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The replication of porcine circovirus type 1 (PCV1) is thought to occur by rolling-circle replication (RCR),
whereby the introduction of a single-strand break generates a free 3�-hydroxyl group serving as a primer for
subsequent DNA synthesis. The covalently closed, single-stranded genome of PCV1 replicates via a double-
stranded replicative intermediate, and the two virus-encoded replication-associated proteins Rep and Rep�
have been demonstrated to be necessary for virus replication. However, although postulated to be involved in
RCR-based virus replication, the mechanism of action of Rep and Rep� is as yet unknown. In this study, the
ability of PCV1 Rep and Rep� to “nick” and “join” strand discontinuities within synthetic oligonucleotides
corresponding to the origin of replication of PCV1 was investigated in vitro. Both proteins were demonstrated
to be able to cleave the viral strand between nucleotides 7 and 8 within the conserved nonanucleotide motif
(5�-TAGTATTAC-3�) located at the apex of a putative stem-loop structure. In addition, the Rep and Rep�
proteins of PCV1 were demonstrated to be capable of joining viral single-stranded DNA fragments, suggesting
that these proteins also play roles in the termination of virus DNA replication. This joining activity was
demonstrated to be strictly dependent on preceding substrate cleavage and the close proximity of origin
fragments accomplished by base pairing in the stem-loop structure. The dual “nicking/joining” activities
associated with PCV1 Rep and Rep� are pivotal events underlying the RCR-based replication of porcine
circoviruses in mammalian cells.

Porcine circovirus type 1 (PCV1) and PCV2 are members of
the family Circoviridae (40, 49). Circoviruses infect birds and
vertebrates (30). They are characterized by covalently closed
circular single-stranded DNA (ssDNA) genomes. PCV1 (46,
48) is widespread in swine, but a cytopathogenic effect has not
been observed in tissue culture cells and the virus is not
associated with any animal disease (3, 47). In contrast,
PCV2 (4, 13, 36, 37) is the etiological agent of a new emerg-
ing multifactorial disease in swine, named postweaning mul-
tisystemic wasting syndrome (1, 12). The genomes of PCV1
and PCV2 are similarly organized and display a homology of
68 to 76% identity (30).

Upon infection, the viral ssDNA genome is converted into a
double-stranded intermediate and serves as a template for viral
replication. The origin of replication is located within the in-
tergenic region between the two major open reading frames rep
and cap (34) and overlaps with the promoter of the rep gene.
The origin is the initial point of plus-strand synthesis and
comprises characteristic sequence motifs (Fig. 1). An inverted
repeat forms a putative stem-loop structure with a nonamer
(5�-T/AAGTATTAC-3�) in its apex, conserved in all circovi-
ruses. Adjacent to this structure, hexamer and pentamer re-
peats are found. The minimal binding site (MBS) for the PCV
replication proteins Rep and Rep� comprises the 3� part of the
inverted repeat plus the two inner hexamers (44). It is sug-
gested that recruitment of the replication proteins for initia-

tion of replication at the double-stranded origin is mediated by
binding to the MBS. The inverted repeat comprising the con-
served nonamer is also found in the virus families Geminiviri-
dae (20, 27, 42, 43) and Nanoviridae (7, 17, 41). These plant-
infecting viruses possess a circular covalently closed ssDNA
genome, which is replicated by rolling-circle replication
(RCR). For geminiviruses, the initial point of viral-strand
DNA synthesis has been mapped to the putative stem-loop
within the nonamer in the intergenic region. Rep is the sole
viral protein essential for replication, binding, and cleaving the
viral origin of replication in a strand-specific manner within
the nonamer between nucleotides 7 and 8 (21, 29, 45). While
the Rep protein is covalently attached to the 5� end after
cleavage (29, 45), unidirectional leading-strand synthesis is ini-
tiated at the generated 3�-hydroxyl group, probably by a host
DNA polymerase. After one or more rounds of replication, the
regenerated origin is recognized and cleaved again by Rep,
thereby terminating the reaction and releasing the newly syn-
thesized single-stranded viral genome via a nucleotidyltransfer
reaction (29).

In contrast to geminiviruses, not only one but two products
of the rep gene are indispensable for PCV replication (32).
Besides the full-length protein Rep, a spliced isoform of the
replication protein called Rep� has been identified. Rep� is
truncated, and the C terminus is expressed in a different read-
ing frame. Both proteins have been shown to bind to double-
stranded oligonucleotides carrying the conserved sequence
motifs of the plus-strand origin in vitro (44). Besides its role in
replication, the Rep protein is a transcriptional repressor of rep
gene expression. This function is also exerted by binding to the
MBS (31). The Rep protein shows homology to the replication
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proteins of nanoviruses and geminiviruses. Based upon se-
quence comparisons, three conserved regions (I, II, and III),
typical of replication enzymes mediating replication by RCR
(25), as well as a P loop for deoxynucleoside triphosphate
binding, have been identified (Fig. 1) (34). RCR (16) has been
described for plasmids of bacteria (18, 24), bacteriophages (5),
and ssDNA viruses of plants (22, 27), birds (6, 38), and mam-
mals (2). The striking conservation of the involved replication
initiator proteins and their cognate origins of replication led to
the assumption that PCV replication is achieved by RCR as
well (34, 35).

In this study, initiation and termination of viral replication
by purified PCV1 Rep and Rep� fusion proteins have been
investigated in vitro. The influence of sequence specificity and
secondary structures with respect to the enzymes’ cleavage/
joining activities has been determined. Evidence for cleavage
as a condition for joining is presented.

MATERIALS AND METHODS

Construction of plasmids. All plasmids were constructed by cloning of PCR-
generated fragments.

For the generation of pTriEx-6HN-rep and pTriEx-6HN-rep�, PCR fragments
were amplified with high-fidelity polymerase (Roche Diagnostics, Mannheim,
Germany) from plasmids pORF4A (encoding Rep) (33) and pAM4 (encoding
Rep�) (32), using primers F245 (5�-CGGGATCCAAGCAAGAAAAGCGGC-3�)
and B226 (5�-GGAATTCGATGTGATAACAAAAAAGACTCAGT-3�). PCR
fragments were restricted with EcoRI and BamHI and cloned into EcoRI- and
BamHI-restricted vector pTriEx-6HN.

For the generation of vector pTriEx-6HN, oligonucleotides F524 (5�-TCATC
ATCATCACCATCACAGCAGCGGCGAGCT-3�) and B525 (5�-CGCCGCTG
CTGTGATGGTGATGATGATGA-3�) were hybridized and cloned into
EcoRV- and SacI-restricted vector pTriEx1.1 (Merck Biosciences, Schwalbach
am Taunus, Germany), enabling the expression of N-terminally His-tagged fu-
sion proteins.

All plasmids were sequenced to exclude PCR-acquired misincorporations.

Expression and purification of PCV1 replication proteins Rep and Rep�. For
the expression of N-terminally His-tagged fusion proteins PCV1 Rep and Rep�,
Escherichia coli RosettaBlue(DE3)pLacI competent cells (Merck Bio-
sciences) were transformed with pTriEx-6HN-rep or pTriEx-6HN-rep�. Ad-
ditionally, as a negative control, an empty vector (pTriEx-6HN) was trans-
formed. Bacteria were grown at 33°C in LB medium supplemented with
ampicillin (50 �g/ml), chloramphenicol (30 �g/ml), and glucose (1%) to an
optical density at 588 nm of 0.75. Expression was induced by the addition of
an equal volume of LB medium supplemented with ampicillin (100 �g/ml)
and IPTG (isopropyl-�-D-thiogalactopyranoside) (0.5 mM) for 2 h at 33°C.

FIG. 1. Map of PCV1 and localization of the plus-strand origin. A linear map of the circular genome of PCV1 is depicted. Open reading frames
are indicated by open bars at the top, transcripts for Rep and Rep� with splice sites by horizontal arrows. The viral origin of replication, located
between the divergently transcribed rep and cap genes, is enlarged. The expanded view elucidates the putative stem-loop structure with adjacent
hexamer and pentamer sequences framed by boxes and ovals. The nonamer sequence in the apex of the stem-loop is shown in boldface, with the
cleavage site indicated by an arrow.

FIG. 2. Purified His-Rep and His-Rep� fusion proteins. His-Rep
(lane 2) and His-Rep� (lane 3) fusion proteins were expressed in E. coli
cells and subsequently purified by affinity chromatography using Ni-
nitrilotriacetic acid agarose beads. Rebuffered and concentrated puri-
fied proteins were fractionated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and visualized by staining with Coomassie
brilliant blue dye. The apparent molecular masses were determined by
comparison with a protein standard (lane 1) with the indicated molec-
ular masses to the left of the gel.
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Purifications of His-tagged fusion proteins were performed with Ni-nitrilo-
triacetic acid HisBind resin after cell lysis using BugBuster Protein Extraction
Reagent in combination with Benzonase Nuclease and rLysozyme Solution
according to the recommendations of the manufacturer (Merck Biosciences).
Purified recombinant proteins Rep and Rep� were concentrated and re-
buffered in Tris-EDTA buffer, pH 7.5, using Microcon centrifugal filter de-
vices (Millipore Corporation, Bedford, MA). Aliquots of the purified proteins
were fractionated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and visualized by staining with Coomassie brilliant blue dye.

In vitro cleavage and cleavage/joining reactions. DNA cleavage and cleavage/
joining reactions were performed with oligonucleotides corresponding to se-
quences of the PCV1 plus-strand origin (see Fig. 3).

In the cleavage reaction, 0.5 pmol of Cy5 5�-end-labeled DNA substrate was
incubated with 500 ng of purified recombinant Rep or Rep� fusion protein or
with the negative control in cleavage buffer (50 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 10 mM MgCl2, 5 mM dithiothreitol, 1 mM EDTA) in a total volume of 30
�l for 90 min at 37°C. Following incubation, the cleavage products were
analyzed by electrophoresis in 5.5% polyacrylamide gels under nondenatur-
ating conditions at room temperature or containing 6.7 M urea at 65°C after
proteinase K digestion and visualized using the Fluorescent Image Analyzer

FLA-2000 (Fuji, Stamford, CT). The same procedures were followed for the
cleavage/joining reaction with the exception that nondenaturating polyacryl-
amide gels were run at 65°C.

RESULTS

Cloning and bacterial expression of PCV1 replication pro-
teins. For analysis of the catalytic activities of the PCV1 rep-
lication proteins, Rep and Rep� were expressed as recombi-
nant N-terminally His-tagged fusion proteins from plasmids
pTriEx-6HN-rep and pTriEx-6HN-rep� in E. coli after induc-
tion with IPTG. On the basis of a Coomassie-stained poly-
acrylamide gel, the apparent molecular masses of His-Rep and
His-Rep� corresponded to 36 kDa and 20 kDa (Fig. 2, lanes 2
and 3).

In vitro cleavage of the viral strand by PCV1 Rep and Rep�.
Viral replication proteins mediating replication by RCR cleave

FIG. 3. Names, schemes, and sequences of oligonucleotides. For schematic presentation, single sequence elements are indicated by numbers
of nucleotides, Cy5-end labeling is represented by a black star, and phosphorylation is indicated with a P. Inverted repeats framing the nonamer
are shown in boldface, and base alterations are underlined in the oligonucleotide sequences.
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the viral origin, thereby introducing a ssDNA break, or “nick.”
A subsequent ligation reaction is needed for the sealing and
maturation of the newly synthesized viral ssDNA. To investi-
gate the abilities of Rep and Rep� of PCV1 to cleave the viral
DNA and reseal the resultant nick, recombinant proteins were
incubated with synthetic oligonucleotides encompassing se-
quence motifs of the viral origin of replication (all oligonucle-
otides are shown in Fig. 3).

F301 was used as a substrate in the cleavage reaction. The
61-mer was labeled with Cy5 at its 5� end and comprised the
inverted repeat with the conserved nonamer (10-12-10) (Fig. 4)
and four adjacent hexamers (6-6-5-6-6) corresponding to the
viral plus strand (Fig. 4A, lane 1). Incubation with the fusion
protein His-Rep, as well as with His-Rep�, resulted in the
appearance of an additional band representing the 5�-terminal
cleavage product (Fig. 4A, lanes 4 and 6). Specificity of cleav-
age could be confirmed by the absence of catalytic activity in
the negative control (Fig. 4A, lane 2). The size of the cleavage
product was determined by comparison with an oligonucleo-
tide marker 20 nucleotides (nt) in size (F632) (Fig. 4A, lane 7),

indicating that cleavage occurs between nucleotides 7 and 8
within the conserved nonamer. In contrast, Rep and Rep�
cleavage of the viral minus strand (B265) (Fig. 4B, lanes 2 and
3) and the double strand (F301/B265) (Fig. 4C, lanes 3 and 4)
was not observed. To rule out possible retention of the cleav-
age product at the top of the gel due to binding of the replicase
to the undisintegrated double strand, products were resolved
after protease digestion on urea gels run at 65°C. The cleavage
activities of Rep and Rep� were strictly dependent on the
presence of divalent cations in the cleavage buffer (Fig. 4A,
lanes 3 and 5). Mg2� could be replaced by 10 mM Ba2�, Mn2�,
or Ca2� (data not shown). Catalytic activity of Rep occurred in
the absence of ATP but was stimulated after addition of ATP,
whereas influence of ATP on the cleavage activity of Rep� was
not detected (data not shown).

Sequence and structure requirements for cleavage. The se-
quence specificity of the cleavage reaction mediated by Rep
and Rep� was investigated with truncated and mutated plus-
strand origin fragments (Fig. 3). After mutation of the first 3
nucleotides of the nonamer from 5�-TAGTATTAC-3� to 5�-C

FIG. 4. PCV1 His-Rep and His-Rep� cleave origin fragments of PCV1 within the conserved nonamer of a putative stem-loop structure.
Bacterial overexpressed and subsequently purified fusion protein (500 ng) was incubated with 0.5 pmol oligonucleotide in the cleavage reaction
in vitro. Unless otherwise noted, reactions were supplemented with Mg2�. Oligonucleotides of viral- or complementary-strand polarity represent-
ing the conserved sequences of the PCV1 origin of replication were labeled with Cy5 at the 5� end. Catalytic activities of His-Rep and His-Rep�
were determined with single-stranded (A, lanes 3 and 4, 5 and 6; B, lanes 2 and 3) and double-stranded (C, lanes 3 and 4) substrates. As a negative
control (n. c.) plasmid pTriEx-6HN was used (A, lane 2). Samples in panels A and B were resolved on a native polyacrylamide gel at room
temperature, samples in panel C on a denaturating polyacrylamide gel containing 6.7 M urea at 65°C in comparison to oligonucleotides of defined
sizes (A, lanes 1 and 7; B, lanes 1 and 4; C, lanes 1, 2, and 5). The positions and sizes of oligonucleotides are marked, and cleavage products are
highlighted by black arrowheads. See the legend to Fig. 3 for the remaining symbols.

6228 STEINFELDT ET AL. J. VIROL.



TATATTAC-3� (F998), cleavage activity was still detectable
(Fig. 5A, lanes 2 and 3), while sequence alterations of the first
4 nucleotides from 5�-TAGTATTAC-3� to 5�-CTAGATTA
C-3� (F1196), as well as of the entire nonamer (data not
shown), resulted in a loss of cleavage activity of His-Rep and
His-Rep� (Fig. 5A, lanes 5 and 6). These results indicate that
only part of the conserved sequence 5�-TAGTATTAC-3� spec-
ifies the sequence requirements for the cleavage of origin frag-
ments of PCV1 by Rep and Rep� and thereby corroborate
recently published data (8, 10).

The influence of secondary structures on cleavage was
investigated with oligonucleotides disabled in formation of a
hairpin structure. Oligonucleotides comprising a mutated 5�
part (F617) and 3� part (F1195) of the inverted repeat were
efficiently cut by Rep and Rep�, demonstrating that the
formation of a hairpin structure is not essential for cleavage
in vitro (Fig. 5B, lanes 3 and 4, 6 and 7). In the case of F617,
the forward reaction had gone almost to completion, i.e.,
only cleavage, but no religation, was observed, indicating
that in contrast to the dynamic cleavage/joining reaction of
F1195, the self-rejoining reaction for F617 may be seriously
impaired.

Previously, the MBS comprising the 3� part of the inverted
repeat and the two adjacent hexamers was found to be neces-
sary for binding of Rep and Rep� to double-stranded origin
fragments in vitro (44). For determination of the influence of
these elements upon cleavage of ssDNA origin fragments by

Rep and Rep�, F616 carrying altered sequences was used.
Cleavage of F616 was detected after the addition of Rep or
Rep� (Fig. 5B, lanes 9 and 10). Since the cleavage activities of
Rep and Rep� were not altered by preventing the formation of
a stem-loop structure, these results signify different sequence
requirements for binding to double-stranded and single-
stranded origin fragments by Rep and Rep� in vitro. While the
MBS is necessary for recognition and binding of double-
stranded DNA (dsDNA) molecules, the nonamer was suffi-
cient for cleavage of single-stranded origin fragments by Rep
and Rep�.

PCV1 Rep and Rep� exhibit joining activity. The joining
activities of PCV1 Rep and Rep� were determined by incuba-
tion with two substrates differing in size, with only one of them
labeled at its 5� end. Joining was indicated by the appearance
of a newly labeled product of different size, i.e., the transfer of
the label from one molecule to the other (Fig. 6A). For deter-
mination of a PCV1 Rep/Rep� intrinsic joining activity, an
equimolar mixture of the unlabeled 49-mer F259 and the Cy5
5�-end-labeled 61-mer F301 was incubated with purified His-
Rep or His-Rep� in vitro. After ligation of the cleavage prod-
ucts, an additional Cy5 5�-end-labeled product corresponding
in size to the 49-mer F291 was observed (Fig. 6B, lanes 3 and
4). Combination of the Cy5 5�-end-labeled 49-mer F291 and
the unlabeled 61-mer F229 resulted in the formation of a
product with a mobility corresponding to that of the 61-mer
F301 (Fig. 6B, lanes 8 and 9). We concluded that PCV1 Rep

FIG. 5. Sequence requirements for His-Rep- and His-Rep�-mediated cleavage reactions. Cy5 5�-end-labeled oligonucleotides corresponding to
mutated and truncated plus-strand origin fragments were incubated with purified His-Rep (A, lanes 2 and 5; B, lanes 3, 6, and 9) or His-Rep� (A,
lanes 3 and 6; B, lanes 4, 7, and 10) fusion protein in vitro. All samples were resolved on a native polyacrylamide gel in comparison to
oligonucleotides of defined sizes (A, lanes 1, 4, and 7; B, lanes 1, 2, and 5). The positions and sizes of oligonucleotides are marked, and cleavage
products are highlighted by black arrowheads. See the legend to Fig. 3 for the remaining symbols.
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and Rep� possess a nucleotidyltransferase activity, ligating or-
igin fragments in vitro.

Sequence requirements for joining. The inverted repeat
within the origin may serve as a fastener bringing the two
restricted strands into close proximity for subsequent ligation.
To test this hypothesis, mutagenized plus-strand origin frag-
ments were used in the cleavage/joining assay. Base alterations
were located either upstream (F617) or downstream (F983) of
the conserved nonamer sequence, thereby inhibiting formation
of a hairpin structure. These modifications resulted in loss or

significant reduction of the joining activities of Rep and Rep�
in vitro (Fig. 7A and B, lanes 3 and 4). This result is in
correlation with the observed restriction pattern of oligonucle-
otides F617 and F1195 (Fig. 5B, lanes 3 and 4, 6 and 7),
suggesting a limited self-rejoining reaction for F617, but not
for F1195, in vitro. Additionally, we used two oligonucleotides
carrying corresponding mutations upstream (F617) or down-
stream (F987) of the conserved nonamer sequence, which
should restore hairpin formation after the ligation of cleavage
products. Incubation of Rep and Rep� with F617 and F987

FIG. 6. PCV1 His-Rep and His-Rep� exhibit joining activities. (A) Schematic representation of the Rep- and Rep�-mediated joining reaction.
(B) An equimolar mixture of two oligonucleotides of viral-strand polarity, with only one labeled with Cy5 at its 5� end and varying in sizes and
numbers of hexamer motifs, was incubated with purified His-Rep (lanes 3 and 8) or His-Rep� (lanes 4 and 9) fusion protein in the cleavage/joining
reaction in vitro. All samples were resolved on a native polyacrylamide gel next to oligonucleotides of defined sizes (lanes 1, 2, 5, 6, and 7). The
positions and sizes of oligonucleotides are marked. Recombinant products, 49 nt and 61 nt in size, are highlighted by black arrowheads. See the
legend to Fig. 3 for the remaining symbols.
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demonstrated that the joining activities of Rep/Rep� were re-
stored completely (Fig. 7C, lanes 3 and 4). According to these
results, ligation of restricted origin fragments in vitro is inde-
pendent of specific sequences flanking the nonamer, as long as
base pairing is possible. Interestingly, a cleavage product was
not observed (Fig. 7C, lanes 3 and 4), indicating that joining of
substrates F617 and F987 is efficient, but subsequent cleavage
of the newly formed ligation product (49 nt) is impaired by
the sequence alterations upstream and downstream of the
nonamer.

Cleavage is a prerequisite for joining. The dependence of
the joining reaction on preceding substrate cleavage was inves-
tigated. After incubation of purified His-Rep or His-Rep� fu-
sion protein with an equimolar mixture of oligonucleotides
mimicking a putative Cy5 5�-end-labeled 5� cleavage product
(F632) and a 5�-phosphorylated 3� cleavage product (F923), no
joining activity was detectable (Fig. 8A, lanes 5 and 6), dem-
onstrating that substrate cleavage has to precede joining. This
assumption is supported by the restoration of joining activity
after the addition of the unlabeled 61-mer (F229) instead of
the 3� cleavage product F923 (Fig. 8C, lanes 2 and 3). The
5�-terminal cleavage product, but no ligation, was observed
after incubation of the labeled 55-mer (F336) and F923 with
purified His-Rep (Fig. 8B, lane 3) or His-Rep� fusion protein

(Fig. 8B, lane 4). These results demonstrate that substrate
cleavage is a condition for joining of origin fragments. More-
over, it supports the hypothesis that the replication proteins
are associated with the 5� end of the 3� cleavage product, as has
been shown for other RCR systems (29, 45).

DISCUSSION

In replicons replicating by RCR, DNA cleavage and ligation
are pivotal steps during ssDNA synthesis. After recruitment of
the replicon-encoded initiator protein by binding to the dou-
ble-stranded origin, replication is initiated by introduction of a
strand- and site-specific nick within the origin sequence, gen-
erating a free 3�-hydroxyl group. While this serves as a primer
for DNA synthesis, the 5�-phosphate group is displaced during
DNA replication. After one or more rounds of replication, the
nascent strand is cleaved again within the regenerated origin,
and the 5�-phosphate end is ligated to the newly created 3�-
hydroxyl group, resulting in the release of unit length mono-
mers (23).

Due to their limited coding capacities, small DNA viruses
often encode multifunctional proteins that accomplish differ-
ent tasks during infection. A case in point is the simian virus 40
large T antigen involved in replication, transcription, and ac-

FIG. 7. Sequence requirements for His-Rep- and His-Rep�-mediated joining reaction. Cy5 5�-end-labeled oligonucleotides corresponding to
mutated plus-strand origin fragments were incubated with purified His-Rep (A, B, and C, lanes 3) or His-Rep� (A, B, and C, lanes 4) fusion protein
in vitro. All samples were resolved on a native polyacrylamide gel in comparison to oligonucleotides of defined sizes (A and B, lane 1; C, lanes
1 and 5). The positions and sizes of oligonucleotides are marked, and recombinant products, 61 nt and 49 nt in size, are highlighted by black
arrowheads. See the legend to Fig. 3 for the remaining symbols.
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tivation of the cell cycle of the host (14), or the AL1 protein of
tomato golden mosaic virus, which binds dsDNA and catalyzes
ssDNA cleavage and ligation (15, 29). In contrast to the gemini-
viruses employing only one essential replicase, two proteins of
PCV1, Rep and Rep�, have been proven to be indispensable
for viral replication. The multifunctional character of the rep-
lication proteins Rep and Rep� of PCV1 has been established
in previous studies (30). Here, we demonstrate for the first
time the cleavage/joining activities of Rep and Rep� at the
origin of replication, i.e., both are able to function as RCR
initiator proteins in vitro. Our results showed that Mg2�, but
not ATP, had to be present and that Rep/Rep� discriminate
between strand polarities at the viral origin of replication,
corroborating a prior study characterizing the Rep protein of
banana bunchy top virus (19).

In this study, investigation of sequential and structural de-
pendencies was performed with mutated and truncated oligo-
nucleotides. Mutation of the entire nonamer sequence of
PCV1, as well as its first 4 nucleotides, resulted in total loss of
cleavage activity, while alteration of the first 3 nucleotides
within the nonamer did not impede the activities of Rep and
Rep�. Thus, the canonical nonamer sequence T1AGTATTAC9

can be condensed to the hexamer T4ATTAC9, sufficient for
cleavage and ligation of origin fragments in vitro, while 6
nucleotides within the octamer A2XTAXTAC9 are essential
for PCV DNA replication in vivo (8, 10).

Since oligonucleotides disabled in formation of a hairpin
structure by sequence alteration of only one part of the in-
verted repeat were cut efficiently, formation of this secondary-
structure element is not a prerequisite for cleavage of origin
fragments in vitro. In contrast to this finding, joining of origin
fragments in vitro was reduced by mutations affecting the right
arm of the hairpin and even more strongly impaired by muta-
tions in the left arm. Removing the specific sequence without
disturbing the base pairing of the restricted products restored
the joining activity. These results indicate that base pairing is
essential for joining of the origin fragments in vitro and that
downstream sequence alterations can be better compensated
for than upstream mutations.

The MBS of PCV1 has been characterized previously. It
comprises the right part of the putative stem-loop and the two
adjacent hexamers and is essential for recruiting Rep and Rep�
to double-stranded origin fragments (44). In contrast to bind-
ing to dsDNA, the specific sequence of these elements is not

FIG. 8. Cleavage is a prerequisite for joining. (A) an equimolar mixture of two oligonucleotides of viral-strand polarity, mimicking the labeled
5� cleavage product and the phosphorylated 3� cleavage product, were incubated with His-tagged fusion protein Rep (lane 5) or Rep� (lane 6) in
the cleavage/joining reaction in vitro. (B) An equimolar mixture of two oligonucleotides of viral-strand polarity, mimicking the labeled 61-mer and
the phosphorylated 3� cleavage product, were incubated with His-tagged fusion protein Rep (lane 3) or Rep� (lane 4) in the cleavage/joining
reaction in vitro. (C) An equimolar mixture of two oligonucleotides of viral-strand polarity, mimicking the labeled 5� cleavage product and the
unlabeled 61-mer, were incubated with His-tagged fusion protein Rep (lane 2) or Rep� (lane 3) in the cleavage/joining reaction in vitro. All samples
were resolved on a native polyacrylamide gel next to oligonucleotides of defined sizes (A, lanes 1 and 2; B, lane 1; C, lane 4). The positions and
sizes of oligonucleotides are marked. Recombinant products, 61 nt in size, are highlighted by black arrowheads. See the legend to Fig. 3 for the
remaining symbols.
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required for recognition and cleavage of single-stranded origin
fragments in vitro. These results are in agreement with results
observed for PCV1 replicating in cultured cells, suggesting
specific interaction of the replication proteins with the nonamer
(9, 11). Nevertheless, in vitro cleavage activity relies upon se-
quences flanking the nonamer upstream and downstream, be-
cause sequence alterations enclosing both parts led to complete
inhibition of cleavage despite the presence of the hexamer se-
quences.

Since the ssDNA genome of PCV is converted into a double-
stranded replicative form, cleavages of single-stranded and
double-stranded oligonucleotides were compared in this study.
Although Rep and Rep� bind to double-stranded templates,
cleavage activity was observed only for single-stranded tem-
plates. This apparent contradiction may be resolved by the
hypothesis that cruciform extrusion provides the ssDNA con-
formation necessary for cleavage in vivo, as in the cases of the
plasmids of the pT181 family (24, 39). In our assay, this struc-
ture may be formed but not maintained, because stabilizing
factors are missing. Alternatively, local melting at the viral
origin of replication by an ATP-dependent helicase activity of
the Rep protein may have to precede cruciform extrusion.
Sequence alignments revealed that the C termini of PCV Rep
proteins encompass a putative helicase domain (30) related to
the helicases of other ssDNA and dsDNA viruses (26). Al-
though the impact of the C-terminally located GKS box of
PCV1 Rep on replication in vivo was demonstrated (32), ATP
binding or hydrolysis is not necessary for the in vitro cleavage
activity of PCV1 Rep.

Termination of viral replication is accomplished after RCR
by ligation of the 5�-phosphate to the newly created 3�-hydroxyl
group and release of a circular ssDNA molecule. Rep and
Rep� both catalyze the joining of oligonucleotides resembling
fragments of the viral origin in vitro without ATP. Cleavage is
a condition for joining, since oligonucleotides mimicking the
cleavage products were not ligated by Rep and Rep� and the
activity was restored by addition of the uncleaved origin frag-
ment. Since covalent association of protein and DNA has been
demonstrated for the Rep proteins of geminiviruses (29) and
conservation of energy provides an explanation for the inde-
pendence of the cleavage/joining reaction from ATP, these
findings suggest that Rep and Rep� are linked to the 5�-phos-
phate of the 3� part of the cleaved origin fragment in vitro.
Current experiments using 3�-biotinylated oligonucleotides
support this interpretation (T. Finsterbusch, unpublished
data).

A model for PCV1 Rep/Rep�-catalyzed RCR. After conver-
sion of the viral ssDNA into the double-stranded replicative
intermediate, Rep and Rep� of PCV1 bind to the hexamer
sequences within the origin of replication. The initial step for
the subsequent RCR of the viral DNA is the site-specific cleav-
age of the viral strand between nucleotides 7 and 8 within the
conserved nonamer. Cruciform extrusion provides the single-
stranded conformation of the nonamer that is indispensable
for cleavage and is possibly introduced by the helicase activity
of Rep. Cleavage results in generation of a free 3�-hydroxyl
group for priming of plus-strand DNA synthesis. After at least
one round of replication, a second cleavage terminates DNA
synthesis and a Rep/Rep�-mediated nucleotidyltransfer reac-

tion results in the release of a newly synthesized circular
ssDNA molecule.

In bacteriophage �x174, the replication initiator protein
RepA contains two closely spaced tyrosyl groups at its active
site, which participate alternately during initiation and ter-
mination of replication (50). In geminiviruses, Tyr-103 has
been described as an active amino acid involved in the
cleavage/joining reaction of tomato yellow leaf curl virus
(28); the second catalytic center is provided by another Rep
protein in a Rep dimer. A complex of Rep and Rep� may be
responsible for the execution of this biochemical reaction in
the case of PCV1. Although experimental evidence is still
missing, the idea of Rep/Rep� acting as a dimer or multimer
in initiating and terminating RCR is supported by the for-
mation of homo- and heterocomplexes of the replication
proteins in vitro and in vivo (Finsterbusch, unpublished). On
the basis of complete loss of endonuclease activity by mu-
tation of Tyr-93 of the Rep protein, we assume that Tyr-93
is the predominant amino acid for cleaving the phosphodi-
ester bond (T. Steinfeldt, T. Finsterbusch, and A. Mankertz,
unpublished data).
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