detected (data not shown).
This result demonstrated complete removal of DNA
traces from RNA preparations. TagMan PCR was per-
formed in a 50-ul volume with 1/20 of a cDNA prepara-
tion. The final concentration was 250 nM of each primer,
100 nM of TagMan probe S2, 56 mM MgCl,, 1X PCR
buffer Il (Perkin—Elmer/Applied Biosystems; 0.9 uM ROX,
200 uM dNTPs, 1.25 U AmpliTag Gold polymerase). Cy-
cling parameters were 95°C, 12 min and 45 cycles of
95°C, 20 s; 68°C, 20 s; 72°C, 20 s, in an ABI prism 7700
thermocycler using optical tubes. TagMan probe S2 (nts
1685—-1609; 6FAM-CCCAGGAATGGTACTCCTCAACTGC-
XTPh) was used with two different primer sets to differ-
entiate between the spliced and the unspliced rep tran-
script. Detection of a 114-bp fragment of the unspliced
transcript was performed with T3F (nts 1537—-1558, 5'-
CTGTTCCTTTTTTGGCTCGCAG) and T2B (nts 1650—
1625, 5'-AAGTAGTAATCCTCCGATAGAGAGCT), whereas
111 bp were amplified from the spliced rep transcript T2F
(nts 11567-1175:1659-1560, 5'-CAGCGACCTGTCTACTGC-
TTA) and T2B.

Specificity of the primers to differentiate between the
two rep transcripts was tested using plasmid DNA. Am-
plification was performed as described above with 1.2 X
10" copies of plasmid pORF4A plus 4.7 X 10" copies of
plasmid pAMA4.

Dpnl assay

Dpnl assay was performed as described previously
(Mankertz et al.,, 1997) with restriction of the reisolated
DNA with Dpnl plus BamHI. Since BamH]I activity is not
influenced by Dam-methylation, all plasmids are linear-
ized via the BamHI site in the vector moiety of the
plasmids tested, regardless of whether they were repli-
cated.

Nucleotide accession numbers

The sequence of Rep’ was submitted to the GenBank
database under accession number AF276303. The nu-
cleotide accession number of PCV1 isolated from PSM
cells is Y09921.
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