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Abstract

Materials

In response to genotoxic stress, the p53 tumor suppressor protein exerts
a G1 cell cycle arrest that is dependent on its ability to transactivate
downstream target genes. This p53-dependent G1 block is reversed by the
binding of Mdm-2 to p53, preventing further transactivation. Interest
ingly, following DNA damage, the mdm-2 gene Is also transcriptionally
activated by p53, and therefore, the question of how p53 can continue to
transactivate genes in the presence of its own negative regulator has
remained unanswered. Here, we provide evidence that phosphorylation of
Mdm-2 protein by DNA-dependent protein kinase (DNA-PK) blocks its
ability to associate with p53 and regulate p53 transactivation. The data
support a model by which DNA-PK activation by DNA damage and

Protein Purification. A prokaryotic expression vector (pRSETA), contain
ing the human mdm-2 or p53 cDNAs, was electroporated into Escherichia coli
strain BL21DE3 for protein expression. Induction of the histidine-tagged
fusion proteins was performed as described by manufacturer (Qiagen).
DNA-PK was purified to homogeneity from HeLa whole-cell extracts and used

of Mdm-2 renders

the Mdm-2 protein

unable to inhibit

p53 transactivatlon, resulting in cell cycle arrest Following DNA repair,
the loss of DNA-PK activity results in newly synthesized Mdm-2 protein
that is unphosphorylated and, therefore, capable of binding to p53, allow
ing cell cycle progression.
Introduction
In response to a number of DNA-damaging agents, p53 has been
shown to concurrently transactivate genes responsible for cell cycle
arrest (p21, gadd45, and cyclin G) and the mdm-2 gene, which
encodes a protein that is capable of binding to and inactivating p53
function (1, 2). We wished to explore the effects of posttranslational
modifications on the p53-Mdm-2 interaction in an effort to discern
how p53 transactivation might continue in the presence of elevated
Mdm-2 protein. One posttranslational modification with the requisite
activity to effect p53-Mdm-2 association is phosphorylation by DNA
PK.3 DNA-PK is a nuclear serine/threonine protein kinase with the
unique property that its activity is dependent on DNA discontinuities.
DNA-PK has been implicated in both double-stranded DNA break
repair and recombination (3). In fact, mutations in the Ku subunits,
which are responsible for DNA binding, or the catalytic subunit,
DNA-PKcs, result in radiosensitivity in humans and severe combined
immune deficiency syndrome in mice (4â€”7). DNA-PK has been
previously shown to phosphorylate a number of nuclear proteins in
vitro, including p53 (8). Although DNA-PK phosphorylation of p53
may affect the stabilization of p53 (9), p53 DNA-PK mutants still
possess the ability to transactivate p53 response genes (10).

in in vitro reactions according to our previously published protocols (1 1).

ELISAS. DNA-PK phosphorylation reactions in the presence of ATP (PK)
or an nonhydrolyzable analogue, AMPPNP, were performed on recombinant
human PS3, full-length Mdm-2, and S17A. Wells were coated with 50 ng of

p53 and blocked with 1% BSA in a phosphate buffer. Mdm-2 (wild-type or
S17A) protein (10 ng) was allowed to incubate with bound p53 for 1 h. A

Mdm-2 monoclonal antibody (SMP14; Santa Cruz Biotechnology) followed
by the addition of a goat antimouse horseradish

peroxidase-conjugated

anti

body was used to detect Mdm-2 protein that was bound to p53. Using 3, 3' 5,
5' tetramethylbenzidine

base as a substrate

for color development,

the Vmax of

the horseradish peroxidase enzyme was determined by quantitation of A610nm
using Soft Max Pro software.

Site-directed Mutagenesis. Human mdm-2 serine-l7 was converted to
alanine using two complementary oligonucleotides (5'-GCTGTAACCACC
QCACAGATFCCAGC-3' and 5'-GCTGGAATCTGTGCGGTGGUA
CAGC-3'), with a bp change of T â€”@
G. The site-directed mutagenesis was
completed using Pfu polymerase (Stratagene). After amplification,
was digested with restriction enzyme DpnI to linearize parental

the reaction
strand DNA

and transformed into maximum competent DH5cr cells (Life Technologies,
Inc.). Confirmation of mutagenesis was completed by dideoxy DNA sequenc
ing.

CAT Assays. Hl299 cells were platedat 1 X l0@and incubatedovernight
at 37Â°Cin DMEM plus 10% fetal bovine serum. Cells were transfected with
a total of 8 @gof supercoiled plasmid DNA using Lipofectamine (Life
Technologies, Inc.). Forty-eight h, later the cells were harvested, and cell

extracts were prepared using the freeze-thaw extraction method (12). To
determine extract concentration, protein determinations were performed using
the Bradford assay (Bio-Rad). CAT activity was measured by incubating each

extract (â€”50@.Lg)
with 50 @Ci
of [â€˜4C]chloramphenicol
and 5 mMn-butyl-CoA
in 0.25 M Tris-Cl

(pH 8.0) for 1â€”2h. Acetylated

products

were purified

extraction with mixed xylenes and quantitated using liquid scintillation.

by

Each

CAT assay sample was performed in triplicate. The Western assay was
performed as described previously (13), except for the following modifica
tions. One hundred

@.tgof Hl299

extracts were resolved

on a 8% SDS

polyacrylamide gel, transferred to a polyvinylidene fluoride membrane,
and probed with a Mdm-2 monoclonal

antibody (SMP-l4;

Santa Cruz Bio

technology).
Results
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On the basis of an amino acid analysis of the full-length, human
Mdm-2 protein, eight potential DNA-PK sites (9) were identified (Fig.
lA). To determine whether Mdm-2 could be phosphorylated by DNA
PK, in vitro phosphorylation reactions were performed with recom
binant Mdm-2 protein, purified DNA-PK, and [y-32P]ATP. The data
presented in Fig. lB demonstrated that, in the absence of DNA (Lane

1),noDNA-PK
phosphorylation
ofMdm-2
wasobserved.
However,

in the presence of DNA (Lanes 2 and 3), Mdm-2 was effectively
phosphorylated by DNA-PK.
One specific DNA-PK phosphorylation site on Mdm-2 was local
5013
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phosphorylation

and Methods

DNA-PK PHOSPHORYLATION
OF Mdm-2

A

@
Fig. 1. DNA-PK phosphorylation of recombinant
Mdm-2 protein. A, schematic of full-length Mdm-2 and a
truncated peptide containing amino acids 1â€”58,defining
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the potential sites for DNA-PK phosphorylation (num
bers) with respect to structural domains. B, DNA-PK
reactions were performed as described previously (1 1).
Lane 1, 100 ng of histidine-tagged recombinant Mdm-2
protein in the absence of activated calf thymus DNA;
Lanes 2 and 3, activated DNA with 30 and 100 ng,
respectively, of Mdm-2. C, NH2-terminal Mdm-2 peptide
was used in a DNA-PK phosphorylation reaction in the
absence (Lane 1) or presence (Lane 2) of activated DNA.
Lane 3, site-directed Mdm-2 mutant in which Ser-l7 was

100

D
123

123

changed to an alanine was subjected to a DNA-PK phos
or SI7A (Lane 2) to verify the presence of equivalent
amounts of recombinant protein.

ized by site-directed mutagenesis. Interestingly, of the eight potential
DNA-PK sites located on Mdm-2, only Ser-17 was adjacent to the p53
interaction domain (Fig. 1A). Therefore, a serine-to-alanine mutation
at this position was created and expressed in bacteria as a truncated
polypeptide

consisting

of amino

acids

1â€”58 of Mdm-2.

interaction that was seen with DNA-PK-phosphorylated

DNA-PK phosphorylation of p53 alone or when both proteins were
phosphorylated (Fig. 2B). Thus, the in vitro results point to Ser-l7 as

A control

58-amino acid polypeptide of Mdm-2, possessing the wild-type Se
quence, was also prepared, and both wild-type and S17A proteins
were assayed for in vitro phosphorylation by DNA-PK (Fig. lC).
Although the wild-type 58-amino acid Mdm-2 polypeptide was phos
phorylated by DNA-PK in a DNA-dependent manner (Lanes 1 and 2),
the S l7A polypeptide could not be phosphorylated by DNA-PK (Lane

25.00

A
20.00

15.00

a

3).WeusedacaseinkinaseHphosphorylation
of Mdm-2(wild-type

10.00

and S l7A) to ensure equal amounts of each truncated protein. The
results

in Fig. 3D demonstrated

equal

signal

intensities

of the two
5.00

Mdm-2 proteins when they were phosphorylated by casein kinase H.
The ability of a full-length S17A Mdm-2 protein to be phosphorylated
by DNA-PK (data not shown) provides evidence that additional
DNA-PK site(s) are located in the COOH region of Mdm-2. Taken
together, these results clearly indicate that Ser-l7 of the human
Mdm-2 protein is a target for DNA-PK phosphorylation.
Having demonstrated that DNA-PK phosphorylated human Mdm-2
specifically at Ser-17, we designed a series of experiments to deter
mine whether this phosphorylation site had an effect on the ability of
Mdm-2 to interact with p53. A modified ELISA was used to assess
p53-Mdm-2 interactions following DNA-PK phosphorylation of each
protein. DNA-PK phosphorylation of Mdm-2 resulted in a dramatic
decrease (>90%) in the amount of Mdm-2 associated with recombi
nant p53 (Fig. 2A). In sharp contrast, DNA-PK phosphorylation of
p53 resulted

in only a modest

decrease

in the amount

of S17A

failed

to elicit

the decrease

0.00
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rylated Mdm-2 that was bound to p53. Consistent with Mdm-2 phos
phorylation being the critical determinant to p53-Mdm-2 association,
the phosphorylation of both proteins resulted in a decrease interaction
comparable to that seen with Mdm-2 phosphorylation alone (Fig. 2A).
To ascertain the DNA-PK phosphorylation site on Mdm-2 that
inhibits its ability to interact with p53, a full-length Mdm-2 protein
possessing the S17A mutation was analyzed by ELISA. The unphos
phorylated S l7A retained its ability to bind to p53 at levels that were
comparable to those of wild-type Mdm-2. However, DNA-PK phos
phorylation

Mdm-2 (Fig.

2B).Also,p53-S17Acomplexformation
couldnotbedecreased
by

0.00
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Fig. 2. The effects of Mdm-2 phosphorylation by DNA-PK on the interaction with p53
using a modified ELISA. A, comparison of the effects of DNA-PK phosphorylation of
Mdm-2 on its interaction with p53. B, comparison of S17A with p53. Columns, V,,.,@
calculations for triplicate samples taken for each experimental condition; bars, SD.
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phorylation reaction. D, casein kinase II phosphorylatiori
reactions were performed on truncated Mdm-2 (Lane 1)

DNA-PK PHOSPHORYLATION
OF Mdm-2

@
@

@

a DNA-PK phosphorylation site on human Mdm-2 that is capable of
regulating p53-Mdm-2 association.
Given that Mdm-2 phosphorylation by DNA-PK at Ser-17 alters its
ability to bind p53, we set out to assess how this posttranslation
modification of Mdm-2 would affect p53-dependent transactivation in
vivo. Hl299 cells that lack p53 protein (14) were transfected with a
pS3CAT reporter gene either alone, with a p53 expression vector, or
with p53 and mdm-2 expression vectors. The p53 transactivation
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Discussion
Mdin-2

The data presented in this report are consistent with a model (Fig.

4) whereby
DNA-PKphosphorylates
thehumanMdm-2proteinat
Ser-17, effectively preventing Mdm-2 from complexing with p53.
Given that DNA-PK activity is dependent on double-stranded DNA
breaks, Mdm-2 phosphorylation at Ser-17 could explain how p53
transactivates the mdm-2 gene but is not initially inhibited by the
resulting elevated Mdm-2 protein. This posuranslational modification
of Mdm-2 would allow further p53 transactivation of genes, which is

Fig. 4. Model predicting how DNA-PK phosphorylation of Mdm-2 inhibits p53Mdm-2 interaction following DNA damage. A, in response to double-stranded DNA
breaks, DNA-PK activity and p53 protein levels increase. This, in tum, results in
phosphorylation of both Mdm-2 and p53 proteins. The phosphorylation of Mdm-2 at
Ser-l7 effectively blocks its ability to interact with p53. p53 is able to continue to
transactive genes responsible for cell cycle arrest. B, following the repair of damaged
DNA, DNA-PK activity is eliminated and the newly synthesized Mdm-2 protein, now
unphosphorylated, binds p53 and target p53 for degradation (I 6. 17).

required for cell cycle arrest (Fig. 4A). Then, upon the elimination of
DNA damage, the concurrent decrease in DNA-PK activity would
create an increase in unphosphorylated Mdm-2 protein and favor the
formation of p53-Mdm-2 complexes (Fig. 4B). Combined with the
recent observations that Mdm-2 association with p53 results in the
rapid degradation of p53 (16, 17), our results suggest a mechanism by
which the cell can effectively regulate the timing of p53 degradation.
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