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Little is known about the ability of simian virus 40 (SV40) T antigen to bind single-stranded DNA. We
demonstrate here that a mutant (259-708) missing the first 258 amino acids of T antigen and its origin-binding
domain bound single-stranded DNA at close to normal levels, whereas a mutant containing only the first 259
amino acids failed to bind any single-stranded DNA. The 259-708 mutant also assembled into high-molecular-
weight oligomers in the presence of single-stranded DNA. Its ATPase activity was stimulated by single-stranded
DNA similarly to the wild type (WT). Furthermore, WT T antigen’s ability to bind to single-stranded DNA was
inhibited by the binding of two monoclonal antibodies that recognize a region after residue 362. These results
show that the domain responsible for binding to single-stranded DNA is completely separate from the

origin-binding domain.

Simian virus 40 (SV40) large T antigen is a multifunctional
protein required for the initiation of virus DNA replication in
infected cells. Many of its functional domains and binding sites
for cellular proteins have been mapped by genetic and bio-
chemical approaches (see reviews by Fanning and Knippers
[15] and Bullock [6]). One activity that has been poorly char-
acterized is its ability to bind nonspecifically to single-stranded
DNA (2, 16, 34). The function of this activity is not known, but
since T antigen is a 3'-to-5" helicase (49), one assumption is
that it is required for interacting with single-stranded DNA
during unwinding.

T antigen is the only viral protein required for SV40 DNA
replication (46); all other factors are supplied by the cell. In the
presence of ATP, the protein forms a double hexamer on the
replication origin (23), melts the EP region, and untwists the
A/T track within the origin (3, 4, 11, 29). The enzyme then
unwinds the DNA bidirectionally (10, 12, 17, 51) by using its
helicase activity (43, 44). The cellular proteins RPA (8, 14, 18,
26, 47, 50), DNA polymerase o/primase (13, 14, 24, 26), and
topoisomerase I (38, 39) may be recruited to the origin to form
a replication complex.

The origin-binding domain of T antigen has been well char-
acterized. It maps approximately to residues 147 to 247 (1, 25,
36, 37, 41, 45). It can, by itself, bind specifically to the origin
(1, 19, 25, 45) and is required but is not sufficient for nonspe-
cific binding to double-stranded DNA (21). It is also essential
for T antigen’s helicase activity (52). However, it remains
unclear whether it also possesses the ability to bind single-
stranded DNA. McVey et al. (25) reported that a fragment
consisting of residues 132 to 246 has a measurable single-
stranded DNA-binding activity, and Wun-Kim and Simmons
(52) found that the smallest proteolytic fragment with which
they could demonstrate single-stranded DNA binding con-
tained the origin-binding region. However, both of those stud-
ies actually measured binding to a helicase substrate, a partially
double-stranded molecule. Mohr et al. (27) found that a mu-
tation of residue 522 affects single-stranded DNA binding
without changing the ability to bind the origin, suggesting that
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the C-terminal region of T antigen may be involved in this ac-
tivity. More recently, Joo et al. (19) reported that the origin-
binding domain (131-260) bound single-stranded DNA only
weakly.

To resolve this controversy and to begin to characterize the
single-stranded DNA-binding activity of T antigen, we gener-
ated two deletion mutants separating the N-terminal region
with its origin-binding domain from the C-terminal region of
the molecule. We constructed deletion mutants 1-259 and 259-
708 by PCR amplification of those regions of the large T an-
tigen cDNA gene using appropriate primers followed by clon-
ing into baculovirus transfer vector p1393 (Pharmingen).
Recombinant baculoviruses were made according to the man-
ufacturer’s directions, and the recombinant proteins were pu-
rified by immunoaffinity chromatography with PAb419 for
1-259 and PAb101 for 259-708 as previously described (35, 40).
Wild-type (WT) T antigen was purified in the same way with
either antibody. The purified protein was the major species
detected by silver staining of acrylamide gels. A common con-
taminant was antibody that had eluted from the immunoaffin-
ity column. It does not appear to interfere with any of T anti-
gen’s biochemical activities (38—41).

To test the single-stranded DNA-binding activities of these
two truncated proteins, we carried out a gel shift assay using a
5" end-labeled, 55-nucleotide, single-stranded oligonucleotide
corresponding to the bottom strand of the fork substrate de-
scribed by SenGupta and Borowiec (34). Increasing amounts
of WT T antigen and 259-708 were first reacted with the la-
beled DNA for 30 min at 37°C under replication buffer con-
ditions (40). The DNA-protein complexes were cross-linked
with glutaraldehyde and subjected to electrophoresis on a non-
denaturing 4% acrylamide gel (Fig. 1A). It is apparent that the
deletion mutant missing the origin-binding domain (259-708)
could bind to single-stranded DNA, although binding activity
was slightly lower than that of WT. It should be noted that we
used proportionate molar amounts of WT and 259-708 in lanes
2 through 5 and 6 through 9, respectively (Fig. 1A); lane 10
contained a higher amount of the mutant protein to demon-
strate that binding activity was not at saturation. We should
also note that ATP was included in the replication buffer,
although its addition had no measurable effect on single-
stranded DNA binding under our conditions (data not shown).

In contrast to these results with 259-708, deletion mutant
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FIG. 1. Single-stranded DNA binding activity of WT and mutant T antigens.
Purified T antigens were incubated with end-labeled, single-stranded DNA,
cross-linked to the DNA with glutaraldehyde, and applied to a 4% acrylamide gel
in Tris-borate-EDTA buffer. (A) Binding activity of WT and 259-708 T antigens.
T antigens were purified by immunoaffinity chromatography with monoclonal
antibody PAb101 as described elsewhere (39). Lanes: 1, no T antigen; 2 through
5,3, 7.5, 15, and 22.5 pmol of WT T antigen, respectively. Lanes 6 through 10
contained 3, 7.5, 15, 22.5, and 37.5 pmol of 259-708, respectively. (B) Binding
activities of WT and 1-259 T antigens. Proteins were purified by using PAb419
antibody. Lanes: 1, no T antigen; 2 through 5, 0.84, 2.1, 4.2, and 6.3 pmol of WT
T antigen, respectively; 6 through 10, 0.84, 2.1, 4.2, 6.3, and 21 pmol of 1-259,
respectively. The positions of the free DNA and DNA bound in presumed
hexamers (H) and double hexamers (DH) are indicated.

1-259 did not bind any single-stranded DNA (Fig. 1B). As
expected, this truncated protein could still bind to origin DNA
(data not shown), since it contains the origin-binding domain
(residues 147 to 246). These results demonstrate that the sin-
gle-stranded DNA-binding region is located after residue 259
and is not part of the origin-binding domain. The results also
show that both WT and 259-708 T antigens form two com-
plexes with single-stranded DNA (Fig. 1A), presumably con-
sisting of hexamers and double-hexamers. This indicates that
259-708 can form oligomers in the presence of single-stranded
DNA, just like WT.

It has been shown that single-stranded DNA can stimulate
the ATPase activity of T antigen (16, 31). Here, we investigated
whether single-stranded DNA also stimulates the ATPase ac-
tivity of mutant 259-708. Increasing amounts of a 32-mer dT
oligonucleotide were added to an ATPase reaction containing
20 pmol of WT (Fig. 2A) or 259-708 (Fig. 2B) T antigens. The
reactions were performed as described by Clark et al. (7). Free
inorganic phosphate was separated from the [y-**P]JATP sub-
strate by ascending chromatography on polyethyleneimine-cel-
lulose plates as described elsewhere (5). Reaction products
were quantitated by scintillation counting. It is apparent that
the ATPase activity of 259-708 could be stimulated by oli-
go(dT) (Fig. 2B) in a way similar to that of WT T antigen (Fig.
2A and C). The mutant T antigen had just as much if not more
ATPase activity compared to that of WT, and its activity was
stimulated by about 3-fold by oligo(dT) (Fig. 2C). WT T anti-
gen was stimulated maximally by 4.5-fold (Fig. 2C). These
results are consistent with the observation that the single-
stranded DNA binding region is located between residues 259
and 708.

To obtain additional data that the single-stranded DNA-
binding region is present after residue 259, we performed an-
tibody inhibition assays with monoclonal antibodies known to
bind to specific sites on T antigen. A 400-ng amount of WT T
antigen (4.4 pmol) was preincubated with various amounts
of monoclonal antibodies (PAb419, PAb205, PAb413, or
PAb101) which bind to the N-terminal end (PAb419), central
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region (PAb205 and PAb413), and C-terminal end (PAb101)
of T antigen. After a 20-min preincubation at room tempera-
ture, labeled single-stranded DNA was added and incubation
continued at 37°C for 30 min. Complexes were separated on
acrylamide gels and quantitated with a PhosphorImager, and
the results were plotted as a percentage of binding without
antibody (Fig. 3). Both PAb205 and PAb413 inhibited binding,
while PAb419 and PAb101 did not. Addition of the latter two
antibodies resulted in a supershifted band as expected (data
not shown). The epitopes on T antigen for PAb205 and
PAb413 are maximally located between residues 362 and 708
(28), although a smaller region mapping between residues 362
and 447 may be the major binding site for these antibodies
(20). Therefore, the association of this region with antibodies
interferes with single-stranded DNA binding. It should be
noted that neither of these two antibodies inhibits binding to
the origin (21).

We attempted to map the single-stranded DNA-binding do-
main more closely by constructing a deletion mutant contain-
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FIG. 2. Stimulation of the ATPase activities of WT and mutant T antigens by
(oligo)dT. WT (A) and 259-708 (B) T antigens were purified by immunoaffinity
with PAb101 as described elsewhere (35) and assayed for ATPase activity in the
presence of different amounts of oligo(dT). The free inorganic phosphate (Pi)
was separated from the ATP substrate by ascending thin-layer chromatography.
The origin is shown on the right. Lanes 1, no T antigen; 2 through 7, 0, 2, 4, 8,
20, and 40 ng of oligo(dT), respectively. (C) The amounts of released inorganic
phosphate were quantitated by scintillation counting and plotted against the
amount of oligo(dT) in each reaction.
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FIG. 3. Inhibition of single-stranded DNA-binding activity by monoclonal
antibodies. Increasing amounts of purified monoclonal antibodies (as shown)
were preincubated with WT T antigen purified as described elsewhere (35) with
PADb101 antibody. Labeled single-stranded DNA was added, and incubation was
continued at 37°C. The labeled bound DNA was analyzed as described in the
legend to Fig. 1, and the values were plotted as percentages of binding without
antibody.

ing the 362-t0-447 region close to the N-terminal end (e.g.,
325-708) and a mutant with most of this region at the C-ter-
minal end (e.g., 1-432), but neither of these mutants was stable.
However, we did find that deletion mutant 246-627 bound
single-stranded DNA at levels close to that of the WT and
formed oligomerized complexes similar to (but smaller than)
that of the WT (data not shown), demonstrating that the sin-
gle-stranded DNA-binding domain does not extend beyond
residue 627. Taken together, the data show that this domain is
located between residues 259 and 627. The ability of proteins
259-708 and 246-627 to assemble into large-molecular-weight
complexes with DNA indicates that the oligomerization do-
main must also be localized to residues 259 to 627.

Our results demonstrate that the origin-binding and single-
stranded DNA-binding regions are separate. This finding has
implications for the mechanism of DNA unwinding. T antigen
binds to the origin of replication as a double hexamer (23) and
functions in this form as a helicase (42, 48). It is not known
where the double-stranded origin DNA is located relative to
the hexameric helicase, but there is evidence that the hexamer
is a sixfold ring structure with a channel large enough for
double-stranded or single-stranded DNA (30). T antigen can
hexamerize without DNA (22, 23), but preformed hexamers
have low affinity for DNA (9). When inactive hexamers are
incubated without ATP, they dissociate into DNA-binding
monomers, suggesting that T antigen first binds origin DNA as
a monomer and subsequently assembles into hexamers (9).
One interpretation of these data is that the origin DNA occu-
pies the hexameric channel after binding. Furthermore, there
is evidence that during DNA unwinding, at least one strand of
DNA is present within the hexameric channel. Electron mi-
croscopy studies reveal that the DNA is threaded through the
T-antigen hexameric complexes during unwinding (48). During
this reaction, T antigen appears to bind to only one strand of
the unwound DNA (32-34), in agreement with its function as
a 3'-to-5" helicase (49). It has been proposed (30) that one
single strand fits into the six-sided channel during unwinding
and that the other is excluded. If this is correct, it would imply
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that one strand must be displaced from the channel during or
after ori opening. How this might happen is unknown, but our
observation that the domains for single-stranded and origin
DNA binding are distinct imply that the DNA is tethered to
different regions of the protein before and after origin melting.
Furthermore, our result that the 259-708 mutant has ATPase
activity enhanced by single-stranded DNA suggests that this
region of the protein interacts with at least one single-strand
during DNA unwinding.

In an earlier study (21), we reported that nonspecific double-
stranded DNA binding by T antigen requires the presence of
the origin-binding region and of a second region mapping
between residues 269 and 522. The relationship between this
second region and single-stranded DNA binding is unknown.
However, all evidence (see references 21 and 52 and the results
presented here) points to the likelihood that nonspecific dou-
ble-stranded and single-stranded DNA-binding activities are
partially separable. This suggests that T antigen has three dis-
tinct DNA-binding activities, and it is reasonable to propose
that all three activities are utilized during the binding and
subsequent unwinding of SV40 DNA.

This work was supported by grant CA36118 from the National Can-
cer Institute.
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