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Tumor suppression by the pS3 protein largely depends on the elimination of damaged cells by apoptosis.
Mutations in the polyproline region (PPR) of p53 impair its apoptotic function. Deletion of the PPR renders
p53 more sensitive to inhibition by Mdm2 via an unknown mechanism. We have explored the mechanism by
which the PPR modulates the p53/Mdm2 loop. Proline 82 of p53 was identified to be essential for its interaction
with the checkpoint kinase 2 (Chk2) and consequent phosphorylation of p53 on serine 20, following DNA
damage. These physical and functional interactions are regulated by Pinl through cis-frans isomerization of
proline 82. Our study unravels the pathway by which Pinl activates p53 in response to DNA damage and
explains how Pinl protects p53 from Mdm2. Further, we propose a role for Pinl-dependent induction of p53
conformational change as a mechanism responsible for the enhanced interaction between p53 and Chk2
following DNA damage. Importantly, our findings elucidate the selection for mutations in the Pinl target
Thr81/Pro82 motif within the PPR of p53 in human cancer.

The p53 tumor suppressor protein is essential for the proper
control of cell growth and death. The p53 protein is activated
when a cell encounters various stress conditions, such as DNA
damage. p53 triggers cell growth arrest and/or apoptosis in
order to prevent the replication of damaged cells. These func-
tions of p53 are often lost during tumorigenesis. This loss is
achieved either by direct mutations in the gene, which occur in
about 50% of human cancer cells, or by modifications of p53
regulators (reviewed in reference 20). In nonstressed cells, p53
is maintained at low levels, primarily by the action of Mdm?2
through an autoregulatory feedback loop. However, in re-
sponse to stress, this loop is interrupted and p53 is activated in
a proper temporal and spatial manner (reviewed in references
12 and 14). Multiple mechanisms have been identified to de-
scribe how this loop is interrupted, including posttranslational
modifications of p53 and Mdm2, subcellular transportation,
and interaction with specific modulators (reviewed in refer-
ences 12 and 14). One important activating modification of p53
invoked by DNA damage involves the phosphorylation of p53
on serine 20 (Ser20) by checkpoint kinase 2 (Chk2) within the
Mdm?2 binding site (4, 13, 19). This phosphorylation contrib-
utes to the weakening of the p53/Mdm?2 interaction, thereby
protecting p53 from Mdm?2 (5, 24). The physiological relevance
of this pathway is demonstrated by the impaired activation of
p53 in Chk2-null mice and by the lack of p53 mutations in
cancers bearing Chk2 mutations (2). Interestingly, certain mu-
tations in p53 and Chk2 abrogate their interaction and conse-
quently prevent the phosphorylation of p53 on Ser20 by Chk2
(7, 10).

A fascinating insight into how the p53/Mdm?2 loop is mod-
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ulated came from recent studies describing a newly identified
role for Pinl, a peptidyl-prolyl isomerase, that has been impli-
cated in numerous aspects of cell cycle regulation (reviewed in
references 15 and 16). Pertinently, Pinl is also critical for the
activation of p53 in response to genotoxic drugs, UV light,
ionizing radiation (IR), or deregulated oncogene expression
(28-30). DNA damage induces the interaction between Pinl
and p53, which is mediated through the WW domain of Pinl
and specific proline-directed phosphorylation of p53 on several
Ser/Thr-Pro motifs at Ser33, Ser46, Ser315, and Thr81 (28-30).
Thus, in response to DNA damage, Pinl interacts with p53
and induces cis-trans isomerization, which protects p53 from
Mdm?2, leading to its accumulation and activation (28-30).
One of the Ser/Thr-Pro targets of Pinl resides within the
polyproline region (PPR) (amino acids 62 to 91) of p53, which
contains five partially conserved PXXP motifs. A role for the
PPR in the regulation of p53-dependent apoptosis, but not
growth arrest (18, 27), has been suggested by the observation
that human p53 lacking the PPR (p53APro) exhibits a reduced
specificity for its apoptotic target genes (25, 31). This impair-
ment is only partially conserved in mouse p53 mutants bearing
an equivalent deletion (9). Importantly, a closer examination
of p53 target genes at the endogenous levels revealed that the
altered specificity of p5S3APro was not confined to apoptotic
target genes (31). Therefore, this altered specificity is insuffi-
cient to explain the specific impairment of pS3APro to induce
apoptosis. It is likely that additional mechanisms are respon-
sible for this impaired apoptotic activity. In our search for a
source of this impairment, we identified a new role for the PPR
of p53 in its regulation by Mdm2. p53 lacking PPR has an
increased binding affinity for Mdm?2 and consequently becomes
more sensitive to Mdm2-mediated ubiquitination, nuclear ex-
port, and degradation (3). This novel regulatory role for the
PPR is consistent with the identification of a germ line muta-
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tion within the PPR: the replacement of proline 82 with leucine
(Pro82Leu) in cancer patients with Li-Fraumeni syndrome
(22) and ovarian carcinoma, and somatic mutations in prolines
85 and 89 (from proline to serine) in patients with bladder
tumors (23).

In this study, we searched for a mechanism explaining how
the PPR modulates the p53/Mdm2 loop (3). We found that the
PPR, and more specifically Pro82, is essential for the p53/Chk2
interaction in response to DNA damage and the subsequent
Ser20 phosphorylation. This physical and functional interac-
tion is regulated by Pinl, which requires proline 82 of p53 for
this action. Our results provide a mechanistic explanation for
how Pin1 protects p53 from Mdm?2, leading to its accumulation
and activation. This offers an explanation for the selection for
mutation in Pro82 of p53 in human cancer.

MATERIALS AND METHODS

Cells and transfection assays. U20S osteosarcoma cells, expressing wild-type
(wt) p53 and 293 kidney epithelial cells, were grown at 37°C in Dulbecco’s
modified Eagle’s medium, and H1299 lung adenocarcinoma and Saos-2 osteo-
sarcoma cells, both lacking p53 expression, were grown in RPMI medium sup-
plemented with 10% fetal calf serum. Mouse embryo fibroblasts (MEFs), both wt
and Pin1 deficient, were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 20% heat-inactivated fetal calf serum. Transfections were carried
out as previously described (24). The amounts of expression plasmids used are
indicated in the figure legends. To maintain a constant amount of plasmid DNA
in each sample, a relevant empty vector was added. Western blot analysis and a
luciferase assay were carried out as previously described (11).

Plasmids and antibodies. The expression plasmids used were as follows: hu-
man wt p53 (pRC/CMV wtp53), human p53 lacking the PPR (pRC/CMV
p53DproAE) (27); human mutant p53 with a substitution of isoleucine for
proline 82 (pRC/CMYV p53P82I); p53 triple mutant with three substitutions of
alanine for serine 33, threonine 81, and serine 315 (pcDNA3 p53S33A,T81A,
S315A); human Chk2 (pcDNA3 Flag-Chk2); human wt Pinl (pcDNA3 Ha-
Pinl); and human mutant Pinl with a substitution of alanine for cysteine 109
(pcDNA3 Ha-Pin1C109A) (29). The reporter plasmid used was the p27 luciferase.

The antibodies used were as follows: anti-human p53 monoclonal antibodies
PAb421, PAb1801, and DO1; anti-Chk2 monoclonal antibody DCS-273 (Sigma);
antiactin monoclonal antibody AC-40 (Sigma); anti-influenza hemagglutinin
epitope (anti-Ha) monoclonal antibody HA.11 (16B12; Covance); and anti-
phospho-p53 Ser20 and anti-Pinl polyclonal antibodies (Cell Signaling).

Binding assays. For in vitro binding, glutathione S-transferase (GST) alone
and GST-human Chk2 were purified from bacteria by using glutathione agarose
beads (Pharmacia). Human wt p53, p5S3APro, and p53P82I were transcribed and
translated in vitro using the TNT T7-coupled wheat germ extract system (Pro-
mega). In vitro-translated p53 proteins were incubated with GST fusion proteins
immobilized on beads for 2 h at 4°C in binding buffer (50 mM Tris-HCI [pH 8],
150 mM NaCl, 0.5% Nonidet P-40 [NP-40], 0.5 M EDTA, 100 mM NaF, 1 mM
sodium orthovanadate, 10 wg/ml of aprotinin, 50 wg/ml of phenylmethylsulfonyl
fluoride). The beads were then washed three times with washing buffer (50 mM
Tris-HCI [pH 7.6], 500 mM NaCl, 0.5% NP-40, 0.5 M EDTA, and 5% sucrose)
and subjected to Western blot analysis. For the in vivo GST binding assay,
transfected H1299 cells were exposed to IR (where indicated) and then lysed in
lysis buffer (same as binding buffer but with 300 mM NaCl). A GST pulldown
assay with GST-Pinl or GST control was carried out as described above.

A search for the identified p53 mutation was done with the TARC TP53
Mutation Database (http://www-p53.iarc.fr/index.html).

RESULTS

Proline 82 is important for the proper phosphorylation of
P53 on Ser20 in response to DNA damage. In order to dissect
the mechanism by which the PPR of p53 modulates its regu-
lation by Mdm?2 (3), we searched for posttranslational modifi-
cations that may be involved. Since Ser20 phosphorylation of
p53 impairs the physical and functional interaction between
p53 and Mdm?2 (5, 24), the effect of the PPR on this phosphor-
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ylation was tested. Saos-2 osteosarcoma cells were transfected
with expression vectors for wt p53 or p53 lacking the PPR
(p53APro). Forty hours posttransfection, cells were either left
untreated or exposed to IR (10 Gy). At selected time points,
cells were harvested and the extent of p53 Ser20 phosphoryla-
tion was determined by Western blot analysis using anti-p53
phospho-Ser20 antibody (Fig. 1A). While the level of phos-
phorylation of wt p53 increased with time after IR and was
maintained for 90 min (Fig. 1A, panel I, lanes 1 to 5), the level
of phosphorylation of p53APro was severely impaired for the
duration of phosphorylation (reduced after 45 min) (Fig. 1A,
panel I, lanes 6 to 10). This difference does not reflect changes
in the expression levels of these pS3 proteins (Fig. 1A, panel
II).

It can be argued that this difference reflects major structural
changes incurred by the loss of the entire PPR of p53. We
therefore examined whether a substitution of proline (Pro) 82
in p53, which is targeted for mutation in familial human breast
cancer (22), results in the same impairment. The levels of Ser20
phosphorylation in response to IR for wt p53 and a substitution
mutant of p53 (p5S3P82I, which substitutes isoleucine for pro-
line 82) were compared; such an analysis has been described
for pS3APro but in H1299 cells, lung carcinoma cells lacking
p53 expression. A marked impairment in Ser20 phosphoryla-
tion was observed for p5S3P82I (Fig. 1B). Quantification of the
phosphorylation signal, relative to the amount of p53, revealed
a reduction in the extent of phosphorylation of p53P82I at
early and late time points, with a maximal difference at 1 h
following IR (Fig. 1C). This difference did not reflect changes
in the levels of p53 expression (Fig. 1B, panel II). To examine
whether the reduced phosphorylation of p5S3P821I is due to the
reduced stability of this mutant, the stabilities of wt p53 and
the p53P82I mutant were compared. H1299 cells were trans-
fected with expression vectors for wt p53 or p53P82I as de-
scribed above. Forty hours posttransfection, cells were treated
with cycloheximide (10 wg/ml) and exposed to IR (10 Gy).
Cells were harvested at 0, 2, 6, and 9 h after IR and cyclohex-
imide treatment, and p53 levels were determined. As shown in
Fig. 1D, the half-life of the p53P82I mutant was shorter than
that of wt p53, consistent with our previous findings (3). How-
ever, there was no measurable difference in the stabilities of wt
pS3 and the p53P82I mutant within the first 6 h after IR
and cycloheximide treatment. Since the phosphorylation assays
were performed at earlier time points, it can be concluded that
the observed difference in Ser20 phosphorylation is not due to
differences in protein stability. It is important to note that the
substitution of another proline residue, Pro89, a somatic mu-
tation derived from a human bladder tumor (23), in this region
did not result in this impairment (data not shown). These
results support a positive role for Pro82 in the regulation of
Ser20 phosphorylation in response to IR.

Pro82 is essential for DNA damage-induced p53/Chk2 in-
teraction in vivo but not in vitro. The observed impairment in
Ser20 phosphorylation of p53P82I may result from an in-
creased susceptibility to phosphatase and/or a reduced respon-
siveness to the kinase. To test the former, the effect of a phos-
phatase inhibitor (okadaic acid) on Ser20 phosphorylation was
measured. H1299 cells were transfected with expression plas-
mids for either wt p53 or p53P82I. Twenty-four hours post-
transfection, cells were treated with 300 nM okadaic acid for
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FIG. 1. Pro82 is important for the efficient and prolonged Ser20 phosphorylation of p53 in response to DNA damage. Saos-2 cells (A) or H1299
cells (B) were transiently transfected with expression plasmids for either wt p53 or p5S3AproAE (A) or for p5S3P82I (B) (1 wg each). Forty hours
posttransfection, cells were exposed to y-IR (10 Gy) before being harvested at the indicated times. By use of Western blot analysis, phosphorylation
(p) of p53 Ser20 was determined with anti-p53-phospho-Ser20 antibodies (I), and the level of p53 expression was determined with a mixture of
anti-p53 antibodies (PAb1801 and DO1) (II). (C) The extent of Ser20 phosphorylation (B, panel I) was calculated relative to the level of p53
expression (B, panel II) using densitometry. The ratios of wt p53 to the pS3P82I mutant versus time following IR treatment were plotted on a
graph. (D) H1299 cells were transfected and treated as described above, with the exception that cycloheximide (CHX) (10 pg/ml) was added 10
min before IR treatment. Cells were harvested at the indicated times, and the levels of p53 were monitored as described above. The transfection
efficiencies were determined by introducing a GFP expression plasmid into each sample and monitoring the expression with anti-GFP antibody.

2 h, or left untreated, before Ser20 phosphorylation was de-
termined by Western blot analysis. The phosphorylation of wt
pS53 was markedly enhanced following okadaic acid treatment,
whereas no effect was detected in the p53P82I mutant (Fig.
2A). This result suggests that the impaired Ser20 phosphory-
lation of p53P82I does not involve a phosphatase activity.

To test whether the impaired phosphorylation involves the

Chk2, the p53/Chk2 interaction in response to DNA damage
was evaluated (7, 10). Initially, the interaction was examined in
vitro between in vitro-translated wt p53, pS3APro, or pS3P82I
protein and bacterially expressed GST-Chk2. Equal amounts
of each p53 protein (Fig. 2B, panel II) were incubated with
GST-Chk?2 fusion protein linked to glutathione beads. Follow-
ing a pulldown assay, the amounts of bound p53 were moni-
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FIG. 2. Pro82 facilitates DNA damage-induced p53/Chk2 interaction in vivo but not in vitro. (A) H1299 cells were transfected with expression
plasmids for wt p53 or the p5S3P82I mutant (1 pg each). Forty hours posttransfection, cells were treated with a 300 nM concentration of the phos-
phatase inhibitor okadaic acid (O.A.) for 2 h (+) or left untreated (—) before being harvested. Serine 20 phosphorylation (p) (I) and pS3 expression
levels (II) were monitored as described in the legend to Fig. 1. (B) Equal amounts of in vitro-translated proteins of p53 (wt p53, p53P82I, and
p53APro) were incubated in vitro with bacterially expressed GST-Chk2 or GST alone followed by a pulldown assay. The amounts of bound p53
proteins were monitored by Western blot analysis using a mixture of anti-p53 antibodies (PAb1801 and DO1) (I). The amounts of input p53 forms
and GST-Chk2 were determined by removing aliquots of each sample prior to the pulldown assay and subjecting these to Western blot analysis
using anti-p53 antibodies (DO1 and PAb1801) (II) or anti-Chk2 antibody (DCS-273) (III). The binding results between wt p53 and GST and
GST-Chk2 without p53 were used as the controls (lanes 4 and 5). (C) 293 cells were transfected with expression plasmids for Chk2 (4 pg) together
with wt p53 or p53P82I (2 pg each). Forty hours posttransfection, cells were exposed to IR (10 Gy), and at the times indicated, cell extracts were
subjected to an immunoprecipitation (IP) assay using anti-p53 antibody (PAb421), followed by immunoblotting (IB) with anti-Chk2 antibody
(DCS-273) (I). The levels of p53 (II) and Chk2 (III) expression in each sample were monitored by removing aliquots of cell extracts prior to im-
munoprecipitation and subjecting these to Western blot analysis as described above. (D) The intensities of the bound Chk2 and the amounts of
p53 shown in panel C were determined by densitometry, and the ratios of bound Chk2 to p53 expression were plotted. The ratio at time zero was
taken as 1.

tored by Western blot analysis using an anti-p53 antibody. As
shown in Fig. 2B (panel I), all three forms of p53 bound equally

role in the p53/Chk?2 interaction in response to DNA damage
in vivo. This marked difference between the results obtained in

to GST-Chk2.

Since the p53/Chk2 interaction was enhanced in response to
DNA damage (7, 10), the interaction between p53 or pS3P82I
and Chk2 was determined in vivo in response to DNA damage.
Kidney epithelial 293 cells were transfected with expression
plasmids for wt p53 or p53P82I together with Chk2. Forty
hours posttransfection, cells were either left untreated or ex-
posed to y-IR (10 Gy) for different periods. Cell extracts were
subjected to coimmunoprecipitation using anti-p53 monoclo-
nal antibody PAb421, followed by Western blot analysis with
anti-Chk2 monoclonal antibody DCS-273. The amount of
Chk2 bound to wt p53 increased significantly with time after
irradiation, whereas the amount of p53P82I remained un-
changed relative to the levels of p53 expression (Fig. 2C and
D). These results clearly indicate that Pro82 plays a positive

vitro and those in vivo supports the notion that the p53/Chk2
interaction is facilitated by a modification involving Pro82.
Such a modification occurs in vivo following DNA damage but
not in vitro.

Pin1 is essential for the efficient phosphorylation of p53 on
Ser20. Among the p53-modifying enzymes that may be affected
by the P82I substitution, Pinl is an attractive candidate be-
cause the p53/Pinl interaction requires phosphorylation on
the adjacent residue, Thr81 (29, 30). This encouraged us to test
whether the impaired phosphorylation of pS3P82I results from
a failure of this mutant to undergo isomerization by Pinl. The
effects of Pinl on Ser20 phosphorylation were compared be-
tween MEFs derived from Pinl knockout mice and those of
their normal counterparts. Cells were exposed to IR (10 Gy)
and, at different time points, were harvested to determine the
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FIG. 3. Pinl is essential for Ser20 phosphorylation of p53 in response to DNA damage. (A) MEFs from wt or Pinl-null mice were exposed to
IR (10 Gy), treated with MG132 (20 uM) for 4 h, or left untreated. At the indicated times, cells were harvested and the levels of Ser23
phosphorylation (P) and p53 expression were determined as described in the legend to Fig. 1. The expression levels of Pinl were determined with
anti-Pin1 polyclonal antibody, and the amount of extract loaded was determined by use of antiactin. (B) A pool of mock-transfected U20S cells
and a pool of stably transfected Ha-Pin1C109A mutants were either left untreated or exposed to IR (20 Gy). At the indicated times, the levels of
Ser20 phosphorylation (I) and p53 expression (II) were monitored as described for panel A, while Ha-Pinl was monitored by anti-Ha antibody
(III). As a control, U20S cells were exposed to the proteasome inhibitor MG132 (20 uM) for 4 h. The amount of extract loaded was determined

by reprobing the same membrane with anti-a-actin (IV). O.D., optical

extent of Ser23 (corresponding to the Ser20 of human p53)
phosphorylation. The level of Ser23 phosphorylation in the wt
MEFs increased with time after IR exposure (Fig. 3A, panel I,
lanes 2 to 5). By marked contrast, Ser23 phosphorylation was
not detected in the Pinl-null MEFs (Fig. 3A, panel I, lanes 7 to
10). This strongly implicates Pinl as an important regulator of
p53 Ser20 phosphorylation in response to IR at physiological
levels of p53 and Pinl. Importantly, the accumulation of p53
follows Ser23 phosphorylation (Fig. 3A, panel II, lanes 3 and
4), providing further support for the link between this phos-
phorylation and the role of Pinl in the accumulation of p53 in
response to DNA damage. In the absence of DNA damage,
Ser23 phosphorylation was not detected even when a large
amount of p53 accumulated from treatment with the protea-
some inhibitor MG132 (Fig. 3A, panel II, lanes 1 and 6). As
previously reported (29), the accumulation of p53 was im-
paired in the Pinl-null MEFs (Fig. 3A, panel II, lanes 7 to 10).

In addition to performing the MEF experiment, we exam-

density.

ined the role of Pinl in Ser20 phosphorylation in human cells
at endogenous levels of p53. For this purpose, Pinl activity was
downregulated using a Pin1C109A mutant. This mutant binds,
but cannot isomerize, pS3 (29, 30) and hence is likely to act as
a dominant negative mutant. U20S osteosarcoma cells ex-
pressing wt p53 were stably transfected with the Pin1C109A
mutant or with an empty vector. Cells were exposed to IR (20
Gy), and the amount of Ser20 phosphorylation of endogenous
p53 was determined. Whereas phosphorylation appeared at 1 h
after IR in the control cells, it was detected only after 2 h in the
Pin1C109A transfectant pool. Likewise, the extent of phos-
phorylation was threefold higher with the control cells than
with the Pin1C109A-expressing pool (Fig. 3B, panel I, lanes 6
and 11). It should be noted that, here too, Ser20 phosphory-
lation preceded p53 accumulation by 1 h (Fig. 3B, compare
panels I and II). Further, Ser20 phosphorylation was depen-
dent on DNA damage and was not detected in accumulated
p53 by MG132 (Fig. 3B, panel II, lane 1). Together, these
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FIG. 4. Pinl enhances p53/Chk?2 interaction in response to DNA damage. (A) H1299 cells were transfected with expression plasmids for p53
(3 pg) and Ha-Pinl (5 pg). Twenty-four hours posttransfection, cells were exposed to IR (10 Gy) (+) or left untreated (—). Ninety minutes after
IR, cell extracts were subjected to a pulldown assay using bacterially expressed GST-Chk2 or GST beads alone. The amounts of bound p53 and
input p53 were monitored by immunoblotting (IB) as described in the legend to Fig. 1. (B) H1299 cells were transfected with expression plasmids
for p53 alone (3 pg) (—) or together with Ha-Pinl (5 ng) (+). Twenty-four hours posttransfection, cells were either left untreated or irradiated
(10 Gy). At the indicated times, cell extracts were subjected to a pulldown assay using bacterially expressed GST-Chk2 beads. The amount of bound
p53 was determined by Western blotting using anti-p53 antibodies (PAb1801 and DO1) (I). The amounts of input p53 (II) and Ha-Pin1 (III) were
monitored with anti-p53 and anti-Ha antibodies, respectively. (C) The intensities of the bound p53 and amounts of p53 shown in panel B were
determined by densitometry, and the ratios of bound p53 to p53 expression were plotted. The ratio at time zero was taken as 1. (D) H1299 cells
were transfected with the indicated expression plasmids. Twenty-four hours posttransfection, cells were either left untreated or irradiated (10 Gy).
Ninety minutes after irradiation, cells were subjected to a GST-Chk2 pulldown assay as described for panel A. The levels of input p53 (II) and

Ha-Pinl1 (III) are shown.

results indicate that Pinl plays an important role in the regu-
lation of Ser20 phosphorylation of p53.

Pinl enhances p53/Chk2 interaction in response to DNA
damage. The finding that Pinl plays an important role in the
regulation of Ser20 phosphorylation of p53 begged the ques-
tion as to whether Pinl facilitates p53/Chk2 binding in re-
sponse to DNA damage. To address this question, H1299 cells
were transfected with wt p53 and Ha-Pinl. Twenty-four hours
later, cells were exposed to IR (10 Gy) or were left untreated.
Ninety minutes after IR, cell extracts were subjected to a pull-
down assay using bacterially derived GST-Chk2 or GST alone.
As shown in Fig. 4A, p53 interacted with GST-Chk2 but not
with GST alone, and this interaction was dependent on DNA
damage. The role of Pinl in this interaction was determined by
transfecting H1299 cells with p53 alone or together with Ha-
Pinl expression plasmids. Forty hours later, cells were irradi-
ated (10 Gy), and at different times after IR, cell extracts were
subjected to a GST pulldown assay using bacterially expressed

GST-Chk2. The interaction between p53 and Chk?2 increased
within 30 min after irradiation, irrespective of the presence of
exogenous Pinl (Fig. 4B, lanes 2 and 6), suggesting that the
endogenous levels of Pinl are sufficient for the efficient initi-
ation of this interaction. Thereafter, the extent of this interac-
tion was reduced in the absence of exogenous Pinl but was
significantly increased and maintained for over 2 h in the pres-
ence of exogenous Pinl (Fig. 4B and C). This result supports a
role for Pinl in modulating the extent and duration of p53/
Chk?2 interaction in response to DNA damage. Further, since
Chk2 was bacterially expressed, it could not have been sub-
jected to modification by Pinl, supporting the cis-trans isomer-
ization of p53 by Pinl as the relevant modification.

Next, we asked whether the impaired interaction between
Chk2 and p53P82I results from a defective response of the
latter to Pinl-mediated isomerization. To address this ques-
tion, we compared the effects of Pinl on the Chk2/p53 inter-
action between wt p53 and p53P82I following IR. H1299 cells
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were transfected with different combinations of expression vec-
tors for wt p53 or p5S3P82I and wt Ha-Pinl or Ha-Pin1C109A.
Twenty-four hours posttransfection, cells were either left un-
treated or exposed to IR (10 Gy), and 90 min later, cells were
harvested. Cell extracts were subjected to a pulldown assay
using bacterially expressed GST-Chk?2 as described above. The
interaction between Chk2 and wt p53, but not between Chk2
and the p53P82I mutant, increased in response to IR (Fig. 4D,
panel I, lanes 1, 2, 5, and 6), consistent with the results shown
in Fig. 2C. Importantly, coexpression of wt Pinl markedly in-
creased the p53/Chk2 binding (Fig. 4D, panel I, lanes 3 and 4),
while only a slight increase was observed with pS3P82I (Fig. 4D,
panel I, lanes 7 and 8). In contrast to wt Pinl, the Pin1C109A
mutant abrogated p53/Chk2 binding, even in response to IR
(Fig. 4D, panel I, lanes 9 and 10). These results suggest that
Pin1 facilitates the interaction between p53 and Chk2 through
cis-trans isomerization, which requires Pro82 in p53.

Pro82 is essential for binding and activation of p53 by Pinl.
The demonstrated role for Pro82 in the interaction and phos-
phorylation of p53 by Chk2 raised the possibility that the sub-
stitution for Pro82 impairs interaction and cis-trans isomeriza-
tion of p53 by Pinl. To test this prediction, we compared the
interactions between Pinl and wt p53 and between Pinl and
the p53P82I mutant in response to IR by a pulldown assay us-
ing GST-Pinl. As a control, a triple mutant of p53 (p53S33A,
T81A,S315A [p53T]), which is deficient in Pinl binding, was
used (29, 30). H1299 cells were transfected with expression
plasmids for wt p53, pS3P82I, or p53T, and 24 h later, cells
were either left untreated or exposed to IR (10 Gy). Forty-five
minutes after IR, cell extracts were subjected to a pulldown
assay using GST-Pinl attached to beads. The amount of p53
bound to Pinl was monitored by Western blot analysis using an
anti-p53 antibody. While exposure of cells to IR significantly
increased wt p53/Pinl binding, no detectable increase was ob-
served in the binding of Pinl to the pS3P82I or p5S3T mutants
(Fig. 5A). This result clearly indicates that Pro82 is essential
for the Pinl/p53 interaction in response to DNA damage. A
prediction from this result was that the p5S3P82I mutant would
not be activated by Pinl. This prediction was tested by a tran-
scriptional assay using a p21 promoter-driven luciferase report-
er gene. U20S cells were transfected with the p21 luciferase
reporter plasmid along with wt p53 or p53P82I expression
plasmids alone or together with Ha-Pinl. Whereas the tran-
scriptional activity of wt p53 was enhanced by Pinl, that of the
p53P82I mutant was almost unaffected (Fig. 5B, panel I). This
differential response did not reflect differences in the levels of
protein expression between the two forms of p53, as deter-
mined by Western blot analysis in the same assay (Fig. 5B, pan-
el II).

DISCUSSION

The PPR of p53 is essential for p53-mediated apoptosis
(18, 25, 27, 31), particularly in response to chemotherapeutic
agents (1). This role is supported by the identification of germ
line and somatic mutations within this region in human cancers
(references 22 and 23 and the TP53 Mutation Database). Po-
sitioned between the N-terminal transactivation domain and
the core DNA binding domain, the PPR can serve as a mod-
ulator for multiple functions of p53, predominantly tran-
scriptional activities. Indeed, the lack of the PPR alters p53
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specificity for certain target promoters (25, 31). This partially
explains the impaired apoptotic activity of p5S3APro. We have
previously shown that the deletion of the PPR impairs p53
activities, including p53-mediated apoptosis, by increasing
p53’s sensitivity to inhibition and degradation by Mdm2 (3).
This results from an enhanced binding of Mdm?2 to p53 lacking
PPR (3).

How the PPR modulates the p53/Mdm?2 interaction is an
important question that has been addressed in this study. The
phosphorylation of p53 on Ser20 that abrogates the p53/Mdm?2
interaction (5, 24) is defective in the p53APro mutant and,
more importantly, in the Pro82 mutant p5S3P82I (22). These
PPR mutations severely impair both the extent and the dura-
tion of Ser20 phosphorylation in response to DNA damage (by
IR). The defect in Ser20 phosphorylation of the p5S3P82I mu-
tant results from a reduced ability of this mutant to bind Chk2
in vivo but not in vitro. This clearly links Pro82 with the reg-
ulation of p53 phosphorylation by Chk2. Further, the striking
difference between the in vivo and in vitro binding results im-
plies that Pro82-dependent regulation of Chk2/p53 binding
requires a DNA damage-induced modification of p53 in vivo.

The location of Pro82 within key Ser/Thr-Pro target motifs
of p53 for Pinl (29, 30) spotlighted it as the prime modifying
enzyme candidate. Using MEFs null for Pinl, we demonstrat-
ed that at endogenous expression levels, Pinl plays a major
role in the Ser20 phosphorylation of p53 in response to IR. It
should be noted that this phosphorylation preceded p53 accu-
mulation in response to DNA damage, supporting a link be-
tween Ser20 phosphorylation and the role of Pinl in the accu-
mulation of p53 in response to DNA damage. This effect of
Pinl is achieved by facilitating an IR-induced p53/Chk2 inter-
action, and it provides a novel insight into how the p53/Chk2
interaction is enhanced in response to DNA damage (10).

How the cis-trans isomerization of Pro82 of p53 affects Chk2
binding is not clear; however, it is likely to involve a confor-
mational change that affects at least one of the two Chk2
docking sites located in conserved boxes II and V of p53 (7).
Our results are consistent with previous studies demonstrating
a critical role for Pinl in the activation and accumulation of
p53 in response to DNA damage (28-30). Importantly, our link
between Pro82 and Chk2-dependent regulation of p53 clarifies
how Pinl protects p53 from Mdm?2-mediated inhibition (29).
We found that Pinl modulates both the extent and the dura-
tion of Ser20 phosphorylation in response to DNA damage.
This raises the possibility that Pin1 may affect the threshold of
p53 signaling in response to DNA damage, which in turn may
influence the outcome of the p53 response, for instance, by
tipping the balance between growth arrest and apoptosis in a
given cellular context (26). While our study focused on the
Chk2 pathway, it did not exclude the contributions of parallel
pathways activated by Pinl that can affect p53 regulation di-
rectly or p53 functional outcome indirectly. The effects of Pinl
on B-catenin (17) and Cdc25 (8, 21) exemplify this notion.
Recently, a role for the PPR in the transcriptional-indepen-
dent apoptotic activity of p53 has been reported (6). It would
be interesting to evaluate the role of Pinl in this activity.

The substitution for Pro82, such as that in the p53P82I
mutant, is sufficient to abrogate the pS3/Pinl interaction and,
consequently, the Pinl-dependent activation of p53 through
the Chk2 pathway. This suggests the first molecular explana-
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FIG. 5. Pro82 is essential for binding and activation of p53 by Pinl. (A) H1299 cells were transfected with expression plasmids for either wt
p53, the pS3P82I mutant, or the pS3S33A,S315A,T81A triple mutant (pS3T mut). Twenty-four hours posttransfection, cells were either left
untreated (—) or irradiated (10 Gy) (+), and 45 min later, cell extracts were subjected to a pulldown assay using GST-Pinl beads. The amounts
of bound p53 (I) and input p53 (II) were determined by Western blot analysis using anti-p53 antibodies (DO1 and PAb1801). (B) U20S cells were
transfected with the indicated expression plasmids (0.1 pg for p53 plasmids and 1 pg for Ha-Pinl plasmids) together with a luciferase reporter
plasmid (0.3 pg) driven by the p21 promoter. Twenty-four hours after transfection, the luciferase activity was determined for each sample (I). The
luciferase activity is expressed in arbitrary units, and the averages and standard deviations for three independent experiments are shown. The
amounts of p53 and Ha-Pinl were monitored by Western blot analysis (II) using anti-p53 and anti-Ha antibodies, respectively.

tion for why a missense mutation in Pro82 of p53 was selected
in human cancer. Interestingly, the adjacent threonine (Thr81)
within this Thr-Pro motif of Pinl is also mutated in human
cancer (TP53 Mutation Database). Moreover, mutations have
also been identified in the other Pinl target motifs in p53,
Ser315/Pro316 and Ser46/Pro47, in a variety of human cancers
(TP53 Mutation Database). This raises the intriguing possibil-
ity that these mutations may affect p53 regulation by impairing
relevant posttranslational modifications of p53, as in the case
of Pro82. Exploring the mechanisms by which these mutations
affect p53 activities should provide explanations for their se-
lection in cancer and unravel a new layer of complexity in p53
regulation.
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