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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 tum or suppressor protein is a t ranscript ion fac-

tor that is act ivated in response to a variety of DN A-

dam aging agents, including ionizing irradiat ion (IR) (Kas-

tan et al. 1991), u lt raviolet (UV) irradiat ion (Maltzm an

and Czyzyk 1984; N elson and Kastan 1994), hypoxia

(Graeber et al. 1994), and ribonucleoside t riphosphate

deplet ion (Linke et al. 1996). In response to DN A dam -

age, there is an accum ulat ion of p53 protein through

post -t ranscript ional m echanism s and a subsequent in-

crease in p53 act ivity (Maltzm an and Czyzyk 1984; Kas-

tan et al. 1991, 1992; El-Deiry et al. 1993). Act ivat ion of

p53 resu lt s either in a G 1 cell cycle arrest or apoptosis

that cont ribu tes to suppression of m alignant t ransform a-

t ion and the m ain tenance of genom ic in tegrity (Hartwell

and Kastan 1994).

The m echanism by which p53 becom es act ivated after

DN A dam age is unknown. It has been dem onst rated pre-

viously that cells with m utant atm (m utated in ataxia

telangiectasia) alleles show a defect in the accum ulat ion

of p53 protein in response to IR (Kastan et al. 1992;

Khanna and Lavin 1993; Canm an et al. 1994). The failu re

of cells derived from ataxia telangiectasia pat ien ts to op-

t im ally induce p53 in response to IR is also m anifested in

a failu re to induce p53 target genes (Canm an et al. 1994;

Lavin et al. 1994). Therefore, ATM acts upst ream of p53

in the cellu lar response to IR. It is not known whether

ATM direct ly or indirect ly act ivates p53 in the IR-in-

duced signal t ransduct ion pathway.

Post -t ranslat ional m odificat ion involving phosphory-

lat ion is one poten t ial m echanism through which the

act ivity of p53 protein m ay be regulated. Protein k inases,

including casein kinase I (Milne et al. 1992), DN A-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 am ino term inus of p53 in vit ro. How-

ever, the in vivo significance of the am ino-term inal p53

phosphorylat ion sites ident ified in in vit ro studies is un-

clear. Several observat ions suggest that phosphorylat ion

with in the am ino term inus of p53 m ay have funct ional

consequences in cell lines that overexpress recom binant

p53 protein . Sim ultaneous m utat ion of serine-9, serine-

18, and serine-37 with in the t ransact ivat ion dom ain of

m urine p53 (which corresponds to serine-6, serine-15,
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and serine-33 in hum an p53) sign ifican t ly reduced the

ability of p53 to suppress t ransform at ion of rat em bryo

fibroblast s t ransfected with E1A and ras (Mayr et al.

1995). When t ransfected in to a p53 null cell line, th is

t riple m utant p53 const ruct also displayed decreased

t ransact ivat ion of a CAT reporter plasm id (Mayr et al.

1995). In terest ingly, single poin t m utat ions of either ser-

ine-9, serine-18, or serine-37 in m urine p53 had no effect

in these assays (Mayr et al. 1995). If aspart ic acid, which

m im ics the charge of a phosphorylated serine, was sub-

st itu ted for serine-9, serine-18, and serine-37 with in p53,

the phenotype of cells t ransfected with the recom binant

protein resem bled that of wild-type p53. These data sug-

gest that phosphorylat ion of a m inim um of two serines

with in the first 37 am ino acids of p53 is im portan t for

the funct ion of p53 with regard to t ransact ivat ion and

suppression of t ransform at ion . In another study, overex-

pression of hum an p53S15A m utant protein in either

T98G glioblastom a cells or p53 null Saos-2 cells resu lted

in part ial failu re of the m utant protein to inhibit cell

cycle progression when com pared with cells overex-

pressing wild-type or p53S37A m utant protein (Fiscella

et al. 1993).

In vit ro studies have also dem onst rated the ability of

several k inases to phosphorylate specific residues with in

the carboxy-term inal regulatory dom ain of p53 (Ko and

Prives 1996). These kinases include cdc2 (Bischoff et al.

1990), casein kinase II (Hall et al. 1996), protein k inase C

(Baudier et al. 1992; Takenaka et al. 1995), and the

CDK7–cycH–p36 com plex (CAK) (Lu et al. 1997). All of

these kinases enhanced the in vit ro sequence-specific

DN A-binding capability of p53 (Hupp et al. 1992; Take-

naka et al. 1995; Wang and Prives 1995; Lu et al. 1997).

However, the physiologic sign ificance of p53 phosphory-

lat ion by these kinases has yet to be determ ined.

To address whether phosphorylat ion of p53 m ay have

physiologic sign ificance, we asked whether endogenous

p53 is phosphorylated de novo in response to a signal

t ransduct ion pathway in it iated by DN A dam age. We

dem onst rate that in response to DN A dam age, p53 is

specifically phosphorylated on two serines with in the

first 24 am ino acids of the protein . An ant ibody raised

against a phosphoserine-15 p53 pept ide ident ified serine-

15 as one of the two serines that becam e phosphorylated

in response to both IR and UV irradiat ion . Post -t ransla-

t ional m odificat ion of p53 in response to IR correlated

with both increased levels of p53 protein as well as the

ability of p53 to t ransact ivate p21w af1 and m dm 2 in vivo.

In addit ion , we present evidence that p53 becom es phos-

phorylated on serine-15 when cells from ataxia telangi-

ectasia (AT) pat ien ts are exposed to either IR or UV ir-

radiat ion . The im plicat ions of these findings with re-

spect to the kinases that are act ivated in response to

DN A dam age and the funct ional sign ificance of p53

phosphorylat ion are discussed.

Results

p53 is phosphory lated in response to IR in v ivo

p53 tum or suppressor protein is a t ranscript ion factor

that is act ivated in response to a variety of DN A-dam -

aging agents, including IR (Kastan et al. 1992). We inves-

t igated whether p53 was phosphorylated in vivo in re-

sponse to a signal t ransduct ion pathway in it iated by IR.

The m yeloid leukem ia cell line ML-1 has wild-type p53,

and the response to IR has been characterized with re-

spect to p53 protein induct ion , cell cycle arrest , and in-

duct ion of p21w af1, m dm 2, and gadd45 m RN A (Kastan et

al. 1991, 1992; N elson and Kastan 1994). In it ial experi-

m ents suggested that labeling periods longer than 30 m in

would induce DN A dam age in the absence of an exog-

enous source of irradiat ion (data not shown). Therefore,

ML-1 cells were m etabolically labeled with 32P for 25

m in im m ediately after 2 Gy of irradiat ion . p53 was im -

m unoprecipitated from cell lysates and fract ionated by

10% SDS-PAGE. After elect rophoret ic t ransfer, the ra-

diolabeled protein was isolated from an Im m obilon

m em brane, digested with TPCK–trypsin , and subjected

to two-dim ensional pept ide m apping. To com pare equiv-

alen t am ounts of p53 phosphopept ides in irradiated and

unirradiated cells, som e cells were t reated with the pro-

teosom e inhibitor acetyl-Leu-Leu-norleucinal (ALLN ).

ALLN stabilizes p53 protein levels by inhibit ing it s deg-

radat ion by the proteosom e (Maki et al. 1996). Under

these condit ions, Western blot analysis of lysates pre-

pared from ALLN -t reated or irradiated cells dem on-

st rated equivalen t am ounts of p53 protein (Fig. 1A, cf.

lanes 1 and 3). Cells t reated with either irradiat ion or

ALLN had increased p53 protein when com pared with

unirradiated cells (Fig. 1A, cf. lane 2 with lanes 1 and 3).

Equivalen t am ounts of 32P-labeled p53 were also im m u-

noprecipitated from cells t reated with either ALLN or IR

(Fig. 1B, lanes 1,3). The am ount of p53 protein obtained

in either case was greater than that obtained from the

unt reated cont rol cells (Fig. 1B, lane 2).

Figure 1. Im m unodetect ion of p53 protein in ML-1 cells. (A )

Western blot analysis of ML-1 lysates. ML-1 cells were un-

t reated (−IR) or t reated with either 20 µm of ALLN (+ALLN ) or

2 Gy irradiat ion (+IR). Lysates (50 µg) from each sam ple were

resolved by 10% SDS-PAGE and then elect rophoret ically t rans-

ferred to nit rocellu lose. p53 was detected by im m unoblot t ing.

(B) Im m unoprecipitat ion of p53. 32P-Labeled ML-1 ext ract s pre-

pared from unt reated (−IR), irradiated (+IR), or ALLN -t reated

(+ALLN ) cells were im m unoprecipitated with ant i-p53 ant ibod-

ies. Im m unoprecipitates were resolved by 10% SDS-PAGE and

elect rophoret ically t ransferred to a PVDF m em brane. Radiola-

beled p53 was detected by autoradiography. 32P-Labeled p53

from ALLN - and IR-t reated cells had approxim ately twice as

m any counts per m inute as 32P-labeled p53 from unirradiated

cells when the isolated bands were counted in a scin t illat ion

counter.
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Two-dim ensional pept ide m aps of p53 t rypt ic phos-

phopept ides dem onst rated clearly the presence of an IR-

induced p53 t rypt ic phosphopept ide (Fig. 2A, black ar-

row) that was not observed in p53 from unirradiated cells

(Fig. 2B) or in p53 from ALLN -t reated ML-1 cells (Fig.

2C). A second labeled phosphopept ide seen just below

the IR-induced phosphopept ide in Figure 2A was variable

in repeated experim ents and som et im es was seen in un-

irradiated sam ples. The ident ity of th is spot is unknown,

and it is not yet clear whether th is represen ts another

DN A dam age-induced de novo phosphopept ide. The IR-

induced p53 phosphopept ide (Fig. 2A, black arrow) was

elu ted from the th in layer cellu lose and subjected to

phosphoam ino acid analysis. After acid hydrolysis, the

phosphorylated am ino acid recovered from this pept ide

was serine (Fig. 2D).

The IR-induced phosphorylat ion site observed in the

two-dim ensional pept ide analysis was m apped to with in

the first 96 am ino acids of p53. Com parison of the two-

dim ensional fingerprin t of p53 from irradiated ML-1

cells with the fingerprin t s of both recom binant fu ll-

length p53 and recom binant , t runcated p53 protein lack-

ing am ino acids 1–96 (wild-type fu ll-length p53 and D96

p53 cDN As; C. Prives, Colum bia University, N ew York ,

N Y) indicated that the de novo phosphopept ide was lo-

cated with in a region of p53 encom passing am ino acids

1–96 (data not shown). There are three predicted t rypt ic

fragm ents with in th is region . A series of p53 pept ides

corresponding to two of the three predicted t rypt ic frag-

m ents (am ino acids 1–24 and 25–65) with in the first 96

am ino acids of p53 were chem ically synthesized. The

IR-induced p53 phosphopept ide was ident ified by m ixing

individual synthet ic pept ides with the endogenous p53

phosphopept ides and then analyzing the m ix on a two-

dim ensional pept ide m ap. Radiolabeled phosphopept ides

were detected on the PhosphorIm ager and com pared

with the m obility of the synthet ic pept ides that were

detected using ninhydrin . A synthet ic, singly phosphory-

lated p53 pept ide corresponding to am ino acids 1–24 [Ac

(acetylated) 1–24; serine-15 P] com igrated with a radio-

labeled p53 t rypt ic phosphopept ide in unirradiated, irra-

diated, and ALLN -t reated ML-1 cells (Fig. 2A–C, open

arrow). The unique, IR-induced p53 phosphopept ide

overlapped with a t riply phosphorylated pept ide com -

prising am ino acids 1–24 (Ac 1–24; serine-9 P, serine-15

P, serine-20 P) (Fig. 2A, black arrow). An in vivo p53

pept ide corresponding to am ino acids 1–24 with two

phosphorylated serines was not observed in any of the

two-dim ensional m aps. Thus, the IR-induced post -t rans-

lat ional m odificat ion of p53 involves de novo phosphory-

lat ion of two serine residues with in the first 24 am ino

acids of p53.

Ion iz ing irradiat ion induces phosphory lat ion of p53

on serine-15

To ident ify the specific serine residues with in am ino ac-

ids 1–24 of p53 that were phosphorylated in response to

IR, an affin ity-purified ant ibody raised against a syn-

thet ic p53 serine-15 phosphopept ide (am ino acids 9–21,

serine-15-PO 3) was used in Western blot analysis of ly-

sates from unirradiated, irradiated, or ALLN -t reated

ML-1 lysates. The ant i-phosphoserine-15 p53 pept ide an-

t ibody used in these studies specifically recognizes p53

only when the protein is phosphorylated on serine-15;

there is no im m unoreact ivity 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 irradiat ion . Levels of p53 protein reached a

m axim um at 3 hr after IR and then began to decline (Fig.

3A, top panel). Western blot analysis with ant i-phospho-

serine-15 dem onst rated that in response to ionizing ra-

diat ion , p53 was phosphorylated on serine-15 (Fig. 3A,

m iddle panel). Levels of p53 phosphorylated on serine-15

increased with t im e after IR, with the greatest am ount

observed 3 hr after IR. By 6 hr after IR, phosphoserine-15

Figure 2. IR induces phosphorylat ion of

two serines with in the first 24 am ino acids

of p53 in vivo. p53 was im m unoprecipi-

tated from 32P-labeled ML-1 cells that

were either given 2 Gy irradiat ion (A ), un-

t reated (B), or t reated with 20 µm of ALLN

(C ). Proteins were resolved by 10% SDS-

PAGE and elect rophoret ically t ransferred

to PVDF m em brane. Radiolabeled p53 was

cut from the m em brane and digested with

TPCK–trypsin . Radiolabeled pept ides

were resolved by elect rophoresis at pH 3.5

in the first dim ension followed by ascend-

ing chrom atography in the second dim en-

sion . The unique, irradiat ion-induced p53

phosphopept ide (A , black arrow) was elu ted from the cellu lose and subjected to phosphoam ino acid analysis. The posit ion of the

unlabeled phosphoam ino acid m arkers are indicated (D ). A singly phosphorylated p53 synthet ic pept ide corresponding to am ino acids

1–24 (Ac 1–24; serine-15 P) com igrated with an in vivo pept ide in all th ree m aps (A –C, open arrow). The unique, IR-induced phos-

phopept ide com igrated with a synthet ic, t riply phosphorylated p53 pept ide com prising am ino acids 1–24 (Ac 1–24; serine-9 P, serine-15

P, serine-20 P) (A , black arrow).
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p53 im m unoreact ivity had declined. IR induced an in-

crease in levels of phosphoserine-15 p53 (Fig. 3A, m iddle

panel) that correlated with the observed increase in p53

protein (Fig. 3A, top panel). In cont rast , there was barely

detectable phosphoserine-15 p53 in lysates from unirra-

diated cells or in cells t reated with ALLN (Fig. 3A,

m iddle panel). The lack of phosphoserine-15 p53 im m u-

noreact ivity in lysates from ALLN -t reated ML-1 cells

cannot be at t ribu ted to lower total am ount of p53 be-

cause there was an equivalen t am ount of p53 protein in

lysates from irradiated and ALLN -t reated cells (Fig. 3A,

top panel). Western blot analysis with ant i-topoisom er-

ase was perform ed as a cont rol for equivalen t am ounts of

protein loaded in each lane (Fig. 3A, bot tom panel). Thus,

in response to a signal t ransduct ion pathway in it iated by

IR, p53 becom es phosphorylated on serine-15.

IR-induced phosphorylat ion of p53 on serine-15 was

also observed in other cell lines, including a neuroblas-

tom a cell line, SY5Y (Fig. 3B), and several B-lym phoblas-

toid lines (Fig. 4). Western blot analysis of SY5Y nuclear

lysates dem onst rated that p53 was phosphorylated on

serine-15 in response to IR (Fig. 3B, m iddle panel). p53

serine-15 phosphorylat ion was not observed in either un-

irradiated or ALLN -t reated SY5Y cells (Fig. 3B, m iddle

panel) despite an equivalen t am ount of p53 protein from

ALLN -t reated cells as com pared with irradiated cells

(Fig. 3B, top panel).

IR and U V irradiat ion induce phosphory lat ion of p53

on serine-15 in both norm al and A T lym phoblast s

The gene m utated in AT, A TM, acts upst ream of p53 in

the signal t ransduct ion pathway in it iated by IR (Kastan

et al. 1992; Canm an et al. 1994; Lavin et al. 1994). Unlike

norm al cells, AT cells fail to rapidly induce p53 protein

following IR. In cont rast , UV irradiat ion of AT cells in-

duces p53 with kinet ics and levels sim ilar to those in

norm al cells (Khanna and Lavin 1993; Canm an et al.

1994). We asked whether cells with defect ive ATM were

able to phosphorylate p53 on serine-15 in response to IR

or UV irradiat ion . N orm al B lym phoblast s (2184) and AT

lym phoblast s (719 and 3332 cell lines) were t reated ei-

ther with 5 Gy IR, exposed to 10 J/ m 2 of UV irradiat ion ,

or t reated with 20 µm of ALLN . In response to IR, p53

was phosphorylated on serine-15 in both norm al and AT

lym phoblast s. The induct ion of serine-15 phosphoryla-

t ion correlated with the induct ion of total p53 protein .

That is, in norm al lym phoblast s, the increase in p53 pro-

Figure 3. Ident ificat ion of serine-15 as one of the two sites

phosphorylated with in p53 in response to IR. (A ) Western blot

analysis of ML-1 lysates. ML-1 cells were either unt reated (con-

t rol, C) or t reated with 2 Gy irradiat ion or 20 µm of ALLN . Cells

were harvested at 1, 3, and 6 hr after t reatm ent . Lysates (50 µg

of protein in each lane) were resolved by 10% SDS-PAGE. After

elect rophoret ic t ransfer, the n it rocellu lose was im m unoblot ted

with either an t i-p53 ( Ab-6, top), an t i-phosphoserine-15 p53

(m iddle), or an t i-topoisom erase (bot tom ). (B) Western blot

analysis of SY5Y lysates. SY5Y cells were either unt reated (con-

t rol, C), t reated with 1 or 2 Gy IR, or t reated with 20 µm of

ALLN . Cells were harvested 3 hr after t reatm ent . After bio-

chem ical fract ionat ion , 30 µg of nuclear lysate from each

sam ple was resolved by 10% SDS-PAGE and then elect ropho-

ret ically t ransferred to nit rocellose. The nit rocellu lose was im -

m unoblot ted with either an t i-p53 (Ab-6, top), an t i-phosphoser-

ine-15 p53 (m iddle), or an t i-topoisom erase (bot tom ).

Figure 4. IR and UV irradiat ion induce phosphorylat ion of p53

on serine-15 in both norm al and AT lym phoblast s. (A ) Western

blot analysis of norm al and AT lym phoblast s with ant i-phos-

phoserine-15 p53 pept ide ant ibody. N orm al lym phoblast s

(2184) and AT lym phoblast s (719 and 3332) were unt reated (con-

t rol, C) or given either 5 Gy IR (IR), 5 Gy IR + 20 µm of ALLN

(IR + A), 20 µ M ALLN (A ), or 10 J/ m 2 of UV irradiat ion (UV).

Cells were harvested at 1, 3, and 6 hr after t reatm ent . Lysate (50

µg) from each sam ple was resolved by 10% SDS-PAGE, followed

by elect rophoret ic t ransfer to n it rocellu lose. The nit rocellu lose

was im m unoblot ted with ant i-phosphoserine-15 p53 pept ide

ant ibody. Phosphoserine-15 p53 was detected by ECL. (B) West -

ern blot analysis of norm al and AT lym phoblast s with ant i-p53.

The ident ical lysates from the above experim ent were im m u-

noblot ted with ant i-p53 ant ibody (Ab-6). p53 protein was de-

tected with the ECL reagent .
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t ein was very rapid and occurred with in 1 hr after IR (Fig.

4B, top panel); serine-15 phosphorylat ion also occurred

with in 1 hr after IR (Fig. 4A, top panel). Maxim al levels

of phosphoserine-15 p53 were observed 3 hr after IR (Fig.

4A). In cont rast , very low levels of p53 induct ion were

observed in both 719 and 3332 AT lym phoblast s even at

6 hr after IR (Fig. 4B, m iddle and bot tom panels). Sim i-

larly, low but detectable levels of phosphoserine-15 p53

were also seen in irradiated AT cells (Fig. 4A, m iddle and

bot tom panels). Im portan t ly, however, phosphoserine-15

p53 was clearly observed when irradiated AT cells were

also t reated with ALLN to inhibit the degradat ion of en-

dogenous p53 (Fig. 4A). p53 was not phosphorylated on

serine-15 when cells were either unt reated or t reated

with ALLN alone. As a cont rol of equivalen t am ounts of

protein loaded in each lane, the Western blot was probed

with ant i-topoisom erase. There were equal am ounts of

topoisom erase in all sam ples (data not shown). In con-

clusion , p53 is phosphorylated on serine-15 in response

to IR in norm al lym phoblast s and to a m uch lesser ex-

ten t in AT lym phoblast s.

In cont rast to the delayed and low induct ion of p53 in

AT cells in response to IR, p53 was induced with UV

irradiat ion in both 719 and 3332 AT cell lines and nor-

m al lym phoblast s (Fig. 4B). With all th ree cell lines, p53

was phosphorylated on serine-15 in response to UV irra-

diat ion (Fig. 4A). In response to a specific signal induced

by UV irradiat ion , 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 cont rol cells or cells t reated with ALLN alone,

despite equivalen t am ounts of p53 protein in the ALLN -

t reated cells (Fig. 4A,B).

In conclusion , p53 is specifically phosphorylated on

serine-15 in response to IR and UV irradiat ion in both

norm al and AT lym phoblast s. However, the k inet ics and

levels of serine-15 phosphorylated p53 in IR-t reated AT

cells are differen t from norm al lym phoblast s.

IR-induced post -t ranslat ional m odificat ion of p53

correlates w ith increased transcript ion of tw o

p53-responsive genes, p21waf1 and m dm 2

The induct ion of p53 in response to DN A dam age resu lt s

in the t ranscript ional act ivat ion of p53 target genes, in -

cluding p21w af1, m dm 2, and gadd45 (Kastan et al. 1992;

El-Deiry et al. 1993). We asked whether the ability of p53

to t ransact ivate downst ream target genes was altered in

SY5Y and ML-1 cells that had been t reated with ALLN as

com pared with irradiated cells. Cellu lar p53 protein lev-

els were equivalen t after t reatm ent with IR or ALLN ,

and both t reatm ents led to greater levels than that ob-

served in unirradiated cells (Fig. 6A, below). However,

p53 was post -t ranslat ionally m odified only in irradiated

cells (Fig. 2). As seen in Figure 5, there is a dram at ic

induct ion in both p21w af1 and m dm 2 m RN A in cells that

were irradiated (Fig. 5A, top and m iddle panels). In con-

t rast , p53 did not t ransact ivate these two genes in ALLN -

t reated cells despite equivalen t p53 protein levels to that

which was observed in irradiated cells (Fig. 5A, top and

m iddle panels). All lanes had equivalen t am ounts of

RN A as assessed by probing the sam e N orthern blot with

GA PDH (Fig. 5A, bot tom panel). N orthern blot analysis

of RN A from unirradiated, irradiated, or ALLN -t reated

ML-1 cells gave ident ical resu lt s to that observed in

SY5Y cells (Fig. 5B). In conclusion , IR-induced post -

t ranslat ional m odificat ion of p53 correlated with the

ability of p53 to t ransact ivate downst ream genes.

IR-induced phosphory lat ion of p53 does not affect

the abilit y of p53 to bind to or dissociate from DN A

as assessed by electrophoret ic m obilit y sh ift assays

The above experim ents dem onst rated that in response to

a signal induced by IR, p53 is specifically phosphory-

lated. Phosphorylat ion of p53 correlated with both in-

duct ion of p53 protein and increased t ranscript ion of

p53-responsive genes. We asked whether the differences

in p53 t ransact ivat ion act ivity could in part be explained

by differen t ial binding of p53 to specific DN A sequences

in an elect rophoret ic m obility sh ift assay (EMSA). SY5Y

nuclear ext ract s were isolated 3 hr after t reatm ent of

cells with 20 µm of ALLN or increasing doses of IR. The

exten t of p53 binding to an oligonucleot ide contain ing

the p21w af1 prom oter binding site was com pared am ong

the differen t ext ract s. IR induced a dose-dependent in-

crease in p53-specific DN A-binding act ivity (Fig. 6B,

lanes 2–4). The increased binding of p53 to the labeled

probe was at t ribu table to the increase in p53 protein at

h igher doses of IR (Fig. 6A). p53 in lysates from ALLN -

t reated cells was also able to bind to the DN A probe (Fig.

6B, lane 6); the am ount of binding to DN A at equilib-

rium was equivalen t to that observed in lysates isolated

Figure 5. Increased t ranscript ion of p21w af1 and m dm 2 corre-

lates with IR-induced post -t ranslat ional m odificat ion of p53. (A )

N orthern blot analysis of SY5Y RN A. Total RN A isolated from

SY5Y cells that had been either unt reated (cont rol, C) or t reated

with 1 or 2 Gy IR or t reated with 20 µM ALLN (A) was assayed

for hybridizat ion to 32P-labeled p21w af1 cDN A (top), 32P-labeled

m dm 2 cDN A (m iddle), or 32P-labeled GAPDH cDN A (bot tom )

coding sequence probes. (B) N orthern blot analysis of ML-1

RN A. Total RN A was isolated from ML-1 cells that were either

unt reated (C) or t reated with 5 Gy IR (+IR), 5 Gy IR + 20 µ M

ALLN (IR + A), or 20 µ M ALLN (A). The nit rocellu lose was se-

quent ially assayed for hybridizat ion to p21, m dm 2, and gadph -

labeled cDN A probes (top, m iddle, and bot tom , respect ively).
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from cells given 1 Gy IR (Fig. 6B, cf. lane 6 with lane 2).

Specificity of DN A binding was verified by com pet it ion

experim ents with either 40-fold excess wild-type (Fig.

6B, lanes 7,8) or m utant oligonucleot ide (Fig. 6B, lanes

9,10) and ant ibody 421 supersh ift (Fig. 6B, lanes 11–13).

In conclusion , there was not a dram at ic difference in p53

binding at equilibrium to a p21w af1 oligonucleot ide

probe when lysates prepared from ALLN - or IR-t reated

cells were com pared.

We then asked whether p53, which had been post -

t ranslat ionally m odified in response to IR, had altered

stability when bound to DN A. We com pared the disso-

ciat ion rates of p53 from differen t lysates in an off-rate

experim ent using p21w af1 oligonucleot ide as probe.

SY5Y nuclear lysates prepared from cont rol, ALLN , or

irradiated cells were incubated with labeled oligonucleo-

t ide unt il equilibrium was achieved. The rate at which

p53 dissociated from the radiolabeled probe was m ea-

sured after the addit ion of 40-fold excess of wild-type,

unlabeled probe (Fig. 6C,D). IR-induced post -t ransla-

t ional m odificat ion of p53 did not appear to alter the

binding stability of p53 to the p21w af1 oligonucleot ide.

There was no significan t difference in dissociat ion rate

of p53 to probe when lysates from IR- or ALLN -t reated

cells were com pared (Fig. 6C,D).

Discussion

p53 is a crit ical m ediator of cellu lar responses to geno-

toxic st ress. Following DN A dam age, there is a post -

t ranscript ional induct ion of p53 protein and subsequent

act ivat ion of p53. Ult im ately, act ivat ion of p53 leads to

Figure 6. The ability of p53 to bind to or dissociate from a p21w af1 oligonucleot ide is not affected by p53 phosphorylat ion induced by

IR. (A ) Western blot analysis of SY5Y lysates. Im m unoblot analysis with ant i-p53 (Ab-6, top) and ant i-topoisom erase (bot tom ) of SY5Y

lysates prepared from unt reated cells (C), cells t reated with 1, 2, or 4 Gy IR, or cells t reated with 20 µM ALLN (A). (B) EMSA with SY5Y

lysates and a p21w af1 probe. EMSAs of a 32P-labeled p21w af1 oligonucleot ide probe were perform ed with nuclear lysates prepared from

either unt reated SY5Y cells (lanes 1,5,11), cells given 1 Gy (lane 2), 2 Gy (lanes 3,7,9,12), or 4 Gy (lane 4) irradiat ion , or cells t reated

with 20 µM ALLN (lanes 6,8,10,13). Specificity of binding of p53 to the labeled probe was confirm ed by com pet it ion with either 40-fold

excess unlabeled wild-type probe (lanes 7,8) or with excess unlabeled m utant probe (lanes 9,10). Specific binding of p53 to the labeled

probe is indicated by the lower arrow. Ant ibody 421 supersh ifted th is com plex (lanes 11–13, upper arrow). (C ) Quant itat ion of rate of

p53 dissociat ion from 32P-labeled p21w af1 oligonucleot ide probe. N uclear lysates were prepared from irradiated (d) or ALLN -t reated (m)

SY5Y cells. Binding of p53 to radiolabeled probe was quant itated on a PhosphorIm ager. (D ) Analysis of the dissociat ion rate of p53 from

p21w af1 oligonucleot ide probe. SY5Y nuclear lysates prepared from unirradiated (C), irradiated (1Gy IR), or ALLN -t reated cells were

incubated with radiolabeled p21w afl for 20 m in . Excess unlabeled wild-type probe was added. Aliquots of the react ion were applied to

a progressively running nat ive gel at various t im es (0, 2, 4, 6, 8, 10, and 12 m in) after the addit ion of unlabeled wild-type com pet itor.

The gel was dried down and visualized on a PhosphorIm ager.
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either G1 arrest or cell death . The m echanism by which

p53 becom es act ivated is unknown. Phosphorylat ion is

one poten t ial m echanism by which cells m ight regulate

the act ivity of p53 after genotoxic st ress. In vivo experi-

m ents have dem onst rated clearly that p53 is a phospho-

protein (Ko and Prives 1996). In vit ro studies have iden-

t ified m ult iple sites of phosphorylat ion with in the

am ino and carboxyl term in i with in p53. Although sev-

eral k inases have been shown to phosphorylate specific

sites with in p53 in vit ro, it has not yet been dem on-

st rated that phosphorylat ion at these sites is im portan t

for the funct ion and regulat ion of p53 in vivo. In terest -

ingly, Tegtm eyer and colleagues have dem onst rated that

sim ultaneous m utat ion of several serines with in the

am ino term inus of p53 has a biologic effect , nam ely, a

reduct ion in the ability of the recom binant , overex-

pressed p53 to suppress t ransform at ion as well as a de-

crease in the ability of p53 to t ransact ivate a reporter

const ruct (Mayr et al. 1995). In addit ion , Fiscella et al.

(1993) reported that m utat ion of serine-15 resu lt s in par-

t ial failu re of p53 to inhibit cell cycle progression .

In terest in the biological sign ificance of phosphoryla-

t ion of p53 at the carboxyl term inus resu lt s from the

observat ions from several laboratories that the carboxyl

term inus of p53 acts to regulate negat ively the sequence-

specific DN A-binding ability of p53 (Hupp et al. 1992;

Got t lieb and Oren 1995; Ko and Prives 1996). Phosphory-

lat ion at the carboxyl term inus of p53 m ay be im portan t

in th is regulat ion . Several protein k inases have been

dem onst rated to phosphorylate p53 with in th is dom ain .

In all cases, phosphorylat ion with in the carboxyl term i-

nus of p53 enhanced the ability of p53 to bind DN A in

vit ro. However, as is the case for phosphorylat ion sites

with in the am ino term inus of p53, de novo phosphory-

lat ion of p53 at the carboxyl term inus in response to a

signal t ransduct ion pathway in vivo has not been

dem onst rated.

In th is study we dem onst rated that endogenous p53

becom es phosphorylated with in the t ransact ivat ion do-

m ain of the protein in response to a signal t ransduct ion

pathway in it iated by DN A dam age. We ident ified the

site of de novo phosphorylat ion as with in am ino acids

1–24 of p53. In addit ion , we showed that post -t ransla-

t ional m odificat ion of serine-15 with in p53 occurs in re-

sponse to both UV irradat ion and IR. In response to DN A

dam age, phosphorylat ion of p53 on serine-15 occurs in

several differen t cell types, including cells derived from

AT pat ien ts. These data also dem onst rate that the signal

t ransduct ion pathway act ivated following IR leads to

phosphorylat ion of an addit ional serine residue with in

am ino acids 1–24 of p53 (serine-6, serine-9, or serine-20).

Several k inases have been im plicated in signal t rans-

duct ion pathways in it iated by IR and UV irradiat ion .

These kinases are poten t ial candidates that m ay be in-

volved, direct ly or indirect ly, in the in vivo post -t rans-

lat ional m odificat ion of p53 that we have characterized.

First , ATM protein , encoded by the gene m utated in AT,

m ay act ivate p53 in response to DN A dam age. ATM is a

m em ber of a fam ily of proteins involved in cell cycle

cont rol and DN A repair and recom binat ion (Zakian

1995; Shiloh and Rotm an 1996; Morgan and Kastan

1997). Although it has not been dem onst rated form ally

that ATM is a protein k inase, a dom ain with in ATM is

hom ologous to phosphat idylinositol-3-k inase (Savit sky

et al. 1995). ATM has been shown to act upst ream of p53

in the signal t ransduct ion pathway in it iated by IR as

cells with defect ive ATM poorly induce p53 protein fol-

lowing IR (Canm an et al. 1994; Xu and Balt im ore 1996).

Given these observat ions, it is possible that ATM phos-

phorylates p53 in response to IR. However, the data pre-

sen ted here suggest a m ore com plex scenario as IR in-

duced p53 serine-15 phosphorylat ion in cells that lack

ATM. In addit ion , UV irradiat ion of AT cells also resu lt s

in phosphorylat ion of p53 on serine-15. Therefore, in re-

sponse to specific types of DN A dam age, a part icu lar

signal t ransduct ion pathway is in it iated, and ATM is not

absolu tely required for p53 phosphorylat ion on serine-

15. It is possible, however, that ATM part icipates in sig-

naling to the kinase that phosphorylates p53 after IR; a

defect in ATM would cont ribu te to the altered induct ion

of p53 phosphorylat ion in AT cells. It rem ains to be de-

term ined whether ATM can phosphorylate p53 at an al-

ternat ive site, nam ely, the addit ional serine with in

am ino acids 1–24 that is also phosphorylated in response

to IR.

It is also possible that other ATM fam ily m em bers,

such as DN A-PK, can phosphorylate p53 in response to

DN A dam age. DN A-PK is a serine / threonine kinase that

is act ivated by double-st rand breaks in DN A and is in-

volved in DN A double-st rand-break repair and V(D)J re-

com binat ion (Danska et al. 1996). DN A-PK has been

shown to phosphorylate hum an p53 on serine-15 and

serine-37 in vit ro (Lees-Miller et al. 1992). However,

cells from scid m ice, which have defect ive DN A-PK, are

st ill able to induce p53 and undergo G1 arrest in response

to IR, m aking th is k inase an unlikely candidate (Bogue et

al. 1996; Guidos et al. 1996; Huang et al. 1996; N acht et

al. 1996; Rathm ell et al. 1997). Clearly, addit ional experi-

m ents are necessary to determ ine whether ATM or re-

lated proteins direct ly phosphorylate p53 in vivo in re-

sponse to IR.

A second candidate k inase that m ay phosphorylate

p53 in response to IR is casein kinase I (CKI). In vit ro

experim ents have dem onst rated that CKI phosphory-

lates m urine p53 at m ult iple sites with in the am ino ter-

m inus. In addit ion , CKI from Drosophila m elanogaster

becom es act ivated when Drosophila em bryos are ex-

posed to low doses of IR (Santos et al. 1996). It is possible

that IR act ivates CKI, which then phosphorylates p53

with in the am ino term inus.

Third, UV irradiat ion-induced DN A dam age m ay ac-

t ivate a k inase that is able to phosphorylate p53 on ser-

ine-15 or other sites with in the am ino term inus. This

k inase could be a differen t k inase than the one act ivated

by IR. Candidate k inases that m ay be involved in UV

irradiat ion-induced p53 phosphorylat ion are the Jun ki-

nases, which have been shown to be act ivated by UV

irradiat ion (Derijard et al. 1994; Roset te and Karin 1996).

In vit ro experim ents have dem onst rated that c-Jun ki-

nase can phosphorylate both a m urine p53 recom binant
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pept ide on serine-34 (Milne et al. 1995) and recom binant

GST–p53 protein (Adler et al. 1997). It will be im portan t

to determ ine in vivo whether Jun kinases direct ly phos-

phorylate p53 on serine-15 or other serines with in p53 in

response to UV irradiat ion .

We have dem onst rated that although inhibit ion of p53

degradat ion by ALLN can elevate p53 concent rat ion to

levels equivalen t to those seen in cells that have been

irradiated, stabilized p53 from ALLN -t reated cells was

unable to t ransact ivate several p53 target genes in vivo.

This was not at t ribu table to the inability of p53 to bind

DN A. EMSAs dem onst rated that p53 in lysates prepared

from either ALLN - or IR-t reated SY5Y cells was capable

of binding to and dissociat ing from DN A to the sam e

exten t . We have also shown that p53 is phosphorylated

in response to DN A dam age, whereas ALLN treatm ent

raises p53 protein levels but does not induce p53 phos-

phorylat ion . Therefore, de novo phosphorylat ion of p53

with in it s t ransact ivat ion dom ain , rather than an in-

crease in p53 levels per se, correlated with an increase in

the ability of p53 to t ransact ivate downst ream genes in

response to IR. There are several possible m echanism s

that m ay explain how IR-induced phosphorylat ion of the

am ino term inus of p53 affects the ability of p53 to t rans-

act ivate it s target genes. First , IR-induced phosphoryla-

t ion of p53 at these sites m ight affect the ability of p53 to

in teract with other protein com ponents of the t ranscrip-

t ional m achinery that are required for t ransact ivat ion of

p53 target genes. For exam ple, the TATA box-binding

protein (TBP), the subunit of the basal t ranscript ion fac-

tor TFIID, binds to the am ino term inus of p53 (Farm er et

al. 1996). In addit ion , several TBP-associated factors

(TAFs) also bind to the am ino term inus of p53, including

dTAFII40 and dTAFII60 (and the corresponding hum an

hom ologs TAFII32 and TAFII70) (Thut et al. 1995). Opt i-

m al in teract ion of these t ranscript ional act ivators with

p53 m ight require post -t ranslat ional m odificat ion

with in the am ino term inus of p53.

Second, IR-induced phosphorylat ion of p53 m ight af-

fect it s in teract ion with Mdm 2. The direct in teract ion of

Mdm 2 with p53 resu lt s in inh ibit ion of p53 t ranscrip-

t ional act ivity (Mom and et al. 1992; Zauberm an et al.

1993). It has been dem onst rated recent ly that the m echa-

n ism for th is inh ibit ion involves binding Mdm 2 to p53

and target ing p53 for rapid degradat ion (Haupt et al.

1997; Kubbutat et al. 1997). Binding of Mdm 2 to p53 has

been m apped to the am ino term inus of p53 (Chen et al.

1993; Picksley et al. 1994). IR-induced phosphorylat ion

of p53 m ay therefore affect th is in teract ion by in terfering

with the ability of Mdm 2 to bind p53 (Shieh et al. 1997).

Third, IR-induced phosphorylat ion of p53 m ight resu lt in

a conform at ional change in p53 that affect s direct ly the

ability of p53 to t ransact ivate downst ream genes. Fourth ,

the increased t ranscript ion of p21w af1 and m dm 2 in re-

sponse to IR but not observed with ALLN -t reated cells

could be at t ribu table to IR-induced m odificat ion and / or

alterat ion in act ivity of proteins other than p53.

Act ivat ion of p53 is a crit ical com ponent in the cellu-

lar response to DN A dam age. It will be im portan t to

determ ine if the specific phosphorylat ion of p53 de-

scribed here affect s whether a cell undergoes a G1 check-

poin t arrest versus apoptosis in response to irradiat ion .

In addit ion , it will be im portan t to delineate whether de

novo p53 phosphorylat ion also occurs when cells are

grown either under hypoxic condit ions or under condi-

t ions where ribonucleot ide pools are altered. Finally,

iden t ificat ion of the kinases that phosphorylate p53 in

vivo will further elucidate the signal t ransduct ion path-

way in it iated by cells in response to DN A dam age.

Materials and methods

Cell lines

Epstein–Barr virus (EBV)-im m ortalized norm al hum an B-lym -

phoblast line 2184 and the EBV-im m ortalized hum an AT ho-

m ozygote lym phoblast lines 1526, 719, and 3332 were obtained

from the Hum an Genet ic Mutant Cell Repository (Cam den,

N J). The hum an SH-SY5Y neuroblastom a cell line was gener-

ously provided by G. Brodeur (The Children’s Hospital of Phila-

delphia, PA). The hum an m yeloid leukem ia cell line, ML-1, has

been described previously (Kastan et al. 1991). All cell lines

were grown in RPMI m edium supplem ented with 10% fetal

bovine serum , gentam icin , and glu tam ine.

Induct ion of DN A dam age

Cells were irradiated with a 137Cs source and received 2 Gy IR

or t reated with UV irradiat ion at 2 J/ m 2 per sec as described

previously (Canm an et al. 1994; N elson and Kastan 1994). The

proteosom e inhibitor ALLN (Sigm a) was added to cells at a final

concent rat ion of 20 µm . Cells that received both irradiat ion and

ALLN were first irradiated and then im m ediately given ALLN .

Cells were harvested at indicated t im es after DN A dam age or

ALLN treatm ent .

Metabolic labeling and im m unoprecipitat ion of p53

Exponent ially growing ML-1 cells were washed with phosphate-

free RPMI supplem ented with 10% dialyzed fetal bovine serum

and further incubated in the sam e m edium for 30 m in before

irradiat ion . The cells were irradiated at 2 Gy and then [32P]or-

thophosphate (N EN ) was added to the cells in phosphate-free

m edium (0.6 m Ci / m l). The cells were labeled for 25 m in 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 m M N aCl, 1%

N P-40, 20 m M Tris-HCl at pH 7.4, 1 m M EDTA, 2 µg/ m l of

aprot in in , 2 µg/ m l of leupept in , 1 µg/ m l of pepstat in , 2.5 µg/ m l

of an t ipain , 1 µg/ m l of chym ostat in , 1 m M N a3VO 4, 10 m M N aF,

1 m M sodium m olybdate, and 0.5 m M PMSF). Lysates were clari-

fied at 12,000g for 15 m in at 4°C. Ten m icrogram s of affin ity-

purified m ouse m onoclonal an t i-p53 ant ibodies (Ab-2 and Ab-6,

Calbiochem ) were added to the lysates. As a cont rol for nonspe-

cific binding, an im m unoprecipitat ion react ion was also done

with an irrelevant prim ary m ouse m onoclonal an t ibody of the

sam e isotype as the ant i-p53 ant ibodies. Im m unoprecipitat ion

react ions 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 cent rifugat ion and washed three t im es with ice-

cold wash buffer (150 m M N aCl, 1% N P-40, 20 m M Tris-HCl at

pH 7.4, 1 m M EDTA, and the sam e protease inhibitors as in the

lysis buffer). The beads were boiled in SDS sam ple buffer, and

im m unoprecipitated p53 was elect rophoresed on a 10% SDS–

polyacrylam ide gel. Protein was elect rophoret ically t ransferred
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to Im m obilon-P m em brane [polyvinylidene difluoride (PVDF)

m em brane, Millipore]. Radiolabeled p53 protein was visualized

by autoradiography, and the appropriate band was cut out and

prepared for t rypt ic digest as described below.

Tw o-dim ensional phosphopept ide m apping

and phosphoam ino acid analysis

After t ransfer to a PVDF m em brane, the radiolabeled p53 band

was cut from the m em brane and digested with TPCK–trypsin

(Sigm a) according to the m ethods described by Boyle et al.

(1991). Pept ides were resolved in two dim ensions on a TLC

cellu lose sheet (EM Sciences) by elect rophoresis in the first di-

m ension followed by ascending chrom atography in the second

dim ension . 32P-Labeled t rypt ic pept ides were visualized on a

PhosphorIm ager (Molecular Dynam ics). 32P-Labeled phospho-

pept ides were recovered from the th in-layer cellu lose plate and

hydrolyzed in 6 N hydrochloric acid for 60 m in at 110°C, and the

phosphoam ino acid conten t of the hydrolyzed pept ides was de-

term ined by the m ethod of Boyle et al. (1991). [32P]-Phos-

phoam ino acids were detected with a PhosphorIm ager. Phos-

phoam ino acid standards were visualized by spraying the plate

with 1% (wt / vol) n inhydrin in acetone.

Synthesis of phosphory lated p53 pept ides

Pept ides were synthesized by the solid-phase m ethod with

Fm oc chem ist ry using an Applied Biosystem s 430A pept ide syn-

thesizer (Foster City, CA). Phosphoserine residues were incor-

porated as Fm oc-Ser[PO(OBzl)OH]-OH (N ovabiochem , San

Diego, CA) (Wakam iya et al. 1994). Cleavage of the pept ide from

the resin and rem oval of the side-chain protect ing groups were

perform ed using reagent K (TFA/ phenol / th ioanisole / H 2O /

EDT = 82.5:5:5:5:2.5) for 3 hr at room tem perature (King et al.

1990). The pept ides were purified by HPLC on a pH-stable Vy-

dac C-8 colum n (Hesperia, CA) with 0.2% hexafluoroaceton-

N H 4OH (pH 7.0)/ acetonit rile. The m ass of the pept ides was

confirm ed by elect rospray ionizat ion m ass spect rom et ry on a

Finnigan MAT SSQ 7000 (Finnigan MAT, San Jose, CA).

Im m unoblot analysis

Cells were harvested, solubilized in Laem m li sam ple buffer,

fract ionated by SDS/ 10% PAGE, and elect rophoret ically t rans-

ferred to nit rocellu lose. Affin ity-purified ant ibodies to p53 (Ab-

6, Calbiochem ) and topoisom erase (Topogen) were used for im -

m unochem ical detect ion as described (Canm an et al. 1994). The

phosphoserine-15 p53 pept ide ant ibodies were raised in rabbit s

against a chem ically synthesized p53 phosphoserine-15 pept ide

(am ino acids 9–21) as described previously (Kitagawa et al.

1996). For im m unodetect ion of serine-15-phosphorylated p53

protein , lysates were fract ionated by SDS/ 10% PAGE and elec-

t rophoret ically t ransferred to nit rocellu lose. N onspecific bind-

ing was blocked by incubat ing the m em brane in PBST (PBS with

0.05% Tween -20 and 1% nonfat dried m ilk). The m em brane

was incubated with the prim ary ant ibody, which had been pre-

incubated previously with 1 µg/ m l of unphosphorylated p53

pept ide, am ino acids 9–21, washed several t im es with PBST,

followed by incubat ion with a HRP-conjugated goat an t i-rabbit

secondary ant ibody (Pierce). After several washes, p53 protein

specifically phosphorylated on serine-15 was detected using the

enhanced chem ilum inescence (ECL) reagent (Am ersham ).

RN A analysis

Total RN A was isolated from cells with guanidine isoth iocya-

nate–phenol–chloroform , fract ionated by elect rophoresis on a

form aldehyde–agarose gel, and t ransferred to nit rocellu lose.

RN A was assayed for hybridizat ion to 32P-labeled hum an cDN A

probes com prising either the ent ire p21w af1, m dm 2, or gadph

coding sequences as described previously (Canm an et al. 1995).

EMSA s

Approxim ately 20–30 m illion cells were lysed on ice in buffer

contain ing 20 m M HEPES (pH 7.6), 25% glycerol, 1.5 m M MgCl2,

10 m M N aCl, 0.2 m M EDTA, 2 m M DTT, 0.1% Triton X-100, 1

m M PMSF, 2 µg/ m l of pepstat in A, 20 µg/ m l of leupept in , 10

µg/ m l of aprot in in , 1 m M sodium orthovanadate, and 1 m M

N aF. N uclei were pelleted, ext racted for 30 m in in the above

buffer that had been adjusted to 400 m M N aCl, and then cleared

by cent rifugat ion at 13,000g for 15 m in . For DN A-binding as-

says, 30 µg of nuclear ext ract was incubated at room tem pera-

ture with 1 ng of 32P-end-labeled oligonucleot ide encoding the

p21W A F1 prom oter binding site for p53 (58-ATCAATTCTC-

GAGGAACATGTCCCAACATGTTGCTCGAGGAT-38) (El-

Deiry et al. 1993) in 30 µl of buffer contain ing 20 m M Tris-HCl

(pH 7.6), 5% glycerol, 40 m M KCl, 1 m M EDTA, 2 m M MgCl2, 2

m M DTT, 30 µg of BSA, and 1 µg of sheared salm on sperm DN A.

Com pet it ion for p53 binding act ivity was carried out in the

presence of either a 40-fold excess of unlabeled wild-type or

m utated (58-ATCAATTCTCGAGGAAACGTTCCCAAACGT-

TTGCTCGAGGAT-38) p21w af1 oligonucleot ide probe. DN A–

protein com plexes were separated by elect rophoresis through a

4% nat ive polyacrylam ide gel, dried, and then visualized on a

PhosphorIm ager. For off-rate analysis, ext ract s were incubated

with 32P-end-labeled p21W A F1 probe unt il equilibrium . Fortyfold

excess of unlabeled wild-type probe was added, and aliquots

were applied to a progressively running 4% acrylam ide gel.
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