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The complete simian virus 40 (SV40) origin of DNA replication (ori) consists of a required core sequence
flanked by two auxiliary sequences that together increase the rate of DNA replication in monkey cells about
25-fold. Using an extract of SV40-infected monkey cells that reproduced the effects of ori-auxiliary sequences
on DNA replication, we examined the ability of ori-auxiliary sequences to facilitate binding of replication
factors and to promote DNA unwinding. Although the replicationally active form of T antigen in these extracts
had a strong affinity for ori-core, it had only a weak but specific affinity for ori-auxiliary sequences. Deletion
of ori-auxiliary sequences reduced the affinity of ori-core for active T antigen by only 1.6-fold, consistent with
the fact that saturating concentrations of T antigen in the cell extract did not reduce the stimulatory role of
ori-auxiliary sequences in replication. In contrast, deletion of ori-auxiliary sequences reduced the efficiency of
ori-specific, T-antigen-dependent DNA unwinding in cell extracts at least 15-fold. With only purified T antigen
in the presence of topoisomerase I to unwind purified DNA, ori-auxiliary sequences strongly facilitated
T-antigen-dependent DNA conformational changes consistent with melting the first S0 base pairs. Under these
conditions, ori-auxiliary sequences had little effect on the binding of T antigen to DNA. Therefore, a primary
role of ori-auxiliary sequences in DNA replication is to facilitate T-antigen-dependent DNA unwinding after the
T-antigen preinitiation complex is bound to ori-core.

The genetically defined simian virus 40 (SV40) origin of
DNA replication (ori) consists of three components: ori-
core, aux-1 and aux-2 (Fig. 1). ori-core is the minimal
cis-acting sequence required for replication under all condi-
tions. Bidirectional DNA replication originates at a specific
locus within ori-core when ori interacts with SV40 large
tumor antigen (T-ag) in the presence of permissive cell
factors (reviewed in references 17 and 18). aux-1 and aux-2
are noninterchangeable sequences that flank ori-core and
facilitate its activity in vivo (2, 15, 24, 27, 32, 34). In the
absence of these ori-auxiliary sequences, ori-core activity is
reduced up to 100-fold, depending on experimental condi-
tions and the method used to measure DNA replication (24).

Although the effects of SV40 ori-auxiliary components on
SV40 DNA replication in vivo have been characterized
extensively, the role of these sequences in initiating replica-
tion remains speculative. One possibility is that the SV40
early gene promoter, which encompasses awx-2 and part of
ori-core (Fig. 1), is needed to transcriptionally activate
ori-core. However, this is ruled out by the fact that initiation
of SV40 DNA replication is resistant to a-amanitin (14, 33).
A second hypothesis is that proteins that bind to promoters
and enhancers modify the chromatin structure of ori-core,
making it more accessible to the T-ag preinitiation complex.
However, stimulation of SV40 replication by ori-auxiliary
components did not depend on the presence of nucleosomes
(24). These considerations directed our attention to two
other mechanisms that can explain the role of ori-auxiliary
components.

Proteins that bind to transcriptional elements in SV40
(e.g., T-ag, Spl, and the AP series [reviewed in references 30
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and 38]) may also stabilize the binding of SV40 replication
factors to ori (e.g., T-ag, DNA primase-DNA polymerase «,
topoisomerases, and several stimulatory proteins [reviewed
in references 11, 31, and 48]). For example, AP-2 binds to
T-ag as well as to the SV40 enhancer and awux-2 sequences
(39). aux-2 is part of the binding site for one or more
SV40-specific factors that stimulates replication (55), and ori
mutations in the A+T-rich motif of ori-core can be sup-
pressed by mutations in aux-2 (22). Alternatively, proteins
recognizing these transcriptional elements may increase the
activity of replication factors that bind to ori-core rather than
their affinity for ori. For example, auxiliary components
could promote localized DNA strand separation. Either
mechanism would account for the fact that auxiliary compo-
nents must be in close proximity to SV40 ori-core (8, 29, 32).

One obstacle to elucidating the role of SV40 ori-auxiliary
sequences has been the inability to reproduce their effects in
vitro either with cell extracts or with purified replication
components (11, 34, 49). This problem was recently over-
come by using extracts from SV40-infected CV-1 cells
containing relatively high salt concentrations and an assay
for replication that measured only completed DNA products
(24), suggesting that the function of ori-auxiliary components
depended upon the balance of cellular and viral replication
factors and physiological conditions normally present during
viral replication in vivo. Under these conditions, which
reproduced all of the known characteristics of viral chromo-
some replication in vivo, ori-auxiliary sequences stimulated
replication in vitro to the same extent that they stimulated
replication in vivo (24). In the present study, we used these
in vitro replication conditions to determine whether the
primary role of SV40 ori-auxiliary sequences was to facili-
tate the binding of replication factors to ori or to stimulate a
subsequent step in replication.
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FIG. 1. SV40 ori- region and structures of plasmids carrying
SV40 ori components. Restriction sites used in the construction of
plasmids and nucleotide map positions for SV40 777 are indicated.
The terminal SV40 nucleotide in each plasmid is numbered. The
complete origin of DNA replication consists of ori-core (accurately
defined by single-base-pair deletions as nucleotides 31 to 5211 [12])
and two auxiliary components. aux-/ (5210 to between 5193 and
5164) and aux-2 (32 to about 72), whose minimum sequences are
defined by deletions described in Fig. 7 of reference 18. The origin
of bidirectional DNA replication ( *le . 5210 to 5211) is defined by
the transition from discontinuous to continuous DNA synthesis on
each template strand (25). The enhancer region consists of two 72-bp
repeats. The key elements in the promoter region consist of two
perfect 21-bp repeats, one imperfect repeat. an A+T-rich region that
contains the TATA box. and six G+C-rich sequences that contain
the 5'-(G>T)(A>G)GGC-3' recognition sequence for T-ag (£=>)
(16, 52) overlapping the 5'-GGGCGG-3' recognition sequence for
Spl (30). Under conditions that support DNA replication (ATP,
37°C), T-ag binds primarily to regions I and II (3, 13). T-ag has also
been shown to bind to region 11 (see Fig. 3 and 4 of reference 18).
Plasmids were constructed from pML-1 and SV40 DNA as de-
scribed in Materials and Methods.

MATERIALS AND METHODS

Plasmids. SV40 DNA fragments were cloned into pML-1
(2,969 base pairs [bp]), which is pBR322 minus sequences
that poison DNA replication in mammalian cells (35). Plas-
mids pSV72ori, pSVori, pSV21core, pSVcorel and pSVcore
have been described previously (15, 24, 55). pSV21 was
made by deleting the Ncol-Hindlll fragment from pSVori.
To construct pSV-1, SV40 sequences between HindlII and
Sphl sites of pSVori were replaced by a synthetic oligonu-
cleotide 17-bp sequence corresponding to T-ag-binding site I
(nucleotides 5209 to 5191 [43]) flanked by the sequence
complementary to a HindllI cleavage site on the 5’ side and
a unique Ncol-Sphl site on the 3’ side. pPyVori contains the
polyomavirus origin of DNA replication (a-B-core: nucleo-
tides 5039 to 90 [53]). Superhelical plasmid DNA was pre-
pared from transformed dam' Escherichia coli DHS or AG1
(Stratagene, Inc.) by lysing cells in alkali and sodium dode-
cyl sulfate and then purifying the DNA by sedimentation to
equilibrium in CsCl as described previously (36).

DNA replication in vitro. Extracts from SV40-infected
CV-1 monkey kidney cells and SV40 T-ag were prepared,
and replication assays were carried out at 37°C for 2 h as
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previously described (24) with minor modifications. After
DNA was treated with proteinase K and extracted with
phenol, the aqueous phase was passed through a Sephadex
G-50 spin column to remove unincorporated **P- deoxynu-
cleoside triphosphates and the DN A was precipitated in 70%
ethanol-2.5 M ammonium acetate for at least 1 h at —70°C.
Purified DNA was digested simultaneously with Dpnl to
eliminate all plasmid [*°P]DNA that had not replicated
completely (pSVori contains 14 Dpnl sites) and with EcoRI
to cut the single EcoRI site and convert all pSVori that
completed replication into linear molecules of unit length.
DNA was then fractionated by electrophoresis in 0.8%
agarose gel, the appropriate Dpnl-resistant [*?PIDNA band
was excised and placed in Aquasol (Du Pont Co.), and
radioactivity was measured in a liquid scintillation counter.
More than 90% of the pSVori [*?’P]DNA appeared as com-
pletely replicated, Dpnl-resistant DNA.

DNA unwinding assay. Detection of DNA unwinding in
cell extracts was carried as previously described (7), with
minor modifications. Reaction mixtures (30 pl) containing 30
mM creatine phosphate (di-Tris salt [pH 7.7]), 7 mM MgCl.,.
1 mM dithiothreitol, 4 mM ATP, 33 ug of creatine kinase per
ml, 3 pg of bovine serum albumin per ml, 200 to 400 ng of
relaxed plasmid DNA, 5 U of calf thymus topoisomerase 1
(Bethesda Research Laboratories, Inc.), HeLa cell cytosol
(100 to 150 ug of protein), and 0.3 to 0.5 pg of immuno-
affinity-purified T-ag were incubated at 37°C for 60 min.
Reactions were terminated with 0.8% sodium dodecy! sul-
fate and 20 mM EDTA. After digestion with proteinase K (10
ng) at 37°C for 30 min, DNA was extracted with phenol,
precipitated with ethanol, fractionated by electrophoresis in
1.2% agarose gels. and then stained with ethidium bromide.
Portions of interest were transferred to Zeta-Probe mem-
branes (Bio-Rad Laboratories), and plasmid DNA was de-
tected by hybridization with pSVori [*?’PIDNA. After auto-
radiography, reaction products were quantitated by excising
the portions of the blot containing the substrate and the
product (unwound DNA located close to the position of form
1 DNA) and measuring the radioactivity by scintillation
counting. Background radioactivity present in the equivalent
position of a reaction lacking T-ag was subtracted in every
case.

Relaxed DNA substrate was prepared by incubating su-
perhelical plasmid DNA for 2 h at 37°C with calf thymus
topoisomerase I in 50 mM Tris hydrochloride (pH 7.5)-50
mM KCI-10 mM MgCl,-0.5 mM dithiothreitol-0.1 mM
EDTA-30 pg of bovine serum albumin per ml. DNA was
extracted with phenol, precipitated with ethanol, and sus-
pended in 10 mM Tris (pH 7.6)-1 mM EDTA. HeLa cell
cytosol was prepared as described for CV-1 cells (24).

The initial steps of DNA unwinding were measured as
described previously (41). SV40 ori-containing DNA frag-
ments 500 to 650 bp long were prepared by digesting the
plasmids in Fig. 1 at unique restriction sites as follows:
EcoRl and Hindlll (pSV72o0ri), Sspl and Sall (pSVori,
pSVoriA6), Hindlll and Eagl (pSVcorel, pSV21core), Eagl
and EcoRI (pSVcore), and Hindlll and Sall (pML-1). The
origin DNA fragments were purified by gel electrophoresis,
and their ends were filled in with E. coli polymerase I
(Klenow fragment) in the presence of [a-**P]dCTP, [o-
32P|dTTP, dGTP, and dATP. Substrate minicircles were
formed by ligation under dilute conditions with T4 DNA
ligase and purified from polyacrylamide gels. Unwinding
assays contained 0.5 ng of circular [**P]DNA, 750 ng of
immunoaffinity-purified T-ag, 5 U of calf thymus topoisom-
erase I, 2 mM ATP, 8 mM MgCl,, 40 mM N-2-hydroxyeth-
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FIG. 2. DNA replication of SV40 ori-containing plasmids in
vitro. Newly replicated plasmid DNA was radiolabeled with **P-
deoxynucleoside triphosphates in an extract of SV40-infected CV-1
cells under standard conditions (see Materials and Methods). Puri-
fied DNA replication products were digested with EcoRI and Dpnl.
fractionated by gel electrophoresis, and detected by autoradiogra-
phy. The positions of linear plasmid DNA and SV40 DNA are
indicated. The amount of deoxynucleoside monophosphates
(dNMPs) (picomoles) incorporated into plasmid DNA in reactions
containing 100 ng of plasmid DNA incubated for 1.5 h at 37°C is
indicated at the bottom.

ylpiperazine-N’-2-ethanesulfonic acid (HEPES; pH 7.4), 50
mM NaCl, 0.5 mM dithiothreitol and 100 ng of mouse 3T3
cell DNA in a final volume of 25 pl. Reactions were carried
out at 37°C for 1 h. DNA was purified, and the reaction
products were fractionated by electrophoresis through a
3.5% polyacrylamide gel at 7 V/cm for 12 h. Gels were dried.
and the reaction products were visualized by autoradiogra-
phy.

RESULTS

ori-auxiliary sequences stimulate SV40 DNA replication in
vitro. The ratio of replication rates for the complete origin
(ori, pSVori in Fig. 1) relative to the minimal origin (ori-core,
pSVcore in Fig. 1) varied from 10- to 30-fold, depending on
the conditions used. The maximum ratio was observed with
saturating levels of T-ag, the optimum ratio of DNA sub-
strate to cell extract, and extract prepared from either
SV40-infected CV-1 cells or uninfected HeLa cells (24). The
ratio of ori to ori-core replication rates observed in vitro was
also strongly affected by ionic strength and the method used
to measure DNA replication (24), the major reasons why
investigators in other laboratories observed little if any effect
of ori-auxiliary sequences in vitro (34, 49).

The absolute rates of DNA replication, but not the relative
rates of ori to ori-core replication, were strongly affected by
the T-ag concentration, the cell type from which the extract
was prepared, and the method of extract preparation (24).
Although replication rates were varied from 10 to 200 pmol
of deoxynucleoside monophosphate incorporated in 1.5 h.
the ratio of ori to ori-core was fixed by the amount of DNA
substrate used. For example, when the endogenous T-ag
concentration present in extracts from SV40-infected CV-1
cells was used, the rate of ori-core replication was stimulated
10- to 15-fold by the addition of ori-auxiliary sequences (Fig.
2). Supplementing endogenous T-ag with enough purified
T-ag to give the maximum rate of DNA replication increased
the rate of plasmid replication three- to fivefold, but the ratio
of ori to ori-core replication remained unchanged (Fig. 2).
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The ratio of ori to ori-core varied with the amount of DNA
substrate because the rate of ori replication was much more
sensitive to the ratio of DNA substrate to cell extract than
was the rate of ori-core replication (24). At high ratios of
pSVori to cell extract, replication was reduced to the level of
pSVcore. This phenomenon revealed that the activity of
ori-auxiliary sequences required ori to interact either with
two or more different initiation factors (e.g., T-ag and some
transcription factors such as Spl or AP-2) or with a molar
excess of a single initiation factor (e.g., T-ag). The simplest
explanation would be that ori-auxiliary sequences facilitated
the binding of one or more initiation factors to ori-core.
Since increasing the concentration of T-ag until the rate of
plasmid replication no longer changed did not overcome the
need for ori-auxiliary sequences in DNA replication (Fig. 2)
(24), it did not appear that ori-auxiliary sequences served to
increase the affinity of T-ag for ori. Therefore, we measured
the relative affinity of SV40 ori components for whatever
viral and cellular initiation factors may bind to ori under
conditions in which ori-auxiliary sequences are active in
DNA replication.

ori-auxiliary sequences have a small effect on the binding of
initiation factors to ori. The effect of various ori components
on the relative affinity of some unidentified limiting initiation
factor(s) for ori was measured by incubating pSVori with
increasing amounts of a second plasmid (competitor DNA)
containing various ori components (Fig. 1) in extracts of
SV40-infected CV-1 cells that initiate replication in vitro. If
ori-auxiliary sequences facilitate the binding of one or more
factors required to initiate SV40 DNA replication, deletion
of these sequences from the competitor plasmid should
reduce its ability to inhibit pSVori replication by removing
initiation factors, as previously demonstrated by Yamaguchi
and DePamphilis (55).

The amount of pSVori DNA substrate used in these
titration experiments was chosen to give a strong replication
signal that was sensitive to inhibition by further addition of
DNA containing the SV40 ori. This effect was reproducible
in different cell extracts. The results revealed an exponential
relationship between the fraction of pSVori replication and
the amount of competitor DNA added (Fig. 3). This per-
mitted the calculation of the competitor/pSVori molar ratio
that gave 50% inhibition, which provided a convenient
method to compare the relative affinities of different ori
configurations and individual ori components for initiation
factors (Table 1).

The sensitivity of this assay was demonstrated by dou-
bling the amount of pSVori DNA (adding pSVori as compet-
itor). which reduced the rate of pSVori replication by 50%.
Competition was specific for the SV40 initiation factor(s)
because an 80-fold molar excess of circular pPyVori or a
250-fold molar excess of circular pML-1 competitor DNA
was required to inhibit pSVori replication by 50% (Table 1),
consistent with previously published results (55). Moreover,
the replication factor removed by competitor DNA was
bound specifically to the SV40 ori sequence rather than
nonspecifically to replication forks, because the ability of
competitor DNA to inhibit replication was not proportional
to its ability to replicate (Fig. 2). For example, linear pSVori
and circular pSVcore replicated only S and 10% as well as
circular pSVori, respectively, but were equivalent to circular
pSVori as competitor DN As in their ability to inhibit pSVori
replication (Table 1).

Of the three SV40 ori components (Fig. 1), only ori-core
(pSVcore) competed strongly for SV40-specific initiation
factor(s). The 21-bp repeats (pSV21) and T-ag-binding region
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FIG. 3. Competitive inhibition of SV40 DNA replication by
SV40 ori components. Circular competitor DNA and 100 ng of
pSVori (A) or linear competitor DNA and 100 ng of pSVori (B) were
combined at the indicated ratio and incubated in the standard
replication assay, and the amount of pSVori DNA replication was
analyzed (see Materials and Methods). Linear competitor DNA was
obtained by digesting superhelical plasmid DNA with EcoRI. When
linear pSVori was added as the competitor DNA, replication prod-
ucts were digested with Sall instead of EcoRI to separate competitor
DNA from the pSVori substrate. pSVori contains one Sall cleavage
site. Results were expressed as the percentage of pSVori replication
observed in the absence of competitor DNA and plotted as a
function of the molar ratio of competitor DNA to pSVori DNA. The
best fit to a straight line was determined by computer to be
exponential, with a regression coefficient of =0.99. pSVori replica-
tion in the presence of linear pSV21 was 7.5% at a molar ratio of 8.
Representative experiments with circular (Form 1) and linear (Form
III) pML-1, pSV2l1core, pSVori, and pSV21 (Fig. 1) competitor
DNA are shown. Results for these and other plasmids are summa-
rized in Table 1.

I (pSV1) were four- to ninefold less effective than ori-core
(Table 1). Addition of either of these auxiliary sequences to
ori-core (pSV21core and pSVcorel) had no significant effect,
although addition of both sequences (pSVori) increased the
affinity of ori-core for this initiation factor by 1.6-fold. The
importance of ori-core in binding initiation factor was con-
firmed with pSVoriA6, which contained a 6-bp deletion at the
center of ori-core that eliminated its ability to replicate and
significantly reduced its ability to bind initiation factor.
The role of DNA conformation in binding SV40-specific
replication factors was also considered. Circular superheli-
cal DNA was equivalent to circular DNA topologically
relaxed by topoisomerase I in its ability to compete for
initiation factors (data not shown), perhaps because super-
helical DNA was rapidly converted into relaxed DNA when
added to cell extracts. Linear and circular DN As containing
the ori-core component were also equivalent as competitor
DNAs (Fig. 3; Table 1), revealing that the failure of linear
DNA to replicate efficiently is not reflected in its ability to
bind replication factor(s). However, binding of replication
factors to DNA that did not contain ori-core was strongly
affected by DNA topology: pSV1, pSV21, pPyVori, and
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TABLE 1. Relative abilities of different SV40 ori- configurations
to inhibit pSVori replication in vitro by competition
for initiation factors

Inhibition by competitor DNA:

Plasmid® ori Circular Linear
configuration

Molar  Inhibition Molar Inhibition

ratio®  activity®  ratio activity
pSVori 21s-core-1 1.9 100 2.3 100
pSVoriA6  21s-co(A6)re-1 4.9 39 33 70
pSVcore core 31 61 1.8 128
pSV2icore 2ls-core 34 56 4.4 52
pSVcorel core-1 34 56 4.9 47
pSV21 21s 13 15 1.8 128
pSV1 1 29 7 6.3 36
pPyVori a-f3-core 160 1 7.1 32
pML-1 None 509 0.4 11.6 20

“ Plasmids are described in Fig. 1.

” Molar ratio is the ratio of competitor DNA to pSVori DNA that gave 50%
inhibition of pSVori replication as determined from two to four independent
experiments such as the one shown in Fig. 3. The standard error of the mean
varied from 3.5 to 8.8% of the value shown.

< Inhibition activity was calculated from the molar ratio data by defining
pSVori as 100% inhibition activity.

pML-1 were 5-, 7-, 22-, and 44-fold, respectively, more
effective at inhibiting SV40 DNA replication as linear rather
than circular molecules. To test the possibility that replica-
tion factors were binding to the ends of linear molecules, we
digested pSVori DNA with a variety of restriction enzymes
to produce ends with different structures and to generate
different numbers of ends per mole of DNA. The extent of
inhibition was dependent only on the competitor/substrate
molar ratio and was independent of the number of ends
present, the structure of the ends, and the position of ori
relative to the ends (data not shown). Thus, linear DNA had
a greater nonspecific affinity for replication factors than
circular DNA did.

T-ag is the limiting DNA-binding initiation factor in SV40-
infected cellular extracts. The monophasic titration curves
represented in Fig. 3 indicated that a single binding compo-
nent was being removed from the replication assay by
addition of competitor DNA, although this component might
consist of a multifactor complex. To identify this compo-
nent, we inhibited pSVori replication by addition of compet-
itor DNA and then restored its activity by addition of cellular
or viral components. Thus, sufficient circular pSVori or
pSVcore competitor DNA was added to an in vitro reaction
mixture to reduce pSVori replication by 90%. Cytosol or
high-salt nuclear extract (see Materials and Methods) from
uninfected CV-1 cells failed to restore replication activity,
whereas high-salt nuclear extract from SV40-infected CV-1
cells restored full activity (data not shown). This cellular
fraction, which was rich in SV40 T-ag, could be replaced
completely by immunoaffinity-purified SV40 T-ag (Fig. 4A).
Therefore, the replicationally active form of SV40 T-ag
appears to be the DNA-binding protein in lowest concentra-
tion in extracts of SV40-infected cells.

Linear forms of pSVori and pSVcore were as effective as
their circular forms in depleting initiation factors in extract
(Table 1). Again, immunoaffinity-purified T-ag restored ac-
tivity (Fig. 4A). The linear form of pSV21, which was as
effective a competitor as either circular or linear forms of
pSVcore, also was found to remove T-ag from the replica-
tion assay (Fig. 4A). Therefore, the replicationally active
form of T-ag can bind to aux-2 as well as to ori-core,
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FIG. 4. Reconstitution of pSVori replication with immunoaffin-

ity-purified T-ag in cell extracts that were inactivated by competitor
DNA. (A) Extracts from SV40-infected CV-1 cells were incubated
with the indicated amount of immunopurified SV40 T-ag, 100 ng of
pSVori DNA (substrate), and the amount of pSVori, pSVcore, or
pSV21 superhelical (solid symbols) or linear (open symbols) com-
petitor DNA that was required to reduce pSVori replication to 109%
(Fig. 2; Table 1). pSVori replication was then determined as
described in the legend to Fig. 2. (B) T-ag monomer restores pSVori
replication in cell extracts depleted of initiation factor by excess
superhelical pSVori competitor DNA. Purified T-ag (20 pg) was
sedimented through a continuous 5 to 40% glycerol gradient in 50
mM HEPES (pH 7.8)-1 mM dithiothreitol-100 mM potassium
acetate-50 pg of phenylmethylsulfonylfiuoride per ml in a Beckman
SW60 rotor for 14 h at 52,000 rpm (4°C). Sedimentation markers
(serum albumin, 4.3S, 66 kilodaltons; alcohol dehydrogenase, 7.6S.
150 kilodaltons; apoferritin. 17.6S, 443 kilodaltons) were fraction-
ated simultaneously in a separate gradient. Fractions were collected
from the bottom of the gradient, and 40-pl samples were tested for
their ability to reconstitute pSVori replication in the presence of
sufficient pSVori competitor DNA to reduce replication to 40% of
control levels. pSVori replication was determined as described in
the legend to Fig. 2.

although its affinity for awx-2 is strongly dependent on the
DNA topology.

SV40 large T-ag is known to occur in several oligomeric
states (5) and to form specific complexes with cellular
proteins such as DNA polymerase a (46), oncogene product
p53 (6, 21), and transcription factor AP-2 (39). Thus, it was
possible that the activity that restored replication in depleted
cell extracts was a cell factor that copurified as a complex
with T-ag. Such a complex should sediment more rapidly
than T-ag monomer (39). Therefore, a sample of immuno-
affinity-purified T-ag was fractionated by sedimentation
through a glycerol gradient, and individual fractions were
tested for their ability to restore SV40 replication in extracts
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that had been partially inhibited by the addition of pSVori
DNA.

Although T-ag was distributed throughout the gradient,
only T-ag present in the T-ag monomer and T-ag dimer
regions of the gradient was able to reconstitute SV40 DNA
replication in vitro (Fig. 4B). These were also the only
fractions of T-ag that supported SV40 DNA replication in
extracts of uninfected CV-1 or HeLa cells (data not shown).
Therefore, the replicationally active form of T-ag itself is the
SV40 ori DNA-binding protein that is rate limiting in virus-
infected CV-1 cells.

ori-auxiliary sequences facilitate T-ag-dependent, ori-
specific DNA unwinding. The small effect of ori-auxiliary
sequences on binding of the replicationally active form of
T-ag to ori relative to their effect on DNA replication
suggested that the primary role of ori-auxiliary sequences
occurred after T-ag was bound to ori. After the formation of
a complex, the next step in SV40 replication uses T-ag
ATP-dependent helicase activity (47) to unwind the SV40 ori
region (10, 20, 47, 54) and provide a single-stranded template
for the enzymatic machinery that initiates DNA replication.
Therefore, the effect of ori-auxiliary sequences on the ability
of T-ag to unwind pSVori DNA was assayed under condi-
tions in which ori-auxiliary sequences stimulated the repli-
cation of pSVori DNA in vitro.

pSVori DNA, topologically relaxed by treatment with calf
thymus topoisomerase I, was incubated at 37°C with T-ag,
topoisomerase I, and ATP in the presence of a low-salt
extract from HeLa cells (7). When all four deoxynucleoside
triphosphates were also added to HeLa cytosol supple-
mented with T-ag, replication in pSVori was up to 30-fold
more efficient than in pSVcore (24). Plasmid DNA was then
purified, and topoisomers were fractionated by gel electro-
phoresis and detected by blotting-hybridization with pSVori
[**P]DNA. Unwound DNA appeared in the form of several
topoisomers migrating slightly more slowly than form I DNA
(Fig. 5A). The fraction of DNA substrate that was unwound
was quantified as the ratio of rapidly migrating [*>P]DNA to
total [**P]DNA in each gel lane.

The formation of unwound DNA was a time-dependent
process (Fig. SA and B) that required the presence of T-ag
(Fig. 5A and C), cytosol extract (Fig. 5A), and a functional
SV40 origin of replication (Fig. 5A to C). DNA unwinding
did not result from DNA replication, because addition of
[**P]dCTP alone produced no detectable [**P]DNA and
addition of 50 wM aphidicolin had no effect on the unwinding
reaction. Furthermore, the products of DNA unwinding
were completely sensitive to Dpnl digestion. Under optimal
conditions derived from the data in Figure 5, the extent of
pSVori unwinding was at least 15-fold greater than that of
pSVcore (Fig. SA). pSVoriA6, which was inactive in DNA
replication assays, was also inactive in DNA-unwinding
assays. These data demonstrated a role for the ori-auxiliary
sequences in facilitating T-ag-dependent unwinding of DNA
containing a functional SV40 ori region.

ori-auxiliary sequences stimulate the initial step in ori un-
winding. The effects of ori-auxiliary sequences on the initial
steps in SV40 T-ag-dependent, ori-dependent DNA unwind-
ing were examined by incubating small covalently closed
DNA circles containing one or more SV40 ori components
with saturating amounts of T-ag, topoisomerase I, and ATP.
Under these conditions, small changes in the topological
linking number result in large changes in DNA conforma-
tion, which are readily observed by gel electrophoresis (41).
The actual rate of migration depends on what fraction of the
change in linking number is represented by changes in helical
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FIG. Auxiliary sequences stimulate SV40 ori-specific, T-ag-
dependem unwinding of DNA in cell extracts. (A) Topologically
relaxed pSVori (ori*), pSVoriA6 (ori ). or pSVcore (core) DNA was
incubated with T-ag, topoisomerase 1. ATP. an ATP-regenerating
system, and HeLa cell extract for the times indicated. and topoiso-
mers were fractionated by gel electrophoresis as described in
Materials and Methods. Superhelical pSVori (form I DNA) was used
as a standard (lanes 1 and 13). The arrow slightly above this marker
indicates the position of unwound DNA products. The distribution
of topoisomers observed in the absence of T-ag (lanes 2 and 10), cell
extract (lane 8), or a functional origin (lane 9) are also shown. Lanes
2 to 9 and lanes 10 to 12 were taken from two independent
experiments. (B and C) The fraction of DNA unwound in these and
similar experiments were quantified as described in Materials and
Methods and presented as a function of time (panel B) or T-ag
concentration (panel C).

twist and what fraction is represented by spatial writhe (9).
which can account for the fact that small DNA circles
slightly different in size can have the same linking number
but different mobilities during gel electrophoresis. However,
the fraction of DNA unwound by T-ag depended solely on
the DNA sequence composition of the SV40 origin and not
on plasmid size (Fig. 6).

In the absence of T-ag, topoisomerase I alone generates an
equilibrium distribution of topoisomers that depends pre-
cisely upon the integral number of helical turns in the
substrate minicircle (28, 45). With circles of the size used in
this experiment (506 to 629 bp), this distribution contained
primarily one or two topoisomers (the 0 and +1 topoisomers:
Fig. 6, 720ri). A minicircle containing the 72-bp repeats in
their normal position relative to ori (720ri) was included in
these studies since the —1 and +1 topoisomers of the
minicircle containing ori alone (Fig. 6, ori) were clearly
distinguished from the 0 topoisomer only in autoradiogram
exposures too brief to see the —2 and —5 topoisomers.

Incubation of the complete SV40 origin with T-ag, topo-
isomerase I, and ATP yielded three specific reaction prod-
ucts: the —1, =2, and —5 topoisomers (41) (Fig. 6, 72ori,
ori). No T-ag-dependent products were obtained with mini-
circles lacking ori (Fig. 6, pML-1) or containing a nonfunc-
tional ori [Fig. 6, ori(A6)]. These data are consistent with
unwinding of 10, 20, and 50 bp in the ori region (Fig. 6. top).
Alternatively, changes in the linking number could result
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FIG. 6. Auxiliary sequences stimulate ori-specific. T-ag-depen-
dent unwinding of SV40 ori by using purified T-ag and topoisomer-
ase (Topo I). At the top is an illustration of how each 10 bp of DNA
unwinding in a covalently closed DNA molecule can be detected as
a change in DNA twist. Below this diagram are gels of the small
DNA circles. The plasmids listed in Fig. 1 were used to prepare
small [**P]DNA circles (41) containing the SV40 ori-components
indicated (| 72ori. 571 bp; ori., 512 bp: corel. 629 bp: 21core. 552 bp:
core, 516 bp: ori(A6). 506 bp: pML-1. 622 bp]). These DNA
substrates were incubated with saturating amounts of purified T-ag
and topoisomerase | in the presence of ATP (see Materials and
Methods). Topological DNA isomers with linking differences of +1.
0. —1. =2 and -5 were fractionated by gel electrophoresis. The
positions of topoisomers —2 and —5 for all functional ori-containing
circles are indicated with asterisks. Each lane received 2.000 cpm of
[**P]DNA. Autoradiograms of the gels were aligned with relaxed
DNA (0) bands in the register. Variations in DN A migration patterns
resulted from the different sizes and sequence compositions of DNA
substrates. The linking differences of the reaction products were
determined both by comparison with standards generated by gyrase
treatment of the template DNA and by examination of isolated
products with topoisomerase | as previously described (41). The —1
topoisomer for large ori is just beneath the relaxed template DNA
and is clearly visible in a lighter exposure.

from coiling of DNA around T-ag multimers. much as DNA
is coiled around histone octamers.

The efficiency and extent of T-ag-dependent unwinding of
ori were strongly dependent on the presence of ori-auxiliary
sequences. Deletion of awuv-2 (Fig. 6, corel) reduced the
efficiency of unwinding about 4-fold, deletion of aux-I (Fig.
6. 21core) reduced it about 5-fold, and deletion of both
auxiliary elements (Fig. 6, core) reduced it more than
10-fold. This is readily apparent by inspecting the yield of —2
and -5 topoisomers (the unwound products most easily
identified) relative to the remaining DNA forms. The en-
hancement of T-ag-dependent. ori-dependent DNA unwind-
ing by «ux-1 and aux-2 is consistent with their effects on
DNA unwinding in HeLa cytosol (Fig. 5) and with their
enhancement of SV40 DNA replication both in vivo and in
vitro (Fig. 2) (24), suggesting that aux-/ and aux-2 facilitate
ori-core replication activity by promoting T-ag-dependent
unwinding of ori-core. ori-auxiliary sequences also affected
the extent to which T-ag could unwind the ori region, since
progressive deletion of ori-auxiliary components led to a
progressive decrease of the —5, —2, and finally, —1 topo-
isomers. The subtle effect of SV40 enhancers on the —5
topoisomer (Fig. 6, compare 72ori with ori) was not detected
in DNA replication studies (24).

We considered the possibility that ori-auxiliary sequences
stimulated the binding of purified T-ag to purified DNA, in
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FIG. 7. Effect of auxiliary sequences on equilibrium binding of
purified T-ag to purified circular DNA containing SV40 ori-compo-
nents. [**P]DNA minicircles (0.5 ng) containing either the complete
origin (72ori) or the ori-core (core) were incubated at 37°C for 30 min
with increasing amounts of immunoaffinity-purified T-ag under
conditions identical to those used for the unwinding assay (see
Materials and Methods). The extent of binding was measured by
vacuum filtration through Millipore 0.45-pm-pore-size HA nitrocel-
lulose filters, followed by washing with 10 ml of 20 mM HEPES-
KOH (pH 7.4)-50 mM NaCl-1.5 mM MgCl,. Under these condi-
tions, control DNA fragments containing no T-ag binding sites were
not retained on the filter.

contrast to their effects on T-ag binding in cell extracts, and
thus indirectly stimulated DNA unwinding. However, the
affinity of [*>’P]DNA minicircles for nitrocellulose filters in
the presence of increasing amounts of purified T-ag revealed
that binding of T-ag to ori-core at equilibrium was increased
only slightly by its association with awux-1 and aux-2 (Fig. 7).
Thus, the primary effect of aux-/ and aux-2 on SV40 DNA
replication is mediated by their enhancement of T-ag-de-
pendent unwinding of the replication origin, rather than by
an effect on binding of T-ag to the replication origin.

DISCUSSION

ori-auxiliary sequences facilitate T-ag-dependent DNA un-
winding rather than binding of the T-ag preinitiation complex.
The object of this study was to determine whether the role of
SV40 ori-auxiliary components was to facilitate the binding
of some viral or cellular replication factor to ori or to
facilitate some step in the initiation of replication that occurs
after the binding of initiation proteins. To this end, we took
advantage of the recent discovery by Guo et al. (29) that the
effects of ori-auxiliary sequences on the relative rates of
SV40 ori-dependent DNA replication in monkey cells ex-
pressing T-ag (Fig. 8, DNA replication in vivo) could be
reproduced by incubating the same DNA molecules in an
extract of SV40-infected monkey cells (Fig. 8, DNA repli-
cation in vitro) or in HeLa cell cytosol supplemented with
T-ag. These results were independent of the T-ag concentra-
tion in vivo or in vitro, suggesting that auxiliary sequences
were not required for binding the T-ag preinitiation complex
to ori. This hypothesis was confirmed in the present study by
competitive titration of the DNA-binding factor or factors
present in the lowest concentration in cell extracts (Fig. 3).
which turned out to be SV40 T-ag monomer (Fig. 4). ori was
only 1.6-fold more effective than ori-core alone in competing
for that form of T-ag required to initiate SV40 DNA replica-
tion (Table 1; Fig. 8, T-ag binding in cell extract), whereas
under the same conditions ori was 25-fold more effective
than ori-core in replicating DNA (24). By measuring the
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FIG. 8. Summary of experimental results. The relative activities
of plasmids containing the indicated ori configuration are compared
in six different assays. The rates of DNA replication following
transfection of induced CMT-3 cells (DNA Replication in vivo) were
taken from reference 24. The rates of DNA replication in extracts of
SV40-infected CV-1 cells with or without the addition of saturating
amounts of T-ag (DNA replication in vitro), inhibition of pSVori
DNA replication in extracts from SV40-infected CV-1 cells resulting
from competition for binding of the replicationally active form of
T-ag (T-ag binding in cell extract), binding of purified T-ag to
minicircle DNA (T-ag binding with purified proteins), unwinding of
plasmid DNA in cell extracts (DNA unwinding in cell extract). and
initiation of unwinding of minicircle DNA by T-ag (DNA unwinding
with purified proteins) were taken from Fig. 2. Table 1. and Fig. 7,
S. and 6. respectively.

ability of various ori components to compete for replication
factors rather than measuring the binding of purified T-ag to
DNA, only the relative affinities of these sequences for the
replicationally active form of T-ag were observed; their
affinity for the total T-ag population was not observed. The
replicationally active form of T-ag probably represents a
small fraction of the total T-ag in virus-infected cells that
consists of newly synthesized, underphosphorylated T-ag
monomers (23, 40, 44, 50). Thus, the affinity of active T-ag
for ori was only slightly increased by the presence of
auxiliary sequences, and this increase could not account for
the much stronger effect of these auxiliary sequences on
SV40 DNA replication. If cellular proteins are also involved
in forming the complex that binds to ori, they must be
present in excess over T-ag monomer in our cell extracts.
The affinity observed for T-ag binding to DNA regions I,
II, and III (Fig. 1) depends on experimental conditions of
pH, ionic strength, temperature, and cofactors (reviewed in
reference 18). For example, in the absence of ATP, purified
T-ag binds to region I more strongly than to region II or III,
whereas in the presence of 2 to 4 mM ATP at 37°C, binding
to region II is increased dramatically, such that the affinities
for regions I and II are similar (3, 13). In addition, binding is
also affected by particular posttranslational modifications
such as phosphorylation (40, 44) and perhaps by association
with cellular proteins (6, 21, 39, 46). Since the replicationally
active form of T-ag binds strongly to region II (as defined by
ori-core) and weakly to region 1 (Table 1), other T-ag
molecules in the total population must account for the strong
binding to region I observed in either the presence or
absence of ATP (3, 13). ori-auxiliary sequences had little
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effect on binding of the total T-ag population to ori when the
ratio of T-ag to DNA was high (Fig. 7) (3), consistent with
independent binding to two regions (regions I and II) with
similar affinity for T-ag. Borowiec and Hurwitz (3) did
observe an effect of ori-auxiliary sequences on total T-ag
binding at low ratios, but interpretation of this observation is
complicated because they used linear DNA fragments in
which binding of the replicationally active fraction of T-ag to
the 21-bp repeats and to region I was significantly increased
(Table 1).

Since the effect of ori-auxiliary sequences on binding of
the T-ag complex could not account for their effect on DNA
replication, the role of ori-auxiliary sequences must be to
facilitate one or more steps in replication that occur after
T-ag binding. The activity of ori-auxiliary sequences cannot
be explained as a requirement for transcription through
ori-core because replication in vitro is insensitive to a-
amanitin (14, 33). Nor does their activity require the pres-
ence of nucleosomes, because there is no correlation be-
tween the number of nucleosomes present and the effect of
ori-auxiliary sequences (24). In fact, ori-auxiliary sequences
can stimulate replication 30-fold in cytosol supplemented
with T-ag (24), conditions under which no nucleosomes are
assembled on the DNA (C. Gruss, C. Gutierrez, W.
Burhans, T. Koller, M. DePamphilis, and J. Sogo, submitted
for publication). However, there was a strong correlation
between the ability of ori-auxiliary sequences to facilitate
T-ag-dependent DNA unwinding of an ori-containing plas-
mid in cell extracts and their ability to stimulate the replica-
tion of the same plasmid (Fig. 8). Moreover, the same was
true for the ability of purified T-ag and topoisomerase I to
initiate DNA unwinding at ori in minicircle DNA under
conditions where ori-auxiliary sequences had little effect on
binding of purified T-ag to ori-core (Fig. 8). Therefore, one
function of ori-auxiliary sequences is to promote the initial
steps in DNA unwinding after the T-ag preinitiation complex
binds to ori-core. Umek and Kowalski (52a) have suggested
an analogous role for the readily melted 3'-auxiliary compo-
nent of yeast autonomously replicating sequences.

How do ori-auxiliary sequences facilitate replication? All of
the cis-acting DNA sequence information required to initiate
DNA replication in SV40 (and its close relative, polyomavi-
rus) is contained within ori-core; the flanking auxiliary
sequences appear simply to increase the efficiency of initia-
tion without altering its mechanism (19). We suggest that a
primary function of SV40 ori-auxiliary sequences is to pre-
vent unwound replication intermediates from dissociating
before DNA primase-DNA polymerase a can initiate DNA
synthesis. Strong T-ag binding to ori-core is eliminated as
unwinding proceeds, because T-ag binds weakly and non-
specifically to single-stranded ori DNA (1). Thus, T-ag
literally destroys the very DN A-binding site required for it to
initiate DNA replication. Under these conditions, continued
DNA unwinding may be facilitated through weak but specific
binding of T-ag to aux-1 and aux-2. In this way, ori-auxiliary
sequences would facilitate the initiation of DNA synthesis
by shifting the steady-state population of DNA molecules in
favor of the transient unwound intermediates.

The replicationally active form of T-ag binds strongly to
ori-core (T-ag binding region II) and weakly to ori-auxiliary
sequences (T-ag binding regions I and III) and then begins
unwinding DNA at the origin of bidirectional replication
(Fig. 9). The —1 topoisomer produced by T-ag in Fig. 6
corresponds to the single-stranded DNA bubble observed by
Borowiec and Hurwitz (4) at nucleotides 5210 to 5217 when
T-ag binds to ori in linear DNA; both structures require ATP
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FIG. 9. A model that can account for the effects of ori-auxiliary
sequences in T-ag-dependent DNA unwinding at ori-core is pre-
sented in the Discussion. Based on electron microscopy of T-ag
binding to ori-core in the presence of ATP (37), 12 T-ag monomers
are centered on the origin (nucleotide 5243/0) and extended over 89
+ 5 bp. T-ag monomers that bind strongly and specifically to
ori-core (dark boxes) protect 80 to 84 bp from DNase I digestion (3,
13). Additional T-ag monomers (light boxes) that bind weakly but
specifically to aux-1 and aux-2 (Table 1) were then added to
accommodate the complete ori. Melting of ori-core results in single-
stranded DNA that binds T-ag (open boxes) weakly and nonspecif-
ically at physiological ionic strength (1) and eventualty disrupts the
four pentanucleotide recognition sequences (bold arrows) required
for strong, specific T-ag binding to ori-core.

but not ATP hydrolysis (41). One boundary of this bubble
corresponds precisely to the transition from discontinuous to
continuous DNA synthesis that marks the origin of bidirec-
tional replication (nucleotides 5210 to 5211 [25]). Topoiso-
mers —2 and —5 could represent extensions of this bubble
into ori-core to create the first initiation zone for DNA
synthesis (25). Initiation of RNA-primed DNA synthesis
occurs within ori only on the DNA template used for early
mRNA synthesis and predominantly at sites between nucle-
otides 5239 and 30 (25, 51). The characteristics of these
initiation sites are the same as those for Okazaki fragments
throughout the genome (26), and therefore synthesis presum-
ably uses the same proteins, including DNA primase-DNA
polymerase a (19). Initiation of the first nascent DNA chain
at one of these sites would account for the observation that
newly synthesized DNA appears first on the early-gene side
of ori (14).

T-ag must interact with ori-auxiliary sequences for them to
facilitate replication. This was revealed by the fact that when
the concentration of DNA substrate was low, ori-auxiliary
sequences stimulated replication, but when the substrate
DNA concentration was high, the replication rate was re-
duced to that observed in the absence of ori-auxiliary
sequences (24). Therefore, either two or more different
initiation factors or multiple copies of the same initiation
factor must bind to ori for maximum replication activity.
Since the replicationally active form of T-ag was the limiting
ori-specific DNA-binding protein in these cell extracts (Fig.
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3 and 4) (24), multiple T-ag monomers must bind to the same
ori before aux-1 and aux-2 can facilitate ori-core activity.
Some of these T-ag monomers must associate with ori-
auxiliary sequences, because deletion of these sequences in
the presence of excess T-ag had the same effect as reducing
the pool of available T-ag by increasing the ratio of ori to cell
extract; in both cases, the replication rate was reduced
dramatically.

Although the affinity of the 21-bp repeats or T-ag-binding
region I for T-ag was 5- to 10-fold lower than observed with
ori-core, it was 14- to 30-fold higher than for the plasmid
DNA sequence (Table 1). Therefore, ori-auxiliary sequences
have a weak but specific affinity for the replicationally active
form of T-ag. This could explain why mutations in the AT
motif of ori-core that prevent replication can be suppressed
by alterations in awux-2 (22). Furthermore, the affinity of
active T-ag for aux-2 was increased sevenfold by conversion
of the competitor DNA from a circular to a linear form
(Table 1), suggesting that changes in DNA conformation that
occur during ori unwinding could increase their affinity for
T-ag. The importance of weak binding during T-ag-de-
pendent DNA unwinding would not have been observed
when measuring binding and dissociation rates of the total
T-ag population with ori, because only a small fraction of
T-ag-DNA complexes participated in the unwinding process
under these assay conditions.

Although stimulation of T-ag-dependent DNA unwinding
by ori-auxiliary sequences did not require any additional
proteins other than topoisomerase I (Fig. 6), it is possible
that other cellular proteins further facilitate this reaction.
The ratio of ori to ori-core activity in extracts of SV40-
infected CV-1 cells or uninfected HeLa cells was at least 10
times higher than in extracts of uninfected confluent mono-
layers of CV-1 cells (24). This may reflect the existence of an
S-phase-specific factor that stimulates T-ag-dependent un-
winding of ori (42). Enhancer-binding proteins may also
participate. The SV40 enhancer region, which does not have
T-ag-binding sites, can partially substitute for the 21-bp
repeats in activating ori-core (8). Perhaps enhancer-binding
proteins such as AP-2, which can also bind SV40 T-ag (39).
can mediate the interaction between T-ag and ori-auxiliary
sequences. This could explain how a variety of enhancers
function as strong ori-auxiliary sequences in polyomavirus,
in which T-ag binds weakly to ori-core. It would be analo-
gous to the way in which NF1 facilitates the initiation of
DNA replication by the adenovirus DNA polymerase-ter-
minal protein complex (17).

The role of ori-auxiliary sequences in T-ag-dependent
DNA unwinding must be coupled to the formation of repli-
cation forks. Although SV40 ori-auxiliary sequences can
stimulate the formation of completely replicated DNA mol-
ecules 25-fold, they stimulate total DNA synthesis only 2- to
3-fold (24). Therefore, replication forks formed at ori-core
are less likely to complete replication than are forks formed
at a complete origin. These data suggest that ori-auxiliary
components appear to facilitate the transition from a se-
quence-dependent T-ag preinitiation complex that initiates
DNA unwinding to a sequence-independent T-ag postinitia-
tion complex that unwinds DNA at replication forks. This
hypothesis is currently under investigation.
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