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Abstract

Materials and Methods

Cells and UV Treatment. NHFs (TIG) were kindly provided by Hidetoshi
Tahara (NIEHS, Durham, NC) and maintained in DMEM supplemented with
Introduction
10% fetal bovine serum and antibiotics. Normal human fibroblasts (70%
2
2
The p53 tumor suppressor gene encodes a short-lived transcription confluent, passages 22–27) were treated with either 9 J/m or 50 J/m UV-C
light (254 nm) and harvested at indicated time points.
factor (1, 2), which is stabilized in response to a variety of stresses (3).
Cell Lysis, Immunoprecipitation, and Western Blot. Cells were lysed in
Posttranslational modifications of p53 by phosphorylation and acety- lysis buffer [20 mM HEPES (pH 7.5), 350 mM NaCl, 25% glycerol, 0.25%
lation have been implicated in its stability and transcriptional activa- NP40, 1 mM sodium vanadate, 0.5 mM phenylmethylsulfonyl fluoride, and 1
tion (3). Among cellular proteins that have been shown to play a direct g/ml each of aprotinin, pepstatin, and leupeptin]. Lysates were clarified by
role in regulating p53 stability and transcriptional activity are Mdm23 centrifugation for 15 min at 14,000 ⫻ g at 4°C. The protein concentration was
(4, 5), JNK (6, 7), p14ARF (8), and p300/CBP (9). The ability of determined, and aliquots were stored at ⫺80°C. For immunoprecipitations, 1
Mdm2 and JNK to target degradation of p53 is impaired as a result of mg of extract at each time point was precleared with 10 l of protein A/G
phosphorylation of p53 by stress kinases, as shown for mitogen- beads for 1 h at 4°C to remove unspecific binding. Precleared extracts were
activated protein kinase kinase 1 (6), p38 (10), and ataxia telangiec- incubated with either pAb421 or DO1 antibodies overnight at 4°C. Protein A/G
tasia mutant/DNA-protein kinase (11, 12). Whereas ataxia telangiec- beads were added for 3 h at 4°C, and the mixture was then centrifuged at
14,000 rpm for 10 min at 4°C. Protein A/G beads were washed four times with
tasia mutant and DNA-protein kinase target p53 phosphorylation at
PBS, 3⫻ sample buffer was added, and samples were boiled for 5 min. Eluted
NH2-terminal residue 15 (12), p38 phosphorylates p53 at the COOH- material was loaded on an 8% SDS-PAGE and electroblotted, and Western
terminal residue 389 (10), and JNK was reported to phosphorylate p53 blotting was carried out with the indicated antibodies. For straight Western blot
at amino acid 34 (13). Other kinases implicated in p53 phosphoryla- analysis, 150 g of extracts were loaded on a 8% SDS-PAGE and analyzed as
tion include casein kinase II, which was shown to phosphorylate described above.
Western Blot Procedure for Phospho-Antibodies. Cell pellet was lysed
amino acid 386, (14) protein kinase C, which phosphorylates p53 on
residue 371 (15), and cyclin-dependent kinase 2, which phosphoryl- with three packed volumes of phospho-extraction buffer [20 mM Tris-HCl (pH
ates amino acid 315 (16). In addition, acetylation on residues 320 and 7.5), 20 mM p-nitrophenylphosphate, 1 mM EGTA, 50 mM sodium fluoride, 50
373 was observed in response to DNA damage and has been associ- M sodium orthovanadate, 5 mM benzamidine, 100 mM NaCl, 5 mM MgCl2,
ated with p53 transcriptional activities (17). Although ample reports supplemented with 40 g/ml DNase I, and 1 g/ml protease inhibitors] and
incubated for 10 min at room temperature. After incubation with sample buffer
point to p53 phosphorylation on multiple residues, the requirement(s)
for 5 min at 95°C, samples (200 g) were loaded and separated on a 10%
and regulation of such phosphorylation is not well understood. Upon SDS-PAGE and electroblotted for 3 h at 100 V. Membrane was incubated with
activation, p53 induces either growth arrest or apoptosis (18). Al- respective acetylation or phospho-antibodies overnight and developed using
ECL detection.
EMSA. For gel-shift assays, p53 prepared from NHFs (2 g) was immuReceived 10/18/99; accepted 12/30/99.
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noprecipitated with either DO1 or pAb421 antibodies. Elution of p53 from the
charges. This article must therefore be hereby marked advertisement in accordance with
respective antibodies was carried out by adding 75 g of peptides correspond18 U.S.C. Section 1734 solely to indicate this fact.
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eluted and dialyzed p53 was separated on 8% SDS-PAGE, followed by
3
The abbreviations used are: Mdm2, murine double minute 2; JNK, c-Jun NH2immunoblot analysis to verify that equal amounts of protein are used for gel
terminal kinase; NHF, normal human fibroblast; EMSA, electrophoretic mobility shift
shift reactions. An equal amount of eluted p53 (20 l) was mixed with
assay.
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p53 phosphorylation and association with proteins is implicated in its
stability and activity. We have compared the association of DNA-bound
and overall pools of p53 with murine double minute 2 (Mdm2), c-Jun
NH2-terminal kinase (JNK), p300/CBP, and p14ARF during cell cycle
progression. Whereas DNA-bound p53 associates with JNK at G0-G1 and
with Mdm2 and p300 during S and G2-M phases, the general pool of p53
was found in complex with JNK and Mdm2 almost throughout the cell
cycle. Phosphorylation of p53 at serines 9, 15, and 20 is at the highest levels
at G1 and at serines 37 and 392 during G2-M phase. Whereas a high dose
of UV irradiation was required for phosphorylation of serines 15 and 392
between 8 and 24 h after treatment, a low dose caused immediate phosphorylation on serines 9, 20, and 372. These dynamic changes in the
phosphorylation of p53 are expected to play a pivotal role in p53 association, stability, and function.

though the mechanisms underlying the ability of p53 to elicit such
opposing effects are yet to be identified, independent studies point to
a different set of p53 regulators and effectors that are affected by p53
in each of these scenarios.
In studying the regulation of p53 stability, we demonstrated previously that, in Swiss 3T3 cells, JNK and Mdm2 target p53 degradation
in different phases of the cell cycle (7). In this study, we have
compared the association of subpopulations of p53 with proteins
implicated in stability and activity of p53 and monitored the pattern of
phosphorylation during cell cycle progression and after exposure to
UV-C irradiation.

CELL CYCLE AND STRESS-DEPENDENT p53 PHOSPHORYLATION

Fig. 1. DNA-binding activity of p53 purified by
pAb421 versus DO1. Proteins from NHFs were subjected to immunoprecipitation using pAb421 or DO1
antibodies, followed by elution, dialysis, and analysis
on Western blots for amounts of p53 (right panel).
Equal amounts of p53 were taken for gel shift reactions using 32P-labeled oligonucleotide bearing p53
target sequence under conditions indicated in the
figure. oligo, oligonucleotide; IP, immunoprecipitation.

to the reaction. Samples were separated on 4% PAGE, followed by autoradiography.

Results and Discussion
Association of p53 with proteins that alter its stability was carried
out in NHFs using pAb421 antibodies, which recognize a DNA-bound
form of p53 (19), and DO1 antibodies, which recognize p53 inde-

Fig. 2. Association of wild-type p53 with Mdm2, JNK, p300, and p14ARF in different phases of the cell cycle. NHFs at a confluence of 50% were synchronized by maintaining
them in medium containing 0.2% calf serum. Upon addition of 10% serum (time 0), cells were harvested at the four phases of the cell cycle based on fluorescence-activated cell sorter
analysis to identify the optimal time to represent G0 (0 h) G1 (15 h), S (21 h), and G2-M (27 h). Cells were lysed and incubated for immunoprecipitation (IP) with either pAb421 or
DO1 antibodies overnight at 4°C. Western blots were carried out with the indicated antibodies. The same analysis was performed using direct Western blot analysis, in which 150 g
of extracts were loaded on an 8% SDS-PAGE and analyzed as described above.
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DNA-binding reaction buffer [5⫻ EMSA buffer, 40 mM spermidine, 10 mM
DTT, and 500 g/ml poly(deoxyinosinic-deoxycytidylic acid)] and the 32Plabeled double-stranded oligonucleotide (10 ng/l 32P probe), which harbors
p53 target sequence derived from the human p21/CIP/WAF1 promoter (sense,
5⬘-AAT TCT CGA GGA ACA TGT CCC AAC ATG TTG CTC GAG-3⬘;
antisense, 5⬘-CTC GAG CAA CAT GTT GGG ACA TGT TCC TCG AGA
ATT-3⬘). The mixture was incubated for 30 min at room temperature. For
competition experiments, excess of unlabeled cold oligonucleotide was added

CELL CYCLE AND STRESS-DEPENDENT p53 PHOSPHORYLATION

highest levels in the G2-M phase (Fig. 2, IV ⫹ V). The association of
p300 with p53 was limited to the pAb421-recognizable form during
the late phases of the cell cycle (Fig. 2, IV). The association between
both pAb421- and DO1-recognized forms of p53 and p14ARF was
seen primarily in the G2-M phase of the cell cycle (Fig. 2, V).
These observations suggest that association with each of the proteins that affect p53 stability may require a different conformation of
the p53 protein, which is therefore expected to undergo dynamic
changes throughout the cell cycle.
The nature of p53 phosphorylation and acetylation was studied
using p53 that has been immunoprecipitated with pAb421 antibodies,
followed by analysis with antibodies that were raised against specific
phosphoacceptor sites. Antibodies that recognize either of the acetylation sites on amino acids 320 and 373 detected the highest levels of
acetylation in the G0 phase, which declined as the cell cycle progressed (Fig. 3A). Serines 9, 15, 20, and 372 are phosphorylated in the
G1 phase of the cell cycle (Fig. 3, B, C, D, and F). Phosphorylation on
Ser-37 was somewhat higher in cells grown in the S and G2-M phases
of the cell cycle (Fig. 3E), whereas phosphorylation on Ser-392 was
found to occur primarily during the G2-M phase of the cell cycle (Fig.
3G). The active interplay between different sites that are phosphorylated as the cell cycle progresses suggests dynamic changes in the
conformation of p53, which in turn, alter affinity for cellular proteins,
as demonstrated in Fig. 2. That JNK is immunoprecipitated with
pAb421, which also immunoprecipitates the acetylated form of p53,
implies that acetylation and JNK association share G0-related confor-

Fig. 3. Acetylation and phosphorylation of p53 at different phases of the cell cycle in NHFs. At time points reflecting G0, G1, S, and G2-M, proteins were prepared from cells, and
p53 was immunoprecipitated with pAb421 antibodies. Western blot analysis using acetylation- or phospho-antibodies was carried out (New England Biolabs), and proteins were detected
by ECL reaction. A, acetylation levels; B, Ser-9; C, Ser-15; D, Ser-20; E, Ser-37; F, Ser-372; G, Ser-392.
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pendent of conformation, and is expected to recognize an overall pool
of p53 molecules. Indeed, immunoprecipitations of p53 from NHF
cells with each of these antibodies, followed by elution of p53 and
analysis of DNA-binding activity, revealed that pAb421-immunoprecipitated forms of p53 exhibit a markedly higher level of DNAbinding activity, when compared with the activity detected in DO1
precipitates (Fig. 1). These findings confirm that pAb421 antibodies
recognize a form of p53, which has a greater ability of associating
with p53 target sequence. These findings also reveal that the pool of
p53 molecules recognized by the DO1 antibodies is different from
those detected by pAb421, indicating that these antibodies recognize
different subpopulations of p53 molecules.
p53 association with proteins implicated in its stability varied
dramatically when pAb421- and DO1-recognized populations of p53
were compared. pAb421-recognized p53 is predominantly associated
with Mdm2 in the S and G2-M phases of the cell cycle, whereas the
DO1-recognized p53 was found in complex with Mdm2 throughout
the cell cycle with maximal levels during G1 and S phases (Fig. 2, II).
Analysis of JNK association with pAb421-recognized p53 identified
such a complex during G0 and G1 phases (Fig. 2, III), as was observed
previously in mouse fibroblasts 3T3 cells (7). Although higher, relative levels of JNK bound to the DO1-recognized form of p53 decreased as the cell cycle progressed (Fig. 2, III).
Analysis of p300 and p14ARF association with the pAb421-recognizable form of p53 revealed that the amounts of p300 and p14ARF
increase continuously as the cell cycle progresses, reaching their

CELL CYCLE AND STRESS-DEPENDENT p53 PHOSPHORYLATION

4 h, exposure to the lower dose led to maximal phosphorylation after
8 h (Fig. 4, C and D). Both doses of UV elicited maximal phosphorylation on Ser-20 after 4 h (Fig. 4C).
The degree of Ser-372 phosphorylation was greater and occurred
faster after exposure to high-dose irradiation, although the lower dose
also caused a noticeable increase at this phophoacceptor site (Fig. 4E).
Conversely, Ser-392 was weakly phosphorylated 24 h after high-dose
irradiation (Fig. 4F). Analysis of p53 acetylation revealed a rapid (1
h) and short-lived increase after exposure to a dose of 50 J/m2 UV
light, whereas the lower dose caused a short-lived increase after 4 h
(Fig. 4G).
The kinetics of p53 phosphorylation in response to UV irradiation
suggest that in NHFs, phosphorylation at Ser-9, -20, -37, and -372
may contribute to p53 stability, whereas phosphorylation on Ser-15
occurs after p53 stabilization took place. The kinetics of p53 Ser-15
phosphorylation is in agreement with Shieh et al. (11). It is important
to note that earlier phosphorylation of Ser-15 was recorded in other
cell systems, including cells of ataxia telangiectasia patients and
lymphoblasts (20), suggesting that changes in and contribution of
respective phosphoacceptor sites is cell type dependent. In addition,
given the complex changes in p53 phosphorylation demonstrated in
the present study, it is likely that other phosphoacceptor sites do exist
and are crucial for mediating p53 functions. The latter is supported by
the recent reports that could not identify major changes in stability/
activity of p53 that has been mutated in most of the phosphorylation
sites studied here (21).
Overall, our study provides evidence for the existence of at least
two subpopulations of p53, which differ in their phosphorylation
pattern as in their conformation. Respectively, only a subpopulation of
p53, which is recognized here by the pAb421 antibodies, is found to
exhibit dynamic changes in association with proteins that contribute to
p53 stability and activity and in their phosphorylation pattern. Given

Fig. 4. Acetylation and phosphorylation of p53 after low- or high-dose UV treatment. NHFs (70% confluent) were treated with 9 J/m2 or 50 J/m2 UV-C light and harvested at the
indicated time points. Cells were lysed and processed as described in “Materials and Methods.” I, specific immunostaining with different phospho-antibodies directed against the various
serine residues. Wild-type p53, shown in II, was detected using monoclonal DO1 antibodies (Oncogene).
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mation that is recognized by pAb421. The finding that p14ARF association with pAb421-recognized p53 at G0 and G2-M coincides with
JNK and Mdm2 association points to possible interplay between the
stabilizing and degrading molecules. That substantial lower amounts
of JNK and no Mdm2 were found in complex with pAb421-bound
p53 during G1 phase, when most phosphorylation events were recorded, further support the notion that phosphorylation protects transcriptionally active p53 from degradation, as was shown previously
(6, 7, 11). Finally, the association of Mdm2 and p300 with active p53
during S-G2-M phases is in line with recent studies, suggesting that
such association is interdependent (9). Together, these data suggest
that p53 may elicit an active transcriptional signal at G1 and G2-M
phases of the cell cycle.
Using phosphospecific antibodies, we elucidated changes in p53
phosphorylation at different time points after the administration of
low (9 J/m2) or high (50 J/m2) doses of UV irradiation. Lower doses
are implicated in p53-elicited growth arrest, whereas high doses
reflect p53-mediated apoptosis. Fig. 4II depicts the characteristic
time-dependent increase in p53 level after UV treatment. Increased
phosphorylation on Ser-9 was seen within 1 h after exposure to a high
dose of UV irradiation, which has been maintained after 4 and 8 h;
after 24 h, the level of Ser-9 phosphorylation decreased (Fig. 4A).
Exposure to low-dose irradiation led to a weaker yet sustained increase in Ser-9 phosphorylation, even after 24 h. The degree of Ser-9
phosphorylation 1 h after exposure to high-dose UV light was comparable with that seen 24 h after exposure to the low dose (Fig. 4A).
An increase in Ser-15 phosphorylation was found only after exposure
to high-dose irradiation and not earlier than 8 h after treatment (Fig.
4B). Phosphorylation of Ser-20 and Ser-37 was induced by both lowand high-dose UV, although the high dose caused a faster and stronger
increase in phosphorylation at this site. Whereas the dose of 50 J/m2
UV light caused the highest level of phosphorylation on Ser-37 after

CELL CYCLE AND STRESS-DEPENDENT p53 PHOSPHORYLATION

the abundant support for phosphorylation-dependent changes in p53
conformation, stability, and function, our study identifies changes in
p53 association and phosphorylation with cell cycle progression or
dose-dependent stress response, thereby breaking down the complex
regulation of p53 stability and activity.
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