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We previously reported the development of an in vitro adeno-associated virus (AAV) DNA replication system.
The system required one of the p5 Rep proteins encoded by AAV (either Rep78 or Rep68) and a crude adeno-
virus (Ad)-infected HeLa cell cytoplasmic extract to catalyze origin of replication-dependent AAV DNA repli-
cation. However, in addition to fully permissive DNA replication, which occurs in the presence of Ad, AAV is
also capable of partially permissive DNA replication in the absence of the helper virus in cells that have been
treated with genotoxic agents. Limited DNA replication also occurs in the absence of Ad during the process of
establishing a latent infection. In an attempt to isolate uninfected extracts that would support AAV DNA repli-
cation, we discovered that HeLa cell extracts grown to high density can occasionally display as much in vitro
replication activity as Ad-infected extracts. This finding confirmed previous genetic analyses which suggested
that no Ad-encoded proteins were absolutely essential for AAV DNA replication and that the uninfected ex-
tracts should be useful for studying the differences between helper-dependent and helper-independent AAV
DNA replication. Using specific chemical inhibitors and monoclonal antibodies, as well as the fractionation of
uninfected HeLa extracts, we identified several of the cellular enzymes involved in AAV DNA replication. They
were the single-stranded DNA binding protein, replication protein A (RFA), the 3* primer binding complex,
replication factor C (RFC), and proliferating cell nuclear antigen (PCNA). Consistent with the current model
for AAV DNA replication, which requires only leading-strand DNA synthesis, we found no requirement for
DNA polymerase a-primase. AAV DNA replication could be reconstituted with purified Rep78, RPA, RFC, and
PCNA and a phosphocellulose chromatography fraction (IIA) that contained DNA polymerase activity. As both
RFC and PCNA are known to be accessory proteins for polymerase d and «, we attempted to reconstitute AAV
DNA replication by substituting either purified polymerase d or polymerase « for fraction IIA. These attempts
were unsuccessful and suggested that some novel cellular protein or modification was required for AAV DNA
replication that had not been previously identified. Finally, we also further characterized the in vitro DNA
replication assay and demonstrated by two-dimensional (2D) gel electrophoresis that all of the intermediates
commonly seen in vivo are generated in the in vitro system. The only difference was an accumulation of single-
stranded DNA in vivo that was not seen in vitro. The 2D data also suggested that although both Rep78 and
Rep68 can generate dimeric intermediates in vitro, Rep68 is more efficient in processing dimers to monomer
duplex DNA. Regardless of the Rep that was used in vitro, we found evidence of an interaction between the
elongation complex and the terminal repeats. Nicking at the terminal repeats of a replicating molecule
appeared to be inhibited until after elongation was complete.

The replication of adeno-associated virus (AAV) DNA is a
unique and highly regulated event. The productive replication
cycle of the virus requires coinfection with an unrelated helper
virus (usually adenovirus [Ad] or herpes simplex virus) (1, 38).
In the absence of the helper virus, the AAV genome undergoes
only limited amplification, which results in the integration of a
tandemly repeated provirus into a host chromosome (5, 23,
34). In addition, some transformed cell lines which have been
treated with genotoxic agents (heat shock, hydroxyurea, UV
light, or carcinogens) can become semipermissive for AAV
DNA replication in the absence of helper virus (44, 66–68).

The molecular mechanism by which AAV DNA replication

is regulated by an unrelated helper virus is not fully under-
stood. In the case of Ad, five genetic regions, the E1A, E1B,
E4, E2A, and VA regions (1, 38), are required for complete
helper function. However, none of these genes appears to be
directly involved in AAV DNA replication. Genetic analyses
have suggested that the role of Ad coinfection is primarily to
maximize the synthesis of AAV-encoded gene products and
possibly cellular genes that are required for AAV DNA repli-
cation. Thus, the study of AAV DNA replication should pro-
vide a useful approach for studying mammalian DNA replica-
tion enzymes and their regulation.

AAV is a single-stranded DNA (ssDNA) virus whose ge-
nome is approximately 4.7 kbp. Both ends of the genome
contain identical palindromes of 125 nucleotides that can fold
back into a T-shaped hairpin structure (Fig. 1). The genome
replicates by a self-priming strand displacement mechanism (2,
16, 17, 28, 29, 43, 49). Replication is initiated from the 39
hairpin primer of the single-stranded input genome to gener-
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ate a linear duplex molecule in which one of the ends is co-
valently joined (Fig. 1, mT). To replicate the covalently closed
terminal sequence, the termini are nicked on one of the two
strands and the newly exposed 39-OH primer that is generated
by the nick is used to repair the terminal sequence. This pro-
cess, called terminal resolution or hairpin transfer, is a unique
mechanism used by the parvovirus family to maintain the in-
tegrity of the terminal sequences (Fig. 1, box). The linear
duplex end is then unwound to reform a terminal hairpin, thus
providing a 39-OH primer for strand displacement synthesis
(Fig. 1, reinitiation step). Elongation from the hairpin primer
then generates a single-stranded genome (which is presumably
packaged) and a new replicative-form (RF) molecule, which
again can undergo terminal resolution.

In previous work, we showed that either of the two virus-
encoded proteins, Rep68 or Rep78, is capable of catalyzing the
site-specific and strand-specific endonucleolytic cleavage event
at the terminal resolution site (trs) within the terminal repeat
(TR) (Fig. 1) (21, 48). Rep binds to a bipartite element that
consists of a 22-bp Rep binding element (6, 7, 32, 33, 42, 47, 64)
within the stem of the hairpinned TR and a smaller five-base
motif within the cross arms of the T-shaped structure (42). It
then cleaves a specific sequence at the trs and becomes co-
valently attached to the 59 end of the cut site via a tyrosine
phosphate linkage (46, 47). Cleavage at the trs is much more
efficient on hairpinned substrates than on linear ones (6, 47).
Unwinding of the TR, possibly by the Rep-associated DNA
helicase activity (21) and repair of the TR with cellular DNA

polymerases, completes the process of terminal resolution (48)
(Fig. 1, box).

More recently, we have developed a cell-free assay for effi-
cient AAV DNA replication (39) that mimics AAV DNA
replication in vivo. The in vitro system required the presence of
one of the large Rep proteins encoded by AAV (Rep68 or
Rep78), the AAV TRs, which are the origins for DNA repli-
cation, and a cytoplasmic extract from Ad-infected HeLa cells.
The substrate used in this assay was a linear AAV DNA mol-
ecule in which both ends were covalently joined, no-end (NE)
DNA (Fig. 1). As expected, uninfected HeLa cell extracts were
significantly less effective in supporting AAV DNA replication.
The defect was found to be either at the reinitiation step or in
elongation (Fig. 1). Ward and Berns (63), using linear AAV
substrates, subsequently demonstrated that uninfected extracts
were defective in the elongation step. Replication assays using
circular plasmid substrates containing AAV genomes have also
been explored (18, 19). These require both excision and rep-
lication of the AAV sequences.

The study of in vitro simian virus 40 (SV40) DNA replication
(a circular double-stranded DNA virus) has led to the identi-
fication of several cellular replication proteins. SV40 DNA
replication has been reconstituted with highly purified SV40-
encoded T antigen and 10 cellular factors (see reference 60
and references therein). They are DNA polymerase a (pol
a)-primase and DNA pol d, replication protein A (RPA), rep-
lication factor C (RFC), proliferating cell nuclear antigen
(PCNA), topoisomerase (topo) I and topo II, DNA ligase I,
RNase H, and maturation factor I (MF-I). In view of the
mechanism of AAV DNA replication, only a subset of the
cellular factors needed for SV40 DNA replication, namely,
those involved in leading-strand synthesis (PCNA, RPA, RFC,
and pol d), should be necessary for AAV DNA replication. As
yet, however, nothing is known about the cellular factors re-
quired for AAV DNA replication. Additionally, it is not known
why uninfected cellular extracts are incapable of supporting
efficient AAV DNA synthesis either in vitro or in vivo.

In this report, we demonstrate that uninfected cell extracts
that are capable of sustaining in vitro AAV DNA replication at
levels similar to those seen with Ad-infected extracts can be
prepared. Such extracts may prove useful in analyzing the
differences between uninfected and Ad-infected cells that con-
trol the level of AAV DNA synthesis. We also use the in vitro
replication assay to fractionate uninfected HeLa cell extracts
and to identify some of the cellular replication proteins in-
volved in AAV DNA synthesis. As mentioned earlier, we ex-
pected that all of the enzymes identified in the SV40 DNA
replication system which were involved in the generation or
processing of lagging-strand Okazaki fragments (pol a, RNase
H, ligase I, and MF-I) would be unnecessary for AAV DNA
replication. Indeed, our results confirmed that the purified
cellular factors PCNA, RPA, and RFC and a partially purified
fraction containing cellular DNA polymerases are necessary
for reconstituting AAV DNA replication. However, we are
unable to reconstitute activity in assays using any combination
of pol a, d, and ε, suggesting that an additional cellular factor,
not been previously identified in the SV40 system, is necessary
for AAV DNA synthesis. Finally, using two-dimensional (2D)
gels, we show that the products of the in vitro assay are con-
sistent with the current model for AAV DNA replication, in
which AAV DNA undergoes only leading-strand DNA synthe-
sis and no RNA priming is involved.

MATERIALS AND METHODS

Substrates, antibodies, and chromatography materials. NE DNA substrate
was prepared from psub201 plasmid DNA as previously described (48). Poly-

FIG. 1. Mechanism of AAV DNA replication. The diagram at the top illus-
trates a working model for the formation of replicative AAV DNA intermediates
when NE DNA is used as a template for replication in vitro. Designations mE,
mT, dE, dT, and ss stand for monomer extended, monomer turnaround, dimer
extended, dimer turnaround, and single-stranded DNA, respectively. The series
of reactions on the left depict steps involved in the generation of monomer
duplex and single-stranded DNA species, and those on the right depict the steps
involved in the formation of dimer duplex DNA. The boxed region illustrates the
steps in terminal resolution on one or both ends of NE DNA. In contrast to the
in vitro reaction with NE substrate, in a normal virus infection a single-stranded
input DNA molecule (ss) is converted to a monomer turnaround (mT) form,
which is then converted via terminal resolution to a monomer extended form
(mE). See text for further details.
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clonal antibody against PCNA (40) and monoclonal antibodies against DNA pol
a (SJK132-20) (53), RPA (recognizing the 34-kDa subunit), and RFC (mono-
clonal antibody 19, recognizing the 140-kDa subunit) (3) have been previously
described. All antibodies were purified by protein A-Sepharose chromatog-
raphy prior to use. Monoclonal antibody against large T antigen (pAb419)
(15) was a generous gift from Peter Tegtmeyer (State University of New York
at Stony Brook). Aphidicolin, N2-(p-n-butylphenyl)-29-deoxyguanosine 59-tri-
phosphate (BuPdGTP), and 2-(p-n-butylanilino)-29-deoxyadenosine 59-tri-
phosphate (BuAdATP) were generous gifts from George E. Wright. Ribo- and
deoxyribonucleoside triphosphates were purchased from Pharmacia or Sigma.
They were dissolved in water and neutralized with NaOH. Radioactive nucleo-
tides were purchased from ICN. Creatine phosphate, creatine phosphokinase,
and dithiothreitol (DTT) were purchased from Sigma and dissolved in water.
Restriction and DNA-modifying enzymes and l bacteriophage DNA were from
New England Biolabs. DEAE-cellulose and phosphocellulose were purchased
from Whatman; Mono-S and Mono-Q FPLC columns were purchased from
Pharmacia, and ssDNA-agarose was purchased from Life Technologies.

Preparation of Ad-infected and uninfected HeLa cell crude extracts. Ad-
infected extracts were prepared as previously described (39). Low-density unin-
fected HeLa cell [HeLa(S)] extracts and Ad-infected HeLa cell [Ad(S)] extracts
were prepared as previously described from cells that had been grown to a
density of 5 3 105 cell per ml. High-density uninfected HeLa cell suspension
[HeLa(H)] extracts were grown to a density of 9 3 105 to 10 3 105 cells per ml,
diluted 1:1 with fresh medium, and incubated for another 16 to 20 h. Cells were
then counted to determine if the cell density was again above 9 3 105 cells per
ml and harvested by low-speed centrifugation. Cells were broken and extracted
with 0.2 M NaCl as described previously (39), and the extracts were dialyzed
against 20 mM Tris (pH 7.5)–5 mM NaCl–10% glycerol–0.1 mM EDTA–1 mM
DTT. The final protein concentration of the extracts was approximately 30
mg/ml, and the extracts were stored at 280°C. Protein was measured with the
Bradford reagent (Bio-Rad), using pooled bovine gamma globulin as the stan-
dard.

Rep protein. Baculovirus expression vectors and the preparation of crude
baculovirus extracts containing Rep78 or Rep68 have been described previously
(39). The crude extracts contained approximately 104 U of replication activity per
mg of protein (see below for unit definition) and 6 to 7 mg of protein per ml.
Homogeneously pure Rep68 (Mono-Q fraction) was prepared as described pre-
viously (39). It had a specific activity of 106 U/mg and was approximately 100-fold
purified relative to the crude preparation. Partially purified Rep78 was prepared
from baculovirus-infected SF9 crude extracts as follows. Four milliliters of the
crude extract was diluted with buffer A (25 mM Tris-HCl [pH 7.5], 0.1 mM
EDTA, 0.05% Nonidet P-40, 10% glycerol, 1 mM DTT, 0.1 mM phenylmethyl-
sulfonyl fluoride, 0.5 mg of leupeptin per ml, 0.7 mg of pepstatin per ml), adjusted
to a conductivity of 0.2 M NaCl, and then applied to a phosphocellulose (P-cell)
column that had been equilibrated with buffer A containing 0.2 M NaCl. The
column was washed with 5 column volumes of 0.2 M NaCl buffer A and eluted
with 10 column volumes of an ascending linear gradient (0.2 to 0.8 M NaCl) in
buffer A. The active P-cell fractions were identified by using the in vitro AAV
DNA replication assay. Only one major peak was found and pooled, and the
specific activity of the P-cell fraction was 9.3 3 104 U/mg. The pooled Rep78
fractions were diluted with buffer A to adjust the conductivity to the equivalent
of 0.1 M NaCl in buffer A and then applied to an ssDNA-agarose column that
had been equilibrated with the loading buffer. The column was washed with
loading buffer and eluted with 10 column volumes of a linear gradient (0.1 to 0.8
M NaCl) in buffer A containing 2 mM MgCl2 and 20% glycerol. Active fractions
were identified, pooled, and dialyzed against buffer A containing 2 mM MgCl2
and 20% glycerol. Rep78 was enriched fivefold after phosphocellulose column
and another twofold after ssDNA-agarose chromatography. The final specific
activity in the DNA replication assay was approximately 2 3 105 U/ml at a total
protein concentration of 275 mg/ml. The ssDNA fraction was stable at 280°C for
at least 6 months.

2D agarose gel electrophoresis. In vitro synthesized AAV DNA replication
products were treated with proteinase K and run in the first dimension on a 0.8%
neutral agarose gel. The gel was then soaked for 1 h in alkaline running buffer (30
mM NaOH, 1 mM EDTA), turned 90°, and run in the second dimension in
alkaline running buffer as described (31). The gel then was dried and exposed to
X-ray film 270°C with an intensifying screen.

Fractionation of uninfected HeLa cell extracts. The preparation of phospho-
cellulose fractions I, II, IIA, IIB, IIC, and IID from HeLa(H) extracts was
performed as described previously (54, 56, 57). Briefly, the crude uninfected
HeLa cell S100 extract was adjusted to the conductivity of buffer B (25 mM Tris
HCl [pH 7.5], 1 mM EDTA, 0.01% Nonidet P-40, 10% glycerol, 0.1 mM phe-
nylmethylsulfonyl chloride) containing 0.2 M NaCl and loaded onto a phospho-
cellulose column that had been equilibrated with buffer A containing 0.2 M
NaCl. The column was washed with the same buffer, and the protein pool that
came off the column was collected (fraction I). The column was then eluted with
buffer A containing 1 M NaCl (fraction II). Alternatively, the column was eluted
discontinuously with buffer A containing 0.33, 0.4, 0.66, and 1 M NaCl to produce
fractions IIA, IIB, IIC, and IID, respectively. Each fraction was dialyzed against
buffer A containing 25 mM NaCl and stored at 280°C.

Mammalian replication enzymes. Pol d (6.4 U/ml) was purified from calf
thymus through five steps as described previously (24, 56) and assayed using by

poly(dA-dT) substrate as described by Syvaoja et al. (51). Purified human pol a
(3.1 U/ml) was prepared by antibody affinity chromatography as described (37,
58) and assayed by using activated salmon sperm DNA as a template. Purified
pol ε (9.01 U/ml) was a kind gift from Stuart Linn. It was purified and assayed as
described elsewhere (50, 51), using poly(dA)4000 primed with dT16 (both pur-
chased from Midland Certified Reagent Co.). One unit of DNA polymerase
catalyzes the incorporation of 1 nmol of nucleotide per h. Purified RPA (0.54
mg/ml) was prepared as described by Fairman and Stillman (12). Purified RFC
(1.8 mg/ml) was the second phosphocellulose fraction (fraction IV) described
previously (58). PCNA (0.8 mg/ml) was purified from a bacterial expression
vector as described elsewhere (13). Topo I (27) and topo II (45) were purified as
described elsewhere.

AAV in vitro DNA replication assay. The standard AAV DNA replication
assay (39) contained, in 30 ml, 30 mM HEPES (pH 7.5), 7 mM MgCl2, 0.5 mM
DTT, 100 mM each dATP, dGTP, dCTP, and dTTP, 25 mCi of [a-32P]dATP (3
mCi/pmol), 4 mM ATP, 40 mM creatine phosphate, 1 mg of creatine phosphoki-
nase, 255 mg of Ad-infected or uninfected HeLa S100 extract, 0.1 mg of NE
substrate DNA (0.032 pmol of AAV DNA or 300 pmol of nucleotide), and 1 to
80 U of Rep78 or Rep68 baculovirus crude extract, the Mono-Q or ssDNA
Rep68 fraction, or the ssDNA Rep78 fraction. A unit of Rep activity was
arbitrarily defined as an amount of Rep protein that catalyzed the incorporation
of 1 pmol of radioactive deoxynucleoside monophosphate into DpnI-resistant
monomer or dimer duplex AAV DNA in 2 h at 37°C. Following incubation, the
reaction mixture was adjusted to 70 ml containing 0.3% sodium dodecyl sulfate,
0.7 mg of proteinase K per ml, and 17 mM EDTA. Proteinase K digestion was
at 37°C for 1 h. The products were then extracted with phenol and chloroform
and precipitated with ethanol. The ethanol precipitate was dissolved in 18 ml of
water and where indicated digested with DpnI for 2 h at 37°C. The products (or
a portion of them) were separated on either 0.8 or 1% agarose gels by electro-
phoresis for 4 h at 6 V/cm. The radioactivity in monomer and dimer RF products
was counted in dried gels by a scanning gas flow (AMBIS) counter. X-ray film
was exposed for 5 min to 16 h without a screen at room temperature. Addition-
ally, the DE-81 filter assay was used to measure total incorporation into acid-
insoluble product as described previously (39).

RESULTS

Replication with uninfected and Ad-infected HeLa cell ex-
tracts. We previously reported that Ad-infected HeLa cell
extracts were more efficient in supporting AAV DNA replica-
tion than uninfected extracts. As mentioned earlier, this ap-
peared to be due to a problem either in the reinitiation step
(Fig. 1) or in strand displacement and elongation (39). More
recently, Ward and Berns (63) demonstrated that the defect in
uninfected extracts was at the level of elongation. However,
genetic analyses by a number of laboratories had suggested
that no Ad-encoded proteins were directly involved in AAV
DNA synthesis (38). Ad coinfection is known to be essential
for the expression of the AAV-encoded Rep proteins (which
are required for AAV DNA synthesis), but the fact that addi-
tion of exogenous Rep protein to uninfected extracts was not
sufficient to support AAV DNA synthesis suggested that Ad
was either inducing or inhibiting the expression of some critical
cellular or Ad-encoded factor. In this respect, several reports
have demonstrated that transformed tissue culture cells that
have been subjected to stress (for example, UV irradiation)
became semipermissive for AAV DNA replication (44, 66–68).
As a first step toward defining the biochemical differences
between permissive and semipermissive conditions for AAV
replication, we tested several alternative methods of preparing
HeLa cell extracts to see if a permissive HeLa cell extract could
be made in the absence of Ad infection. As shown in Fig. 2, we
found that HeLa(H) extracts were significantly better than
HeLa(S) extracts and almost as efficient as Ad(S) extracts.
Although as yet we do not understand the mechanism of this
observation, we have used the modified HeLa(H) extracts for
many of the experiments described in this report. Elsewhere,
we will compare these extracts with Ad(S) extracts to define
factors necessary for permissive AAV DNA replication (33a).

Inhibition of AAV DNA synthesis by monoclonal antibodies
to specific cellular replication enzymes. To identify some of
the cellular factors in the uninfected extract that are necessary
for AAV DNA replication, we used monoclonal antibodies

VOL. 72, 1998 AAV DNA REPLICATION 2779



that had been shown to inhibit the activity of RPA, RFC, or pol
a-primase. These antibodies were added to the standard in
vitro AAV DNA replication assay which contained, in addition
to the linear AAV NE DNA substrate, the optimal amount of
crude uninfected HeLa cell extract and crude baculovirus ex-
tract containing Rep78. The intensities of the monomer and
dimer duplex molecules that were resistant to DpnI digestion
were used to determine the level of AAV DNA synthesis (Fig.
3). In the reactions that were incubated with antibodies against
either RFC or RPA, significant inhibition of AAV DNA rep-
lication was observed. This implied that both RFC and RPA
are cellular factors that are essential for AAV DNA replication
in vitro. As expected, a monoclonal antibody against SV40 T
antigen did not inhibit AAV DNA synthesis. In addition, a
polyclonal antibody against PCNA, which was known not to
inhibit SV40 DNA replication in vitro, did not inhibit AAV
DNA synthesis either. Finally, the monoclonal antibody against
pol a seemed to have an inhibitory effect only at the highest
level of antibody tested. This effect could not be reproduced in
two additional antibody titrations (data not shown), and we
concluded that pol a was not necessary for AAV DNA syn-
thesis. We also note that inhibition by any of the antibodies
tested does not conclusively demonstrate that the target en-
zyme is directly involved in AAV DNA synthesis. Conceivably,
inhibition might be due to the presence of another protein that
is present in a complex with the target protein.

Inhibition of AAV DNA synthesis by specific chemical inhib-
itors. A variety of chemical inhibitors have been shown to have
differential effects on the known cellular DNA polymerases.
These were tested in the standard in vitro AAV DNA replica-
tion assay to determine if one or another of the DNA poly-
merases was more likely to be involved in AAV DNA synthesis
(Table 1). Aphidicolin, which is a potent inhibitor of pol a, pol
d, and pol ε (14, 20, 26) but is without effect on pol b and pol
g (20), completely abolished AAV DNA synthesis at a concen-
tration of 10 mg/ml (Table 1). Dimethyl sulfoxide, the solvent
used to dissolve aphidicolin, had no effect on the reaction at
the same concentration (0.1%). This result suggested that one
or more of the three cellular DNA polymerases a, d, and ε,
were primarily responsible for AAV DNA replication in vitro.
The possibility of the involvement of DNA pol b and g without
the presence of either DNA polymerase a, d, or ε was thus
ruled out. The base analog 29,39-dideoxythymidine 59-triphos-

phate, a compound that inhibits pol b and pol g with at least an
order of magnitude greater potency than it does pol a or pol d
(11, 61, 62), inhibited AAV DNA synthesis in vitro with a
potency reflecting that which it displays for pol a and pol d,
rather than pol b and pol g. This finding also suggested that pol
b and pol g were not required for AAV DNA synthesis.

To distinguish between a requirement for pol a, pol d, or pol
ε, we used the base analogs BuPdGTP (65) and BuAdATP (22)
in the in vitro replication reaction (Table 1). Both BuPdGTP

FIG. 2. Abilities of Ad(S), HeLa(S), and HeLa(H) extracts to support AAV
DNA replication in the standard in vitro AAV DNA replication assay containing
partially purified Rep78 (ssDNA fraction; 0.25 mg). Two different high-density
extracts are shown. The amount of incorporation into DNA product was mea-
sured by DE-81 filter binding assay.

FIG. 3. Effects of neutralizing monoclonal antibodies on AAV DNA synthe-
sis in vitro. Standard DNA replication reactions mixtures containing uninfected
HeLa cell crude extract (255 mg) and crude baculovirus-expressed Rep78 (8 mg)
were incubated with monoclonal antibodies against T antigen (TAg; lanes 2 to 4;
0.4, 0.8, and 2.4 mg), RFC (lanes 5 to 8; 0.5, 1.0, 2.0, and 3.0 mg), RPA (lanes 10
to 13; 0.75, 1.5, 3.0, and 4.5 mg), PCNA (lanes 14 to 17; 0.4, 0.8, 1.6, and 2.4 mg),
or DNA pol a (lanes 18 to 21; 0.4, 0.8, 1.6, and 2.4 mg) for 2 h at 37°C. DNA
products were digested with DpnI and analyzed on a 0.8% agarose gel. md and
dd indicate monomer duplex and dimer duplex DNA species that are resistant to
DpnI digestion, respectively. DNA products that are sensitive to DpnI digestion
are marked with a line on the left. Lanes 1 and 9 represent reaction mixtures
incubated without antibody.

TABLE 1. Effects of specific inhibitors on AAV DNA
replication in vitro

Inhibitor Concn Relative activity (%)

None 100
Aphidicolina 10 mg/ml 0
ddTTPa 500 mM 42
BuPdGTPb 40 nM 100

25 mM 50
BuAdATPb 20 nM 100

120 mM 50
Dimethyl sulfoxidea 0.1% 79

10% 0

a The level of AAV DNA synthesis was measured by scanning the intensity of
monomer and dimer duplex DNA that were resistant to DpnI digestion by a gas
flow counter to calculate the amount of incorporation of [a-32P]dAMP into NE
DNA substrate in the standard in vitro AAV DNA replication assay using
uninfected crude HeLa cell extract (255 mg/ml), crude baculovirus Rep78 (8 mg),
and the indicated inhibitors in a 2-h reaction. The percent activity remaining was
then calculated by comparison to the reaction that contained no inhibitor.

b The level of [a-32P]dAMP incorporation in a standard (2-h) in vitro repli-
cation assay using uninfected crude HeLa cell extract and crude baculovirus
Rep78 as described above was measured by DE-81 filter assay in the presence of
the following inhibitor concentrations: 0.04, 0.4, 1, 10, 100, and 200 mM for
BuPdGTP and 0.02, 0.2, 2, 20, 70, 100, and 200 mM for BuAdATP. The percent
activity remaining was then calculated by comparison to a reaction that contained
no inhibitor, and the concentration of inhibitor required to achieve 50% inhibi-
tion was calculated. Also shown, is the percent remaining activity at the lowest
concentration of inhibitor used.
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and BuAdATP are known to differentially inhibit pol a and pol
d (or ε), inhibiting pol a with several orders of magnitude
greater potency than pol d or ε (4, 9, 10, 22, 25, 65). A titration
of BuPdGTP and BuAdATP was performed in the standard
AAV DNA synthesis reaction, and the level of synthesis was
measured by the DE-81 filter binding assay. Fifty percent
inhibition of AAV DNA replication was seen with 25 mM
BuPdGTP and 120 mM BuAdATP (Table 1). No inhibition
was seen at concentrations of BuPdGTP (40 nM) and
BuAdATP (20 nM) that were expected to inhibit DNA pol a.
The effect of the inhibitors BuPdGTP and BuAdATP on the
complete AAV DNA synthesis reaction was similar to the
effect seen previously on the AAV terminal resolution reaction
in which the termini of AAV are repaired following site-spe-
cific nicking by the Rep protein (46). This result indicated that
the requirements for a DNA polymerase in the terminal res-
olution reaction and the subsequent strand displacement reac-
tion were probably the same. In both cases, the inhibition data
were consistent with either pol d or pol ε being primarily
responsible for AAV DNA synthesis in vitro.

Time course of DNA synthesis. We had previously reported
that there was a lag in the onset of DNA synthesis in our in
vitro reaction and suggested that the lag may be due to a
requirement for assembling a replication complex (39). These
studies had been done with a crude baculovirus extract in
which Rep78 had been overexpressed. When homogeneously
pure Rep68 and partially purified Rep78 became available, we
repeated these experiments. As shown in Fig. 4, we found that
the delay in onset of DNA synthesis was due to an inhibitor
present in the baculovirus crude extract that had been the
source of Rep protein. When the ssDNA-cellulose fraction of
Rep78 (Fig. 4) or the homogeneously pure Rep68 (not shown)
was used in a time course experiment, no lag in DNA synthesis
was seen.

Reconstitution of AAV DNA synthesis in vitro with unin-
fected HeLa cell fractions. To further study the cellular factors
that contribute to AAV in vitro DNA replication, the crude
uninfected HeLa extract was fractionated by phosphocellulose
chromatography essentially as described by Stillman and col-
leagues (54, 56, 57) and illustrated in Fig. 5. The phosphocel-
lulose column was eluted discontinuously with two NaCl con-

centrations to produce a 0.2 M fraction (fraction I) and a 1.0 M
fraction (fraction II). Fraction I had previously been shown to
contain the cellular factors RPA and PCNA (12, 41). When
fraction II alone or fraction I alone was used in the standard
DNA replication assay, no AAV DNA synthesis could be de-
tected (Fig. 6A, lane 2; Fig. 6B, lane 3 and 4). When fraction
II was supplemented with purified RPA and PCNA, the level
of DpnI-resistant monomer and dimer product synthesized was
up to 40% of that seen with the starting crude extract (Fig. 6A,
lane 4; Fig. 6B, lane 5). Omission of PCNA abolished DNA
replication (Fig. 6A, lane 3; Fig. 6B, lane 9), suggesting that
AAV DNA synthesis is PCNA dependent. Omission of RPA
also eliminated synthesis (Fig. 6B, lane 8).

To further investigate the nature of the protein factors
present in fraction II, subfractions were prepared by elution of
a phosphocellulose column with 0.33, 0.4, 0.66, and 1.0 M NaCl
to produce fractions IIA, IIB, IIC, and IID, respectively (Fig.
5). Each subfraction was added to the standard AAV DNA
replication reaction to see which combination of fractions
could reconstitute activity in the presence of purified PCNA
and RPA. Fraction IIA alone, which contained approximately
70% of the DNA polymerase activity as judged by incorpora-
tion into a poly(dA)-oligo(dT) template (data not shown),
produced no detectable DNA synthesis (Fig. 6A, lane 6).
When fraction IIA was supplemented with fraction IIC, ap-
proximately 10% of the full-length, DpnI-resistant, monomer
or dimer DNA product that was seen with crude extract was
obtained (Fig. 6A, lanes 8 to 10; Fig. 6B, lane 6). Omission of
either fraction IIA (Fig. 6B, lane 11) or fraction IIC (Fig. 6A,
lanes 6 and 7) eliminated DNA replication. Addition of frac-
tion IIB alone (Fig. 6A, lane 8), fraction IID alone (data not
shown), or both (Fig. 6A, lane 9) did not have a significant
effect on replication. This result suggested that all the essential
components that were present in fraction II were retained in
fractions IIA and IIC.

RFC is known to be present primarily in fraction IIC (57).
When fraction IIC was replaced by purified RFC, AAV DNA
synthesis was stimulated (Fig. 6A, lane 11; Fig. 6B, lane 7),
indicating that the major component of fraction IIC that is
necessary for AAV DNA replication is RFC. We noted, how-
ever, that the level of DNA synthesis obtained with fraction
IIA and purified RFC, RPA, and PCNA was only a portion of
the activity seen with the starting crude extract. This suggested
either that we had not achieved optimal concentrations of the
components required for DNA synthesis or that in addition to
the purified components RPA, RFC, and PCNA, there might
be other factors in fractions I, IIB, IIC, and IID that were
necessary for maximum DNA synthesis. It also is worth noting
that although we compared only DpnI-resistant products gen-
erated in our reactions, we often saw a significant amount of

FIG. 4. Time course of in vitro AAV DNA replication comparing purified
and crude Rep78. The standard DNA replication assay contained 200 mg of
Ad-infected HeLa cell extract and either crude baculovirus extract containing
Rep78 (8 mg) or partially purified Rep78 (ssDNA fraction; 0.4 mg). Shown is the
amount of dAMP incorporated per 30-ml standard reaction as determined from
counting of the DpnI-resistant monomer and dimer RF species at each time
point.

FIG. 5. Scheme for fractionation of crude uninfected HeLa cell extracts by
phosphocellulose chromatography. The presence or absence of previously char-
acterized replication factors in each fraction is indicated (57).
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DpnI-sensitive (i.e., incompletely replicated) product synthesis.
The level of DpnI-sensitive product was a function of the par-
ticular extract used. Figures 6A and B illustrate two extracts
that generated relatively low and high amounts of DpnI-sensi-
tive products, respectively. When seen, the DpnI-sensitive
products were absolutely dependent on the presence of Rep
(39), RPA (Fig. 6B, lane 8), and PCNA (Fig. 6B, lane 9) but
were not dependent on the presence of RFC (Fig. 6B, lane 10).

Because fraction IIA contained most of the DNA polymer-
ase activity, we tried to replace fraction IIA with combinations
of purified DNA pol a, d, or ε in the presence of purified RPA,
RFC, and PCNA. DNA pol d alone (Fig. 6A, lane 13) or DNA
pol a or ε alone (Fig. 6B, lanes 13 and 14) was unable to
reconstitute DNA synthesis. Addition of pol a and pol d to-
gether (Fig. 6A, lane 14; Fig. 6B, lane 15), as well as addition
of all three DNA polymerases (a, d, and ε) (Fig. 6B, lane 16)
was also not sufficient to reconstitute activity. Finally, the ad-
dition of purified calf thymus topo I and II, which are known to
be in fractions IIC and IID (Fig. 5), also did not reconstitute
DNA synthesis (Fig. 6B, lane 17). All of the purified DNA
polymerases used in these experiments, as well RPA, RFC, and
PCNA, were active in a reconstituted SV40 DNA synthesis
assay (pol a and pol d) (36) or in a standard DNA polymerase
assay using a poly(dA)-oligo(dT) substrate (pol ε) (data not
shown). This result suggested that in addition to a DNA poly-
merase activity, some other factor(s) in fraction IIA was re-
quired for AAV DNA synthesis in vitro. The requirement for
such a factor had not previously been seen in the studies of
SV40 DNA replication.

Analysis of replication intermediates by 2D agarose gel elec-
trophoresis. To see if the products of the in vitro DNA repli-

cation assay were consistent with the intermediates predicted
by the model for AAV DNA replication, we analyzed the
products of the in vitro reaction by 2D gel electrophoresis. We
would predict that the terminal sequence of AAV is either in
the extended (or resolved) form (Fig. 1, mE or dE), in which
the TR is linear, or in a turnaround (or unresolved) form (Fig.
1, mT or dT), in which the terminal sequence is covalently
closed in a T-shaped hairpin structure. The extended and turn-
around forms of different replication intermediates can be
efficiently separated by 2D agarose gel electrophoresis (59) in
which the first dimension is run under neutral conditions and
the second dimension is run under alkaline conditions (Fig. 7
and 8). AAV DNA was synthesized by the incubation of NE
DNA in the presence of uninfected HeLa cell crude extract
and either baculovirus-expressed Rep78 (ssDNA-cellulose frac-
tion) or homogeneously pure Rep68 in the standard reaction
containing a-32P-deoxynucleoside triphosphates. The products
of the reaction were treated with proteinase K, and then a
portion of each reaction was fractionated in the first dimension
on a 0.8% agarose gel under neutral conditions and in the
second dimension under alkaline conditions (Fig. 7). We also
examined the replicative intermediates generated in vivo in 293
cells following mixed infection with wild-type AAV and Ad
(Fig. 8).

(i) The double-stranded replication intermediates were the
same in vitro and in vivo. Both in vivo and in vitro, the repli-
cation intermediates separated into two dominant species in
the first dimension. The sizes of these species were the ex-
pected sizes of monomer and dimer duplex linear DNA (Fig. 7
and 8, 4.5 kb [or n] and 9 kb [or 2n]). Two higher-molecular-
weight species were also present in minor amounts, and their

FIG. 6. (A) Reconstitution of AAV DNA replication in vitro using fractionated HeLa cell extracts. Standard DNA replication reaction mixtures (15 ml) contained
the following concentrations of the indicated P-cell fractions and purified DNA replication factors: 50 mg of human RPA per ml, 8 mg of PCNA per ml, 72 mg of RFC
(fraction IV per ml, 5 mg of fraction II per ml, 0.62 mg of fraction IIA per ml, 0.19 mg of fraction IIB per ml, 0.31 mg of fraction IIC per ml, and 0.11 mg of fraction
IID per ml. Where indicated, the reaction mixtures contained, in 15 ml, 0.003 U of pol a, 0.02 U of pol d, and 0.014 U of pol ε. Reaction products were processed and
fractionated on 0.8% agarose gels as described in Materials and Methods. md and dd indicate monomer duplex and dimer duplex DNA species that are resistant to
DpnI digestion, respectively. DNA products sensitive to DpnI digestion are denoted with a line at the left. Molecular weight markers are l DNA molecules digested
with BstEII. (B) Same as Fig. 6A except that fraction I was used at a final concentration of 5.3 mg/ml, topo I was used at 4 mg/ml, and topo II was used at 1.8 mg/ml.
AQ, mono-Q fraction derived from P-cell fraction IIA.
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sizes were approximately those of trimer and tetramer duplex
DNA. Under alkaline conditions, the monomer duplex DNA
RF species was separated into two major forms: a 4.5-kb sin-
gle-stranded monomer-size molecule which arose from mono-
mer duplex molecules in which both ends of AAV were in the
extended configuration (Fig. 7 and 8, mE), and a 9-kb ssDNA
molecule which arose from monomer duplex DNA in which
one of the termini was in the turnaround form (Fig. 7 and 8,
mT). Similarly, dimer duplex DNA was separated in the sec-
ond dimension into a 9-kb (or 2ss) extended dimer (dE, both
ends of the dimer in the extended form) and an 18-kb turn-
around dimer (dT, one end of the dimer in the covalently

closed or turnaround form). A portion of dimer duplex DNA
comigrated in the alkaline dimension with the 4.5-kb mE sin-
gle-stranded monomer DNA molecules (Fig. 7A, h). These
probably were derived from dimer duplex DNA that was
nicked near the middle of molecule at the trs sites in one or
both strands of the TR bridge. Another portion of dimer DNA

FIG. 7. 2D agarose gel analysis of in vitro-synthesized AAV DNA. Crude
uninfected HeLa cell extracts were incubated with NE DNA and Rep78 (B;
ssDNA-cellulose fraction) or Rep68 (C; ssDNA-cellulose fraction) in 30-ml re-
actions under standard DNA replication conditions. DpnI-digested DNA prod-
ucts (1/10 of each reaction) were fractionated on a 0.8% agarose gel under
neutral conditions in the first dimension (1D) and alkaline conditions in the
second dimension (2D). Panel A is a diagram of the RF species generated by
Rep78, shown in panel B, and indicates relevant replicative DNA species (see the
legend to Fig. 1 legend and text for a description). The relative molecular weights
of each DNA species shown were derived from the migration pattern of BstEII-
digested lambda DNA (not shown).

FIG. 8. 2D agarose gel analysis of DNA isolated from cells coinfected with
Ad5 and AAV. 293 cells were infected with Ad5 and wild-type AAV at multi-
plicities of infection of 5 and 10, respectively. At 48 h postinfection, cultures were
harvested and low-molecular-weight DNA was isolated by Hirt extraction. AAV
DNA replicative forms were fractionated on a 0.8% agarose under neutral con-
ditions in the first dimension and alkaline conditions in the second dimension.
Panels B and C are 30-min and 2-day exposures of the same blot, respectively.
Panel A is a schematic representation of the data. mE and dE represent linear
monomer and dimer duplex DNA products with extended or open ends, respec-
tively. mT and dT represent linear monomer and dimer duplex DNA products
with a single covalently closed end or turn, respectively. cc denotes linear DNA
products that have both ends covalently closed, and ss indicates single-stranded
genomic DNA. The relative molecular weights of each DNA species shown were
derived from the migration pattern of HindIII-digested lambda DNA (not shown).
n indicates monomer size duplex DNA; ss indicates monomer size ssDNA.
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(designated m in Fig. 7 and dCC in Fig. 8) migrated at a
molecular weight higher than the 18-kb dT form and was pres-
ent in significant amount. This was probably a circular tetra-
meric ssDNA molecule which arose from linear dimer duplex
molecules in which both ends were covalently closed. A similar
monomer species (form k in Fig. 7A and mCC in Fig. 8), whose
structure should be identical to that NE DNA (Fig. 1), was also
found. These structures could be formed if replication stalls at
the TR and the nick is sealed by DNA ligase.

The only major difference seen between DNA synthesized in
vivo and in vitro was the substantially higher level of ssDNA
(Fig. 8, ss) seen in vivo. Most of the DNA in the cell was single
stranded and migrated to the right of monomer duplex in the
neutral dimension. This may reflect the accumulation of
ssDNA in a packaged form in vivo, whereas in vitro packaging
was not possible due to the absence of capsid protein.

(ii) Processing of dimer bridges may be coordinated with
strand elongation. Replication that initiates from one end of
an mE molecule would generate DNA that migrates slower
than monomeric DNA in the neutral dimension. In the alka-
line dimension, such molecules would dissociate into a 4.5-kb
single-stranded monomer molecule (the displaced strand, vis-
ible as a line of radioactivity between mE and h in Fig. 7A) and
a growing strand which would have sizes between 4.5 and 9 kb
(the line between mE and dE) (see also Fig. 9). Similarly,
replication initiated from the extended end of mT molecules
would generate replicative intermediates migrating between 9
and 18 kb in the alkaline dimension. If no terminal resolution
occurred during strand displacement synthesis, the migration
pattern of the intermediates would correspond to the line
between mT and dT in Fig. 7A. The end product of such
intermediates would be a dimer molecule that is covalently
closed at the end where strand displacement synthesis origi-
nated. The other end would be in the extended configuration,
and the former hairpinned palindrome of mT would be in the
middle of the dimer molecule (the dimer bridge) (see also Fig.
9). We note that although the line of radioactivity between mT
and dT is consistent with strand displacement synthesis that
originates on mT molecules, it could also be the result of
random, nonspecific nicking of dT molecules during or after
their synthesis; there is no way to distinguish the relative con-
tribution of these two mechanisms. The same is true for the
line of radioactivity between mE and dE.

If a single nick occurred on the template strand after repli-
cation on an mT template went through the dimer bridge
region (Fig. 9, cut i), it would generate a 4.5-kb strand and a
strand between 9 and 13.5 kb, to form a line of radioactivity

migrating between mT and a position between dT and dE. If a
nick occurred on the growing strand (Fig. 9, cut ii), it would
generate a 13.5-kb strand and a strand between 0 and 4.5 kb
(i.e., a line of radioactivity below and between h and mE).
However, none of these products were detected in vitro or in
vivo, suggesting that a single cut in the dimer bridge is not a
feature of AAV DNA replication until after dT synthesis is
complete. An alternative possibility is that molecules that are
singly nicked in the dimer bridge are so unstable that a second
nick on the opposite strand is immediately generated, but this
possibility would produce a 4.5-kb strand, a 9-kb strand, and a
0- to 4.5-kb strand. Although a 4.5-kb band (line between h and
mE) and a faint 9-kb band (line between mT and dE) were
both seen, nothing corresponding to a 0- to 4.5-kb band was
seen between mE and h. Finally, if terminal resolution oc-
curred on the covalently closed hairpin end formed shortly
after replication of an mT molecule was initiated (Fig. 9, cut
iii), such intermediates would dissociate into 0- to 9-kb strands
and 9-kb strands. However, the 0- to 9-kb strands would pro-
duce a line between dE and a position well below mE, and no
such line was seen. By a similar argument, there appears to
have been no terminal resolution until replication from mE
molecules had been completed (Fig. 9, mE to dE); otherwise
there would have been a line of radioactivity between mE and
h from 0 to 4.5 kb in the alkaline dimension. Taken together,
these data suggested that resolution of a dimer bridge or a
hairpinned end occurred predominantly after replication of the
entire DNA molecule had been completed. How the coordi-
nation of terminal resolution and strand elongation is accom-
plished is not clear.

(iii) Rep68 appears to be more efficient in nicking the dimer
bridge. In previous experiments, a difference between Rep78
and Rep68 was observed in the in vitro DNA replication assay
(39). Rep78 made significantly higher levels of dimer RF spe-
cies in vitro than are normally seen in vivo, and Rep68 made
hardly any dimer intermediate. This was confirmed by the data
in Fig. 8, where it is clear that Rep68 generated significantly
less dimer RF species than Rep78. Similar observations have
been made in vivo by Samulski et al. (43a). There are at least
two possible explanations for the difference between Rep78
and Rep68. The first is that Rep68 is incapable of synthesizing
dimers; the other is that it synthesizes dimers but processes the
dimer bridge as well as hairpinned ends more rapidly than
Rep78, so that dimers are short lived. Inspection of the 2D
patterns obtained with Rep68 and Rep78 supports the latter
explanation (Fig. 7). The fact that both Rep78 and Rep68 can
process dimer bridges at some level was demonstrated clearly
by the spot marked h, which represents a monomer single-
stranded 4.5-kb species that is generated in alkali from dimer
RF molecules. However, the lines of intermediates between
mE and dE and between mT and dT were of similar intensity
with the two Rep proteins. This result indicated that Rep68
was able to initiate dimer duplex DNA synthesis via the same
pathway as Rep78 and to approximately the same extent but
was more efficient in processing dimers to monomers and in
resolving normal hairpinned ends. Inspection of the single-
stranded species present in the dimer duplex pool supported
this conclusion. First, h molecules, which are single-stranded
4.5-kb DNA molecules present in the dimer duplex RF popu-
lation, were a much higher proportion of the DNA in the
dimer duplex pool when Rep68 was used. Second, the total
amount of dimer duplex RF species was less in the Rep68
reaction, suggesting that monomer species on the way to be-
coming dimers were likely to be resolved just prior to or shortly
after completion of dimer synthesis.

FIG. 9. Diagram of potential Rep cuts at trs sites that might occur during
strand displacement synthesis on monomer extended (mE) and monomer turn-
around (mT) replicative forms. See text for discussion.
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(iv) No evidence of discontinuous synthesis. Finally, we note
that we could detect no evidence of discontinuous synthesis by
2D gel analysis. If de novo priming by pol a-primase and the
synthesis of Okazaki fragments accounted for a significant por-
tion of AAV DNA synthesis, then we would have expected to
see ssDNA fragments shorter than 2 kb. In fact, very little
radioactivity was detected in this region (Fig. 7). This implied
that pol a was not likely to account for much of the synthesis
in the in vitro AAV DNA replication reaction.

DISCUSSION

Uninfected HeLa cell cytoplasmic extracts. The AAV in
vitro replication assay that we previously described (39) is
dependent on the addition of one of two larger Rep proteins
encoded by AAV and proteins provided by Ad-infected HeLa
cell extracts. Little if any AAV-specific DNA replication oc-
curred when uninfected extracts were used (39). Here we re-
port that the difference between uninfected and Ad-infected
extracts could be diminished if HeLa cells are harvested after
continuous high-density growth. The extracts made from this
preparation of HeLa cells were essentially as active as Ad-
infected HeLa cell extracts for supporting AAV DNA replica-
tion in vitro. The mechanism of this effect is currently un-
known.

As mentioned earlier, it is generally believed that none of
the Ad genes is directly involved in AAV DNA replication (1,
38). Coinfection with Ad seems to activate or induce a cellular
factor(s) that is missing or inactive in a normal cell cycle as well
as increasing the expression of the AAV rep gene. However,
other experiments suggest that this is possible without Ad
coinfection. It has been shown that some cells can become
partially permissive for AAV DNA replication in vivo if the
cells are transformed with either a viral or a cellular oncogene
and further treated with reagents that transiently arrest cellular
DNA synthesis (hydroxyurea, carcinogens, heat shock, or UV
light) (44, 66–68). Presumably, the use of high cell densities
described here activates similar pathways required for AAV
DNA replication. Our hope is that the identification of the
cellular factors in these kinds of activated extracts and their
comparison with extracts prepared from Ad-infected cells will
lead to the identification of the key differences in viral DNA
replication under helper-dependent and helper-independent
conditions. These differences are expected to be important for
understanding how AAV chooses whether to establish a per-
sistent latent infection or to undergo productive viral replica-
tion.

Identification of cellular factors from uninfected cells nec-
essary for AAV DNA replication. Our primary approach to
identifying the cellular factors that are necessary for AAV
DNA replication has been to fractionate the crude HeLa cell
extract and to reconstitute AAV DNA synthesis in vitro, using
purified viral and cellular proteins. Since much of what we
know about cellular replication enzymes has come from the in
vitro studies of SV40 DNA replication, we adopted for our
initial studies the fractionation scheme of Stillman and col-
leagues (12, 54, 57) (Fig. 5). Fractionation of the crude extract
by phosphocellulose chromatography showed that a 0.2 to 1.0
M NaCl fraction (fraction II) could successfully reconstitute
AAV DNA synthesis to levels comparable to those seen with
the crude extract provided that it was supplemented with pu-
rified RPA and PCNA (as well as purified Rep78 or Rep68).
The requirement for RPA was also supported by antibody
inhibition studies which demonstrated that monoclonal anti-
bodies to RPA could inhibit AAV DNA synthesis up to 90%.

These experiments clearly demonstrated that both RPA and
PCNA were essential components for AAV DNA replication.

Two lines of evidence indicated that AAV DNA replication
also required the cellular factor RFC. First, fractionation by
phosphocellulose chromatography allowed us to reconstitute
AAV DNA synthesis with a 0.2 to 0.33 M NaCl eluate (fraction
IIA) when it was supplemented with purified RPA, PCNA,
and RFC (or with fraction IIC which contains RFC). Second,
monoclonal antibody inhibition experiments demonstrated that
a monoclonal antibody directed against RFC inhibits AAV
DNA synthesis.

The level of DNA synthesis achieved in the reconstituted
reactions containing RFC, RPA, and PCNA were significantly
lower than those seen with the starting crude extracts. The
reason for this was not clear. It is possible that the levels of
cellular factors used in these studies were not optimal. Alter-
natively, we may have purified away a factor that is not present
in fraction IIA and that stimulates AAV DNA synthesis (see
below). Recently, Christensen et al. (8) identified a cellular
factor called parvovirus initiation factor which was present in
fraction I and required for nicking of the dimer bridge and
initiation of DNA synthesis from the 39 origin in the related
parvovirus minute virus of mice. Conceivably, this or a similar
factor is needed for AAV as well. Christensen et al. (8) also
demonstrated that RPA and PCNA were required for minute
virus of mice DNA synthesis.

The requirement for RFC and PCNA is not surprising in
light of previous studies of the SV40 DNA replication system.
RFC has been shown to be an ATP-dependent primer recog-
nition complex which assembles a PCNA complex at a 39-OH
end of a primer-template (55). PCNA in turn is an accessory
protein which stimulates pol d by making it more processive
(52). Together, RPA, PCNA, RFC, and pol d are the essential
proteins for leading-strand synthesis during SV40 DNA repli-
cation (60). This finding, coupled with the fact that AAV DNA
replication occurs entirely by leading-strand synthesis, suggests
that pol d is most likely the DNA polymerase required for
AAV DNA replication.

Fraction IIA contains all three of the known eukaryotic
DNA polymerases (a, d, and ε) involved in chromosome DNA
replication. Our chemical inhibition experiments suggest that
either pol d or pol ε is responsible for AAV DNA replication.
DNA synthesis is not affected by concentrations of the inhib-
itors BuPdGTP and BuAdATP, to which pol a is sensitive.
Furthermore, the in vitro reaction was insensitive to inhibition
by monoclonal antibodies directed against pol a. Finally, the
fact that we were unable to find any evidence for discontinuous
synthesis in the in vitro reaction by 2D gel electrophoresis also
suggests that pol a is not required for AAV DNA synthesis.
The chemical inhibition experiments also suggested that two
other DNA polymerases that might have been present in our
cell extracts, specifically pol b and pol g, are probably not
involved. Taken together, our inhibition experiments suggest
that either pol d or pol ε is the DNA polymerase responsible
for AAV DNA replication.

Pol ε is similar to pol d in that it has a tightly associated 39-59
exonuclease activity and has a chemical inhibition spectrum
similar to that of pol d. However, the two DNA polymerases
are structurally and functionally different, and both appear to
be required for cellular DNA replication (51). The most strik-
ing difference between them is that pol d is highly processive
only in the presence PCNA, whereas DNA pol ε is intrinsically
processive. Nevertheless, it has been shown recently that pol ε
can also be stimulated by the presence of PCNA (30). There-
fore, we cannot distinguish between pol d and pol ε as the
primary DNA polymerase required for AAV DNA replication.
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We note that HeLa pol ε has been shown to be resistant to 500
mM ddTTP whereas pol d from HeLa cells is relatively sensi-
tive (51). The relative sensitivity of AAV DNA replication to
500 mM ddTTP is thus consistent with the requirement of
DNA pol d.

Additional unidentified factors are required for AAV DNA
synthesis. An interesting finding from our in vitro reconstitu-
tion studies was that the addition of the three DNA poly-
merases (a, d, and ε), either alone or in various combinations,
could not substitute for fraction IIA. Studies of SV40 DNA
replication have shown that fraction IIA provides pol a and pol
d to the reaction (36). This suggested that an additional un-
known protein(s) was present in fraction IIA that was required
for AAV DNA replication but was not needed for SV40 DNA
replication. We note that a similar observation has recently
been made for papillomavirus in vitro DNA replication (35).

The possible involvement of an unknown factor for AAV
DNA replication is not entirely surprising. If the combination
of Rep, RPA, PCNA, and DNA pol d were all that were
needed for AAV DNA replication, it would be hard to explain
why productive AAV DNA replication needs the coinfection
of a helper virus. We will present evidence elsewhere (33a) that
at least one of the additional factors that is present in Ad-
infected cells is the Ad-encoded DNA binding protein. Recon-
stitution experiments done with fractionated Ad-infected ex-
tracts suggest that the requirement for RPA is replaced by this
protein. However, even when this is done, there is still a need
for additional, as yet uncharacterized factors present in frac-
tion IIA.

Rep78 versus Rep68. Finally, we previously reported that
Rep68 generates significantly lower levels of dimer RF than
Rep78 (39). The results of the 2D gel analysis reported here
suggest that this is due to Rep68 being more efficient in nicking
the dimer bridge. The 2D analysis also suggested a peculiar
property of AAV DNA replication both in vivo and in vitro.
Resolution of termini that were undergoing elongation seemed
to occur only after elongation had been completed. This im-
plied some type of coordinate interaction between the repli-
cation complex and the TR that had been used to prime elon-
gation. The mechanism by which this is accomplished is not
clear, but this may be important if packaging of newly dis-
placed strands and elongation are biochemically linked.
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