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Addition of purified human topoisomerase I (topo I) to simian virus 40 T antigen-driven in vitro DNA
replication reactions performed with topo I-deficient extracts results in a greater than 10-fold stimulation of
completed molecules as well as a more than 3-fold enhancement of overall DNA replication. To further
characterize this stimulation, we first demonstrate that bovine topo I but not Escherichia coli topo I can also
enhance DNA replication. By using several human topo I mutants, we show that a catalytically active form of
topo I is required. To delineate whether topo I influences the initiation or the elongation step of replication,
we performed delayed pulse, pulse-chase, and delayed pulse-chase experiments. The results illustrate that topo
I cannot promote the completion of partially replicated molecules but is needed from the beginning of the
reaction to initiate replication. Competitive inhibition experiments with the topo I binding T antigen fragment
1-246T and a catalytically inactive topo I mutant suggest that part of topo I’s stimulation of replication is
mediated through a direct interaction with T antigen. Collectively, our data indicate that topo I enhances the
synthesis of fully replicated DNA molecules by forming essential interactions with T antigen and stimulating

initiation.

A major area of interest under investigation is the molecular
mechanism involved in the early stages of mammalian cell
DNA replication. However, neither the mammalian initiator
protein(s) nor the helicase(s) specific for DNA replication has
been definitively identified (23, 25). Moreover, the exact ori-
gins of mammalian DNA replication are also not defined and
appear to reside in initiation zones rather than consist of pre-
cise DNA consensus sequences (27, 29). To circumvent these
obstacles and still obtain valuable information regarding the
early stages of mammalian cell DNA replication, we are ex-
ploiting the simian virus 40 (SV40) model of DNA replication
in vitro, which depends on a well-defined origin of replication
and a single initiator protein and DNA helicase, the virally
encoded T antigen (10, 35, 59). All essential replication ma-
chinery components except T antigen are provided by permis-
sive cellular extracts (34, 35, 59, 68). Further studies have led
to the establishment of reconstituted systems from purified
proteins that support SV40 DNA replication (26, 64, 65, 69).
Use of these model systems has provided a wealth of informa-
tion regarding the functions of proteins involved in eukaryotic
DNA replication (recently reviewed in references 5 and 20).
However, there are still significant gaps in our understanding
of the exact mechanisms involved in eukaryotic DNA replica-
tion, in particular with respect to (i) the composition and
geometry of the initiation and elongation complexes, (ii) the
interactions among replication factors, and (iii) how replica-
tion is regulated at various stages.

T antigen provides the helicase activity by forming a double
hexamer over the SV40 origin of replication in the presence of
ATP (3, 11, 38). In assays using either cell extracts, purified
proteins, or partially purified multienzyme complexes (1, 33,
37), the cellular proteins found to participate with this T-
antigen double hexamer include DNA polymerase o-primase
(12, 33, 39, 42, 43, 64, 69), replication protein A (14, 43, 64, 69,
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70), proliferating cell nuclear antigen (24, 37, 43, 45, 46, 47,
64), DNA polymerase d (40, 43, 46, 47, 64), topoisomerase I
(topo I) and/or topo II (28, 33, 37, 64, 69, 72), replication factor
C (43, 62, 63, 64, 65), 5'-3" exonuclease (MF-1) (26, 33, 64),
DNA ligase (26, 33, 37, 64), and RNase H (26, 33, 37, 64).
Details of the temporal role of each of these proteins as well as
the mechanism by which each functions in vivo remain to be
determined.

Models like the SV40 system described above have been
devised to isolate and study specific events in the complex
mechanism of eukaryotic DNA replication. Of particular in-
terest, the requirements and specific roles of type I and type II
topoisomerases have yet to be clearly determined. Type II
topoisomerases function enzymatically by producing double-
strand breaks to relieve torsionally strained replicated mole-
cules (7). Yang et al. (72) have demonstrated that topo II is
required to separate catenated SV40 daughter molecules (60,
61). Eukaryotic type I topoisomerases generate single-stranded
nicks in double-stranded DNA by forming a reversible 3'-
phosphate bond and introducing or relieving either positive or
negative supercoils (7, 55, 57). Either topo I or topo II can
stimulate the early stages of DNA replication (72). Evidence
for the presence of topo I in isolated multiprotein replication
complexes has been obtained by several labs (1, 33, 37). Topo
I has also been found associated with SV40 DNA replicative
intermediates (RIs) (6, 7). Several groups have also shown that
topo I can stimulate in vitro SV40 T-antigen-mediated DNA
replication (69, 71).

T antigen and human or bovine topo I can associate in vitro
(51). There is evidence that this interaction is functionally
significant (44, 48, 48a, 52, 53). First, topo I interferes with T
antigen’s ability to unwind DNA from nonorigin sites, implying
that the specificity of origin unwinding is increased (53). Sec-
ond, T antigen can reverse the formation of a covalent 3'-
phosphate bond between topo I and the DNA in the presence
of camptothecin, indicating that the activity of topo I can be
modulated by T antigen (44). Third, T antigen activates topo I
nicking activity and directs the enzyme to cleave specific sites
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near the origin of replication (52). We have postulated (52)
that a complex of a double hexamer of T antigen and a single
molecule of topo I unwinds and relaxes origin-containing
DNA. Fourth, a complex of T antigen and topo I appears to be
required to partially unwind circular origin-containing DNA
(48, 48a). Fifth, topo I significantly increases T-antigen medi-
ated DNA replication and generates much larger amounts of
completed molecules (53).

Evidence from several labs demonstrates that the T-antigen
double hexamer unwinds origin-containing closed circular
DNA in the presence of at least RPA and DNA polymerase
a-primase (8, 13, 39, 41, 43) and possibly a topoisomerase (10,
11, 48). As the origin opens up, torsional strain would signifi-
cantly increase ahead of the replication forks unless a topo-
isomerase is recruited to relieve this strain. To explain the
effects of topo I on SV40 DNA replication in vitro, it might be
argued that the enzyme functions at replication forks to pro-
mote DNA synthesis and permit partially replicated molecules
to go to completion. To gain a better understanding of topo I’s
involvement in eukaryotic DNA replication, we established a
modified in vitro system which dissects replication into two
stages, initiation and elongation. The results of this study dem-
onstrate that, contrary to expectations, topo I is involved in the
initiation reaction and is unable to convert RIs to completed
molecules.

MATERIALS AND METHODS

Plasmids. The SV40 origin-containing plasmids pSKori (53) and pSV011+
(46, 58) have been described elsewhere.

Cells. Sf9 insect cells were routinely maintained in spinner flasks, transferred
to T150 flasks, and infected by standard protocols (PharMingen). 293 cells (16)
were grown in Dulbecco modified Eagle medium containing 10% fetal bovine
serum in spinner flasks in a 5% CO, humidified incubator. Cytosolic 293 cell
extracts were prepared as described previously (58, 59) and screened for topo I
by Western blotting (ECL kit; Amersham), using the topo I monoclonal antibody
8G6 (53a).

Recombinant baculoviruses. The construction of SV40 wild-type (WT) T an-
tigen (32) as well as C-terminal (51) T-antigen deletion mutant-expressing bacu-
loviruses has been described elsewhere. Stewart et al. (57) generated the bacu-
lovirus expressing human topo I used in this study.

Protein purification. Human topo I was purified by column chromatography as
described by Stewart et al. (57) and estimated to be about 90% pure (53).
Purified Escherichia coli topo I was a generous gift from Ken Marians (Sloan-
Kettering Institute), and purified bovine topo I was a generous gift from Tom
Melendy (University of Buffalo). Purified Y723F, topo58, and topo12 were gen-
erous gifts from Jim Champoux and Lance Stewart (University of Washington).

WT and most mutant T antigens were immunoaffinity purified from Sf9 cells
with monoclonal antibody PAb101 (17) as described by Simanis and Lane (50).
1-246T was purified with monoclonal antibody PAb419 (19) as described by
Mastrangelo et al. (38). The T antigens prepared for use in in vitro DNA
replication assays were dialyzed against buffer F [10 mM piperazine-N,N’-bis(2-
ethanesulfonic acid) (PIPES; pH 7), 5 mM NaCl, 1 mM EDTA, 1 mM dithio-
threitol (DTT), 1 mM phenylmethylsulfonyl fluoride, 10% (vol/vol) glycerol (50)]
and stored in aliquots at —80°C. The WT T antigen used in the enzyme-linked
immunosorbent assay (ELISA) in Fig. 1B was purified in the same manner (50)
with monoclonal antibody PAb416 (19), dialyzed against storage buffer (10 mM
Tris [pH 8], 1 mM EDTA, 100 mM NaCl, 1 mM DTT, 50% [vol/vol] glycerol
[38]), and stored at —20°C. Silver staining of 10% Laemmli gels (30) allowed for
the estimation of the concentration of the purified proteins relative to a phos-
phorylase b standard.

ELISAs. ELISAs were performed as detailed by Simmons et al. (51), with 100
ng of either human, bovine, or E. coli topo I as the first protein. Increasing
quantities of immunoaffinity-purified WT T antigen were allowed to react with
the bound topo I. After washing, the bound protein complexes were incubated
with 300 ng of biotin-conjugated PAb101. The wells were washed, streptavidin-
conjugated horseradish peroxidase (HRP; Sigma) was added, and substrate was
introduced after another wash. The reactions were stopped with H,SO,, and
absorbance at 490 nm was read on a Dynex MRX plate reader. A parallel series
of reactions lacking topo I was performed as a background control, and their
values were subtracted from those of the corresponding topo I-containing sam-
ples.

In vitro DNA replication assays with a 60-min label. Standard DNA synthesis
reaction mixes were prepared similarly to those described by Stillman and Gluz-
man (59) (see Fig. 3A), using replication buffer A (30 mM HEPES-KOH [pH
7.5], 7mM MgCl,, 0.5 mM DTT, 4 mM ATP, 200 uM CTP, GTP, and UTP, 100
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wM dTTP, dGTP, and dCTP, 25 uM dATP, 40 mM creatine phosphate, 20 ng of
creatine phosphokinase per pl [final concentrations]). Unless otherwise indi-
cated, 2 pg of T antigen, 200 to 300 pg of topo I-deficient 293 cell extract, 236
ng of pSVO11+, and 1 pCi [a-*?P]JdATP were used in each 50-pl reaction.
Purified topo I, topo I mutant, or 1-246T was added when indicated. After the
DNA was synthesized for 1 h at 37°C, the reactions were terminated by the
addition of stop buffer (21 mM EDTA, 0.42% sodium dodecyl sulfate, 0.21 pg of
proteinase K per ul [final concentrations]). After digestion for 30 min at 37°C,
the labeled DNA was sequentially extracted with phenol, chloroform-isoamyl
alcohol, and ether and precipitated with ethanol before being analyzed on a 1.5%
agarose gel. After the gel was dried, the labeled replicated DNA products were
quantitated on a Molecular Dynamics PhosphorImager unless otherwise indi-
cated and exposed to film.

Delayed pulse replication assays. Delayed pulse experiments were carried out
as described previously (15, 59) (see Fig. 3A). Topo I-deficient 293 cell extracts
were incubated with T antigen and pSV011+ in replication buffer B (40 mM
HEPES-KOH [pH 7.5], 8 mM MgCl,, 0.5 mM DTT, 3 mM ATP, 40 mM creatine
phosphate, 20 to 40 ng of creatine phosphokinase per pl [final concentrations])
at 37°C for 30 min. To initiate DNA synthesis, GTP, CTP, and UTP (0.2 mM
each), dGTP, dCTP, and dTTP (0.1 mM each), and 1 pCi of [«->*P]dATP (3,000
Ci/mmol) were added with or without topo I, and DNA synthesis continued at
37°C for 30 min. The reaction products were purified and analyzed as described
above. In some cases, after separation of the replication products on a 1.5%
agarose gel, the completed molecules were visualized by ethidium bromide,
excised from the gel, Cerenkov counted, purified by GeneClean (Bio 101),
digested with BstUI and SspI (New England Biolabs), and applied to a 2%
agarose gel.

Pulse-chase replication assays. Pulse-chase assays were performed by a mod-
ification of the procedures described by Fotedar et al. (15) (see Fig. 3A). Spe-
cifically, T antigen, topo I-deficient 293 cell extracts, pSV011+, 0.2 mM each
CTP, GTP, and UTP, 0.1 mM dCTP, 0.1 mM dGTP, and 1 uCi of [a-**P]dATP
(3,000 Ci/mmol) were incubated in replication buffer B for 30 min at 37°C to
allow for the formation of primed initiation complexes. At 30 min, the label was
chased with 0.1 mM cold (unlabeled) dATP (15,000-fold excess) and 0.1 mM
dTTP was added. After 30 min at 37°C, the reactions were stopped and the newly
synthesized DNA was extracted and analyzed as before.

Delayed pulse-chase replication assays. Topo I-deficient extracts were incu-
bated under the initial conditions described above for the delayed pulse repli-
cation assays (see Fig. 3A). At 30 min, the complexes were primed at 37°C by the
addition of 0.2 mM each CTP, GTP, and UTP, 0.1 mM dCTP, and 0.1 mM
dGTP; 1 pCi of [a-3?P] dATP (3,000 Ci/mmol) was then added to allow for a
limited elongation reaction in the absence of dTTP for 30 s at 37°C. A 15,000-
fold excess of cold dATP (0.1 mM dATP) was added along with 0.1 mM dTTP,
and the reaction was incubated at 37°C for 30 min before the addition of stop
buffer. Topo I was added either at the beginning of the reaction or with the chase.

RESULTS

Human and bovine topo I stimulate SV40 DNA replication.
We have previously demonstrated that human topo I promotes
the synthesis of fully replicated SV40 DNA in vitro (53). The
mechanism by which DNA replication is stimulated is not
known. In an effort to characterize this reaction further, we
first asked whether topo I isolated from other species could
substitute for the human enzyme. Figure 1A demonstrates that
human and bovine but not E. coli topo I stimulates the pro-
duction of completed circular plasmid DNA containing the
entire SV40 replication origin. Replication reactions were car-
ried out with 293 cell extracts deficient in topo I as determined
by Western blotting (data not shown). In the absence of added
topo I, T-antigen-mediated replication resulted in the forma-
tion of unfinished RIs (Fig. 1A, lane 2) as previously shown
(53). The addition of even the lowest quantity (50 ng) (Fig. 1A,
lane 3) of human topo I increased the formation of completed
molecules (covalently closed circular [CCC] DNA, form I
DNA, and all topoisomers migrating in between) approxi-
mately 9.3-fold while increasing total DNA synthesis approxi-
mately 2.3-fold. Maximal stimulation was observed with 100 ng
of human topo I (11.6-fold for completed molecules and 2.5-
fold for overall), and higher concentrations reduced the stim-
ulation (Fig. 1A, lanes 4 to 6). Bovine topo I also significantly
increased the formation of completed molecules (Fig. 1A,
lanes 7 to 10) (11-fold with 300 ng), although a 3-fold-higher
concentration was needed to obtain maximal stimulation. In
contrast, E. coli topo I had no effect on T-antigen-mediated
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FIG. 1. Comparison of the activities of topo I isolated from different species.
(A) In vitro DNA replication assays were performed with topo I-deficient 293
cell extracts supplemented with 200 ng of pSKori, 1 wCi of [->?P]dATP, and 2
g of T antigen in the absence (lane 2) or presence of increasing amounts of
human, bovine, or E. coli topo I (50 ng [lane 3, 7, or 11], 100 ng [lane 4, 8, or 12],
200 ng [lane 5, 9, or 13], and 300 ng [lane 6, 10, or 14]. As a control, neither T
antigen nor topo I was added to lane 1. After purification, the labeled replicated
DNA was analyzed by gel electrophoresis on a 1.5% agarose gel. The positions
of RIs, CCC relaxed DNA, and form I DNAs are shown. (B) ELISAs were
performed by adsorbing 100 ng of human, bovine (CT), or E. coli topo I to the
wells of a microtiter plate and reacting them with increasing quantities (0, 0.75,
1.5, 3, 6.25, 12.5, 25, 50, 100, and 200 ng) of T antigen. The specific complexes
formed were detected by using biotinylated PAb101, streptavidin-conjugated
HRP, and o-phenylenediamine substrate solution. Absorbance at (optical density
[OD]) 490 nm was measured with a Dynex MRX plate reader.

DNA replication (Fig. 1A, lanes 11 to 14). The E. coli topo I
used in these experiments was shown to be catalytically active
in a DNA nicking reaction (data not shown).

We previously showed that human and bovine topo I can
bind T antigen in vitro (51). To determine if the failure of E.
coli topo I to stimulate DNA replication was due to an inability
to interact with T antigen, we measured T antigen-topo I
binding with an ELISA (Fig. 1B). Purified topo I (100 ng) from
each species was adsorbed to the surface of the wells of a
microtiter plate, and then increasing quantities (0 to 200 ng) of
WT T antigen were allowed to bind to the attached topo I.
Protein-protein complexes were reacted with biotinylated
PAb101, an anti-T monoclonal antibody, and detected with
streptavidin-conjugated HRP and its substrate. E. coli topo I
bound T antigen at least as well as human or bovine topo I
(Fig. 1B). To ensure that binding was due to direct protein-
protein interactions and was not mediated by contaminating
DNA, the reactions were repeated in the presence of ethidium
bromide (100 wg/ml) (18, 31); the same results were obtained
(data not shown). Therefore, E. coli topo I’s inability to stim-
ulate DNA replication cannot be explained by a simple lack of
binding.

Topo I catalysis is required for stimulation of DNA replica-
tion. It is well established that topoisomerases (I or II) are
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FIG. 2. Effect of catalytically inactive topo I on in vitro DNA replication.
Replication reactions were carried out in the absence (lanes 1 and 2) or in the
presence of various forms of topo I as indicated above the lanes. Lane 1 con-
tained no T antigen as a negative control. The labeled replicative products were
analyzed as described for Fig. 1A.

required for SV40 DNA replication (69, 71, 72) and presum-
ably must also be necessary for cellular DNA replication. The
dependence for topo I in the SV40 system has also been dem-
onstrated by the inhibition of DNA replication with the topo I
poison camptothecin (49, 54, 68). Camptothecin interferes
with the second step in catalysis, the religation of nicked
strands (2, 9, 21). To determine if nicking activity is also re-
quired to promote T-antigen-mediated DNA replication, we
tested the ability of various human topo I mutants to stimulate
replication (Fig. 2). These include Y723F (a catalytic site point
mutant [57]) and deletion mutants topo58 (amino acids 175 to
659 [55, 57]) and topol2 (amino acids 658 to 765 [56]), which
are also catalytically inactive (56). Y723F binds T antigen nor-
mally in an ELISA, whereas topo58 binds less well and topo12
is inactive (data not shown). Replication reactions were carried
out in the absence or presence of 100 ng of full-length topo I
or the molar equivalent of the deletion mutants (Fig. 2). In this
assay, none of the mutants stimulated DNA replication (Fig. 2;
compare lanes 4 through 6 with lane 3). These results provide
evidence that topo I catalytic activity is required for stimula-
tion of DNA replication.

Topo I stimulates DNA replication from the point of initi-
ation. It has long been assumed that a topoisomerase is re-
quired for DNA replication for the purpose of relieving the
torsional strain imposed on the unreplicated portions of the
molecule. Our observation (reference 53 and this report) that
topo I primarily stimulates the production of completed mol-
ecules was in agreement with this hypothesis and suggested
that the enzyme acts during elongation to relax DNA ahead of
replication forks. To investigate this further, we first asked
whether topo I had to be added at the same time as the
T-antigen initiator to stimulate DNA replication. A delayed
pulse reaction was carried out to answer this question (Fig. 3).
Topo I-deficient 293 cell extracts were first incubated with T
antigen and SV40 origin-containing DNA under replication
conditions in the presence of ATP but not the other nucleoside
triphosphates (NTPs) to form a preinitiation complex. After 30
min, the remaining tfNTPs and all dNTPs (including **P-la-
beled dATP) were added to permit initiation and subsequent
elongation. In the absence of added topo I, the primary labeled
products were RIs, just as in the 60-min label reaction (Fig. 3B,
lane 2). Whether topo I was added with the T antigen from the
beginning of the reaction (Fig. 3B, lane 3) or 30 min later with
the label (Fig. 3B, lane 4), there was an 11-fold stimulation in
the formation of completed molecules. Moreover, there was no
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FIG. 3. Delayed-pulse and pulse-chase in vitro DNA replication assays. (A)
Schematic diagram of the order of addition of the components in the procedures
used throughout this study. CP, creatine phosphate; CPK, creatine phosphoki-
nase. (B) In the delayed pulse experiment, replication reactions were begun with
ATP but not the other nucleotides. At 30 min, 1 wCi of [a-*?]JdATP, along with
cold dTTP, dCTP, dGTP, CTP, GTP, and UTP, was added, and DNA synthesis
proceeded for 30 min at 37°C. In the pulse-chase assays, all ribonucleotides and
deoxyribonucleotides including 1 wCi of [a->?|dATP were added from the be-
ginning. After 30 min, the label was chased with an excess of cold dATP for 30
min. Human topo I (100 ng) was added either from the beginning (topo I at 0")
or at 30 min (topo I at 30’). After the reactions were stopped, the labeled
replicative products were purified and analyzed as described for Fig. 1A.
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decrease in the amounts of labeled RIs (1.6-fold stimulation)
with the addition of topo I, implying that topo I was not
functioning solely in elongation. Therefore, topo I can stimu-
late the synthesis of completed molecules even when added
after the binding of T antigen to the DNA.

In an effort to distinguish between an effect of topo I on
initiation and elongation, we performed a pulse-chase experi-
ment (Fig. 3B, lanes 5 to 7). Here, all nucleotides and the
labeled dATP were present from the beginning of the reaction
and a 15,000-fold excess of cold dATP (0.1 mM) was added at
30 min (Fig. 3A). Once again, topo I was added either from the
beginning or at 30 min with the chase. If topo I functions
during elongation, it would promote the formation of com-
pleted molecules from RIs, and the labeled reaction products
generated when topo I is present during the chase would be
mostly completed molecules and very few Rls. If topo I is
needed for the initiation reaction alone or during initiation and
elongation, one would expect to observe a significant stimula-
tion of completed molecules when topo I is added from the
beginning. Figure 3B (lanes 5 and 6) shows that there is no
effect on replication when topo I is added with the chase,
demonstrating that topo I is unable to promote the completion
of partially replicated DNAs. There was a 2.9-fold stimulation
of overall replication and a 7.2-fold stimulation of completed
molecules when topo I was present from the beginning of the
reaction (Fig. 3B, lane 7), indicating that it influences initia-
tion.

To obtain additional support for this interpretation, we did
a delayed pulse-chase experiment (Fig. 4A). In this reaction,
topo I-deficient extracts were incubated with T antigen, origin-
containing DNA, and ATP for 30 min to permit T antigen to
bind the origin (Fig. 3A). At 30 min, the DNA was pulse-
labeled for 30 seconds with [a->*P]dATP in the presence of all
four rNTPs plus dCTP and dGTP. The label was then chased
for 30 min with excess cold dATP (15,000-fold) in the presence
of the fourth dNTP (dTTP). The elimination of dTTP from the
initiation reaction allowed us to clearly discriminate between
effects on the two phases of DNA replication (15), and the
brief pulse permitted us to observe the effects on only the
molecules that are primed to initiate replication. Topo I was
added from the beginning of the reaction (Fig. 4A, lane 5) or
with the chase (Fig. 4A, lane 6). Results were compared to
those obtained with a standard 60-min label DNA synthesis
reaction in the absence (Fig. 4A, lane 2) or presence (Fig. 4A,
lane 3) of topo I. As long as topo I was present when the
initiation complex formed, it was able to significantly stimulate
the reaction, but it was unable to convert preformed Rls to
completed molecules. Therefore, topo I does not function
solely during elongation.

The above experiments could be explained by the require-
ment for topo I in the formation of an initiation complex at the
origin of replication. The existence of such a complex is sub-
stantiated by the ability of T antigen to activate topo I to nick
origin DNA at sites different from the ones the enzyme selects
on its own (52). We reasoned that if topo I associates early in
the formation of the replication complex, insertion of the cat-
alytically inactive form of the enzyme at that point would
generate a defective complex that could not be rescued with
WT topo I. To evaluate this possibility, we performed another
delayed pulse-chase experiment (Fig. 4B) in which 50 ng of
either WT topo I or mutant Y723F was added from the be-
ginning of the reaction. After the brief pulse, 50 ng of either
WT topo I or Y723F was added at the beginning of the chase
period. The amount of replication relative to that with T an-
tigen alone is indicated below the lanes. WT topo I was unable
to stimulate elongation when Y723F was present during initi-
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FIG. 4. Delayed pulse-chase assays. (A) For lanes 1 to 3, reaction mixtures
contained 1 uCi of [a-*P]dATP for 1 h in the absence (lane 2) or presence (lane
3) of 100 ng of human topo I; lane 1 was a control without T antigen or topo I.
The delayed pulse-chase reactions were set up like the delayed pulse experiments
for the first 30 min, at which time the rest of the rNTPs, dGTP, and dCTP were
added. Then 1 uCi [a-**P]dATP was added to each sample for 30 s at 37°C, after
which time dTTP and excess cold dATP were added for an additional 30 min.
The labeled products were analyzed as described for Fig. 1A; however, the gel
was exposed only one-fifth as long. (B) Delayed pulse-chase reactions were set up
as for panel A except that 50 ng of either WT topo I or Y723F was added at the
beginning (0"). Another 50 ng of either WT topo I or Y723F was added with the
chase (30) as indicated above the lanes. The amount of replication relative to
that with T antigen alone is indicated below the lanes.

ation (Fig. 4B, lane 5). However, if WT topo I was present
from the start of the reaction, it was capable of stimulating the
formation of completed molecules even when Y723F was
added during elongation (Fig. 4B, lane 6). These results sug-
gest that once formed, an initiation complex consisting of WT
or mutant topo I becomes irreversibly programmed in the
replication pathway. This experiment also substantiates our
conclusion that a catalytically active topo I is essential during
the initiation reaction to stimulate the formation of completed
molecules.

Competition by mutant T antigen or mutant topo I. Previous
work from our lab has shown that an interaction between T
antigen and topo I is likely involved in the ability of topo I to
inhibit unwinding of nonorigin DNA (53) and to partially un-
wind circular origin-containing DNA (48a). These conclusions
were based on the inhibitory effects of T-antigen fragments
that bind to topo I. We used a similar approach here and
determined whether the T-antigen deletion mutant 1-246T in-
terferes with topo I's stimulation of replication. This fragment
was chosen because it binds topo I as well as WT T antigen
(51), does not bind DNA (unpublished data), and does not
interfere with T antigen’s unwinding activity (53). A delayed
pulse experiment was carried out as illustrated in Fig. 3A
except that topo I was added only at 30 min in the presence or
absence of a 10-fold molar excess of 1-246T relative to the
amount of full-length T antigen (Fig. 5A). Due to the very low
levels of incorporation into completed molecules in the ab-
sence of topo I, addition of 1-246T had a slight stimulatory or
slight inhibitory (Fig. 5A, lane 7) effect depending on the
experiment; however, this was not significant. In the presence
of topo I, 1-246T always partially inhibited the stimulation of
replication by topo I alone (Fig. 5A; compare lanes 5 and 6). In
this experiment, 1-246T reduced topo I's stimulation of com-
pleted molecules to only 2-fold, compared to 7.8-fold with topo
I alone (Fig. 5A; Fig. 5B, 10 M). To verify this partial inhibi-
tion, the experiment was repeated with different concentra-
tions of 1-246T under delayed pulse and delayed pulse-chase
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conditions. Figure 5B quantifies the stimulation of DNA rep-
lication by topo I alone and by a combination of topo I and
1-246T. Even with 0.6 M equivalents of 1-246T relative to
full-length T antigen, the stimulation by topo I was reduced
from 9.3- to 4-fold for completed molecules and from 4.5- to
2.5-fold for overall replication. A 2 M excess of 1-246T resulted
in an intermediate effect (Fig. 5B).

If topo I stimulates DNA replication by participating in the
formation of an initiation complex, the addition of 1-246T
should interfere with the initiation of replication. We con-
firmed this prediction by performing another delayed pulse
experiment in the presence or absence of topo I and 1-246T.
After DNA synthesis, the products were separated by gel elec-
trophoresis and the form I bands were excised and subjected to
restriction enzyme digestion (Fig. 5C). The two enzymes used
(BstUI and SspI) cut the plasmid DNA into nine fragments and
permitted us to analyze the incorporation of label into different
portions of the replicating plasmid. 1-246T decreased the stim-
ulation of labeled form I DNA by topo I from 11- to 2-fold
(Fig. 5C). This significant reduction in incorporation of label
was equal thoughout the plasmid DNA; all of the restriction
fragments showed proportional decreases in labeling (Fig. 5C,
lanes 2 and 3). The reduction in labeling of the fragments
derived from the replication termination region was equivalent
to that of the origin containing fragment. If 1-246T were in-
terfering with topo I’s activity in elongation, one would predict
it to preferentially diminish the incorporation of label into the
fragments farthest from the origin. These results provide ad-
ditional evidence for our interpretation that topo I participates
with T antigen in the initiation reaction.

If this partial inhibition of topo I activity by 1-246T is due to
a block in the formation of WT T antigen-topo I complexes, it
should also be possible to partially abrogate topo I's stimula-
tion of replication with a functionally inactive mutant form of
topo I. We therefore investigated the ability of Y723F to com-
pete with WT topo I and reduce its effect on DNA replication.
Since high concentrations of WT topo I interfere with its stim-
ulation (Fig. 1A), we determined the effect of Y723F by com-
paring reactions containing equal amounts of total (WT and
mutant) topo I. In the presence of 50 ng each of topo I and
Y723F (1:1), the stimulation of completed molecules was 70%
*+ 1% of that with 100 ng of WT topo I (Fig. 5D, samples 3 and
4). When 100 ng of Y723F was included with 50 ng of topo I
(2:1), the stimulation was 62% = 3% of that with 150 ng of WT
topo I (Fig. 5D, samples 5 and 6). One would predict that, at
maximum, the 1:1 and 2:1 combinations would reduce the
completed molecules to 50 and 33%, respectively. This partial
inhibition is consistent with the interpretation that a portion of
topo I’s stimulation of DNA replication is due to a direct
interaction with T antigen.

DISCUSSION

The primary effect of adding purified human topo I to a
DNA replication reaction utilizing topo I-deficient extracts is
to stimulate the production of completed DNA molecules (ref-
erence 53 and this report). Specifically, the average levels of
stimulation of T-antigen-mediated DNA replication by human
topo I from 27 experiments were 11.5 = 4.0-fold for completed
molecules and 3.6 = 1.0 fold for overall replication. This result
suggested that topo I acts mostly at the elongation stage of
DNA synthesis to relieve torsional strain ahead of the replica-
tion forks. However, we demonstrated here that under a num-
ber of different experimental conditions, topo I is required
during or prior to initiation of DNA replication. This finding
suggests that topo I is a component of the initiation complex.
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FIG. 5. Competitive in vitro DNA replication reactions. (A) Competition with 1-246T. For lanes 1 to 3, 1 pg of immunoaffinity-purified T antigen was used to
program an in vitro DNA replication reaction of 236 ng of pSVOII+ and 1 uCi of [«->*P]dATP in the absence (lanes 1 and 2) or presence (lane 3) of 100 ng of human
topo I; lane 1 is a negative control without T antigen. For lanes 4 to 7, T-antigen-mediated in vitro DNA replication was initiated without label for 30 min. Then 1 pCi
of [a-*?P]dATP, 100 ng of human topo I (lanes 5 and 6), and a 10 M excess (over WT T antigen) of 1-246T (lanes 6 and 7) were added, and the reaction continued
for an additional 30 min. The labeled DNA was purified, analyzed on a 1.5% agarose gel, dried, and exposed to film. The radioactive products were excised and
subjected to Cerenkov counting. (B) Stimulation of completed molecules and overall DNA replication in the presence of topo I (—1-246T) or in the presence of topo
I and 1-246T (+1-246T) DNA replication in the presence of T antigen alone is given a value of 1, and fold stimulation is calculated for each molar excess of 1-246T
over WT T antigen and depicted graphically. The experiment containing 0.6 M equivalents of 1-246T (relative to WT T antigen) was done with a delayed pulse-chase
assay. Experiments containing 2 and 10 M excesses of 1-246T were performed with delayed pulse assays; 10 M excess represents the experiment illustrated in panel
A. (C) Restriction enzyme digestion of the form I molecules obtained during a delayed pulse competition reaction. A competition reaction with a 10 M excess of 1-246T
was carried out as for panel A. After separation of the replication products on a 1.5% agarose gel, the completed molecules were visualized by ethidium bromide, excised
from the gel, Cerenkov counted, purified by GeneClean (Bio 101), digested with BstUI and SspI (New England Biolabs), and applied to a 2% agarose gel. The 739-bp
fragment contains the origin of replication (ori), and the 493- and 330-bp fragments are on the opposite side close to the site of termination. The numbers below the
lanes represent relative incorporation into form I DNA. (D) Competition with the catalytic site topo I mutant Y723F. An in vitro DNA replication assay was performed
in the presence or absence of various quantities of WT human topo I and mutant topo I Y723F. The DNA was synthesized in the presence of label for 1 h and analyzed
on a 1.5% agarose gel. Replicated completed molecules (from CCC to form I on the gel) were quantitated, and the results (from two independent experiments) are
expressed as a percentage of the values obtained with WT topo I alone. Samples: 1, no T antigen (negative control); 2, T antigen alone; 3, 100 ng of human topo I;
4, 50 ng of topo I and 50 ng of Y723F; 5, 150 ng of topo I; 6, 50 ng of topo I and 100 ng of Y723F. Samples 1, 2, and 4 were normalized to sample 3, and sample 6
was normalized to sample 5.

The role of topo I in initiating replication was elucidated by
varying the time of its addition relative to the other compo-
nents of the replication reaction. Delayed pulse assays showed
that stimulation took place even when it was introduced 30 min
after the addition of T antigen but before the onset of repli-
cation (Fig. 3B). In these reactions, topo I was able to promote
the synthesis of completed molecules without diminishing the
amounts of RIs. Labeled completed molecules generated un-
der these delayed pulse conditions showed both uniform stim-
ulation of incorporation in all fragments in the presence of
topo I as well as a uniform reduction upon the addition of the
competitor, 1-246T (Fig. 5C). Further evidence was obtained
from the pulse-chase experiments (Fig. 3B), which illustrated
that topo I must be present from the beginning of the reaction
and cannot stimulate the completion of preformed RIs. The

delayed pulse-chase experiments (Fig. 4A) clearly distin-
guished between the two phases since preinitiation complexes
were stalled by a lack of nucleotides, and after priming of these
complexes, the brief label without the fourth deoxynucleotide
limited elongation. Once again, topo I was able to stimulate
replication when added before the reaction but not after the
labeling period. Furthermore, a catalytically active topo I is
required during initiation to promote the formation of com-
pleted molecules (Fig. 4B). Collectively, these results lead to
the conclusion that topo I must act before or during initiation,
but they do not rule out the likely possibility that it also func-
tions during elongation.

Camptothecin, an inhibitor of the religation activity of topo
I, is capable of inhibiting overall SV40 DNA replication in vitro
and in vivo (49, 54, 68). Replication would cease presumably
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because the replication complex at the fork would be stalled by
an unsealed nick. One might anticipate that topo I nicking is
also required since the torsional strain created ahead of the
forks would prevent further elongation. The demonstration
that catalytically inactive topo I mutants (Y723F, topo58, and
topol2 [56, 57]) are unable to stimulate DNA replication (Fig.
2) is consistent with this hypothesis. Therefore, a catalytically
active topo I is required to promote the formation of com-
pleted replicated DNA molecules.

Evidence of a direct T antigen-topo I functional complex
comes from our competition experiments with 1-246T and
Y723F. These mutants should theoretically compete with their
WT counterparts to limit the formation of active T antigen-
topo I complexes. There was substantial inhibition of topo I's
ability to stimulate overall DNA replication and to form com-
pleted molecules by a small amount of 1-246T, and this inhi-
bition was more pronounced, although not complete, in the
presence of a large excess of 1-246T (Fig. 5A to C). A similar
effect was observed with Y723F, although the reduction in
stimulation was about half of that anticipated (Fig. 5D). Since
both types of competition experiments resulted in only partial
inhibition, it is conceivable that topo I stimulates DNA repli-
cation via both T-antigen-dependent and T-antigen-indepen-
dent mechanisms.

In contrast to human and bovine topo I, E. coli topo I has no
effect on T-antigen-mediated circular unwinding (48, 48a) or in
vitro DNA replication (this report). However, it has been es-
tablished that T antigen binds human, bovine (51), and now E.
coli topo I, so binding per se was not sufficient to allow for
biological activity. Others have demonstrated that E. coli topo
I binds to the 5’-phosphate at the site of the nick whereas the
eukaryotic topo I binds through the 3’-phosphate (reference 36
and references therein). E. coli topo I also differs from the
eukaryotic topo I in its inability to relax positively supercoiled
DNA (66, 67). It is conceivable that one or more of these
mechanistic differences prohibits a functional interaction be-
tween E. coli topo I and the helicase in our viral model of
eukaryotic DNA replication.

It is interesting to speculate on the nature of the interaction
between topo I and the T-antigen helicase. We (51) have
shown that there are at least two topo I binding sites on T
antigen, one between amino acids 82 and 246 and the other
between amino acids 246 and 708. Furthermore, it has recently
been demonstrated that topo I possesses two T antigen binding
sites, one between amino acids 1 and 139 and one between
amino acids 383 and 765 (18). It has been proposed that the
nonfunctional N-terminal end of topo I may contain cellular
protein binding domains (56). One could hypothesize that T
antigen or a cellular helicase and topo I must bind through
both sites to produce a functional complex during DNA rep-
lication. We have previously proposed (52) that this complex
consists of a single molecule of topo I bound to a double
hexamer of T antigen. If true, this stoichiometry would imply
that the topo I contacts at most two T-antigen monomers and
that it is associated with DNA on only one side of the origin.
Our observation (Fig. 3B) that topo I can stimulate replication
after T antigen has bound to the origin in the presence of ATP
implies that topo I can functionally interact with a preformed
double hexamer. Furthermore, the inability of WT topo I to
displace a catalytically inactive topo I on the initiation complex
indicates that once formed, the complex is stable. It will be
interesting to determine at what point topo I becomes associ-
ated with the initiation complex relative to other replication
factors.

DNA replication requires both an origin of replication as
well as an initiator protein that recognizes and acts on this
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DNA sequence. During SV40 DNA replication, T antigen
serves the dual role of an initiator protein and a helicase. In
yeast, these two functions appear to be provided by separate
proteins. Autonomously replicating sequences have been de-
fined as origins of replication in yeast and an initiator protein
complex, the origin recognition complex has been shown to
bind to the autonomously replicating sequences in an ATP-
dependent manner (reference 73 and references therein).
However, this binding is not sufficient to initiate DNA repli-
cation. Initiation also requires the recruitment of several ad-
ditional proteins including Cdc6p, Cdc45p, and the Mcm
(minichromosome maintenance) proteins, after which the or-
igin recognition complex can be released without affecting ini-
tiation (references 22 and 73 and references therein). The
helicase specifically used during DNA replication in yeast has
yet to be definitively identified, although Dna2p is a likely
candidate (4). Homologs for the yeast proteins are being found
in mammalian cells (23, 25). One study in search of the cellular
helicase counterpart to SV40 T antigen has identified fractions
from FM3A mouse cells which exhibit helicase activity, al-
though it is not yet known if either of the two proteins found
actually plays a role in DNA replication, repair, or recombi-
nation (23). A second report provides evidence that a hexamer
comprised of two MCM4-MCM6-MCM7 complexes from
HelLa cells exhibits helicase and ATPase activities (25). Fur-
ther study of the function of these helicases will have to await
the establishment of an in vitro replication assay. Based on the
findings described in this paper, we speculate that the cellular
helicase would also require an interaction with topo I during
the initiation and elongation phases of DNA replication.

We have previously determined that a complex of T antigen
and topo I is likely involved in DNA replication by simulta-
neously melting, unwinding, and relaxing superhelical DNA
ahead of replication forks (52, 53). In this study, we provide
additional evidence suggesting that a catalytically active human
or bovine, but not E. coli, topo I is required early in replication.
The results presented here are consistent with the interpreta-
tion that a T antigen-topo I complex is an integral part of the
initiation machinery and that this complex moves with replica-
tion forks during DNA replication.
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