ATM-dependent phosphorylation
of Mdm2 on serine 395: role
in p53 activation by DNA damage
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The p53 tumor suppressor protein, a key regulator of cellular responses to genotoxic stress, is stabilized and
activated after DNA damage. The rapid activation of p53 by ionizing radiation and radiomimetic agents is
largely dependent on the ATM kinase. p53 is phosphorylated by ATM shortly after DNA damage, resulting in
enhanced stability and activity of p53. The Mdm2 oncoprotein is a pivotal negative regulator of p53. In
response to ionizing radiation and radiomimetic drugs, Mdm2 undergoes rapid ATM-dependent
phosphorylation prior to p53 accumulation. This results in a decrease in its reactivity with the 2A10
monoclonal antibody. Phage display analysis identified a consensus 2A10 recognition sequence, possessing the
core motif DYS. Unexpectedly, this motif appears twice within the human Mdm2 molecule, at positions
corresponding to residues 258-260 and 393-395. Both putative 2A10 epitopes are highly conserved and
encompass potential phosphorylation sites. Serine 395, residing within the carboxy-terminal 2A10 epitope, is
the major target on Mdm2 for phosphorylation by ATM in vitro. Mutational analysis supports the

conclusion that Mdm2 undergoes ATM-dependent phosphorylation on serine 395 in vivo in response to

DNA damage. The data further suggests that phosphorylated Mdm2 may be less capable of promoting the
nucleo-cytoplasmic shuttling of p53 and its subsequent degradation, thereby enabling p53 accumulation. Our
findings imply that activation of p53 by DNA damage is achieved, in part, through attenuation of the

p53-inhibitory potential of Mdm2.

[Key Words: Radiation; proteolysis; ubiquitination; nucleo-cytoplasmic shuttling]

Received February 6, 2001; revised version accepted February 20, 2001.

The p53 tumor suppressor plays a major role in the cel-
lular response to various stress signals. The cellular lev-
els of the p53 protein significantly increase in response
to stress such as DNA damage, activation of oncogenes,
and hypoxia (for review, see Giaccia and Kastan 1998;
Oren 1999; Prives and Hall 1999; Vousden 2000). The
wild-type p53 protein normally has a very short half-life,
owing to degradation by the ubiquitin-proteasome ma-
chinery (Maki et al. 1996). Central to the regulation of
p53 is the Mdm2 protein. Transcription of the mdm?2
gene is strongly activated by p53 (Barak et al. 1993; Wu et
al. 1993). The Mdm2 protein, in turn, binds p53 and con-
ceals its transactivation domain (Momand et al. 1992;
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Oliner et al. 1993). Moreover, Mdm2 promotes the rapid
degradation of p53 (Bottger et al. 1997; Haupt et al. 1997;
Kubbutat et al. 1997). This negative auto-regulatory feed-
back loop enables the tight regulation of p53 activity and
stability (Freedman and Levine 1999; Juven-Gershon and
Oren 1999; Momand et al. 2000).

The ability of Mdm2 to promote p53 degradation is
attributable to its E3 ubiquitin ligase activity (Honda and
Yasuda 1997, 1999). Within Mdm?2, the RING finger do-
main is of particular importance for this E3 activity, in
vitro as well as in vivo (Kubbutat et al. 1997; Honda and
Yasuda 1999; Fang et al. 2000). In addition, the degrada-
tion and stability of p53 are strongly dependent on the
subcellular localization of both p53 and Mdm2. p53 can
shuttle between the nucleus and the cytoplasm (Mid-
deler et al. 1997; Weber et al. 1999). Mdm?2, a predomi-
nantly nuclear protein, also shuttles constantly between
the cytoplasm and the nucleus (Roth et al. 1998). The
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export of p53 into the cytoplasm is essential for its ef-
fective Mdm2-mediated degradation (Roth et al. 1998;
Lain et al. 1999; Tao and Levine 1999a,b). Cytoplasmic
export of p53 requires its prior ubiquitination by Mdm2
(Boyd et al. 2000; Geyer et al. 2000). There remains some
uncertainty as to whether Mdm2 also contributes in ad-
ditional ways to p53 shuttling (Roth et al. 1998; Lain et
al. 1999; Stommel et al. 1999).

Another p53 regulator is the ARF tumor suppressor
protein. ARF directly blocks the E3 activity of Mdm?2,
and in addition sequesters Mdm2 in the nucleolus, away
from p53 (Honda and Yasuda 1999; Tao and Levine
1999a,b; Weber et al. 1999; Zhang and Xiong 1999); a
nucleolar localization signal within the RING domain of
Mdm?2 is also required for its nucleolar sequestration by
ARF (Lohrum et al. 2000; Weber et al. 2000). Several
cellular proteins, including E2F1, Ras, Myc, B-catenin,
pRb, and c-Abl, can stabilize p53; in many cases, stabi-
lization is achieved through induction of ARF (for re-
view, see Sharpless and DePinho 1999; Sherr and Weber
2000).

Regulation of p53 protein levels and activity is
achieved primarily through posttranslational mecha-
nisms, with phosphorylation playing a major role (Ash-
croft et al. 1999, 2000; Oren 1999). The p53 protein is a
target for phosphorylation by a plethora of protein ki-
nases (for review, see Fuchs et al. 1998; Giaccia and Kas-
tan 1998; Jayaraman and Prives 1999; Meek 1999; Prives
and Hall 1999). Stress-induced phosphorylation of
serines and threonines within the amino-terminal region
of p53 contributes to activation and stabilization of p53,
by attenuating its binding to Mdm2 as well as augment-
ing its interaction with components of the transcrip-
tional machinery.

A major activator of p53 in response to ionizing radia-
tion is the ATM kinase. ATM belongs to a family of
protein kinases that possess a phosphoinositide 3-ki-
nase-related domain at their carboxyl termini; these en-
zymes are involved in controlling genome stability, cell
cycle progression, and responses to DNA damage in vari-
ous organisms (for review, see Kastan and Lim 2000; Shi-
loh 2001). The p53 protein is phosphorylated by ATM on
serine 15 (Siliciano et al. 1997; Banin et al. 1998; Can-
man et al. 1998; Khanna et al. 1998), which may render
P53 more resistant to the inhibitory effects of Mdm2
(Shieh et al. 1997), as well as enhance its transcriptional
activity (Lambert et al. 1998; Dumaz and Meek 1999).

It appears reasonable that the interplay between p53
and Mdm?2 is modulated by modification not only of p53,
but also of Mdm2.. In fact, Mdm2 can be phosphorylated
on multiple sites (Henning et al. 1997; Mayo et al. 1997,
Gotz et al. 1999), as well as be modified by covalent
attachment of Sumo (Buschmann et al. 2000). We de-
scribed previously the rapid ATM-dependent phosphory-
lation of Mdm2 on exposure of cells to ionizing radiation
(IR) and radiomimetic drugs (Khosravi et al. 1999). This
is reflected in a faster electrophoretic mobility of Mdm?2,
with a concomitant decrease in its apparent reactivity
with the monoclonal antibody 2A10 (Khosravi et al.
1999; Maya and Oren 2000). Moreover, Mdm?2 can be
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phosphorylated directly by ATM in vitro (Khosravi et al.
1999).

We now report that microinjection of the 2A10 anti-
body increases substantially the steady state levels of
endogenous wild-type p53. Human Mdm?2 carries two
putative 2A10 epitopes, spanning positions 258-260 and
393-395, respectively. Both epitopes are highly con-
served in evolution and contain critical serines, at posi-
tions 260 and 395, whose phosphorylation may affect
2A10 reactivity. We show that serine 395 (S395) is a ma-
jor target for phosphorylation by ATM in vitro. More-
over, mutational analysis supports the conclusion that
8395 undergoes ATM-dependent phosphorylation in
vivo following DNA damage. The data further suggests
that S395 phosphorylation attenuates the ability of
Mdm?2 to promote the nuclear exit of p53 and to target
p53 for degradation. These results support the existence
of a dual mechanism for p53 accumulation and activa-
tion following DNA damage, where the simultaneous
phosphorylation of both p53 and Mdm2 ensures an ef
fective release of p53 from the inhibitory action of Mdm?2.

Results

Microinjection of the 2A10 antibody enables
p53 accumulation

IR and radiomimetic agents elicit rapid ATM-dependent
phosphorylation of Mdm?2 (Khosravi et al. 1999). The
timing of this process is compatible with a role in the
subsequent accumulation of p53; however, a causal re-
lationship was not established. To better evaluate the
relationship between Mdm2 phosphorylation and p53
accumulation, we took advantage of the fact that the
ATM-dependent phosphorylation of Mdm2 decreases its
reactivity with the monoclonal antibody (MoAb) 2A10
(Khosravi et al. 1999; Maya and Oren 2000). This sug-
gested that the region of Mdm2 recognized by 2A10 may
contribute to the regulation of Mdm2 activity, and that
interference with the proper performance of this region
might thus compromise the biochemical activity of
Mdm2. To test this prediction, primary mouse embryo
fibroblasts (MEFs) were microinjected with 2A10. Steady
state levels of p53 in the injected cells were monitored
by indirect immunofluorescence. As shown in Figure 1,
the level of endogenous p53 in noninjected MEFs was
practically below detection, apparently because in the
absence of stress, p53 is constitutively targeted for rapid
Mdm2-mediated degradation. However, cells microin-
jected with 2A10 (identified by positive immunoglobulin
staining, Fig. 1b) exhibited prominent nuclear accumu-
lation of endogenous p53 (Fig. 1c), suggesting that bind-
ing of 2A10 to Mdm?2 disrupts the ability of Mdm?2 to
target p53 for degradation. The accumulation of p53 was
not caused by a nonspecific effect of the microinjection,
because it was not induced by a different Mdm2-specific
MoADb, 4B2 (Fig. le,f), directed against the amino-termi-
nal part of Mdm2 (Chen et al. 1993).

The selective ability of 2A10 to abrogate the p53-de-
stabilizing effect of Mdm2 supports the conjecture that
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Figure 1. Microinjection of 2A10 induces p53 accumulation.
Primary MEFs were microinjected with ascites fluid of either
the anti-Mdm2 monoclonal antibody 2A10 (panels a—c), or the
anti-Mdm2 monoclonal antibody 4B2 (panels d-f). Twenty-nine
h later, cells were fixed and stained with DAPI (panels a,d),
Cy3-conjugated goat anti-mouse antibody to visualize the mi-
croinjected mouse monoclonal antibodies (panels b,e), and anti-
p53 polyclonal serum followed by FITC-conjugated donkey
anti-rabbit antibody, to visualize endogenous p53 (panels c,f).
Panels a—c) represent the same microscopic fields, photographed
at three different wavelengths, as is also the case for panels d-f.
Ig = immunoglobulin.

the corresponding epitope resides within a region of
Mdm?2 critical for its proper activity. Similar observa-
tions were reported recently by Lane and coworkers
(Midgley et al. 2000).

Mapping of the 2A10 epitopes on Mdm?2

As a first step towards identifying the residue(s) on
Mdm?2 that are phosphorylated by ATM, we attempted
to map the 2A10 epitope through phage display epitope
library analysis. Screening of a 6-mer phage peptide li-
brary resulted in the selection of 2A10-reactive peptides
sharing the core sequence 1-DYS-5, with a preference
for D at position 1 and a strong preference for L at posi-
tion 5 (Fig. 2A and data not shown). Unexpectedly, in-
spection of the sequence of human Mdm?2 revealed two
putative 2A10 epitopes (Fig. 2B). One of these (EDYSL)
is located at positions 257-261 of Mdm?2, whereas the
other (DDYSQ) resides at positions 392-396. Of note, the
preceding residues are also very similar between both

ATM-dependent Mdm?2 phosphorylation on serine 395

putative epitopes. Importantly, both putative 2A10
epitopes reside within sequences that are highly con-
served through evolution (Momand et al. 2000), suggest-
ing that both sites are parts of functionally important
domains.

In addition to the serine residue within the core DYS
motif, additional serines reside in close proximity to
both putative 2A10 epitopes (Fig. 2B). In principle, phos-
phorylation of any of those serines in response to DNA
damage may also affect 2A10 reactivity, as may phos-
phorylation of the core tyrosine residue, if Mdm2 can
undergo such modification in vivo. Of particular note,
S395, located within the carboxy-terminal putative 2A10
epitope, is followed by a glutamine residue and thus con-
stitutes a potential ATM phosphorylation site (Kim et al.
1999, O'Neill et al. 2000).

8395 of Mdm? is phosphorylated in vitro by ATM

To gain definitive information on the site(s) targeted by
ATM, a set of human Mdm?2-derived synthetic peptides

Peptide sequence

Number of phage identified

Pan 2 Pan 3
*DYSLPS T p1L) 0 (4)
*DDYSLD 4 (11) 4 (4)
B 255 390
DSEDYSLS ESDDYSQ
1 491
J acidic
e Zn RING
P33 binding finger finger

Figure 2. Mdm2 encompasses two putative 2A10 epitopes. (A)
A 6-mer phage display peptide library was screened with the
2A10 antibody as described in Materials and Methods. Eleven
positive clones obtained after the second panning, as well as
four positive clones obtained after the third panning, were sub-
jected to DNA sequencing. All clones were found to fall into
only two sequence classes. The deduced amino acid sequences
of the corresponding 6-mer peptides, present in the positive
phage, are shown. Based on this data and on the screening of
another independent library (data not shown), the consensus
2A10 epitope was deduced as 1-DYS-5, where 1 is preferentially
D and 5 is preferentially L; the core DYS sequence is indicated
in bold. Also shown is the number of positive phage found to
carry the indicated sequence, out the total number of positive
phage (in parentheses) sequenced after each panning. (B) Posi-
tions of the two putative 2A10 epitopes on Mdm?2 are indicated.
The positions of the main identified structural domains of the
protein (Momand et al. 2000) are also indicated. Zn finger = zinc
finger.
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Figure 3. Serine 395 is the major site on Mdm2 for phosphory-
lation by ATM in vitro. (A) Immunoprecipitated wild-type (WT)
or kinase dead (KD) FLAG-ATM were incubated with a fixed
amount of E. coli-expressed recombinant proteins, consisting of
fusions between GST and peptides derived from various regions
of human Mdm2. The amino acid positions corresponding to
each peptide are indicated in the upper part of the panel (GST-
Mdm2 peptide). Kinase assays were performed in vitro as de-
scribed in Materials and Methods. A fusion between GST and a
peptide corresponding to residues 9-21 of human p53 (GST-p53
peptide) was used as a positive control. Upper panel: 2P incor-
poration into the various GST peptides. Lower panel: Western
blot with anti-FLAG M2 monoclonal antibody, confirming the
presence of similar amounts of ATM protein in all reactions. (B)
Immunoprecipitated WT or KD FLAG-ATM were incubated
with recombinant proteins consisting of fusions between GST
and full-length Mdm?2, either wild-type or S395A. Kinase assays
were performed in vitro as in A. Upper panel: Western blot with
an Mdm2-specific monoclonal antibody, to assess the input
amount of fusion protein in each reaction. Middle panel: 2P
incorporation into the GST-Mdm2 fusion proteins. Lower
panel: Western blot with anti FLAG M2 monoclonal antibody.

containing the ATM consensus sequence, SQ, were as-
sayed for phosphorylation by ATM in vitro (Fig. 3A). A
GST-p53 peptide, serving as a positive control (Canman
et al. 1998), was efficiently phosphorylated by wild-type
ATM (Fig. 3A, lane 2) but not by kinase-dead ATM (Fig.
3, lane 1). Substantial phosphorylation was also seen
when GST was fused with a peptide consisting of resi-
dues 390-402 of human Mdm?2 (Fig. 3A, lane 5). In con-
trast, two other SQ-containing peptides were not phos-
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phorylated at all (Fig. 3, lanes 3,6), whereas a weak signal
was obtained with a peptide corresponding to residues
380-393 (Fig. 3, lane 4). This suggested strongly that the
major ATM phosphorylation site resides between resi-
dues 390-402. The only serine within this segment that
is followed by a glutamine is S395, thus implicating it as
the principal target of ATM in vitro.

This notion was explored more directly by comparing
the effect of ATM on fusion proteins containing either
full-length wild-type human Mdm2 or a mutant with a
serine to alanine substitution at position 395 (S395A).
Whereas the wild-type Mdm?2 fusion protein was an ex-
cellent in vitro ATM substrate, substitution to alanine
almost completely abolished phosphorylation (Fig. 3B).
Hence, S395 is indeed a major site of phosphorylation by
ATM in vitro. The residual phosphorylation of S395A
may represent minor in vitro phosphorylation sites, pos-
sibly residing within the amino-terminal portion of
Mdm?2 (Khosravi et al 1999), that are recognized with
varying efficiency by different preparations of ATM. The
significance of such minor sites remains unclear; how-
ever, there is evidence that not all in vitro ATM sites are
actually targeted in vivo (Y. Shiloh, unpubl.).

ATM-dependent phosphorylation of $395 in vivo

The involvement of S395 in ATM-dependent phosphory-
lation in vivo was explored by replacing S395 with either
alanine (S395A), expected to abrogate phosphorylation,
or aspartic acid (S395D), expected to mimic some aspects
of phosphorylation. After transfection into H1299 cells,
the 2A10 reactivity of the different in vivo-expressed
Mdm?2 variants was compared by Western blot analysis.
Substitution of S395 by aspartic acid dramatically re-
duced 2A10 reactivity (Fig. 4, S395D). A mild reduction
was also seen with S395A, consistent with the phage
display data that implicate a requirement for serine at
this position for optimal 2A10 binding.
ATM-dependent Mdm2 phosphorylation can be moni-
tored with 2A10 (Khosravi et al 1999). If S395 is phos-
phorylated by ATM also in vivo, it is predicted that wild-

WT 5395A S395D

4B2+
nAQ — A

DAT0 | w——

Figure 4. Mutation of serine 395 decreases 2A10 immunore-
activity. H1299 cells were transiently transfected with expres-
sion plasmids (600 ng each) encoding either wild-type human
Mdm2 (WT), Mdm2 S395A, or Mdm2 S395D. Twenty-six h
later, cells were harvested and subjected to SDS-PAGE followed
by Western blot analysis. The membranes were reacted either
with a mixture of the 2A9 and 4B2 Mdm2-specific monoclonal
antibodies or with the 2A10 Mdm2-specific monoclonal anti-
body.



type Mdm2 but not S395A will display an ATM-depen-
dent decrease in 2A10 reactivity. This prediction was
tested by transfecting p53/mdm2 double null MEFs (174-
2, gift of G. Lozano) with either wild-type or S395A
Mdm2, with or without an ATM expression plasmid.
Cotransfection of wild-type Mdm2 with ATM resulted
in a decrease in 2A10 reactivity, consistent with ATM-
dependent phosphorylation (Fig. 5A, lanes 1,2). This was
not due to differences in the total amount of Mdm?2, as
confirmed by reprobing the same membrane with a com-
bination of the Mdm?2-specific MoAbs 4B2 and 2A9. In
contrast to wild-type Mdm?2, the 2A10 reactivity of
S395A was completely unaffected by ATM (Fig. 5A,

A
Mdm2: wt S5395A
—_—
ATM: - + - -
Mdm2 — S . .
(2A10)
(4B2+2A9)
1 2 3 4
B
human Mdm?2 mouse Mdmz2
(transduced) (endogenous, wt)
wt S395A
R - + - + - + - 4
2A107 ——- = —
Mdm?2

TOLA]  ——= — — —— S— — — —

Mdm2
1 2 3 4 =] 6 7 8

Figure 5. Ser395 is required for ATM-dependent phosphoryla-
tion in vivo. (A) p53/mdm2 double null 174-2 cells were tran-
siently transfected with 1.5 pg of either wild-type (lanes 1,2) or
S395A (lanes 3,4) Mdm?2 expression plasmid, plus 4.5 pg of ei-
ther empty vector (lanes 1,3) or ATM expression plasmid (lanes
2,4). Twenty-six h later, cells were harvested and subjected to
SDS-PAGE followed by Western blot analysis. The membrane
was first reacted with 2A10, followed by reprobing with a mix-
ture of the Mdm2-specific MoAbs 2A9 and 4B2. (B) p53-null
AP29 cells were infected with retroviruses expressing ecither
wild-type or S395A human Mdm2. Forty-eight h later cells were
treated with 25 nM MGI132 for 4 h to block further Mdm2
degradation, and then irradiated with 8 Gy and harvested 30 min
later. Proteins were extracted in the presence of phosphatase
inhibitors. Ten percent of the extract was taken directly for
SDS-PAGE (lanes 5-8), whereas the rest was subjected to im-
munoprecipitation with MoAb 2A9, specific for human Mdm?2
(lanes 1-4). Following transfer to a nitrocellulose membrane,
the membranes were reacted sequentially with 2A10 (upper
row) and then with a mixture of 2A9 and 4B2 (lower row).

ATM-dependent Mdm?2 phosphorylation on serine 395

lanes 3,4). Hence, in transfected cells, S395A cannot un-
dergo ATM-dependent phosphorylation within the 2A10
epitope, supporting the conclusion that S395 is also a
target of ATM in vivo.

If this is indeed the case, S395A should also fail to
undergo ATM-dependent phosphorylation under condi-
tions where endogenous ATM is activated by relevant
signals. Therefore, p53 null MEFs were infected with ret-
roviruses expressing either wild-type or S395A Mdm?2.
Retroviral delivery was chosen because it yielded very
low levels of human Mdm2, expected not to perturb the
biology of the recipient MEFs. In fact, these levels were
well below those of the endogenous mouse Mdm2, to the
extent that they were practically undetectable by direct
Western blot analysis. To allow selective visualization of
the exogenous human Mdm?2, it was first immunopre-
cipitated with the Mdm2-specific MoAb 2A9, which
does not react efficiently with mouse Mdm?2 (R. Maya,
unpubl.). Subsequent probing of the immunoprecipitated
human Mdm2 with 2A10 revealed a substantial drop in
the reactivity of the wild-type protein on exposure to IR
(Fig. 5B, lanes 1,2). However, the 2A10 reactivity of
S395A was unaffected by IR (Fig. 5B, lanes 3,4). Of note,
IR reduced the 2A10 reactivity of the endogenous mu-
rine Mdm?2 in the same extracts, irrespective of whether
the cells expressed wild-type or S395A human Mdm2
(Fig. 5B, lanes 5-8). The selective retention of 2A10 re-
activity by S395A implies that it fails to undergo ATM-
dependent phosphorylation on the 2A10 epitope in re-
sponse to IR. Taken together, the findings in Figures 3
and 5 are highly consistent with the notion that cellular
exposure to ionizing radiation triggers the phosphoryla-
tion of S395 by ATM.

Substitution of S395 to aspartic acid compromises
the effects of Mdm?2 on p53

To assess the functional consequences of S395 phos-
phorylation, p53-null human H1299 cells were tran-
siently transfected with a fixed amount of p53 expres-
sion plasmid, together with increasing amounts of DNA
encoding either wild-type Mdm2 or S395D, the latter
expected to resemble constitutively phosphorylated
Mdm?2. Wild-type Mdm2 elicited a pronounced decrease
in steady state p53 levels (Fig. 6A, lanes 1-4), consistent
with earlier reports (Haupt et al. 1997; Kubbutat et al.
1997). In contrast, despite being expressed at comparable
levels (see Fig. 6A), S395D was far less capable of pro-
moting p53 degradation (Fig. 6A, lanes 5-7). S395A was
as potent as wild-type Mdm2 in some experiments,
whereas in others its activity was intermediate between
that of wild-type Mdm2 and S395D (data not shown),
presumably owing to a mild negative effect of the sub-
stitution to alanine.

A similar picture was revealed in human osteosar-
coma U2-OS cells, transiently transfected with an ex-
pression plasmid encoding a green fluorescent protein—
p53 fusion protein (GFP-p53; Stommel et al. 1999), to-
gether with wild-type Mdm2, Mdm2 S395A, or Mdm2
S395D. Analysis of cultures 48 h after transfection re-
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Mdm2 ($395D) = = = - el
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GFP-p53 + + +
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Mdm2 S395A - + -
Mdm?2 S395D = = +

DNA

Mdm2

GFP-
p53

Figure 6. Mdm2 S395D is impaired in promoting p53 degrada-
tion. (A) H1299 cells were transiently transfected with 15 ng of
human p53 expression plasmid, either alone (lane 1) or in com-
bination with 100, 300, or 600 ng of wild-type Mdm2 or Mdm2
S395D expression plasmids (lanes 2-4 and 5-7, respectively).
Twenty-six h later cells were harvested and subjected to SDS-
PAGE, followed by Western blot analysis. The membranes were
reacted with a mixture of the 2A9 and 4B2 Mdm2-specific
monoclonal antibodies (upper panel) or with a mixture of the
p53-specific monoclonal antibodies DO-1 and PAb1801 (lower
panel). (B) U2-OS cells were transiently transfected with 0.5 pg
of GFP-p53 expression plasmid DNA, together with 2 pg of
DNA encoding either wild-type (WT) or mutant human Mdm?2,
as indicated above the corresponding panels. Forty-eight h later
cells were fixed and stained with DAPI (panels a,d,g) and with
the anti-Mdm2 monoclonal antibody 4B2 followed by Cy3-
conjugated goat anti-mouse immunoglobulin serum (panels
b,e,h). GFP-p53, in the same microscopic fields, was visualized
by monitoring green fluorescence with an appropriate filter
(panels c,f,i).

vealed that cells transfected with a combination of GFP-
p53 and wild-type Mdm2 exhibited rather faint GFP fluo-
rescence (Fig. 6B, panels a—c), presumably owing to pro-
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teasomal degradation of the fusion protein. A similar
picture was revealed with S395A (Fig. 6B, panels d-f). In
both cases, close to 75% of the Mdm2 positive cells dis-
played only weak GFP fluorescence (data not shown). In
contrast, the majority of the cells expressing S395D re-
tained intensive fluorescence (Fig. 6B, panels g-i);
weaker fluorescence was seen in only 35% of the cells.
Hence in U2-OS cells, too, S395D is less effective than
either wild-type Mdm2 or S395A in promoting p53 deg-
radation. The data in Figure 6 suggests strongly that
phosphorylation of Mdm2 on S395 reduces its ability to
down-regulate p53.

The simplest mechanism through which S395 phos-
phorylation may exert its effect is by weakening the
binding of Mdm2 to p53. However, analysis of H1299
cells cotransfected with p53 together with wild-type
Mdm?2, S395A, or S395D, failed to reveal significant dif-
ferences in the ability of the various Mdm2 proteins to
bring down bound p53 (data not shown). Hence, the re-
duced ability of S395D to promote p53 degradation is not
due to a lower p53-binding capacity, and must result
from interference with some other property of Mdm?2.

A major outcome of p53 ubiquitination is its export
from the nucleus to the cytoplasm (Boyd et al. 2000;
Geyer et al. 2000), necessary for its proteasomal degra-
dation (Roth et al. 1998; Lain et al. 1999; Stommel et al.
1999; Tao and Levine 1999a,b). We therefore compared
the ability of wild-type Mdm2 and S395D to affect the
subcellular localization of p53. U2-OS cells were trans-
fected with GFP-p53, either alone or in combination
with wild-type Mdm2 or S395D. Unlike in Figure 6B,
cells already were analyzed 29 h after transfection, when
GFP-p53 levels were still relatively high even in most
cells expressing wild-type Mdm?2. In the absence of co-
transfected Mdm2, GFP-p53 localized primarily to the
nucleus (Fig. 7A, panel c). Cotransfection with wild-type
Mdm2 resulted in a significant increase in the proportion
of cells containing substantial amounts of cytoplasmic
GFP-p53 (Fig. 7A, panel f), consistent with the ability of
Mdm?2 to dictate nuclear export of p53. However, in cells
cotransfected with S395D, GFP-p53 remained largely
nuclear (Fig. 7A, panel i).

For a more quantitative assessment of the data, cells
positive for transfected Mdm2 were scored in three cat-
egories: strictly nuclear GFP-p53, GFP—p53 easily de-
tectable in both nucleus and cytoplasm, and predomi-
nantly cytoplasmic GFP-p53 (Boyd et al. 2000; Geyer et
al. 2000). Figure 7B represents the average of three inde-
pendent double-blind counts. In the absence of cotrans-
fected Mdm2 (vector), only 36% of the transfected U2-
OS cells had significant amounts of cytoplasmic GFP-
p53. This may already be an overestimate, reflecting
some contribution of the endogenous Mdm2 whose tran-
scription is activated by the transfected GFP-p53. Co-
transfection with wild-type Mdm?2 resulted in 60% of
the cells showing significant cytoplasmic p53 staining,
attesting to augmented cytoplasmic export. In contrast,
the picture with S395D was much closer to that seen
without transfected Mdm2: Only 39% of the cells exhib-
ited conspicuous cytoplasmic GFP-p53. Thus, S395D is
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Figure 7. Effect of wild-type Mdm2 and Mdm2 S395D on p53
localization. (A) U2-OS cells were transiently transfected with 1
ng of GFP-p53 expression plasmid together with 2 ng of expres-
sion plasmid encoding either wild-type or S395D Mdm2, or
with empty vector, as indicated. Cells were processed exactly as
in Fig. 6B, except that harvesting was done after 29 h only. (B)
Graphic representation of the effect of the various forms of
Mdm?2 on the intracellular distribution of p53. Transfected cul-
tures such as shown in A were scored under the fluorescent
microscope for green fluorescence, as in Fig. 7A (panels ¢,f,i).
Cells were empirically divided into three categories: (1) those
where GFP-p53 was exclusively or very predominantly nuclear
(nuc), (2) those where GFP-p53 was easily detectable in both
nucleus and cytoplasm (nuc + cyt), and (3) those where GFP-p53
was very predominantly cytoplasmic (cyt). Cells were scored
independently, in a double-blind fashion, by three individuals.
In each case, 100-200 positive cells were scored for each com-
bination of transfected plasmids. The number above each col-
umn represents the average value obtained for the percentage of
cells falling within the indicated category.
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markedly less able to promote p53 cytoplasmic export;
this may account for its reduced ability to promote p53
degradation. By analogy, phosphorylation of Mdm2 on
S395 is predicted to also have a similar effect.

Discussion

The Mdm?2 protein plays a dual role in the inactivation
of p53. On the one hand, it interferes with the ability of
p53 to function as a transcription factor. On the other
hand, as a p53-specific E3 ubiquitin ligase, Mdm2 drives
the continuous proteasomal degradation of p53, thereby
enabling the cell to maintain very low steady state levels
of p53.

Signals leading to the rapid activation of p53 must dis-
rupt the Mdm2-dependent autoinhibitory feedback loop
that normally keeps p53 latent. In the case of DNA dam-
age, this is achieved partly through posttranslational
modification of p53, most notably phosphorylation (for
review, see Fuchs et al. 1998; Giaccia and Kastan 1998;
Jayaraman and Prives 1999; Meek 1999; Oren 1999;
Prives and Hall 1999; Kapoor et al. 2000). However, p53
phosphorylation is unlikely to be the sole mechanism
through which DNA damage leads to p53 accumulation.
In fact, in some situations p53 phosphorylation does not
appear to contribute at all to its stabilization (Ashcroft et
al. 1999; Blattner et al. 1999; Dumaz and Meek 1999).
Hence, modifications on other proteins are also likely to
contribute to p53 stabilization. The most natural candi-
date is Mdm?2.

Phosphorylation of Mdm2 may affect its ability to pro-
mote p53 ubiquitination. The p53-binding domain and
the RING finger, residing near the amino and carboxyl
termini of Mdm?2, respectively, are attractive targets for
such modifications. However, other domains, including
the nuclear localization and nuclear export signals, also
participate in the in vivo regulation of Mdm?2 function
(Roth et al. 1998; Lain et al. 1999; Tao and Levine
1999a,b). The ability of Mdm2 to ubiquinate p53 is nega-
tively regulated by ARF (Pomerantz et al. 1998; Honda
and Yasuda 1999; Zhang and Xiong 1999; Fang et al.
2000), suggesting that modifications affecting ARF bind-
ing might also modulate Mdm2 function.

Mdm?2 can be phosphorylated in vitro by DNA-PK on
serine 17 (S17), within the p53-binding domain, resulting
in reduced binding of Mdm2 to p53 in vitro (Mayo et al.
1997). However, there is no indication so far that S17 is
phosphorylated in vivo, nor is there evidence for a role of
DNA-PK in p53 stabilization (Jimenez et al. 1999). More-
over, ATM-dependent, DNA damage-induced phos-
phorylation of Mdm?2 in vivo is DNA-PK-independent
(Khosravi et al. 1999). Mdm?2 is also an in vitro target of
CKII (Gotz et al. 1999), but the relevance remains un-
known.

We now propose that S395 of Mdm2 is a site of rapid in
vivo phosphorylation in response to IR and radiomimetic
drugs. ATM phosphorylates Mdm2 on S395 in vitro.
Moreover, S395 appears to be phosphorylated in an
ATM-dependent manner in vivo. ATM activity is crucial
for the rapid stabilization of p53 following ionizing ra-
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diation (Kastan et al. 1992). Our data suggests strongly
that the p53-stabilizing effect of ATM is exerted in part
through phosphorylation of the other arm of the auto-
regulatory negative feedback loop, namely Mdm?2. Sub-
stitution of S395 to aspartic acid (S395D), presumably
mimicking phosphorylation, diminishes the capacity of
Mdm?2 to drive p53 degradation. Furthermore, S395D is
inefficient in promoting the cytoplasmic export of p53,
crucial for effective p53 degradation. This lends strong
support to the notion that ATM-dependent phosphory-
lation of Mdm2 on S395 plays a significant role in en-
abling the rapid stabilization and activation of p53 in
response to particular types of DNA damage.

S395D still retains some ability to mediate p53 degra-
dation. A trivial explanation is that the substitution
mimics phosphorylated S395 only partially. However, it
is perhaps more likely that S395 phosphorylation is but
one of several modifications and/or conformational
changes that together contribute to abrogation of Mdm2
activity by stress signals. Further work should resolve
this issue.

The precise mechanism through which S395 phos-
phorylation attenuates Mdm2 function is unclear. S395
and its adjacent amino acids display a high degree of
evolutionary conservation, supporting the functional
importance of this part of the molecule. Yet, S395 does
not reside within any recognizable structural motif of
Mdm?2 (Momand et al. 2000). The proximity of S395 to
the RING finger of Mdm2, crucial for E3 activity (Kub-
butat et al. 1997; Fang et al. 2000), might suggest that its
phosphorylation affects directly this enzymatic activity
of Mdm2. However, in a cell-free ubiquitination assay,
the E3 activity of a GST-Mdm2 S395D fusion protein
was not significantly different from that of its wild-type
counterpart (data not shown). It therefore appears plau-
sible that S395 phosphorylation impinges on a more
complex interaction, involved in regulation of Mdm?2 ac-
tivity in vivo. For instance, it may affect the association
of Mdm2 with proteins that regulate its ability to
ubiquinate p53 and promote its cytoplasmic export.

Our data does not exclude the possibility that the
other 2A10 epitope, spanning positions 258-260, may
also be targeted by a kinase, particularly if this requires
prior phosphorylation of S395 by ATM. It is also note-
worthy that the residues around S260 and S395 possess
unusual similarity (Fig. 2B), highly conserved in evolu-
tion. This raises the intriguing possibility that both sites
attract not only the same antibody, but also a much
more relevant cellular factor involved in the physiologi-
cal regulation of Mdm?2 function.

Overall, our findings imply that the simultaneous
ATM-dependent phosphorylation of both p53 and Mdm2
ensures a well-coordinated p53 response.

Materials and methods

Cell culture, transfections, infections, and plasmids

Primary MEFs were grown for four passages at 37°C in Dulbec-
co’s Modified Eagle’s Medium (DMEM) supplemented with
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nonessential amino acids, 60 uM B-mercapto-ethanol, and 10%
heat inactivated fetal bovine serum (FBS, Sigma). 174-2 cells
(p53-/-, Mdm2-/- MEFs) were grown at 37°C in DMEM supple-
mented with 10% heat inactivated FBS. AP29 (p53-/- MEFs)
were grown at 37°C in DMEM supplemented with 15% heat
inactivated FBS. U2-OS cells (human osteosarcoma, wild-type
p53) were maintained at 37°C in DMEM supplemented with
10% heat inactivated FBS. H1299 cells (human lung adenocar-
cinoma, p53 null) were maintained at 37°C in RPMI medium
supplemented with 10% heat inactivated FBS. U2-OS and
H1299 cells were transfected using the Fugene protocol (Boe-
hringer Mannheim), according to the manufacturer’s instruc-
tions. 174-2 cells were transfected using PEI (Sigma). AP29 cells
were infected with pBabe puro recombinant retroviruses encod-
ing either wild-type or S395A Mdm?2.

Human wild-type Mdm2 ¢cDNA and p53 ¢cDNA, cloned in
pCMV-neo-Bam, were kindly provided by Dr. B. Vogelstein. De-
rivatives of this expression plasmid, carrying substitutions at
amino acid position 395, were prepared with the aid of the
QuikChange Site-Directed Mutagenesis kit (Stratagene). The
GFP—p53 expression plasmid (Stommel et al. 1999) was kindly
provided by Drs. Jane Stommel and Geoff Wahl. The expression
plasmid for FLAG-tagged wild-type ATM was as described (Can-
man et al. 1998).

Isolation of epitope-presenting phage from a hexapeptide
epitope library

The anti-Mdm-2 monoclonal antibody 2A10 (mAb 2A10) was
purified on a column containing 1 ml immobilized protein A
and protein G (Schleicher & Schuel). 2A10 hybridoma superna-
tant (100 ml) was applied to the column, and after washing with
50 ml phosphate buffered saline (PBS), the IgG fraction was
eluted with 10 ml of 0.1 M glycine at pH 2.8. Aliquots (0.7 ml)
were collected and instantly neutralized with 70 pl of 1 M Tris-
HCI at pH 8.0. IgG concentration was calculated from absor-
bance at 280 nm (1.4 OD = 1 mg/ml pure IgG). Biotinylation of
the purified mAb 2A10 was carried out by incubating 100 mg of
the antibody (in 0.1 M NaHCO; at pH 8.6) with 5 ng biotin
amidocaproate N-hydroxysuccinimide ester (Sigma B2643) from
a stock solution of 1 mg/ml in dimethylformamide. The mix-
ture was incubated for 2 h at room temperature and then dia-
lyzed overnight against PBS at 40°C, using a cellulose mem-
brane with a molecular weight cutoff of 12,000-14,000.

The hexapeptide epitope library was kindly provided by
George P. Smith (University of Missouri, Columbia, MO) and
was constructed by using the phage fd-derived vector fUSE5 as
described (Scott and Smith 1990). The library consists of ~70%
of the total theoretical number of phage particles (6.4 x 107) rep-
resenting the entire combinatorial diversity of hexapeptides.
Each phage clone contains a hexapeptide fused to the amino
terminus of the minor coat protein P3 (ADGAX,GAAGA .. .).

Phage clones binding to mAb 2A10 were selected from the
hexapeptide phage epitope library according to Scott and Smith
1990. A sample containing 1010 infectious phage particles was
subjected to the first round of selection and amplification (bio-
panning) using biotinylated mAb 2A10 (4 pg/ml) as a selector.
For the subsequent second and third rounds of biopanning, a
sample of 10'C phage particles, obtained from the former round,
was incubated with a reduced concentration of mAb 2A10 (0.4
pg/ml). In each round the reaction mixture was incubated for 15
min on a streptavidin-coated 60 mm polystyrene Petri dish.
Unbound phage particles were removed by extensive washing
(10 washes, 10 min each) with PBS containing 0.5% Tween-20.
Bound phage particles were eluted by incubation with glycine-
HCI at pH 2.2 for 5 min, followed by neutralization with Tris



buffer. Amplification of the eluted phage particles was per-
formed by infecting E. coli K91 cells. After the second and third
rounds of biopanning, individual amplified phage clones were
tested by ELISA (Balass et al. 1993) for specific binding to mAb
2A10. Positive clones were subjected to DNA sequencing.

Microinjection, antibodies, and immunostaining

Primary MEFs were grown for four passages and plated on 18
mm glass cover slips 24 h before microinjection. Microinjection
into cell nuclei was done with the aid of the Eppendorf system
(Microinjector 5242, Micromanipulator 5171). Cells were in-
jected with either 2A10 or 4B2 ascites fluid. For transient trans-
fection, U2-0OS cells were plated on 18 mm glass cover slips at
~50% confluence, 24 h before transfection. Microinjected and
transfected cells were fixed for 30 min in methanol at -20°C.
Following staining as indicated in the corresponding figure leg-
ends, cover slips were mounted on microscope slides and fluo-
rescence was visualized with the aid of a Zeiss Axioskop fluo-
rescent microscope, using a 40x objective.

The Mdm2-specific monoclonal antibodies 2A10, 2A9, and
4B2 (Chen et al. 1993) were a generous gift of Dr. Arnold Levine.
The p53-specific monoclonal antibodies DO-1 and PAb1801
were generous gifts of Drs. David Lane and Lionel Crawford,
respectively.

Production of GST-fusion proteins

GST fusion peptide expression vectors were constructed as de-
scribed earlier (Kim et al. 1999). Briefly, complementary oligo-
nucleotides encoding Mdm?2 SQ sites (aa 11-24, aa 380-393, aa
390-402, and aa 401-414) were cloned into the BamHI-Smal
sites of pGEX-2T (Amersham Pharmacia Biotech). The con-
structs were confirmed by DNA sequencing. To construct GST-
conjugated full-length Mdm2 protein, Mdm2 was amplified by
PCR with Pfu polymerase using the following primers: 5’ sense,
5-AGGAGCGGATCCATGTGCAATACCAACATG-3/, 3’ an-
tisense, 5'-CTAGGGGAAATAAGTTAGCACAAT-3'. The am-
plified PCR product was cloned into the BamHI-Smal sites of
pET41 (Novagen). The GST-conjugated Mdm2 S395A mutant
was generated using the QuikChange Site-Directed Mutagen-
esis kit (Stratagene). The GST fusion proteins were expressed in
BL21(DE3). After isopropyl-B-D-thiogalactoside induction for 3
h (0.4 mM final concentration), GST-conjugated proteins were
purified by affinity chromatography using glutathione-Sepha-
rose beads (Sigma) as described previously (Kim et al. 1999).

In vitro kinase assays

In vitro kinase assays for ATM were performed as described
previously (Canman et al. 1998). Briefly, 293T cells were trans-
fected with 10 pg of FLAG-ATM. Cell lysates were prepared by
resuspension in modified TGN buffer (50 mM Tris at pH 7.5,
150 mM NaCl, 1% Tween 20, 0.3% Nonidet P-40, 1 mM so-
dium fluoride, 1 mM NazVO,, 1 mM phenylmethylsulfonyl
fluoride, and protease inhibitor mixture from Roche Molecular
Biochemicals). Cell lysates were incubated with anti-FLAG M2
antibody (Sigma) and protein A/G-agarose for 2 h at 4°C. The
precipitated beads were washed with TGN buffer followed by
TGN buffer plus 0.5 M LiCl, and two washes with kinase buffer
(20 mM HEPES at pH 7.5, 50 mM NaCl, 10 mM MgCl,, ] mM
dithiothreitol, and 10 mM MnCl,). Finally, the pellet was re-
suspended in 50 pl of kinase buffer containing 10 pCi of
[y-?PJATP and 1 ng of GST-fusion substrate. The kinase reac-
tion was conducted at 30°C for 20 min and stopped by the ad-
dition of SDS-PAGE protein sample buffer. Proteins were sepa-
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rated by SDS-PAGE, transferred to nitrocellulose and visualized
by Fast Green staining. Immunoprecipitated FLAG-ATM was
confirmed by Western blotting with a-FLAG M2 monoclonal
antibody. *?P incorporation into GST-MDM?2 substrates was
visualized and quantified with the aid of a PhosphorImager (Mo-
lecular Dynamics).

Protein analysis

Analysis of p53 degradation in transiently transfected H1299
cells was done as described previously (Haupt et al. 1997). Pro-
teins were visualized with the aid of the ECL kit (Amersham), as
directed by the manufacturer.
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