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The Rudiviridae are a family of rod-shaped archaeal viruses with covalently closed, linear double-stranded
DNA (dsDNA) genomes. Their replication mechanisms remain obscure, although parallels have been drawn to
the Poxviridae and other large cytoplasmic eukaryotic viruses. Here we report that a protein encoded in the
34-kbp genome of the rudivirus SIRV1 is a member of the replication initiator (Rep) superfamily of proteins,
which initiate rolling-circle replication (RCR) of diverse viruses and plasmids. We show that SIRV Rep nicks
the viral hairpin terminus, forming a covalent adduct between an active-site tyrosine and the 5� end of the DNA,
releasing a 3� DNA end as a primer for DNA synthesis. The enzyme can also catalyze the joining reaction that
is necessary to reseal the DNA hairpin and terminate replication. The dimeric structure points to a simple
mechanism through which two closely positioned active sites, each with a single tyrosine residue, work in
tandem to catalyze DNA nicking and joining. We propose a novel mechanism for rudivirus DNA replication,
incorporating the first known example of a Rep protein that is not linked to RCR. The implications for Rep
protein function and viral replication are discussed.

Archaeal viruses display tremendous diversity of both mor-
phology and genome content. Seven viral families from the
Crenarchaeota have been described, all with linear or circular
double-stranded DNA (dsDNA) genomes but with few genes
in common (28). The Rudiviridae are a family of nonenveloped
rod-shaped viruses infecting thermophilic crenarchaea (27).
Members include SIRV1 and SIRV2 (24), ARV1 (36), and
SRV1 (37), all of which have covalently closed linear dsDNA
genomes of 30 to 40 kb encoding up to 50 open reading frames
(ORFs). The genome arrangement, including the presence of
inverted terminal repeats (ITRs), is reminiscent of those of the
large cytoplasmic DNA viruses, such as the Poxviridae (3, 10).
Replication of the poxvirus genome, which occurs in cytoplas-
mic DNA replication factories (29), results in the generation of
head-to-head concatemers that are resolved by a Holliday
junction-resolving enzyme (7, 12). The Rudiviridae also gener-
ate head-to-head intermediates, ruling out a rolling-circle
mechanism of replication (24), and encode a resolving enzyme
that is assumed to be required for the deconcatamerization of
the replicated rudiviral genome (2). A replication model for
rudiviruses has been postulated based on the observed simi-
larities with the Poxviridae. This involves replication initiation
by an unidentified nicking enzyme at a site that is 11 nucleo-

tides (nt) from the covalently closed terminus, yielding a 3�-
hydroxyl suitable for priming DNA synthesis (3).

Small circular DNA viruses such as phiX174 and M13 in
bacteria, geminiviruses in plants, and circoviruses in animals
replicate by rolling-circle replication (RCR). RCR requires a
replication initiator (Rep) protein, which nicks the circular
DNA, forming a 5� DNA adduct and releasing a free 3� end to
act as a primer for DNA synthesis. Rep proteins are virally
encoded and typically fused to a helicase domain for DNA
unwinding and translocation (14). In RCR, Rep proteins also
catalyze closure or ligation of the newly synthesized genomes
once replication is complete. A related replication mechanism
known as rolling-hairpin replication (RHR) has been demon-
strated for small linear single-stranded DNA (ssDNA) viruses
such as the parvovirus adeno-associated virus (AAV). This
shares many parallels with RCR and requires a Rep protein to
initiate replication, although no joining activity is required in
this case (reviewed in reference 6).

Here we report that the protein encoded by ORF119 from
SIRV1 is a member of the replication initiator (Rep) family of
proteins. Key active-site motifs are conserved, and homologs
are found in all the rudiviruses. We show that the SIRV Rep
protein can introduce a nick at the predicted initiation site at
the viral terminus, forming a covalent adduct with the newly
created 5� ends and releasing a 3�-hydroxyl terminus suitable
for priming DNA replication. The SIRV Rep protein is a
dimer and is capable of joining DNA fragments by a strand
transfer (flip-flop) mechanism. This is the first example of a
Rep protein that is used to initiate a non-RCR mechanism.
The implications for rudiviruses and for the evolution of viral
replication strategies in general are discussed.
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MATERIALS AND METHODS

Protein purification of wild-type and mutant proteins. The cloning, expres-
sion, purification, crystallization, and structure solution of SIRV1 ORF119 have
been reported (23), and the coordinates are available from the Protein Data
Bank (PDB) (identifier [ID] 2X3G). The SIRV RepY108F mutant was cloned
with a modified site-directed mutagenesis protocol (18) using the following
primers: 5�-GATATAAAAAATGTATATAAGTTTATGCTAAAGACAAAA
AAAGATATAAAAATGTCATAA and 5�-CATAAACTTATATACATTTTT
TATATCGCTAATAGACTTTGGAACTAATTCAATTCTAATGTC (Euro-
gentec). Recombinant plasmid DNA was sequenced by the University of Dundee
Sequencing Service. Recombinant mutant protein was expressed and purified as
described for the native protein.

Cleavage activity assays. The following oligonucleotides were obtained from
Operon Biotechnologies: upper strand (US), 5�-ACTCCTATTACCTTCTTAC
TGCTCTACAA; lower strand (LS), 5�-TTGTAGAGCAGTAAGAAGGTAAT
AGGAGT; and hairpin (HP), 5�-ACTCCTATTACCTTCTTACTGCTCTACA
ATTGTAGAGCAGTAAGAAGGTAATAGGAGT.

The oligonucleotide US corresponds to the top strand of the SIRV1 hairpin
terminus, as described by Blum et al. (3). Oligonucleotide LS was fully comple-
mentary to the US oligonucleotide, representing the other strand of the termi-
nus. The oligonucleotide HP was a concatenation of the US and LS oligonucleo-
tides and matches the covalently closed hairpin terminus of the virus. Versions of
these oligonucleotides with fluorescein molecules on the 5� or 3� end were used
to allow fluorescent detection of the oligonucleotides in nicking assays.

Reaction mixtures containing 20 �M SIRV Rep protein and 10 �M oligonu-
cleotide in reaction buffer (20 mM Tris-HCl, pH 8.5; 20 mM NaCl; 2.5 mM
MnCl2) were incubated for 20 min at 60°C. For analysis by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), the reactions were ter-
minated by addition of 2� SDS-PAGE sample buffer. The mixture was then
heated at 90°C for 2 min and applied to the 4 to 12% NuPage Bis-Tris gel
(Invitrogen), which was run at room temperature. The gels were scanned to
visualize fluorescent products using a Fujifilm FLA-5000 imager at a wavelength
of 473 nm. To visualize protein moieties, gels were stained with Coomassie blue
or silver by following standard protocols. For high-resolution DNA mapping,
reactions were terminated with gel loading buffer (95% formamide, 0.25% bromo-
phenol blue, 0.25% xylene cyanol), heated to 90°C for 2 min, applied to a 20%
acrylamide-7 M urea Tris-borate-EDTA (TBE) gel, and run at 48°C under a
constant current of 95 W for 2.5 h. Following electrophoresis, fluorescent prod-
ucts were detected by imaging, as described above.

DNA joining assay. Oligonucleotides corresponding to recognition site 2 (see
Fig. 2D) were designed as follows. The first strand (5�-6-carboxyfluorescein
[FAM]-TTTTTTTTAATAGGA/GTT), with a 5� fluorescein label, and the sec-
ond strand (5�-TTTTTTTTAATAGGA/GTTTTT) were purchased from MWG
Eurofins. A second set of oligonucleotides corresponding to recognition site 3
were also designed, corresponding to the following sequences: first strand (5�-F
AM-TTTTTTTTTAGAGCA/GTA) and second strand (5�-TTTTTTTTTAGAG
CA/GTATTT). The forward slashes indicate the nicking sites. Reaction mixtures
at total volumes of 20 �l comprised 10 �M SIRV Rep protein and two oligo-
nucleotides (18-mer fluorescein labeled and 21-mer unlabeled) (see Fig. 4 for the
amounts) in buffer (20 mM Tris-HCl, pH 8.5; 20 mM NaCl; 2.5 mM MnCl2) were
incubated for 30 min at 60°C prior to incubation with 10 �g proteinase K for 30
min at 37°C. All samples were treated as described in the cleavage assay prior to
analysis on a 20% acrylamide-7 M urea-TBE gel and imaging.

RESULTS

Structure of SIRV ORF119 resembles that of Rep superfam-
ily proteins. The SIRV Rep protein elutes from a size exclu-
sion column with a retention time consistent with that of a
dimeric arrangement. The asymmetric unit of the protein con-
tained one monomer, which consisted of a central antiparallel
�-sheet consisting of four strands, �1 (residues 15 to 23), �2
(residues 49 to 55), �3 (residues 63 to 71), and �4 (residues 89
to 94), flanked by four �-helices. Residues 57 to 59 were
disordered and could not be modeled into the experimental
electron density. The C terminus (residues 112 to 119) has an
extended strand structure which exchanges with another
monomer (Fig. 1A), related by the 2-fold rotational symmetry
of the crystal, adding a fifth �-strand (�5) to the edge of the

central �-sheet. The interface is dominated by the �-sheet
hydrogen bonds and by hydrophobic interactions among
Val50, Phe51, and Ile53 on the �2-strand and Ile116 and
Met118 on the �5-strand of the other monomer, burying 1,950
Å2 of surface area (15).

Analysis of the structure using ProFunc (16) suggested sig-
nificant similarities with the structure of the N-terminal DNA
binding domain of the replication initiator protein from to-
mato yellow leaf curl virus (TYLCV) (PDB ID 1L2M). The
TYLCV Rep protein structure comprises a central antiparallel
�-sheet surrounded by two �-helices and a �-hairpin (5). The

FIG. 1. Structure of the SIRV1 Rep protein. (A) The dimer of
SIRV 29 Rep protein. The Tyr residue, which forms the covalent link
to the DNA, is shown in sticks for each subunit. The carets mark
disordered loops (A57 to A59, A64, and B57 to B59). Each subunit
exchanges a �-strand (marked with an asterisk) with the other. Subunit
A is colored in cyan, and subunit B colored in slate. (B) Superposition
of the TLYCV Rep protein (purple) with SIRV Rep monomer A
(cyan). (C) The active site of the TYLCV Rep protein (12). One
monomer of the NMR ensemble is shown. The key active-site residues
conserved in the Rep superfamily are labeled. The asterisk denotes the
fifth �-strand. (D) The active site of the SIRV Rep protein. The key
residues are shown and correspond well with their equivalents in
TLYCV. The asterisk denotes the strand from the other monomer
which completes the 5-stranded �-sheet. (E) Potential path of single-
stranded DNA prior to recognition and cleavage. A semitransparent
surface model overlies the Rep dimer with active-site residues, shown
in yellow. Spheres represent the backbone phosphates of the DNA.
The phosphate that forms a covalent link with Y108 is shown as a dark
purple sphere. Phosphates lighter in color will become the newly ex-
posed 3� end.
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TYLCV Rep protein belongs to the superfamily II group of
Rep proteins, which are found in bacterial plasmids and eu-
karyotic viruses (14, 32), in which rolling-circle replication
(RCR) takes place. The match covers the central �-sheet with
a root mean square deviation (RMSD) of 3.0 Å over 73 com-
mon C� atoms (Fig. 1B). Interestingly, TYLCV has a five-
stranded �-sheet strand, and thus, the domain-swapped strand
(�5) of SIRV ORF119 is matched in the superposition. Look-
ing more widely at structurally characterized Rep proteins
from eukaryotic viruses, all share a basic fold comprising the
central �-sheet, with an �-helix packed against both faces of
the �-sheet (32).

Active-site sequence motifs in the Rep superfamily. Struc-
ture-based sequence alignment has revealed that all Rep pro-
teins have three short conserved motifs, denoted I, II, and III
(13, 32, 34, 35) (see Fig. S1 in the supplemental material).
These motifs contribute to the active sites of RCR Rep pro-
teins (35) (Fig. 1C). Motif I is located on strand �1. The first
residue (an invariant phenylalanine) and third residue (typi-
cally a threonine or leucine) point up toward the active site of
the protein and are involved in specific DNA recognition (5).
Motif II resides on �3 and has the consensus sequence HhHh3,
where “h” is any hydrophobic amino acid residue. The two
histidine residues in motif II are thought to serve as ligands for
a divalent metal ion such as Mn2� or Mg2�, required for
efficient DNA cleavage (17, 31, 34, 35). In the TYLCV struc-
ture, Glu49 on �2 has been proposed to provide an additional
residue for metal ion binding. Motif III is located on �4 and is
typically YxxK (14, 32). The first tyrosine in motif III is the
putative catalytic residue, which forms a covalent ester linkage
to the 5� end of the DNA following cleavage (17). The lysine in
motif III is in a suitable position to help catalyze the phospho-
transfer reaction (14, 32).

ORF119 of SIRV1 conforms to the Rep consensus se-
quences for motifs I, II, and III (see Fig. S1 in the supplemen-
tal material). Putative Rep proteins with these motifs can also
be identified in the other rudiviruses. When these residues are
viewed in a structural context for ORF119 and compared to
the equivalent region of the Rep protein of the TYLCV, the
conservation of the active site is striking (Fig. 1D). In addition
to the three motifs, the metal ligand Glu49 of TYLCV is
conserved as Glu55 in ORF119. Thus, the structural data sug-
gest strongly that SIRV1 ORF119 and its homologs in other
rudiviruses are Rep superfamily proteins, with a potential role
in virus replication. Accordingly, the protein will henceforth be
termed “SIRV Rep.” A simple model for the SIRV Rep dimer
with ssDNA bound at both active sites (Fig. 1E) suggests that
transesterification (joining) could occur when a newly released
3� DNA end generated at one site attacks the covalently linked
5� DNA end at the other site.

SIRV Rep cleaves one strand of the SIRV termini, forming
covalent adducts. SIRV Rep and a Y108F mutant variant were
expressed in Escherichia coli and purified as described previ-
ously (23). To test the nicking activity of SIRV Rep, we con-
structed oligonucleotides with sequences matching the upper
and lower strands (US and LS, respectively) of the SIRV1
terminal hairpin. These oligonucleotides have complementary
sequences and can be annealed to generate duplex DNA
matching the SIRV terminal sequence. A oligonucleotide hair-
pin (HP) was also synthesized to model the covalently closed

hairpin terminus more closely. These substrates were labeled
with a 3� fluorescein tag to allow detection by fluorescence
imaging. When SIRV Rep was incubated with the duplex or
hairpin substrates in the presence of Mn2� ions and the reac-
tants were separated by SDS-PAGE, followed by fluorescence
imaging, four fluorescent protein-DNA adducts were detected,
suggesting that a covalent complex between the protein and
DNA had been formed (Fig. 2A). This activity was observed
only when dsDNA was first melted by being heated to 90°C,
suggesting that ssDNA is the substrate for SIRV Rep. In vivo,
the viral hairpins are likely to adopt transient ssDNA character
at the normal growth temperature of the host cells, which is
around 80°C. We next tested Rep cleavage of the upper strand
(US) and lower strand (LS) of the terminus individually. In-
cubation of SIRV Rep with the LS oligonucleotide yielded the
same four adducts as those observed for the melted hairpin
(Fig. 2B), while the US oligonucleotide was not cleaved, sug-
gesting clear sequence dependence for the reaction. The trans-
fer of the 3�-end-labeled fluorescent DNA to form a protein
adduct is consistent with the formation of an ester linkage
between Tyr108 and the new 5� DNA end created by the
nicking reaction, which was confirmed by the inability of the
Y108F mutant to form adducts (Fig. 2B). Adduct formation
was dependent on the presence of manganese; no activity was
detected with magnesium or any other tested divalent metal
(Fig. 2C). Reaction products were also visualized by SDS-
PAGE and silver staining to visualize the protein, confirming
that the retarded species consisted of DNA-protein adducts
(Fig. 3). No adducts were observed with the Y108F mutant,
confirming that these are a specific property of the wild-type
Rep protein and not due to any contaminating protein.

Together, these data suggest that SIRV Rep is specific for
certain sequences present in one strand of the SIRV terminal
hairpin, cleaving the DNA in the presence of manganese when
it is in a single-stranded form. The specificity for ssDNA ob-
served for SIRV Rep is consistent with the known activity of
that of other Rep family proteins, which cleave terminal se-
quences that are not base paired (13). In SIRV, the terminal
hairpins are likely to adopt spontaneously some ssDNA char-
acter at the high-growth temperature of the host species. Many
Rep proteins include a helicase functionality that is used to
unwind dsDNA, and while this is clearly not present in the
119-amino-acid (aa) SIRV Rep protein, there is a potential
helicase in the Rep genome that might function to open and
unwind DNA in vivo.

Mapping the SIRV Rep nick sites. The visualization of four
distinct adducted species suggested that four cleavage sites
were present in the lower strand. In order to visualize DNA
cleavage directly and map the nicking site, we incubated SIRV
Rep with oligonucleotide LS, labeled with fluorescein at the 5�
end, and mapped the cleavage sites using a Maxam-Gilbert
sequence ladder (Fig. 2D). As the fluorescent label was on the
5� end, the nonadducted DNA products could be visualized
and mapped. As expected from the observation of four ad-
ducted species, we observed four distinct cleavage sites. Three
of these could be mapped accurately using the sequence lad-
der, while the one closest to the terminus was too small and ran
at the bottom of the gel. The three mapped sites shared a
consensus sequence, with cleavage observed in AG-rich re-
gions and always at the 5� end of a GT dinucleotide (Fig. 2D).
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The upper strand of the SIRV terminal sequence is notably
lacking in guanine residues and has no sequence correspond-
ing to the consensus sequence identified, explaining the non-
reactive nature of this region. Cleavage site 3 corresponded to
the main nicking site identified by sequencing of SIRV hairpin
termini from SIRV-infected cells (3), suggesting that cleavage
of the hairpin sequence by SIRV Rep observed in vitro is
relevant in vivo.

DNA joining by the SIRV Rep protein. As well as initiating
replication by nicking at the origin, Rep proteins involved in

RCR can catalyze transesterification, the sealing or joining
activity necessary to reform the covalently closed hairpin ter-
minus at the completion of replication (30). To assay for join-
ing activity, we incubated SIRV Rep with a 5�-fluorescein-
labeled 18-mer oligonucleotide with a single consensus nicking
site (Fig. 2D, site 2 or 3) at position 15, along with an unlabeled
21-mer oligonucleotide containing an identical single nicking
site in the same position (Fig. 4). If a transesterification reac-
tion takes place, one expects to see the formation of a fluo-
rescently labeled 21-mer product. This product was observed
only when both oligonucleotides were added along with wild-
type SIRV Rep. The presence of this species can be explained
only by DNA joining via a transesterification reaction medi-
ated by the SIRV Rep protein. The joined product was present
at low levels compared to the labeled 18-mer substrate oligo-
nucleotide and the 15-mer cleavage product, as observed for
other Rep proteins (22, 30). This may be explained partly,
because in this highly simplified assay, the joined product is
itself a substrate for the enzyme. In vivo, further cellular and
viral replication factors are expected to cooperate to maximize
the efficiency of viral replication.

DISCUSSION

Implications for the mechanism of Rep proteins. Rep pro-
teins, often fused to a helicase for DNA unwinding, are en-
coded by many genetic elements that replicate via RCR and

FIG. 2. SIRV Rep nicks the viral terminus at specific sites. (A) Fluorescence imaging of the reaction products formed upon incubation of the
SIRV1 terminal sequence labeled with a fluorescein at the 3� ends reveal covalent protein-DNA adduct formation when the duplex is melted by
heating it to 90°C for 5 min. (B) The lower strand of the hairpin is the site of nicking and adduct formation, which requires the Tyr108 residue.
(C) SIRV Rep activity is dependent on the presence of manganese; a panel of alternative metal ions at 2.5 mM does not support Rep activity
(D) The SIRV1 cleavage sites on the lower strand of the SIRV1 terminal hairpin (shown in boldface) were mapped by separating the
5�-fluorescein-labeled reaction products by denaturing gel electrophoresis alongside a sequence ladder. Arrows show the sites of cleavage with
respect to the chemically generated sequence ladder, which generates products that run faster than the corresponding enzymatic cleavage products.
Lane 1, DNA alone; lane 2, reaction products after incubation of SIRV Rep; lane 3, A�G sequence ladder.

FIG. 3. DNA-protein adduct formation monitored by SDS-PAGE.
SIRV1 Rep was incubated with the LS or US oligonucleotide, and
protein-DNA adducts were monitored by SDS-PAGE and silver stain-
ing. Three retarded species corresponding to protein adducted to
DNA of 3 different lengths were observed in reactions of the wild-type
enzyme (WT) with the LS oligonucleotide. Lane 1, protein markers;
lane 2, Rep protein control; lane 3, Rep plus US oligonucleotide; lanes
4 and 5, Rep plus LS oligonucleotide; lane 6, Y108F control; lanes 7
and 8, Y108F plus LS oligonucleotide.
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related RHR mechanisms. In all Rep-mediated RCR mecha-
nisms, Rep must catalyze multiple rounds of cleavage and
ligation at ori sites by what has been termed a “flip-flop”
mechanism. This flip-flop catalysis was first proposed in early
studies of Rep proteins, in which two apparently conserved
tyrosines separated by three intervening residues in the active
site of the phiX174 gene A protein were proposed to carry out
the nicking and nicking-joining activities (33). Both Tyr resi-
dues were shown to be essential for Rep activity, and it was
proposed that they might have different preferences for the
nicking or joining reactions (17, 22). The monomeric structure
of the adeno-associated virus (AAV) Rep protein domain also
revealed two Tyr residues located inside a cleft adjacent to the
presumed metal ion nuclease site (13). Studies of the plasmid
pC194 Rep protein domain, also a monomer, revealed a Glu
residue at the first of the two Tyr positions (20). Those authors
suggested that the Glu residue could itself direct a second
hydrolytic cleavage of the ori site in the presence of the DNA-
Tyr adduct within the same monomer, generating a new 3� end
that could catalyze a transesterification of the DNA-Tyr moiety
to release the Rep protein and seal the nick (21). Subse-
quently, structures of the monomeric catalytic domains of the
viral Rep proteins of TYLCV (5), porcine circovirus type 2
(PCV2) (34), and faba bean necrotic yellows virus (FBNYV)
(35) were reported. These structures revealed one catalytic Tyr
in the nuclease domain, requiring that a flip-flop mechanism
could be accommodated only by relying on a non-Tyr residue
(e.g., Glu [22]) within the same active site. These monomeric
structures were obtained after proteolytic cleavage, preventing
characterization of the quaternary structure of the full-length
proteins. Recently, the full-length structure of the RepB initi-
ator of plasmid pMV158 was obtained, showing that the oligo-
merization domain formed a hexamer with six associated mo-
bile Rep nuclease domains (4), the first evidence that a
multimeric quaternary structure might be important.

The SIRV Rep protein has a simple organization without
any accessory domains and adopts a dimeric structure with the
two catalytic Tyr residues (one from each monomer) in close

proximity, with the result that a newly released 3� DNA end
formed by a nicking reaction in one active site could flip into
the second site to capture a 5� DNA end in a joining reaction
(Fig. 1E). This simple model avoids several important prob-
lems implicit in the “single-active-site” models that have pre-
dominated: most notably, the difficulty in fitting two DNA
strands one after the other into a single active site while pre-
serving the correct geometry for catalysis and recognition. We
suggest that the dual-capability single-active-site models are
incorrect and, rather, that all Rep proteins function as oligo-
mers, with DNA transferred between monomers in the classic
“flip flop” relying on the single absolutely conserved Tyr resi-
due within each monomer. The second Tyr residue, where it
exists, must play a subsidiary role in catalysis.

A new model for rudivirus replication. Viruses with double-
stranded linear genomes and covalently closed ends are found
in all three domains of life. Examples include the bacterio-
phage N15 that infects E. coli (19), the eukaryal poxviruses (1),
and the archaeal rudiviruses (3). Their replication strategies
are not fully understood and appear to be quite diverse. The
structural and biochemical characterization of SIRV Rep pre-
sented here allows a framework for rudivirus replication to be
proposed that builds significantly on previous models (Fig. 5).
The Rep-mediated initialization of DNA replication could oc-
cur at either end of the genome. A series of Rep-mediated
transesterification reactions coupled with strand displacement
DNA synthesis can account for all the known features of SIRV
replication. This includes the observation of head-to-head con-
catemers and DNA nicks near the hairpins in SIRV DNA
studied in infected cells (24). The DNA smearing observed by
Peng et al. when they analyzed the dimeric terminal fragments
of SIRV1 in infected cells may have been due to covalent
adduct formation by Rep at this sequence (24). The model is
also consistent with the need for a virally encoded Holliday
junction-resolving enzyme (2) to recover from situations in
which linear SIRV concatemers are generated by Rep cleavage
failure (Fig. 5, step 6). It should be possible to test this model
using two-dimensional gel electrophoresis to look for the spe-

FIG. 4. DNA joining activity of SIRV Rep. Transesterification (DNA joining) was monitored following incubation of Rep with one fluorescein-
labeled (18-mer) and one unlabeled (21-mer) oligonucleotide. The appearance of a fluorescent 21-mer indicated successful DNA joining when
both oligonucleotides and wild-type Rep were present. Sequences corresponding to site 2 (left) and site 3 (right), as defined in the legend to Fig.
2D, supported weak formation of ligated products. The inefficiency of this reaction in vitro may reflect the absence of important accessory proteins
that are involved in vivo. The first- and second-strand oligonucleotides were present at the amounts indicated above each lane. The presence of
a minor band below the 18-mer substrate is explained by the presence of a 17-mer (n-1) oligonucleotide.
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cific branched replication intermediates predicted to occur
near the termini during replication. This technique has been
used successfully to monitor the replication of viruses utilizing
RCR, such as maize streak virus (11).

Evolutionary considerations. Distant homologs of the Rep
domain are found in the DNA binding domains of non-RCR
initiator proteins, such as the papillomavirus E1 helicase and
simian virus 40 (SV40) T antigen (4, 5, 13). These are thought
to have retained the origin binding activity of Rep but have lost
any catalytic role. The active Rep protein we have identified in
the rudiviruses is the first example in a virus that does not
utilize rolling-circle or rolling-hairpin replication. The rudivi-
ruses may represent an evolutionary link between the small
DNA viruses and plasmids on the one hand and the large
cytoplasmic eukaryotic DNA viruses (e.g., poxviruses) on the
other. The initiation of poxviral DNA replication is still not
fully understood. It may involve a Rep-like nicking enzyme (so

far unidentified) that cleaves the covalently closed hairpin ter-
mini (8, 25, 26). Alternatively, poxviral replication may utilize
the virally encoded D5 primase enzyme, whose activity has
recently been confirmed in vitro (9), or a combination of both
primase and Rep activities.

Concluding remarks. The discovery of rudivirus Rep dem-
onstrates that replication initiator proteins are not restricted to
RCR and related mechanisms and may thus have wider roles
than those currently envisaged, particularly in the replication
of large linear DNA viruses. The simple dimeric structure of
the protein, bringing two active sites together, provides a neat
explanation for the nicking-joining mechanism of Rep proteins
in general, with broad implications across biology.
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