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A cell-free DNA replication system dependent upon five purified cellular proteins, one crude cellular
fraction, and the simian virus 40 (SV40)-encoded large tumor antigen (T antigen) initiated and completed
replication of plasmids containing the SV40 origin sequence. DNA synthesis initiated at or near the origin
sequence after a time lag of approximately 10 min and then proceeded bidirectionally from the origin to yield
covalently closed, monomer daughter molecules. The time lag could be completely eliminated by a preincuba-
tion of SV40 ori DNA in the presence of T antigen, a eucaryotic single-stranded DNA-binding protein
(replication factor A [RF-A]), and topoisomerases I and II. In contrast, if T antigen and the template DNA were
incubated alone, the time lag was only partially decreased. Kinetic analyses of origin recognition by T antigen,
origin unwinding, and DNA synthesis suggest that the time lag in replication was due to the formation of a
complex between T antigen and DNA called the T complex, followed by formation of a second complex called
the unwound complex. Formation of the unwound complex required RF-A. When origin unwinding was
coupled to DNA replication by the addition of a partially purified cellular fraction (IIA), DNA synthesis
initiated at the ori sequence, but the template DNA was not completely replicated. Complete DNA replication
in this system required the proliferating-cell nuclear antigen and another cellular replication factor, RF-C,
during the elongation stage. In a less fractionated system, another cellular fraction, SSI, was previously shown
to be necessary for reconstitution of DNA replication. The SSI fraction was required in the less purified system
to antagonize the inhibitory action of another cellular protein(s). This inhibitor specifically blocked the earliest
stage of DNA replication, but not the later stages. The implications of these results for the mechanisms of

initiation and elongation of DNA replication are discussed.

DNA replication is one of the prominent events in the
eucaryotic cell cycle and is highly regulated to allow only
one round of DNA synthesis during each S phase. To
elucidate the mechanism and regulation of DNA replication
in higher eucaryotes, biochemical studies are necessary,
since the use of a genetic approach in mammalian cells is
difficult. The development of a vigorous cell-free system that
supports complete replication of simian virus 40 (SV40)
origin-containing plasmids (27, 28, 46, 51) has made SV40 a
useful model for the study of DNA replication in mammalian
cells. The cell-free system consists of a soluble extract from
human cells, purified T antigen, and template DNAs that
contain the SV40 origin of DNA replication. DNA replica-
tion in vitro proceeds bidirectionally from the origin in a
manner similar to the proposed mode of eucaryotic chromo-
somal replication (15). Since T antigen is the only virus-
encoded protein required, replication is for the most part
dependent upon the cellular replication machinery. Thus, it
is expected that studying the replication of SV40 DNA in
vitro will advance our knowledge of cellular DNA replica-
tion.

To identify and characterize the cellular proteins that are
required for SV40 DNA replication in vitro, we and others
have fractionated an extract from human cells and identified
seven cellular components that are necessary to completely
replicate plasmids containing the SV40 origin region (19, 20,
32, 36, 44, 48, 52, 53, 56). Kinetic analyses of SV40 DNA
replication in vitro and the deduced function of the replica-
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tion components has led to the definition of multiple stages
of replication. This replication system has a characteristic
time lag of 10 to 15 min prior to the start of DNA synthesis,
owing to the interaction of replication proteins with the
origin (45, 50, 54). During this presynthesis stage, the first
step is the ATP-dependent binding of T antigen to the SV40
origin core sequence (4, 5, 14), which results in formation of
specialized nucleoprotein complex at the origin (13). In the
presence of a single-strand DNA-binding protein, (either
from Escherichia coli or from human cells) and topoisomer-
ase, but in the absence of DNA synthesis, the template DNA
is extensively unwound by the helicase activity of T antigen
(12, 16, 21, 43, 49, 53, 54) to yield a highly underwound
molecule known as form U. Form U is a by-product of the
early origin-unwinding events and occurs in the absence of
DNA replication. A cellular fraction (SSI) is also required
for SV40 DNA replication in vitro in a crude system and is
required during the presynthesis stage (19, 20). Another
cellular fraction (IIA), which contains DNA polymerases
and other activities is required for initiation of DNA repli-
cation at the origin and for subsequent DNA synthesis (48).

Two purified cellular proteins, the proliferating-cell nu-
clear antigen (PCNA) and replication factor C (RF-C), are
required for coordinated synthesis of leading and lagging
DNA strands during the elongation stage of replication (36,
48). Studies of the elongation mode of DNA replication in
procaryotic systems have demonstrated that once DNA
synthesis initiates at a unique site (replication origin), repli-
cation at a fork proceeds semidiscontinuously, during which
the leading strand is synthesized continuously while the
lagging strand is synthesized discontinuously via Okazaki
fragment intermediates (1, 23, 31, 33, 34). On the basis of the
discovery that PCNA is an auxiliary protein for DNA
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polymerase & (9, 11, 35, 47) and that it is required for normal
leading-strand DNA synthesis during SV40 replication in
vitro (37), a model for the eucaryotic replication fork was
proposed. In this model, two functionally distinct DNA
polymerases, a and &, form a multiprotein complex with
other proteins at a replication fork to synthesize leading and
lagging strands coordinately (18, 37, 42, 44).

The multiple stages of SV40 DNA replication in vitro may
reflect similar stages of DNA replication in the host cell, and
each step might be a target for cell cycle control or temporal
regulation of DNA replication from multiple chromosomal
origins throughout the S phase. For example, PCNA, which
was alternatively known as either cyclin or the polymerase 3
auxiliary protein, is a well-studied, cell-cycle-regulated pro-
tein that also appears to be required for cellular DNA
replication (57; M. B. Mathews, in H. R. Warner and E.
Wang, ed., Growth Control during Cell Aging, in press). Its
omission from the reconstituted SV40 system results in
accumulation of abnormal early replicative intermediates,
suggesting that PCNA may play some role in the assembly of
elongation complexes following initiation at the replication
origin (37). It is difficult, however, to precisely determine the
relationship between the function of a protein and its in-
volvement in any stage of replication with crude fractions. In
this paper we describe the reconstitution of SV40 replication
with six purified proteins together with a partially purified,
multicomponent fraction. This reconstituted replication sys-
tem can reproduce most of the features previously described
for cruder systems. Using this sytem, we identified cellular
components that influence the presynthesis stage of SV40
DNA replication in vitro, and we propose a model for the
multiple stages of initiation.

MATERIALS AND METHODS

Plasmid and bacteriophage DNAs. The plasmid DNAs (37)
used as templates in replication reactions were pSVOI10,
which contains the entire SV40 genome in pUC18 and is 7.9
kilobase pairs in size; pSVO11, which contains the SV40
origin fragment from HindIII (nucleotide nt 5171) to Sphl
(nucleotide 128) in pUCI18 and is 2.9 kilobase pairs in size;
and pSVO2, which contains the entire SV40 genome in
pAT153 and was used for the hybridization study, since this
plasmid has no homology with the M13-SV40 hybrid probe
DNAs except for the SV40 sequence. Single-stranded bac-
teriophage DNAs were prepared from six M13-SV40 hybrid
clones described previously (37).

Preparation of components used in the reconstituted repli-
cation reaction. Cytosol extracts and high-speed superna-
tants (S100) were prepared from 16 liters of human 293 cells
(8 x 10° cells) in suspension as previously described (27, 46).
The S100 fraction was adjusted to 0.2 M NaCl and loaded
onto a phosphocellulose column (2.5 by 10 cm) that had been
equilibrated in buffer A (25 mM Tris hydrochloride [pH 7.5],
1 mM disodium EDTA, 0.1 mM phenylmethylsulfonyl fluo-
ride, 0.01% Nonidet P-40, 1 mM dithiothreitol, 10% glycerol)
containing 0.2 M NaCl. Fractions I, IIA, IIB, IIC, and IID
were obtained by successive washes with 100 ml of buffer A
containing 0.2, 0.33, 0.4, 0.6, and 1.0 M NaCl, respectively
(36, 48). These fractions were dialyzed against buffer A
containing 0.025 M NaCl and 20% sucrose and used in the
replication assay or for further fractionation. Protein con-
centrations of fraction IIA and IID were 5 and 4 mg/ml,
respectively.

A crude fraction (SS1, 44 mg of protein per ml) and a
purified activity (RF-A) were obtained from fraction I by
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DEAE-cellulose column chromatography and ammonium
sulfate precipitation, followed by chromatography on dena-
tured DNA-cellulose and a second DEAE-cellulose column
as described previously (20). PCNA from fraction I was
purified by successive chromatographic steps through
DEAE-cellulose, phenyl-Sepharose, and Mono-Q columns,
followed by a final glycerol gradient centrifugation step as
described previously (36). RF-C was purified from a 293 cell
nuclear extract as described before (48). In short, a phos-
phocellulose fraction from the nuclear extract (equivalent to
fraction IIC) was prepared and then purified by chromatog-
raphy on hydroxylapatite, a second phosphocellulose, and
denatured DN A-cellulose columns. Topoisomerases I and II
were prepared from a calf thymus nuclear extract by slight
modifications of published procedures (29, 40). These puri-
fied components are almost homogeneous (see Fig. 1).

Replication reaction with six cellular components. In the
complete system, replication from the origin of SV40 DNA
replication in vitro was assayed under standard conditions
(50-pI reaction mixture) as described previously (46), with
300 ng of template DNA and optimum amounts of purified
SV40 T antigen (1.0 to 1.5 p.g), 300 ng of RF-A, 100 to 150 ng
of PCNA, 100 ng of RF-C, 200 ng of topoisomerase I, 90 ng
of topoisomerase 11, and 20 pg of fraction IIA for 1 h at 37°C.
Reactions were terminated with 10 mM disodium EDTA,
and acid-insoluble counts were measured.

SV40 T antigen. SV40 large T antigen was obtained from
recombinant adenovirus-infected human cells as described
previously (46) or, more recently, from recombinant bacu-
lovirus vector (941T)-infected Spodotera frugiperda insect
cells as described by Lanford (25). T antigen was purified by
the procedure of Simanis and Lane (41). The specific activity
for DNA replication of the baculovirus-expressed T antigen
was twice that of the T antigen produced in HeLa cells (B.
Stillman, Y. Gluzman, and I. Mohr, unpublished results).

Product analysis. To analyze the replication products, the
reaction mixture containing the indicated amount of each
component was incubated at 37°C, the reaction was termi-
nated at the indicated time by mixing with an equal volume
of proteinase K solution (0.2 mg of proteinase K per ml, 2%
sodium dodecyl sulfate, 20 mM disodium EDTA), and the
sample was further incubated at 37°C for 1 h. DNA in the
reaction mixture was extracted with phenol-chloroform (1:
1), precipitated with ethanol, and dissolved in 20 pl of 10 mM
Tris hydrochloride (pH 7.4)-1 mM disodium EDTA (TE). A
portion of the sample was subjected to electrophoresis in a
neutral agarose gel (0.8%) in Tris-borate-EDTA buffer (TBE
[30]) at 2.5 V/cm for 10 h, in an alkaline agarose gel (1%) in
30 mM NaOH-1 mM disodium EDTA at 1.5 V/cm for 12 h,
or in a polyacrylamide gel (6%) in TBE following digestion
with restriction enzymes. Before being dried for autoradiog-
raphy, the gels were fixed in 10% methanol-10% acetic acid.

DNA-unwinding assay. The reaction mixture contained 40
mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
(HEPES)-KOH (pH 7.5), 8 mM MgCl,, 0.5 mM dithiothre-
itol, 4 mM ATP, 40 mM creatine phosphate, 20 pg of
creatine phosphokinase per ml, 0.1 mg of bovine serum
albumin per ml, 4 pg of calf thymus topoisomerase I per ml,
7.5 ng of RF-A per ml, 6 pg of pSVO11 DNA per ml, and 20
wg of T antigen per ml. The reaction mixture was incubated
at 37°C for the indicated time, and the reaction was termi-
nated by addition of sodium dodecyl sulfate and EDTA (final
concentrations, 1% and 10 mM, respectively). The mixture
was incubated with RNase A (10 pg/ml) and protease XIII
(50 png/ml; Sigma Chemical Co.) at 37°C for 30 min. The
DNA in the sample was extracted with phenol-chloroform
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FIG. 1. An S100 extract from 293 cells was divided into multiple fractions by phosphocellulose chromatography and fractionated further
to purify replication components. Preparation of fractions I, IA, and IB and the purification of PCNA were previously described (36). The
preparation of fraction SSI and of the purified replication factor RF-A was described by Fairman and Stillman (20). The preparation of
fractions IIA, IIC, and IID and the purification of RF-C were described by Tsurimoto and Stillman (48). Components boxed in bold are the
six essential components for replication from the SV40 origin and were used in the complete reaction (see text). The other two are the inhibitor
(IID) and its antagonist (SSI). Components which have not been purified are shaded. RF-C is normally purified from a 293 cell nuclear extract,
and topoisomerases (Topo) are normally isolated from calf thymus nuclei. Shown below them are samples of purified factors RF-A, PCNA,
RF-C, and topoisomerases I and II after separation by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and detection by either
silver staining (for RF-A and RF-C) or Coomassie brilliant blue staining (for PCNA and topoisomerases I and II). The molecular masses of
marker polypeptides (in kilodaltons) are shown on the left of each panel, and the molecular masses of some of the replication proteins are

shown on the right.

(1:1), precipitated with ethanol, subjected to agarose gel
electrophoresis in TBE buffer, and visualized by staining
with ethidium bromide.

Protein analysis. Proteins were separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis as previously
described (24) and were stained with silver by a slight
modification of the method of Wray et al. (55) or with
Coomassie brilliant blue. Protein concentrations were deter-
mined by the method of Bradford (6), with bovine serum
albumin as a standard.

RESULTS

Fractionation and reconstitution of SV40 replication com-
ponents. As described previously (20, 36, 48), the cytoplas-
mic extract (S100) derived from human 293 cells was divided
by phosphocellulose chromatography into multiple fractions
(Fig. 1). Following further fractionation, five purified fac-
tors, RF-A, PCNA, RF-C, and topoisomerases I and II,
were shown to be essential for the production of completely

replicated daughter molecules from a closed-circular tem-
plate DNA. In addition, two fractions, SSI and IIA, which
still contain nonpurified components, were required for
SV40 replication in vitro. In our previous studies, the
participation of these purified proteins or partially purified
components in SV40 replication in vitro was demonstrated
by reconstitution of replication by using crude fractions and
only one purified protein (20, 36, 48). It was important,
therefore, to determine whether the replication reaction
could be reconstituted when these isolated components were
combined and, if so, whether they were essential.
Replication reactions containing all seven cellular compo-
nents (RF-A, PCNA, RF-C, topoisomerases I and II, and
fractions IIA and SSI) were able to support the replication of
SV40 origin-containing plasmids, although a relatively low
level of nucleotide incorporation was obtained (Table 1,
Complete + SSI). Unexpectedly, replication reactions lack-
ing fraction SSI, but containing the other six components,
yielded about twofold-higher levels of SV40 ori-dependent
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TABLE 1. DNA replication in the reconstituted system

Expt no. and DNA synthesis

component omitted or added (pmol of dAMP/h)
Expt 1

ComMPIEe .....vvniiiiiiiiieeie e 314

+SSI oo 16.6

—pSVOL11, +pSVO110ri™ cccviiiiiiiiiciicennee 1.2
Expt 2

Complete 37.6

“RF-A.... 0.2

A 0.5

—PCNA ... 10.4

“RF-C .o 6.9

“ The complete reaction contained the six essential components, as de-
scribed in Materials and Methods, and individual components were omitted or
added as indicated. The plasmid pSVO11lori~ is similar to pSVOI11, except for
a small deletion in the origin region.

nucleotide incorporation (Table 1, Complete). The major
replication products of such a reconstituted reaction con-
sisted primarily of relaxed, closed-circular topoisomers in
monomer and catenated forms, as has been previously
observed for replication supported by the crude fractions
(Fig. 2B). Omission of any one of RF-A, fraction IIA,
PCNA, or RF-C resulted in either a complete loss or a
significant decrease in the amount of DN A replication (Table
1). Therefore, these components were essential for reconsti-
tution of the replication system, whereas fraction SSI ap-
peared not to be required in the reconstituted replication
system.

Replication product analysis. To analyze the mode of DNA
synthesis in this reconstituted system, we purified replica-
tion products from a time course experiment and subjected
them to analysis by gel electrophoresis. As shown by neutral
agarose gel electrophoresis (Fig. 2B), molecules migrating
slightly more slowly than forms I and II marker DNA were
observed at the earliest time point and corresponded to very
early replicative intermediates (37). Following a longer incu-
bation of the reaction mixture, the product changed to a
smear of higher-molecular-weight species, corresponding to
the distribution of Cairns-0 structures. Finally, after about 12
to 16 min, mature monomer daughter molecules (various
topological isomers) and a small number of catenated mole-
cules were produced. This product analysis is completely
consistent with the replicative products obtained by using
less-fractionated extracts (37, 48) and with the known mech-
anism of SV40 DNA replication in vivo (15). Alkaline
agarose gel electrophoresis of the same products revealed a
bimodal smear of single-stranded DNA at early time points
and the accumulation of full-length linear and closed-circular
DNA at later times (Fig. 2C). The bimodal smear of replica-
tion products may represent the synthesis of leading-strand
(long) and lagging-strand Okazaki (short) fragments during
the elongation phase of the reaction.

The isolated replication products from this time course
were also digested with restriction enzymes and subjected to
polyacrylamide gel electrophoresis (Fig. 2D). At the early
times, the two origin-containing fragments were labeled,
followed by the origin-proximal fragments, and finally, at
later times, the origin-distal fragments replicated. In addi-
tion, the replication in this population of molecules was
bidirectional from the origin, as shown previously with crude
extracts (28, 46, 51).

PCNA and RF-C are required for coordinated leading and
lagging DNA synthesis in the reconstituted system. Fraction
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IIA is absolutely required for DNA replication from the
SV40 origin (Table 1); however, it is not sufficient for
complete DNA replication. By complementation in crude
systems, we have previously identified two replication fac-
tors, PCNA and RF-C, which are required for efficient
elongation of replication but not for initiation. Omission of
either one of them resulted in a decrease in the incorporation
of precursor nucleoside triphosphates to 18 or 28% of the
level obtained with the completely reconstituted system
(Table 1). Therefore, we examined the structure of replica-
tion products synthesized in the absence of either PCNA or
RF-C by a series of gel electrophoresis experiments and dot
blot hybridzation analyses with SV40 strand-specific single-
stranded probe DNAs as previously described (37, 48).
These experiments demonstrated a requirement for PCNA
and RF-C for complete DNA replication in this reconstituted
system (data not shown) and therefore confirm our previous
results obtained with crude extracts.

Factors required during the presynthesis stage. In this
semipurified system, a time lag of about 8 to 10 min occurred
prior to the start of significant DNA synthesis (Fig. 2A). A
similar time lag was observed during replication in less
purified systems and, furthermore, could be eliminated by
preincubation of the six cellular components, T antigen, and
template DNA at 37°C for 15 min in the absence of deoxy-
nucleoside triphosphates (data not shown). Thus, the com-
plete system, like its less-purified predecessors, contains a
stage prior to the onset of DNA synthesis which has been
called the presynthesis stage of replication. This stage is
defined by elimination of the time lag in replication by
preincubation of the template DNA with T antigen and
cellular proteins.

To determine which cellular components were required
for this presynthesis stage, we performed a series of more
detailed time course experiments following a preincubation
step (Fig. 3). If the template DNA was preincubated alone
for 15 min at 37°C and then all of the protein components
were added at time zero, a time lag of approximately 10 min
was observed (as described above and shown in Fig. 2A,
when there was no preincubation). On the other hand, if T
antigen was included in the preincubation step, the time lag
was reduced to approximately 5 min. This reduction in the
time lag by preincubation of the template DNA with T
antigen is ATP dependent (data not shown). This shorter
time lag could be eliminated completely by the addition of
RF-A, topoisomerases, and T antigen during the preincuba-
tion step (Fig. 3). Complete elimination of the time lag
required RF-A (Fig. 3), but addition of all the other compo-
nents to the preincubation step, in all combinations including
fraction SSI instead of RF-A, had no effect (data not shown).
Therefore, the presynthesis reaction in the reconstituted
system could be divided into at least two steps, one involv-
ing complex formation between the SV40 origin and T
antigen and the other involving RF-A also.

Origin-specific unwinding reaction. In the absence of DNA
replication, but in the presence of T antigen, RF-A (or
another single-strand DN A-binding protein), and topoisom-
erases, plasmid DNAs carrying the SV40 ori sequence
become extensively unwound. When the protein is removed,
the product of the reaction is a highly underwound DNA
molecule called form U (12). Form U is detected by agarose
gel electrophoresis following deproteinization of the product
and migrates slightly more slowly than the form I marker
DNA. This molecule is thought to be a by-product of the
unwinding process that occurs prior to priming of DNA
synthesis at the replication origin (12, 16, 54). If this is so,
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FIG. 2. Kinetic and product analyses of SV40 DNA replication with six cellular components. A reaction mixture with the six essential
cellular components and SV40 T antigen (see Materials and Methods) was assembled on ice and incubated at 37°C. Portions were withdrawn
at the indicated times and subjected to trichloroacetic acid precipitation and product analysis. The rate and amount of replication was
determined by incorporation of [a-*>P]JdATP into acid-insoluble counts and expressed as picomoles of dAMP incorporated in a 50-pl reaction
mixture at each time point (A). Purified replication products containing approximately the same number of counts per lane were loaded
directly into a neutral agarose gel (B) or, following denaturation, into an alkaline agarose gel (C) (except for the 4-min samples, in which the
counts were about one-fifth those of the other samples and were exposed twice as long [in panel B]). Equal portions of replication products
from each of the time points were digested with Ddel and Sphl and then subjected to polyacrylamide gel electrophoresis (D). The markers
for gel electrophoresis shown next to each gel were forms I and II of the template DNA (pSVO11) (panel B) and denatured DNA fragments
obtained from HindIlI-digested adenovirus type 2 DNA (the sizes of these fragments are shown in kilobases on the right) (I and SL are
denatured form I and single-strand, linear of unit length, respectively) (panel C). The size (in base pairs) of each band is indicated on the right
of panel D, and the corresponding map is shown below the autoradiograph. Fragments containing the SV40 replication origin are shown.

the kinetics of production of the unwound form U molecule
should closely correlate with the kinetics of one of the two
stages of DNA replication just described. We studied the
relationship between the two presynthesis steps and produc-
tion of form U by kinetic experiments with purified proteins
(Fig. 4). Production of form U exhibited a time lag of about
4 min without any preincubation step. Preincubation of T
antigen and template DNA, followed by addition of RF-A at

time zero, eliminated the time lag for form U production.
This is analogous to the shift from the full time lag to the
reduced time lag shown in Fig. 3.

The kinetic experiments whose results are shown in Fig. 3
and 4 lead to the following conclusions. The time lag prior to
the onset of DNA synthesis is a result of multiple events, the
first being the ATP-dependent interaction of T antigen with
the origin to form a complex (T complex, see Discussion).
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FIG. 3. Kinetics of DNA synthesis, with purified components
following a preincubation. Reaction mixtures (50 pl) containing
either 300 ng of pSVO10 alone (O); 300 ng of pSVO10 and 1 pg of T
antigen (TAg) (@); 300 ng of pSVO10, 1 pg of T antigen, and 200 and
90 ng of topoisomerases I and 11 (Topos), respectively (X); or 300 ng
of pSVO10, 1 pg of T antigen, 1.2 pg of RF-A, and 200 and 90 ng of
topoisomerases I and II, respectively (A), were preincubated at
37°C for 15 min. Following the preincubation, cellular fraction I1A
(20 ng), PCNA (300 ng) and RF-C (100 ng) were added at time zero
with deoxynucleoside triphosphates along with T antigen, RF-A,
and topoisomerases when they were omitted from the preincuba-
tion. Portions of the reaction mixture were withdrawn at the times
indicated, and acid-precipitable counts were determined. The com-
ponents present in the preincubation reaction are shown.

Once this complex is formed, the addition of RF-A and
topoisomerase allows plasmid unwinding in the absence of
DNA synthesis and without a time lag. Even after T-
complex formation, however, there still exists a short time
lag before DNA synthesis occurs. If RF-A and topoisomer-
ase are included in the preincubation step, the unwound
complex (see Discussion) is formed, and addition of the
other replication proteins (PCNA, RF-C, and fraction II1A)
allows DNA synthesis to occur without a time lag. Thus, the
full lag in replication seems to correspond to the sequential
accumulation of the T and unwound complexes, whereas the
reduced lag corresponds to the accumulation of the unwound
complex. Priming of DNA synthesis on the unwound com-
plex appears to be rapid.

Fraction IID inhibits replication, and fraction SSI neutral-
izes the inhibition. In previous studies, we have demon-
strated a requirement for fraction SSI in SV40 replication in
vitro (19, 20). We could not, however, demonstrate that this
fraction is required in the more highly purified reconstituted
system. In the previously reported experiments, fraction II
(a phosphocellulose fraction stepped off between 0.2 and 1 M
NaCl) was used instead of fraction IIA, RF-C, and topoisom-
erases. This suggested that a factor might exist in fraction II
which inhibited replication and which was removed from
fraction IIA and RF-C by purification. If this was the case,
we might expect fraction SSI to contain a factor(s) that
antagonizes the inhibitor. To test this hypothesis, we added
fraction IIB, IIC, or IID to the reconstituted reaction con-
taining the six essential cellular components and T antigen.

4 DNA+TAg+Topos+RF-A
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-preincubation + preincubatior

Time(min) M O 4 8 12 16

l?:,_,m\ o
FormI —

Relative amount of Form U

FIG. 4. Time course of form U production with and without a
preincubation step. For the experiment without preincubation,
standard reaction mixtures containing T antigen, RF-A, topoisom-
erase I, and pSVO11 plasmid in 20 pl (Materials and Methods) were
set up at 0°C and then incubated at 37°C for the indicated times. For
the experiment with preincubation, reaction mixtures containing T
antigen, topoisomerase I, and pSVO11 plasmid DNA, but without
RF-A, were preincubated at 37°C for 15 min. RF-A was then added
at time zero, and the mixtures were incubated for the indicated
times. DNA in the reaction mixture was isolated by protease
digestion and phenol extraction and loaded into a 0.8% agarose gel.
It was visualized by staining with ethidium bromide. The amount of
form U was estimated by densitometric tracing of the bands on a
negative of the photograph and plotted as their relative intensity for
each time point. Symbols: O, reactions without a preincubation; @,
reactions with a preincubation.

Fraction IID indeed inhibited replication completely (Fig. 5),
whereas fractions IIB and IIC had no additional inhibitory
effect on replication (data not shown). Moreover, addition of
fraction SSI could neutralize the inhibition by fraction IID,
as was predicted. In this case, the replication product
obtained in the presence of SSI and IID was exactly the
same as that obtained when the complete system was used.

Fraction IID inhibits T-complex formation. DNA replica-
tion reactions containing fraction IID did not yield any
detectable products (Fig. 5, lane 2); therefore, the inhibition
was not the same as the replication block obtained in the
absence of PCNA or RF-C but appeared to be the result of a
block in initiation of DNA synthesis. Furthermore, previous
results indicated that fraction SSI affected the presynthesis
stage of DNA replication (20). These results implied that
both inhibition by fraction IID and neutralization by fraction
SSI would involve one step in the presynthesis stage of
replication.

As described above, Kinetic experiments could distinguish
between two stages that occur prior to the onset of DNA
synthesis. Therefore, time course experiments were per-
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FIG. S. Inhibition of SV40 replication in vitro with fraction IID
and neutralization of the inhibition with fraction SSI. Replication
reactions were performed as described in Materials and Methods,
except for the addition of fraction IID (16 ng) and/or fraction SSI
(120 pg) to the complete system as indicated. After 1 h of incubation
at 37°C, acid-insoluble counts in a sample of these reaction mixtures
were measured and are indicated below the autoradiograph. The
replication products were purified, and an equal portion of each was
loaded into a neutral agarose gel. The positions of forms I and II of
the template DNA are indicated.

formed in the presence or absence of fraction IID. When
fraction IID was preincubated with the SV40 origin DNA
and T antigen, subsequent DNA synthesis was completely
blocked. When fraction SSI was also included in the prein-
cubation, however, a normal reduced time lag was observed
(Fig. 6A). In another experiment, T antigen and DNA were
first preincubated and then IID and the other replication
components were added at time zero. Initiation of DNA
synthesis and elongation occurred almost normally (i.e.,
with a reduced time lag), showing that fraction IID had no
effect on the kinetics of DNA replication after T antigen and
template DNA were preincubated together (Fig. 6B). There-
fore, the inhibition and neutralization mechanism by frac-
tions IID and SSI, respectively, seems to be specific for the
first step in the presynthesis stage of replication, formation
of the T complex. That is, fraction IID inhibits the formation
of a complex between T antigen and SV40 ori, but does not
affect subsequent stages of replication.

DISCUSSION

DNA replication from the SV40 origin sequence has been
reconstituted with a number of purified cell-encoded repli-
cation proteins and the SV40 T antigen. One fraction (frac-
tion IIA), however, is not purified and contains multiple
replication factors, including DNA polymerases (T. Tsuri-
moto and B. Stillman, unpublished results). Product analy-
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ses revealed that authentic and complete DNA replication
was achieved in this system, although the efficiency of DNA
synthesis was about two- to threefold lower than that previ-
ously reported with less highly purified components (36, 48).
This may be due to the loss of nonessential stimulatory
factors which have been separated from the essential com-
ponents by fractionation. For example, if purified PCNA is
replaced with the less highly purified fraction B (Fig. 1), the
amount of DNA replication is enhanced (20, 36; data not
shown). The nature and significance of these stimulatory
factors remain to be established.

Multiple stages of initiation. The results presented here and
elsewhere lead to the conclusion that SV40 DNA replication
can be separated into multiple stages. Interestingly, there
appear to be at least three distinct stages prior to the actual
start of DNA synthesis. Kinetic analyses of DNA replication
and origin unwinding, with and without a preincubation of
selected replication factors and template DNA (Fig. 3 and 4),
suggest that origin recognition and unwinding involve at
least two stages of replication. These results are discussed in
the context of a model for initiation of replication (Fig. 7),
which is based on a similar model for initiation of replication
at the E. coli oriC and phage \ replication origins (see
references 7, 8, 17, and 39 for reviews). In this model, the
first step in replication is the ATP-dependent recognition by
T antigen of its binding site II within the core origin to form
the T complex. Boroweic and Hurwitz (4) have demon-
strated that T-antigen binding to site II in the presence of
ATP causes local unwinding of the early palindrome region
within the origin and induction of an altered conformation in
the A+T-rich region. This ATP-dependent reaction has been
extensively characterized and involves the assembly of an
oligomeric complex of T antigen at the origin (4, 5, 13, 14,
37a). This step may actually involve two substeps for T-
complex formation, one requiring ATP and the other requir-
ing ATP hydrolysis (4, 37a).

A second proposed stage of initiation is the formation of
the unwound complex, which requires the cellular protein
RF-A. For reasons outlined below, we distinguish between
the unwound complex, which is proposed to be a direct
intermediate in the coordinated events of unwinding of the
origin and primer formation, and the production of a highly
underwound molecule, form U, which occurs in the absence
of DNA replication. In the next step of replication, we
propose the formation of a priming complex at the origin,
which requires unidentified replication factors present in
fraction IIA. This complex is the immediate precursor of
primer formation and origin-specific DNA synthesis, pre-
sumably by the DNA polymerase a-DNA primase complex.
Subsequent bidirectional DNA synthesis from the origin
may require two DNA polymerases, o and 5.

The full time lag in the replication reaction (Fig. 3) would
represent the time taken to assemble the priming complex
when replication reaction mixtures are shifted from 0 to
37°C, i.e., without any preincubation step at all. If T antigen
and the template DNA are preincubated for 15 min at 37°C
before the other replication components are added, the T
complex could form, resulting in a shorter time lag before
DNA synthesis occurs (Fig. 3). Formation of the T complex
also eliminates any time lag in the rate of accumulation of
form U (Fig. 4). Note that elimination of the time lag for form
U production when T antigen is preincubated with the
template DNA (ca. 5 min [Fig. 4]) is analogous to the shift
from a full time lag (ca. 10 min) to a reduced time lag (ca. 5
min) for DNA replication (Fig. 3). Following formation of
the T complex and addition of the other replication compo-
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FIG. 6. Effect of fractions SSI and IID on the kinetics of DNA synthesis following preincubation steps. (A) Time course of DNA synthesis
following a 15-min preincubation at 37°C in 100 pl of reaction mixture containing pSVO10 (600 ng), T antigen (2 pg), and fraction IID (32 pg)
in the presence (O) or absence (@) of fraction SSI (260 ng). Following the preincubation step, fraction I1A (40 ng), RF-A (600 ng), RF-C (200
ng), PCNA (300 ng), topoisomerases I and II (400 and 180 ng, respectively), and fraction SSI (when omitted from the preincubation reaction)
were added at time zero with the deoxynucleoside triphosphates. Portions of the reaction mixture were withdrawn at the times indicated, and
the acid-insoluble counts were measured. (B) Time course of DNA synthesis following a 15-min preincubation at 37°C of reaction mixtures
(100 ) containing pSVO10 (600 ng) and T antigen (2 pg). At time zero, fraction IIA, RF-A, RF-C, PCNA, and topoisomerases I and II were

added (as in panel A) with (O) or without (@) fraction IID. Portions were withdrawn at the indicated times, and the acid-insoluble counts were

measured.

nents, a reduced time lag (ca. S min) occurs before the onset
of DNA replication. We propose that this is due to the time
taken to accumulate the unwound complex from the pre-
formed T complex (Fig. 3). Once the unwound complex is
formed, the initial rate of DNA synthesis is linear with time
(Fig. 3), and we propose that this is due to the simple rate of
accumulation of the priming complex. Thus, the data shown
in Fig. 3 and 4 can be explained in terms of the accumulation
of a series of DN A-protein complexes during the presynthe-
sis stage of replication. This model of the presynthesis stage
of replication is also consistent with the previously described
ATP-dependent formation of an oligomeric T-antigen com-
plex at the origin (4, 5, 13, 14) and the involvement of RF-A
in form U production. Although others have measured the
production of form U after a 2-h incubation (12), the data in
Fig. 4 show that following the assembly of the T complex,

PRESYNTHESIS STAGE

form U production can occur rapidly in the presence of
RF-A.

The fact that extensive unwinding of the template DNA
can occur in the absence of DNA replication creates a
problem for replication control in vivo. If T antigen and
RF-A could recognize the origin and extensively unwind the
template DNA in the absence of DNA replication, a large
amount of single-stranded DNA would accumulate. This
would be detrimental to DNA replication and transcription
and would compromise the growth of the virus. Similarly,
unwinding from cellular origins in the absence of DNA
replication would cause problems for genome integrity.
Therefore, origin unwinding and the initiation of DNA
synthesis at the origin must be coupled events, and we
suggest that a mechanism exists in the cell to prevent
extensive unwinding without concomitant DNA synthesis.

RF-C
TAq RF-A TA PCNA
T UNWOUND PRIMING
DNA > COMPLEX —? COMPLEX > coMPLEX —> DNA REPLICATION

SS1—— '
L
]
D v

form U

FIG. 7. Model for the multiple stages of initiation of replication from the SV40 origin. The first stage, formation of the T complex,
corresponds to the ATP-dependent formation of an oligomeric complex of T antigen (TAg) at the origin. The addition of RF-A forms the
unwound complex. If origin unwinding is not coupled to DNA replication, extensive unwinding yields form U DNA (- —-—). If unwinding
of the origin is coupled to DNA replication, a priming complex is formed which is the direct precursor complex for primer formation at the
origin and DNA synthesis. Fraction I1ID inhibits T-complex formation, and fraction SSI antagonizes this inhibition.
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This mechanism could operate at any point during the
presynthesis stage of replication shown in Fig. 7 and may
even be related to the mechanism of activation of replication
origins in cellular chromosomes during the S phase of the
cell cycle.

Inhibition of T-complex formation. Fractions IID and SSI
are not essential for DNA replication in vitro in the most
highly purified system, but in the presence of fraction IID,
fraction SS1 is absolutely required. Inhibition by fraction IID
is limited to formation of the T complex, since once T
antigen and the template DNA have been preincubated in the
presence of ATP, subsequent addition of fraction IID has
little effect on the initial reaction Kkinetics, even in the
absence of fraction SSI (Fig. 6B). A protein(s) present in
fraction IID might inhibit the interaction of T antigen with
DNA or prevent local opening of the early palindrome or
alteration in the conformation of the A+ T-rich sequence, all
of which lead to T-complex formation (4, S, 14).

Roberts and D’Urso (38) have described an interesting
result related to cell cycle regulation of DNA replication. It
was shown that extracts prepared from cells enriched in the
G1 phase of the cell cycle were essentially inactive for form
U production and DNA replication, whereas extracts pre-
pared from S and G2 phase-enriched cells were active. In an
attempt to determine which factor was cell cycle regulated,
they added either RF-A or topoisomerase to the G1-specific
extracts, but neither of these proteins caused the G1 extracts
to support form U production. Since RF-A and topoisomer-
ase are the only cellular proteins required for form U
production in the purified system (Fig. 4), and since the
amount of these proteins did not vary throughout the cell
cycle (S. Din and B. Stillman, unpublished observations),
the cell-cycle-specific unwinding in crude extracts remains
enigmatic. One possibility that must now be considered is
that the inhibitory activity of fraction IID is constitutive
throughout the cell cycle and is therefore present in G1, S,
and G2 extracts but that the activity in fraction SSI that
antagonizes the IID inhibition is present only in S and G2
extracts. This explanation would conform to the expectation
that a positive factor is influencing the replication in S-phase
extracts (38) and may provide an explanation for the cell
cycle results. It is clear that further work is needed to
determine the difference between the G1- and S-phase ex-
tracts and whether the activities present in fractions IID and
SSI contribute to this difference. Additionally, the signifi-
cance of the IID inhibition in vivo must be addressed.

Elongation stages of DNA replication. Once the unwound
complex is formed, the initiation of DNA replication de-
pends upon the partially purified fraction II1A. This fraction
contains multiple essential replication factors, including the
polymerase a-DNA primase complex and other polymerase
and replication activities (T. Tsurimoto, T. Melendy, and B.
Stillman, unpublished observations). DNA replication in the
presence of fraction IIA alone is limited to the production of
short nascent DNA strands that derive predominantly from
the lagging-strand template and origin-specific products that
remain bound to the template. These products are similar to
those previously described when replication was supported
by crude extracts that lacked either PCNA (37) or RF-C (48).
Furthermore, in the reconstituted system the addition of
PCNA and RF-C is required for complete DNA replication.
Thus, the elongation stage of DNA replication in this semi-
purified system reflects the mechanism of coordinated lead-
ing- and lagging-strand replication demonstrated previously.
Since PCNA is a processivity factor for DNA polymerase 3
(35, 47), it is likely that polymerase 3 is in fraction IIA and is
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required for synthesis of the leading strand at a replication
fork.

Recently, a reconstituted system that supported DNA
synthesis from the SV40 origin and that did not require
PCNA, RF-C, or DNA polymerase & was described (22).
The mechanism of DNA replication, however, appeared to
be different from the mechanism reported here, because the
polymerase a-primase complex supported DNA synthesis
on both leading and lagging strands and, more importantly,
DNA replication was very inefficient when compared with
replication in crude extracts. The lack of requirement for
PCNA was attributed to the removal from the crude extracts
of an inhibitor of chain elongation (26). PCNA was reported
to overcome this inhibitor, but, in addition, PCNA-depen-
dent replication could be restored only if a crude fraction
(probably similar to fraction IIA) and other activators were
added. It is possible that one of these activators is RF-C. The
significance of the inhibitor is not clear. On the basis of its
chromatographic properties on a phosphocellulose resin, the
inhibitor should not be present in the reconstituted system
described herein. We also note that the inhibitor activity in
fraction IID is not the same as the inhibitor described by Lee
et al. (26), because they affect different stages of replication.

The reconstitution of SV40 DNA replication with purified
replication proteins should enable the mechanism of replica-
tion to be investigated in detail, but also should usher in new
approaches and generate valuable reagents that are needed
to understand the mechanism and control of cellular DNA
replication. However, it is clear that the results obtained in
vitro must be followed up to see whether they have signifi-
cance in vivo. In this regard, the recent identification of a
DNA polymerase 8-like enzyme and a PCNA equivalent in
the yeast Saccharomyces cerevisiae (2, 3, 10) offers the
opportunity of a genetic approach to the problem and
suggests that studying SV40 DNA replication in vitro pro-
vides an excellent model for cellular DNA replication.
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