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Human replication protein A (RP-A) (also known as human single-stranded DNA binding protein, or HSSB)
is a multisubunit complex involved in both DNA replication and repair. Potentially important to both these
functions, it is also capable of complex formation with the tumor suppressor protein p53. Here we show that
although p53 is unable to prevent RP-A from associating with a range of single-stranded DNAs in solution,
RP-A is able to strongly inhibit p53 from functioning as a sequence-specific DNA binding protein when the two
proteins are complexed. This inhibition, in turn, can be regulated by the presence of various lengths of
single-stranded DNAs, as RP-A, when bound to these single-stranded DNAs, is unable to interact with p53.
Interestingly, the lengths of single-stranded DNA capable of relieving complex formation between the two
proteins represent forms that might be introduced through repair and replicative events. Increasing p53
concentrations can also overcome the inhibition by steady-state levels of RP-A, potentially mimicking cellular
points of balance. Finally, it has been shown previously that p53 can itself be stimulated for site-specific DNA
binding when complexed through the C terminus with short single strands of DNA, and here we show that p53
stays bound to these short strands even after binding a physiologically relevant site. These results identify a
potential dual role for single-stranded DNA in the regulation of DNA binding by p53 and give insights into the

P33 response to DNA damage.

As the many cellular pathways that pass through or emanate
from the phosphoprotein p53 are identified and defined, it
becomes more and more obvious that proper regulation of p53
protein activity is a very important determinant in the normal
cellular life cycle (for reviews, see references 11, 19, 29, and
31). When the regulation is in place, growth arrest or apoptotic
pathways initiated by p53 can help monitor and eliminate er-
rant growth; when this regulation is perturbed, establishment
and maintenance of aberrant cellular growth can result. Wild-
type p53 is a sequence-specific DNA binding protein that can
activate transcription from promoters containing p53 response
elements both in vitro and in vivo (for a review, see reference
53). But when the DNA binding ability of the protein is lost, as
it is in many of the mutant forms of p53 found in human
cancers, the protein loses the sequence-specific transcriptional
activation capabilities otherwise inherent to the protein.

The transcriptional activation function of wild-type p53 can
be temporarily or permanently disrupted when the protein
associates with any one of several viral oncogenes (3, 46, 47,
60), some cellular proteins (58), or even mutated forms of p53
itself (28); all of these different associations can lead to marked
changes in the regulation of cell growth. DNA binding by p53
may be further regulated through conformational shifts within
the protein or stabilization of the protein brought about by
transient or permanent interactions between p53 and either
small peptides (25, for review see references 24 and 35), cel-
lular proteins (33), or single-stranded DNA (ssDNA) (26). In
addition, an alternate form of p53 that possesses enhanced
DNA binding abilities and performs potentially unique func-
tions has been identified (5, 30, 57). It is likely, therefore, that
a potent mechanism of regulating cellular pathways dependent
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on wild-type p53 activity involves the regulation of the DNA
binding ability of p53.

gadd45 (27), WAF1/CIPI (13), mdm2 (2, 44, 58), the cyclin G
gene (40), and bax (38, 48, 59) are among the growing list of
target genes that can be activated by p53 when the protein is
bound to specific sequences in the respective promoters of
these genes. They are particularly interesting because their
gene products have potential relevance in cellular growth ar-
rest and/or apoptotic pathways. GADD45 has been shown to
bind proliferating-cell nuclear antigen in vivo (51). WAF1 in-
hibits the activity of cyclin-dependent kinases necessary for cell
cycle progression and interferes with the DNA replicative
functions of proliferating-cell nuclear antigen (16, 54), and
although the role of p53 in apoptosis is proving much more
complicated (20, 45), the bax gene product binds bcl-2, dem-
onstrating a potential mechanism for p53 in transcription-de-
pendent regulation of apoptosis.

Beyond the role of p53 in transcription, many lines of evi-
dence suggest that p53 may be directly involved in the regula-
tion of DNA replication: p53 is localized to replication foci in
herpesvirus-infected cells (56), p53 is able to inhibit polyoma-
virus replication in vitro in a DNA binding-dependent manner
(37), a C-terminal truncated form of p53 that is constitutively
active for DNA binding inhibits nuclear DNA replication in
transcription-free DNA replication extracts from Xenopus eggs
(9), p53 can bind ssDNA ends and catalyze DNA renaturation
(1, 7), and p53 is able to complex with the heterotrimeric
ssDNA binding protein replication protein A (RP-A) (12, 21,
32). This last association is particularly striking because of the
role RP-A plays in both DNA replication and repair. RP-A is
a required factor for the initiation and elongation stages of
DNA replication both in vitro (36, 55) and in vivo (15), and
cells with deletions in any of the three subunits are not viable.
It is the major ssDNA binding protein seen in mammalian cell
extracts (49), and it is the 70-kDa subunit that is responsible
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for this binding (14); it is also this largest subunit that interacts
with p53 (12). Although RP-A levels stay constant throughout
the cell cycle, the p34 subunit of RP-A may be responsible for
regulating the activities of the heterotrimer through its phos-
phorylation at the G,/S transition and dephosphorylation dur-
ing mitosis (10, 41); however, evidence is mixed on this point
(18, 42). ssDNA binding by the heterotrimer may be an im-
portant event in this regulation, as in vitro, phosphorylation of
p34 occurs only after the association of RP-A with ssDNA
(15). The function of the 11-kDa subunit is unknown; however,
it is necessary for complex formation between the p34 and p70
subunits (52). RP-A also functions in homologous recombina-
tion (39) and nucleotide excision repair (NER) (22). Poten-
tially important to its role in excision repair, RP-A binds spe-
cifically to the xeroderma pigmentosum damage-recognition
protein (XPA) (34) and the endonuclease XPG (22). Beyond
RP-A’s role in replication and repair, there is now evidence
that RP-A may be directly involved in the transcriptional ac-
tivation of some genes (50).

Because p53 and RP-A are involved in similar aspects of
cellular growth (although with a possibly antagonistic relation-
ship) and because both proteins depend on DNA binding for
much of their activities, it was interesting to investigate
whether the association between the two affected the DNA
binding ability of either or both proteins. It has been previously
reported that RP-A is not able to bind ssDNA when the RP-A
is bound to an N-terminal fragment of p53 fused to glutathione
S-transferase (12). However, we felt it was appropriate to re-
evaluate and extend these observations, using full-length pro-
teins in assays designed to give insight into the potential phys-
iological ramifications of the interaction between p53 and
RP-A.

MATERIALS AND METHODS

Purification of proteins. Sf-21 cells were infected with human p53 recombinant
baculovirus, harvested 48 h postinfection, and extracted, and full-length p53
protein was immunopurified essentially as described previously (17). Influenza
virus peptide-tagged p5S3A30 was constructed by PCR using an oligonucleotide
corresponding to fixed 5’ and 3’ endpoints (positions 1 and 363, respectively) of
the p53 coding sequence, resulting in the second residue of p53 being affixed to
the influenza virus sequence: MGYPYDVPDYA. Human central core p53(96-
312) was a gift from N. Pavletich and was prepared as described previously (43).
RP-A proteins were purified from exponentially growing 293 cells essentially as
described previously (36). 293 cells (5 X 10° cells/ml) were lysed in hypotonic
buffer (20 mM HEPES [pH 7.5], 5 mM KCl, 1.5 mM MgCl,, 0.1 mM dithiothre-
itol [DTT]) and spun, and supernatant was passed over a phosphocellulose
column equilibrated in buffer A (25 mM Tris-HCI [pH 7.5], 1 mM Na,EDTA,
10% glycerol, 0.01% Nonidet P-40, 0.1 mM phenylmethylsulfonyl fluoride, 1 mM
DTT) with 0.2 M NaCl. The flowthrough was passed over a Q Sepharose column
equilibrated in buffer A8 (25 mM Tris-HCI [pH 8.0], 1 mM Na,EDTA, 10%
glycerol, 0.01% Nonidet P-40, 0.1 mM phenylmethylsulfonyl fluoride, 1 mM
DTT) with 0.1 M NaCl. The column was eluted with a linear gradient of buffer
A8 (0.1 to 0.6 M NaCl). RP-A protein peak fractions were then passed over an
ssDNA cellulose column equilibrated in buffer A containing 0.5 M NaCl, washed
with buffer A containing 0.75 M NaCl, and eluted with buffer A containing 1.5 M
NaCl and 50% ethylene glycol. Peak fractions were pooled and dialyzed into
buffer A containing 20% glycerol.

EMSA. Electrophoretic mobility shift assays (EMSAs) were performed as
described previously (8). The WAF1 p53 binding site-containing fragment was
prepared by cloning the synthetic WAF1 DNA binding site (5'-AAT TCT CGA
GGA ACA TGT CCC AAC ATG TTG CTC GAG-3') into the EcoRlI site of
Bluescript vector. This plasmid was digested with Accl and Sacl to generate the
115-bp fragment which was then labeled with the Klenow fragment of Escherichia
coli DNA polymerase. This probe (1 ng) was used in the EMSA. RP-A and p53
proteins were added to the probe-containing reaction mixture simultaneously.
The mixture was incubated for 30 min at room temperature, and sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (10% polyacrylamide) was performed
at 4°C. The gels were then dried and exposed to autoradiographs. Phosphorim-
aging was performed with a Molecular Dynamics PhosphorImager. Oligonucle-
otides of specified sizes (19, 30, 40, and 70 nucleotides; Operon Technologies)
were used as sSDNA substrates (5'-CGC CCA CGG ATC TGA AGG G-3/,
5'-CCA GCT GCA GCT CCA CTG GAT GGA GAA TAT-3', 5'-GAT CGA
ATT CTC AGT CAT CGT CAG GCC CTIT CTG TCT TGA AC-3', 5'-GAT
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CAG ATC TAC CAT GGG CTA CCC ATA CGA TGT TCC AGA TTA CGC
GTC GAA CAC CAG CCA GA-3'). These probes were either labeled with T4
polynucleotide kinase, phenol-chloroform extracted, and passed over a G-50
column or used without labeling as described in text. Labeled ssDNA probe (1
ng) was used in the EMSAs. The SCS p53 binding site was prepared by annealing
oligonucleotides that represent a consensus binding site for p53 (5'-TCG AGC
CGG GCA TGT CCG GGC ATG TCC GGG CAT GTC-3").

Protein binding assay. Protein A-Sepharose beads were rocked with the p53
monoclonal antibody 1801 supernatant containing approximately 1 pg of anti-
body for 2.5 h at 4°C. Approximately 1 wg of p53 was incubated separately with
1 pg of RP-A in 30 pl of reaction mixture containing mock extract from Sf-21
cells and ssDNA where noted. After a 30-min incubation, mixtures were added
to washed beads and the samples were rocked for 2 h at room temperature.
Beads were then washed four times in buffer A, and samples were run on 10%
polyacrylamide gels. The gels were transferred to nitrocellulose by Western
transfer, and the nitrocellulose was probed with 1801 antibody specific for p53 or
9HS antibody specific for the p34 subunit of RP-A. Antibody for RP-A was
kindly provided by Z.-Q. Pan (Mount Sinai Medical Center, New York, N.Y.).

RESULTS

p53 does not inhibit ssDNA binding by RP-A. In order to
address the functional implications of the p53-RP-A interac-
tion, we designed experiments utilizing the EMSA. We first
tested the ability of RP-A to bind a ss labeled oligomer of 70
nucleotides over a range of RP-A concentrations, in the pres-
ence and absence of p53. The reaction mixtures each contained
25 ng of purified p53 protein, and this amount of p53 was able
to bind a labeled fragment containing the p21/WAF1 binding
site (Fig. 1A, compare lanes 4, 7, 10, and 13 with lane 14). The
ssDNA was in molar excess to the RP-A at the lowest concen-
tration of RP-A, approximately equimolar in the middle con-
centration range, and less than equimolar at the highest RP-A
concentration. p53 was in molar excess to RP-A (ranging be-
tween a 25-fold and 1.5-fold excess) and ssDNA at all points.
ssDNA binding by RP-A was not inhibited in the presence of
p53 at any of the RP-A concentrations tested. Even at the
lowest RP-A concentration, when ssDNA binding is at a min-
imum and the molar ratio of pS3 to RP-A is the highest, the
ability of RP-A to bind the ss probe was unaffected by p53
(compare lanes 2 and 3). It was, however, of interest to us that
there seemed to be a slight inhibition of WAF1 binding by p53
in the presence of RP-A (compare lanes 14 and 13).

RP-A has been reported to bind ssDNAs containing as few
as 8 to 12 nucleotides, although the preferred binding length of
one heterotrimer is postulated to be approximately 30 nucle-
otides (49). As the length of the strand increases, RP-A binds
with greater affinity and EMSA reveals new forms representing
multiple RP-A heterotrimers bound to individual strands (6).
It was therefore possible that RP-A binding to different lengths
of ssDNA might be selectively inhibited by p53. We examined
RP-A binding to oligomers of 19, 40, and 70 nucleotides at very
low concentrations of RP-A over a curve of p53 concentra-
tions, reasoning that if an inhibition were to be seen it would be
at the highest ratio of p53 to RP-A (Fig. 1B). We found that
even the weak binding to the 19-mer was unaffected by high
concentrations of p53, even as the molar ratio of p53 to RP-A
approached 100 to 1. Although p53 was able to slightly inhibit
RP-A binding to the 40-nucleotide DNA, reaching a maximum
of approximately 25% inhibition at the highest level of p53
tested, we feel that this is not significant. p53 was also unable
to inhibit the ability of RP-A to recognize and bind the 70-
nucleotide ssDNA. We also tested the effect of p53 on RP-A
binding to ssDNA in the presence of unlabeled p53 binding site
DNA on the chance that p53 may have altered or enhanced
abilities when bound to its consensus site. However, the pres-
ence of a p53 binding site in the reaction mixture had no effect
(data not shown).
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FIG. 1. p53is not able to inhibit ssDNA binding by RP-A. (A) RP-A, at the
indicated concentrations, was incubated with 70-mer 3*P-end-labeled ssDNA in
the absence (lanes 2, 5, 8, and 11) or presence (lanes 3, 6, 9, and 12) of 25 ng of
p53. A ds fragment containing the WAF1 site was used as a control for p53
binding efficacy (lanes 4, 7, 10, 13, and 14). (B) Phosphorimaging analysis of
EMSA using 3?P-labeled ssDNA probes of 19, 40, and 70 nucleotides. RP-A (1
ng) was used to bind oligonucleotides in the absence of p53 or in the presence of
increasing amounts of p53 protein as indicated.

RP-A is unable to complex with p53 in the presence of
ssDNAs. One explanation of the result described above is that
when RP-A is complexed with ssDNA it is physically unable to
interact with p53 and is therefore immune to any inhibitory
effect of p5S3—-RP-A complex formation. We explored this pos-
sibility based on the published observation that when labeled
ssDNA and RP-A are passed over a column with immobilized
p53, only RP-A that is not associated with ssDNA complexes
with p53 (12). This result suggested either that p53 blocks
RP-A from binding ssDNA or that ssDNA blocks RP-A from
associating with p53. Based on our previous experiment, the
latter prospect warranted investigation. In order to test
whether ssDNA does in fact disrupt the interaction between
p53 and RP-A, protein binding assays were performed in the
absence and presence of ssDNA. The p53 antibody 1801 was
linked to protein A-Sepharose beads and incubated with a
reaction mixture containing 1 g of RP-A, 1 pg of p53, and
increasing amounts of sSDNAs of various lengths as noted.
Equimolar concentrations of ssDNAs of each length were used
in the concentration curves, and the highest level of ssDNA
represents a point where the DNA and proteins are approxi-
mately equimolar. The samples were subjected to SDS-PAGE,
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FIG. 2. ssDNAs inhibit complex formation between p53 and RP-A. Shown
are the results of Western analysis of the RP-A p34 subunit and p53 protein
brought down by p53 antibody bound to protein A-Sepharose beads. Incubation
was performed in the presence or absence of ssDNA of either 19, 30, 40, or 70
nucleotides. Equimolar amounts of the 19-, 30-, 40-, and 70-nucleotide single
strands were used as shown. P (lanes 1 and 18) indicates purified protein run as
a marker.

and RP-A levels were determined by probing with antibody
specific for the p34 subunit of RP-A (Fig. 2). The p34 subunit
is a good marker, as it is only brought down when p53 associ-
ates with the p70 subunit of a fully intact RP-A heterotrimer.
The ability of RP-A to complex with p53 was markedly inhib-
ited by the presence of the 19-mer (lanes 5 to 7), 30-mer (lanes
8 to 10), 40-mer (lanes 11 to 13), and 70-mer (lanes 14 to 16).
Complex formation between p53 and RP-A was not affected by
nonspecific double-stranded DNA (dsDNA) (data not shown).
ssDNA does not affect the level of p53 binding to the beads,
confirming that only the interaction between p53 and RP-A is
altered by the presence of ssDNA (Fig. 2).

RP-A inhibits the ability of p5S3 to bind the WAF1 p53
binding site. Although p53 was unable to inhibit RP-A’s
ssDNA binding ability, the possibility still remained that RP-A
might have some effect on the DNA binding ability of p53. The
p53 binding site identified in the WAF1 promoter has been
previously demonstrated to be a strong p53 recognition se-
quence (13), and p53 binding to (as well as activation of tran-
scription from) this site in vivo appears to be important in
damage response and subsequent cell cycle regulation by p53.
We therefore chose the WAF1 site as the p53 binding site for
our EMSA. As expected, pS3 was able to shift fragments con-
taining the WAF1 site very well (Fig. 3A, lanes 2, 8, and 9).
However, in the presence of RP-A the ability of p53 to bind its
cognate site was markedly inhibited (lanes 3 to 6). With 50 ng
of RP-A (representing a twofold molar excess of RP-A to p53),
the inhibition of sequence-specific DNA binding by p53
reaches 75%. This did not appear to be a result of competition
for the site by RP-A, because (i) RP-A bound dsDNA very
poorly (lane 7), (ii) there is nonspecific dsSDNA in the reaction,
and (iii) the labeled fragment is in obvious excess. RP-A was
also able to inhibit pS3 binding to 40-bp fragments generated
by annealing oligomers representing the WAF1, GADDA45,
and RGC p53 binding sites, demonstrating that this effect is
not specific to the WAF1 site but may represent a more uni-
versal regulation of p53 site-specific binding by RP-A (data not
shown). However, because the effect of free single strands in
these annealed mixtures complicated the analysis, we chose to
limit the study to the WAF1 purified fragment.

It has been previously shown that RP-A interacts with the N
terminus of p53, although C-terminal contacts were also sug-
gested (12). We therefore chose to examine the effect of RP-A
on p53 deletion mutants to further prove that the direct inter-
action of RP-A with p53 is responsible for the inhibition of p53
site-specific DNA binding. The influenza-tagged p53A30 pro-
tein lacks the final C-terminal 30 amino acids but retains the
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FIG. 3. RP-A inhibits the sequence-specific binding ability of wild-type p53
through interacting with the N terminus. (A) Gel mobility shift analysis of p53
(10 ng) binding to a 115-bp 3*P-labeled fragment containing the WAF1 site was
carried out in the presence of increasing amounts of RP-A as indicated (mea-
sured in nanograms) (lanes 3 to 6). The fragment is shifted as a result of p53
binding as shown by antibody supershift with 1801 (compare lanes 8 and 9). (B)
RP-A inhibits the sequence-specific binding of p5S3A30 lacking the C terminus
but does not inhibit the p53 core which lacks the N-terminal and C-terminal
regions. Gel mobility shift analysis of p53A30 (10 ng) binding to a 115-bp
32P_labeled fragment containing the WAFT1 site was carried out in the presence
of increasing amounts of RP-A as indicated (lanes 2 to 4). This was also done
with the p53 core protein containing amino acids 96 to 312 (lanes 5 to 7). RP-A
binding to the WAF1 fragment was also tested (lanes 8 and 9).

full DNA binding region and the activation domain of the N
terminus. The protein bound the WAF1 site well (Fig. 3B, lane
2) but was completely inhibited from binding by RP-A (lane 4).
The relative lack of inhibition at the intermediate level of
RP-A compared with wild-type p53 suggests that, at lower
RP-A concentrations, C-terminal contacts may increase the
affinity of RP-A for p53; however, at higher concentrations the
N-terminal contacts suffice for full binding and inhibition. The
“core” deletion contains only amino acids 96 to 312, and thus
lacks both the C-terminal and N-terminal portions of the pro-
tein. It too was able to bind DNA well (lane 5); however, it was
unaffected by increasing concentrations of RP-A (lanes 6 and
7). This was expected, as the core protein lacks the regions that
have been implicated in complex formation between p53 and
RP-A and should therefore be immune to any effect mediated
through protein-protein interaction.

The ability of RP-A to inhibit p53 binding to WAF1 can be
overcome as p53 concentration is increased. p53 levels are
known to increase in cells that have been subjected to DNA-
damaging events, and transcription from genes containing p53
response elements then occurs. We tested whether the inhibi-
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FIG. 4. The concentration curve of p53 in the presence of RP-A shows the
restoration of p53 binding to the WAF1 fragment as the ratio of p53 to RP-A
increases. Gel mobility shift analysis of p53 binding to a 115-bp 3?P-labeled
fragment containing the WAF1 site was carried out over a range of p53 concen-
trations in the absence or presence of 100 ng of RP-A. Phosphorimaging analysis
of DNA-protein complexes was performed by a typical EMSA. Inhibition of p53
binding by RP-A was approximately 80% at the lowest p53 level and 20% at the
highest p53 level.

tion of p53 binding by RP-A could be overcome by increasing
p53 concentrations (Fig. 4). We observed that p53 was able to
overcome the inhibition by RP-A as the concentration of p53
increased (compare the magnitude of inhibition by RP-A at 20
ng of p53 with that at 200 ng of p53). This result is significant,
because while RP-A levels within the cell stay constant, p53
levels fluctuate in response to cellular events. This fluctuation
may be more extreme with regard to local concentrations of
p53 and RP-A in the vicinity of repair events (see Discussion).
The observation that the ability of RP-A to inhibit p53 binding
depends on the ratio of RP-A to p53 further demonstrates that
the inhibition by RP-A is due to a stable protein-protein in-
teraction with a strict stoichiometry that can be tipped back
and forth to favor inhibition by RP-A at low p53 concentra-
tions or binding by p53 at high p53 concentrations. It is also
interesting that because the binding of p53 is restored to near
normal levels at the highest p53 concentration, the overall
effect of RP-A on the p53 binding curve is actually to make it
much more responsive to p53 levels by magnifying the fold
increase in DNA binding as p53 concentrations are raised.
RP-A is not able to inhibit p53 binding to WAF1 in the
presence of ssDNA. Because RP-A functions within cells as a
strong ssDNA binding protein and because of our previous
finding that ssDNA can disrupt complex formation between
p53 and RP-A in protein binding assays, we felt it would be
interesting to examine the effect of ssDNA on the ability of
RP-A to inhibit p53 binding to the WAF1 site. This prospect
was especially intriguing in a physiological sense, because both
DNA damage and DNA replication can produce ssDNA that
would attract RP-A and it is known that p53 activity (as well as
DNA binding) is responsive to both DNA damage and cell
cycle events. We examined the affect of RP-A on p53 binding
at two concentrations of p53 in the absence of ssDNA (Fig. 5A,
lanes 2 to 5 and lanes 6 to 9) and in the presence of ssDNA
(lanes 12 to 15 and lanes 16 to 19). The addition of unlabeled
ssDNA to our assay completely abolished the ability of RP-A
to inhibit p53 binding to the WAF1 site. Or, to look at the same
result in a different way, the appearance of ssDNA in a mixture
containing p53 and RP-A increases binding of p53 to the
WAF1 site by approximately 50-fold (compare lanes 5 and 15).
This stimulation appears to be due completely to ssDNA in-
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FIG. 5. RP-A is not able to inhibit p53 sequence-specific DNA binding in the
presence of ssDNA. (A) Gel mobility shift analysis of p53 binding to a 115-bp
32P_labeled fragment containing the WAFT1 site was carried out in the presence
of increasing amounts of RP-A as indicated by using either 10 ng of p53 (lanes
2 to 5 and lanes 12 to 15) or 20 ng of p53 (lanes 6 to 9 and lanes 16 to 19).
Incubations were done in the absence (lanes 1 to 10) or presence (lanes 11 to 20)
of 50 ng of unlabeled ssDNA of 70 nucleotides. (B) Titration of ssDNA into an
EMSA reaction mixture containing p53 and RP-A shows restoration of p53
binding. Gel mobility shift analysis of 15 ng of p53 binding to a 115-bp 32P-
labeled fragment containing the WAF1 site was carried out in the presence of
increasing amounts of RP-A as indicated (lanes 2 to 5). Increasing amounts of
unlabeled ssDNA of 70 nucleotides were then added to the mixture (lanes 6 to
10).

teracting with RP-A, as the same concentration of this ssDNA
was unable to stimulate p53 binding to WAF1 in the absence of
RP-A (compare lanes 2 and 12 or lanes 6 and 16). We next
repeated this result over a broad curve of ssDNA concentra-
tions and found that ssDNA can begin to restore p53 binding
at the lowest concentration tested and that 10 ng was able to
completely restore p53 binding to normal levels (Fig. 5B, com-
pare lanes 2 and 8). This amount of ssDNA is approximately
equimolar to the amount of RP-A in the reaction mixture. In
this case, we did see a small fold stimulation of p53 binding by
ssDNA that went beyond the starting levels (compare lanes 2
and 8 to 10).

p33 is capable of binding ssSDNA and DNA containing the
WAF1 p53 binding site simultaneously. It has been shown
previously that ssDNA can stimulate p53 site-specific binding,
possibly by inducing the formation or stabilizing the existence
of the DNA binding-competent conformation of p53 (26). Be-
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FIG. 6. p53 is able to bind site-specific dSSDNA and ssDNA simultaneously.
32p-labeled ssDNA of 40 and 70 nucleotides were used as probes for p53 binding
(in lane 2 for each gel, the arrow indicates the p53 shifted single strand).
Increasing concentrations of a p53 binding site (SCS) were titrated into the
reaction mixture as shown (lanes 3 to 5 for each gel). The supershifted form is
indicated by an arrow with an asterisk. The monoclonal pAb1801 was used to
confirm that the mobility-shifted ssDNA fragment contained p53 (lanes 6 to 8 for
each gel).

cause our assays suggest that p53 and RP-A are unable to
interact when RP-A is bound to ssDNA, it seems clear that the
relief of inhibition of p5S3 DNA binding in the presence of
ssDNA is due primarily to this lack of complex formation
between p53 and RP-A. However, it is possible that ssDNA
additionally affects p53 DNA binding in a specific manner, so
we felt it would be interesting to examine the DNA binding of
p53 in the presence of both ssDNA and p53 binding site-
containing dsDNA. When labeled dsDNA containing a p53
binding site was used as the probe, increasing concentrations of
ssDNA showed no effect on the retardation of the protein-
bound fragment (data not shown) (25). However, when labeled
ssDNA was used as the probe, increasing concentrations of
cold dsDNA containing a p53 consensus site (SCS) super-
shifted the fragment represented by p53 bound to ssDNA of
either 40 or 70 nucleotides (Fig. 6, lanes 2 to 5 for each gel).
This demonstrated that p53 could bind both nonspecific
ssDNA and ds p53 binding site DNA simultaneously. It also
suggests that while all p53 bound to ssDNA favors the addi-
tional binding of dsDNA site specifically, p5S3 which is already
bound site specifically to dSDNA may be resistant to ssDNA
binding. The p53-specific antibody, pAb1801, was used to show
that the shifted fragment represents p53 binding (lanes 6 to 8
for each gel). While the EMSA did not show a significant
overall increase in p53 site-specific DNA binding caused by
ssDNA, as was seen in DNase I footprinting assays (26), it is
possible that the quality of binding is changed in some way (see
Discussion).

DISCUSSION

As the regulatory role of p53 in cell cycle control, apoptosis,
damage response, and damage repair has become elucidated, it
has also become clear that p53 can itself be regulated in a
posttranslational manner through its interaction with cellular
or viral proteins, through phosphorylation, or through contact
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with ss- or dsDNA. Indeed, induction of p53 function in re-
sponse to some types of DNA damage appears to have post-
translational components that act by stabilizing the protein
(extending its normally short half-life) and/or by increasing its
sequence-specific DNA binding activity. Once stabilized and
activated for site-specific binding, p53 becomes a multipotent
protein capable of participating in numerous pathways as a
transcriptional activator of damage response genes. However,
it is also possible to envision nontranscriptional roles for p53 in
the regulation of cell growth that depend on the direct inter-
action between p53 and other proteins, especially proteins
involved in DNA replication or repair. One potential mecha-
nism for growth arrest by p53 is provided by the observation
that when p53 is complexed with RP-A, RP-A is unable to bind
ssDNA. In this scenario, RP-A would be unable to perform its
function in DNA replication when p53 levels become elevated,
and growth arrest would result. One troubling aspect of this
mechanism is that mutant p53 also complexes with RP-A (12),
and it is well documented that DNA replication, and therefore
RP-A function, proceeds unimpaired in cells containing high
levels of mutant p53. We feel that our current study helps
resolve this contradiction and provides new insights into the
relationship among p53, RP-A, and ssDNA.

In our ssDNA binding studies using EMSA, we found no
evidence that p53 inhibits ssDNA binding by RP-A. This was
true over a range of p53 and RP-A concentrations and with
several different sizes of ssDNA. While our protein binding
studies confirm the interaction between p53 and RP-A, we
found that p53 and RP-A are strongly inhibited from interact-
ing by the presence of ss- but not dsDNA. The fact that the p70
subunit of RP-A is responsible for interactions between both
ssDNA and p53 suggests that the manners in which it binds
these two are mutually exclusive, with RP-A exhibiting a pref-
erence for ssDNA over p53.

But our most striking result came when we examined the
affect of RP-A on the ability of p53 to bind dsDNA site spe-
cifically. RP-A strongly inhibits this, and the inhibition is de-
pendent on the ratio of RP-A to p53 and could therefore be
modulated by rising or falling levels of p53. In fact, this obser-
vation could be one explanation for the observed latency of p53
in cells. p53 levels would have to rise above a critical threshold
before the inhibition by RP-A was overcome. In confirmation
of our protein binding studies, RP-A is unable to inhibit the
DNA binding of p53 in the presence of ssDNA. This relief of
inhibition appears to be due completely to ssDNA binding by
RP-A and presumedly blocks any interaction between RP-A
and p53. Therefore, in a DNA damage situation, even as p53
levels increase within the cell, the recruitment of RP-A to sites
of DNA damage and ssDNA would release previously bound
p53, thus magnifying the response by p53 to situations of cel-
lular stress. Although RP-A is more abundant than p53 in cells,
we feel that our current study uses molar ratios of the two
proteins that are physiologically relevant. Localization of the
proteins to sites of repair and replication is likely to produce
intracellular inconsistencies in their concentrations that would
not be revealed by gross analysis of cell extracts. In this way, we
believe that the results of this study represent a potential
model for activation of p53 and p53 response genes by pro-
cesses such as NER (Fig. 7). Further, during NER a fragment
of 30 nucleotides is excised, and the potential proximity of p53
to this event (because of its interaction with RP-A) and the
affinity RP-A would have for filling the gap left behind would
make p53 available to bind this ssSDNA fragment (Fig. 7D).
Once bound to this fragment, p53 could have an increased
site-specific binding affinity, as has been previously reported
based on a footprint analysis of p53 binding site-containing

RP-A INHIBITS SEQUENCE-SPECIFIC BINDING OF p53 2199

[] RrP-A
A O p53
Lo @® @ NER complex
N C8) Polymerase complex
B
o-0
@
c
Qo
(©)
=
D
Q.
(©)
|-

FIG. 7. Model for liberation of p53 from RP-A after DNA damage. (A) p53
is complexed with RP-A and remains unable to bind DNA sequence specifically
in normal cells until DNA damage occurs (*). (B) Affinity of p53 and RP-A for
elements of the repair machinery localize the p53—-RP-A complex to the site of
DNA damage. (C) Affinity of RP-A for the ss gap region of DNA liberates p53,
freeing it to bind DNA sequence specifically. Binding by p53 to the NER-excised
single strand may stimulate the sequence-specific binding of p53 or may inhibit
a free RP-A molecule from complexing with p53. The increased DNA binding
potential of p53 results in activation of the damage response gene (i.e., WAF1).
(D) Repair synthesis begins to fill in the gap.

supercoiled DNA (26). Although we were unable to see much
stimulation of DNA binding by p53 with ssDNA in the EMSA
we performed, our observation that p53 can bind both ss- and
dsDNA simultaneously, resulting in a supershifted fragment,
suggests that the presence of ssDNA could change the quality
of site-specific pS3 binding rather than the quantity of p53 able
to bind. p53 has been postulated to have a very high “on/oft”
rate in site-specific DNA binding (4). This would be visualized
in a footprint assay as less binding, because while the protein
was “off,” DNase I could digest the temporarily unprotected
DNA. If ssDNA reduced the off rate for bound p53, this would
essentially appear to be a stimulation of DNA binding in a
footprint assay. In an EMSA, on the other hand, the gel matrix
might stabilize the protein “on” the fragment, artificially re-
ducing the off rate and thus eliminating the potential to ob-
serve p53 binding as being affected by ssDNA. In that manner,
the appearance of ssDNA in the cell, whether through dam-
age-induced lesions and subsequent NER or possibly during
replication, could potentially affect p5S3 in two ways: first, by
liberating p53 from its complex with RP-A, thus enabling p53
to be available for site-specific binding, and second, by inter-
acting with the C terminus of p53 and fixing the conformation
of the protein in a state capable of binding DNA site specifi-
cally with a reduced off rate (Fig. 7).

It has been recently reported that nuclear injection of lin-
earized plasmid DNA, circular DNA with a large gap, or ss
circular phagemid is sufficient to induce a p53-dependent ar-
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rest; however, shorter duplex molecules were less effective, and
ss molecules did not induce arrest (23). It is possible, however,
that in these injection experiments the short single strands
were quickly degraded while the larger molecules were resis-
tant to degradation. In that light, these data potentially support
some of the predictions of our current study. It has been
demonstrated in vivo that p53 and RP-A both segregate to
similar sites within the nucleus of some cells (56); however,
functional ramifications of complex formation between the two
in vivo has yet to be directly shown. It is possible that local-
ization of the two proteins is an important determinant in the
regulation of p53 binding by RP-A, and this too may be a
reason for inconsistencies between this study and the analysis
of DNA substrates in microinjection experiments. It will be
interesting to extend our findings into a cellular context; it is
possible that p53 response to DNA damage might be slower in
cells that overexpress the p70 subunit of RP-A, as would be
predicted by our model. It would also be interesting to examine
whether p53 response genes are more quickly activated in
S-phase cells when RP-A molecules are recruited to replica-
tion forks and the ratio of RP-A to p53 is therefore reduced.
Further, it would be interesting to employ the techniques in
this study with other potential substrates generated by repair
and replication; specifically, duplex molecules with short gaps
could be used to mimic repair intermediates and the affect of
these molecules on the interaction between p53 and RP-A
could be assessed.
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