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MDM2 is a major regulator of pS3 by acting as a ubiquitin E3 ligase. The central acidic domain and
C-terminal RING domain of MDM2 are both indispensable for ubiquitination of p53. Our previous study
suggested that ATM phosphorylation of MDM2 near the C terminus inhibits RING domain oligomerization,
resulting in p53 stabilization after DNA damage. We present here evidence that these modifications alloster-
ically regulate the functions of both acidic domain and RING domain of MDM2. Using chemical cross-linking,
we show that the MDM?2 RING domain forms oligomers including dimer and higher-order complexes in vivo.
RING domain dimerization efficiency is negatively regulated by upstream sequence. ATM-mediated phosphor-
ylation of the upstream sequence further inhibits RING dimerization. Forced oligomerization of MDM2
partially overcomes the inhibitory effect of phosphorylation and stimulates p53 ubiquitination. Furthermore,
the ability of MDM2 acidic domain to bind p53 core domain and induce p53 misfolding are also suppressed
by the same C-terminal ATM sites after DNA damage. These results suggest that the acidic domain and RING
domain of MDM2 are both allosterically coupled to the intervening ATM sites, which enables the same

modification to regulate multiple MDM2 functions critical for p53 ubiquitination.

The p53 pathway is critical for maintenance of genomic
stability and preventing development of cancer. The most no-
table feature of p53 is its stabilization after exposure to a wide
range of stress signals such as hyperproliferation, nucleotide
depletion, and DNA damage. These responses may be essen-
tial for its function as a tumor suppressor (14). In normal cells,
p53 is present at very low levels due to rapid degradation
through the ubiquitin-dependent proteasome pathway. p53
turnover is regulated by MDM?2, which binds p53 and functions
as an ubiquitin E3 ligase to promote p53 degradation by the
proteasome (15, 16, 21). Additional E3 ligases such as Pirh2
and Copl have also been implicated as regulators of p53 turn
over (12, 24). However, their physiological significance in p53
regulation and stress response still remain to be established.
Current evidence suggests that MDM?2 is a major and indis-
pensable regulator of p53 level (18, 32).

MDM?2 and p53 interact through their N-terminal domains
in a high-affinity binding and through their central domains in
a weak binding (48). Upon complex formation, the MDM2
C-terminal RING domain recruits ubiquitin-conjugating en-
zyme E2 that performs the transfer of activated ubiquitin to
p53 lysine residues. To date, the understanding of molecular
mechanisms that lead to p53 stabilization by different pathways
remain incomplete. An important group of MDM?2 regulators
are proteins that bind to the central acidic domain, such as
ARF, L5, L11, and L23 (37, 50). These basic proteins are
important for mediating mitogenic stress and ribosomal stress
signals to p53. They have been shown to inhibit MDM2-medi-
ated p53 ubiquitination, but little is known about the mecha-
nisms. They may act by neutralizing activities of the MDM?2
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acidic domain, which is critical for efficient pS3 ubiquitination
through unknown mechanisms (19, 31).

p53-MDM?2 binding is essential for specific targeting of p53
for degradation and has been extensively studied as a target of
regulation by DNA damage signaling. Several studies showed
that DNA double-strand breaks induce phosphorylation of p53
S15 by DNA-PK and ATM (1, 30, 35, 39). ATM also activates
Chk2, which in turn phosphorylates p53 on S20, which is part
of the MDM?2 binding site (1, 7, 38, 39). These findings sug-
gested that p53 phosphorylation on the N terminus disrupts
MDM2 binding and results in p53 stabilization. However, stud-
ies in mouse models showed that blocking mouse p53 phos-
phorylation on S18 or S23 (counterparts of human S15 and
S20) only partially reduced p53 stabilization after DNA dam-
age (6, 27). Single site mutation of S18 had no significant effect
on p53 stabilization or tumor suppression function (5). These
results indicate that robust p53 stabilization involves mecha-
nisms besides p53 phosphorylation.

An alternative target for DNA damage stabilization of p53 is
MDM2. MDM2 is phosphorylated by ATM, ATR, and C-Abl
on sites near the C terminus (29, 40, 41). DNA damage also
induces dephosphorylation of several serine residues in the
acidic domain of MDM2 (3). We recently identified several
novel phosphorylation sites near the RING domain of MDM?2
and showed that blocking phosphorylation of all sites produced
a constitutively active MDM?2 that can prevent p53 stabiliza-
tion after DNA damage. Therefore, phosphorylation of
MDM?2 appears to be a key step in p53 stabilization by DNA
damage signals. MDM2 phosphorylation after DNA damage
correlates with reduced oligomerization of the RING domain,
suggesting that high-order complex formation is needed for
efficient polyubiquitination of p53 (9). However, the functional
significance of MDM2 oligomerization and its regulation by
DNA damage in vivo still lack direct experimental support. The
mechanism by which phosphorylation regulates MDM2 oli-
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gomerization has not been determined. It is also not clear
whether phosphorylation by ATM regulates MDM2 through
additional mechanisms.

In the present study, we further examined the effects of
DNA damage on MDM2 E3 ligase function and its biochem-
ical properties. The results show that sequence near the
MDM?2 RING domain has a role in negatively regulating
RING dimerization and oligomerization, which is further po-
tentiated by ATM-mediated phosphorylation. Artificially in-
duced oligomerization of MDM?2 significantly increases p53
ubiquitination. The ATM phosphorylation sites near the
RING domain also regulate the p53 binding and misfolding
functions of the acidic domain. These findings suggest that the
ATM sites regulate multiple MDM?2 domains to achieve effi-
cient inhibition of p53 ubiquitination after DNA damage.

MATERIALS AND METHODS

Cell lines and plasmids. MDM2 point mutants were generated by site-directed
mutagenesis using a QuikChange kit (Stratagene). All MDM2 constructs used in
the present study were human cDNA clones. MDM2-Praja fusion construct was
provided by Allan Weissman (13). U20S cells with stable expression of MDM?2
mutants were generated by transfection of cytomegalovirus-driven MDM2 plas-
mids, followed by G418 selection and isolation of clonal cell lines. Induced
oligomerization of MDM2 was achieved by using the dimerization kit provided
by ARIAD. Three tandem copies of the FKBP ligand bind domain were fused to
the N terminus of MDM2 by PCR cloning. DI-p53 was constructed by PCR
subcloning, converting seven residues (underlined) in the MDM2 binding site of
full-length wild-type p53 (1-MEEPQSDPSVEPPLSQETFSDLWKLLPENNVL
SPLP-36) to a high-affinity MDM2 binding site in DI-p53 (1-MEEPQSDPSVE
PPLSOQETFEHWWSQLLSNNVLSPLP-36). The mutations destroy the epitope
for DO-1 antibody but do not affect transcriptional activity.

Protein analysis. To detect proteins by Western blot, cells were lysed in lysis
buffer (50 mM Tris-HCI [pH 8.0], 5 mM EDTA, 150 mM NaCl, 0.5% NP-40, 1
mM phenylmethylsulfonyl fluoride [PMSF], 50 mM NaF) and centrifuged for 5
min at 10,000 X g. Cell lysate (10 to 50 pg of protein) was fractionated by
SDS-PAGE using gradient gel and transferred to Immobilon P filters (Milli-
pore). The filter was blocked for 1 h with phosphate-buffered saline (PBS)
containing 5% nonfat dry milk-0.1% Tween 20 and incubated with primary
antibodies. The filter was developed using ECL-Plus reagent (Amersham). The
MDM2 monoclonal antibodies 2A9, 3G9, 4B2, and 4B11 were used (8). DO-1
and Pab1801 were used for the detection of p53. For immunoprecipitation with
conformation-specific p53 antibodies, the lysate was divided into equal halves,
and each was immunoprecipitated for 18 h at 4°C with wild-type conformation-
specific antibody (Pab1620) or mutant conformation-specific antibody (Pab240).
The precipitated p53 was detected by using rabbit polyclonal antibody FL393
(Santa Cruz Biotechnology).

Ubiquitination assays. (i) In vivo assay. H1299 cells in 10-cm plates were
transfected with 5 pg of Myc-ubiquitin, 1 to 2 pg of MDM2 and 1 pg of p53
expression plasmids using calcium phosphate precipitation method. Thirty-two
hr after transfection, cells were precipitated using p53 antibody Pab1801 in the
presence of 10 mM iodoacetamide, and probed with anti-Myc antibody by West-
ern blotting.

(ii) In vitro assay. SJSA cells were treated with 10 Gy of ionizing radiation (IR)
in the presence of 30 uM MG132 for 2 h. MDM2 was immunoprecipitated with
2A9 antibody. The substrate p53 was produced by in vitro translation in rabbit
reticulocyte lysate by using the TNT system (Promega) in the presence of
[3*S]methionine. Portions (15 1) of packed protein A-beads loaded with MDM2
from a 15-cm plate of SJSA cells were treated with 1 U of calf intestinal
phosphatase (CIP) for 0.5 h at 37°C when indicated, washed with lysis buffer and
reaction buffer (50 mM Tris [pH 7.5], 2.5 mM MgCl,, 15 mM KCI, 1 mM
dithiothreitol, 0.01% Triton X-100, 1% glycerol), incubated with 5 pl of in
vitro-translated p53 for 2 h at 4°C, and washed with reaction buffer. The beads
loaded with MDM2-p53 complex were incubated with 100 ng of purified human
ubiquitin-activating enzyme His6-E1, 250 ng of His6-UbcH5b (E2), 5 pg of
ubiquitin or KO-ubiquitin (Biomol), and 20 pl of reaction buffer in the presence
of 4 mM ATP. The mixture was incubated at 37°C for 2 h with shaking, boiled
in SDS sample buffer, and fractionated by SDS-PAGE. The gel was dried, and
p53 was detected by autoradiography.
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GST pulldown assay. MDM?2 C-terminal fragments were produced by in vitro
translation in rabbit reticulocyte lysate using the TNT system (Promega) in the
presence of [**S]methionine. Bacterial lysate expressing glutathione S-trans-
ferase (GST) and GST-MDM2-294-491 were applied to glutathione-agarose
beads according to the manufacturer’s protocol (Pierce). The beads loaded with
GST and GST-MDM2-294-491 were incubated with in vitro translated MDM?2
fragments in buffer containing 20 mM HEPES (pH 7.4), 150 mM NaCl, 0.1%
CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, 10%
glycerol, and 0.5 mg of bovine serum albumin/ml at 4°C for 1 h. The beads were
washed in RIPA buffer (50 mM Tris-Cl [pH 7.4], 150 mM NaCl, 1% Triton
X-100, 0.1% SDS, 1% sodium deoxycholate), boiled in SDS sample buffer and
fractionated by SDS-PAGE. The gel was dried and bound MDM2 was detected
by autoradiography.

Protease sensitivity assay. SJSA cells were treated with 10 Gy of IR for 2 h.
The cells were lysed in lysis buffer, and the extract was preanalyzed for MDM2
level by Western blotting. Cell extract containing identical amount of MDM2 was
mixed with MDM2-null murine embryonic fibroblast (MEF) lysate to prepare
digestion substrates with identical total protein levels (20 pg) and identical
MDM2 levels. The mixtures were incubated with trypsin (0.05 ng) for the indi-
cated time points and analyzed by Western blotting with C terminal-specific
antibody 4B11.

Chemical cross-linking. H1299 cells were transfected with indicated plasmids
for 32 h and lysed in lysis buffer (50 mM Tris-HCI [pH 8.0], 5 mM EDTA, 150
mM NaCl, 0.5% NP-40, 1 mM PMSF, 50 mM NaF). Cell lysate containing 20 p.g
of protein was incubated with glutaraldehyde for 20 min at 4°C or disuccinimidyl
suberate (DSS; Pierce) for 30 min at 25°C at the indicated concentrations. The
reaction was stopped by adding 2X Laemmli SDS sample buffer, and the samples
were boiled and analyzed by Western blotting. For in vivo cross-linking, H1299
cells were transfected for 32 h. The cells were suspended in PBS and washed with
ice-old PBS. DSS (1 to 2 mM) was added to the cells. The mixture was incubated
for 30 min at 25°C and the reaction was quenched with 20 mM Tris-HCI (pH 7.5).
The samples were boiled after the addition of Laemmli SDS sample buffer and
analyzed by Western blotting.

BiFC assay. The MDM?2 RING domain (positions 362 to 491) was fused to
YFP-1-154 (YN) and YFP-155-238 (YC). U20S cells were cotransfected with
YN and YC fusion plasmids using Lipofectamine reagents for 24 h. Cells were
then cultured at 30°C for 10 h (to allow maturation of fluorophore) in the
absence or presence of 50 nM neocarzinostatin (NCS) and fixed for 5 min with
4% formaldehyde. The cells were then stained using MDM?2 antibody 4B11 and
rhodamine-conjugated secondary antibody. Multiple photographs with red and
green double exposures were taken and the fraction of MDM2-positive cells
(~300) that have visible YFP fluorescence was then counted in a blinded fashion
for different samples.

RESULTS

DNA damage inhibits p53 ubiquitination. DNA damage
treatments such as IR cause stabilization of p53. Whether p53
ubiquitination level is reduced after DNA damage is contro-
versial. An early study showed that the total level of ubiquiti-
nated p53 increases after IR, but it is not clear whether IR
changes the fraction of p53 that is ubiquitinated (28). We
analyzed the level of endogenous p53-ubiquitin conjugates by
rapidly boiling cells in Laemmli SDS sample buffer containing
iodoacetamide to preserve ubiquitinated p53. By titrating sam-
ple loading to obtain similar levels of unmodified p53, the
fraction of ubiquitinated p53 can be compared. The results
showed that IR significantly reduced the fraction of p53 that is
ubiquitinated (Fig. la, compare lanes 2 and 5). As reported
previously (28), the total amount of ubiquitinated p53 was
higher in IR-treated cells (Fig. 1a, compare lanes 1 and 6), but
it was likely due to a 5-fold increase in p53 level. IR treatment
also caused subtle changes in the pattern of p53-ubiquitin
bands, increasing the ratio of a low MW band relative to two
higher-molecular-weight bands (Fig. 1a, arrows). Other DNA-
damaging agents (camptothecin and etoposide) also induced
similar changes. Therefore, DNA damage significantly reduces
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FIG. 1. DNA damage inhibits p53 ubiquitination. (a) U20S cells were treated with 10 Gy of IR for 4 h, 0.5 uM CPT for 8 h, or 50 uM etoposide
for 8 h. Cells were suspended in Laemmli SDS-PAGE sample buffer with 10 mM iodoacetamide and immediately boiled. Whole-cell lysate was
loaded at the indicated amounts and analyzed by p53 Western blotting. Long and short exposures were obtained to determine the levels of
p53-ubiquitin conjugate and unmodified p53. (b) SJSA cells were treated with 10 Gy of IR for 2 h in the presence or absence of ATM inhibitor
KUS55933. MDM2 was immunoprecipitated by using 2A9 antibody. The MDM2-loaded beads were then used to capture in vitro-translated p53,
followed by incubation with E1, E2, and ubiquitin. p53 ubiquitination was detected by autofluorography. Dephosphorylation treatment using CIP
was performed on MDM2 beads prior to the capture of p53. p5S3 monoubiquitination products were identified by the use of K0-ubiquitin in the

ubiquitination reaction.

the fraction of p53 conjugated to ubiquitin and may also re-
duce the number of ubiquitin conjugated to each p53 molecule.

The in vivo p53-ubiquitin level detected above reflects the
combined effects of changes in MDM2 E3 ligase activity,
MDM2-p53 binding, and p53 deubiquitination. To further de-
termine whether DNA damage induces changes in MDM2 E3
ligase activity, MDM2 was immunopurified from cells and used
to capture and ubiquitinate in vitro translated p53. This assay
allows better control of several variables and specifically de-
tects changes in ubiquitin chain formation. The result showed
that MDM2 from untreated cells was highly active in promot-
ing p53 ubiquitination in vitro. Use of lysine-free ubiquitin
mutant (KO-ubiquitin) revealed that products smaller than 130
kDa could not be distinguished from p53 monoubiquitinated
on multiple sites (Fig. 1b, lane 10). Therefore, only products of
>130 kDa can be confidently defined as p53 with polyubiquitin
chains (Fig. 1b, upper box). Based on this information, IR
clearly reduced p53 polyubiquitination by MDM2 (Fig. 1b,
compare lanes 4 and 5). The irradiated MDM2 had similar
ability to initiate pS5S3 ubiquitination as revealed by similar
degree of substrate depletion (Fig. 1b, lanes 1 and 4 and lanes
2 and 5), but the products appeared to accumulate in the
low-molecular-weight range (Fig. 1b, compare lanes 4 and 5).

Treatment of cells using ATM-specific inhibitor KU55933
abrogated the effect of IR, restoring the yield of high-molec-
ular-weight p53-ubiquitin conjugates (Fig. 1b, compare lanes 5
and 6). Therefore, the suppression of pS3 poly ubiquitination
by IR in vitro involves ATM-mediated phosphorylation of

MDM2. Furthermore, dephosphorylation of irradiated MDM?2
with CIP in vitro changed its pS3 ubiquitination activity to a
profile similar to nonirradiated MDM?2 (Fig. 1b, compare lanes
7 and 8 [note that the p53 input levels for lanes 7, 8, and 9 were
lower due to CIP treatment, which is not shown on this gel]).
These results indicate that the ability of MDM2 to promote
p53 polyubiquitination is inhibited by ATM-mediated phos-
phorylation after DNA damage. The reduction of low-molec-
ular-weight endogenous p53-ubiquitin conjugates in damaged
cells suggests that p53 monoubiquitination is also inhibited by
phosphorylation in vivo (Fig. 1a), although this effect was not
recapitulated in vitro (Fig. 1b).

DNA damage promotes MDM2 phosphorylation near the
RING domain. We recently reported the identification of mul-
tiple phosphorylation sites near the MDM2 RING domain
(S386, S395, S407, T419, S425, and S429) (Fig. 2a) (9). Phos-
phorylation antibody analysis of selected sites suggest that they
are rapidly phosphorylated by ATM after IR (Fig. 2b). Muta-
tional analysis showed that they are critical for p53 stabiliza-
tion. A mutant with alanine substitution of all six sites
(MDM2-6A) is hyperactive in p53 ubiquitination and prevents
p53 accumulation after IR. These published findings are con-
firmed in subsequent experiments (Fig. 2c¢). Additional exper-
iments also revealed that of the six sites on the MDM2 C
terminus, phosphorylation of four sites can each mediate sig-
nificant response to DNA damage, demonstrating that the sites
act in a redundant and additive fashion (data not shown). Our
previous study also revealed that the phosphorylated MDM?2
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FIG. 2. Multiple DNA damage-inducible phosphorylation sites regulate MDM2. (a) Diagram of MDM2 and relative positions of phosphor-
ylation sites (underlined) targeted by ATM after DNA damage. (b) SISA cells were treated with 10 Gy of IR, ATM inhibitor KU55933, and MG132
(to equalize MDM2 levels). At 4 h postirradiation, MDM2 was immunoprecipitated and probed by using phosphorylation-specific antibodies. The
membrane was stripped and reprobed using MDM2 antibody. (¢) Phosphorylation mimic mutations inactivate MDM2, whereas alanine substi-
tutions increase MDM2 activity. H1299 cells were transfected with p53 and MDM2 mutants for 48 h, and p53 degradation was determined by
Western blotting. MDM2-6A and MDM2-6D represent mutants with alanine or aspartic acid substitutions of all six phosphorylation sites (386, 395,
407, 419, 425, and 429). (d) SISA cells were treated with 10 Gy of IR. MDM2 was immunoprecipitated with 2A9 after 2 h and cleaved with caspase
3. The C-terminal fragment (residues 362 to 491) containing the RING domain and phosphorylation sites was fractionated by gel filtration
chromatography and detected by Western blotting using 4B11 antibody. IR treatment reduced the ratio of high-molecular-weight RING

complexes.

RING domain showed reduced ability to form high-molecular-
weight oligomers in gel filtration chromatography (9). How-
ever, gel filtration did not detect RING dimers suggested by
other studies to be important for MDM2 E3 ligase function
(Fig. 2d), possibly due to limited resolution. To gain further
insight on the mechanism of p53 stabilization, we decided to
use several different assays to examine the effects of phosphor-
ylation on MDM?2 biochemical functions.

Full-length MDM2 forms oligomers. Recent evidence sug-
gest that dimerization of E3 is often necessary for ubiquitin
ligase function (2, 25, 43). MDM2 RING domain has been
shown to form a homodimer (or oligomer) in a yeast two-
hybrid assay (44). To test whether MDM2 expressed in human
cells forms dimer or oligomer, we performed chemical cross-
linking of MDM2 in cell extract using glutaraldehyde and DSS.
The result showed that a significant fraction of full-length
MDM2 was cross-linked into high-molecular-weight species
(Fig. 3a), whereas MDMX oligomerization was not significant
(Fig. 3b). Under the same condition, p53 was cross-linked into
dimers and tetramers (Fig. 3c). The absence of distinct MDM2
dimer suggests that some of the MDM2 dimers further interact
to form oligomeric complexes in vivo. MDM2 interaction with
other cellular proteins such as ribosomal proteins may also
lead to variation in the cross-linked products. Deletion of C-
terminal region containing the RING domain (MDM2-1-361)
significantly reduced oligomer formation, suggesting that oli-

gomerization was mediated mainly by the RING domain (Fig.
3d). These results suggest that MDM?2 exists as oligomeric
complexes in vivo.

To begin testing the functional significance of RING domain
oligomerization, we compared MDM2 with the MDM2-Praja
hybrid protein. In MDM2-Praja, the MDM2 RING (positions
437 to 491) was replaced with the RING of the Praja E3 ligase
(13). MDM2-Praja failed to form high-molecular-weight prod-
ucts after chemical cross-linking, indicating that the Praja
RING has low oligomerization efficiency (Fig. 3e). Compared
to MDM2, MDM2-Praja was a poor E3 ligase for p53 (Fig. 3f).
However, MDM2-Praja auto ubiquitination was as efficient as
MDM?2 (Fig. 3f), a finding consistent with a previous report
that MDM2-Praja was able to degrade itself but not p53 (13).
Therefore, RING domain oligomerization is not needed for
auto-ubiquitination but appears to correlate with efficient
trans-ubiquitination of p53.

Sequence adjacent to MDM2 RING domain inhibits oli-
gomerization. The MDM2 RING domain (positions 429 to
491) purified from bacteria has been shown to form ho-
modimers in solution (20), but it is not clear whether the
RING has the structure needed to form higher-order oligom-
ers. We generated three progressively shortened RING do-
main constructs (361-491, 380-491, and 410-491) (Fig. 4a) that
express proteins detectable by the 4B11 antibody. In vitro
chemical cross-linking of these proteins in transfected H1299
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FIG. 3. MDM2 forms oligomers. (a, b, and ¢) H1299 cells transiently transfected with MDM2, MDMX, and p53 were analyzed for oligomer-
ization status by glutaraldehyde (0.02%) cross-linking and Western blotting. (d) H1299 cells were transfected with wild-type and mutant MDM2.
The cell lysate was cross-linked using glutaraldehyde and analyzed by Western blotting with MDM?2 antibody. (e) H1299 cells were transfected with
MDM2 and MDM2-Praja, followed by glutaraldehyde cross-linking and Western blotting with MDM?2 antibody. (f) H1299 cells were transfected
with Myc-ubiquitin, p53, MDM2, and MDM2-Praja. p53 ubiquitination was determined by p53 immunoprecipitation, followed by anti-Myc
Western blotting. MDM2 auto-ubiquitination was determined by Western blotting of whole-cell extract using MDM?2 antibody.

cell extract showed that the shortest fragment (residues 410 to
491) produced significant amount of dimer, tetramer and high-
molecular-weight oligomeric species, whereas the longest frag-
ment (residues 361 to 491) produced much less dimer and
tetramer intermediates (Fig. 4b). In vivo cross-linking by treat-
ing cells with DSS (cell permeable) before lysis also showed
strong dimer and oligomer formation by the shortest RING
fragment, although the tetramer band was not distinct (Fig.
4d). Therefore, both in vitro and in vivo cross-linking results
suggest that sequence upstream of the RING domain has a
role in suppressing dimerization and oligomerization.

Consistent with this notion, chemical cross-linking of
MDM?2 internal deletion mutant A222-437 (all sequence up-
stream of the RING removed) produced significant amounts of
dimers and oligomers, whereas mutant A210-290 did not pro-
duce a discernible dimer intermediate (Fig. 4c). Overall, these
results suggest that the MDM2 RING domain (residues 410 to
491) has intrinsic ability to form dimers and higher-order oli-
gomers. Sequence upstream of the RING (residues 290 to 410)
limits these interactions, possibly has a role in regulating
MDM2 activity and preventing aggregate formation.

DNA damage inhibits MDM2 RING domain dimerization.
To test whether phosphorylation of the upstream sequence
regulates MDM2 RING domain dimerization, the 361-491
fragments with 6A and 6D mutations were analyzed by in vivo

cross-linking in H1299 cells. In vivo dimerization of 6D (phos-
pho mimic) was much weaker than 6A (phosphorylation resis-
tant) (Fig. 5a). As expected, transiently transfected wild type
(residues 361 to 491 [wt361-491]) was partially phosphorylated
(forming a double band) and showed intermediate dimeriza-
tion efficiency compared to 6A and 6D. To rule out 6A causing
structural effects other than blocking phosphorylation, the 361-
491 fragments were also produced by in vitro translation and
tested for binding to GST-MDM2-294-491 (the concentration
of in vitro-translated RING was too low to detect ho-
modimerization by cross-linking [data not shown]). In the ab-
sence of phosphorylation, wt361-491 migrated as a single
band and showed the same pulldown efficiency as 361-491-6A,
whereas 361-491-6D continued to show weaker binding (Fig.
5b). In the GST pulldown assay, MDM2 RING domain alone
(residues 410 to 491) also showed much stronger affinity in
binding to GST-MDM2-294-491 than fragments containing
longer upstream sequences (residues 380 to 491 and 361 to
491), a finding consistent with the data in Fig. 4. These results
suggest that the region located upstream of the RING domain
suppresses RING dimerization and that the inhibitory effect is
further enhanced by phosphorylation.

DNA damage alters RING domain protease sensitivity. For-
mation of dimer or oligomeric complexes is expected to change
the protease sensitivity of the MDM?2 RING domain region.
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To test this prediction, MDM2 in control and irradiated cell
extracts was incubated with identical amounts of trypsin, fol-
lowed by detection of C-terminal fragments using the 4B11
antibody. The results showed that IR treatment increased the
trypsin sensitivity of the MDM2 C terminus, producing higher
yields of both N and C-terminal cleavage products (Fig. Sc,
lanes 2 and 3 versus lanes 7 and 8). The different mobilities of
the C-terminal fragments after irradiation (compare lanes 5
and 10) also suggest conformational change or steric hindrance
leading to the use of different cleavage sites. These changes
were reversed after the ATM/ATR activity was inhibited using
caffeine. These results are consistent with the interpretation
that phosphorylation changes the conformation of the RING
domain, altering access to trypsin cleavage sites at or near the
RING domain.

MDM2 RING domain interaction and regulation ir vivo. To
directly visualize MDM?2 RING domain interaction and regu-
lation in vivo, a bimolecular fluorescence complementation
assay (BiFC) was used (17). The C-terminal region (residues
362 to 491) of MDM2 was fused to the N (positions 1 to 154)
and C (positions 155 to 238) terminal halves of yellow fluores-
cence protein (YFP) (Fig. 6a). When coexpressed in cells,

RING domain-mediated dimerization or oligomerization of
two YFP fragments should reconstitute a fluorescent protein.
As expected, cotransfection of YN-RING and YC-RING into
U20S cells produced strong fluorescence with diffused local-
ization, whereas YN and YC cotransfection did not generate a
signal (Fig. 6¢). This result demonstrates significant intermo-
lecular interaction mediated by the MDM2 RING domain in
living cells.

Using this assay, MDM2 RING domain interaction in vivo
was semiquantitatively analyzed after DNA damage by count-
ing YFP-positive cells among cells stained positive by MDM?2
RING domain antibody 4B11. Treatment of wild-type MDM2
RING fusion with DNA-damaging drug NCS caused ~35%
reduction in YFP-positive cells. Furthermore, MDM2-6D
RING domain fusion produced only 50% YFP-positive cells
compared to the wild type when expressed at similar levels
(Fig. 6b). Both 6A and 6D fluorescence were not affected by
DNA damage. Although this assay only produced a moderate
phenotype from DNA damage (interaction of the two YFP
moieties during chromophore maturation is likely to increase
the stability of the RING complex), the results showed that in
vivo interaction between MDM?2 RING domain was inhibited
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by DNA damage and by phospho-mimic mutations. The result
corroborates the inhibition of RING interaction by phospho-
mimic mutations in cross-linking assay (Fig. 5a).

Assisted oligomerization of MDM2 stimulates p53 ubiquiti-
nation. As we reported previously, MDM2-6D phospho-mimic
mutant has significant deficiency in p53 degradation (Fig. 2c)
and p53 ubiquitination (Fig. 7a), whereas MDM2-6A was more
active than wild-type MDM2 due to resistance to basal phos-
phorylation. If MDM2 dimerization and oligomerization are
important for ubiquitination of p53, artificially inducing
MDM2 oligomerization should promote its activity. Therefore,
we fused three tandem FKBP54,, domains to the N terminus of
MDM2. Treatment of cells with dimeric ligand AP20187
should promote dimerization and further oligomerization of
MDM?2 (Fig. 7b). The preferred option of fusing FKBP5,,,
domains to MDM2 C terminus was ruled out due to a critical
role of the extreme C terminus in E3 activity (45).

As expected, FKBP-MDM2 activity was significantly stimu-
lated after treatment with the dimeric ligand, generating more
high- and low-molecular-weight forms of pS3-ubiquitin conju-
gates (Fig. 7c, compare lanes 4 and 5). Induced oligomeriza-
tion of FKBP-MDM2-6D also enhanced its ability to induce

p53 ubiquitination. FKBP-MDM2-6A was not stimulated by
AP20187, probably because it already forms dimers and oli-
gomers efficiently without the ligand (Fig. 7c). Consistent with
the increase in p53 polyubiquitination, forced oligomerization
also enhanced the ability of FKBP-MDM2 and FKBP-
MDM2-6D to degrade pS53 (Fig. 7d). In additional assays,
AP20187 treatment did not cause significant difference in p53
binding to FKBP-MDM?2 (data not shown). Overall, these re-
sults show that assisted oligomerization of MDM?2 partially
overcomes the inhibitory effect of phosphorylation and stimu-
lates the ubiquitination of p53.

Stable MDM2-p53 binding does not substitute for MDM2
dimerization. MDM2-p53 binding is critical for p53 ubiquiti-
nation and is also regulated by phosphorylation of p53 N-ter-
minal sites. Stable MDM2-p53 binding is expected to also
facilitate processive elongation of polyubiquitin chain on p53
by allowing repeated rounds of ubiquitin conjugation without
MDM2 dissociation. Therefore, we tested whether stable
MDM2-p53 binding eliminates the need for MDM2 dimeriza-
tion.

Using the information from our recent study (33), seven
amino acid substitutions were introduced into p53 N terminus
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to convert its natural MDM2 binding site (17-ETFSDLWKL
LPE-28, K, = 160 nM) to an optimized high-affinity binding
site (17-ETFEHWWSQLLS-28, K, < 1 nM) (33). The result-
ing full-length DI-p53 showed increased binding to MDM?2
(~6-fold) in coimmunoprecipitation assay (Fig. 8a, bottom
panel) and, surprisingly, retained full transcriptional activity
(data not shown). In an in vivo ubiquitination assay, DI-p53
ubiquitination by MDM2 produced more polyubiquitinated
forms (Fig. 8a, top panel) but showed little increase in the yield
of monoubiquitinated p53 (Fig. 8a, middle panel). Further-
more, inhibition of MDM2-p53 binding using Nutlin com-
pletely abrogated p53 polyubiquitination and significantly re-
duced monoubiquitination. DI-p53-MDM2 binding was
resistant to disruption by Nutlin (Fig. 8a). As expected, DI-p53
was more efficiently degraded by MDM?2 (Fig. 8b). However,
high-affinity p53 binding only marginally enhanced ubiquitina-
tion by the phospho-mimic MDM2-6D (Fig. 8c). This result
shows that MDM2-p53 binding is an important determinant of
ubiquitination efficiency, but stable binding does not substitute
for the unique function provided by MDM2 RING domain
dimerization.

The p53 misfolding function of MDM?2 is regulated by the
ATM sites. MDM2 binding to p53 induces a conformational
change at the p53 DNA-binding domain (36). We recently
found that the MDM?2 acidic domain is responsible for the
misfolding of p53 (10), providing a functional assay to examine
the effect of C-terminal phosphorylation on the acidic domain.
In the p53 conformation assay, cotransfection of MDM2 with
wild-type p53 caused a switch of p53 antibody reactivity from
Pab1620 positive (wild type specific) to Pab240 positive (mu-

tant specific) if p53 degradation is blocked by MG132 (10, 36).
We found that IR treatment prevented the conformational
switch induced by MDM2 (Fig. 9a). However, IR failed to
revert the conformational change induced by MDM2-6A (Fig.
9a). The MDM2-1-290 fragment containing only the acidic
domain also efficiently induced p53 misfolding, but this activity
was not reverted by IR (data not shown). As expected, the
MDM2-6D mutant was less efficient in misfolding p53 com-
pared to wild-type MDM2 and was not responsive to IR (data
not shown).

Depending on endogenous MDM2 expression level, a small
(U20S) to moderate (SJSA) fraction of endogenous p53 dis-
played the mutant conformation after blocking proteasome-
mediated degradation. IR treatment (but not ribosomal stress
by actinomycin D) also efficiently reverted endogenous p53 to
Pab1620-positive state (Fig. 9b). Therefore, the MDM2 C-ter-
minal ATM sites are not needed for inducing p53 misfolding
but are capable of regulating the function of the acidic domain
after DNA damage.

ATM regulates acidic domain-p53 core domain binding.
The MDM2 acidic domain (residues 200 to 300) binds to the
p53 DNA-binding domain with low affinity (48). This interac-
tion is thought to position the RING domain for optimal ubiq-
uitination of p53 C-terminal lysines (46). We found that
MDM2-50-491 (without the high-affinity N-terminal domain)
binding to p53 was inhibited by IR (Fig. 10a). Furthermore, the
ATM inhibitor KU55933 prevented IR inhibition of MDM2-
50-491 binding to p53 (Fig. 10b), suggesting that phosphoryla-
tion of the ATM sites regulates the interaction between
MDM2 acidic domain and p53 core domain. Previous studies
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showed that the MDM2 acidic domain is critical for ubiquiti-
nation of p53. Our results are consistent with this notion.
Internal deletion of the entire acidic region (A210-290)
strongly inhibited p53 ubiquitination (Fig. 10c). Smaller inter-
nal deletions suggested that residues 230 to 270 were critical
(Fig. 10c). Interestingly, this region overlaps with the binding
site for the ARF protein (residues 235 to 259) (42), which is an
efficient inhibitor of p53 ubiquitination. Overall, these results
showed that ATM phosphorylation also regulates the interac-
tion between the MDM2 acidic domain and p53 core domain,
which is necessary for p53 conformational change and ubig-
uitination.

DISCUSSION

The results described in this study suggest that DNA
damage causes p53 stabilization by inducing phosphoryla-

tion of MDM2 near the RING domain and preventing the
synthesis of polyubiquitin chain on p53. The ATM phos-
phorylation sites regulate the dimerization of the adjacent
RING domain, and they also regulate the p53-binding and
misfolding functions of the central acidic domain. Both do-
mains are critical for efficient ubiquitination of p53. Their
functional disruption by the same phosphorylation sites sug-
gest the presence of cross talk and allosteric interactions
between the domains (Fig. 10d).

Our previous study provided initial evidence that ATM-
mediated phosphorylation regulates the homo-oligomerization
of the MDM?2 RING domain. The results described here fur-
ther demonstrate that phosphorylation inhibits MDM2 RING
domain dimerization and higher-order oligomerization. Fur-
thermore, we provide direct evidence that the oligomerization
state of MDM?2 affects p53 ubiquitination efficiency. RING
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tation with Pab1801 and anti-Myc Western blotting.

dimer formation appears to be a prerequisite for further oli-
gomerization, since MDM?2 fragments that dimerize poorly
also form less high-molecular-weight oligomers. Tetrameric
species were detected under some conditions, suggesting that
higher order complexes were formed through dimerization of
dimers. Nuclear magnetic resonance and X-ray crystallography
studies also suggest that MDM2 RING domain forms dimer in
vitro (20, 26). A recent study using recombinant MDM2 RING
domain revealed the formation of high-molecular-weight com-
plexes (34). Therefore, MDM2 RING domain alone has strong

dimer/tetramer formation propensity and substantial oli-
gomerization activity.

In certain dimeric RING domain E3 ligases (such as Brcal-
Bardl), the sequence adjacent to the RING helps to stabilize
dimer formation by providing an additional binding interface
(4). Our results suggest that sequence upstream of the MDM2
RING domain may function by antagonizing the intrinsic
dimerization activity of the RING. We found that fusing the
MDM2 sequence from residues 361 to 440 to another mono-
meric protein does not lead to dimer formation (unpublished
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lysates were immunoprecipitated with wild-type conformation-specific (Pab1620) or mutant conformation-specific (Pab240) antibodies. The
precipitated p53 was detected by Western blotting with FL393 antibody. Whole-cell extracts (WCE) were analyzed for protein levels. (b) SISA
(amplified MDM2) and U20S cells were treated with 30 .M MG132 for 5 h to inhibit p53 degradation. Cells were also treated with 7 Gy of IR
as indicated 4 h before harvest or with 5 nM actinomycin D for 16 h. Cell lysates were immunoprecipitated with Pab1620 or Pab240. The
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36 h. Cells were treated with 7 Gy of IR and harvested 4 h later. MDM2 w:

as immunoprecipitated with 2A9 antibody, and the coprecipitated p53

was detected by FL393 Western blotting. (b) The ATM inhibitor KU55933 was used to treat cells during and after IR in an assay similar to that

in panel a, showing that the inhibition of MDM2-50-491 and p53 binding
His6-ubiquitin, p53, and MDM?2 acidic domain internal deletion mutants. p

by IR was mediated by ATM. (c) H1299 cells were transfected with
53 ubiquitination was analyzed by Ni-NTA pulldown and p53 Western

blotting. (d) Model summarizing the mechanism of p53 regulation by ATM. MDM2 bindings to p53 through N-terminal high-affinity interaction,
which facilitates a weak second-site interaction between the acidic domain and core domain that activates or positions the RING for ubiquitin
transfer to p53. MDM2 RING domain dimerization and oligomerization are also critical for p53 ubiquitination. Phosphorylation by ATM inhibits
acidic domain-core binding and RING dimerization, thus blocking two critical steps in p53 ubiquitination. ARF inhibits MDM?2 acidic domain
function during oncogenic stress, possibly acting through a mechanism similar to phosphorylation.

observations). However, deletion of this sequence increases
MDM?2 dimerization efficiency. Therefore, this region may
normally limit the interaction between MDM2 RING domains
through steric or allosteric effects. ATM-mediated phosphor-
ylation may act by further enhancing the ability of this regula-
tory region in blocking MDM2 dimerization. Biochemical
studies showed that purified recombinant MDM2 RING do-
main is prone to forming large protein complexes in vitro.
Although this property may be beneficial for the polyubiquiti-
nation of p53, uncontrolled oligomerization will lead to non-
productive aggregation. It has been observed that the purified
MDM2 RING domain (residues 429 to 491) has a strong
tendency to form a nonspecific aggregate (20). The sequence
adjacent to the RING may have a key role in maintaining an
appropriate level of MDM2 oligomerization under physiolog-
ical conditions.

Dimer formation is important for the activity of several
RING domain E3 ligases (4, 49). Although the RING
dimerization interface is distant from the E2 binding site,
dimerization conceals a large surface area and may induce
long-range changes that affect the E2 binding site. RING

dimerization may be necessary for recruitment of charged E2,
catalyzing ubiquitin transfer from E2 to substrate lysines, or
rapid exchange of spent and charged E2. Furthermore, dimeric
E3 may allow alternate reloading of charged E2 and more
efficient synthesis of poly ubiquitin chains. Since phosphoryla-
tion of MDM2 C-terminal sites inhibits RING dimerization, it
provides an effective mechanism for regulating p53 ubiquitina-
tion and degradation. Our results also suggest that MDM?2
RING domain forms higher-order oligomers beyond dimers in
vivo, and phosphorylation of MDM2 strongly suppresses oli-
gomerization. Therefore, MDM?2 may function most efficiently
when multiple dimers assemble into oligomers, recruiting mul-
tiple E2 to p53 and enhancing the processivity of chain elon-
gation. As expected from this model, induced oligomerization
of MDM2 using the FKBP domain increases the yield of high-
molecular-weight p53-ubiquitin conjugates.

In addition to regulating RING oligomerization, our results
showed that the ATM sites also regulate the MDM?2 acidic
domain, revealing a second mechanism of p53 stabilization.
The function of the MDM2 acidic domain in p53 ubiquitina-
tion is well established, although the mechanism remains spec-
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ulative (19, 31). An acidic domain peptide has been shown to
bind to the DNA-binding surface of p53 through charge inter-
actions (48). Phosphorylation of the acidic domain by GSK3
stimulates ubiquitination of p53 (22, 23). We showed that the
acidic domain also causes conformational changes in the p53
core and that the MDM2-p53 complex does not bind DNA
(10). The MDM2 acidic domain-p53 core interaction may
serve to position the C-terminal RING for efficient ubiquiti-
nation of p53 C-terminal lysines or expose the target lysines in
the p53 core domain. It is also possible that acidic domain-p53
core binding is needed to allosterically activate the RING for
ubiquitin transfer to p53. Phosphorylation of the MDM2 C
terminus abrogates the p53 binding and misfolding function of
the acidic domain, thus blocking a critical step in the ubiquiti-
nation of p53.

Although there is currently no structural information for the
entire MDM2 molecule, our results provide indirect evidence
that the acidic domain, ATM sites, and C-terminal RING
domain are allosterically coupled. Phosphorylation of the
ATM sites alters the conformation and function of both do-
mains (Fig. 10d). The amino acid sequence upstream of the
MDM?2 RING domain is predicted to be intrinsically unstruc-
tured. This feature enables a peptide region to adopt different
conformations upon interaction with other structures (possibly
the adjacent RING domain and acidic domain). Phosphoryla-
tion of ATM sites in this region should alter the conforma-
tional flexibility and charge characteristics, providing a basis
for allosteric regulation.

Our results also add to the growing evidence that different
domains of MDM?2 are functionally and allosterically con-
nected. In such a model, ligand binding or modification of one
region allosterically alters the structure and function of other
domains. It has been suggested that pS3 binding to MDM2 N
terminus stimulates the acidic domain binding to p53 core.
This second-site interaction is critical for p53 ubiquitination
(46). Our results suggest that the acidic domain and C-terminal
RING domain are also conformationally linked through the
intervening region containing the ATM sites. These findings
predict that the N-terminal p53 binding site and C-terminal
RING domain may communicate directly or indirectly. In fact,
a point mutation in the RING domain has been shown to
change the conformation of the acidic domain and increase
p53 binding by the N-terminal domain (47). There is also
biochemical evidence that the RING domain of MDM2 binds
to the acidic domain (11), suggesting the presence of an intra-
molecular interaction. Given this information, it is not entirely
surprising that the C-terminal phosphorylation sites regulate
multiple MDM2 domains.

The ARF tumor suppressor induces p53 stabilization
through ATM-independent mechanisms. A major ARF bind-
ing site is located between residues 235 and 259 in the MDM2
acidic domain. Our results showed that the structural integrity
of this region is critical for p53 ubiquitination. We recently also
showed that ARF inhibits the ability of MDM?2 acidic domain
to induce p53 misfolding (10). Therefore, ATM phosphoryla-
tion of MDM2 and ARF binding appear to exert similar effects
on the acidic domain function (Fig. 10d). These results suggest
that different signaling pathways ultimately target the same
MDM?2 functional domains and use similar mechanisms to
inhibit p53 ubiquitination.
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