DNA damage induces phosphorylation
of the amino terminus of p53
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Data are presented demonstrating that DNA damage leads to specific post-translational modifications of p53
protein. Using two-dimensional peptide mapping of in vivo radiolabeled p53 tryptic phosphopeptides,
recombinant truncated p53 protein, and synthetic p53 tryptic peptides, a unique p53 phosphopeptide was
identified after exposure of ML-1 cells to ionizing irradiation. This peptide represents the first 24 amino acids
of p53 and contains three phosphorylated serine residues. A specific p53 phosphopeptide antibody identified
serine-15 as one of the two serines in p53 that becomes phosphorylated following DNA damage induced by
either ionizing irradiation (IR) or ultraviolet (UV) irradiation in multiple cell types. IR-induced
phosphorylation of p53 does not affect the kinetics of p53 binding to or dissociating from DNA as assessed by
electrophoretic mobility-shift assays. However, p53 phosphorylation induced by DNA damage correlates with
enhanced transcription of downstream p53 target genes. Low levels of phosphoserine-15 p53 are detectable
within 6 hr after IR in AT cells, whereas lymphoblasts from normal individuals exhibit this modification
within 1 hr. In contrast, phosphorylation of p53 on serine-15 is similar in normal and AT cells after UV
irradiation. Our results indicate that p53 is phosphorylated in response to DNA damage, that this de novo
phosphorylation may be involved in the subsequent induction and activation of p53, and that although ATM
affects the kinetics of p53 phosphorylation after IR, it is not absolutely required for phosphorylation of p53 on

serine-15.
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The p53 tumor suppressor protein is a transcription fac-
tor that is activated in response to a variety of DNA-
damaging agents, including ionizing irradiation (IR) (Kas-
tan et al. 1991), ultraviolet (UV) irradiation (Maltzman
and Czyzyk 1984; Nelson and Kastan 1994), hypoxia
(Graeber et al. 1994), and ribonucleoside triphosphate
depletion (Linke et al. 1996). In response to DNA dam-
age, there is an accumulation of p53 protein through
post-transcriptional mechanisms and a subsequent in-
crease in p53 activity (Maltzman and Czyzyk 1984; Kas-
tan et al. 1991, 1992; El-Deiry et al. 1993). Activation of
p53 results either in a G, cell cycle arrest or apoptosis
that contributes to suppression of malignant transforma-
tion and the maintenance of genomic integrity (Hartwell
and Kastan 1994).

The mechanism by which p53 becomes activated after
DNA damage is unknown. It has been demonstrated pre-
viously that cells with mutant atm (mutated in ataxia
telangiectasia) alleles show a defect in the accumulation
of p53 protein in response to IR (Kastan et al. 1992;
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Khanna and Lavin 1993; Canman et al. 1994). The failure
of cells derived from ataxia telangiectasia patients to op-
timally induce p53 in response to IR is also manifested in
a failure to induce p53 target genes (Canman et al. 1994;
Lavin et al. 1994). Therefore, ATM acts upstream of p53
in the cellular response to IR. It is not known whether
ATM directly or indirectly activates p53 in the IR-in-
duced signal transduction pathway.

Post-translational modification involving phosphory-
lation is one potential mechanism through which the
activity of p53 protein may be regulated. Protein Kinases,
including casein kinase | (Milne et al. 1992), DNA-PK
(Lees-Miller et al. 1992), MAP kinase (Milne et al. 1994),
and c-Jun kinase (Milne et al. 1995), have been shown to
phosphorylate the amino terminus of p53 in vitro. How-
ever, the in vivo significance of the amino-terminal p53
phosphorylation sites identified in in vitro studies is un-
clear. Several observations suggest that phosphorylation
within the amino terminus of p53 may have functional
consequences in cell lines that overexpress recombinant
p53 protein. Simultaneous mutation of serine-9, serine-
18, and serine-37 within the transactivation domain of
murine p53 (which corresponds to serine-6, serine-15,
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and serine-33 in human p53) significantly reduced the
ability of p53 to suppress transformation of rat embryo
fibroblasts transfected with E1A and ras (Mayr et al.
1995). When transfected into a p53 null cell line, this
triple mutant p53 construct also displayed decreased
transactivation of a CAT reporter plasmid (Mayr et al.
1995). Interestingly, single point mutations of either ser-
ine-9, serine-18, or serine-37 in murine p53 had no effect
in these assays (Mayr et al. 1995). If aspartic acid, which
mimics the charge of a phosphorylated serine, was sub-
stituted for serine-9, serine-18, and serine-37 within p53,
the phenotype of cells transfected with the recombinant
protein resembled that of wild-type p53. These data sug-
gest that phosphorylation of a minimum of two serines
within the first 37 amino acids of p53 is important for
the function of p53 with regard to transactivation and
suppression of transformation. In another study, overex-
pression of human p53S15A mutant protein in either
T98G glioblastoma cells or p53 null Saos-2 cells resulted
in partial failure of the mutant protein to inhibit cell
cycle progression when compared with cells overex-
pressing wild-type or p53S37A mutant protein (Fiscella
et al. 1993).

In vitro studies have also demonstrated the ability of
several kinases to phosphorylate specific residues within
the carboxy-terminal regulatory domain of p53 (Ko and
Prives 1996). These kinases include cdc2 (Bischoff et al.
1990), casein kinase Il (Hall et al. 1996), protein kinase C
(Baudier et al. 1992; Takenaka et al. 1995), and the
CDK,-cycH-p36 complex (CAK) (Lu et al. 1997). All of
these kinases enhanced the in vitro sequence-specific
DNA-binding capability of p53 (Hupp et al. 1992; Take-
naka et al. 1995; Wang and Prives 1995; Lu et al. 1997).
However, the physiologic significance of p53 phosphory-
lation by these kinases has yet to be determined.

To address whether phosphorylation of p53 may have
physiologic significance, we asked whether endogenous
p53 is phosphorylated de novo in response to a signal
transduction pathway initiated by DNA damage. We
demonstrate that in response to DNA damage, p53 is
specifically phosphorylated on two serines within the
first 24 amino acids of the protein. An antibody raised
against a phosphoserine-15 p53 peptide identified serine-
15 as one of the two serines that became phosphorylated
in response to both IR and UV irradiation. Post-transla-
tional modification of p53 in response to IR correlated
with both increased levels of p53 protein as well as the
ability of p53 to transactivate p21*2™ and mdm2 in vivo.
In addition, we present evidence that p53 becomes phos-
phorylated on serine-15 when cells from ataxia telangi-
ectasia (AT) patients are exposed to either IR or UV ir-
radiation. The implications of these findings with re-
spect to the kinases that are activated in response to
DNA damage and the functional significance of p53
phosphorylation are discussed.

Results
p53 is phosphorylated in response to IR in vivo

p53 tumor suppressor protein is a transcription factor
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that is activated in response to a variety of DNA-dam-
aging agents, including IR (Kastan et al. 1992). We inves-
tigated whether p53 was phosphorylated in vivo in re-
sponse to a signal transduction pathway initiated by IR.
The myeloid leukemia cell line ML-1 has wild-type p53,
and the response to IR has been characterized with re-
spect to p53 protein induction, cell cycle arrest, and in-
duction of p21"a™, mdmz2, and gadd45 mRNA (Kastan et
al. 1991, 1992; Nelson and Kastan 1994). Initial experi-
ments suggested that labeling periods longer than 30 min
would induce DNA damage in the absence of an exog-
enous source of irradiation (data not shown). Therefore,
ML-1 cells were metabolically labeled with 32P for 25
min immediately after 2 Gy of irradiation. p53 was im-
munoprecipitated from cell lysates and fractionated by
10% SDS-PAGE. After electrophoretic transfer, the ra-
diolabeled protein was isolated from an Immobilon
membrane, digested with TPCK-trypsin, and subjected
to two-dimensional peptide mapping. To compare equiv-
alent amounts of p53 phosphopeptides in irradiated and
unirradiated cells, some cells were treated with the pro-
teosome inhibitor acetyl-Leu-Leu-norleucinal (ALLN).
ALLN stabilizes p53 protein levels by inhibiting its deg-
radation by the proteosome (Maki et al. 1996). Under
these conditions, Western blot analysis of lysates pre-
pared from ALLN-treated or irradiated cells demon-
strated equivalent amounts of p53 protein (Fig. 1A, cf.
lanes 1 and 3). Cells treated with either irradiation or
ALLN had increased p53 protein when compared with
unirradiated cells (Fig. 1A, cf. lane 2 with lanes 1 and 3).
Equivalent amounts of *?P-labeled p53 were also immu-
noprecipitated from cells treated with either ALLN or IR
(Fig. 1B, lanes 1,3). The amount of p53 protein obtained
in either case was greater than that obtained from the
untreated control cells (Fig. 1B, lane 2).
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Figure 1. Immunodetection of p53 protein in ML-1 cells. (A)
Western blot analysis of ML-1 lysates. ML-1 cells were un-
treated (-IR) or treated with either 20 um of ALLN (+ALLN) or
2 Gy irradiation (+IR). Lysates (50 pg) from each sample were
resolved by 10% SDS-PAGE and then electrophoretically trans-
ferred to nitrocellulose. p53 was detected by immunoblotting.
(B) Immunoprecipitation of p53. 3P-Labeled ML-1 extracts pre-
pared from untreated (-IR), irradiated (+IR), or ALLN-treated
(+ALLN) cells were immunoprecipitated with anti-p53 antibod-
ies. Immunoprecipitates were resolved by 10% SDS-PAGE and
electrophoretically transferred to a PVDF membrane. Radiola-
beled p53 was detected by autoradiography. 2P-Labeled p53
from ALLN- and IR-treated cells had approximately twice as
many counts per minute as 3?P-labeled p53 from unirradiated

cells when the isolated bands were counted in a scintillation
counter.



Two-dimensional peptide maps of p53 tryptic phos-
phopeptides demonstrated clearly the presence of an IR-
induced p53 tryptic phosphopeptide (Fig. 2A, black ar-
row) that was not observed in p53 from unirradiated cells
(Fig. 2B) or in p53 from ALLN-treated ML-1 cells (Fig.
2C). A second labeled phosphopeptide seen just below
the IR-induced phosphopeptide in Figure 2A was variable
in repeated experiments and sometimes was seen in un-
irradiated samples. The identity of this spot is unknown,
and it is not yet clear whether this represents another
DNA damage-induced de novo phosphopeptide. The IR-
induced p53 phosphopeptide (Fig. 2A, black arrow) was
eluted from the thin layer cellulose and subjected to
phosphoamino acid analysis. After acid hydrolysis, the
phosphorylated amino acid recovered from this peptide
was serine (Fig. 2D).

The IR-induced phosphorylation site observed in the
two-dimensional peptide analysis was mapped to within
the first 96 amino acids of p53. Comparison of the two-
dimensional fingerprint of p53 from irradiated ML-1
cells with the fingerprints of both recombinant full-
length p53 and recombinant, truncated p53 protein lack-
ing amino acids 1-96 (wild-type full-length p53 and A96
p53 cDNAs; C. Prives, Columbia University, New York,
NY) indicated that the de novo phosphopeptide was lo-
cated within a region of p53 encompassing amino acids
1-96 (data not shown). There are three predicted tryptic
fragments within this region. A series of p53 peptides
corresponding to two of the three predicted tryptic frag-
ments (amino acids 1-24 and 25-65) within the first 96
amino acids of p53 were chemically synthesized. The
IR-induced p53 phosphopeptide was identified by mixing
individual synthetic peptides with the endogenous p53
phosphopeptides and then analyzing the mix on a two-
dimensional peptide map. Radiolabeled phosphopeptides
were detected on the Phosphorlmager and compared
with the mobility of the synthetic peptides that were
detected using ninhydrin. A synthetic, singly phosphory-
lated p53 peptide corresponding to amino acids 1-24 [Ac
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(acetylated) 1-24; serine-15 P] comigrated with a radio-
labeled p53 tryptic phosphopeptide in unirradiated, irra-
diated, and ALLN-treated ML-1 cells (Fig. 2A-C, open
arrow). The unique, IR-induced p53 phosphopeptide
overlapped with a triply phosphorylated peptide com-
prising amino acids 1-24 (Ac 1-24; serine-9 P, serine-15
P, serine-20 P) (Fig. 2A, black arrow). An in vivo p53
peptide corresponding to amino acids 1-24 with two
phosphorylated serines was not observed in any of the
two-dimensional maps. Thus, the IR-induced post-trans-
lational modification of p53 involves de novo phosphory-
lation of two serine residues within the first 24 amino
acids of p53.

lonizing irradiation induces phosphorylation of p53
on serine-15

To identify the specific serine residues within amino ac-
ids 1-24 of p53 that were phosphorylated in response to
IR, an affinity-purified antibody raised against a syn-
thetic p53 serine-15 phosphopeptide (amino acids 9-21,
serine-15-PO;) was used in Western blot analysis of ly-
sates from unirradiated, irradiated, or ALLN-treated
ML-1 lysates. The anti-phosphoserine-15 p53 peptide an-
tibody used in these studies specifically recognizes p53
only when the protein is phosphorylated on serine-15;
there is no immunoreactivity with unphosphorylated
p53 (Shieh et al. 1997). ML-1 lysates were characterized
with respect to IR-induced increase in p53 protein (Fig.
3A, top panel). Increased levels of p53 protein in ML-1
lysates were observed when cells were harvested 1 hr
after 2 Gy irradiation. Levels of p53 protein reached a
maximum at 3 hr after IR and then began to decline (Fig.
3A, top panel). Western blot analysis with anti-phospho-
serine-15 demonstrated that in response to ionizing ra-
diation, p53 was phosphorylated on serine-15 (Fig. 3A,
middle panel). Levels of p53 phosphorylated on serine-15
increased with time after IR, with the greatest amount
observed 3 hr after IR. By 6 hr after IR, phosphoserine-15

D Figure 2. IR induces phosphorylation of
two serines within the first 24 amino acids
of p53 in vivo. p53 was immunoprecipi-
tated from 32P-labeled ML-1 cells that
were either given 2 Gy irradiation (A), un-
treated (B), or treated with 20 um of ALLN
(C). Proteins were resolved by 10% SDS-
PAGE and electrophoretically transferred
to PVDF membrane. Radiolabeled p53 was
cut from the membrane and digested with
TPCK-trypsin. Radiolabeled peptides
were resolved by electrophoresis at pH 3.5
in the first dimension followed by ascend-
> ing chromatography in the second dimen-

sion. The unique, irradiation-induced p53

phosphopeptide (A, black arrow) was eluted from the cellulose and subjected to phosphoamino acid analysis. The position of the
unlabeled phosphoamino acid markers are indicated (D). A singly phosphorylated p53 synthetic peptide corresponding to amino acids
1-24 (Ac 1-24; serine-15 P) comigrated with an in vivo peptide in all three maps (A-C, open arrow). The unique, IR-induced phos-
phopeptide comigrated with a synthetic, triply phosphorylated p53 peptide comprising amino acids 1-24 (Ac 1-24; serine-9 P, serine-15

P, serine-20 P) (A, black arrow).
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Figure 3. Identification of serine-15 as one of the two sites
phosphorylated within p53 in response to IR. (A) Western blot
analysis of ML-1 lysates. ML-1 cells were either untreated (con-
trol, C) or treated with 2 Gy irradiation or 20 um of ALLN. Cells
were harvested at 1, 3, and 6 hr after treatment. Lysates (50 pg
of protein in each lane) were resolved by 10% SDS-PAGE. After
electrophoretic transfer, the nitrocellulose was immunoblotted
with either anti-p53 ( Ab-6, top), anti-phosphoserine-15 p53
(middle), or anti-topoisomerase (bottom). (B) Western blot
analysis of SY5Y lysates. SY5Y cells were either untreated (con-
trol, C), treated with 1 or 2 Gy IR, or treated with 20 um of
ALLN. Cells were harvested 3 hr after treatment. After bio-
chemical fractionation, 30 pg of nuclear lysate from each
sample was resolved by 10% SDS-PAGE and then electropho-
retically transferred to nitrocellose. The nitrocellulose was im-
munoblotted with either anti-p53 (Ab-6, top), anti-phosphoser-
ine-15 p53 (middle), or anti-topoisomerase (bottom).

p53 immunoreactivity had declined. IR induced an in-
crease in levels of phosphoserine-15 p53 (Fig. 3A, middle
panel) that correlated with the observed increase in p53
protein (Fig. 3A, top panel). In contrast, there was barely
detectable phosphoserine-15 p53 in lysates from unirra-
diated cells or in cells treated with ALLN (Fig. 3A,
middle panel). The lack of phosphoserine-15 p53 immu-
noreactivity in lysates from ALLN-treated ML-1 cells
cannot be attributed to lower total amount of p53 be-
cause there was an equivalent amount of p53 protein in
lysates from irradiated and ALLN-treated cells (Fig. 3A,
top panel). Western blot analysis with anti-topoisomer-
ase was performed as a control for equivalent amounts of
protein loaded in each lane (Fig. 3A, bottom panel). Thus,
in response to a signal transduction pathway initiated by
IR, p53 becomes phosphorylated on serine-15.
IR-induced phosphorylation of p53 on serine-15 was
also observed in other cell lines, including a neuroblas-
toma cell line, SY5Y (Fig. 3B), and several B-lymphoblas-
toid lines (Fig. 4). Western blot analysis of SY5Y nuclear
lysates demonstrated that p53 was phosphorylated on
serine-15 in response to IR (Fig. 3B, middle panel). p53
serine-15 phosphorylation was not observed in either un-
irradiated or ALLN-treated SY5Y cells (Fig. 3B, middle
panel) despite an equivalent amount of p53 protein from
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ALLN-treated cells as compared with irradiated cells
(Fig. 3B, top panel).

IR and UV irradiation induce phosphorylation of p53
on serine-15 in both normal and AT lymphoblasts

The gene mutated in AT, ATM, acts upstream of p53 in
the signal transduction pathway initiated by IR (Kastan
etal. 1992; Canman et al. 1994; Lavin et al. 1994). Unlike
normal cells, AT cells fail to rapidly induce p53 protein
following IR. In contrast, UV irradiation of AT cells in-
duces p53 with kinetics and levels similar to those in
normal cells (Khanna and Lavin 1993; Canman et al.
1994). We asked whether cells with defective ATM were
able to phosphorylate p53 on serine-15 in response to IR
or UV irradiation. Normal B lymphoblasts (2184) and AT
lymphoblasts (719 and 3332 cell lines) were treated ei-
ther with 5 Gy IR, exposed to 10 J/m? of UV irradiation,
or treated with 20 um of ALLN. In response to IR, p53
was phosphorylated on serine-15 in both normal and AT
lymphoblasts. The induction of serine-15 phosphoryla-
tion correlated with the induction of total p53 protein.
That s, in normal lymphoblasts, the increase in p53 pro-
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Figure 4. IR and UV irradiation induce phosphorylation of p53
on serine-15 in both normal and AT lymphoblasts. (A) Western
blot analysis of normal and AT lymphoblasts with anti-phos-
phoserine-15 p53 peptide antibody. Normal lymphoblasts
(2184) and AT lymphoblasts (719 and 3332) were untreated (con-
trol, C) or given either 5 Gy IR (IR), 5 Gy IR + 20 um of ALLN
(IR +A), 20 pm ALLN (A), or 10 J/m, of UV irradiation (UV).
Cells were harvested at 1, 3, and 6 hr after treatment. Lysate (50
ug) from each sample was resolved by 10% SDS-PAGE, followed
by electrophoretic transfer to nitrocellulose. The nitrocellulose
was immunoblotted with anti-phosphoserine-15 p53 peptide
antibody. Phosphoserine-15 p53 was detected by ECL. (B) West-
ern blot analysis of normal and AT lymphoblasts with anti-p53.
The identical lysates from the above experiment were immu-
noblotted with anti-p53 antibody (Ab-6). p53 protein was de-
tected with the ECL reagent.



tein was very rapid and occurred within 1 hr after IR (Fig.
4B, top panel); serine-15 phosphorylation also occurred
within 1 hr after IR (Fig. 4A, top panel). Maximal levels
of phosphoserine-15 p53 were observed 3 hr after IR (Fig.
4A). In contrast, very low levels of p53 induction were
observed in both 719 and 3332 AT lymphoblasts even at
6 hr after IR (Fig. 4B, middle and bottom panels). Simi-
larly, low but detectable levels of phosphoserine-15 p53
were also seen in irradiated AT cells (Fig. 4A, middle and
bottom panels). Importantly, however, phosphoserine-15
p53 was clearly observed when irradiated AT cells were
also treated with ALLN to inhibit the degradation of en-
dogenous p53 (Fig. 4A). p53 was not phosphorylated on
serine-15 when cells were either untreated or treated
with ALLN alone. As a control of equivalent amounts of
protein loaded in each lane, the Western blot was probed
with anti-topoisomerase. There were equal amounts of
topoisomerase in all samples (data not shown). In con-
clusion, p53 is phosphorylated on serine-15 in response
to IR in normal lymphoblasts and to a much lesser ex-
tent in AT lymphoblasts.

In contrast to the delayed and low induction of p53 in
AT cells in response to IR, p53 was induced with UV
irradiation in both 719 and 3332 AT cell lines and nor-
mal lymphoblasts (Fig. 4B). With all three cell lines, p53
was phosphorylated on serine-15 in response to UV irra-
diation (Fig. 4A). In response to a specific signal induced
by UV irradiation, the increased levels of phosphoserine-
15 p53 correlated with increased levels of total p53 pro-
tein (Fig. 4A,B). Phosphoserine-15 p53 was not observed
in either control cells or cells treated with ALLN alone,
despite equivalent amounts of p53 protein in the ALLN-
treated cells (Fig. 4A,B).

In conclusion, p53 is specifically phosphorylated on
serine-15 in response to IR and UV irradiation in both
normal and AT lymphoblasts. However, the Kinetics and
levels of serine-15 phosphorylated p53 in IR-treated AT
cells are different from normal lymphoblasts.

IR-induced post-translational modification of p53
correlates with increased transcription of two
p53-responsive genes, p21"a™ and mdm?2

The induction of p53 in response to DNA damage results
in the transcriptional activation of p53 target genes, in-
cluding p21*a™ mdmz2, and gadd45 (Kastan et al. 1992;
El-Deiry et al. 1993). We asked whether the ability of p53
to transactivate downstream target genes was altered in
SY5Y and ML-1 cells that had been treated with ALLN as
compared with irradiated cells. Cellular p53 protein lev-
els were equivalent after treatment with IR or ALLN,
and both treatments led to greater levels than that ob-
served in unirradiated cells (Fig. 6A, below). However,
p53 was post-translationally modified only in irradiated
cells (Fig. 2). As seen in Figure 5, there is a dramatic
induction in both p21"a™ and mdm2 mRNA in cells that
were irradiated (Fig. 5A, top and middle panels). In con-
trast, p53 did not transactivate these two genes in ALLN-
treated cells despite equivalent p53 protein levels to that
which was observed in irradiated cells (Fig. 5A, top and

p53 phosphorylation induced by DNA damage
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Figure 5. Increased transcription of p21%a™ and mdm2 corre-
lates with IR-induced post-translational modification of p53. (A)
Northern blot analysis of SY5Y RNA. Total RNA isolated from
SYS5Y cells that had been either untreated (control, C) or treated
with 1 or 2 Gy IR or treated with 20 um ALLN (A) was assayed
for hybridization to 32P-labeled p21"2™ cDNA (top), 32P-labeled
mdm2 cDNA (middle), or 32P-labeled GAPDH cDNA (bottom)
coding sequence probes. (B) Northern blot analysis of ML-1
RNA. Total RNA was isolated from ML-1 cells that were either
untreated (C) or treated with 5 Gy IR (+IR), 5 Gy IR+ 20 pum
ALLN (IR + A), or 20 um ALLN (A). The nitrocellulose was se-
quentially assayed for hybridization to p21, mdm2, and gadph-
labeled cDNA probes (top, middle, and bottom, respectively).

middle panels). All lanes had equivalent amounts of
RNA as assessed by probing the same Northern blot with
GAPDH (Fig. 5A, bottom panel). Northern blot analysis
of RNA from unirradiated, irradiated, or ALLN-treated
ML-1 cells gave identical results to that observed in
SY5Y cells (Fig. 5B). In conclusion, IR-induced post-
translational modification of p53 correlated with the
ability of p53 to transactivate downstream genes.

IR-induced phosphorylation of p53 does not affect
the ability of p53 to bind to or dissociate from DNA
as assessed by electrophoretic mobility shift assays

The above experiments demonstrated that in response to
a signal induced by IR, p53 is specifically phosphory-
lated. Phosphorylation of p53 correlated with both in-
duction of p53 protein and increased transcription of
p53-responsive genes. We asked whether the differences
in p53 transactivation activity could in part be explained
by differential binding of p53 to specific DNA sequences
in an electrophoretic mobility shift assay (EMSA). SY5Y
nuclear extracts were isolated 3 hr after treatment of
cells with 20 um of ALLN or increasing doses of IR. The
extent of p53 binding to an oligonucleotide containing
the p21*a™ promoter binding site was compared among
the different extracts. IR induced a dose-dependent in-
crease in p53-specific DNA-binding activity (Fig. 6B,
lanes 2-4). The increased binding of p53 to the labeled
probe was attributable to the increase in p53 protein at
higher doses of IR (Fig. 6A). p53 in lysates from ALLN-
treated cells was also able to bind to the DNA probe (Fig.
6B, lane 6); the amount of binding to DNA at equilib-
rium was equivalent to that observed in lysates isolated
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Figure 6. The ability of p53 to bind to or dissociate from a p21"2™ oligonucleotide is not affected by p53 phosphorylation induced by
IR. (A) Western blot analysis of SY5Y lysates. Immunoblot analysis with anti-p53 (Ab-6, top) and anti-topoisomerase (bottom) of SY5Y
lysates prepared from untreated cells (C), cells treated with 1, 2, or 4 Gy IR, or cells treated with 20 um ALLN (A). (B) EMSA with SY5Y
lysates and a p21*"2™ probe. EMSAs of a 32P-labeled p21*2™ oligonucleotide probe were performed with nuclear lysates prepared from
either untreated SY5Y cells (lanes 1,5,11), cells given 1 Gy (lane 2), 2 Gy (lanes 3,7,9,12), or 4 Gy (lane 4) irradiation, or cells treated
with 20 um ALLN (lanes 6,8,10,13). Specificity of binding of p53 to the labeled probe was confirmed by competition with either 40-fold
excess unlabeled wild-type probe (lanes 7,8) or with excess unlabeled mutant probe (lanes 9,10). Specific binding of p53 to the labeled
probe is indicated by the lower arrow. Antibody 421 supershifted this complex (lanes 11-13, upper arrow). (C) Quantitation of rate of
p53 dissociation from *2P-labeled p21*3™ oligonucleotide probe. Nuclear lysates were prepared from irradiated (®) or ALLN-treated (A)
SY5Y cells. Binding of p53 to radiolabeled probe was quantitated on a Phosphorimager. (D) Analysis of the dissociation rate of p53 from
p21af oligonucleotide probe. SY5Y nuclear lysates prepared from unirradiated (C), irradiated (1Gy IR), or ALLN-treated cells were
incubated with radiolabeled p21*a" for 20 min. Excess unlabeled wild-type probe was added. Aliquots of the reaction were applied to
a progressively running native gel at various times (0, 2, 4, 6, 8, 10, and 12 min) after the addition of unlabeled wild-type competitor.
The gel was dried down and visualized on a Phosphorlmager.

from cells given 1 Gy IR (Fig. 6B, cf. lane 6 with lane 2). tide until equilibrium was achieved. The rate at which
Specificity of DNA binding was verified by competition p53 dissociated from the radiolabeled probe was mea-
experiments with either 40-fold excess wild-type (Fig. sured after the addition of 40-fold excess of wild-type,
6B, lanes 7,8) or mutant oligonucleotide (Fig. 6B, lanes unlabeled probe (Fig. 6C,D). IR-induced post-transla-
9,10) and antibody 421 supershift (Fig. 6B, lanes 11-13). tional modification of p53 did not appear to alter the
In conclusion, there was not a dramatic difference in p53 binding stability of p53 to the p21"a™ oligonucleotide.
binding at equilibrium to a p21“a™ oligonucleotide There was no significant difference in dissociation rate
probe when lysates prepared from ALLN- or IR-treated of p53 to probe when lysates from IR- or ALLN-treated
cells were compared. cells were compared (Fig. 6C,D).

We then asked whether p53, which had been post-
translationally modified in response to IR, had altered

stability when bound to DNA. We compared the disso- Discussion

ciation rates of p53 from different lysates in an off-rate p53 is a critical mediator of cellular responses to geno-
experiment using p21“2™ oligonucleotide as probe. toxic stress. Following DNA damage, there is a post-
SY5Y nuclear lysates prepared from control, ALLN, or transcriptional induction of p53 protein and subsequent
irradiated cells were incubated with labeled oligonucleo- activation of p53. Ultimately, activation of p53 leads to
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either G, arrest or cell death. The mechanism by which
p53 becomes activated is unknown. Phosphorylation is
one potential mechanism by which cells might regulate
the activity of p53 after genotoxic stress. In vivo experi-
ments have demonstrated clearly that p53 is a phospho-
protein (Ko and Prives 1996). In vitro studies have iden-
tified multiple sites of phosphorylation within the
amino and carboxyl termini within p53. Although sev-
eral kinases have been shown to phosphorylate specific
sites within p53 in vitro, it has not yet been demon-
strated that phosphorylation at these sites is important
for the function and regulation of p53 in vivo. Interest-
ingly, Tegtmeyer and colleagues have demonstrated that
simultaneous mutation of several serines within the
amino terminus of p53 has a biologic effect, namely, a
reduction in the ability of the recombinant, overex-
pressed p53 to suppress transformation as well as a de-
crease in the ability of p53 to transactivate a reporter
construct (Mayr et al. 1995). In addition, Fiscella et al.
(1993) reported that mutation of serine-15 results in par-
tial failure of p53 to inhibit cell cycle progression.

Interest in the biological significance of phosphoryla-
tion of p53 at the carboxyl terminus results from the
observations from several laboratories that the carboxyl
terminus of p53 acts to regulate negatively the sequence-
specific DNA-binding ability of p53 (Hupp et al. 1992;
Gottlieb and Oren 1995; Ko and Prives 1996). Phosphory-
lation at the carboxyl terminus of p53 may be important
in this regulation. Several protein kinases have been
demonstrated to phosphorylate p53 within this domain.
In all cases, phosphorylation within the carboxyl termi-
nus of p53 enhanced the ability of p53 to bind DNA in
vitro. However, as is the case for phosphorylation sites
within the amino terminus of p53, de novo phosphory-
lation of p53 at the carboxyl terminus in response to a
signal transduction pathway in vivo has not been
demonstrated.

In this study we demonstrated that endogenous p53
becomes phosphorylated within the transactivation do-
main of the protein in response to a signal transduction
pathway initiated by DNA damage. We identified the
site of de novo phosphorylation as within amino acids
1-24 of p53. In addition, we showed that post-transla-
tional modification of serine-15 within p53 occurs in re-
sponse to both UV irradation and IR. In response to DNA
damage, phosphorylation of p53 on serine-15 occurs in
several different cell types, including cells derived from
AT patients. These data also demonstrate that the signal
transduction pathway activated following IR leads to
phosphorylation of an additional serine residue within
amino acids 1-24 of p53 (serine-6, serine-9, or serine-20).

Several kinases have been implicated in signal trans-
duction pathways initiated by IR and UV irradiation.
These kinases are potential candidates that may be in-
volved, directly or indirectly, in the in vivo post-trans-
lational modification of p53 that we have characterized.
First, ATM protein, encoded by the gene mutated in AT,
may activate p53 in response to DNA damage. ATM is a
member of a family of proteins involved in cell cycle
control and DNA repair and recombination (Zakian
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1995; Shiloh and Rotman 1996; Morgan and Kastan
1997). Although it has not been demonstrated formally
that ATM is a protein kinase, a domain within ATM is
homologous to phosphatidylinositol-3-kinase (Savitsky
et al. 1995). ATM has been shown to act upstream of p53
in the signal transduction pathway initiated by IR as
cells with defective ATM poorly induce p53 protein fol-
lowing IR (Canman et al. 1994; Xu and Baltimore 1996).
Given these observations, it is possible that ATM phos-
phorylates p53 in response to IR. However, the data pre-
sented here suggest a more complex scenario as IR in-
duced p53 serine-15 phosphorylation in cells that lack
ATM. In addition, UV irradiation of AT cells also results
in phosphorylation of p53 on serine-15. Therefore, in re-
sponse to specific types of DNA damage, a particular
signal transduction pathway is initiated, and ATM is not
absolutely required for p53 phosphorylation on serine-
15. It is possible, however, that ATM participates in sig-
naling to the kinase that phosphorylates p53 after IR; a
defect in ATM would contribute to the altered induction
of p53 phosphorylation in AT cells. It remains to be de-
termined whether ATM can phosphorylate p53 at an al-
ternative site, namely, the additional serine within
amino acids 1-24 that is also phosphorylated in response
to IR.

It is also possible that other ATM family members,
such as DNA-PK, can phosphorylate p53 in response to
DNA damage. DNA-PK is a serine/threonine kinase that
is activated by double-strand breaks in DNA and is in-
volved in DNA double-strand-break repair and V(D)J re-
combination (Danska et al. 1996). DNA-PK has been
shown to phosphorylate human p53 on serine-15 and
serine-37 in vitro (Lees-Miller et al. 1992). However,
cells from scid mice, which have defective DNA-PK, are
still able to induce p53 and undergo G, arrest in response
to IR, making this kinase an unlikely candidate (Bogue et
al. 1996; Guidos et al. 1996; Huang et al. 1996; Nacht et
al. 1996; Rathmell et al. 1997). Clearly, additional experi-
ments are necessary to determine whether ATM or re-
lated proteins directly phosphorylate p53 in vivo in re-
sponse to IR.

A second candidate kinase that may phosphorylate
p53 in response to IR is casein kinase | (CKI). In vitro
experiments have demonstrated that CKI phosphory-
lates murine p53 at multiple sites within the amino ter-
minus. In addition, CKI from Drosophila melanogaster
becomes activated when Drosophila embryos are ex-
posed to low doses of IR (Santos et al. 1996). It is possible
that IR activates CKI, which then phosphorylates p53
within the amino terminus.

Third, UV irradiation-induced DNA damage may ac-
tivate a kinase that is able to phosphorylate p53 on ser-
ine-15 or other sites within the amino terminus. This
kinase could be a different kinase than the one activated
by IR. Candidate kinases that may be involved in UV
irradiation-induced p53 phosphorylation are the Jun ki-
nases, which have been shown to be activated by UV
irradiation (Derijard et al. 1994; Rosette and Karin 1996).
In vitro experiments have demonstrated that c-Jun ki-
nase can phosphorylate both a murine p53 recombinant
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peptide on serine-34 (Milne et al. 1995) and recombinant
GST-p53 protein (Adler et al. 1997). It will be important
to determine in vivo whether Jun kinases directly phos-
phorylate p53 on serine-15 or other serines within p53 in
response to UV irradiation.

We have demonstrated that although inhibition of p53
degradation by ALLN can elevate p53 concentration to
levels equivalent to those seen in cells that have been
irradiated, stabilized p53 from ALLN-treated cells was
unable to transactivate several p53 target genes in vivo.
This was not attributable to the inability of p53 to bind
DNA. EMSAs demonstrated that p53 in lysates prepared
from either ALLN- or IR-treated SY5Y cells was capable
of binding to and dissociating from DNA to the same
extent. We have also shown that p53 is phosphorylated
in response to DNA damage, whereas ALLN treatment
raises p53 protein levels but does not induce p53 phos-
phorylation. Therefore, de novo phosphorylation of p53
within its transactivation domain, rather than an in-
crease in p53 levels per se, correlated with an increase in
the ability of p53 to transactivate downstream genes in
response to IR. There are several possible mechanisms
that may explain how IR-induced phosphorylation of the
amino terminus of p53 affects the ability of p53 to trans-
activate its target genes. First, IR-induced phosphoryla-
tion of p53 at these sites might affect the ability of p53 to
interact with other protein components of the transcrip-
tional machinery that are required for transactivation of
p53 target genes. For example, the TATA box-binding
protein (TBP), the subunit of the basal transcription fac-
tor TFIID, binds to the amino terminus of p53 (Farmer et
al. 1996). In addition, several TBP-associated factors
(TAFs) also bind to the amino terminus of p53, including
dTAF,40 and dTAF,,60 (and the corresponding human
homologs TAF,32 and TAF,,70) (Thut et al. 1995). Opti-
mal interaction of these transcriptional activators with
p53 might require post-translational modification
within the amino terminus of p53.

Second, IR-induced phosphorylation of p53 might af-
fect its interaction with Mdm2. The direct interaction of
Mdm2 with p53 results in inhibition of p53 transcrip-
tional activity (Momand et al. 1992; Zauberman et al.
1993). It has been demonstrated recently that the mecha-
nism for this inhibition involves binding Mdm2 to p53
and targeting p53 for rapid degradation (Haupt et al.
1997; Kubbutat et al. 1997). Binding of Mdm2 to p53 has
been mapped to the amino terminus of p53 (Chen et al.
1993; Picksley et al. 1994). IR-induced phosphorylation
of p53 may therefore affect this interaction by interfering
with the ability of Mdm2 to bind p53 (Shieh et al. 1997).
Third, IR-induced phosphorylation of p53 might result in
a conformational change in p53 that affects directly the
ability of p53 to transactivate downstream genes. Fourth,
the increased transcription of p21*™ and mdmz2 in re-
sponse to IR but not observed with ALLN-treated cells
could be attributable to IR-induced modification and/or
alteration in activity of proteins other than p53.

Activation of p53 is a critical component in the cellu-
lar response to DNA damage. It will be important to
determine if the specific phosphorylation of p53 de-
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scribed here affects whether a cell undergoes a G, check-
point arrest versus apoptosis in response to irradiation.
In addition, it will be important to delineate whether de
novo p53 phosphorylation also occurs when cells are
grown either under hypoxic conditions or under condi-
tions where ribonucleotide pools are altered. Finally,
identification of the kinases that phosphorylate p53 in
vivo will further elucidate the signal transduction path-
way initiated by cells in response to DNA damage.

Materials and methods
Cell lines

Epstein-Barr virus (EBV)-immortalized normal human B-lym-
phoblast line 2184 and the EBV-immortalized human AT ho-
mozygote lymphoblast lines 1526, 719, and 3332 were obtained
from the Human Genetic Mutant Cell Repository (Camden,
NJ). The human SH-SY5Y neuroblastoma cell line was gener-
ously provided by G. Brodeur (The Children’s Hospital of Phila-
delphia, PA). The human myeloid leukemia cell line, ML-1, has
been described previously (Kastan et al. 1991). All cell lines
were grown in RPMI medium supplemented with 10% fetal
bovine serum, gentamicin, and glutamine.

Induction of DNA damage

Cells were irradiated with a **’Cs source and received 2 Gy IR
or treated with UV irradiation at 2 J/m? per sec as described
previously (Canman et al. 1994; Nelson and Kastan 1994). The
proteosome inhibitor ALLN (Sigma) was added to cells at a final
concentration of 20 um. Cells that received both irradiation and
ALLN were first irradiated and then immediately given ALLN.
Cells were harvested at indicated times after DNA damage or
ALLN treatment.

Metabolic labeling and immunoprecipitation of p53

Exponentially growing ML-1 cells were washed with phosphate-
free RPMI supplemented with 10% dialyzed fetal bovine serum
and further incubated in the same medium for 30 min before
irradiation. The cells were irradiated at 2 Gy and then [*?P]or-
thophosphate (NEN) was added to the cells in phosphate-free
medium (0.6 mCi/ml). The cells were labeled for 25 min at
37°C and then harvested by washing once in ice-cold PBS. Cells
were lysed at 4°C in ice-cold lysis buffer (250 mm NaCl, 1%
NP-40, 20 mm Tris-HCI at pH 7.4, 1 mm EDTA, 2 pg/ml of
aprotinin, 2 ug/ml of leupeptin, 1 ug/ml of pepstatin, 2.5 pg/mi
of antipain, 1 pg/ml of chymostatin, 1 mm NagVO,, 10 mm NaF,
1 mm sodium molybdate, and 0.5 mm PMSF). Lysates were clari-
fied at 12,0009 for 15 min at 4°C. Ten micrograms of affinity-
purified mouse monoclonal anti-p53 antibodies (Ab-2 and Ab-6,
Calbiochem) were added to the lysates. As a control for nonspe-
cific binding, an immunoprecipitation reaction was also done
with an irrelevant primary mouse monoclonal antibody of the
same isotype as the anti-p53 antibodies. Immunoprecipitation
reactions were incubated on ice at 4°C for 2 hr. Protein G Plus/
Protein A Agarose (Calbiochem) was added, and lysates were
further incubated at 4°C for 1 hr, with rocking. The beads were
collected by centrifugation and washed three times with ice-
cold wash buffer (150 mm NaCl, 1% NP-40, 20 mm Tris-HCI at
pH 7.4, 1 mm EDTA, and the same protease inhibitors as in the
lysis buffer). The beads were boiled in SDS sample buffer, and
immunoprecipitated p53 was electrophoresed on a 10% SDS-
polyacrylamide gel. Protein was electrophoretically transferred



to Immobilon-P membrane [polyvinylidene difluoride (PVDF)
membrane, Millipore]. Radiolabeled p53 protein was visualized
by autoradiography, and the appropriate band was cut out and
prepared for tryptic digest as described below.

Two-dimensional phosphopeptide mapping
and phosphoamino acid analysis

After transfer to a PVDF membrane, the radiolabeled p53 band
was cut from the membrane and digested with TPCK-trypsin
(Sigma) according to the methods described by Boyle et al.
(1991). Peptides were resolved in two dimensions on a TLC
cellulose sheet (EM Sciences) by electrophoresis in the first di-
mension followed by ascending chromatography in the second
dimension. *2P-Labeled tryptic peptides were visualized on a
Phosphorlmager (Molecular Dynamics). *2P-Labeled phospho-
peptides were recovered from the thin-layer cellulose plate and
hydrolyzed in 6 N hydrochloric acid for 60 min at 110°C, and the
phosphoamino acid content of the hydrolyzed peptides was de-
termined by the method of Boyle et al. (1991). [*2P]-Phos-
phoamino acids were detected with a Phosphorlmager. Phos-
phoamino acid standards were visualized by spraying the plate
with 1% (wt/vol) ninhydrin in acetone.

Synthesis of phosphorylated p53 peptides

Peptides were synthesized by the solid-phase method with
Fmoc chemistry using an Applied Biosystems 430A peptide syn-
thesizer (Foster City, CA). Phosphoserine residues were incor-
porated as Fmoc-Ser[PO(OBzIl)OH]-OH (Novabiochem, San
Diego, CA) (Wakamiya et al. 1994). Cleavage of the peptide from
the resin and removal of the side-chain protecting groups were
performed using reagent K (TFA/phenol/thioanisole/H,O/
EDT = 82.5:5:5:5:2.5) for 3 hr at room temperature (King et al.
1990). The peptides were purified by HPLC on a pH-stable Vy-
dac C-8 column (Hesperia, CA) with 0.2% hexafluoroaceton-
NH,OH (pH 7.0)/acetonitrile. The mass of the peptides was
confirmed by electrospray ionization mass spectrometry on a
Finnigan MAT SSQ 7000 (Finnigan MAT, San Jose, CA).

Immunoblot analysis

Cells were harvested, solubilized in Laemmli sample buffer,
fractionated by SDS/10% PAGE, and electrophoretically trans-
ferred to nitrocellulose. Affinity-purified antibodies to p53 (Ab-
6, Calbiochem) and topoisomerase (Topogen) were used for im-
munochemical detection as described (Canman et al. 1994). The
phosphoserine-15 p53 peptide antibodies were raised in rabbits
against a chemically synthesized p53 phosphoserine-15 peptide
(amino acids 9-21) as described previously (Kitagawa et al.
1996). For immunodetection of serine-15-phosphorylated p53
protein, lysates were fractionated by SDS/10% PAGE and elec-
trophoretically transferred to nitrocellulose. Nonspecific bind-
ing was blocked by incubating the membrane in PBST (PBS with
0.05% Tween -20 and 1% nonfat dried milk). The membrane
was incubated with the primary antibody, which had been pre-
incubated previously with 1 pg/ml of unphosphorylated p53
peptide, amino acids 9-21, washed several times with PBST,
followed by incubation with a HRP-conjugated goat anti-rabbit
secondary antibody (Pierce). After several washes, p53 protein
specifically phosphorylated on serine-15 was detected using the
enhanced chemiluminescence (ECL) reagent (Amersham).

RNA analysis

Total RNA was isolated from cells with guanidine isothiocya-
nate-phenol-chloroform, fractionated by electrophoresis on a
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formaldehyde-agarose gel, and transferred to nitrocellulose.
RNA was assayed for hybridization to *2P-labeled human cDNA
probes comprising either the entire p21"™, mdm2, or gadph
coding sequences as described previously (Canman et al. 1995).

EMSAs

Approximately 20-30 million cells were lysed on ice in buffer
containing 20 mm HEPES (pH 7.6), 25% glycerol, 1.5 mm MgCl,,
10 mm NaCl, 0.2 mm EDTA, 2 mm DTT, 0.1% Triton X-100, 1
mm PMSF, 2 pg/ml of pepstatin A, 20 pg/ml of leupeptin, 10
ug/ml of aprotinin, 1 mm sodium orthovanadate, and 1 mm
NaF. Nuclei were pelleted, extracted for 30 min in the above
buffer that had been adjusted to 400 mm NacCl, and then cleared
by centrifugation at 13,0009 for 15 min. For DNA-binding as-
says, 30 pg of nuclear extract was incubated at room tempera-
ture with 1 ng of *P-end-labeled oligonucleotide encoding the
p21WAFL promoter binding site for p53 (5'-ATCAATTCTC-
GAGGAACATGTCCCAACATGTTGCTCGAGGAT-3') (ElI-
Deiry et al. 1993) in 30 ul of buffer containing 20 mm Tris-HCI
(pH 7.6), 5% glycerol, 40 mm KCI, 1 mm EDTA, 2 mm MgCl,, 2
mm DTT, 30 pg of BSA, and 1 pg of sheared salmon sperm DNA.
Competition for p53 binding activity was carried out in the
presence of either a 40-fold excess of unlabeled wild-type or
mutated (5'-ATCAATTCTCGAGGAAACGTTCCCAAACGT-
TTGCTCGAGGAT-3') p21Waf oligonucleotide probe. DNA-
protein complexes were separated by electrophoresis through a
4% native polyacrylamide gel, dried, and then visualized on a
Phosphorimager. For off-rate analysis, extracts were incubated
with 32P-end-labeled p21"WAF* probe until equilibrium. Fortyfold
excess of unlabeled wild-type probe was added, and aliquots
were applied to a progressively running 4% acrylamide gel.
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