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We show here that the DNA helicase activity of the parvoviral initiator protein NS1 is highly directional,
binding to the single strand at a recessed 5’ end and displacing the other strand while progressing in a 3'-to-5’
direction on the bound strand. NS1 and a cellular site-specific DNA binding factor, PIF, also known as
glucocorticoid modulating element binding protein, bind to the left-end minimal replication origin of minute
virus of mice, forming a ternary complex. In this complex, NS1 is activated to nick one DNA strand, becoming
covalently attached to the 5’ end of the nick in the process and providing a 3" OH for priming DNA synthesis.
In this situation, the helicase activity of NS1 did not displace the nicked strand, but the origin duplex was
distorted by the NS1-PIF complex, as assayed by its sensitivity to KMnO, oxidation, and a stretch of about 14
nucleotides on both strands of the nicked origin underwent limited unwinding. Addition of Escherichia coli
single-stranded DNA binding protein (SSB) did not lead to further unwinding. However, addition of recom-
binant human single-stranded DNA binding protein (RPA) to the initiation reaction catalyzed extensive
unwinding of the nicked origin, suggesting that RPA may be required to form a functional replication fork.
Accordingly, the unwinding mediated by NS1 and RPA promoted processive leading-strand synthesis catalyzed
by recombinant human DNA polymerase 6, PCNA, and RFC, using the minimal left-end origin cloned in a
plasmid as a template. The requirement for RPA, rather than SSB, in the unwinding reaction indicated that
specific NS1-RPA protein interactions were formed. NS1 was tested by enzyme-linked immunosorbent assay for
binding to two- or three-subunit RPA complexes expressed from recombinant baculoviruses. NS1 efficiently
bound each of the baculovirus-expressed complexes, indicating that the small subunit of RPA is not involved
in specific NS1 binding. No NS1 interactions were observed with E. coli SSB or other proteins included as

controls.

Parvoviruses infect a broad range of invertebrate and verte-
brate species, including humans (18). At the molecular level,
this group of viruses encapsidates a small linear single-
stranded DNA genome of about 5 kb bracketed by short
unique palindromic sequences which base pair to form hairpin
duplexes (1). The viral replication strategy resembles rolling-
circle replication (RCR) using unidirectional leading-strand
DNA synthesis and probably evolved from prokaryotic RCR
replicons (21, 34, 48). As in RCR systems, a viral protein, in
this case NS1, serves as a site-specific DNA binding protein,
which binds the viral origin and initiates replication by intro-
ducing a single-stranded nick close to the core recognition site
(13, 15, 16). This reaction leaves NS1 covalently attached to the
5" end at the nick site via a phosphotyrosine bond and gener-
ates a free 3’ hydroxyl group of the nucleotide at the cleavage
site, which serves as a primer for DNA synthesis (44). The
linear genome replicates through a series of concatameric in-
termediates by a mechanism dubbed rolling-hairpin replica-
tion, in which a replication fork is flipped back and forth along
the genome by rearrangement of the terminal palindromes.
The steps in this process are primarily controlled by NS1, and
sequential DNA synthesis is mediated by host replication fac-
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tors present in the S phase of the cell cycle. In this process, the
palindromic sequences play a key role in replication because
they contain the viral origins, which are not only essential for
replication initiation but also necessary for resolution of rep-
licative intermediates, breaking them down to unit length ge-
nome duplexes (1-3, 16, 17, 19, 20, 53).

As depicted in Fig. 1, the left-end palindrome of the single-
stranded minute virus of mice (MVM) genome can be folded
to form a Y-shaped hairpin structure containing a mismatch in
the stem, designated the “bubble” sequence, where a GA dinu-
cleotide opposes a GAA trinucleotide. In addition, this palin-
drome contains enhancer elements for the initiating viral pro-
moter and provides a terminal base pair with a free 3" hydroxyl
group, termed oriLy; (for hairpin origin), which primes con-
version of the genome into a monomeric duplex form by a
cellular DNA polymerase(s) (3, 4). In such monomeric duplex
intermediates, however, the turnaround form of the left-end
palindrome cannot function as an active origin, due to the
presence of the bubble mismatch. After being replicated to the
dimer intermediate, the extended hairpin forms a palindromic
double-stranded sequence termed the dimer junction, because
it bridges two unit length head-to-head duplex genomes. In the
dimer junction, the nucleotides of the bubble sequence now
occur, as duplex DNA, on each side of an axis of symmetry,
creating the GAA and TC arms, where the two potential origin
sequences (Fig. 1) differ in length by a single nucleotide. Dur-
ing replication, the dimer junction is resolved into two struc-
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FIG. 1. Formation and organization of MVM oriL. In the upper
left is the structure of the left-end hairpin (oriLy) showing the 3’
hydroxyl group used for priming replication and the mismatched bub-
ble sequence as present in the parental single-stranded viral genome.
In the upper right is the organization of the left-end hairpin sequences
within the duplex dimer junction generated by replication through the
hairpin. The hatched boxes represent the palindromic sequences that
were originally folded to give the ears of the hairpin form. The boxed
sequence (expanded below) represents the minimum active replication
origin on the outboard arm, oriL, while the sequence in the dashed
box represents the corresponding origin on the inboard arm, oriL A,
which is inactive. The arrows denote the potential nick sites on each
side of the junction, solid for active and X-ed out shaded for inactive.
The middle diagram illustrates the sequence of oriLy¢, showing the
different elements involved in replication. The PIF binding site (see
the text) overlaps a consensus binding site for the CREB/ATF family
of host transcription factors. The two tetranucleotide motifs bound by
PIF are labeled “distal” and “proximal” to indicate their positions
relative to the NS1 binding site. The other boxes indicate sequences
involved in the bubble dinucleotide (or trinucleotide) spacer element,
the ACCA, NS1 binding site, and the nick site, a specific sequence
required for nicking and covalent attachment of NS1. The heavy line
between the DNA strands indicates sequences protected by NS1 from
DNase I digestion. The position of the nick reflects the new determi-
nation described in this report. The bottom diagram shows the nicking
and covalent attachment of an oligomer of NS1 via a phosphotyrosine
bond. The nicking reaction liberates a 3" hydroxyl group, which primes
DNA synthesis mediated by host cell DNA polymerases.

tures, an “extended” palindromic form, and a “turnaround”
form that recreates the left-end hairpin. The extra nucleotide
in the GAA arm renders this origin inactive and restricts rep-
lication initiation to the TC arm of the dimer junction, causing
the resolution process to be predominantly asymmetric (17,
20).

Mapping of the minimal sequences necessary for replication
initiation of the TC arm has revealed that the origin is approx-
imately 50 bp long and contains three distinct recognition
elements (20). NS1 binds site specifically to the (ACCA), re-
peat motif in an ATP-dependent manner, forming a large
complex that protects sequences surrounding the recognition
site, including the nick site, from DNase I digestion (15). How-
ever, while NS1 can bind by itself, it cannot nick the origin but
requires the cooperation of a cellular factor, called parvovirus
initiation factor (PIF), also known as glucocorticoid modulat-
ing element binding protein (10, 11). We have recently de-
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scribed the purification, cloning, and expression of PIF, which
is a widely expressed site-specific DNA binding heterodimer
consisting of two related polypeptides, p79 and p96 (12). Re-
combinant baculovirus- or HeLa-derived PIF coordinately
binds two copies of a tetranucleotide, ACGT, located at one
end of the origin, across the bubble sequence from the NS1
binding site. PIF and NS1 can each bind the TC and GAA
arms equally well by themselves, and the discrimination be-
tween the two forms of the origin sequence is mediated by the
cooperative binding of PIF and NS1 across the TC, but not the
GAA, bubble sequence. On the TC arm, therefore, PIF and
NS1 form a high-affinity ternary complex capable of nicking
and subsequently initiating replication at this origin (13).

While it has not yet been possible to reconstitute replication
of any full-length parvovirus genomes using only purified cel-
lular components, discrete steps of replication for MVM have
been reconstituted in vitro using as templates recombinant
NS1, fractionated human cell extracts, and the minimal TC
origin cloned in plasmids (20, 43). Replication from such tem-
plates appears to employ a unidirectional leading-strand syn-
thesis mechanism. In vitro reconstitution of replication has led
to the identification of proliferating cellular nuclear antigen
(PCNA), single-stranded DNA binding protein (RPA), and
unidentified cellular DNA polymerases as necessary for repli-
cation (10). By analogy to simian virus 40 (SV40) replication,
the requirement for PCNA and RPA points to a requirement
for the components involved in classical leading-strand synthe-
sis, which should also require replication factor C (RFC), the
clamp-loading factor. RFC recognizes the primer-template
junction, loads PCNA onto the template to form the sliding
clamp that stabilizes DNA polymerase 8 (Pol 8) interaction
with its template, and promotes processive chain elongation
(49-52).

In this report, we demonstrate that leading-strand synthesis
initiated from the minimal origin can be entirely reconstituted
with purified recombinant factors of human origin. While NS1
and PIF are necessary for replication initiation, we have found
that both unwinding of the origin and replication fork forma-
tion are dependent on a specific intermolecular interaction
between NS1 and RPA. We also show that catalysis of proces-
sive leading-strand synthesis can be reconstituted on a PIF-
NS1-initiated origin by addition of recombinant RFC, PCNA,
RPA, and Pol 8. On the basis of the presented data, we pro-
pose a molecular model of the parvovirus replication fork.

MATERIALS AND METHODS

Plasmids. The minimal origin templates used for replication, nicking, and
KMnO, assays were pL1-2 TC and pL1-2 GAA, which contain MVM oriL 1 and
oriL g aa, respectively (20).

Recombinant proteins. The generation of recombinant baculoviruses express-
ing p96 and p79 subunits of PIF, amino-terminal glutathione-S-transferase
(GST), and His (hexahistidine)-tagged MVM NS1 and the purification of the
recombinant products have been described previously (9, 12). Baculoviruses
encoding an amino-terminal His-tagged form of the major subunit of human
single-stranded DNA binding protein (His-RPA70) and the two minor subunits
(RPA34 and RPA12) were generous gifts from C. Umbrecht and T. Kelly, Johns
Hopkins University Medical School, Baltimore, Md. Functional recombinant
RPA was expressed by coinfection of insect Sf9 cells and purified as previously
described (10, 14). The five-subunit complex of human RFC was expressed and
purified from insect cells coinfected with baculoviruses, encoding the individual
subunits His-p140, p40, p38, p37, and p36, which were a generous gift from J.
Hurwitz, Memorial Sloan-Kettering Cancer Center, New York, N.Y. Human
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PCNA was expressed in Escherichia coli strain BL21(DE3)(pT7/PCNA), kindly
provided by B. Stillman, Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y., and purified as described by Fien and Stillman (26).

The open reading frames of the putative four subunits of human DNA Pol 8
(31, 35, 37, 47), p125, p66, p50, and p12, were amplified by PCR from 50 ng of
HeLa cDNA using Klentaq polymerase mix (Clontech, Palo Alto, Calif.) and the
following primer sets designed from the relevant sequences deposited in Gen-
Bank: p125,5-GGGATGGATGGCAAGCGGCGGCCAGG-¥
and5-CCATGGGATGCTTGCAAGGTCACCAGG-3; p66,
5" ACCATGGCGGACCAGCTTTATCTGG-3 and5-CCA
AGTCTCTGATCTACCAGAGATGG-3;p50,5-GCCAT
GTTTTCTGAGCAGGCTGCCC3 and5-CAGCCTCCA
TCTGGGCCTCTCTGGTC3;andpl2,5-GCCATGGGCC
GGAAGCGGCTCATCACTG-3 and5-TCTTACGTGGT
GCCTCATAGGGGATAG A G-3'. The cycling parameters were 94°C
for 60 s, 36 cycles at 94°C for 30 s and 67°C for 5 to 3 min, and finally 10 min at
67°C. The PCR products were cloned into pCR2.1-TOPO (Invitrogen, Carlsbad,
Calif.), verified by dideoxy sequencing, excised by EcoRI digestion, and sub-
cloned into the EcoRI site of the baculovirus transfer vector pVL1393 or
PAcHLT-A (BD Biosciences, Brgndby, Denmark) for production of untagged or
histidine-tagged recombinant products, respectively. Recombinant baculoviruses
were generated by cotransfection of the appropriate baculovirus transfer vector
containing the desired gene and Bsu36I linearized Bakpak6 baculovirus DNA
(Clontech) into insect Sf9 cells. The Pol & holoenzyme was expressed by coin-
fection of insect High Five cells with recombinant baculoviruses expressing p125,
His-tagged p66, p50, and p12 using multiplicities of infection of 10, 8, 4, and 8,
respectively. The cells were incubated at 28°C, harvested 40 to 44 h postinfection,
washed twice in phosphate-buffered saline (PBS), resuspended in 25 mM
HEPES-KOH (pH 7.6)-5 mM KCI-1.5 mM MgCl,, and lysed by Dounce ho-
mogenization. After 20 min of incubation, the lysate was adjusted to 450 mM
NaCl and further incubated for 30 min. The lysate was cleared by centrifugation
for 30 min at 20,000 X g, and the supernatant was loaded onto an Ni** metal
chelate agarose (Qiagen GmbH, Hilden, Germany) column (0.7 ml of resin per
10° cells), equilibrated in buffer A (25 mM HEPES-KOH [pH 7.6], 0.5 mM
MgCl,, 0.5 mM dithiothreitol [DTT], and 10% glycerol) adjusted to 450 mM
NaCl. The column was washed with the same buffer and eluted with buffer A
adjusted to 100 mM NaCl and 100 mM imidazole. The eluted fractions were flash
frozen in liquid N, and stored at —80°C. Selected fractions were further frac-
tionated by fast protein liquid chromatography using a Superdex 200 HR 10/30
fast protein liquid chromatography gel filtration column (Pharmacia, Uppsala,
Sweden) equilibrated in buffer A adjusted to 200 mM NaCl. The fractions were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and handled as described above. All procedures were performed on ice
or at 4°C in the presence of complete EDTA-free protease inhibitor (Boehringer,
Mannheim, Germany). Single-stranded DNA binding protein from E. coli was
purchased from Pharmacia.

Helicase assays. The substrate for the standard helicase assay was prepared
essentially as previously described (38). Briefly, a 341-bp Haelll restriction frag-
ment of M13mp18 replicative-form DNA (Pharmacia) was denatured and an-
nealed to M13mp18(+) single-stranded DNA. The annealed partial duplex was
labeled at the 3’ end by incubation with [*?P]dCTP and Sequenase. Unincorpo-
rated nucleotides and unannealed Haelll fragment DNA were separated by
SizeSep 400 spin column chromatography (Pharmacia). For preparation of the
substrate for determination of helicase directionality, the unlabeled Haelll frag-
ment annealed to the M13 template was digested with Clal. This restriction
enzyme cleaves once within the duplex region linearizing the annealed M13
template, generating two duplex regions 200 and 141 bp long with a 2-nucleotide
5" overhang. The free 3’ end of each of these duplexes was labeled with
[**P]dCTP in the presence of dGTP using Sequenase and purified by spin column
chromatography as described above. The two substrates were incubated at 37°C
for 30 min in buffer A, adjusted to 150 (for GST-NS1) or 25 (for SV40 T antigen
[TAg]) mM NaCl, 4 mM MgCl,, 4 mM ATP, 1 mM DTT, and 50 pg of bovine
serum albumin (BSA) per ml in the presence of different amounts of purified
GST-NS1 or SV40 large TAg, respectively, as described in the legend to Fig. 2.
The samples were analyzed by electrophoresis through 6% acrylamide gels. The
gels were fixed in 10% acetic acid, dried, and exposed for autoradiography.

Nicking and unwinding assays. Nicking assays were performed essentially as
described previously (13). Briefly, purified recombinant PIF heterodimer was
incubated for 20 to 30 min at 37°C in the presence of ATP, various amounts of
GST-NST1 as specified in the figure legends, and a *?P-labeled DNA fragment
containing the minimal left-end origin region of MVM. For nicking coupled with
unwinding of the template, increasing amounts of RPA or E. coli single-stranded
binding protein (SSB), as indicated in each figure legend, were titrated into the
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nicking reactions. The reactions were terminated by adding an equal volume of
25 mM Tris-HCI (pH 8.0), 5 mM EDTA, 100 mM NaCl, 1% SDS, and 10%
glycerol and incubating the mixture at 60°C for 15 min. The samples were
analyzed by electrophoresis through 6% acrylamide gels equilibrated in 0.2%
SDS. The gels were fixed in 10% acetic acid, dried, and exposed for autoradiog-
raphy.

KMnO, assays. KMnO, assay substrates were separately labeled with 3P at
the 3’ end of each strand as previously described (11). The assays were per-
formed in the presence of purified GST-NS1, recombinant PIF, and ATP, as
indicated in the figure legends. After 7 min of incubation, the reaction mixtures
were adjusted to 3 mM KMnO, and incubated for a further 3 min. The reactions
were terminated by addition of two volumes of ice-cold ethanol, and the precip-
itates were collected by centrifugation. The samples were resuspended in 100 pl
of 1 M piperidine and incubated for 30 min at 90°C. The piperidine was then
removed by multiple rounds of lyophilization. For mapping of the NS1 nick site,
nicking assay substrates labeled with 2P on one strand at the 5’ end were
incubated in the presence of purified GST-NS1, recombinant PIF, and ATP as
indicated in the figure legends. After 30 min of incubation, the samples were
incubated with proteinase K at 50°C overnight, phenol-chloroform extracted, and
ethanol precipitated. For alignment of residues oxidized by KMnO, and the nick
site, the DNA probes used for the assays were also chemically cleaved at G and
GA residues according to the method of Maxam and Gilbert (40). Samples were
analyzed by electrophoresis through 6% denaturing polyacrylamide gels, fixed,
dried, and exposed for autoradiography.

Replication assays. For M13 primer extension assays, 50 ng of singly primed
M13mp18 single-stranded DNA was incubated for 1 h at 37°C with different
combinations of RPA, SSB, PCNA, RFC, and Pol & holoenzyme, as detailed in
the figure legends, in the replication buffer described below. The reactions were
terminated by addition of 100 wl of 10 mM Tris-HCI-5 mM EDTA-0.5% SDS
and incubated for 1 h with 50 ug of proteinase K. Unincorporated nucleotides in
the samples were removed by G-50 spin column chromatography, and the prod-
uct was extracted with phenol-chloroform before electrophoresis through 1.5%
alkaline agarose gels. Replication assays were carried out in the presence of
optimized amounts of recombinant PIF, His-NS1, RPA, SSB, PCNA, RFC, and
Pol 3 holoenzyme, as indicated in the figure legends. The assay mixtures con-
tained 25 mM HEPES-KOH (pH 7.8), 25 mM NaCl, 7 mM MgCl,, 1 mM EGTA,
0.5 mM DTT, 4 mM ATP, 0.1 mM dCTP, 0.1 mM dGTP, 0.1 mM dTTP, 0.04
mM dATP, 5 pCi of [*?P]dATP, 40 mM creatine phosphate, 10 p.g of phospho-
creatine kinase, 10% glycerol, and 100 ng of the appropriate DNA template in a
total volume of 30 pl. After incubation at 37°C for 2 h, the reactions were
terminated by addition of 100 wl of 10 mM Tris-HCI-5 mM EDTA-0.5% SDS
and incubated at 50°C for 1 h with 50 pg of proteinase K. Unincorporated
nucleotides in the samples were removed by G-50 spin column chromatography,
and the product was extracted with phenol-chloroform. The DNA was then
linearized by digestion with HindIII prior to electrophoresis on 1% agarose gels.
The gels for replication assays and M13 primer extension assays were fixed in
10% trichloroacetic acid, dried, and exposed for autoradiography. Incorporation
of [@-**P]dAMP was monitored by spotting 10% of the reaction mixtures on to
Whatman DES81 paper followed by three successive washes with 0.5 M
Na,HPO,, one wash with H,O, and one wash with ethanol, after which incor-
poration was quantitated by liquid scintillation counting.

Protein-protein interaction assays. Protein-protein interactions were analyzed
by an enzyme-linked immunosorbent assay (ELISA). Maxisorp 96-well plates
(Merck Eurolab, Albertslund, Denmark) were incubated overnight at 4°C with
1.5 pg of purified protein in PBS as indicated in the figure legends, washed twice
in PBS, blocked overnight in PBS containing 3% BSA, and washed twice in PBS.
The coated plates were then incubated with increasing amounts of purified
His-NS1 or GST-NSI fusion protein for 1 h at 4°C in PBS containing 0.1% BSA
and, when appropriate, in the presence of 0.5 mM ATP and 0.5 mM MgCl,,
followed by four successive washes with PBS. Bound NS1 was detected by
incubation for 45 min with a 1:1,000 dilution of a rabbit polyclonal antiserum
directed against the carboxyl terminus of NS1. After three washes with PBS,
bound antibody was detected by incubation for 45 min with a horseradish per-
oxidase-coupled goat anti-rabbit immunoglobulin G conjugate (Dako, Glostrup,
Denmark) diluted in PBS-0.1% BSA. The wells were washed six times with PBS
and developed using o-phenylenediamine and hydrogen peroxide according to
the manufacturer’s instructions. Optical densities were read at 490 nm.

RESULTS

NS1 helicase activity has 3’-5’ polarity. The intrinsic heli-
case activity of NS1 is believed to play a crucial role in virus
replication (42, 43). Thus, examination of the directionality of
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FIG. 2. Determination of NS1 helicase directionality. The preparation and 3’-end labeling of helicase substrates were done as described in
Materials and Methods. Lanes I represent the circular helicase substrate before Clal digestion, diagrammed on the upper right, which serve as a
positive control. Lanes II contained the Clal-digested helicase substrate, diagrammed on the lower right, used to determine directionality. As
indicated at the top of the gel, the different helicase substrates were incubated with increasing amounts of GST-NS1 (10, 30, or 90 ng) or purified
SV40 large TAg (25 and 75 ng). Helicase assays were carried out as described in Materials and Methods. A, 341-base Haelll fragment derived from
double-stranded M13 DNA; B and C, linear substrate with 143- (C) and 202-bp (B) duplexes connected by a stretch of single-stranded M13 DNA

in which each of the 3 ends is labeled (directional substrate).

the NS1 helicase action would provide important information
about the mechanism of parvovirus replication fork transloca-
tion. For the measurement of helicase activity, partly duplex
DNA molecules were constructed by annealing a 341-base
Haelll fragment (Fig. 2, band A) derived from double-
stranded M13 DNA to plus-sense single-stranded circular M13
DNA (standard substrate). To determine the directionality of
the NS1 helicase-mediated translocation, the partial duplex
was further digested with Clal and radiolabeled as described in
Materials and Methods. This creates a linear substrate with
143- and 202-bp duplexes (bands C and B, respectively) con-
nected by a stretch of single-stranded M13 DNA in which each
of the 3’ends is labeled (directional substrate). The two sub-
strates were incubated in the presence of ATP and increasing
amounts of purified GST-NS1 or SV40 TAg, as shown in Fig.
2. SV40 TAg has previously been shown to possess 3'-5" heli-
case activity (28) and was included as a positive control. Both
NS1 and TAg were able to displace the 341-nucleotide strand
from the standard template, indicating that the preparations
possessed helicase activity capable of extensive unwinding.
Both NS1 and TAg displaced the 143-nucleotide strand from
the directional substrate, while no release of the 202-nucleo-
tide fragment was observed. This indicates that, like TAg, NS1
does not attack blunt-ended DNA but binds to recessed 5’
ends and translocates in a 3’-5" direction on the longer strand,
as would be necessary to promote strand displacement synthe-
sis from the 3" OH of a nick.

NS1 helicase does not displace the nicked strand after co-
valent attachment. We have previously shown that the cellular
heterodimeric, site-specific binding factor PIF is required for
NS1 nicking and covalent attachment to the minimal origin.
While PIF and NS1 bind the TC (oriL ) and GAA (oriLan)
arms equally well by themselves, PIF and NS1 bind coopera-
tively only to oriL . (13). On oriL 1, they form a high-affinity
ternary complex that catalyzes NS1-mediated site-specific nick-
ing and leads to replication initiation at this origin. Since co-
valent attachment of NS1 to the origin is a prerequisite for
initiating DNA synthesis, and thereby replication fork forma-
tion, the nicking reaction was analyzed in more detail in order
to determine the extent of origin unwinding mediated by the
NS1 helicase after nicking. For this, a DNA fragment contain-
ing oriL was labeled at the 3’ ends of both strands and then
incubated in the presence of NS1, PIF, and ATP. The reaction
products were adjusted to 0.5% SDS and either heated at 60°C
to abolish noncovalent protein-DNA interactions or boiled to
separate the strands prior to analysis on SDS-polyacrylamide
gels. In this assay, retarded species represent double- or single-
stranded origin DNA covalently attached to NS1, depending
on the level of unwinding. As shown in Fig. 3A, the origin is not
nicked in the absence of PIF. However, when NS1, PIF, and
ATP are present, a single slowly migrating band (band A) is
observed, indicating covalent attachment of NS1 to the origin.
To examine whether the origin was present in a double- or
single-stranded form, the products of the nicking reaction were
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FIG. 3. Characterization of the nick site in the minimal left-end origin. (A) A DNA fragment containing the oriL sequence was **P labeled
at its 3’ ends as described in Materials and Methods; incubated in the absence or presence of NS1 (100 ng), PIF (25 ng), and ATP (3 mM); and
analyzed on a neutral SDS-polyacrylamide gel. Only covalent NS1-DNA complexes are significantly retarded in this gel system. For lane NS1+PIF
(boiled), the nicking reaction mixture was denatured by boiling immediately before electrophoresis. A schematic model of the nicking reaction is
depicted to the right of the gel autoradiograph. The asterisks indicate the positions of the **P label at the 3" end of each strand of the origin DNA.
The letters A, B, and C correlate the DNA or DNA-protein structures produced in the reaction with bands on the gel. The fragment D labeled
with an asterisk in parentheses indicates the 5'-end-labeled fragment analyzed in panel B. (B) DNA fragments containing the oriL sequence,
separately labeled at the 5" end of either the upper or lower strand (as depicted in panel A), were incubated with 3 mM ATP in the presence (+)
or absence (—) of NS1 (100 ng) and PIF (25 ng) as indicated at the top of the gel. The samples were digested with proteinase K before analysis
on a 6% denaturing polyacrylamide gel. Lanes G and G+A contain the products of G- and GA-specific chemical sequencing reactions of each
labeled substrate and were used for aligning the position of the nick site. The sequence of the lower strand, depicted in panel A, is shown on the
left side of the gel, and the lines indicate the position of this sequence in relation to the chemical sequencing reaction. An arrow indicates the
putative nick site, representing the position of migration of fragment D in panel A. The boxed sequences show the positions of the specific NS1
and PIF binding sites.

boiled in SDS before being loaded on the gel. This changed the
mobility of the nicked origin to a faster-migrating species
(band B) representing NS1 covalently bound to the lower la-
beled strand, as depicted in the model of the nicking reaction
shown in Fig. 3. Species B has been characterized previously
(10) as the NS1-linked single strand, since it shows protease-
sensitive mobility and is specifically immunoprecipitated by
anti-NS1 antibodies. Thus, despite the helicase activity of NS1,
its covalent attachment to the origin does not cause unwinding

to a level that leads to dissociation of the NS1-attached DNA
strand from the origin duplex.

Mapping the position of the nick in oriL .. The in vitro
recapitulation of the nicking reaction afforded an opportunity
to map the exact position of the nick within the oriL . se-
quence. This has been difficult to measure with 3’-end-labeled
probes, because proteinase K does not completely remove the
NS1 polypeptide, and the residual oligopeptide decreases the
mobility of its attached strand by a significant amount that is



VoL. 76, 2002

difficult to interpret in terms of nucleotide equivalents. To get
around this problem, we separately labeled each 5’ end of the
origin substrate through polynucleotide kinase and used these
substrates in the nicking reaction. This approach has previously
been frustrated by the presence of phosphatases in the repli-
cation extracts and PIF preparations, purified from HeLa cells,
that we used in earlier assays. The present use of a system
comprising only purified, overexpressed, recombinant proteins
did not exhibit this drawback, and a clean result was obtained,
as shown in Fig. 3B. Following nicking of a substrate labeled at
the 5’ end of the lower strand (as depicted in Fig. 1 and 3A),
a single product, equivalent to fragment D in Fig. 3A, can be
seen on the sequencing gel, while none is produced from a
similarly labeled upper strand. The appearance of this band is
dependent on NS1 and PIF and maps the nick to a position 2
nucleotides more 3’ on the lower strand than previous esti-
mates have placed it.

Nicking and covalent attachment of NS1 to the origin ex-
poses a short stretch of single-stranded DNA juxtaposed to the
nick site. To explore the level of local unwinding and distortion
caused by the nicking reaction, the presence of unpaired thy-
midines within the origin was probed by their susceptibility to
oxidation by KMnO, and subsequent alkaline hydrolysis. DNA
fragments containing either oriL . or oriLga A, 3'-end labeled
on the nicked strand, were incubated in the presence of PIF,
NS1, and ATP as indicated in Fig. 4. It should be noted that the
nicked templates were not digested with proteinase K, and
thus, no strong bands should have been observed at the posi-
tion of the nicked DNA. Consequently, only the DNA frag-
ments that had been cleaved from attached NS1 by the oxida-
tion reaction were resolved in the gel. The reaction products
were analyzed on a denaturing polyacrylamide gel and aligned
to G and GA sequencing reactions derived from the labeled
substrate. Strong KMnO, sensitivity was observed for oriL
only in the presence of PIF and NS1. Even at saturating NS1
concentrations, however, the oxidized residues were limited to
a maximum stretch of 14 nucleotides located between the nick
site and the NS1 binding site. The most strongly oxidized
residue observed was the thymidine immediately juxtaposed to
the nick site identified in Fig. 3B, further supporting the re-
vised assignment of the position of the nick. Only background
oxidation was detected for oril;, indicating that this se-
quence does not undergo unwinding or that nicking is neces-
sary for exposure of single-stranded DNA. Similar analysis of
the unnicked strand in oriL pinpointed the same region as
sensitive to KMnO, oxidation (data not shown). Oxidation-
sensitive residues for both strands are indicated and summa-
rized in Fig. 4. To investigate whether unwinding preceding the
nicking reaction generated the exposed thymidine residues in
oriL 1, nicking was abolished (data not shown) by inverting
the nick site sequence by site-directed mutagenesis, generating
oriLrc_nv» in Which the nick site sequence was changed from
TGATAAG to ACTATTC. No KMnO, oxidation above back-
ground was detected on this modified template (data not
shown), suggesting that nicking and/or covalent attachment of
NSI1 is necessary for exposure of single-stranded DNA in the
origin and that any unwinding occurring before nicking is lim-
ited, or at least undetectable in the assay. In summary, while
the ternary complex formed by NS1 and PIF on oril cata-
lyzes nicking and covalent attachment of NS1, subsequent un-
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winding is limited to a short sequence located between the nick
site and the NS1 binding motif, despite the fact that NSI itself
is a potent helicase.

Human RPA catalyzes unwinding of the nicked NS1-origin
complex. The limited unwinding of oriL in the presence of
NS1 and PIF, described above, suggests that other cellular
factors were involved in the more extensive unwinding during
subsequent replication. Previous experiments have shown that
RPA is necessary for in vitro replication initiated from MVM
replication origins (10), making it a prime candidate for catal-
ysis of origin unwinding. To test this possibility, human het-
erotrimeric RPA was expressed in insect cells using recombi-
nant baculoviruses, purified, and added into the nicking
reaction. A DNA fragment containing oriL . was 3'-end la-
beled on both strands and incubated in the presence of NS1,
PIF, ATP, and increasing amounts of purified RPA or E. coli
SSB. Reaction products in 0.5% SDS were heated at 60°C or
boiled and analyzed on SDS-polyacrylamide gels. As shown in
Fig. 5, nicking of the origin is completely dependent on the
presence of PIF. When NS1, PIF, and ATP are all present, a
new slowly migrating band is observed, demonstrating covalent
attachment of NS1 to the origin. The inclusion of increasing
amounts of RPA in the reaction mixture progressively con-
verted the nicked origin to a faster-migrating species with a
mobility similar to that in the boiled nicking reaction, repre-
senting NS1 covalently bound to the labeled, nicked strand of
the template. Concomitantly, a band migrating slightly more
slowly than the double-stranded origin template appeared,
representing the complementary part of the unwound origin. A
model of this unwinding reaction is depicted in Fig. 5. Replace-
ment of RPA with E. coli SSB in the nicking reaction did not
change the mobility of the nicked template and therefore did
not appear to support origin unwinding. Similarly, no unwind-
ing of the template was detected during assay of the inactive
oriL Ny template, described above, in the presence of NS1,
PIF, and RPA (data not shown). Together, these data indicate
that RPA specifically catalyzes extensive unwinding of the
nicked strand that has NS1 covalently attached.

Furthermore, we also observed that the short 5'-end-labeled
fragment of the lower strand (fragment D in Fig. 3A) produced
during the nicking reaction remains annealed to the intact
upper strand during the reaction in which the NS1-attached
strand is displaced (data not shown). That this hybrid is stable
in the presence of both RPA and excess NS1 confirms the
directionality of the NS1 helicase. It also indicates that the 3’
hydroxyl-bearing nucleotide produced by the nick remains base
paired during the subsequent unwinding phase, available to
serve as a primer for ensuing DNA synthesis.

Recombinant RFC, PCNA, Pol 6, and RPA or SSB catalyze
processive replication on an M13 substrate. Parvoviruses em-
ploy a self-primed, continuous, unidirectional leading-strand
synthesis mechanism for replication, potentially bypassing the
necessity for lagging-strand synthesis. This probably reduces
the requirement for DNA polymerases and accessory factors to
only those components involved in leading-strand synthesis
(21). Nicking and covalent attachment of NS1 to MVM origins
liberates the 3’ hydroxyl groups necessary for priming DNA
replication. PCNA and RPA have previously been shown to be
required for in vitro MVM DNA synthesis (10), supporting a
leading-strand replication mechanism. The classical compo-
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FIG. 4. PIF and NS1 nicking of the minimal left-end origin causes local unwinding. DNA fragments containing either the oriL 1 or oriLgaa
sequence were *?P labeled at the 3’ end of the lower strand (Fig. 1) and incubated with 3 mM ATP in the presence (+) or absence (—) of NS1
(increasing amounts of purified GST-tagged NS1 [25, 50, 100, and 225 ng]) and PIF (50 ng of purified PIF p79-p96 complex) as indicated at the
top of the gel. The samples were exposed to KMnO, and subjected to alkaline hydrolysis before analysis on a 6% denaturing sequencing
polyacrylamide gel. TC and GAA indicate the form of oriL that was used as a substrate in the left and right sets of KMnO, assays, respectively.
Lanes G and GA contain the products of G- and GA-specific chemical sequencing reactions of each labeled substrate and were used to align the
positions of KMnO,-sensitive residues. The sequence of the relevant strand of the origin is shown on the left, and the lines indicate the alignment
of this sequence to the chemical sequencing reaction. The boxed sequence shows the position of the specific NS1 binding site. At the bottom is
a summary of the positions of KMnO,-sensitive thymidine residues (labeled with asterisks) detected in both strands of the origin.

nents of the leading-strand synthesis machinery include PCNA,
a ring-shaped homotrimeric protein forming a sliding clamp at
the primer-template junction, Pol 8, RPA, and the heteropen-
tameric multifunctional protein RFC, which loads PCNA and
Pol & onto the template. We propose that these factors, in
concert with NS1, form the parvoviral replication fork. In or-
der to examine whether the unwinding of oriL mediated by

NS1 and RPA would allow processive unidirectional leading-
strand synthesis, the leading-strand synthesis components were
expressed as recombinant proteins in either insect cells or E.
coli and purified as shown in Fig. 6A. SDS-PAGE analysis of
the purified RPA and RFC preparations showed the expected
results, comprising trimeric and pentameric complexes, respec-
tively, each with an equimolar stoichiometry of the individual
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FIG. 5. RPA catalyzes unwinding of the nicked minimal left-end origin. A DNA fragment containing the oriLr sequence, **P labeled at its
3’ ends, was incubated with 3 mM ATP in the presence or absence of NS1 (100 ng) and PIF (25 ng) and increasing amounts of either recombinant
RPA (0.125, 0.25, 0.5, and 1 pg) or E. coli SSB (0.125, 0.25, 0.5, and 1 ng), as indicated at the top of the gel. For lane NS1+PIF (boiled), the nicking
reaction mixture was boiled immediately before electrophoresis in an SDS-polyacrylamide gel. Note that only covalent NS1-DNA complexes are
significantly retarded in this assay. A schematic model of the nicking-coupled unwinding reaction is depicted at the right of the gel autoradiograph.
The asterisks indicate the position of the *?P label on each strand of the origin DNA.

subunits, in agreement with previously reported data (8, 30). In
contrast, the p50 and p66 subunits of Pol & were clearly over-
represented in the purified polymerase complex compared to
the p12 and p125 subunits. While characterization of the re-
combinant Pol 8 complex was not our aim in these studies, we
examined the effects of omitting each of the four subunits in
turn (data not shown). The p125 subunit is absolutely required
for activity, ruling out significant contamination with insect
cell- or baculovirus-derived DNA polymerase subunits in our
Pol § preparations. We were not able to show a requirement
for the p12 subunit in the M13-based leading-strand synthesis
assay described here, which is surprising, since Podust and
colleagues (45) have reported that addition of this newly de-
scribed subunit enhances synthesis on a poly(dA)-oligo(dT)
template primer by 15-fold. The low representation of both
pl12 and p125 may mean that the majority of the functional,
p125-containing complexes in our preparations do not also
contain the p12 subunit.

Initially, we characterized the abilities of recombinant Pol 3,
RFC, PCNA, and RPA to catalyze processive leading-strand
synthesis, without the requirement for DNA unwinding, by
incubating titrated amounts of the components with singly
primed M13 single-stranded DNA, ATP, and deoxynucleoti-
des. The reaction products were analyzed on alkaline agarose
gels, as shown in Fig. 6B, to allow estimation of the sizes of the
newly synthesized DNA strands. The extent of replication oc-
curring in each reaction was quantitated by measuring incor-
poration of [**P]JdAMP, using the DES1 absorption assay de-
scribed in Materials and Methods. As shown in Fig. 6B, the
four recombinant replication factors quantitatively and effi-

ciently catalyzed processive leading-strand synthesis, making
full-length M13 DNA (7.3 kb) comparable to that synthesized
by Sequenase. Efficient DNA elongation was dependent on the
presence of the predicted replication factors. If any one of the
recombinant components was omitted from the reaction, only
low levels of DNA synthesis were observed. Importantly for the
studies of RPA-assisted, NS1-mediated unwinding described
below, no strand displacement activity was observed when the
extended DNA strand reached the primed site in this primed
M13 DNA assay. Significantly, E. coli SSB completely substi-
tuted for RPA in this chain elongation assay, consistent with
previous reports by others of the reconstitution of leading-
strand synthesis by purified cellular factors (39), indicating the
correct functionality of our recombinant products.
Recombinant NS1, PIF, RPA, RFC, PCNA, and Pol 6 cata-
lyze processive replication initiated from oriL .. As shown in
Fig. 5, RPA, but not SSB, appears to catalyze unwinding on
NS1-nicked origin templates, suggesting that RPA may also
exclusively permit unidirectional leading-strand synthesis on
such a template. To test this possibility, plasmids pL1-2 TC,
containing the active left-end origin oriL ., and pL1-2 GAA,
which contains the inactive oriL ., and served as a negative
control, were used as templates for reconstitution of replica-
tion. The plasmids were incubated with recombinant Pol §,
RFC, and PCNA, using either RPA or SSB as a single-strand-
ed-DNA binding protein, and tested for catalysis of leading-
strand synthesis controlled by PIF and NS1 in the presence of
ATP and deoxynucleotides. Again, replication occurring in
each reaction was quantitated by measuring total incorpora-
tion of [**P]JdAMP, and reaction products were analyzed by
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FIG. 6. Recombinant RPA/SSB, RFC, PCNA, and Pol & replicate primed M13 DNA. (A) SDS-PAGE analyses of the purified human
recombinant RPA, RFC, PCNA, and Pol & preparations used in replication and protein-protein interaction assays (see Materials and Methods for
details). The positions of the relevant purified proteins or subunits are indicated on the right of each gel, and the positions of a standard set of
molecular mass markers run in the first lane of each gel are shown on the left. The gels were stained with Coomassie brilliant blue. (B) Auto-
radiograph of an M13 singly primed extension assay analyzed by alkaline agarose gel electrophoresis. Singly primed M13 DNA (7.3 kb) was
incubated with deoxynucleoside triphosphates, including [*?P]dATP and ATP, in the presence (+) or absence (—) of titrated amounts of purified
recombinant RFC, PCNA, Pol 8, and RPA or SSB. For reactions including RPA or E. coli SSB, the amounts added were 0.5 or 1.5 pg, respectively,
and elsewhere + represents addition of 1.5 pg of either protein. RFC titrations were 5 and 25 ng, and elsewhere + represents 125 ng of protein
added. PCNA titrations contained 10 or 25 ng, and elsewhere + indicates 100 ng of protein added. For Pol & titrations, 5 or 25 ng was added to
the assay, and elsewhere + represents 125 ng of protein added. The first lane contains a 3*P-labeled, HindIII-digested N phage DNA marker (M),
while the arrows on the left indicate the sizes of individual fragments. The amount of dAMP (in picomoles) incorporated into each replication

product is indicated in the histogram at the bottom.

agarose gel electrophoresis following linearization with the
restriction endonuclease HindIIl, which cuts once in the tem-
plate plasmid. As shown in Fig. 7, only minimal replication
occurred if NS1 and/or PIF was omitted from the reaction,
confirming that nicking and covalent attachment of NS1 con-
trol DNA synthesis in this system. The presence of PIF, NSI,
RPA, Pol 8, and accessory proteins reconstituted replication
and supported abundant DNA synthesis initiated from the
active minimal origin, while only low levels of replication were
observed for the inactive origin. Interestingly, the deprotein-
ized products predominantly migrate as species much larger
than the template, despite HindIII digestion. This would not be
the case if the displaced strand were being converted to duplex
DNA rather than remaining a continuous single strand, pre-
sumably complexed with RPA. Replacement of RPA with SSB

reduced replication by at least sevenfold, indicating that NS1
and SSB do not mediate fork progression at a level allowing
efficient processive strand elongation. These results indicate
the probability that specific NS1-RPA interactions are neces-
sary for fork progression and the catalysis of processive lead-
ing-strand DNA synthesis.

NS1 binds specifically to RPA. The differential specificities
of RPA and SSB in origin unwinding and catalysis of replica-
tion indicate that direct molecular interactions between RPA
and NS1 might be involved in coordination of fork progression.
To address this question, potential NS1-RPA and NS1-SSB
interactions were explored using an ELISA-based protein-pro-
tein interaction assay. Purified recombinant RPA or SSB was
immobilized by coating wells in ELISA plates. Following
blocking, the coated wells were incubated with increasing
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FIG. 6—Continued.

amounts of purified GST-NSI in the presence of ATP. After
the wells were washed, bound GST-NS1 was detected using an
antibody directed against the carboxyl terminus of NS1 and a
secondary horseradish peroxidase-coupled antibody. As shown
in Fig. 8, the binding of GST-NS1 to RPA increased in a
concentration-dependent manner and showed saturability at
the highest NS1 concentrations. In contrast, no binding to SSB
or BSA (the negative control) was detected. Similar results
(data not shown) were obtained using His-tagged NS1, ruling
out any contribution to RPA binding by the GST tag on the
NS1. Moreover, purified GST protein did not bind RPA (data
not shown). Thus, NS1 efficiently bound each of the baculovirus-
expressed complexes, indicating that the small subunit of RPA
is not involved in specific NS1 binding.

DISCUSSION

The formation of eukaryotic or bacterial replication forks is
a multistep process involving sequence-specific recognition of
the origin, establishment of an initiator-protein complex, un-
winding of the origin followed by priming of DNA synthesis,
and chain elongation. A common feature of the replication
fork is that DNA is synthesized in a semidiscontinuous man-
ner, where the leading strand is polymerized continuously

while the lagging strand is synthesized discontinuously by the
joining of Okazaki fragments. The assembly of the replication
fork is temporally ordered and orchestrated by specific inter-
molecular interactions between the replication factors and the
origin (22). Parvoviruses employ a unidirectional leading-
strand replication strategy, priming DNA synthesis either from
the 3’ hydroxyl groups of terminal hairpin structures in the
single-stranded viral genome or from 3’ ends generated during
nicking of double-stranded viral origins by the virally encoded
replicator protein NS1. This lack of a requirement for lagging-
strand synthesis predicts that the formation of the parvoviral
replisome is less complex than for those of the bidirectional
origins of double-stranded DNA viruses or the host cell (21).

Previous studies have shown that the early events in repli-
cation initiation from the minimal left-end replication origin of
MVM require the cooperative binding of the cellular se-
quence-specific factor PIF with NS1. PIF appears to stimulate
the ATP-dependent assembly of an NS1 oligomer on the origin
and might stabilize the local unwinding of the origin mediated
by the ATP-driven helicase function of NS1. This limited local
unwinding might expose the nick site in the single-stranded
form known to be optimal for site-specific nicking and covalent
attachment of NS1 (13). Accordingly, origin substrates that
have been constructed to present the nick site in a constitu-
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FIG. 7. Reconstitution of replication initiated from the minimal left-end origin. Replication reaction mixtures were assembled using combi-
nations of purified recombinant His-tagged NS1, PIF p79-p96 complex, RPA or E. coli SSB, RFC, PCNA Pol 3, or previously described
phosphocellulose fractions of 293 cell extracts as positive controls (10) as indicated above the gel. Plasmid pL1-2 TC containing the minimal active
left-end origin was the replication-positive template, and pL1-2 GAA was used as a negative control. The different purified proteins were titrated
to achieve optimal replication. For PIF, RFC, PCNA, and Pol 3, constant amounts of 50, 125, 100, and 100 ng, respectively, were used in the assay.
The increasing amounts of NS1, as indicated at the top of the gel, were 90 and 270 ng. RPA or E. coli SSB was added (+) in 0.5- or 1.5-p.g amounts.
Replicated DNA was digested sequentially with proteinase K and HindIII as described in Materials and Methods and then analyzed by agarose
gel electrophoresis, along with the **P-labeled X phage DNA markers described in the legend to Fig. 6B. The amount of dAMP (in picomoles)
incorporated into each replication product is indicated in the histogram at the bottom of the autoradiograph. A schematic model of the replication

reaction is at the right.

tively single-stranded form are nicked by NS1 in a PIF- and
ATP-independent manner (42).

In many cases, the binding of viral initiator proteins to the
origin causes local unwinding. For example, SV40 TAg is
known to cause unwinding of 8 bp within the early palindrome
of the SV40 origin (5), while bovine papillomavirus (BPV) E1
distorts a region of up to 50 bp within the papillomavirus origin
(27). The unwinding process is often facilitated by regions
within the origin having low helical stability and thus having a
tendency to unwind when placed under torsional stress (36,
41). In this study, the level of unwinding mediated by NS1 was
tested in direct nicking assays in the presence of PIF. Despite
the fact that NS1 has potent intrinsic helicase activity, no major
unwinding of the whole origin template was observed. To ex-
amine the level of local unwinding, the origin was probed with
KMnO,, and a distinct stretch of ~14 bp on both strands,
which includes an (A:T)s tract located between the specific
nick-sequence and the NS1 binding site, was found to be dis-
torted. To discriminate between unwinding and nicking, dis-
tortion preceding nicking was examined by abolishing nicking

through site-directed mutagenesis of the specific nick sequence
in the origin. In the mutant, the origin should resemble the
SV40 and BPV origins without the modification of the tem-
plate by nicking. However, no unwinding was detected on such
a template, indicating a role for the (A:T)s tract other than
providing helical instability, or alternatively, that the distor-
tions are not detectable in the assay. Thus, unwinding appears
to be not only dependent on nicking by NS1 but also limited to
a short region, suggesting that covalent attachment of NS1
restricts its ability to further unwind the origin.

In this study, we have shown that NS1 and RPA play key
roles in the formation of the parvoviral replication fork. While
NS1 nicking and covalent attachment to the origin only causes
limited local unwinding of the origin, NS1 and RPA physically
interact and coordinate extensive unwinding. The level of fork
migration mediated by NS1 and RPA allows further assembly
of replication proteins and promotes processive leading-strand
elongation catalyzed by Pol 8 and accessory factors, indicating
that these components could constitute a complete parvoviral
replisome.
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FIG. 8. Binding of NS1 to purified RPA. Purified RPA complex
comprising three (p70, p34, p14) or two (p70, p34) subunits or E. coli
SSB was immobilized on ELISA wells and incubated with increasing
amounts of purified GST-NS1. The different target proteins are indi-
cated at the right. In each ELISA, bound NS1 was detected by a rabbit
polyclonal antiserum directed against its carboxyl terminus, followed
by horseradish peroxidase-coupled anti-rabbit immunoglobulin G an-
tibody and a chromogenic substrate. ELISA wells coated with BSA
served as negative controls. Inclusion of DNase I or micrococcal nu-
clease in these assays did not quantitatively or qualitatively affect the
observed interactions. O.D., optical density.

Interestingly, RPA binds DNA 10 to 20 nucleotides long,
with a preference for short polypyrimidine sequences (32, 33),
just as observed for the nicked origin. This suggests that the
polypyrimidine tract provides an entry site for RPA and thus
affords an obvious role for RPA in origin unwinding. Accord-
ingly, the inclusion of RPA in the nicking reaction led to
extensive unwinding, again with the prerequisite for covalent
NS1 attachment to the origin. Our findings indicate that while
NS1 may expose enough single-stranded DNA template for
RPA to bind, it probably recruits RPA for this binding through
direct protein-protein interaction, since the single-stranded
DNA binding activity of E. coli SSB could not substitute for
RPA in this unwinding reaction. Whether this specificity could
be explained by an essential role for direct NS1-RPA interac-
tion in recruitment alone or also in the unwinding reaction
itself could not be deduced from the present experimental
data. However, NS1-RPA interaction may modulate several
functions of both proteins nonexclusively, including stimula-
tion of NSI activity and coordination of progressive unwinding
and stabilization of the DNA template.

In our studies of the interaction between NS1 and RPA, no
quantitative differences in binding to either the RPA hetero-
trimer or a complex comprising its two larger subunits were
observed. We have found it possible to express the individual
RPA subunits as soluble proteins only in bacteria, in contrast
to the fully functional RPA that was expressed in insect cells.
Although the level of binding was reduced compared to that of
the native complex, preliminary results of interactions with the
individual subunits indicate that NS1 binds preferentially to
the major subunit of RPA (data not shown). Specific interac-
tion with RPA has been demonstrated for other DNA viral
initiator proteins, including SV40 TAg and BPV EI1 protein,
which both involve the major subunit of RPA (23, 29), indi-
cating that this may be a major theme in viral origin unwinding.
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To examine if the extent of unwinding observed allowed
concomitant processive replication of the template, we sought
to reconstitute leading-strand synthesis controlled by NS1 and
RPA in vitro. We have previously reported the isolation of
cellular factors necessary for establishment of oriL.-dependent
leading-strand synthesis, using extracts from human cell lines
fractionated on phosphocellulose to reconstitute replication in
vitro (10). This approach led us to identify PCNA, RPA, and
PIF as necessary for viral DNA replication, in addition to a
fraction previously shown to contain polymerases and acces-
sory factors involved in SV40 replication (7). In the present
study, we expressed the putative four-subunit DNA Pol 8 com-
plex and the clamp loader, RFC, from recombinant baculovi-
ruses. These factors were known to be responsible for leading-
strand synthesis in the SV40 system, and we tested them for
reconstitution of replication in the MVM oriL-based system.

We chose to adopt a recombinant strategy rather than using
factors purified from HeLa cells for several reasons. First,
purification of Pol 8 is known to be hampered by the loss of
subunits during purification, and there is still some controversy
about the numbers of subunits in the active complex. More-
over, it has recently been shown that the p66 subunit, which
makes direct contact with PCNA and is necessary for proces-
sive synthesis, is preferentially lost or degraded during conven-
tional purification (7, 31, 37). The lack of “complete” Pol 8
activity may be masked in the SV40 replication system, since
nearly full replication can be mediated by a-polymerase alone
(25). However, the four-subunit enzyme might play a more
crucial role in an exclusively unidirectional leading-strand sys-
tem like that of MVM, a possibility we are currently exploring.
Secondly, the purification of Pol § and its accessory factors is
tedious, and the presence of other polymerases in cell extracts
complicates purification. Finally, recombinant expression of
Pol & and RFC, together with that of NS1, PIF, PCNA, and
RPA, has made it possible to reconstitute replication based
solely on purified recombinant polypeptides, paving the way
for reconstitution of full-length genomic replication by the
rolling-hairpin mechanism. Such recombinant replication ma-
chinery is subject to facile genetic manipulation and thus pro-
vides a model system for further studies of cellular or viral
factors that regulate viral replication.

Initially, recombinant Pol 3, RFC, PCNA, and RPA were
tested for replication activity on singly primed single-stranded
DNA to test for processivity while bypassing any requirement
for unwinding double-stranded DNA in front of the extending
3’ end. Despite the aberrant subunit composition of the Pol &
preparation, the recombinant factors efficiently catalyzed pro-
cessive elongation of full-length circular M13 DNA. Moreover,
E. coli SSB efficiently substituted for RPA, supporting another
established feature of leading-strand DNA synthesis and help-
ing to substantiate the fidelity of the recombinant system (39).
When NS1, PIF, recombinant Pol 8, and accessory factors were
examined using minimal left-end origin cloned in a plasmid as
a template, efficient replication was observed, demonstrating
the abilities of RPA and NS1 to mediate unwinding and fork
progression. However, in contrast to the M13 replication assay,
E. coli SSB did not support replication initiated from the min-
imal origin, confirming that NS1 and RPA specifically mediate
fork progression and helping to rule out simple strand dis-
placement as driving replication. The recombinant factors em-
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DNA synthesis direction

RPA

FIG. 9. Model of a minimal parvovirus replication fork. The model
is based partly on the data described in this report and partly on the
body of published data describing the interactions of RPA, RFC,
PCNA, and Pol 8 (6, 23, 24, 45, 46, 54). See the text for additional
description.

ployed in the replication assay were also found to be the min-
imal set of proteins necessary for processive replication,
suggesting that NS1 itself does not provide any of the functions
of, for example, the polymerase accessory factors.

Taken together, the data suggest that parvoviral fork pro-
gression is mediated by unwinding coordinated by NS1 and
RPA. The covalently attached NS1 may oligomerize with an-
other NS1 molecule(s) and provide the helicase function nec-
essary for unwinding. Further, we suggest that, in concert with
RPA, the NS1 helicase rotates around the DNA helix, spooling
off the NS1-attached strand and translocating the fork, as di-
agrammed in Fig. 9. Like SV40 TAg (28), NS1 is a 3'-5’
helicase, suggesting that NS1 forward migration takes place on
the strand being replicated. The unwinding process appears to
be independent of synthetic extension of the liberated 3’ end,
since unwinding is not inhibited by Pol & and accessory factors,
at least in the absence of deoxynucleotides (J. Christensen,
unpublished data). In turn, this suggests that DNA polymer-
ization is not dependent on, or coordinated by, the advancing
NS1-RPA-driven fork. However, assembly of the complete
replisome may also involve interactions with the polymerase
complex. Preliminary data indicate that NS1 may directly in-
teract with RFC and assist in loading of RFC to the free 3’ end
at the nick and thus indirectly load PCNA and Pol § (J. Chris-
tensen, unpublished). The dynamics of RFC in loading the
polymerase complex for extension of free 3’ ends are contro-
versial, but recent data indicate that RFC loads PCNA and Pol
8 to the primer site using RPA as a “common touchpoint.”
Furthermore, these proteins stay at the template, and the 3’
end is never left free of protein during strand elongation (54),
suggesting that an NS1-RFC interaction could also play a role
during elongation.

In summary, NS1 and RPA specifically coordinate the pro-
gression of the parvoviral replication fork. Subsequent assem-
bly of recombinant leading-strand DNA synthesis machinery
consisting of RFC, PCNA, and DNA Pol § efficiently catalyzed
processive DNA synthesis. These factors will provide an im-
portant tool for studying the reconstitution of replication of
the full-length parvovirus genome.
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