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The initiation of simian virus 40 (SV40) replication requires recognition of the viral origin of replication (ori)
by SV40 T antigen, followed by denaturation of ori in a reaction dependent upon human replication protein A
(hRPA). To understand how origin denaturation is achieved, we constructed a 48-bp SV40 “pseudo-origin” with
a central 8-nucleotide (nt) bubble flanked by viral sequences, mimicking a DNA structure found within the
SV40 T antigen-ori complex. hRPA bound the pseudo-origin with similar stoichiometry and an approximately
fivefold reduced affinity compared to the binding of a 48-nt single-stranded DNA molecule. The presence of
hRPA not only distorted the duplex DNA flanking the bubble but also resulted in denaturation of the
pseudo-origin substrate in an ATP-independent reaction. Pseudo-origin denaturation occurred in 7 mM
MgCl,, distinguishing this reaction from Mg>*-independent DNA-unwinding activities previously reported for
hRPA. Tests of other single-stranded DNA-binding proteins (SSBs) revealed that pseudo-origin binding
correlates with the known ability of these SSBs to support the T-antigen-dependent origin unwinding activity.
Our results suggest that hRPA binding to the T antigen-ori complex induces the denaturation of ori including
T-antigen recognition sequences, thus releasing T antigen from ori to unwind the viral DNA. The denaturation
activity of hRPA has the potential to play a significant role in other aspects of DNA metabolism, including DNA

repair.

A key step during the initiation of chromosomal DNA rep-
lication is the denaturation of the replication origin to generate
two DNA replication forks. Study of prokaryotic and eukary-
otic model systems indicates that both frans-acting protein
factors and discrete cis-acting elements within DNA play es-
sential roles as the duplex DNA becomes unwound and the
nucleotide bases are exposed. Although the critical compo-
nents required for DNA helicase loading during replication
initiation have been established for various systems, the mech-
anism by which protein and DNA interact to achieve this goal
is poorly understood.

The initiation and elongation phases of eukaryotic DNA
replication have been productively studied with simian virus 40
(SV40) (19, 39). The early stages of SV40 initiation are par-
ticularly simple in that only two protein factors are needed to
denature the viral origin of replication (ori), the viral large
tumor antigen (T antigen) (12), and human replication protein
A (hRPA) (11, 45, 46). In an ATP-dependent reaction, T
antigen forms a double hexamer over ori with each hexamer
covering one ori half (5, 9, 10, 25) and each hexamer forming
face- and strand-specific contacts with the underlying ori flank
(34). T-antigen binding induces ori structural transitions, in-
cluding the melting of 8 bp within the essential early palin-
drome (EP) region (6, 33). Denaturation of ori occurs upon the
addition of hRPA to the T antigen-ori complex (14, 43). The
DNA is then unwound bidirectionally from ori by the DNA
helicase activity of T antigen (8, 38, 47). T antigen apparently
remains as a double hexamer during unwinding such that two
single-stranded DNA (ssDNA) loops are extruded from the
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complex (37, 42). Nascent strand synthesis takes place on the
exposed template.

Biochemical and genetic studies of eukaryotic RPA indicate
that it plays a critical role not only in DNA replication but also
in DNA repair and recombination and RNA transcription (7,
23, 24, 31, 36, 40). Similar to RPA in other eukaryotes, hRPA
is a heterotrimer with 70-, 29-, and 11-kDa subunits (11, 46).
Although the three hRPA subunits exist as a complex in the S
phase, their different localization during mitosis indicates that
subunit association is regulated throughout the cell cycle (32).
hRPA binding to ssDNA evidently proceeds through a multi-
step pathway in which the hRPA first binds 8 nucleotides (nt)
of DNA unstably (the hRPAg,,, complex) (2, 3) and then aligns
along the DNA to contact 30 nt (the hRPA,,,, complex) (2, 3,
22). Stable complex formation in the latter mode is accompa-
nied by significant changes in hRPA structure as suggested by
increased phosphorylation of the p29 subunit by DNA-depen-
dent protein kinase, alterations in appearance when visualized
by electron microscopy, and altered sensitivity of hRPA to
protease cleavage (3, 15). The correlation between the hRPA
recognition of 8 nt of ssDNA and the 8 nt of melted DNA
within the T antigen-ori complex raises the possibility that
hRPA induces ori denaturation by transiting from the hRPAg
to the hRPA,,,, complex.

To examine the role of hRPA in ori denaturation, we tested
the interaction of hRPA with a “pseudo-origin” (PO-8) sub-
strate. This DNA molecule contains a central 8-nt ssDNA
region flanked by duplex DNA, thus resembling the structure
induced by T antigen within the EP element of ori. The PO-8
substrate was bound by hRPA with an affinity approaching that
found for a similar length of ssDNA. hRPA binding distorted
the duplex structure of PO-8 and resulted in denaturation of a
significant fraction of the substrate pool. These results suggest
that hRPA plays a dynamic role during the initiation of SV40
replication by extending the DNA bubble formed by T antigen.
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FIG. 1. Pseudo-origin DNA substrates used to test hRPA binding. Five DNA substrates were constructed from sequences (bp 5190 to 5237) within and adjacent
to the SV40 origin of replication. The pseudo-origin sequences include a partial T-antigen binding site I (T-Ag I), the EP element, and a partial T-antigen recognition
element (GAGGC). The AT-rich element (AT) was not included. The substrates differed in the size of the central ssDNA region: PO-0, completely duplex; PO-2, 2-nt
bubble; PO-4, 4-nt bubble; PO-6, 6-nt bubble; PO-8, 8-nt bubble. The top-strand sequence was identical for all substrates. The bottom strand contained various lengths
of noncomplementary bases (i.e., they were identical to the top-strand bases) to generate the desired bubble length.

The enlargement of the ssDNA bubble denatures the T-anti-
gen recognition sequences, releasing the T-antigen DNA heli-
case to unwind the viral DNA.

MATERIALS AND METHODS

Preparation of the DNA substrates. The pseudo-origin substrates were con-
structed by annealing either fully or partially complementary oligonucleotides
(Oligos Etc., Wilsonville, Oreg.) to generate 48-bp DNA molecules with central
ssDNA regions of 0, 2, 4, 6, or 8 nt. Oligonucleotide sequences are given in Fig.
1. Prior to annealing, either the top- or bottom-strand oligonucleotides were 5’
32P labeled with T4 polynucleotide kinase (Boehringer Mannheim) to a specific
activity of approximately 1 X 10° to 2 X 10° cpm/pmol. The annealing reaction
mixtures (100 wl), containing 50 mM Tris-HCI (pH 7.5), 10 mM MgCl,, and 5
pmol each of the desired top and bottom strands, were heated to 90°C and then
slowly cooled to room temperature over a period of 2 h. The 5'-*?P-labeled top
or bottom strands were used for the ssDNA substrates.

hRPA and other SSBs. hRPA was isolated from 0.6 X 10'! HeLa cells (Cell
Culture Center, Minneapolis, Minn.) as previously described (21), with a Mono
Q-Sepharose column used in the last purification step. hRPA purity was analyzed
by silver staining of sodium dodecyl sulfate-12% polyacrylamide gels and found
to be approximately 98% pure. Other ssDNA-binding proteins (SSBs) were
generously provided by Kenneth Marians (EcoSSB), I. Robert Lehman (HSV
ICPS), Ronald T. Hay (AdDBP), and Charles Richardson (T7 gp2.5). Bacterio-
phage T4 gene 32 protein (T4 gp32) was purchased from Boehringer Mannheim
Biochemicals.

Pseudo-origin binding reactions. Binding reaction mixtures (20 wl) containing
30 mM HEPES (pH 7.8), 7 mM MgCl,, 0.5 mM dithiothreitol, 0.1 mg of bovine
serum albumin per ml, 0.5 to 3 pmol of hRPA, and 0.05 to 0.3 pmol of DNA
substrate were incubated for 20 min at 37°C. Identical conditions were used in
binding reactions testing other SSBs. When protein-DNA complexes were cross-
linked, glutaraldehyde was subsequently added to a final concentration of 0.1%
and the reaction mixture was incubated for an additional 15 min at 37°C. Protein-
DNA complexes were separated by electrophoresis through a nondenaturing 5%
polyacrylamide gel (29:1 acrylamide/bisacrylamide ratio) and visualized by auto-
radiography. To detect ssDNA that was generated as a result of hRPA binding,
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FIG. 2. hRPA binds with high affinity to the PO-8 substrate. The 3*P-labeled PO-8 (A and C) or 48-nt ssDNA (B) substrates (0.16 pmol) were incubated with
increasing levels of hRPA (as indicated). In panels A and B, glutaraldehyde was employed to cross-link the hRPA-DNA complexes as described in Materials and
Methods. Complexes were separated by electrophoresis through a native 5% polyacrylamide gel and autoradiographed. Complexes were identified as containing a
monomer, dimer, or trimer of hRPA from previous analyses of hRPA-ssDNA complex formation (2, 3). The position of free DNA is also indicated.

reaction products were separated on nondenaturing 10% polyacrylamide gels
(29:1 acrylamide/bisacrylamide ratio) at 8 V/cm by using 45 mM Tris, 45 mM
boric acid, and 1 mM EDTA as the running buffer.

Nitrocellulose DNA-binding assay. Each SSB (1 pmol) was incubated with the
5'-32P-labeled ssDNA or PO-8 substrate (0.15 pmol) under the binding condi-
tions described above, in the absence of glutaraldehyde. The reaction mixtures
were passed through 0.45-um-pore-size nitrocellulose filters (type HA; Milli-
pore) and then washed three times with binding buffer. In order to reduce
nonspecific binding of DNA, filters were pretreated with alkali (28) in the
following sequence: 0.5 M NaOH for 20 min, distilled water for 5 min, 0.1 M
Tris-HCl (pH 7.5) for 40 min, and binding buffer for 30 min. Radioactivity
retained on the air-dried filters was determined by liquid scintillation counting.

Copper-phenanthroline footprinting. For 5-phenyl-1,10-phenanthroline-cop-
per (PPC) footprinting reactions, 0.75 to 1.5 pmol of hRPA was incubated with
0.15 pmol of PO-8 substrate (5’ 3P labeled on the top or bottom strand) under
binding conditions identical to those described above (in the absence of glutar-
aldehyde). Cleavage reactions were as described by Sigman et al. (35). Following
hRPA-PO-8 complex formation, 2 ul of a 1 mM 5-phenyl-1,10-phenanthroline—
0.23 mM CuSO, solution and 2.5 pl of 58 mM 3-mercapto-propionic acid were
added, and the reaction mixture was incubated for 5 min at 37°C. Cleavage
reactions were quenched by addition of 2.5 ul of 28 mM 2,9-dimethyl-1,10-
phenanthroline. Following phenol-chloroform extraction (1:1, vol/vol) and eth-
anol precipitation, DNA samples were separated by electrophoresis through a
denaturing 8% polyacrylamide gel (19:1 acrylamide/bisacrylamide ratio) and
autoradiographed.

RESULTS

High-affinity binding of hRPA to an SV40 pseudo-origin. A
DNA substrate containing a structure resembling that found
within the ATP-dependent T antigen-ori complex (6, 33) was
constructed. This pseudo-origin substrate (PO-8) was prepared
from two partially complementary oligonucleotides that anneal
to generate an 8-nt bubble flanked by 20 bp of duplex DNA on
each side (Fig. 1). The molecule was constructed from viral
DNA sequences found in the early half of ori and adjacent
elements, except for the 8 nt of noncomplementary sequence
on the bottom strand used to generate a bubble. The top-
strand bubble sequence is thus identical to that occurring in the
melted EP element of the T antigen-ori complex.

The ability of hRPA to bind the **P-labeled PO-8 substrate
was tested. As hRPA has been demonstrated to have an in-
trinsic Mg®*-independent DNA-unwinding activity (13, 41),
binding reactions were performed in the presence of 7 mM
MgCl, to prevent this reaction. Moreover, this Mg>" concen-
tration supports the SV40 DNA replication reaction (for ex-

ample, see reference 44). Addition of hRPA to the PO-8 sub-
strate resulted in efficient hRPA-PO-8 complex formation
(Fig. 2A). The highest levels of protein tested (320 ng) caused
more than half of the PO-8 substrate to be bound. Most prom-
inent were complexes that comigrated with ssDNA complexes
containing hRPA dimers and trimers (Fig. 2B) identified in our
previous studies (2, 3). Under these conditions, no ssDNA was
produced (see below). Binding to a 48-nt ssDNA substrate
(Fig. 2B) was somewhat more efficient, with the affinity esti-
mated to be approximately fivefold greater as determined by
densitometric analysis of the autoradiographs (data not
shown). Thus, hRPA binds with high affinity to a DNA struc-
ture similar to that induced in ori by T antigen.

The PO-8 complexes also appear to contain hRPA dimers
and trimers because, in the presence of glutaraldehyde, the
DNA substrate has relatively minor effects on the mobility of
complexes bound by identical molecules of hRPA (2). For
example, pseudo-origin substrates containing 2 to 8 nt of
ssDNA have similar ratios of hRPA complexes even though
the total amounts of complexes that are formed differ (see Fig.
3 and below). Moreover, on larger PO-8 substrates (i.e., 60 bp),
in which ssDNA production (see below) is greatly reduced, the
pattern and migration of hRPA complexes resembles that de-
tected with the 48-bp PO-8 substrate (data not shown).

The patterns of complexes on the PO-8 and ssDNA sub-
strates were similar, with two exceptions. First, PO-8 com-
plexes bound by a single hRPA monomer were less abundant
than the analogous complex formed on ssSDNA (compare lanes
2 and 3 of Fig. 2A and B), indicating that hRPA binds PO-8
cooperatively. Interestingly, our previous binding studies indi-
cated that hRPA binding in the 8-nt mode was significantly
cooperative (2), suggesting that binding of the PO-8 substrate
requires initial hRPAg,, complex formation. Second, a novel
complex was observed only with the PO-8 substrate that mi-
grated faster than monomeric hRPA complexes. Although this
band cross-reacted with anti-hRPA antibodies, it was not ob-
served with all preparations of hRPA.

Because these binding experiments were performed using
glutaraldehyde to stabilize the hRPA-DNA complexes, hRPA
binding to the PO-8 substrate was repeated in the absence of a
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FIG. 3. Efficient hRPA—pseudo-origin complex formation requires at least 6
nt of ssDNA. hRPA (50 ng) was incubated with various 3*P-labeled DNA sub-
strates (0.05 pmol): PO-0 (lanes 1 and 2), PO-2 (lanes 3 and 4), PO-4 (lanes 5 and
6), PO-6 (lanes 7 and 8), PO-8 (lanes 9 and 10), and a 48-nt ssDNA control (the
PO-8 bottom strand) (lanes 11 and 12). Following incubation, the reaction
mixtures were subjected to glutaraldehyde cross-linking and separated by elec-
trophoresis through a native 5% polyacrylamide gel and visualized by autora-
diography. The positions of the hRPA-DNA complexes and free DNA are
indicated on the right side of the panel.

cross-linking agent. hRPA-PO-8 complex formation was more
efficient in the absence of glutaraldehyde, with >95% of the
PO-8 substrate bound at the highest level of hRPA (Fig. 2C).
Complexes containing a single hRPA monomer were again
only weakly observed under these conditions. These data indi-
cate that non-cross-linked complexes formed between hetero-
trimeric hRPA and the PO-8 substrate are sufficiently stable to
withstand the electrophoretic conditions used for the gel shift
assay.

Pseudo-origin substrates with bubble lengths ranging from 0
to 8 nt, differing in 2-nt increments (Fig. 1), were tested to
determine the minimum bubble length supporting hRPA bind-
ing. hRPA bound with weak affinity to DNA molecules that
were completely duplex (PO-0) or contained 2 (PO-2) or 4
(PO-4) nt of ssDNA (Fig. 3). In contrast, hRPA bound with
highest affinity to molecules with bubble lengths of 6 (PO-6) or
8 (PO-8) nt, with densitometric scanning of the autoradio-
graphs indicating >10-fold-stronger binding to these mole-
cules than to the PO-0 substrate (Fig. 3, lanes 8 and 10). hRPA
weakly binds ssDNA molecules shorter than 15 nt (2, 22), and
we found, similarly, that incubation of hRPA with a 12-nt
ssDNA molecule produced only a small level of glutaralde-
hyde-dependent hRPA-DNA complexes (data not shown).
Taken together, these observations suggest that high-affinity
binding of hRPA to the pseudo-origin substrates requires a
minimum of 6 nt of ssDNA and additional DNA provided by
the flanking elements. Matsunaga et al. (27) recently reported
that hRPA can also bind DNA substrates containing longer
ssDNA bubbles (12 and 30 nt).

hRPA complex formation was tested with substrates having
longer flanking duplex regions and at reduced temperatures
(e.g., 0°C). hRPA bound these longer substrates, albeit with
reduced affinity, and binding was able to occur at the low
temperatures (19a). These observations rule out the possibility
that the increased bubble length merely destabilized the duplex
structure of PO-8, thereby allowing efficient hRPA complex
formation.

hRPA-PO-8 complex formation is accompanied by duplex
DNA distortion. The effect of hARPA-PO-8 complex formation
on PO-8 structure was examined by copper-phenanthroline
footprinting (35, 49). PPC binds 2 to 3 bp within the minor
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FIG. 4. hRPA-dependent distortion of PO-8 structure detected by copper-
phenanthroline footprinting. The PO-8 substrate (0.15 pmol), 5’ 3?P labeled
either on the top (A) or bottom (B) strand, was incubated with increasing levels
of hRPA (as indicated) in the absence of glutaraldehyde. Following binding, the
reaction mixtures were treated with PPC as described in Materials and Methods.
Reaction products were separated by electrophoresis through a denaturing 8%
polyacrylamide gel and autoradiographed. The locations of the bubble and var-
ious sequence positions are indicated on the left of each panel. (C) Compilation
of the PPC footprinting pattern. Protection from PPC cleavage is indicated by
solid bars, while hyperreactivity is indicated by carets.
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groove of double-stranded DNA (dsDNA), from which it be-
comes oxidized to generate a reactive species that nicks one of
the two strands. Subtle distortion of the duplex DNA altering
minor-groove width or accessibility can be detected with PPC.

The PO-8 substrate, 5’ *?P labeled on either the top (Fig.
4A) or bottom (Fig. 4B) strand, was incubated with two dif-
ferent levels of hRPA. PPC cleavage of the PO-8 substrate in
the absence of hRPA showed enhanced nicking of the top and
bottom strands of the ssDNA bubble compared to flanking
duplex regions (Fig. 4A and B, lanes 1). Addition of hRPA
resulted in the moderate protection of a 9-nt top-strand region
encompassing the bubble (nt 5210 to 5218), with the exception
of a single hyperreactive site at nt 5216 (Fig. 4A, lanes 2 and 3).
Protection was also observed over bottom-strand sequences
between nucleotides 5209 and 5217 within the bubble. We
interpret these results to indicate that hRPA binds both the top
and bottom strands of the bubble, most likely with one hRPA
molecule to each strand.

The presence of hRPA caused various regions in the duplex
DNA flanks to become strongly hyperreactive to the PPC
probe. On the top strand, two adjacent hyperreactive patches
were noted on each side of the bubble: nt 5199 to 5201 and nt



3880 IFTODE AND BOROWIEC

MoL. CELL. BIOL.

A - Glutaraldehyde B C + Glutaraldehyde
Yo Hb i SRS
PO-8 (pmol) NS Glutaraldehyde PO-8 (pmol) ©
S \e)
hRPA (mol) M © o ~ N hRPA(ng) © W & L SwM hRPA (pmol) & ~7
— Trimer
— Trimer — Trimer D
—_ = imer
Dimer u — Dimer -
— Monomer ~ — Monomer — Y onomer
i
— Free dsDNA — Fige dsDNA, — Free DNA
— Free ssDNA
— Free ssDNA

2345

123456

1 2 3

FIG. 5. Denaturation of the PO-8 substrate mediated by hRPA. (A) Various amounts of the 3?P-labeled PO-8 substrate and hRPA (as indicated) were incubated
in the absence of glutaraldehyde as described in Materials and Methods. Following incubation, the reaction products were separated by electrophoresis through a native
10% polyacrylamide gel and autoradiographed. (B) Increasing amounts of hRPA (as indicated) were titrated against a constant level of the 3?P-labeled PO-8 substrate
(0.15 pmol) in the absence of glutaraldehyde. Reaction products were detected as described for panel A. (C) Various amounts of the 3*P-labeled PO-8 substrate and
hRPA (as indicated) were incubated and then cross-linked with glutaraldehyde. Reaction products were detected as described for panel A. The locations of hRPA-DNA
complexes, free dSDNA, and free ssDNA are shown on the right of each panel. The ssDNA marker (M) is the 3?P-labeled top strand of the PO-8 substrate.

5206 to 5209 in the duplex region on the 5’ side, and nt 5219
to 5224 and nt 5227 to 5231 on the 3’ side. In contrast, two
bottom-strand patches hyperreactive to PPC were seen (nt
5201 to 5207 and nt 5224 to 5228), each located opposite the
top-strand doublets (compiled in Fig. 4C). A single hyperre-
active site at nt 5218 was also detected on the bottom strand.
The hyperreactivity of these sites increased slightly with the
addition of more hRPA. Thus, the hRPA-dependent changes
in PPC cleavage indicate that hRPA binding distorts the DNA
structure of PO-8 over a 30-nt region.

Although we observed that hRPA can denature the PO-8
substrate (see below), our data suggests that the PPC hyper-
reactive sites are not a result of this denaturation. PPC cleav-
age of a single-stranded top strand in the absence of hRPA was
uniform without regions of hyperreactivity, and this cleavage
was inhibited by the addition of hRPA (data not shown). These
hyperreactive sites also do not appear to result from a more
limited melting of the PO-8 DNA, because potassium perman-
ganate footprinting (for example, see reference 6) of the
hRPA-PO-8 complexes did not reveal significant reactivity at
these sites (data not shown). Therefore, our data indicate that
hRPA binding to the PO-8 substrate causes a conversion of
flanking duplex regions to a non-B-DNA structure. As the
formation of hRPA-PO-8 complexes led to an increase in PPC
cleavage, it is possible that hRPA binding causes an increase in
minor-groove width that facilitates PPC binding and subse-
quent nicking.

hRPA denatures the PO-8 substrate. The ability of hRPA to
denature the PO-8 substrate was tested. With a constant molar
ratio of protein to DNA (10:1), various amounts of hRPA and
the PO-8 substrate (5’ *P labeled on the top strand) were
incubated under standard binding conditions in the absence of
glutaraldehyde. Reaction products were then separated by gel
electrophoresis to detect ssSDNA. A novel band that migrated
below the pseudo-origin substrate (Fig. SA, lanes 3 and 4) was

observed. Comigration of this novel band with a single-
stranded top-strand marker (Fig. 5A, lane 1) established its
identity as free ssDNA. Densitometry of the autoradiographs
indicate that 15 to 25% of the available substrate became
denatured. Notably, the generated ssDNA was detected only
by using lower levels of protein and DNA (Fig. 5A, lanes 3 and
4). Increases in the concentration of protein and DNA caused
the disappearance of the free ssDNA even while increasing the
total amounts of hRPA-PO-8 complexes. We also titrated
hRPA against a constant level of DNA, and similarly, dena-
turation of the substrate was observed only at low to interme-
diate levels of protein (Fig. 5B, lanes 2 to 4). It seems likely
that ssDNA is still generated by hRPA binding to the pseudo-
origin but that use of higher concentrations of hRPA causes
complete retention of generated ssDNA into shifted com-
plexes. More generally, our data indicates that hRPA can de-
nature the substrate.

Denaturation was not detected when glutaraldehyde was
used to cross-link the protein-DNA complexes, regardless of
the protein-DNA concentrations used (Fig. 5C). Thus, it ap-
pears that glutaraldehyde traps more-weakly-associated
hRPA-ssDNA complexes, so that free unwound product is not
observed. This observation is consistent with previous studies
showing the ability of glutaraldehyde to trap a class of transient
hRPA-ssDNA complexes (2, 3).

SSBs that support the ori unwinding reaction also bind
PO-8. SSBs other than hRPA have been found to support the
T-antigen-mediated ori-dependent DNA-unwinding reaction.
Those SSBs functional in the DNA-unwinding reaction are the
Escherichia coli SSB (EcoSSB), the herpes simplex virus ICP8
(HSV ICP8) and the adenovirus DNA-binding protein (Ad-
DBP) (20). In contrast, the bacteriophage T4 gene 32 protein
(gp32) and T7 gene 2.5 protein (gp2.5) did not allow the
production of unwound DNA from ori (18, 20). The ability of
these SSBs to bind the PO-8 substrate was examined.
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FIG. 6. A subclass of SSBs can bind the PO-8 substrate. Various SSBs were
incubated with 0.05 pmol of the 48-nt 3?P-labeled bottom strand of the PO-8
substrate (ssDNA; lanes 1 to 6) or the 3*P-labeled PO-8 substrate (lanes 7 to 12)
and then cross-linked with glutaraldehyde. The reaction products were separated
by electrophoresis through a native 10% polyacrylamide gel and autoradio-
graphed. The positions of free dsSDNA and ssDNA are indicated on the right and
left, respectively. E. coli, EcoSSB; DBP, AdDBP; ICP8, HSV ICPS.

The PO-8 substrate and PO-8 top strand (i.e., a ssDNA
control) were each incubated with an equivalent amount of
SSB (50 ng), and the reaction products were cross-linked with
glutaraldehyde. As expected, all tested SSBs bound the ssDNA
substrate, although their binding affinity varied (Fig. 6, lanes 1
through 6). When the PO-8 substrate was tested, high-affinity
binding was noted by three proteins—hRPA, EcoSSB, and
AdDBP (Fig. 6, lanes 7, 10 and 11)—while an intermediate
level of binding was noted for HSV ICP8 (Fig. 6, lane 12).
Densitometric analysis indicated that 45, 43, 57, and 18% of
the available PO-8 substrate was bound into a discrete complex
by hRPA, EcoSSB, AdDBP, and HSV ICPS, respectively. In
the case of AdDBP, a significant amount of the substrate was
retained in the electrophoretic wells, likely a result of glutar-
aldehyde trapping weak AdDBP-ssDNA complexes, leading to
a reduction in the amount of unbound PO-8 substrate. Each
SSB-PO-8 complex migrated similarly to the SSB-ssDNA com-
plexes. In contrast, only weak binding by the gp32 and gp2.5
proteins was detected This was determined by densitometric
analysis to be <0.5 and 4.5%, respectively, of the available
PO-8 substrate. Similar results were found with constant molar
ratios of SSB to PO-8 substrate (data not shown).

Because glutaraldehyde may in some manner alter the in-
teraction of these SSBs with DNA, we tested SSB-DNA com-
plex formation in the absence of cross-linking by nitrocellulose
filter binding (Table 1). The presence of each SSB (1 pmol)
caused the retention of 21 to 76% of the ssDNA substrate to
the filter, with the T4 and T7 proteins least able to form
detectable complexes. Addition of other amounts of the gp32
and gp2.5 proteins (up to 10-fold-higher levels of protein) did
not greatly increase substrate retention, with a maximum of
30% of substrate bound for either SSB (data not shown). Use
of the PO-8 substrate showed that hRPA was most efficient in
retaining the substrate on the filter (56% of the substrate
bound), followed by EcoSSB (37%), HSV ICP8 (13%), and
AdDBP (9%). The same amount (1 pmol) of T4 gp32 or T7
gp2.5 did not lead to detectable PO-8 retention to the filter.

SV40 ORIGIN DENATURATION BY hRPA 3881

TABLE 1. Binding of SSBs to ssDNA and the PO-8 substrate®

Bound PO-8
SSB tested Bound ssDNA substrate

substrate (%) (%)
hRPA 76.0 56.1
EcoSSB 79.2 37.2
HsV ICP8 72.4 12.6
AdDBP 58.6 8.8
T4 gp32 29.3 <0.1
T7 gp2.5 21.7 <0.1

“ As measured by retention on nitrocellulose filters. Each SSB (1 pmol) was
incubated with 0.15 pmol of the 3?P-labeled PO-8 or ssDNA substrate (the PO-8
top strand) under standard binding conditions. Reaction mixtures were then
filtered through nitrocellulose membranes as described in Materials and Meth-
ods. Binding of each substrate is expressed as the percentage of input DNA after
subtraction of nonspecific binding.

Thus, the ability of hRPA to associate with the pseudo-origin
structure is not unique to hRPA, because heterologous SSBs
can also bind. Moreover, we find a correlation between the
known ability of an SSB to support the ori-dependent DNA-
unwinding reaction and PO-8 binding activity.

DISCUSSION

A key feature of the initiation of DNA replication is the
denaturation of origin DNA and the loading of DNA helicase
molecules onto the nascent DNA forks. The SV40 system is
one of the simplest models for analyzing this process in that
only two proteins (T antigen and hRPA) are required in ad-
dition to the ori-containing DNA molecule. One special char-
acteristic of the ori denaturation reaction is that T antigen
converts from a sequence-specific DNA-binding protein to a
sequence-independent DNA helicase. This change in activity is
somewhat paradoxical, as T antigen must bind with sufficient
affinity to form a stable complex with ori yet disrupt these
contacts to commence DNA unwinding. Our data indicates
that hRPA mediates this reaction by enlarging the 8-nt bubble
present in the T antigen-ori complex. The duplex T antigen
recognition elements are thus rendered single-stranded, and T
antigen is released from static contacts with the ori DNA.

Previous data led us to postulate that hRPA binds ssDNA in
a multistep pathway that entails initial recognition of 8 nt of
DNA (the hRPAg,, complex) prior to formation of a more
stable complex covering 30 nt (the hRPA,,,, complex) (3).
Stable binding of the PO-8 substrate is consistent with the
ability of hRPA to productively interact with 8 nt of ssDNA,
although our finding of efficient hARPA-PO-6 complex forma-
tion indicates that recognition of 6 nt of ssDNA by hRPA is
also possible. A transition in hRPA binding from the 8- to the
30-nt mode would lead to the formation of additional stabiliz-
ing contacts between protein and DNA. We hypothesize that
the observed PO-8 denaturation is driven by the favorable free
energy change occurring upon conversion of the hRPAg,, com-
plex to the hRPA,,,, complex.

Our previous binding studies showed that significant hRPA
binding to ssDNA in the 8-nt mode required at least two hRPA
monomers (2). We similarly found that hRPA-PO-8 com-
plexes also contained two or more hRPA monomers, suggest-
ing that cooperative hRPA-hRPA interaction is required to
achieve stable PO-8 binding. Because both strands of the bub-
ble were protected from PPC cleavage in the presence of
hRPA, it is possible that one monomer binds to each strand of
the bubble with physical interaction occurring between their
respective DNA-binding surfaces. Alternatively, hRPA mole-
cules may bind adjacently upon the PO-8 substrate, for exam-
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ple, with one hRPA molecule binding to the ssDNA bubble
and the second to the flanking duplex DNA. In support of this
view, RPA can bind duplex DNA elements within transcrip-
tional control regions in a sequence-specific manner (24, 36,
40). However, because hRPA did not significantly protect the
duplex DNA from PPC cleavage (Fig. 4), binding of hRPA to
this DNA would likely be more transient than the hRPA bind-
ing to the bubble.

PPC probing of hRPA-PO-8 complexes revealed the pres-
ence of significant DNA distortion within the flanking duplex
DNA regions. This distortion does not appear to be a result of
DNA melting, because the flanking DNA was not significantly
reactive to a potassium permanganate probe (for example, see
reference 6). Thus, the hRPA-mediated distortion of PO-8
structure is apparently caused by conversion of the duplex
DNA to a non-B-DNA structure which likely precedes and
facilitates PO-8 denaturation. This DNA distortion could be
caused by hRPA binding to the bubble, which destabilizes the
duplex structure of the flanking DNA. As described above, a
second view is that the hRPA directly interacts with the duplex
DNA in a manner that alters the DNA conformation.

DNA-unwinding activities related to the PO-8 denaturation
reaction have been previously reported. hRPA causes the de-
naturation of Saccharomyces cerevisiae ARS elements when
these are present on supercoiled plasmids, perhaps by hRPA
binding to transiently formed ssDNA regions (26). Calf thymus
RPA can unwind lengthy (350-nt) DNA molecules annealed to
M13 ssDNA in a Mg*"-free reaction (13). Similarly, Knippers
and coworkers found unwinding of linear dsSDNA by hRPA in
a reaction prevented by 5 mM Mg>* (41). In that we found
denaturation of the pseudo-origin substrate to occur with 7
mM MgClL,, it is unclear whether the latter findings represent
an alternate mode of RPA action or, perhaps, that the pseudo-
origin substrate is better suited to being denatured by RPA
under conditions that support SV40 DNA replication.

The ability of various SSBs (hRPA, EcoSSB, HSV ICPS,
AdDBP, T4 gp32, and T7 gp2.5) to support the T-antigen-
dependent ori unwinding reaction (18, 20) was found to cor-
relate with their efficiency in binding the PO-8 substrate. More
generally, our data suggest that the active SSBs (i.e., hRPA,
EcoSSB, HSV ICPS8, and AdDBP) catalyze ori denaturation
through productive interaction with the single-stranded EP
bubble in the ATP-dependent T antigen-ori complex. Helix-
destabilizing properties have been reported for AADBP (30,
50) and HSV ICP8 (4) which may contribute to their activity in
the ori denaturation reaction. EcoSSB has not been reported
to denature dsDNA (29), but substrates similar to the pseudo-
origin have not been tested.

These and previous results support the following model for
viral ori denaturation during the initiation of SV40 DNA rep-
lication (Fig. 7). In an ATP-dependent reaction, T antigen
binds ori using numerous protein-DNA contacts in the central
GAGGC region, causing the melting of 8 bp within the EP
element and distortion of the AT tract. T antigen forms con-
tacts predominantly with one DNA strand and one helical face
in the duplex flanks (34), indicating that hRPA binds only one
strand via the helical face not bound by T antigen. Initial
recognition of the ssDNA within the EP structure occurs with
an hRPAg,, complex. In possible combination with other
hRPA molecules, hRPA binding is stabilized by conversion to
the hRPA,,, form concomitant with denaturation of at least
30 nt of ori DNA, including the central GAGGC recognition
element. As T antigen is unable to recognize the GAGGC
repeats when present on ssDNA (1), the T-antigen hexamer on
the early ori half is released from these sequence-specific con-
tacts. Either by the binding of additional hRPA molecules or
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ATP-dependent
T antigen-ori complex

Unstable binding of hRPA
in hRPAg,,, mode to melted
EP region

Transition to hRPA;(, mode
destroys T antigen recognition
elements

Early T antigen hexamer
released from ori. Additional
hRPA binds to denature
remaining ori duplex

DNA unwinding
catalyzed by a T antigen
double hexamer

FIG. 7. Model for the denaturation of the SV40 ori mediated by hRPA. See
the text for details.

by further denaturation of ori facilitated by DNA distortion in
the AT tract, the late-half hexamer is released. Bidirectional
unwinding occurs in the form of a T-antigen double hexamer,
in which dsDNA enters the complex and two strands of ssDNA
are spooled out (37, 42).

The denaturation activity of hRPA has the potential to play
critical roles in other DNA metabolic reactions. For example,
nucleotide excision repair leads to the generation of an ~30-nt
gap caused by excision of the damaged DNA strand (17). DNA
damage has been shown to be cooperatively bound by the
hRPA and XPA proteins (16), both of which are essential for
nucleotide excision repair in reconstituted cell-free systems (7,
48). It is therefore conceivable that hRPA, in combination with
other factors, catalyzes the formation of an ~30 nt ssDNA
bubble that is a substrate for the repair endonucleases. Limited
DNA denaturation from a localized site also occurs in other
DNA transactions, and it will be of interest to determine
whether hRPA has a more general activity in facilitating these
reactions.
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