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The stability of the p53 tumor suppressor protein is regulated by interaction with Mdm2, the product of a
p53-inducible gene. Mdm2-targeted degradation of p53 depends on the interaction between the two proteins
and is mediated by the proteasome. We show here that in addition to the N-terminal Mdm2 binding domain,
the C terminus of p53 participates in the ability of p53 to be degraded by Mdm2. In contrast, alterations in the
central DNA binding domain of p53, which change the conformation of the p53 protein, do not abrogate the
sensitivity of the protein to Mdm2-mediated degradation. The importance of the C-terminal oligomerization
domain to Mdm2-targeted degradation of p53 is likely to reflect the importance of oligomerization of the full-
length p53 protein for interaction with Mdm2, as previously shown in vitro. Interestingly, the extreme C-
terminal region of p53, outside the oligomerization domain, was also shown to be necessary for efficient
degradation, and deletion of this region stabilized the protein without abrogating its ability to bind to Mdm2.
Mdm2-resistant pS3 mutants were not further stabilized following DNA damage, supporting a role for Mdm2
as the principal regulator of p53 stability in cells. The extreme C terminus of the p53 protein has previously
been shown to contain several regulatory elements, raising the possibility that either allosteric regulation of
p53 by this domain or interaction between this region and a third protein plays a role in determining the

sensitivity of pS3 to Mdm2-directed degradation.

The p53 tumor suppressor gene product plays an important
role in the prevention of malignancies, and the function of this
protein is lost in most human cancers (18). Mice lacking p53
are viable, although some show evidence of developmental
defects (2, 15), indicating that p53 function is not essential for
normal cell growth. p53 activity is strongly stimulated in re-
sponse to genotoxic stress, such as DNA damage, and leads to
the inhibition of cell growth, either by institution of a cell cycle
arrest or activation of programmed cell death (apoptosis) (5).
Either of these responses prevents the replication of cells with
damaged DNA, and loss of this protective function is proposed
to allow the outgrowth of cells harboring potentially oncogenic
mutations (34). Many activities have been ascribed to p53, the
most clearly understood being the ability of p53 to function as
a transcription factor (59). Many p53-inducible cell genes have
been described, and it is clear that activated cell cycle arrest genes
(such as the cyclin-dependent kinase inhibitor p21"#"/<r?) or
apoptotic genes (such as Bax) are important as mediators of
some of the functions of p53 (7, 14, 43, 61, 63). Nevertheless,
there is substantial evidence for transcriptionally independent
activities of p53, particularly in the activation of the apoptotic
response (8, 22, 60).

The p53 protein is maintained in normal cells as an unstable
protein at very low levels, and activation of a p53 response
leads to rapid accumulation of the p53 protein through post-
transcriptional mechanisms (16, 30, 37). Increased levels of p53
are thought to result principally from a dramatic increase in
the half-life of the protein, although enhanced rates of protein
synthesis also play a role (17). The p53 protein has been shown
to be degraded through ubiquitin-dependent proteolysis (36),
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and recent studies have shown that interaction with the Mdm?2
protein can target p53 for degradation (6, 21, 32). Mdm?2 is
itself a transcriptional target of p53 and binds to a domain in
the N terminus of the p53 protein (4, 10, 45, 47). Simple bind-
ing of Mdm?2 to p53 can inhibit the transcriptional activity and
G, arrest function of p53 (9), probably by obscuring the very
closely linked frans-activation domain (47), but there is evi-
dence that the interaction between Mdm?2 and p53 is not suf-
ficient to inhibit the transcriptionally independent apoptotic
functions of p53 (20). Degradation of p53 targeted by Mdm?2
would abrogate all p53 functions, and the transcriptional acti-
vation of Mdm2 by p53 provides a regulatory loop in normal
cells to prevent activation of a p53 response (62). The impor-
tance of Mdm?2 in regulating p53 function during normal
growth and development is illustrated by the observation that
deletion of Mdm?2 in mice results in very early embryonic le-
thality, which is rescued by simultaneous deletion of p53 (29,
46). The stabilization of p53 in response to DNA damage in-
dicates that mechanisms must exist by which p53 can become
resistant to degradation by Mdm2. Recent studies have sug-
gested that phosphorylation of either p53 or Mdm2 by DNA-
PK can decrease the binding between the two proteins (42, 54).
Since binding is necessary for degradation, this provides a
mechanism by which p53 may become stabilized despite the
presence of Mdm?2. However, there is now also evidence that
regulation of degradation may also occur through mechanisms
other than the inhibition of binding between the two proteins.
The p14*R¥ protein has recently been shown to inhibit Mdm2-
mediated degradation of pS3 by binding to Mdm?2 at a region
distinct from the p53 binding site, and interaction with p14*RF
does not prevent Mdm?2 binding to p53 (49, 55, 64).

The p53 protein contains several well-characterized domains
(Fig. 1); the N-terminal frans-activation domain, a proline-rich
domain, a central sequence-specific DNA binding domain and
the C-terminal region which contains the oligomerization do-
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main, nuclear localization signals, and single-stranded or dam-
aged DNA binding activity (31). The extreme C terminus of
the protein has been shown to regulate sequence-specific DNA
binding, and the full-length protein is maintained in a non-
DNA binding latent form in vitro. This regulation of DNA
binding has been attributed to an allosteric mechanism, in
which the C terminus of p53 directly binds and occludes the
central DNA binding domain (25, 27), although interaction of
the C terminus with DNA can also inhibit specific DNA bind-
ing (1). The latent form of p53 can be activated to bind DNA
by several mechanisms, including modification of the C termi-
nus by phosphorylation (26), glycosylation (53), acetylation
(19), mutation (26, 41), or interaction with single-stranded
DNA (28). The exact contribution of these mechanisms to the
regulation of p53 in vivo is not yet clear, but there is evidence
that activation of p53 function and stabilization of the protein
are separable steps in the initiation of a p53 response (27, 35,
57).

We previously showed that mutational alteration of the N-
terminal Mdm?2 binding region of p53 rendered the protein
resistant to degradation by Mdm2 (32), indicating that this
activity of Mdm?2 is dependent on an interaction with p53. In
this study we examine the contribution of other regions of the
p53 protein to sensitivity to Mdm2-targeted degradation.

MATERIALS AND METHODS

Plasmids and antibodies. Plasmids encoding wild-type and mutant p53 under
the control of the cytomegalovirus promoter have been reported previously (11,
39-41). Plasmids encoding for mouse wild-type Mdm2 (pCOC Mdm2 X2) (20),
the human mutant Mdm2A222-437 (pCHDMA222-437) (9), and HPV16 E6 (11)
have also been described previously. The p53 AII-A370 plasmid was constructed
by replacing a Stul/BamHI fragment in p53AII (39) with the corresponding
fragment from p53A370. p5S3AI-AII has been described previously (3). The GFP
expression plasmid pEGFP-N1 was purchased from Clontech (Palo Alto, Calif.).

p53-specific monoclonal antibodies PAb1801 and DO-1 and the Mdm?2-spe-
cific antibody IF2 were purchased from Oncogene Science (Cambridge, Mass.).
The polyclonal rabbit serum CM-1 was from Novocastra (Burlingham, Calif.).
Anti-GFP monoclonal antibodies were purchased from Clontech, the anti-actin
antibody was purchased from Chemicon (Temecula, Calif.), and the fluorescein
isothiocyanate-conjugated rabbit anti-mouse antibody was obtained from Dako
(Carpenteria, Calif.).

Cells and transfections. p53 null Saos-2 cells were maintained in Dulbecco
modified Eagle medium supplemented with 10% fetal calf serum and transiently
transfected by the calcium phosphate precipitation method. Unless otherwise
indicated, 3 pg of wild-type p53 or mutant pS3 plasmid was cotransfected with 9
ug of wild-type mouse Mdm2 encoding plasmid or HPV16 E6 encoding plasmid
per 100-mm diameter dish, and cells were harvested 24 h after transfection. For
association assays, p53 was cotransfected with the binding competent, degrada-
tion-deficient human Mdm2 mutant A222-437 (32). In all cases, transfection
efficiency was monitored by cotransfection of 1 pg of pEGFP-NI, and equal
expression of GFP was verified by Western blotting. To generate MCF-7 cell
lines stably expressing p53 mutant proteins, cells were selected after transfection
with G418 for 3 weeks. Total cell lysates of pooled transfected cells were ana-
lyzed for p53 expression. Where indicated, the cells were first treated with 5 nM
actinomycin-D for 16 h.

Protein analysis. Western blotting and immunoprecipitation were carried out
as previously described (40). To analyze association between p53 and Mdm?2,
transiently transfected cells were divided for Western blotting to determine total
p53 expression and immunoprecipitated with the anti-Mdm2 antibody IF2. Im-
munoprecipitated proteins were then Western blotted, and coprecipitated p53
was detected with rabbit polyclonal antiserum CM-1.

The half-life of p53 protein in transfected cells was determined by radioactive
pulse labeling of cells for 30 min and chase in unlabeled medium for 0, 0.5, and
4.5 h. The p53 protein was then immunoprecipitated with the monoclonal anti-
body PAb1801. Quantification of labeled p53 protein was carried out with the
STORM PhosphorImager model 860 (Molecular Dynamics).

For immunofluorescence studies, Saos-2 cells were seeded on coverslips, tran-
siently transfected, and fixed 24 h after transfection in ice-cold methanol. The
p53 protein was detected with antibody PAb1801 and a fluorescein isothiocya-
nate-conjugated secondary antibody. Subcellular localization of p53 was analyzed
by confocal microscopy.
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RESULTS

Contribution of the p53 conserved regions to degradation by
Mdm?2. We utilized a series of previously described p53 dele-
tion mutants (39) to analyze the contribution of the conserved
domains of p53 to sensitivity to degradation by Mdm?2 (Fig. 1).
pS3AI carries a deletion of the first conserved box in p53 and
is unable to bind Mdm?2, although it retains wild-type transcrip-
tional activity. pS3AIL, III, IV, and V carry deletions of con-
served boxes II to V and fail to bind DNA. These mutants have
lost p53 transcriptional activity (39) and adopt a conformation
associated with tumor-derived p53 mutants (40). Each of the
p53 mutants was transfected in Saos-2 cells, a p53 null human
cell line, with or without wild-type Mdm?2 (Fig. 1). As shown
previously (32), pS3AI, which fails to bind Mdm?2, is resistant to
Mdm?2-targeted degradation. In contrast, p53 proteins with
deletion of conserved regions II to V remained sensitive to
degradation by Mdm?2, despite loss of function and wild-type
conformation. These results are consistent with our previous
observations that tumor-derived point mutants within the
DNA binding domain also remain sensitive to Mdm2-targeted
degradation (32).

Contribution of p53 oligomerization to degradation by
Mdm?2. Previous in vitro studies pointed to a contribution of
oligomerization of p53 to Mdm?2 binding in the context of the
full-length p53 protein (40), although the binding site for
Mdm?2 has been shown to reside within the N terminus of p53
(10, 48). We therefore examined the sensitivity of oligomer-
ization-defective pS3 mutants to degradation by Mdm?2 after
coexpression in Saos-2 cells. These included two-point mutants
which have been described as forming dimers, but not tetram-
ers (pS3ALAL and p53LLL), and a quadruple-point mutant
which is maintained in the monomeric form (pS3KEEK) (Fig.
2) (56, 58). The two dimerization-competent mutants both
showed sensitivity to degradation by Mdm?2 at levels compara-
ble to the wild-type protein (Fig. 2), consistent with observa-
tions that these p53 mutants retain the ability to interact with
Mdm2 in vitro (40). The oligomerization-defective mutant,
however, showed clear resistance to Mdm2-mediated degrada-
tion (Fig. 2), although a small reduction in p53 levels was seen
with increasing Mdm?2, suggesting that oligomerization was not
absolutely necessary for sensitivity. Similarly, a large C-termi-
nal deletion which removed the oligomerization domain
(p53A327) also rendered the protein resistant to Mdm?2-tar-
geted degradation (data not shown).

Contribution of the C terminus of p53 to degradation by
Mdm2. The extreme C terminus of the p53 protein has been
shown to play an important role in the regulation of p53 ac-
tivity, particularly in the maintenance of the protein in a latent,
non-DNA binding conformation. We therefore analyzed a se-
ries of C-terminal truncation mutants of p53 for their sensitiv-
ity to degradation by Mdm?2 (Fig. 3). Deletion of the C-termi-
nal 30 or 24 amino acids in pS3A30 and p53A370 has been
shown to constitutively activate p53 DNA binding function,
although this is not achieved following deletion of the last 16
amino acids in p53A378 (41). All of these C-terminal deletion
mutants were significantly less-well degraded than the wild-
type protein, although comparison with p53AIl, which is en-
tirely resistant to degradation, showed that each of the C-
terminal mutants retained some sensitivity to Mdm?2. This
sensitivity to Mdm2 was most marked in the least-extensive
deletion, p5S3A378 (Fig. 3).

The resistance of extreme C-terminal p5S3 mutants to Mdm?2-
mediated degradation was intriguing, and we examined the
contribution of the C-terminal lysine residues, which represent
potential targets for ubiquitination. Analysis of p531381/382/
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FIG. 1. Degradation of p53 deletion mutants by Mdm2. The position of each mutation in full-length p53 is shown. Levels of each p53 protein following transient
transfection into Saos-2 cells in the presence or absence of exogenous Mdm2, as determined by Western blotting, are shown below. Equal transfection efficiency is

demonstrated by expression of cotransfected green fluorescent protein.

386 (in which the last three lysine residues were mutated to
isoleucine) and p531370/372/373 (in which the penultimate
three lysine residues were substituted by isoleucine) showed
that neither of these mutants displayed enhanced resistance to
Mdm?2-mediated degradation (data not shown).

Deletion of the C terminus constitutively stabilizes p53 in
the absence of DNA damage. We have identified pS3 mutants
which are resistant to Mdm2-mediated degradation either due

to loss of Mdm?2 binding (such as pS3AI) or through mecha-
nisms other than loss of binding (such as p53A370). In order to
confirm that these mutants exhibit a longer half-life in cells
where p53 stability is normally regulated by endogenous p53,
we turned to MCF-7 cells, a human breast carcinoma cell line
that expresses low levels of wild-type p53. Expression of exog-
enous pS3 with wild-type activities in these cells leads to cell
cycle arrest, and so it is not possible to establish stably express-
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FIG. 2. Degradation of p53 oligomerization mutants by Mdm?2. The position of each mutation in full-length p53 is shown. Levels of each p53 protein following
transient transfection into Saos-2 cells in the presence or absence of exogenous Mdm2, as determined by Western blotting, are shown below. Equal transfection

efficiency is demonstrated by expression of cotransfected green fluorescent protein.

ing cells with these mutants. We therefore made use of our
observation that deletion of the conserved regions in the DNA
binding domain of p53, which render p53 unable to inhibit cell
growth (12), did not prevent sensitivity to Mdm?2-mediated
degradation. We generated p53 mutants containing the N- and
C-terminal deletions in the context of the box II (AII) deletion,
and MCF-7 lines stably expressing each of the exogenous p53
mutants were generated (Fig. 4). This system to study p53

stability has been previously described (44), making use of a
point mutant to inactivate p53 growth-suppressive function. In
this analysis the exogenous and endogenous proteins can be
distinguished by their sizes. The pS3AII mutant is expressed at
slightly higher levels than the endogenous protein, which is not
detectable in the absence of DNA damage (Fig. 4A), probably
because the exogenous protein is expressed from the cytomeg-
alovirus promoter rather than the endogenous p53 promoter.
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In contrast, deletion of the Mdm?2 binding region in pS3AI-AIL
or deletion of the C terminus in p53AII-A370 resulted in a
protein with much-higher steady-state expression levels in
these cells (Fig. 4A). Similar results with the A30 deletion have
been previously published (44). The endogenous p53 protein in
these cells can be stabilized by DNA damage and is clearly
detected after 16 h of treatment with actinomycin-D. Similarly,
the exogenous p53AIl protein levels increase following treat-
ment. However, the already high levels of pS3AI-AIl and
pS3AII-A370 are not detectably increased following DNA
damage. In order to confirm that the elevated protein levels
seen with p53AII-A370 in undamaged cells are due to in-
creased stability, as was previously shown for p5S3AI (32), the
half-lives of pS3AII and pS3AII-A370 were assessed by radio-
active pulse-labeling of the cells (Fig. 4B). These results show
that while the half-life of p53AIl is around 30 min, consistent
with the half-life of the endogenous wild-type p53 (35), the
half-life of the pS3AII-A370 mutant is in excess of 4.5 h.

Degradation of p53 by HPV16 E6. The p53 protein is also a
target for degradation mediated by interaction with the E6
protein encoded by the high-risk genital human papillomavi-
ruses (13, 52). In vitro analyses have shown that deletion of
conserved region I or C-terminal truncation of p53 does not
impair degradation by E6, although sensitivity to E6 is depen-
dent on p53 protein conformation (38-40). Since the C-termi-
nal region appeared to be important for degradation of p53 by
Mdm?2 in vivo, we carried out similar analyses of the sensitivity
of several p5S3 mutants to E6 following coexpression in cells
(Fig. 5). These analyses confirmed the in vitro results, showing
that the N- and C-terminal deletion mutants retain wild-type
sensitivity to E6-mediated degradation, while deletion of con-
served box V renders p53 resistant to E6.

Interaction between p53 mutants and Mdm2 in cells. Anal-
ysis of the interaction of these p53 mutants with Mdm2 has
been predominantly carried out in vitro, and we were con-
cerned that the resistance of some of the C-terminal p53 trun-
cation mutants might reflect a defect in in vivo binding not
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FIG. 4. Stable expression of p53 mutants in MCF-7 cells. (A) Western blot analysis of MCF-7 cells transfected with vector alone, pS3AII, pS3AI-All or p53AII-A370
as indicated. Cells were either untreated or treated with 5 nM actinomycin-D for 16 h to induce a DNA damage response and stabilize p53. The migration of the
endogenous p53 protein and the exogenous mutant p53 proteins is indicated. Equal protein loading is demonstrated by actin expression. (B) Stability of the pS3AIT
(white bars) and p5S3AII-A370 (black bars) proteins in MCF-7 cells as determined by metabolic pulse-chase labeling. The amount of labeled immunoprecipitated p53
protein remaining at 0.5 and 4.5 h postlabeling was quantified and expressed as a percentage of labeled protein present at the start of the chase.
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FIG. 5. Degradation of p53 deletion and truncation mutants by HPV16 E6.
The position of each mutation in full-length p53 is shown in Fig. 1 and 2. Levels
of each p53 protein in the presence or absence of HPV16 E6 as determined by
Western blotting are shown. Levels of wild-type p53 and p53AI in the presence
and absence of exogenous Mdm2 from the same experiment are shown for
comparison.

apparent in the in vitro assays. We therefore carried out co-
precipitations of Mdm2 and p53 from cells cotransfected with
the p53 mutants and an Mdm?2 mutant which retains the ability
to bind p53 but cannot mediate its degradation (32) (Fig. 6).
The Mdm?2 mutant was used to allow stable interaction of all
p53 proteins without loss of association due to degradation.
Western blot analysis confirmed equal expression of each
pS3 protein, and coprecipitation through the Mdm2 mutant
showed that each of the C-terminal truncations (p53A370 and
p53A30) retained wild-type ability to interact with Mdm2. As
expected, the N-terminal deletion pS3AI failed to bind Mdm?2.
Interestingly, a more extensive C-terminal deletion which is
unable to oligomerize (p53A327) retained some binding activ-
ity, although this was clearly reduced in comparison to that of
the wild-type protein (data not shown), supporting the sugges-
tion that oligomerization contributes to, but is not absolutely
essential for, the interaction of full-length p53 with Mdm?2.
Nuclear localization of p53 mutants. Although the C-termi-
nal p53 deletion mutants clearly retain the ability to interact
with Mdm?2, both in vitro and in cell extracts, the possibility
remained that degradation was not occurring in cells because
the p53 mutants were unable to efficiently localize to the nu-
cleus and were therefore unable to interact with Mdm?2 in
intact cells. All of the C-terminal truncation mutants retain
wild-type transcriptional activation activity (41), making it un-
likely that they are completely excluded from the nucleus.
Immunofluorescence studies of transfected Saos-2 cells con-
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firmed that each of the mutants studied here showed almost
exclusive nuclear localization, indistinguishable from that seen
with wild-type p53 (Fig. 7). Similar nuclear localization was
seen for pS3AIl, pS3AI-All, and p5S3AII-A370 stably expressed
in MCF-7 cells as described above (data not shown).

DISCUSSION

The ability of Mdm?2 to target p53 for degradation likely
represents a key mechanism controlling the activity of p53
during cell growth. In this study we have analyzed the regions
of p53 which are necessary for sensitivity to Mdm2-mediated
degradation and found a contribution of both N- and C-termi-
nal regions of p53. As described previously, interaction be-
tween p53 and Mdm?2 is necessary for degradation (32), and we
found that deletion of either the N-terminal Mdm2 binding
domain or the C-terminal oligomerization domain results in
loss of sensitivity to degradation, which can be related to de-
fects in binding to Mdm?2. These observations support in vitro
data suggesting a role for oligomerization of p53 in binding to
Mdm?2 (40). However, analysis of p53 peptides demonstrates
that this activity is not essential for the interaction between the
two proteins (48) and most likely only enhances the binding
activity of full-length p53. Crystallographic analysis of the p53-
Mdm?2 interacting domains has shown the N-terminal p53 se-
quences fitting into a deep hydrophobic cleft formed in Mdm?2
(33), and it is not clear how oligomerization of p53 contributes
to this interaction. It is possible that the conformation of oli-
gomerized p53 allows access of Mdm?2 to the N terminus of the
tumor suppressor protein which may be masked in the full-
length monomer.

In addition to the requirement for interaction between p53
and Mdm2, our data demonstrated a dissociation between
binding and degradation. Mutants of p53 lacking extreme C-
terminal sequences show resistance to Mdm2-mediated degra-
dation despite oligomerizing and binding to Mdm?2 like wild-
type p53. This resistance to Mdm?2-mediated degradation is
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FIG. 6. Interaction between p53 mutants and Mdm?2 in vivo. The indicated
p53 mutants were cotransfected with a human Mdm2 mutant (A222-437) which
retains the ability to interact with p53 but fails to mediate its degradation.
Approximately equal levels of expression of each p53 protein were determined
by Western blotting (above). Binding of p53 to Mdm2 was determined by im-
munoprecipitation of the Mdm?2 protein followed by Western blot analysis of the
coprecipitated p53 (below).
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FIG. 7. Nuclear localization of p53 proteins following transient transfection
into Saos-2 cells. Normarski/DIC images (A, B, C, D, E, and F) and immuno-
fluorescent analysis of p53 in transfected cells (G, H, I, J, K, and L) show nuclear
localization of wild-type p53 (A and G), pS3AI (B and H), pS3KEEK (C and I),
p53A30 (D and J), p53A370 (E and K), and p53A378 (F and L).
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reflected in an extended half-life of a p53 mutant lacking this
C-terminal region in stably expressing MCF-7 cells, similar to
that seen when the Mdm?2 binding site itself is deleted. Inter-
estingly, these constitutively stable mutants could not be fur-
ther stabilized following DNA damage (Fig. 4A), strongly sug-
gesting that inhibition of the Mdm?2-mediated degradation
pathway is the principal mechanism by which p53 stability is
regulated. Deletion of the C terminus of pS3 has previously
been shown to result in the activation of constitutive DNA
binding activity, probably locking the protein into a DNA bind-
ing conformation. However, analysis of several C-terminal mu-
tants suggested that the sensitivity to Mdm2-mediated degra-
dation did not show a simple correlation with the maintenance
of the p53 protein in a non-DNA binding state. The smallest
C-terminal truncation mutant, p5S3A378, is not constitutively
activated for DNA binding (41), but shows enhanced resis-
tance to Mdm2-targeted degradation (although this is less dra-
matic than that seen with slightly larger C-terminal deletions
such as p53A370 and p53A30). Conversely, the point mutants
pS3ALAL and p53 1370/372/373 both show some degree of
constitutive DNA binding activity (41) but remain sensitive to
Mdm?2-mediated degradation. These two-point mutants are
clearly less efficiently activated for DNA binding than deletion
mutants such as p53A370 (41), and it remains possible that
subtle differences in conformation of these various proteins
contribute to their relative sensitivities to Mdm?2.

In targeting p53 for ubiquitin-dependent degradation,
Mdm?2 shows striking functional similarity to the E6 protein
encoded by the high-risk genital human papillomavirus types,
although there is no clear structural similarity between Mdm?2
and E6. However, analysis of the interaction between p53
mutant proteins and E6 or Mdm?2 has illustrated a virtual
complete discordance between regions of p53 important for
binding to the viral and cellular proteins (39, 40). The inter-
action of p53 with E6 is dependent on maintenance of the
wild-type conformation of the p53 protein, mutations within
the central DNA binding region resulting in loss of binding and
resistance of p53 to E6-mediated degradation. Alterations in
the N or C terminus of p53 fail to impede binding or degra-
dation by E6, and monomeric p53 is a target for E6-mediated
degradation. By contrast, we show here that degradation by
Mdm? is not prevented by deletions or alterations within the
central DNA binding domain of p53, but both N- and C-
terminal alterations in the p53 protein render it resistant to
Mdm?2-mediated degradation. Despite these differences, there
may be similarities between the mechanisms of Mdm2- and
E6-mediated degradation. Of particular interest is the obser-
vation that E6-targeted degradation of p53 involves a third
protein, E6-AP (24). The E6-E6-AP complex functions as a
ubiquitin ligase (51), forming a trimeric complex with p53
and conjugating ubiquitin to the p53 protein, a prerequisite
for targeting to and degradation through the proteasome.

Recently it has been shown that Mdm?2 can function as a
ubiquitin ligase (23) in vitro. However, efficient degradation of
p53 by Mdm?2 in vitro could not be detected in conditions
under which p53 is degraded by E6 (data not shown), indicat-
ing that one or more components of the p53/Mdm?2 degrada-
tion pathway is missing in this assay. We would like to suggest
that a third protein is involved in the Mdm2-targeted degra-
dation of p53. Analysis of Mdm?2 has shown that regions in the
central and C-terminal part of the protein are important for
the degradation of p53, although they do not contribute to bind-
ing (32; data not shown). Therefore, as shown here for p53, the
binding and degradation activities of Mdm?2 are separable. We
propose that a third protein necessary for degradation forms a
trimeric complex with Mdm?2 and p53, contacting domains in
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both Mdm?2 and p53. Deletion of the binding domain in p53,
such as in the p5S3A370 and p53A30 mutants, results in a much-
reduced degradation rate. Many cellular proteins have been
reported to bind to the C terminus of p53, including general
transcription factors such as TBP and TFIIH and replication
and repair proteins such as RPA, XPB, XPD, and CSB (31).
Whether these or other proteins can contribute to the degra-
dation of p53 by Mdm?2 is currently under investigation.

Another possible explanation for the resistance of the C-
terminal p53 mutants is that they impair normal nucleocyto-
plasmic shuttling of the p53-Mdm?2 complex. Mutations of the
nuclear export signal in Mdm?2 have been shown to impede
degradation of p53, suggesting that Mdm?2 shuttles p53 to the
cytoplasm for degradation (50). Although we have been unable
to see difference in the subcellular localization of wild-type and
mutant p53 proteins in either transiently transfected cells or
stable expression in MCF-7 cells, it is possible that deleting the
C terminus of p53 prevents export from the nucleus and so
prevents degradation, despite the maintenance of the interac-
tion with Mdm2. This would imply that p53 sequences, as well
as the Mdm?2 nuclear export sequence, contribute to the sub-
cellular localization of the p53-Mdm2 complex.

The data described here are entirely consistent with a recent
study examining the relative stability of mutant p53 proteins
expressed in MCF-7 cells (44). Although functionally inactive
p53 mutants were maintained at low levels in these cells, al-
terations in either the N terminus or the C terminus resulted in
elevated p53 protein expression. Our results indicate that the
stability of these pS3 mutants is the consequence of loss of
sensitivity to Mdm2-mediated degradation.
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