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Stabilization of p53 in response to DNA damage is caused by its
dissociation from Mdm2, a protein that targets p53 for degradation
in the proteasome. Dissociation of p53 from Mdm2 could be caused
by DNA damage-induced p53 posttranslational modifications. The
ATM and ATR kinases, whose activation in response to ionizing
radiation (IR) and UV light, respectively, is required for p53 stabi-
lization, directly phosphorylate p53 on Ser-15. However, phosphor-
ylation of Ser-15 is critical for the apoptotic activity of p53 and not
for p53 stabilization. Thus, whether any p53 modifications, and
which, underlie disruption of the p53–Mdm2 complex after DNA
damage remains to be determined. We analyzed the IR- and UV
light-induced stabilization of p53 proteins with substitutions of Ser
known to be posttranslationally modified after DNA damage.
Substitution of Ser-20 was sufficient to abrogate p53 stabilization
in response to both IR and UV light. Furthermore, both IR and UV
light induced phosphorylation of p53 on Ser-20, which involved the
majority of nuclear p53 protein and weakened the interaction of
p53 with Mdm2 in vitro. ATM and ATR cannot phosphorylate p53
on Ser-20. We therefore propose that ATM and ATR activate an, as
yet unidentified, kinase that stabilizes p53 by phosphorylating it
on Ser-20.

The integrity of the genome is guarded by cellular checkpoints
(1–3). One of the major checkpoints in mammalian cells is

the p53 tumor suppressor protein, a sequence-specific DNA-
binding transcription factor that induces cell cycle arrest or
apoptosis in response to DNA damage (4–7). Because of its
function as a ‘‘guardian of the genome,’’ p53 suppresses the
occurrence of developmental defects and cancer (8, 9). p53 also
affects therapy of tumors that retain wild-type p53 function (10),
such as most childhood cancers and about half of all cancers in
adults (11), because many cancer therapeutics are DNA-
damaging agents that kill tumor cells by inducing p53-dependent
apoptosis. Accordingly, understanding how p53 is activated by
DNA damage could impact the prevention and therapy of
developmental defects and cancer.

DNA damage regulates both the protein levels of p53 (4, 12)
and its affinity for specific DNA sequences (13–15). The increase
in DNA-binding affinity involves dephosphorylation of Ser-376
of p53 and subsequent binding of 14-3-3 protein family members
to p53 (16). The increase in p53 levels is caused by decreased
degradation of p53 (4, 12, 17) and to a lesser extent, from
increased translation efficiency of the p53 mRNA (18). Degra-
dation of p53 involves Mdm2, an intracellular protein that binds
to p53 (19) and exports it out of the nucleus (20, 21). In the
cytoplasm, Mdm2 targets p53 for ubiquitin-dependent proteol-
ysis (22–24). In response to DNA damage, p53 is stabilized
because of inhibition of Mdm2-dependent p53 degradation (25).
Thus, modified p53 proteins that fail to interact with Mdm2 are
expressed at high levels and are not further stabilized after DNA
damage (26, 27).

Inhibition of Mdm2-dependent p53 degradation after DNA
damage is from dissociation of p53 from Mdm2 (25). DNA
damage induces multiple p53 posttranslational modifications,
including phosphorylation of Ser residues 6, 9, 15, 20, 33, 37, and
392, dephosphorylation of Ser-376, and acetylation of Lys resi-

dues 320, 373, and 382 (16, 25, 28–36), thereby raising the
possibility that one or more of these modifications disrupt the
interaction of p53 with Mdm2. Yet, identifying the critical
modification has not been straightforward. In vitro, there has
been conflicting information as to which posttranslational mod-
ifications weaken the interaction of p53 with Mdm2; potential
culprits include phosphorylation of Ser-15 (25), phosphorylation
of Thr-18 (37), and phosphorylation of Ser-20 (38). In vivo,
stabilization of p53 in response to ionizing radiation (IR) and
UV light is dependent on the ATM (ataxia–telangiectasia-
mutated) and ATR (ATM 1 Rad3-related) kinases, respectively
(39–43). ATM and ATR directly phosphorylate p53 on Ser-15
in response to DNA damage (43–46); however, replacement of
Ser-15 with Ala compromises the apoptotic activity of p53 (47)
and not its stabilization after DNA damage (26, 27). We describe
here a series of genetic and biochemical experiments that point
to phosphorylation of Ser-20 as the critical posttranslational
modification leading to dissociation of p53 from Mdm2 in vitro
and p53 stabilization in response to IR and UV light in vivo.

Materials and Methods
Analysis of p53 Protein Levels in Response to DNA Damage. All
plasmids used to express p53 in mammalian cells were derived
from pSV2hp53wtB (48). U2-OS osteosarcoma cells were trans-
fected by calcium phosphate precipitation with 0.5 mg of hem-
agglutinin (HA)-tagged p53 expression plasmid and 29 mg of
pBC12yPLseap carrier plasmid (48). The cells were exposed to
50 Jym2 UV light or 9 Gy IR 36 and 48 h after transfection,
respectively. Whole-cell extracts were prepared 16 h after expo-
sure to UV light or 2 h after exposure to IR by lysis in buffer
consisting of 50 mM TriszHCl (pH 8), 120 mM NaCl, 0.5%
Nonidet P-40, 1 mM DTT, 0.4 mgyml Pefabloc SC (Penta-
pharm), 2 mgyml pepstatin, 0.2 mM wortmannin, 0.1 mM stau-
rosporine, 15 mM NaF, and 1 mM sodium vanadate. p53 protein
levels were assayed by immunoblotting with anti-HA Y11 anti-
body (Santa Cruz Biotechnology). p53-nullizygous mouse em-
bryo fibroblasts (MEFs) were transfected as described above
with 5 mg of p53 expression plasmid, 1 mg of plasmid pSV7neo,
and 24 mg of pBC12yPLseap carrier plasmid (48). Transfected
cells were selected with G418, pooled, and exposed to DNA-
damaging agents as described above or treated with 3 mM
lactacystin (Calbiochem) for 3 h. p53 protein levels were assayed
by immunoblotting with antibody DO1 (Calbiochem).

Phosphospecific Antibodies. AbS20p, a polyclonal antibody (clone
430) that recognizes p53 phosphorylated on Ser-20, was obtained
from New England Biolabs. DO1 is a monoclonal antibody that,
under high-salt conditions, recognizes p53 only when Ser-20 is
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not phosphorylated. The specificity of these antibodies was
established by incubating 6 mg of biotinylated peptides corre-
sponding to residues 7–29 of human p53 either not phosphory-
lated or phosphorylated on Ser-15, Thr-18, or Ser-20 attached to
avidin-agarose beads (Pierce) with 200 ng of antibody AbS20p or
DO1 in a buffer consisting of 20 mM TriszHCl (pH 8), 200 mM
(for AbS20p) or 800 mM (for DO1) NaCl, 1 mM EDTA, and
0.05% Tween-20. Antibodies bound to the beads were detected
by immunoblotting.

Phosphorylation State of p53. Nuclear extracts from untreated cells
or cells exposed to 9 Gy IR or 50 Jym2 UV light were prepared
as described (16). Endogenous p53 protein in these extracts was
immunoprecipitated with antibodies DO1 and AbS20p as de-
scribed (16). The immunoprecipitation (IP) buffer for antibody
DO1 was 20 mM TriszHCl (pH 8)y800 mM NaCly0.05% Tween-
20, and the beads were washed with 13 IP buffer. The IP buffer
for antibody AbS20p was 25 mM Hepes (pH 7.4)y100 mM
NaCly5 mM MgCl2y100 mM EDTAy0.2 mg/ml BSAy0.1%
Tween-20, and the beads were washed with 23 IP buffer. The
presence of p53 in the immunoprecipitates was monitored by
immunoblotting with antibody DO7 as described (16). Where
indicated, the extracts were incubated with 1,000 units of l
protein phosphatase (New England Biolabs) for 1 h at 30°C
before IP with antibody DO1.

Binding of p53 Peptides to Mdm2. To determine whether phos-
phorylation of Ser-20 compromises the interaction of p53 with
Mdm2, 1 mg of biotinylated p53 peptides corresponding to
residues 7–29 of human p53 either not phosphorylated or
phosphorylated on Ser-15, Thr-18, or Ser-20 were coupled to
avidin-agarose beads (Pierce) and incubated with in vitro-
translated 35S-labeled full-length or N-terminally truncated
Mdm2 protein in buffer consisting of 50 mM Hepes (pH 7.4), 200
mM NaCl, 10 mM MgCl2, 200 mM EDTA, 0.4 mgyml BSA, and
0.2% Tween-20. The beads were washed three times in the same
buffer, and bound Mdm2 was resolved by denaturing gel elec-
trophoresis and detected by autoradiography.

Results
To identify residues that are critical for p53 stabilization in
response to DNA damage, we examined the DNA damage
response of p53 proteins with amino acid substitutions targeting
putative regulatory residues. Two versions of p53 proteins were

constructed for these experiments (Fig. 1). Version 1 allows the
experiments to be performed in cells that have endogenous
wild-type p53 and has three other modifications in addition to
the substitutions of putative regulatory residues. First, an N-
terminal HA tag was inserted to distinguish exogenous from
endogenous p53. Second, an Arg-273 3 His substitution com-
promises sequence-specific DNA-binding activity without alter-
ing the native p53 protein structure (48, 49). This ensures that the
transfected p53 proteins are passive reporters of p53 stabiliza-
tion and do not themselves modify the DNA damage response
by transactivating Mdm2 or inducing cell cycle arrest. Third, the
tetramerization domain was modified by introducing seven
amino-acid substitutions (Leu-330 3 Phe, Met-340 3 Phe,
Ala-3473 Ile, Leu-3483Met, Ala-3533 Leu, Gln-3543 Leu,
and Ala-355 3 Asp). The p53 subunits bearing this modified
tetramerization domain, hereafter referred to as IND (indepen-
dent), still form homotetramers, but fail to heterooligomerize
with endogenous p53 (50). Thus, the IND tetramerization
domain allows the exogenous p53 subunits to be regulated
independently of the endogenous wild-type subunits. Version 2
has only the Arg-273 3 His substitution and is suitable for
analysis only in cells that lack endogenous p53.

Levels of p53V1 proteins in transiently transfected U2-OS
osteosarcoma cells were examined 2 h after exposure to 9 Gy IR
and 16 h after exposure to 50 Jym2 UV light. These are the time
points and radiation doses at which the levels of endogenous
wild-type p53 protein peaked in response to DNA damage in
U2-OS cells (data not shown). DNA damage led to increased
levels of p53V1wt, which has no Ser or Thr substitutions.
Stabilization was Mdm2 dependent, as confirmed by the absence
of increased levels of mutant p53 proteins that do not associate
with Mdm2 either because of a double substitution of Leu-22 and
Trp-23 with Gln and Ser, respectively, or because of deletion of
the N-terminal 39 residues (Fig. 2). Analysis of the p53 mutants
with SeryThr substitutions revealed no effect from substitutions
of serines 6, 9, 15, 33, 37, 376, 378, or 392 or Thr-18 on the
increase in p53 protein levels in response to either IR or UV
light. However, replacement of Ser-20 with Ala or Asp abrogated
the increase in p53 protein levels after DNA damage (Fig. 2 and
data not shown). The effect of the Ser-20 substitution was not
limited to a specific time point, because similar results were
obtained when the cells were examined over a 24-h period after
exposure to DNA damage (data not shown).

Stabilization of the mutant p53V1 proteins was subsequently
examined in early-passage pools of stably transfected p53-
nullizygous MEFs. We used the p53-specific antibody DO1 to
monitor p53 protein levels, because DO1 is more sensitive than
the anti-HA antibody and the MEFs did not have endogenous
p53; however, similar results could be obtained with the anti-HA
antibody. The protein levels of most p53 mutants increased after
DNA damage; the only exception was the p53 mutants with
substitutions targeting Ser-20, which were not stabilized in
response to DNA damage (Fig. 3 A and B) even though they
could be stabilized when the cells were treated with the protea-
some inhibitor lactacystin (Fig. 3C). DNA damage and substi-
tution of Ser-20 had no effect on expression of the p53 mutants
at the mRNA level (Fig. 3D), thus ruling out the trivial possibility
that differences in mRNA expression accounted for the differ-
ences in p53 protein levels. We also ruled out the possibility that
the results were an artifact of the N-terminal HA tag or the IND
tetramerization domain, which are present in p53V1, by repeat-
ing the key experiments in p53-nullizygous MEFs stably express-
ing p53V2 proteins, which lack the HA tag and have a wild-type
tetramerization domain (Figs. 1 and 3E).

The identification of Ser-20 as the critical residue for p53
stabilization suggests that Ser-20 is phosphorylated in response
to DNA damage, and this phosphorylation underlies the increase
in p53 protein levels. Phosphorylation of p53 on Ser-20 has been

Fig. 1. Diagrams of wild-type p53 (p53wt) and of the variant p53 proteins
(p53V1 and p53V2) that were used to study p53 stabilization after DNA
damage. Tx, transactivation domain; DNA-B, sequence-specific DNA-binding
domain; 4, native tetramerization domain; R, C-terminal regulatory region for
the DNA-binding activity of p53; HA, hemagglutinin tag; IND, modified (in-
dependent) tetramerization domain that does not form heterotetramers with
the native p53 tetramerization domain; H273, histidine substitution for Arg-
273. Substitutions of Ser residues with Ala or Asp were performed in the
context of p53V1 and p53V2.
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reported in response to DNA damage in cell lines that express
mutant p53, but not in cells that express wild-type p53 (36). This

may be because wild-type p53 is expressed at lower levels than
mutant p53 (36). Nevertheless, because the levels of mutant p53
proteins are unaffected in response to DNA damage (4, 36), it
was important to establish whether endogenous wild-type p53 is
phosphorylated on Ser-20 in a DNA damage-dependent manner.
We used two antibodies to monitor Ser-20 phosphorylation:
AbS20p, a polyclonal antibody specific for p53 phosphorylated
on Ser-20, and DO1, a monoclonal antibody that is specific for
p53 not phosphorylated on Ser-20 when the salt concentration in
the IP buffer is 800 mM. The phosphospecificities of these
antibodies were confirmed by using p53 peptides either not
phosphorylated or phosphorylated on Ser-15, Thr-18, or Ser-20
(Fig. 4A). Phosphorylation of endogenous wild-type p53 on
Ser-20 was monitored by immunoprecipitating nuclear extracts
from untreated and irradiated U2-OS cells with antibodies
AbS20p or DO1 and detecting the fraction of p53 in the
precipitate by immunoblotting. The cell extracts were prepared
2 h after exposure of the cells to 9 Gy IR and 16 h after exposure
to 50 Jym2 UV light, the same time points and doses used to
study p53 stabilization. In the absence of DNA damage, endog-
enous p53 was precipitated by antibody DO1, but not by AbS20p;
after exposure to either IR or UV light, the inverse pattern was
observed (Fig. 4B). The switch in DO1 immunoreactivity after
DNA damage could be reversed by treatment of the cell extracts
with protein phosphatase, confirming that the modification
affecting DO1 reactivity was phosphorylation (Fig. 4C). Thus,
endogenous wild-type p53 becomes phosphorylated on Ser-20
after DNA damage. Furthermore, the very low reactivity of p53
to AbS20p in untreated cells and the low reactivity of p53 to DO1
in the cells exposed to DNA damage indicates that in untreated
cells, the major fraction of nuclear p53 is not phosphorylated on
Ser-20, but becomes phosphorylated on this residue after DNA
damage.

The genetic data presented above suggest that stabilization of
p53 in response to DNA damage depends on phosphorylation of
p53 on Ser-20. Furthermore, DNA damage leads to dissociation
of p53 from Mdm2 (25). Because Ser-20 maps to the region of
p53 that contacts Mdm2 (51), one would predict that phosphor-
ylation of p53 on Ser-20 inhibits binding to Mdm2. Ser-15 and
Thr-18 are also physically close to the p53–Mdm2 interface, but
the genetic data suggest that their phosphorylation would not
disrupt the interaction of p53 with Mdm2. One study has indeed
reported that phosphorylation of Ser-20 weakens the interaction
of p53 with Mdm2 (38), but in another study, phosphorylation of
Thr-18, rather than Ser-20, affected binding of p53 to Mdm2

Fig. 2. Substitution of Ser-20 abrogates p53 protein stabilization after DNA damage in U2-OS osteosarcoma cells. p53V1 proteins with SeryThr substitutions
were expressed by transient transfection. The transfected cells were exposed to IR (A) or UV light (B) and p53 protein levels were determined by immunoblotting
(IB) with an antibody that reacts with the HA tag in p53V1. Designations of the expressed p53 proteins correspond to the amino acid substitutions introduced
in p53V1, indicating the position(s) of the replaced residue(s) and the type of residue introduced by using the single-letter code. p53V1wt has no SeryThr
substitutions, p53V1QS has substitutions of Leu-223 Gln and Trp-233 Ser, and p53V1D1–39 has amino acids 1–39 deleted.

Fig. 3. Substitution of Ser-20 abrogates p53 protein stabilization after DNA
damage in p53-nullizygous MEFs stably transfected with constructs expressing
p53V1 (A–D) or p53V2 (E) proteins. The transfected cells were exposed to IR (A
and C–E), UV light (B), or the proteasome inhibitor lactacystin (Lc) (C). p53
protein levels were determined by immunoblotting (IB) with antibody DO1
(A–C, E) and p53 mRNA levels by Northern blotting (D). The mutants are
designated as in Fig. 2.
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(37). In an attempt to address this discrepancy, we examined the
effect that phosphorylation of p53 on Ser-15, Thr-18, or Ser-20
has on its interaction with Mdm2. Peptides that include the
entire region of p53 that interacts with Mdm2 were synthesized
with Ser-15, Thr-18, or Ser-20 phosphorylated and were assayed
for binding to full-length Mdm2 or N-terminally truncated
Mdm2 (DN61) lacking the domain that contacts p53, as a
specificity control. Only phosphorylation of Ser-20 significantly
compromised the interaction between p53 and Mdm2 (Fig. 5A).
These results are consistent with the known three-dimensional
structure of the p53–Mdm2 complex (51), in which the side chain
of Ser-20 is within 1.5 Å of the hydrophobic side chain of Met-62
on Mdm2. The side chain of Thr-18 faces away from the
p53–Mdm2 interface, and Ser-15 is outside the region of p53 that
contacts Mdm2 (Fig. 5B).

Discussion
Ser-20 Phosphorylation and p53 Stabilization. Activation of p53 in
response to DNA damage involves an increase in p53 protein
levels, which is caused by stabilization of the p53 protein (4, 12,
17). In turn, stabilization of p53 is caused by dissociation of p53
from Mdm2 (25), a protein that targets p53 for degradation
(22–24). The involvement of Mdm2 in the regulation of p53 by
DNA damage is well established, because modified p53 proteins
that cannot associate with Mdm2 are not subject to Mdm2-

dependent degradation and are not stabilized after DNA dam-
age (22–24, 26, 27).

The mechanism by which DNA damage leads to dissociation
of p53 from Mdm2 has been difficult to resolve, because
regulation of p53 by DNA damage is very complex. There are 11
reported, and possibly even more, posttranslational modifica-
tions of p53 in response to DNA damage (16, 25, 28–36).
Biochemical and genetic experiments have attempted to resolve
which of these modifications are critical for p53 stabilization, but
have yielded somewhat conflicting results. Biochemically, dis-
sociation of p53 from Mdm2 has been attributed to p53 phos-
phorylation on Ser-15 (25), Thr-18 (37), or Ser-20 (38) by
different groups, with no obvious explanation as to why different
results were obtained. Analysis of mutant p53 proteins with
substitutions targeting many of the Ser residues that are phos-
phorylated after DNA damage did not reveal major defects in
p53 stabilization, leading to the conclusion that p53 phosphor-
ylation does not regulate p53 stabilization (26, 27). However, this
conclusion might have been premature. The genetic analysis of
the mutant p53 proteins was somewhat incomplete, because one
group did not study any p53 mutant with a Ser-20 substitution
(27), whereas the second group reported that a p53 mutant with
Ala substitutions of all N-terminal Ser, including Ser-20, had a
partial stabilization defect. The latter group did not pursue their
analysis by examining single-site mutants (26). Furthermore,
neither of the two groups had available to them p53 proteins with
modified tetramerization domains that allow the ectopic mutant
p53 subunits to be regulated independently of endogenous
wild-type p53.

Fig. 4. Phosphorylation of endogenous wild-type p53 on Ser-20 in response
to DNA damage. (A) Specificity of antibodies DO1 and AbS20p for p53 not
phosphorylated and phosphorylated on Ser-20, respectively. Biotinylated
peptides corresponding to residues 7–29 of human p53 were coupled to
avidin-agarose beads and incubated with antibodies DO1 or AbS20p. Anti-
bodies bound to the beads were detected by fractionation on denaturing
polyacrylamide gels and immunoblotting. -p, nonphosphorylated peptide;
S15p, T18p, and S20p, peptides phosphorylated on Ser-15, Thr-18, and Ser-20,
respectively. (B) Phosphorylation of p53 on Ser-20 in response to IR and UV
light in U2-OS cells, as determined by immunoreactivity of p53 to antibodies
DO1 and AbS20p. The fractions of p53 IP with antibody DO1 (not phosphor-
ylated on Ser-20) and antibody AbS20p (phosphorylated on Ser-20) were
determined by immunoblotting (IB) with antibody DO7. Because p53 protein
levels increase in response to DNA damage, to facilitate comparisons between
nonirradiated and irradiated cells, the amounts of cell extracts used were
adjusted to have equal p53 protein levels in all reactions [as shown by
immunoblotting (IB) with antibody DO7 control reactions not subjected to IP].
(C) Effect of protein phosphatase on the immunoreactivity of p53 to antibody
DO1. Extracts from untreated or irradiated U2-OS cells were treated with
protein phosphatase (PPase 1) or mock-treated (PPase 2) before IP with
antibody DO1. The amounts of cell extracts used were adjusted to have equal
p53 protein levels in all reactions.

Fig. 5. Effect of phosphorylation of Ser-20 on the interaction of p53 with
Mdm2. (A) Capture of 35S-labeled in vitro-translated full-length or N-
terminally truncated (DN61) Mdm2 by phosphorylated and nonphosphory-
lated p53 peptides corresponding to residues 7–29 of human p53; -p, non-
phosphorylated peptide; S15p, T18p, and S20p, peptides phosphorylated on
Ser-15, Thr-18, and Ser-20, respectively. (B) Three-dimensional structure of the
p53–Mdm2 complex (PDB ID code 1YCR). The p53 peptide shown (residues
17–29) is the entire p53 region that associates with Mdm2. Selected amino acid
side chains of p53 and Mdm2 are shown and labeled by using the codon
number and single-letter residue code: F, Phe; L, Leu; M, Met; Q, Gln; S, Ser; T,
Thr; and W, Trp. The oxygen atoms of the hydroxyl groups of Thr-18 and Ser-20
are colored red. The figure was prepared by using MOLSCRIPT (58) and RASTER3D

(59).
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On the basis of genetic and biochemical results, we propose
that phosphorylation of p53 on Ser-20 leads to dissociation of
p53 from Mdm2 and p53 stabilization in response to DNA
damage. The most convincing evidence is that replacement of
Ser-20 with Ala or Asp completely abrogated p53 stabilization
after exposure to IR and UV light (Figs. 2 and 3). This result is
quite striking in light of the observation that seven Ser residues
in p53, including Ser-20, are phosphorylated in response to DNA
damage, but substitutions targeting the other six Ser residues had
no effect on p53 stabilization. In cells where endogenous wild-
type p53 was stabilized in response to DNA damage, we could
detect phosphorylation of p53 on Ser-20 after exposure to either
IR or UV light (Fig. 4). Furthermore, the phosphorylation
involved the major pool of nuclear p53 protein. Consistent with
the genetic and biochemical analysis of p53 in cells, phosphor-
ylation of p53 on Ser-20 weakened the interaction of p53 with
Mdm2 in vitro, whereas phosphorylation of Ser-15 or Thr-18 did
not have such an effect (Fig. 5). Although the results presented
here argue that Ser-20 phosphorylation is required for p53
stabilization after DNA damage, we have not demonstrated that
Ser-20 phosphorylation is sufficient for p53 stabilization; thus,
our results are also consistent with a model whereby stabilization
of p53 requires phosphorylation of p53 on Ser-20 and additional
modification(s) targeting either p53 or even other proteins, such
as Mdm2. We have excluded the possibility that the additional
modification(s) target Ser residues 6, 9, 15, 33, 37, 376, 378, or
392 or Thr-18 of p53 (Figs. 2 and 3); however, there are still
several known modifications of p53 in response to DNA damage
(16, 25, 28–36), and potentially several, as-yet-unknown, mod-
ifications targeting p53 or Mdm2, one or more of which may
cooperate with Ser-20 phosphorylation to induce p53 stabiliza-
tion.

In addition to abrogating p53 stabilization after DNA damage,
replacement of Ser-20 with Ala or Asp resulted in lower basal
levels of p53 protein. This was particularly evident in the MEF
(Fig. 3). A similar result was reported by Unger et al. (38) and
was attributed to increased sensitivity to Mdm2-dependent
degradation, because in cells that lack Mdm2, basal p53 protein
levels were unaffected by replacement of Ser-20 with Ala.
Increased degradation of p53 with Asp at position 20 further
indicates that Asp is not functionally equivalent to phospho-
serine in terms of its ability to weaken the interaction between
p53 and Mdm2.

The proposed model linking Ser-20 phosphorylation and p53
stabilization in response to DNA damage does not contradict any

previous reports, except for one study showing that the inter-
action of p53 with Mdm2 is disrupted by phosphorylation of
Thr-18, and not by phosphorylation of Ser-20 (37). The reason
for this discrepancy is unclear. We note, however, that we are not
the only group reporting that phosphorylation of p53 on Ser-20
affects its interaction with Mdm2 (38).

DNA Damage-Signaling Pathways to p53. Stabilization of p53 after
exposure to IR requires ATM, a kinase implicated in DNA
damage signaling (39–42). In response to UV light, stabilization
of p53 is ATM independent and may require ATR, an ATM-
related kinase (43). ATM and ATR phosphorylate p53 on Ser-15
in vitro and possibly in vivo (43–46); nevertheless, p53 stabiliza-
tion cannot be mediated by direct phosphorylation of p53 on
Ser-15 by ATM or ATR, because replacement of Ser-15 with Ala
or Asp does not compromise p53 stabilization (refs. 26 and 27,
and this study). Rather, p53 stabilization requires phosphoryla-
tion of Ser-20, and neither ATM nor ATR can phosphorylate
p53 on Ser-20 (43–46). Because stabilization of p53 is dependent
on ATM and ATR in response to IR and UV light, respectively,
we propose that ATM and ATR activate other kinases that in
turn directly phosphorylate p53 on Ser-20. Such a model is
consistent with our current understanding of DNA damage
signaling pathways in budding and fission yeast, where the ATM
homologs Mec1 and Rad3 activate the downstream kinases
Rad53 and Cds1, respectively, which in turn regulate the activ-
ities of transcription factors and mitotic regulators (52, 53).
Regulation through a kinase cascade, rather than by Mec1 or
Rad3 directly, allows amplification of the DNA damage signal
and integration of signals from many checkpoint pathways (54).
The human homolog of Rad53 and Cds1, referred to as Chk2 or
hCdsl, has been cloned and is activated in an ATM-dependent
manner in reponse to IR and in an ATM-independent manner
in response to replication blocks, such as those caused by UV
light (55–57). Chk2, like Cds1, regulates the activity of Cdc25C
(55–57). It will be interesting to determine whether it also
regulates the activity of transcription factors, such as p53.
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