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ABSTRACT: Recognition of certain types of DNA lesions by the tumor suppressor protein, p53, represents
one of the several downstream functions of this protein in response to DNA damage. This binding property
is regulated by several factors including posttranslational modifications and interactions with other proteins.
Phosphorylation by several stress-response kinases activates p53 by increasing protein stability as well as
transactivation properties. Here we examined the effect of phosphorylation events on the sequence-
independent binding properties of p53 using two DNA substrates: One resembling Holliday junctions
and the other containing extra base bulges. Gel retardation assays showed that dephosphorylation of serine
392 in the C-terminal domain of p53 greatly reduces Holliday junction and lesion recognition. In contrast,
sequence-specific binding is disrupted by the removal of some N-terminal phosphates but not serine 392.
Rephosphorylation of p53 by certain kinases can restore p53 recognition of Holliday junctions and
3-cytosine bulges. In all cases, phosphorylation of serine 392 occurs; however, reactivation also involves
other residues. Together, the results show that p53 DNA binding activity is strongly regulated by the
phosphorylation state of the protein.

The tumor suppressor protein, p53, plays an important role
in the maintenance of genomic integrity following DNA
damage. The best understood function of p53 is its ability
to prevent growth of abnormal cells. Levels of p53 rise
immediately after genomic stress due to lengthening of the
protein half-life. Increased p53 stability occurs through
modifications at the protein level (1-3) as there is no
elevation in p53 mRNA after genomic insult (4). Modifica-
tions to the protein may also directly activate p53 cellular
functions. Mechanisms that regulate p53 stability and func-
tion include posttranslational modifications such as phos-
phorylation, acetylation, and sumoylation, interactions with
other proteins, and control of protein subcellular localization
as well as conformation changes in the protein (reviewed in
refs 5 and6). All of these factors maintain tight control of
p53 in normal cells but allow rapid protein activation in
response to DNA damaging agents.

One of the most studied functions of p53 is transactivation
of downstream genes that are required for cell cycle arrest
and apoptosis following DNA damage (reviewed in refs7
and8). As a result, cells either undergo DNA repair prior to
cell cycle progression or proceed to cell death. This activity
requires efficient binding of the protein to sequence-specific
response elements in the promoter regions of target genes.
There is growing evidence that a second role for p53 is
sequence-independent or structure-specific binding which
acts as a signal for downstream repair and recombination
pathways. p53 binds with high affinity to single strand and

double strand ends (9), which are products of ionizing
radiation, and extra base bulges (10), which result from
polymerase errors and Holliday junction structures (11, 12),
as well as three-stranded intermediates (11, 13) that form
during homologous recombination and nonhomologous sister
chromatid exchange following UV irradiation. We have
shown that p53 can also bind to some base-base mismatches
(14). Recognition and resolution of these structures are
required before the cell can progress to mitosis.

Increased phosphorylation at several residues following
DNA damage has been demonstrated using antibodies that
recognize specific modified amino acids. For example, p53
from cells exposed to UV or ionizing radiation shows
increased phosphorylation at serines 6, 9, 15, 20, 33, 37,
and 46 as well as threonines 18 and 81 (ref15and references
cited therein). Elevated phosphorylation of serine 15 also
occurs following treatment with agents such as cisplatin (16)
and camptothecin (17), as well as human fibroblasts under-
going replicative senescense or ras-induced premature se-
nescence (18, 19), making it a key residue in the regulation
of p53 response. Phosphorylation of these N-terminal
residues appears to regulate protein stability. Several C-
terminal residues are also modified following UV and
ionizing radiation. Both serines 315 and 392 are modified
following UV radiation while serine 315 alone is phospho-
rylated following ionizing radiation (20, 21). It has been
suggested that modified residues in the C-terminus tend to
participate in activation of p53 function (6).

Stress-response kinases that phosphorylate the N-terminus
of p53 in vivo include ATM (22-24), ATR (23, 25), Chk1
(26), and Chk2 (26) which increase protein stability. Ad-
ditionally, ATM and ATR can also enhance transcriptional
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activation by directly phosphorylating serines 15 and 37
(27, 28). In vitro, numerous kinases have been shown to
phosphorylate p53 such as DNA-dependent protein kinase
(DNA-PK)1 at serines 15 and 37 (29), casein kinase I (CKI)
at serines 6 and 9 (30), mitogen-activated protein kinase at
threonines 73 and 83 (31), and several cyclin-dependent
kinases (32-34). In vitro phosphorylation of some C-
terminal serines by protein kinase C (PKC) and casein kinase
II (CKII) has been shown to enhance p53 DNA binding
as well as transcriptional activation (35, 36). Finally,
enhancement of p53 DNA binding and transcription activity
can also occur as a result of acetylation of lysine 382 by
p300/CBP (27) and sumoylation of several lysine residues
(37-39).

It is clear that, following genotoxic stress, posttranslational
modifications occur which increase both p53 stability and
activity. The increased stability and accumulation of p53 in
the nucleus were believed to occur due to disruptions of
p53-MDM2 interactions as a result of modifications to the
MDM2 binding domain (40). However, recent evidence has
shown that increased stability occurs more due to higher
CBP/p300 binding rather than a reduction in MDM2 binding
(28). Additionally, stabilization of p53 may occur due to
modifications of other p53 interacting proteins. For example,
treatment of cells by several DNA damaging agents may
result in the inhibition or relocalization of MDM2, resulting
in increased levels of p53 (15).

The effect of these posttranslational modifications on p53
DNA binding activity is poorly understood. It is not clear if
increased binding to response elements in the promoter
regions of target genes is simply due to elevated protein
levels or if phosphorylation can directly activate the DNA
binding response. For example, addition of negative charges
by phosphorylation could induce conformation changes that
prevent the C-terminus/core interactions. The last 30 amino
acids of p53 have been shown to negatively regulate its
sequence-specific binding activity (21, 40), and posttrans-
lational modifications of this region may relieve the inhibi-
tion, thus resulting in increased p53 DNA binding activity.
Modifications of C-terminal residues may also directly
impact on p53 lesion recognition properties. The C-terminus
is responsible for sequence-independent DNA binding, and
data from our laboratory have shown that this domain is
sufficient for the recognition of insertion/deletion lesions
(10). Thus, modifications of the C-terminus should signifi-
cantly influence p53 recognition of DNA structures. Other
postdamage pathways may also require activated p53 for their
function. For example, recent reports have shown that global
genomic nucleotide excision repair requires p53 activity
while transcription-coupled repair does not (41, 42).

To determine the effect of phosphorylation on p53
structure-specific binding properties, protein phosphatases
and kinases were utilized to modify p53 in vitro. The activity
of the altered proteins was monitored by mobility shift assays
using two probes: one containing 3-cytosine bulges and the
other resembling Holliday junctions. Binding activity was
compared to the effects of posttranslational modifications

on binding to its consensus sequence. Our results show that
dephosphorylation by protein phosphatase 1 (PP1) reduces
p53 binding to Holliday junctions and 3-cystosine bulges as
well as the consensus sequence. Dephosphorylation by
λ-phosphatase (λP) does not have a significant effect on
Holliday junction and 3-cytosine bulge binding but still
reduces consensus sequence recognition. One difference
between these two enzymes is thatλP does not dephospho-
rylate the C-terminal serine 392 while PP1 does, suggesting
that this residue may play an important role in Holliday
junction and lesion recognition. Phosphate groups were added
back to dephosphorylated p53 using various kinases, and
some were effective in restoring binding to Holliday junctions
and 3-cytosine bulges. However, since multiple sites were
phosphorylated by each kinase, the exact residues involved
in sequence-independent binding remain unclear. Overall,
the data show that phosphorylation of p53 plays a crucial
role in detection and interaction with sites of DNA damage
and unusual DNA structures.

EXPERIMENTAL PROCEDURES

Proteins.Human p53 was overexpressed in insect SF9
cells using a baculovirus vector provided by Dr. Arnold
Levine and purified as described previously (43). Protein was
purified to 95% homogeneity, and concentrations were
determined by Bradford assays. PP1,λP, PI-2, CKI, CKII,
and cdc2 protein kinase (cdc2) were obtained from New
England Biolabs (Beverly, MA). PKC and DNA-PK were
obtained from Promega, Inc. (Madison, WI). Chk1 and Chk2
kinases were obtained from Upstate Ltd. (Lake Placid, NY).

DNA Probes.Oligonucleotides were obtained from MWG
Biotech (Greensboro, NC). Holliday junction, 3-cytosine
bulge, and duplex probes were synthesized as described
previously (12). The consensus sequence probe was prepared
by annealing a 49-nt oligonucleotide (5′-GCTCGAACCC-
TACAGAACATGTCTAAGCATGCTGGGG ATCCGC-
CGCAC-3′) to its complementary sequence (5′-GTGCG-
GCGGATCCCCAGCATGCTTAGACATGTTCTGTA -
GGGTTCGAGCC-3′), with the response element shown in
bold. To make probes for mobility shift assays, one strand
of each probe was first end-labeled using [γ-32P]ATP and
T4 polynucleotide kinase (New England Biolabs, Beverly,
MA), followed by the addition of equal amounts of the other
strands. The samples were heated to 65°C for 10 min in the
presence of 0.4 M NaCl and allowed to cool slowly to room
temperature overnight, and annealed products were purified
on 10% nondenaturing polyacrylamide gels.

Preparation of Nuclear Extracts.293 human embryonal
kidney cells (75% confluent in 150 mm Petri plates) were
washed twice with cold 1× PBS. Lysis buffer (20 mM Tris,
pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
â-glycerol phosphate, 1 mM Na3VO4, 1 µg/mL leupeptin, 1
mM PMSF) was added at 2 mL per plate, and cells were
incubated at room temperature for 5 min. The cells were
then scraped off the plates, transferred to microcentrifuge
tubes, and sonicated for 10 s, and lysates were clarified by
centrifugation at 13000g for 10 min. Protein concentrations
were determined using Bradford assays.

In Vitro Dephosphorylation.Purified p53 (1.8 pmol of
tetramers) was treated with either 5 units of PP1 or 800 units

1 Abbreviations: PP1, protein phosphatase 1;λP,λ-phosphatase; CKI,
casein kinase I; CKII, casein kinase II; DNA-PK, DNA-dependent
protein kinase; PKC, protein kinase C; cdc2, cdc2 protein kinase; PI-
2, protein phosphatase inhibitor 2.
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of λP (one unit is defined as the amount of enzyme that
hydrolyzes 1 nmol ofp-nitrophenyl phosphate in 1 min) in
20 µL reactions containing the p53 binding buffer (10 mM
Hepes-KOH, pH 7.8, 25 mM KCl, 0.5 mM DTT, 10%
glycerol, 2 mM MnCl2, and 25 ng of salmon sperm DNA as
nonspecific competitor) at room temperature for 20 min. For
immunoblot analysis, an equal volume of 25 mM sodium
phosphate, pH 6.5, was added, and the reactions were applied
to PVDF membranes (Immobilon-P; Millipore, Billerica,
MA) using a dot blot manifold and processed as described
below.

In Vitro Kinase Assays.Prior to kinase assays, purified
p53 was first dephosphorylated using PP1 (5 units of PP1/
1.8 pmol of p53) and the phosphatase inhibited by the
addition of PI-2 (1 unit/5 units of PP1), a type I protein
phosphatase inhibitor. To examine total phosphorylation of
p53, 1.8 pmol of the protein (tetramer) was treated with 200
units (where 1 unit can transfer 1 pmol of phosphate groups
per minute) of CKI, CKII, cdc2, Chk1, Chk2, PKC, and
DNA-PK in 20 µL reactions containing the p53 binding
buffer (replacing MnCl2 with 50 mM MgCl2) and 0.1µCi
of [γ-32P]ATP for 20 min at room temperature. Products were
analyzed by 10% SDS-PAGE and autoradiography. PKC
reactions were supplemented with phosphatidylserine (0.6
µg/µL) to activate the enzyme.

For detection of site-specific phosphorylation by immu-
nodot blotting, kinase assays were set up as described above
except that [γ-32P]ATP was replaced with 25µM unlabeled
ATP. Following incubation, an equal volume of 25 mM
sodium phosphate, pH 6.5, was added, and samples were
immobilized on PVDF membranes using a dot blot vacuum
manifold. The membranes were subjected to immunoblot
analysis as described below.

Mobility Shift Assays.End-labeled probes (0.18 pmol) were
added to 20µL reactions containing p53 (1.8 pmol) that was
treated with phosphatases or kinases as described above and
incubated for 15 min at room temperature. Control reactions
contained untreated p53. The reactions were adjusted to 10%
glycerol, 0.025% bromophenol blue, and 0.025% xylene
cyanol and products separated on 5% nondenaturing poly-
acrylamide gels in 0.5× TBE (45 mM Tris-borate, 1 mM
EDTA). The gels were run at 200 V for 2.5 h at 4°C, dried,
analyzed by autoradiography, and quantified using a Storm
840 phosphoimager (Molecular Dynamics, Piscataway, NJ).
ImageQuant (Molecular Dynamics) software was used to
determine the amount of free probe and protein-bound probe
and the total amount of input probe in each reaction.
Complex formation was calculated as a percentage of total
input DNA.

Immunoblot Analysis.Polyclonal antibodies to specific p53
phosphoserine residues were obtained from Cell Signaling,
Inc. (Beverly, MA). PVDF membranes with immobilized
proteins were completely dehydrated with methanol (fol-
lowing the manufacturer’s instructions), incubated in a
1:1000 dilution of the phosphoserine-specific polyclonal
antibodies in 1× TBST (20 mM Tris, pH 7.6, 137 mM NaCl,
0.1% Tween 20) containing 5% instant nonfat dried milk
overnight at 4°C, washed three times for 10 min each in
TBST, incubated in a 1:5000 dilution of goat anti-rabbit
conjugated to horseradish peroxidase in 1× TBST for 1 h at
room temperature, and washed three times for 10 min each
in TBST, and blots were detected by chemiluminescence

(ECL kit; Amersham, Piscataway, NJ). Immunoblots were
quantified by densitometry.

RESULTS

The Phosphorylation State of Purified p53 Resembles the
in ViVo Situation.Studies from our laboratory have shown
that p53 purified from baculovirus-infected insect cells can
effectively bind Holliday junctions, 3-cytosine bulges, and
some base/base mismatches as well as its consensus sequence
(10, 11, 14). Since posttranslational modifications play an
important role in p53 DNA binding properties, the phos-
phorylation state of the protein purified from baculovirus-
infected insect cells was examined by western blotting using
phosphoserine-specific antibodies to the following p53
residues: serines 6, 9, 15, 20, 37, and 392. Figure 1A shows
that purified p53 was phosphorylated at serines 15 and 392,
to a lesser extent at serine 6, and very weakly at serine 9.
However, there may be other phosphate-containing residues
that we were unable to detect due to lack of appropriate
reagents. To determine if the phosphorylation state of
baculovirus-expressed p53 reflects that of cellular p53, lysates
from 293 cells were used as controls in the western blot
analysis. The results (Figure 1A) show that, in 293 cells,
p53 phosphorylation was observed at serines 15 and 392 and
very weakly at serine 9. Antibodies to serines 15 and 392
are quite specific as only very low levels of cross-reactivity
to other nuclear proteins were detected. Antibodies to
phosphoserines 6 and 20 showed multiple bands in the
western blots, indicating cross-reaction with other proteins
in the sample; however, both residues in p53 appear to be
phosphorylated to a slight extent. No phosphorylation was
seen at serine 37. Additionally, p53 phosphorylation patterns
in primary foreskin fibroblast cells matched that seen in 293
cells (data not shown). These results correlate with previous
reports that p53 purified either from baculovirus-infected
cells (44) or from undamaged human cells (45) contains

FIGURE 1: (A) Analysis of p53 phosphorylation sites. p53 purified
from baculovirus-expressing insect cells (60 ng per lane) or whole
cell extracts from 293 cells (10µg per lane) were subjected to
western blot analysis using rabbit polyclonal antibodies against
specific phosphoserine residues. A polyclonal antibody to total p53
was used as a positive control (+). (B) Dephosphorylation of p53.
Purified p53 (90 nM) was treated with no enzyme (-), 5 units of
PP1, or 800 units ofλP for 20 min at room temperature. Samples
were applied to nitrocellulose membranes using a dot blot manifold
followed by immunoblotting using the phosphoserine-specific
antibodies, no primary antibody (-), or a polyclonal antibody to
total p53 (+).
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posttranslational modifications. However, the fraction of total
protein that is phosphorylated cannot be determined using
these assays. Overall, the results indicate that p53 expressed
in insect cells is predominantly phosphorylated at serines
15 and 392 and reflects the state of the native cellular protein,
thus supporting the use of baculovirus-infected cells as a
valid source of functional protein in DNA binding studies.

PP1 Can Dephosphorylate both N- and C-Terminal Serine
Residues.To remove preexisting phosphate groups from
purified p53, the protein was treated with PP1 andλP, and
the loss of phosphate groups from serine residues was
monitored by immunodot blot analysis using the phospho-
serine antibodies. Since the western blots showed these
reagents to be very specific to the purified protein, we were
confident that signals from the dot blot analysis accurately
reflected p53 phosphorylation states. Figure 1B shows that
both phosphatases effectively removed the phosphate groups
from serines 6 and 15 after 20 min of treatment. Low levels
of phosphorylation were also seen at serines 9 and 20, which
were removed by both phosphatases in the case of serine 9.
However, complete dephosphorylation of serine 20 was not
seen; approximately 20% and 10% of the signal remained
after treatment with PP1 andλP, respectively. Serine 392,
on the other hand, was dephosphorylated by PP1 but not
λP. Dephosphorylation of serine 392 byλP was not detected
even at higher concentrations of the enzyme (data not
shown). The dephosphorylated products were also probed
with an antibody to total p53 to ensure that equal amounts
of protein were present in each reaction.

Dephosphorylation of Serine 392 Inhibits p53 Binding to
DNA Lesions.Dephosphorylated p53 was tested for structure-
specific binding by mobility shift assays using two different
probes: templates resembling Holliday junctions or contain-
ing a cluster of three 3-cystosine bulges to represent insertion/
deletion mismatches. Both of these probes have been used
extensively by our laboratory in binding studies with p53
and mismatch repair proteins (10-12). As a control, a
consensus sequence probe was used which contains the 27
bp human GADD45 p53 response element at the center (14).
The probes were incubated with p53 at a molar ratio of 1:10
(DNA:protein tetramers) for 20 min at room temperature,
and protein/DNA complexes were separated from free DNA
by nondenaturing polyacrylamide gel electrophoresis. As
seen in Figures 2A and 3A, p53 bound with high affinity to
Holliday junction probes and 3-cytosine bulges. p53 purified
from insect cells was also able to bind the consensus
sequence probe (Figure 3B). Binding to these probes is
specific as no p53 complexes were formed with a duplex
probe lacking lesions or the consensus sequence (data not
shown). Since phosphatases require the presence of Mn2+

for efficient activity and this is not present in our standard
p53 binding buffer, mobility shift assays were performed to
ensure that this metal ion does not interfere with p53/DNA
complexes. The results show that the presence of Mn2+ in
the reactions did not affect p53 binding to lesions or the
consensus sequence (Figures 2 and 3).

When p53 dephosphorylated with PP1 was incubated with
the Holliday junction probe, a loss of signal at the position
of the protein/DNA complexes was seen (Figure 2A, lane
4). However, additional supershifted complexes were also
seen which probably represent aggregates of PP1 with p53
and the probe. Treatment withλP also resulted in a slight

reduction in p53/Holliday junction complexes (Figure 2, lane
5) but not to the extent seen with PP1. Neither phosphatase
bound directly to the Holliday junction probe (Figure 2A,
lanes 6 and 7), indicating that loss of complexes was not
due to competition for the probe but a direct result of p53
dephosphorylation. Since activity of the dephosphorylated
protein can be restored by treatment with certain kinases (see
below), it is not likely that the inhibition of DNA binding
activity was due to contaminants that inactivate p53.
Quantification of PP1-treated protein/DNA complexes showed
that 67% of the input DNA was free probe, 21% was bound
as p53/DNA complexes, and 12% formed aggregates that
are retained in the well (Table 1). Overall, 33% of the DNA
is bound in complexes compared to 52% with untreated p53,
which represents a 36% reduction in DNA binding. Treat-
ment withλP slightly reduced p53/Holliday junction com-
plexes.

FIGURE 2: Effect of dephosphorylation on p53 binding to Holliday
junctions. (A) p53 (90 nM) was treated with 5 units of PP1 (lane
4) or 800 units ofλP (lane 5) or left untreated (lanes 2 and 3) for
20 min at room temperature. Labeled Holliday junction probes (9
nM) were added to each reaction for an additional 15 min. Reaction
products were separated on a 5% nondenaturing polyacrylamide
gel followed by autoradiography. In lanes 6 and 7, probes were
incubated with the phosphatases alone. Brackets indicate the
position of the protein/DNA complexes and free probe. (B) Binding
isotherms for the different forms of p53 were generated by
incubating Holliday junction probes with increasing concentrations
of native p53 (9), p53 treated with PP1 at 0.03 unit/nM protein
([), or 0.06 unit/nM protein (2) followed by mobility shift assays.
Protein/DNA complexes were quantified as described in Experi-
mental Procedures and represented as percent probe bound and
plotted against p53 concentration. Error bars represent values from
two experiments.
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To assess the relative affinities of dephosphorylated p53
versus unmodified protein, PP1 treatment was carried out at
two different concentrations, and binding isotherms were
generated with mobility shift assays (Figure 2B).KD values
were determined as the concentration at which 50% of the
DNA is bound by protein. Untreated protein had aKD of
4.9 nM, while p53 treated with a lower concentration of PP1
was 5.8 nM, and this rose to 24.6 nM at the higher
concentration, indicating a 5-fold decrease in DNA binding
activity.

When p53 dephosphorylated with PP1 was incubated with
the 3-cytosine bulge probe, a loss of signal at the position
of the protein/DNA complexes similar to the Holliday
junction probe (Figure 3A, lane 4) was observed. Quantifica-
tion of the sample showed that∼71% of the input DNA
was free probe,∼16% was complexed with p53, and 14%
was aggregated in the well (Table 1). Thus, the amount of
probe that was bound in this sample was 30% compared to
46% complex formation with untreated p53 (35% decrease
in complex formation). Treatment withλP did not alter p53
binding to the 3-cytosine bulge probe.

A loss of signal at the position of p53/DNA complexes
along with the formation of aggregates in the well was also
seen with PP1-treated p53 and the consensus sequence probe
(Figure 3B, lane 9). Quantification of the sample showed
that ∼77% of the input DNA was free probe, 13% was in
the p53/DNA complexes, and 10% was aggregated in the
well. This represents a total of 23% probe bound compared
to 41% with untreated p53 (44% decrease in complex
formation). A significant decrease in complex formation was
also seen with p53 treated withλP. No aggregates were seen

in the well in this sample, and complex formation was
reduced by 51%. Since treatment with PP1 dephosphorylates
serine 392 and also shows greater inhibition of lesion binding,
we can conclude that this residue may play an important
role in DNA damage recognition. However, other sites could
also be involved which were not tested for in this study.

CKI, CKII, Chk1, DNA-PK, and PKC Can Phosphorylate
p53 in Vitro. p53 dephosphorylated with PP1 was rephos-
phorylated using the following kinases: CKI, CKII, cdc2,
Chk1, Chk2, DNA-PK, and PKC. Prior to kinase treatment,
the phosphatase was stopped by the addition of PI-2, a type
1 protein phosphatase specific inhibitor. Protein phospho-
rylation was monitored in two ways. First, overall phospho-
rylation of p53 was monitored by treating the protein with
various kinases in the presence of [γ-32P]ATP. Products were
analyzed by SDS-PAGE and autoradiography. Figure 4A
shows that PKC and CKII were most efficient in phospho-
rylating p53, followed by DNA-PK and Chk1 and finally
CK1. No phosphorylation was detected with cdc2 and Chk2.
Second, site-specific phosphorylation was determined by
repeating the kinase assays with unlabeled ATP and analyz-
ing the reaction products by immunoslot blot analysis using
specific phosphoserine antibodies (Figure 4B). Since cdc2
and Chk2 showed no labeling with [γ-32P]ATP, these were
not used for further experiments. Untreated p53 showed the
expected phosphorylation pattern at serines 6, 15, and 392.
p53 treated with PP1 showed no signal at any of the residues
tested. All of the kinases tested restored serine 392 phos-
phorylation to the levels of the native protein. Quantification
of the serine 392 signal showed no significant difference
between untreated and kinase-treated p53. Phosphorylation
at two novel sites, serines 20 and 37, was also seen with
CKI as well as a weaker signal at serine 9. Treatment with
CKII restored serines 6 and 15 although levels at serine 6
are much higher than those of the native protein while serine
15 was at the same level as the original source. Chk1 strongly
phosphorylates serines 6, 15, and 37 with levels being much
higher than the native protein. Weak phosphorylation of
serine 20 was also seen. DNA-PK similarly showed higher
levels of phosphorylation at serines 15 and 37. PKC was
the only kinase that did not have a strong effect on the
residues that were tested even though high levels of phos-
phorylation were seen in the presence of [γ-32P]ATP,
indicating modification at sites other than the ones tested in
this study.

Rephosphorylation of Serine 392 Restores p53 Structure-
Specific Binding ActiVity. Phosphorylated p53 was tested by
mobility shift assays for binding to both Holliday junctions
and 3-cytosine bulges. Dephosphorylated p53 (as described
above) was first treated with the various kinases for 20 min
followed by the addition of the probes for an additional 15
min. None of the kinases tested bound directly to the Holliday
junction substrate (Figure 5, lanes 1-7) including DNA-PK
which has intrinsic DNA binding activity. This is probably
due to the reaction conditions used in the gel shift assays
(see Discussion). As expected, untreated p53 bound with high
affinity (∼46%) to Holliday junctions while dephosphory-
lated p53 bound poorly (19%) (Figure 5, lanes 13 and 14,
and Table 2). Addition of phosphate moieties by CKI, Chk1,
and PKC restored p53 binding to Holliday junctions to the
same level as the native protein. On the other hand, treatment
with CKII had no effect as complex formation was at the

FIGURE 3: Binding of dephosphorylated p53 to the 3-cytosine bulge
and consensus sequence probes. p53 was dephosphorylated as
described in Figure 2 followed by further incubation with end-
labeled probes containing either a 3-cytosine bulge (A) or the p53
consensus sequence from the Gadd45 promoter (B). Reaction
products were separated on 5% nondenaturing polyacrylamide gels
and visualized by autoradiography. Brackets indicate the position
of the free probe and protein/DNA complexes.
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same level as dephosphorylated protein (Figure 5 and Table
2). Treatment with DNA-PK resulted in supershifted com-
plexes, suggesting cocomplexes between the kinase and p53.
Quantification of the large smear showed that close to 90%
of the input DNA was complexed with the proteins.

Binding of phosphorylated p53 to 3-cystosine bulge probes
was also examined (Figure 6). CKI and PKC restored the
original p53 binding activity while CKII had no effect, and
complex formation was retained at the level of dephospho-
rylated protein. Like Holliday junction probes, a smear is
seen with DNA-PK which probably represents cocomplexes
between p53, DNA-PK, and the probe. Interestingly, CKI-

treated p53 also caused supershifted complexes with the
3-cytosine bulge probe which were retained in the well.
Presumably, like DNA-PK, these represent multimeric
complexes of CKI, p53, and the probe.

While rephosphorylation of serine 392 was observed with
all kinases, CKII was not able to restore binding activity,
indicating the role of other residues in Holliday junction and
lesion recognition. Collectively, the results show that the
phosphorylation state of p53 plays a significant role in
recognition of Holliday junctions and 3-cytosine bulges and
that both sequence-dependent and -independent binding by
p53 is strongly regulated by posttranslational modifications
of the protein.

DISCUSSION

Recognition of unusual DNA structures represents an
important function of p53 in addition to sequence-specific
binding and transcriptional activation. To date, p53 has been
shown to bind to a host of DNA structures including three-
and four-way junctions, insertion/deletion mismatches, and

Table 1a

Holliday junctions 3-cytosine bulge GADD45 promoter

bound probe bound probe bound probe

free probe p53 complex aggregate free probe p53 complex aggregate free probe p53 complex aggregate

no protein 100 0 0 100 0 0 100 0 0
p53 47.9( 13.2 52.1( 13.2 0 53.8( 15.0 46.2( 15.0 0 58.9( 20.6 41.1( 20.6 0
p53+ PP1 67.2( 18.3 21.0( 12.5 11.9( 6.2 70.6( 17.8 15.8( 13.3 13.6( 7.2 76.9( 15.7 13.3( 12.6 9.9( 7.4
p53+ λP 54.1( 16.3 45.4( 15.6 0 52.1( 15.6 48.0( 15.6 0 80.0( 11.3 20.0( 11.3 0

a p53/DNA complexes and unbound probe from mobility shift assays were quantified as described in Experimental Procedures and represented
as a percentage of total input DNA (free probe in the no protein sample was set as 100%). Values represent data from four independent experiments.

FIGURE 4: p53 phosphorylation by protein kinases. (A) Total
phosphorylation of p53. Dephosphorylated p53 (90 nM) (see
Experimental Procedures) was incubated with [γ-32P]ATP and 200
units of CK1, CKII, cdc2, Chk1, Chk2, DNA-PK, or PKC for 20
min at room temperature. Products were analyzed by SDS-PAGE
(10%) and autoradiography. (B) Site-specific phosphorylation of
p53. Reactions were set up as described in (A), substituting the
[γ-32P]ATP with 25µM unlabeled ATP, followed by immunoslot
blot analysis using the phosphoserine antibodies. An antibody to
total p53 (+) was used as a positive control.

FIGURE 5: p53 binding to Holliday junctions following protein
phosphorylation. Reactions containing no p53 (lanes 1-7) or
dephosphorylated p53 (lanes 8-14) were incubated with various
kinases in the presence of 25µM unlabeled ATP as described in
Figure 4 followed by the addition of end-labeled Holliday junctions
for an additional 20 min. Reaction products were separated on 5%
nondenaturing polyacrylamide gels followed by autoradiography.

Table 2a

protein % probe bound

p53 (untreated) 48.5( 9.2
p53 (dephosphorylated) 19( 4.2
dephosphorylated p53+ PKC 40.5( 12
dephosphorylated p53+ DNA-PK 90% as smear
dephosphorylated p53+ Chk1 45.5( 2
dephosphorylated p53+ CKII 17 ( 4.2
dephosphorylated p53+ CKI 48 ( 10

a p53/Holliday junction complexes following kinase treatment were
quantified as described in Experimental Procedures. Values represent
data from three independent experiments.
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base/base mismatches as well as single and double strand
breaks. Like its other functions, this activity appears to be
regulated by several factors. We have previously shown that
p53 recognition of Holliday junctions and 3-cytosine bulges
is altered by other proteins such as HMG I/Y and hMSH2-
hMSH6. HMG I/Y inhibits p53 binding to these lesions
whereas hMSH2-hMSH6 promotes recognition (12). Here,
we demonstrate that the phosphorylation state of p53 affects
both sequence-dependent and -independent binding.

Loss of structure-specific binding with the removal of a
C-terminal phosphate group (serine 392) with PP1 is
consistent with the role of this domain in sequence-
independent recognition. We have shown in a previous study
that the C-terminal domain alone can bind insertion/deletion
mismatches (10), and similarly there are other studies that
illustrate the role of this domain in damage recognition (9,
46-48). Removal of the phosphate group from this residue
reduces binding to both Holliday junctions and 3-cytosine
bulges. Interestingly, treatment withλP slightly reduces p53
complexes with Holliday junctions but not the 3-cytosine
bulge probe, indicating that recognition of Holliday junctions
is more sensitive to the posttranslational state of p53. This
is similar to our previous findings that p53 complexes with
Holliday junctions are more labile than the 3-cytosine bulges
when HMG I/Y was added to the reactions (12). On the other
hand, treatment with CKI results in supershifted complexes
with the 3-cytosine bulges but not Holliday junctions. These
results suggest that conformational changes in p53 induced
by phosphorylation or binding of other proteins influence
the mechanism by which p53 recognizes various structures.
None of the other residues that were tested in this study seem
to affect sequence-independent binding as removal of

phosphates on serines 6 and 15 byλP did not inhibit
recognition of 3-cytosine bulges and only slightly reduced
Holliday junction binding.

The three kinases that restored DNA binding activity, CKI,
Chk1, and PKC, were similar in their ability to rephospho-
rylate serine 392. Other residues were also phosphorylated
individually by these kinases; e.g., CKI and Chk1 were also
active on serine 37 but not PKC while CKI alone phospho-
rylated serine 20 and Chk1 alone modified serines 6 and
15. This suggests that serine 392 may play an important role
in structure-specific binding. However, it is clear that other
residues are also required as CKII was able to rephospho-
rylate serine 392 but was not able to restore binding activity.
Since multiple sites were phosphorylated with the kinases
used in this study, the exact modifications required are
unclear. Interestingly, loss of the N-terminal phosphate
groups (serines 6 and 15) alone disrupts sequence-specific
p53 binding, indicating that the sequence-dependent and
-independent binding are affected in different ways by
posttranslational modifications.

Several reports have shown that CKII specifically phos-
phorylates serine 392 (49). However, unlike Chk1, which
shows phosphate addition above the level of the native
protein with serines 6, 15, and 37, CKII phosphorylation of
serine 392 does not exceed that of untreated protein. p53
was treated with CKII using several different conditions, yet
we were unable to achieve higher levels of phosphorylation
of this residue. A more recent report has shown that CKII
forms part of a larger complex consisting of hSpt16 and
SSRP1 (50), which is responsible for the C-terminal phos-
phorylation, and the presence of these associated factors may
be required to achieve full serine 392 modification. The
possibility that this kinase is not active is negated by the
fact that it was able to phosphorylate serine 6, an activity as
yet unreported. Additionally, robust activity was seen when
p53 was labeled with this kinase and [γ-32P]ATP. We also
find that CKI phosphorylates two novel sites, serines 20 and
37, which is, as yet, unreported.

Two of the kinases that restored structure-specific binding
to p53, Chk1 and PKC, play important roles in the damage-
response pathway. Chk1 has previously been shown to
phosphorylate p53 at serines 15, 20, and 37 and acts
downstream of ATR in response to UV irradiation (26, 51).
Its primary role is probably to increase protein stability;
however, our data suggest that it also plays an important
role in DNA structure recognition. Interestingly, no phos-
phorylation was seen with Chk2, which acts downstream of
ATM in response to ionizing radiation (52). This correlates
with a recent study from Ahn et al. (53), indicating that Chk2
is not a key regulator of p53. PKC has been shown to target
the C-terminal domain of p53 and plays a role in activating
p53 sequence-specific binding (35). Our results further
confirm the importance of this kinase in p53 posttranslational
modifications as well as structure-specific binding.

The exact role of DNA-PK in the p53 response pathways
is unclear, and in vivo, phosphorylation by this kinase is
not required for transcription activation or cell cycle arrest
mediated by p53 (54, 55). In a recent study by Dip et al.
(56), the authors showed by photo-cross-linking experiments
that DNA-PK binds to Holliday junctions which we did not
detect in our assays. However, in these studies binding of
DNA-PK to Holliday junctions but not its phosphorylation

FIGURE 6: p53 binding to 3-cytosine bulges following protein
phosphorylation. Dephosphorylated p53 was treated with various
kinases in the presence of 25µM unlabeled ATP as described in
Figure 4 followed by the addition of end-labeled 3-cytosine bulges
for an additional 20 min. Reaction products were separated on 5%
nondenaturing polyacrylamide gels followed by autoradiography.
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activity was inhibited by the addition of KCl and ATP, both
of which are present in our reaction conditions. While direct
binding of DNA-PK to Holliday junctions was not observed
in our study, supershifted complexes were seen in reactions
containing both p53 and DNA-PK, suggesting that recruit-
ment of this kinase to Holliday junctions may require
protein-protein interactions with p53. This would be similar
to the effect of Ku on the affinity of DNA-PK for DNA
termini (57). Alternately, under the appropriate conditions,
DNA-PK binding to Holliday junctions could serve as a
mechanism of p53 recruitment to sites of structurally altered
DNA by phosphorylation events, which fits well with its role
in detection and repair to DNA damage.

In the cellular environment, it is likely that multiple kinases
will act on p53 following DNA damage, and it is the
collective effect of these phosphorylation events that will
control downstream activation of the protein. Overall, it is
clear that phosphorylation events dictate p53 binding activi-
ties, both sequence dependent and independent, and these
modifications guide p53 to the appropriate sites of binding.
To further elucidate key residues involved in structure-
specific binding, p53 mutants containing changes in single
amino acids, especially serine 392, need to be characterized.
The role of structure-specific recognition in downstream
pathways is not clear. The decision to evoke cell cycle arrest
versus apoptotic pathways must, to some extent, be deter-
mined by the amount of damage that is present in the cell.
If this is the case, then p53 would be required to survey the
amount and type of DNA alterations that have occurred, thus
facilitating recruitment of repair proteins to the appropriate
sites. Alternately, binding to these structures may itself assist
in transactivation of gene products involved in the cell cycle
arrest or apoptotic pathways. Indeed, recent studies argue
against allosteric regulation of putative genes in vivo (58);
thus damage recognition may the more predominant pathway
of invoking downstream functions.
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