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Association of p19ARF with Mdm2 inhibits ubiquitin
ligase activity of Mdm2 for tumor suppressor p53
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We have demonstrated previously that the oncoprotein
Mdm2 has a ubiquitin ligase activity for the tumor
suppressor p53 protein. In the present study, we charac-
terize this ubiquitin ligase activity of Mdm2. We first
demonstrate the ubiquitination of several p53 point
mutants and deletion mutants by Mdm2. The point
mutants, which cannot bind to Mdm2, are not ubiquiti-
nated by Mdm2. The ubiquitination of the C-terminal
deletion mutants, which contain so-called Mdm2-bind-
ing sites, is markedly decreased, compared with that
of wild-type p53. The binding of Mdm2 to p53 is
essential for ubiquitination, but p539s tertiary structure
and/or C-terminal region may also be important for
this reaction. DNA-dependent protein kinase is known
to phosphorylate p53 on Mdm2-binding sites, where
DNA damage induces phosphorylation, and p53 phos-
phorylated by this kinase is not a good substrate
for Mdm2. This suggests that DNA damage-induced
phosphorylation stabilizes p53 by inhibiting its ubiquit-
ination by Mdm2. We further investigated whether the
tumor suppressor p19ARF affects the ubiquitin ligase
activity of Mdm2 for p53. The activity of p19ARF-
bound Mdm2 was found to be lower than that of free
Mdm2, suggesting that p19ARF promotes the stabiliza-
tion of p53 by inactivating Mdm2.
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Introduction

The tumor suppressor p53 binds to specific sequences
on the promoter regions of target genes and functions
as a transcriptional factor, inducing the expression of
genes such as those for GADD45 (Kastanet al., 1992;
Lu and Lane, 1993), WAF1/p21/CIP1 (El-Deiryet al.,
1993), cyclin G (Okamoto and Beach, 1994), Bax
(Miyashita and Reed, 1995), IGF-BP3 (Buckbinder,
et al., 1995), 14-3-3σ (Hermeking et al., 1998) and
Mdm2 (Barak et al., 1993) (for reviews, see Gottlieb
and Oren, 1996; Ko and Prives, 1996). These gene
products regulate cell-cycle arrest and apoptosis. The
expression of these genes is induced immediately after
induction of p53, except for Mdm2 (for a review, see
Levine, 1997), whose expression does not increase until
at least 1 h after the induction of p53.

In normal cells, p53 is maintained at very low, often
undetectable levels. In response to various types of geno-
toxic stress, however, the level of p53 increases (for
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reviews, see Gottlieb and Oren, 1996; Ko and Prives,
1996). Both the inhibition of its degradation and activation
of translation have been thought to be important mechan-
isms for this increment. The degradation of p53 is regulated
by the ubiquitin–proteasome pathway (Makiet al., 1996).
In this pathway, a ubiquitin–protein adduct is formed by
three sequential steps (for a review, see Ciechanover,
1994) which involve the ubiquitin-activating enzyme (E1),
the ubiquitin-conjugating enzyme (E2) and the ubiquitin
ligase (E3). E1 is a common enzyme in all ubiquitination
reactions, and the specificity for the targeted protein is
dependent on E2 and E3 (Huibregtseet al., 1995; Sheffner
et al., 1995). The resultant polyubiquitinated proteins are
degraded by the proteasome.

The Mdm2gene was found to be amplified in 30–40%
of human sarcomas (Olineret al., 1992), where the p53
gene was not mutated. Mdm2 protein has the ability
to bind to p53 and has been thought to suppress the
transcriptional factor activity of p53 by interacting with
its N-terminal region transcriptional activation domain
(Oliner et al., 1993; Wuet al., 1993). DNA-dependent
protein kinase (DNA-PK) phosphorylates serine and
threonine residues in the N-terminal region of p53, where
DNA damage induces phosphorylationin vivo, and this
phosphorylation reduces the interaction of p53 with Mdm2
(Shieh et al., 1997). When Mdm2 cDNA is transfected
into human cells, p53 degradation is accelerated (Haupt
et al., 1997; Kubbutatet al., 1997). In agreement with
these data, we reported that Mdm2 protein functions as
an E3 ubiquitin ligase, using UbcH5 as E2, for the p53
in vitro ubiquitination system (Hondaet al., 1997).

The INK4a/ARF gene has two promoters and it
encodes two completely different proteins, p16INK4a and
p19ARF (Ouelle et al., 1995; for a review, see Larsen,
1997). p16INK4a binds to cyclin D–CDK4 and –CDK6
complexes and inhibits their kinase activities. This
inhibition decreases the phosphorylation of Rb protein,
resulting in cell-cycle arrest at G1. The other encoded
protein, p19ARF, does not bind to any cyclin–CDKs but
seems to have a tumor suppression function dependent
upon the presence of wild-type p53 (Kamijoet al.,
1997; de Stanchinaet al., 1998; Pomerantzet al., 1998;
Zhang et al., 1998; Zindy et al., 1998). p19ARF was
shown to bind to Mdm2 (Pomerantzet al., 1998; Zhang
et al., 1998) and its association was shown to
stimulate the degradation of Mdm2 (Zhanget al., 1998).
Furthermore, p19ARF interacts directly with the p53–
DNA complex (Kamijo et al., 1998).

Here we show that p19ARF inhibits the ubiquitin ligase
activity of Mdm2 and that p53 phosphorylated by DNA-
PK is not a good substrate for Mdm2. Furthermore, the
C-terminal region of p53 is shown to be important for
Mdm2-induced ubiquitination.
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Fig. 1. Mdm2-dependent ubiquitination of p53in vitro. Lanes 1–3:
Sf-9 cell extract expressing GST–p53 was incubated with E1, E2
(UbcH5), biotinylated ubiquitin and Sf-9 cell extract expressing
His-Mdm2 in 50 mM Tris–HCl pH 7.4, 5 mM MgCl2, 2 mM ATP and
2 mM DTT at 25°C for 30 min. Then GST–p53 was pulled down by
glutathione–Sepharose 4B. Purified p53 was resolved by SDS–PAGE
and transferred to a PVDF membrane. The membrane was reacted
with ExtraAvidin peroxidase at room temperature for 1 h.
Ubiquitinated p53 was visualized by ECL; lanes 4–6, ubiquitinated
p53 from lanes 1–3 was detected by anti-p53 antibody (C-19); lanes
7–9, His-p53 and GST–Mdm2 were used and purified by
immunoprecipitation with anti-p53 antibody (PAb1801), followed by
ECL detection of ubiquitination as described for lanes 1–3.

Results

Ubiquitination of wild-type p53 by Mdm2
In our previous study, we detected the ubiquitination of
p53 by using biotinylated ubiquitin. Human p53, which
was fused to glutathioneS-transferase (GST) N-terminally,
was ubiquitinated by human Mdm2 (hdm2) in the presence
of an E1, E2 (UbcH5) and biotinylated ubiquitinin vitro
ubiquitination system (Hondaet al., 1997; Figure 1, lanes
1–3). We tested the ubiquitinated proteins shown in
Figure 1, lanes 1–3, and detected the ladder of bands by
immunoblotting using anti-p53 antibody (Figure 1, lanes
4–6). In a standard assay, GST–p53 was purified by
glutathione–Sepharose 4B after the ubiquitination reaction.
When His-tagged p53 was used as substrate, p53 protein
was purified by immunoprecipitation. As shown in
Figure 1, lanes 7–9, similar results were obtained using
His-tagged p53 as substrate. The ubiquitination of His-
tagged (data not shown) or untagged p53 was also detected
by immunoblotting (Figure 4A).

Although the reaction mixture does not contain Mdm2,
we could detect mono- or weaker di-ubiquitinated p53
bands (Figure 1, lanes 4 and 7). This result may be due
to the presence of proteins originating from the Sf-9 cell
extract containing p53, because we did not detect such a
ubiquitinated protein band using purified p53 (Honda
et al., 1997; Figure 4B).

Ubiquitination of mutant p53 proteins by Mdm2
To study further the Mdm2-mediated ubiquitination of
p53, we constructed a series of C-terminal truncation
mutants of p53 and tested them for ubiquitination by
Mdm2. All truncated forms showed the expected molecular
sizes on SDS–PAGE (Figure 2A, upper panel). The
level of ubiquitination of the truncation mutants was
dramatically decreased relative to that of full-length p53
(1–393 residues) (Figure 2B). Even when only 23 residues
were deleted, the deletion (1–369) strikingly affected
Mdm2-mediated ubiquitination. A previous study showed
that p53 interacts with Mdm2 via its N-terminal region,
and point mutations in this region inhibit their interaction.
We found that the two types of double point mutants
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(L14Q/F19C and L22Q/W23S) failed to interact with
Mdm2 in vitro (Figure 2C, lanes 2 and 3) and were not
ubiquitinated by Mdm2 (Figure 2D, lanes 1–4). Although
the truncated forms contained the Mdm2-binding site in
the N-terminal region of p53, the mutants (1–289 and
1–328) did not bind to Mdm2. Although the mutant
(1–369) bound to Mdm2 only slightly more weakly than
wild-type p53, its level of ubiquitination was much lower.
These data suggest that interaction between p53 and Mdm2
is required for p53 ubiquitination, but it is not sufficient.
We speculate that the ubiquitination of p53 by Mdm2 may
need a strict conformation, for which the C-terminal region
may be important.

Arg249 in human p53 is one of the ‘hot spots’, often
mutated in tumor cells. We next assessed the effect of
mutation at Arg249 on the ubiquitination. Substitution by
Ser (R249S), which is detected in tumor cells, hardly
affected the level of ubiquitination, whereas R249A
showed a slight decrease in ubiquitination (Figure 2D).
The ability to bind to Mdm2 was not different in either
mutant (Figure 2C). These data showed that a tumor-
derived mutation had no effect on this ubiquitination
system; however, we did not test other mutants detected
in tumors. These results are summarized in Figure 2E.

Effect of phosphorylation of p53 by DNA-PK on
ubiquitination
p53 is phosphorylated afterγ or UV irradiation and one
of the phosphorylated residues is assigned as Ser15, which
is important for Mdm2 binding. Ser15 and Ser37 are also
phosphorylatedin vitro by DNA-PK (Prives, 1998). We
tested the effect of phosphorylation within the N-terminal
region of p53 on Mdm2-induced ubiquitination. As
expected, recombinant GST–p53 was phosphorylated by
DNA-PK in the presence of exogenous DNAin vitro
(Figure 3A and C). After the kinase reaction, GST–p53
was bound to glutathione–Sepharose 4B and precipitated
by centrifugation. The GST–p53 was then used for the
ubiquitination reaction. The addition of exogenous DNA
greatly reduced the level of p53 ubiquitination (Figure 3B,
lanes 1–3). This may be due to DNA binding directly to
p53, because the ubiquitination ability was recovered
when DNA was washed out with buffer containing 0.4 M
NaCl (compare lanes 1 and 4). After washing with salt-
containing buffer, non-phosphorylated p53 was poly-
ubiquitinated normally, but the phosphorylated p53 was
ubiquitinated to a lesser extent (Figure 3B, lanes 4–6).
Phosphorylation by DNA-PK caused a reduction in p53
ubiquitination (Figure 3B and C, lanes 5 and 6), whereas
p53 phosphorylated by casein kinase I (CKI) was ubiquitin-
ated to the same extent as the non-phosphorylated form
(Figure 3C, lanes 7 and 8). We used CKI as a phosphoryla-
tion control; its phosphorylation site has not been identified
yet. It has been shown that CKI phosphorylates the N-
terminal portion of p53in vitro (Ko and Prives, 1996).

Effect of p19ARF on Mdm2 activity
Recently it has been shown that the tumor suppressor
p19ARF can prevent p53 degradation, which is involved in
binding of p19ARF to Mdm2 (Pomerantzet al., 1998;
Zhanget al., 1998). We therefore assessed the ubiquitin-
ation activity of p19ARF-bound Mdm2. His-Mdm2 bound
to GST–p19ARF was obtained by pull-down with
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glutathione–Sepharose 4B after mixing cell extracts con-
taining these proteins. Because we used GST-fused Mdm2
as a positive control, p19ARF-binding His-Mdm2 (ARF/
MDM2) and non-binding GST–Mdm2 (MDM2) showed
different migrations on SDS–PAGE (Figure 4A and B,
lanes 7 and 8, and C). These proteins, either bound to
glutathione–Sepharose 4B resin or eluted from the resin,
were used in Figure 4A and B, respectively. In Figure 4A,
we performed a ubiquitination assay using Sf-9 cell extract
expressing untagged p53 as substrate and detected the
ladder of p53 by immunoblotting. The level of p53
ubiquitination by p19ARF-bound Mdm2 apparently
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decreased, relative to the non-binding form (Figure 4A,
lanes 1–6). When purified proteins, p19ARF-bound Mdm2
(ARF/MDM2), free Mdm2 (MDM2) and GST–p53, were
used in the reaction, free Mdm2 had ubiquitin ligase
activity but p19ARF-bound Mdm2 did not (Figure 4B).
We detected the background level of ubiquitination in
Figure 4A in the presence of only UbcH5, but not
when affinity-purified p53 was used as substrate. In these
experiments, the amounts of Mdm2 added to the reaction
were quantified by immunoblotting using anti-Mdm2 anti-
body and they were almost equal in p19ARF-bound Mdm2
and free Mdm2 (Figure 4A and B, lanes 7 and 8). Although
we compared the ubiquitination activity of His-Mdm2
with GST–Mdm2, there was no difference in activity (data
not shown).

These data indicate that p19ARF inhibits the ubiquitin-
ation activity of Mdm2. In support of this, we showed
that the auto-ubiquitination ability of p19ARF-bound Mdm2
was much less than that of free Mdm2 (Figure 4C). In
the presence of UbcH5, free Mdm2 protein seemed to
disappear and it migrated more slowly on SDS–PAGE
(see the long exposure in Figure 4C). We confirmed that
these were ubiquitinated Mdm2 proteins by detecting
biotinylated ubiquitin (data not shown). p19ARF-bound
Mdm2 itself was also slightly ubiquitinated (see long
exposure), but the ubiquitination was very low. Both
p19ARF and phosphorylation of p53 by DNA-PK affect
the ubiquitination of p53 through Mdm2, resulting in
stabilization of p53.

Discussion

The mechanism by which p53 is increased afterγ or UV
irradiation has not been clarified yet. The mechanism
includes both activation of translational initiation and
inhibition of degradation of p53, but does not include
transcriptional activation of the p53 gene. The ubiquitin–
proteasome system is thought to be responsible for the
stabilization of p53 after irradiation, because the poly-
ubiquitinated forms of p53 were decreased after irradiation.
The ubiquitination of p53 was catalyzed by three steps of
enzyme reaction. These enzymes were named E1, E2 and

Fig. 2. Ubiquitination by Mdm2 in relation to the structure of p53.
(A) Interaction of p53 C-terminal truncation mutants with Mdm2.
GST-fused p53 truncation mutants were incubated with His-Mdm2 at
4°C for 30 min. After incubation, p53 mutants were pulled down with
glutathione–Sepharose 4B. Mdm2 was detected by immunoblotting
using anti-Mdm2 antibody (SMP14) (lower panel). The upper panel
shows membrane staining by amidoblack. An almost equal amount of
p53 protein was detected. Lane 1, amino acids 1–160; lane 2, amino
acids 1–289; lane 3, amino acids 1–328; lane 4, amino acids 1–350;
lane 5, amino acids 1–369; lane 6, amino acids 1–393 (wild-type).
(B) In vitro ubiquitination of p53 truncation mutants by Mdm2 was
performed as described in Figure 1. (C) Interaction of p53 containing
the point mutations (L14Q/F19C, L22Q/W23S, R249A and R249S)
with Mdm2. The binding assay was performed as described in (A).
Upper panel, staining of membrane by amidoblack; lower panel,
immunoblotting by anti-Mdm2 antibody. Lane 1, wild-type; lane 2,
L14Q/F19C; lane 3, L22Q/W23S; lane 4, R249A; lane 5, R249S.
(D) Ubiquitination of p53 mutants described in (C) by Mdm2. Lanes 1
and 2, L14Q/F19C; lanes 3 and 4, L22Q/W23S; lanes 5 and 6, R249S;
lanes 7 and 8, R249A; lanes 9 and 10, wild-type. Lanes 1, 3, 5, 7 and
9, Mdm2 (–); lanes 2, 4, 6, 8 and 10, Mdm2 (1). (E) Schematic
representation of p53 and its interaction and ubiquitination activity.
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Fig. 3. Effect of p53 phosphorylation by DNA-PK on Mdm2-mediated
ubiquitination. (A) Phosphorylation of p53 by DNA-PK. GST–p53
bound to glutathione–Sepharose 4B was incubated with (lanes 2 and 3)
or without (lane 1) 20 U of DNA-PK in the presence (lanes 1 and 2)
or absence (lane 3) of DNA at 30°C for 15 min. After incubation,
GST–p53 was pulled down by centrifugation and washed. p53 protein
was detected by amidoblack staining. Phosphorylated p53 migrated
more slowly than the non-phosphorylated form on an SDS–
polyacrylamide gel. (B) Ubiquitination of p53 phosphorylated by
DNA-PK. The kinase reaction was performed as described in (A).
Purified GST–p53 was washed three times with the buffer (10 mM
Tris–HCl pH 7.4, 3 mM MgCl2, 0.1 mM PMSF and 0.01% Brij 35)
containing (lanes 4–6) or not containing (lanes 1–3) 0.4 M NaCl. The
ubiquitination assay was performed as described in Figure 1. Lanes 1
and 4, DNA-PK(–); lanes 2, 3, 5 and 6, DNA-PK(1); lanes 1, 2, 4
and 5, DNA(1); lanes 3 and 6, DNA(–). (C) Inhibitory effect of
DNA-PK, but not CKI, on p53 ubiquitination. Lanes 1–4 showed the
32P incorporation of p53 after the kinase assay using 20 U of
DNA-PK or CKI. After incubation, GST–p53 bound to glutathione–
Sepharose 4B was washed with the 0.4 M NaCl buffer and the
ubiquitination assay was performed (lanes 5–8). Lanes 1 and 5, DNA-
PK(–), DNA(1); lanes 2 and 6, DNA-PK(1), DNA(1); lanes 3 and 7,
CKI(–); lanes 4 and 8, CKI(1).

E3. The key enzyme of the substrate recognition is E3,
ubiquitin ligase. The ubiquitin ligase for p53 is shown to
be Mdm2 in normal cells (Hondaet al., 1997) and E6/
E6-AP in papilloma virus-infected cells (Huibregtseet al.,
1993; Scheffneret al., 1993; Kumar et al., 1997).
The 26S proteasome can only degrade a polyubiquitinated
protein which is more than tetra-ubiquitinated
(Ciechanoveret al., 1998). Mono- and di-ubiquitinated
proteins are not recognized as substrates in the ubiquitin–
proteasome system. Using an invitro ubiquitination assay,
we often detect mono-ubiquitinated protein, which does
not seem to be important for proteolysis (Figures 1, 2
and 4).

Wild-type p53 proteins are maintained at a low level
in normal cells, whereas mutant p53 proteins are main-
tained at a high level in tumor cells. As shown in
Figure 2, the binding of p53 to Mdm2 is essential for the
ubiquitination. A mutation (R249S) of p53, which occurs
in many kinds of tumor cells (for a review, see Ko and
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Fig. 4. Decrease in ubiquitination activity of Mdm2 by interaction
with p19ARF. (A) GST–Mdm2 (MDM2) and GST–p19ARF/His-Mdm2
(ARF/MDM2) were purified by glutathione–Sepharose 4B. The
untagged p53 expressed in an Sf-9 cell extract was used as substrate
and the reaction was performed as described in Figure 1. After
incubation, the reaction was stopped by addition of SDS sample buffer
and boiled. The ubiquitination ladder of p53 was visualized by
immunoblotting using anti-p53 antibody (C-19) (lanes 1–6). (B) Using
purified GST–p53, GST–p19ARF/Mdm2 and GST–Mdm2, the
ubiquitination assay was performed. In brief, GST–p19ARF/Mdm2 and
GST–Mdm2 were precipitated by glutathione–Sepharose 4B and eluted
with 2 mM glutathione and 50 mM Tris–HCl pH 8.0, followed by
incubation with GST–p53-conjugated resin, E1, UbcH5 and
biotinylated ubiquitin. Ubiquitinated p53 was detected by horseradish
peroxidase-conjugated avidin (lanes 1–6). (C) Auto-ubiquitination
activity of Mdm2. Mdm2 from the reaction shown in (A) was detected
by immunoblotting using anti-Mdm2 antibody (SMP14). Lanes 1–3,
ARF/Mdm2; lanes 4–6, Mdm2. Lanes 1, 2, 4 and 5, UbcH5(1); lanes
3 and 6, UbcH5(–). Lanes 2, 3, 5 and 6, Mdm2(1); lanes 1 and 4:
Mdm2(–). The amounts of Mdm2 in the reaction were compared by
immunoblotting (lanes 7 and 8 in A and B). His-Mdm2 was detected
in lane 7 in (A and B), and in lanes 2 and 3 in (C). GST–Mdm2 was
detected in lane 8 in (A and B), and in lanes 5 and 6 in (C).

Prives, 1996), does not affect the association with Mdm2
and the mutant is not ubiquitinated at lower levels than
the wild-type. These data indicate that accumulation of
mutant protein is not due to poor ubiquitination. The
transcription of theMdm2 gene is activated by p53, and
the mutant p53, R249S, cannot activate the transcription.
Thus, in tumor cells which have the mutant p53, the level
of the Mdm2 protein could be too low to ubiquitinate the
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mutant p53, resulting in p53 accumulation. The conforma-
tion of p53 is also likely to be important for Mdm2-
mediated ubiquitination. Even though it could still bind to
Mdm2, the ubiquitination level of a C-terminal truncation
mutant (1–369 residues) was markedly reduced. The C-
terminal 30 residues of p53 have been shown to regulate
the specific DNA-binding function of the central core
domain. This region contains the protein kinase C and
CKII phosphorylation sites, and the p300 acetylation sites.
How the region functions in ubiquitination remains to
be clarified.

It is likely that there are multiple pathways for activation
of p53 in cells. γ or UV irradiation can induce p53
accumulation, which is partly due to inhibition of protein
degradation. p53 is phosphorylated on its N-terminal
region in response to irradiation (for a review, see Gottlieb
and Oren, 1996; Ko and Prives, 1996). After DNA damage,
there is a reduced interaction of p53 with Mdm2in vivo
(Shiehet al., 1997). Also, phosphorylation of p53 at Ser15
and Ser37 by DNA-PK reduces the binding activity of
Mdm2. We show here that p53 phosphorylated by DNA-
PK is no longer a good substrate for Mdm2-mediated
ubiquitination (Figure 3). These data suggest that the
stabilization of p53 is partly attributable to phosphorylation
of p53 by DNA-PK. Recently it has been reported that
ATM, which is induced by ionizing radiation, also phos-
phorylates p53 on Ser15 (Baninet al., 1998; Canman
et al., 1998). There may be various protein kinases which
are activated by different types of stress and whose
functions are similar.

p19ARF could interact with Mdm2, and p53 also binds
p19ARF through Mdm2 (data not shown). Previous studies
showed that the tumor suppressor p19ARF can prevent p53
degradation through the binding of p19ARF to Mdm2 and
showed that this is due to acceleration of Mdm2 degrada-
tion by p19ARF association (Zhanget al., 1998). We did
not test the effect of p19ARF on Mdm2 degradation.
However, our results indicate that the interaction of p19ARF

with Mdm2 inhibits the ubiquitin ligase activity of Mdm2.
As shown in Figure 4C, p19ARF-bound Mdm2 is barely
ubiquitinated; thus if p19ARF accelerates Mdm2 degrada-
tion, it is possible that p19ARF-bound Mdm2 could be
degraded not by a ubiquitin–proteasome system, but by
some other proteolytic system. When p19ARF cDNA was
transfected into HeLa cells, the ubiquitination of p53 was
hardly detected any more (Pomerantzet al., 1998). This
result is coincident to ourin vitro data shown here.

Even though it is not genotoxic stress, hypoxia treatment
has also been shown to stabilize p53. The stabilization
requires transcriptional factor HIF-1α (hypoxia-inducible
factor), which is accumulated by hypoxia (Anet al.,
1998). A mechanism for p53 stabilization by HIF-1α has
not been clarified yet, but this stabilization may also be
involved in Mdm2-mediated ubiquitination.

Materials and methods

cDNA cloning
Human Mdm2 (Olineret al., 1992) and UbcH5 (Sheffneret al., 1994)
cDNAs were obtained by RT–PCR using total RNA from HeLa S3 cells.
Mouse p19ARF was obtained by RT–PCR using total RNA from mouse
testis. The mutant p53 cDNAs were prepared by PCR using a primer
containing the mutated base(s).
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Expression and preparation of proteins
UbcH5 was ligated into the pET3 vector and expressed inEscherichia
coli BL 21. After E.coli was disrupted by sonication using a buffer
containing 10 mM Tris–HCl pH 8.0, 1.0% Triton X-100, 1 mM
phenylmethylsulfonyl fluoride (PMSF) and 0.15 M NaCl, UbcH5 was
purified by ammonium sulfate precipitation, followed by chromatography
using MonoS (Pharmacia). Baculovirus-expressed mouse E1 (Imaiet al.,
1992) protein was purified by a ubiquitin affinity column.

Human p53, human Mdm2 and mouse p19ARF were inserted N-
terminally into GST-fused or His-tagged pFastBac vector (Gibco-BRL)
and the proteins were expressed in Sf-9 cells according to the manufac-
turer’s protocol. Sf-9 cells expressing recombinant protein were sus-
pended in 10 mM Tris–HCl pH 7.4, 3 mM MgCl2, 1 mM PMSF and
0.1% NP-40 at a final concentration of 43106 cells/ml, then briefly
sonicated using Handy Sonic UR-20P (Tomy Seiko). The supernatant,
after centrifugation at 14 000g for 10 min, was used for the ubiquitination
reaction andin vitro binding assay. In some experiments, GST–p53
and GST–Mdm2 were purified by using glutathione–Sepharose 4B
(Pharmacia). To obtain His-Mdm2 bound to GST–p19ARF, cell extract
containing Mdm2 was incubated with extract containing p19ARF at 4°C
for 30 min and purified by glutathione–Sepharose 4B (Pharmacia). GST–
p19ARF-bound Mdm2 was eluted with 2 mM reduced glutathione and
50 mM Tris–HCl pH 8.0. GST–Mdm2 was obtained by elution from
resin under the same conditions.

In vitro ubiquitination assay
Ubiquitin (Sigma) was biotinylated using EZ-Link sulfo-NHS-LC-Biotin
(Pierce) according to the manufacturer’s protocol and unreacted biotin
was removed by use of NAP-10 (Pharmacia) exclusion chromatography
as described previously (Funabikiet al., 1997; Hondaet al., 1997;
Nakajimaet al., 1998). The standard reaction mixture (50µl) contained
Sf-9 cell extract expressing GST–p53 (500 ng), mouse E1 (500 ng),
UbcH5 (500 ng), biotinylated ubiquitin (15µg), and cell extract
expressing His-Mdm2 (500 ng), 50 mM Tris–HCl pH 7.4, 5 mM MgCl2,
2 mM ATP and 2 mM dithiothreitol (DTT). After incubation at 25°C
for 30 min, GST–p53 was pulled down with glutathione–Sepharose 4B
(Pharmacia) and resolved by 7.5% SDS–PAGE. The proteins in the gel
were transferred to a PVDF membrane (Millipore). The membrane was
incubated with ExtrAvidin peroxidase (Sigma) at room temperature for
1 h and washed. Then the ubiquitinated proteins were visualized by
ECL (Amersham). In some experiments, the PVDF membrane was
immunoblotted with anti-p53 antibody (C-19, Santa Cruz) or anti-Mdm2
antibody (SMP14, Santa Cruz), followed by the reaction with secondary
antibody, peroxidase-conjugated anti-goat IgG or anti-mouse IgG,
respectively. The proteins which reacted with the antibody were detected
by ECL (Amersham).

In some cases, glutathione–Sepharose 4B-conjugated GST–p53 was
added to the ubiquitination reaction mixture and recovered by centrifuga-
tion after incubation.

Phosphorylation of p53 by DNA-PK or casein kinase I
GST–p53 bound to glutathione–Sepharose 4B was incubated with 20 U
of DNA-PK (Promega) in the presence of 20 ng/µl of calf thymus DNA
in 20 mM Tris–HCl pH 7.4, 5 mM MgCl2, 50 mM KCl, 1 mM DTT
and 0.1 mM ATP with or without [γ-32P]ATP at 30°C for 15 min. After
incubation, GST–p53 was pulled down by centrifugation and washed
with buffer (0.4 M NaCl, 10 mM Tris–HCl pH 7.4, 3 mM MgCl2,
0.1 mM PMSF and 0.01% Brij 35), followed by the ubiquitination
reaction as described above. When p53 was phosphorylated by CKI,
p53 was incubated with 20 U of CKI (Promega) in 25 mM Tris–HCl
pH 7.4, 10 mM MgCl2, 0.1 mM ATP and [γ-32P]ATP.

In vitro binding assay
Sf-9 cells expressing GST–p53 (wild-type or mutant) and His-Mdm2
were suspended in lysis buffer (10 mM Tris–HCl pH 7.4, 3 mM MgCl2,
0.1 mM PMSF and 0.1% NP-40) and disrupted by brief sonication.
After centrifugation at 14 000g for 10 min, cell extract was obtained.
Cell extract containing wild-type or mutant p53 was incubated with the
extract containing Mdm2 at 4°C for 30 min. GST–p53 was recovered
by glutathione–Sepharose 4B (Pharmacia) and washed with lysis buffer
containing 0.01% Brij 35 three times. The precipitates were electrophor-
esed on a 7.5% SDS–polyacrylamide gel and transferred to a PVDF
membrane. Mdm2 was detected by immunoblotting using anti-Mdm2
antibody (SMP14, Santa Cruz).



p19ARF inhibits ubiquitin ligase, Mdm2

Acknowledgements

We thank Drs T.Nakashima and K.Oda, Tokyo Science University, for
providing us with p53 cDNA, and Dr F.Yamao, National Institute of
Genetics, for providing mouse E1 cDNA. We also thank Dr H.Tanaka
in our laboratory for kindly providing purified E1, UbcH5 and biotinylated
ubiquitin. This work is supported in part by Grant-in-aid from the
Ministry of Education, Science, Culture and Sports in Japan.

References

An,W.G., Kanekal,M., Simon,M.C., Maltepe,E., Blagosklonny,M.V. and
Neckers,L.M. (1998) Stabilization of wild-type p53 by hypoxia-
inducible factor 1α. Nature, 392, 405–408.

Banin,S. et al. (1998) Enhanced phosphorylation of p53 by ATM in
response to DNA damage.Science, 281, 1674–1677.

Barak,Y.M., Juven,T., Haffner,R. and Oren,M. (1993) Mdm2 expression
is induced by wild type p53 activity.EMBO J., 12, 461–468.

Buckbinder,L., Talbott,R., Velasco-Miguel,S., Takenaka,I., Faha,B.,
Seizinger,B.R. and Kley,N. (1995) Induction of the growth inhibitor
IGF-binding protein 3 by p53.Nature, 377, 646–649.

Canman,C.E., Lim,D., Cimprich,K.A., Taya,Y., Tamai,K., Sakaguchi,K.,
Appella,E., Kastan,M.B. and Siliciano,J.D. (1998) Activation of the
ATM kinase by ionizing radiation and phosphorylation of p53.Science,
281, 1677–1679.

Ciechanover,A. (1994) The ubiquitin–proteasome proteolytic pathway.
Cell, 79, 13–22.

Ciechanover,A. and Schwartz,A.L. (1998) The ubiquitin–proteasome
pathway: the complexity and myriad functions of proteins death.Proc.
Natl Acad. Sci. USA, 95, 2727–2730.

de Stanchina,E.et al. (1998) E1A signaling to p53 involves the p19ARF

tumor suppressor.Genes Dev., 12, 2434–2442.
El-Deiry,W.S. et al. (1993) WAF1, a potential mediator of p53 tumor

suppression.Cell, 75, 817–825.
Funabiki,H., Yamano,H., Nagao,K., Tanaka,H., Yasuda,H., Hunt,T. and

Yanagida,M. (1997) Fission yeast Cut2 required for anaphase has two
destruction boxes.EMBO J., 16, 5977–5987.

Gottlieb,T.M. and Oren,M. (1996) p53 in growth control and neoplasia.
Biochim. Biophys. Acta, 1287, 77–102.

Haupt,Y., Maya,R., Kazaz,A. and Oren,M. (1997) Mdm2 promotes the
rapid degradation of p53.Nature, 387, 296–299.

Hermeking,H., Lengauer,C., Polyak,K., He,T.-C., Zhang,L.,
Thiagalingam,S., Kinzler,K.W. and Vogelstein,B. (1998)14-3-3σ is a
p53-regulated inhibitor of G2/M progression.Mol. Cell, 1, 3–11.

Honda,R., Tanaka,H. and Yasuda,H. (1997) Oncoprotein MDM2 is a
ubiquitin ligase E3 for tumor suppressor p53.FEBS Lett., 420, 25–27.

Huibregtse,J.M., Scheffner,M. and Howley,P.M. (1993) Cloning and
expression of the cDNA for E6-AP, a protein that mediates the
interaction of the human papillomavirus E6 oncoprotein with p53.
Mol. Cell. Biol., 13, 775–784.

Huibregtse,J.M., Scheffner,M., Beaudenon,M. and Howley,P.M. (1995)
A family of proteins structurally and functionally related to the E6-
AP ubiquitin–protein ligase.Proc. Natl Acad. Sci. USA, 92, 2563–2567.

Imai,N., Kaneda,S., Nagai,Y., Seno,T., Ayusawa,D., Hanaoka,F. and
Yamao,F. (1992) Cloning and sequence of a functionally active cDNA
encoding the mouse ubiquitin-activating enzyme E1.Gene, 118,
279–282.

Kamijo,T., Zindy,F., Roussel,M.F., Quelle,D.E., Downing,J.R.,
Ashmun,R.A., Grosveld,G. and Sherr,C.J. (1997) Tumor suppression
at the mouseINK4a locus mediated by the alternative reading frame
product p19ARF. Cell, 91, 649–659.

Kamijo,T., Weber,J.D., Zambetti,G., Zindy,F., Roussel,M.F. and
Sherr,C.J. (1998) Functional and physical interactions of the ARF
tumor suppressor with p53 and Mdm2.Proc. Natl Acad. Sci. USA,
95, 8292–8297.

Kastan,M.B., Zhan,Q., el-Deiry,W.S., Carrier,F., Jacks,T., Walsn,W.V.,
Plunkett,B.S., Vogelstein,B. and Fornace,A.J.,Jr (1992) A mammalian
cell cycle checkpoint pathway utilizing p53 andGADD45is defective
in ataxia-telangiectasia.Cell, 71, 587–597.

Ko,L.J. and Prives,C. (1996) p53: puzzle and paradigm.Genes Dev., 10,
1054–1072.

Kubbutat,M.H.G., Jones,S.N. and Vousden,S.N. (1997) Regulation of
p53 stability by Mdm2.Nature, 387, 299–303.

Kumar,S., Kao,W.H. and Howley,P.M. (1997) Physical interaction
between specific E2 and Hect E3 enzymes determines functional
cooperativity.J. Biol. Chem., 272, 13548–13554.

27

Larsen,C.J. (1997) Contribution of the dual coding capacity of the
p16INK4a/MTS1/CDKN2 locus to human malignancies.Prog. Cell
Cycle Res., 3, 109–124.

Levine,A.J. (1997) p53, the cellular gate keeper for growth and division.
Cell, 88, 323–331.

Lu,X. and Lane,D.P. (1993) Differential induction of transcriptionally
active p53 following UV or ionizing radiation: defects in chromosome
instability syndromes?Cell, 75, 765–778.

Maki,C.G., Huibregtse,J.M. and Howley,P.M. (1996)In vivo
ubiquitination and proteasome-mediated degradation of p53.Cancer
Res., 56, 2649–2654.

Miyashita,T. and Reed,J.C. (1995) Tumor suppressor p53 is a direct
transcriptional activator of the humanbax gene.Cell, 80, 293–299.

Nakajima,T., Morita,K., Tsunoda,H., Imajoh-Ohmi,S., Tanaka,H.,
Yasuda,H. and Oda,K. (1998) Stabilization of p53 by adenovirus E1A
occurs through its amino-terminal region by modification of the
ubiquitin–proteasome pathway.J. Biol. Chem., 273, 20036–20045.

Okamoto,K. and Beach,D. (1994) Cyclin G is a transcriptional target of
the p53 tumor suppressor protein.EMBO J., 13, 4816–4822.

Oliner,J.D., Kinzler,K.W., Meltzer,P.S., George,D.L. and Vogelstein,B.
(1992) Amplification of a gene encoding a p53-associated protein in
human sarcomas.Nature, 358, 80–83.

Oliner,J.D., Pietenpol,J.A., Thiagalingam,S., Gyuris,J., Kinzler,K.W. and
Vogelstein,B. (1993) Oncoprotein MDM2 conceals the activation
domain of tumor suppressor p53.Nature, 362, 857–860.

Pomerantz,J.et al. (1998) TheInk4a tumor suppressor gene product,
p19Arf, interacts with Mdm2 and neutralizes Mdm29s inhibition of
p53.Cell, 92, 713–723.

Prives,C. (1998) Signaling to p53: breaking the MDM2–p53 circuit.
Cell, 95, 5–8.

Quelle,D.E., Zindy,F., Ashmun,R.A. and Sherr,C.J. (1995) Alternative
reading frames of theINK4a tumor suppressor gene encode two
unrelated proteins capable of inducing cell cycle arrest.Cell, 83,
993–1000.

Scheffner,M., Huibregtse,J.M., Vierstra,R.D. and Howley,R.D. (1993)
The HPV-16 E6 and E6-AP complex functions as a ubiquitin–protein
ligase in the ubiquitination of p53.Cell, 75, 495–505.

Scheffner,M., Huibregtse,J.M. and Howley,P. (1994) Identification of
a human ubiquitin-conjugating enzyme that mediates the E6-AP-
dependent ubiquitination of p53.Proc. Natl Acad. Sci. USA, 91,
8797–8801.

Scheffner,M., Nuber,U. and Huibregtse,J.M. (1995) Protein
ubiquitination involving an E1–E2–E3 enzyme ubiquitin thioester
cascade.Nature, 373, 81–83.

Shieh,S.Y., Ikeda,M., Taya,Y. and Prives,C. (1997) DNA damage-induced
phosphorylation of p53 alleviates inhibition by Mdm2.Cell, 91,
325–334.

Wu,X., Bayle,J., Olson,H.D. and Levine,A.J. (1993) The p53–mdm-2
autoregulatory feedback loop.Genes Dev., 7, 1126–1132.

Zhang,Y., Xiong,Y. and Yarbrough,W.G. (1998) ARF promotes Mdm2
degradation and stabilizes p53:ARF-INK4a locus deletion impairs
both Rb and p53 tumor suppression pathways.Cell, 92, 725–734.

Zindy,F., Eischen,C.M., Randle,D.N., Kamijo,T., Cleveland,J.L.,
Sherr,C.J. and Roussel,M.F. (1998) Myc signaling via the ARF tumor
suppressor regulates p53-dependent apoptosis and immortalization.
Genes Dev., 12, 2424–2433.

Received September 1, 1998; revised November 3, 1998;
accepted November 6, 1998


