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Multiple Lysine Mutations in the C-Terminal Domain of p53
Interfere with MDM2-Dependent Protein Degradation
and Ubiquitination
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To investigate the effect of mutations in the p53 C-terminal domain on MDM2-mediated degradation, we
introduced single and multiple point mutations into a human p53 cDNA at four putative acetylation sites
(amino acid residues 372, 373, 381, and 382). Substitution of all four lysine residues by alanines (the A4
mutant) and single lysine-to-alanine substitutions were functional in sequence-specific DNA binding and
transactivation; however, the A4 mutant protein was resistant to MDM2-mediated degradation, whereas the
single lysine substitutions were not. Although the A4 mutant protein and the single lysine substitutions both
bound MDM?2 reasonably well, the single lysine substitutions underwent normal MDM2-dependent ubiquiti-
nation, whereas the A4 protein was inefficiently ubiquitinated. In addition, the A4 mutant protein was found
in the cytoplasm as well as in the nucleus of a subpopulation of cells, unlike wild-type p53, which is mostly
nuclear. The partially cytoplasmic distribution of A4 mutant protein was not due to a defect in nuclear import
because inhibition of nuclear export by leptomycin B resulted in nuclear accumulation of the protein. Taken
together, the data suggest that mutations in the putative acetylation sites of the p53 C-terminal domain

interfere with ubiquitination, thereby regulating p53 degradation.

The p53 tumor suppressor gene has been implicated in the
malignant progression of cancers, and the mutational inactiva-
tion of p53 is the most frequent genetic alteration in human
cancers. Wild-type p53 plays a key role in tumor suppression by
monitoring DNA damage and executing pathways that nega-
tively control cell growth, either by blocking cells in the G,
phase of the cell cycle or by inducing apoptosis (26). Wild-type
p53 regulates these processes, at least in part, by functioning as
a transactivator of gene expression. Wild-type p53 is a tran-
scription factor that recognizes a specific consensus DNA se-
quence and also interacts with a number of components of the
transcription complex (17, 34, 37) to activate the expression of
target genes associated with either growth arrest (Wafl and
GADDA45) or cell death (Bax) (2, 12, 22).

The p53 protein normally exists in cells as a short-lived and
latent protein. Upon exposure to stress, it is stabilized and
activated mainly through posttranslational mechanisms. The
pS3 protein has also been reported to be modified by phos-
phorylation (21), acetylation (5, 27) and glycosylation (28).
Phosphorylation within its N terminus is thought to disrupt the
interaction between p53 and its negative regulator, MDM2,
and therefore alleviate transcriptional inhibition mediated by
MDM?2 (29, 30). In contrast, acetylation of sites within the C
terminus of p53 has been shown to stimulate the binding of
DNA by p53 in vitro (5). The C-terminal domain of p53 main-
tains the whole protein in a non-DNA-binding latent form.
One possible mechanism of this regulation may be allosteric, as
shown in a model in which the C-terminal domain interacts
with another region of p53 and retains the protein in a non-
DNA-binding conformation (9-11). In addition to the modifi-
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cations mentioned above, deletion of, point mutation in, and
binding of specific antibody to this region disrupt the interac-
tion, resulting in stimulation of p53’s DNA binding (13). How-
ever, the biological significance of modification of the C ter-
minus of p53 has yet to be clarified.

p53 has been reported to undergo degradation directed by
MDM?2 through a ubiquitin-dependent pathway (19). Indeed,
MDM2 functions as a p53-specific E3 ubiquitin ligase in vitro
(7), and ubiquitinated p53 is degraded on cytoplasmic 26S
proteasomes. However, recent studies of p53 degradation re-
vealed that its efficiency requires some portions of p53. For
example, p53 interacts with MDM2 through its conserved box
Iin the N-terminal domain (16). Mutations in this area abolish
MDM?2 binding and render p53 resistant to MDM2-mediated
degradation (15). In addition, the C-terminal domain of p53
has been shown to be important for MDM2-mediated degra-
dation for two reasons. First, the binding of MDM2 to p53 and
p53’s concomitant ubiquitination require p53 oligomerization
via a domain located in the C terminus of p53 (residues 324 to
355) (18), and yet MDM?2 binds to the N terminus of p53.
Thus, MDM2 probably requires a certain tertiary structure of
pS3 in order to function. Second, the extreme C-terminal re-
gion of p53 (residues 363 to 393) is apparently also required for
efficient degradation directed by MDM2, since for some un-
known reason deletion mutants of p53 lacking this region are
resistant to MDM2-mediated degradation (15).

Together, these observations suggest that the C-terminal
domain of p53 regulates the MDM2-mediated degradation of
p53 in addition to its sequence-specific DNA binding activity.
The purpose of this study therefore was to explore the effects
of specific modification of the putative acetylation site of the
C-terminal domain of p53 on its biological properties. To pro-
duce mutated p53, we chose to mutate four lysine residues
(residues 372, 373, 381, and 382) in the C-terminal domain,
because these lysine residues have been shown to be acetylated
(5) and because basic amino acid residues in the extreme
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C-terminal region of p53 are supposed to be critical determi-
nants of tetramerization (32) even though they are not located
in the oligomerization domain. Here, we demonstrate that
mutant p53 containing these altered lysine residues became
more stable and resistant to MDM2-mediated degradation.

MATERIALS AND METHODS

Cell culture. The p53 negative human non-small-cell lung cancer cell lines
H1299 and H322 were obtained as a gift from Adi Gazdar and John Minna (The
University of Texas Southwestern Medical Center, Dallas, Tex.). All cells were
cultured in RPMI medium containing 5% (vol/vol) fetal bovine serum at 37°C in
a humidified 5% CO, atmosphere.

Plasmid construction and mutagenesis. Full-length p53 was amplified by PCR
using a wild-type p53 pBluescript plasmid as the template (24), forward primer
5'-GTAAGCTTACCATGGACTACAAGGACGACGATGACAA GATGGA
GGAGCCGCAG-3', and reverse primer 5'-TCAAAGCTTGTCGACAAGTG
GAGAATG-3'. PCR was performed essentially as described earlier and con-
sisted of 25 cycles of denaturation at 95°C for 30 s, annealing at 50°C for 1 min,
and extension at 72°C for 1 min. The PCR fragments were inserted into a
pRc/CMV vector (Invitrogen) at the HindIII site. Point mutations in the C-
terminal domain of wild-type p53 were introduced using an in vitro site-directed
mutagenesis system (GeneEditor; Promega Corp.) according to the manufactur-
er’s instructions. All constructs generated this way were sequenced to ensure that
only the intended mutation occurred. The plasmids pVgRXR (which encodes the
receptor subunits), pIND (which contains ecdysone response elements), and
pIND/lacZ were all obtained from Invitrogen. For inducible expression, wild-
type and mutated p53 cDNAs were inserted into pIND vectors. A plasmid
expressing the mouse MDM2 gene (pCOC-mdm2 X2) (6) was kindly provided by
Moshe Oren (Weizmann Institute of Science, Rehovot, Israel).

Transfection. H1299 cells were seeded at a density of 4 X 10° cells per well in
six-well plates (35 mm in diameter) or at 1 X 10° cells per 10-cm dish and
transfected the following day with 1,2-dioleoyl-3-(trimethylammonium) propane
(DOTAP; Boehringer Mannheim Corp.) according to the manufacturer’s in-
structions. For Western blot or luciferase assay, a mixture containing 5 u.g of the
indicated plasmid(s) and 25 pl of DOTAP was added to the cells cultured in
six-well plates. For nuclear extraction or immunoprecipitation, a mixture con-
taining 10 pg of plasmid(s) and 50 pl of DOTAP was overlaid onto a 10-cm dish.
In all cases, after a 4-h incubation, the transfection mixture was removed and
replaced with a serum-containing medium. Unless otherwise indicated, trans-
fected cells were harvested 24 h after transfection.

Protein extraction and immunoblotting. To prepare the whole-cell lysates, the
medium was removed, and the cells were then washed twice with phosphate-
buffered saline (PBS) and lysed with 300 .l of 1X sodium dodecyl sulfate (SDS)
sample buffer (50 mM Tris, pH 6.8; 2% SDS, 10% glycerol; 0.01% bromophenol
blue). The lysed cells were transferred into 1.5-ml microcentrifuge tubes, which
were then sonicated for 3 s at 20% output in an ultrasonic cell disruptor (Heat
Systems, Inc.) and centrifuged at 15,000 rpm for 15 min at 4°C. The protein
concentration of the extracts was measured using the bicinchoninic acid (BCA)
protein assay kit (Pierce). Then, 50 wg of protein was separated by SDS-poly-
acrylamide gel electrophoresis (PAGE) on 10 or 7.5% polyacrylamide gels and
transferred to a nitrocellulose membrane (Hybond ECL; Amersham Pharmacia
Biotech). p53 was detected using either p53 monoclonal antibody PAb1801 or
monoclonal antibody PAb421 (Oncogene Research Products). p21/WAF1 was
detected using the WAF1 monoclonal antibody EA10 (Oncogene Research
Products). Monoclonal anti-actin antibody (Sigma) was used as an internal load-
ing control. Finally, the specific proteins were detected using the ECL protocol
(Amersham Pharmacia Biotech).

Preparation of nuclear extracts. To prepare nuclear extracts, the transfected
cells were washed twice with ice-cold PBS, scraped away from their culture
dishes, and transferred to microcentrifuge tubes. The cells were then centrifuged
at 1,000 rpm for 5 min at 4°C. After centrifugation, the supernatant was dis-
carded, and the pellet was resuspended in 400 pl of cold buffer A (10 mM
HEPES-KOH [pH 7.9]-10 mM KCI-1 mM dithiothreitol [DTT] containing 1 X
protease inhibitor cocktail; Boehringer Mannheim Corp.). After incubation on
ice for 15 min, 12.5 ul of 10% Nonidet P-40 was added, and the mixture was
vortexed briefly. The nuclei were pelleted by centrifugation at 4,000 rpm for 4
min at 4°C and then resuspended in 50 pl of ice-cold buffer B (20 mM HEPES-
KOH, pH 7.9; 0.4 M NaCl; 1 mM DTT; 1X protease inhibitor cocktail) followed
by incubation on ice for 30 min. The mixture was then centrifuged at 15,000 rpm
for 5 min, and the supernatant was collected as a nuclear extract. The protein
concentration was determined using the BCA protein assay Kkit.

Electrophoretic mobility shift assay (EMSA). The oligonucleotide encoding
the p53 consensus binding site (p5S3CON) (4), GGACATGCCCGGGCATGT
CC, was end labeled with **P and used as a p53-specific probe. The DNA-binding
reaction mixture (20 wl) contained 25 mM HEPES-KOH (pH 7.9), 1 mM DTT,
1% Nonidet P-40, 5% glycerol, 100 ng of poly(dI-dC), 80 mM NaCl, 10 mg of
bovine serum albumin per ml, 1 ng of 3*P-labeled probe DNA, and nuclear
extract as indicated. Reaction mixtures were preincubated on ice for 20 min
before the probe DNA was added and further incubated at room temperature for
30 min. For the supershift assay, 0.2 pg of PAb421 or PAb1801 was added to the
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reaction mixture, and the mixture was incubated at room temperature for 20 min.
Each reaction mixture was then loaded onto a native 4% polyacrylamide gel
(acrylamide:bisacrylamide, 29:1) containing 0.5X Tris-borate (TBE) and elec-
trophoresed in 0.5X TBE at 100 to 150 V for 2.5 h at 4°C. After being dried, the
gels were exposed to a phosphor screen and analyzed using a Storm 860 imager
(Molecular Dynamics).

Luciferase assay. The luciferase reporter plasmid pGUP.PA.8-53CON, a gift
from Jerry Shay (The University of Texas Southwestern Medical Center), was
used to assay p53 transactivation activity. The plasmid contains a p53CON
sequence and a basal promoter element of the human heat shock protein gene
upstream of the firefly luciferase coding sequence. For each transfection, 1 g of
pGUP.PA.8-p53CON plasmid and 10 ng of a p53-expressing plasmid were trans-
fected into cells along with DOTAP. After 24 h, the transfected cells were lysed
by scraping them from their culture dishes into 250 pl of reporter buffer (Pro-
mega Corp.) and then spinning the mixture for 30 s at 15,000 rpm and 4°C. The
total protein concentration was determined using the BCA protein assay kit
(Pierce). Then, 5 to 20 ul of each sample was first mixed with 100 wl of luciferase
assay substrate that had been reconstituted with luciferase assay buffer (Promega
Corp.) and then assayed for light emission using a luminometer (Monolight 2010;
Analytical Luminescence Laboratory). The resulting activity was normalized to
protein concentration.

Immunoprecipitation. Immunoprecipitation was performed as described by
Maki (18) to detect p53-ubiquitin conjugates and p53-bound MDM2. For detec-
tion of p53-ubiquitin conjugates, transfected cells were washed with PBS and
scraped from their culture dishes into 1 ml of radioimmunoprecipitation assay
(RIPA) buffer (2 mM Tris, pH 7.4; 5 mM EDTA; 150 mM NaCl; 1.0% Nonidet
P-40; 1.0% deoxycholate; 0.025% SDS; 1 mM phenylmethylsulfonyl fluoride).
The cells were then sonicated for 10 s at 20% output in an ultrasonic cell
disruptor (Heat Systems, Inc.) and centrifuged at 15,000 rpm for 15 min. For
detection of MDM2 binding to p53, cells were rinsed with PBS, scraped from
their culture dishes into 1 ml of TBE buffer (50 mM Tris, pH 7.5; 5 mM EDTA;
150 mM NaCl; 0.5% Nonidet P-40; 1 mM phenylmethylsulfonyl fluoride), and
incubated on ice for 30 min. The cells were then centrifuged at 15,000 rpm for 15
min. p53 was immunoprecipitated from extracts using the agarose-conjugated
p53 antibody DO-1 (Santa Cruz). The antibody-conjugated agarose was collected
by centrifugation and then washed four times with ice-cold RIPA or TBE buffer.
Next, the immunoprecipitates were dissolved in 2X SDS sample buffer (100 mM
Tris, pH 6.8; 4% SDS; 5% 2-mercaptoethanol; 20% glycerol; 0.02% bromophe-
nol blue) and boiled for 5 min. The immunoprecipitates were then subjected to
PAGE and transferred to a nitrocellulose membrane. The ubiquitin-p53 conju-
gates and MDM2 coprecipitated with p53 in p53 immunoprecipitates were de-
tected using the ubiquitin monoclonal antibody P1A6 (Santa Cruz) or the
MDM2 polyclonal antibody C-18 (Santa Cruz) whose epitope was located within
the C-terminal domain of MDM2 of human origin (identical to corresponding
mouse sequence), respectively. Each blot was stripped and reprobed with the p53
monoclonal antibody Bp53-12 (Santa Cruz).

Establishment of ecdysone-inducible cell lines. To establish ecdysone-induc-
ible cell lines, H1299 cells were first transfected with pVgRXR and then selected
with zeocin (200 pg/ml). Twenty-four clones isolated in this way were then
transiently transfected with pIND/lacZ, cultured in the presence of the ecdysone
analogue ponesterone A (PA; Invitrogen), and stained with X-Gal (5-bromo-4-
chloro-3-indoly-B-p-galactopyranoside). The most inducible clone was R-11.
Then, to generate cell lines that would express wild-type p53 or its A4 mutant
under the control of an ecdysone-inducible system, R-11 cells were transfected
with pIND plasmids carrying either the wild-type p53 gene or A4 mutant gene
and then selected with G418 (300 wg/ml) and zeocin. Immunohistostaining with
PAb1801 was used to screen the lines for inducible p53 expression. Clones
WT-18 and A4-38 were found to express comparable levels of p53 and so were
used in further experiments.

Immunohistochemical staining. Cells were grown on a glass chamber slide and
treated with 5 WM PA for 24 h. They were then washed with PBS and fixed with
4% paraformaldehyde for 10 min at room temperature. Next, after permeabili-
zation with 0.1% Nonidet P-40 in PBS for 10 min, cells were incubated for 1 h
with PAb1801 and then incubated for 1 h with goat anti-mouse secondary
antibody (Santa Cruz) and processed for immunohistochemical staining using an
ABC kit.

Preparation of nuclear and cytosolic extracts. Nuclear and cytosolic extracts
were separated as described previously (33). In brief, cells were seeded at 10° per
10-cm dish and treated with 5 WM PA for 24 h. They were then washed twice with
ice-cold PBS, scraped into 500 wl of lysis buffer (10 mM Tris-HCI, pH 7.4; 10 mM
NaCl; 6 mM MgCl,; 1 mM DTT) containing 1X protease inhibitor cocktail
(Boehringer Mannheim Corp.), and homogenized. After confirmation by trypan
blue staining that >95% of cells had ruptured, the cells were spun at 10,000 rpm
for 1 min. The resulting supernatant was saved as the cytosolic extract. Next, the
pellet was washed with lysis buffer, dissolved in 500 ul of 1X SDS sample buffer,
and centrifuged. This supernatant was saved as the nuclear extract.

RESULTS

Expression and DNA-binding activity of pS3 mutants. To
investigate the function of putative acetylation sites in the
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FIG. 1. Structure of an expression plasmid carrying wild-type p53 cDNA. Functional domains of human p53 and positions of mutations (highlighted) are displayed.

BGH, BGH poly(A) signal; WT, wild-type p53.

C-terminal domain of p53, a series of constructs was estab-
lished (Fig. 1). At first, the lysine residues at amino acid resi-
dues at 372, 373, 381, and 382 were altered to alanine residues
to neutralize positively charged lysine residues. The resulting
mutant p53 was named A4. Also, the same lysine residues were
substituted with positively charged histidine (H4) or negatively
charged aspartic acid (D4). Plasmids carrying either a wild-
type p53 gene or one of the mutants were transfected into a
pS3-null H1299 cell line, and p53 expression was analyzed
using Western blotting. The levels of all three mutant proteins
were higher than that of wild-type p53 (Fig. 2A, lanes 3 to 6).
Since it is possible that different transfection efficiencies give
rise to variations in expressed protein levels, these differences
in protein levels were confirmed in three independent experi-
ments in which the densities of the bands on the exposed films
were measured and normalized to the density of actin bands.
The respective densities of the A4, H4, and D4 mutants were
1.9 £ 0.42, 1.9 = 0.66, and 1.6 = 0.35 (mean * the standard
deviation) times higher than the density of wild-type p53.
These data indicated that the transfected cells accumulated
more mutant proteins than wild-type p53 protein. A4 and H4
mutant proteins were as electrophoretically mobile as the wild-
type p53 protein (Fig. 2A), while the D4 mutant protein was
slightly less mobile, probably because of its altered amino acid
residues. Although all three mutants were detected by
PADb1801, which recognizes amino acids 46 to 55 of the p53
protein, they were not detected by PAb421, which recognizes
the C-terminal domain of p53. In addition, compared with p53,
all three mutants induced expression of endogenous p21. Since
the level of p53 was different but the level of transactivation
was the same, the implication was that there must have been a
difference in transactivation activity.

Next, the DNA-binding activity of the mutants was examined
by EMSA using the pS3CON oligonucleotide. The p53-ex-
pressing plasmids were transfected into H1299 cells, and nu-
clear extracts were prepared as described above. The nuclear
extracts were then mixed with radiolabeled pS3CON in the
presence or absence of anti-p53 monoclonal antibody. Wild-
type p53 showed weak binding to pS3CON, and the addition of
the anti-pS3 monoclonal antibody to the mixture increased its
DNA binding activity and showed a supershift of the pS3CON-
p53 protein complex (Fig. 2B, lanes 5 to 7). In particular,
PADb421 greatly increased the binding activity of wild-type 53, a

result consistent with previous studies (10), while PAb1801
produced only a supershift. In contrast, the mutants A4, H4,
and D4 showed strong DNA-binding activity (Fig. 2B, lanes 10
to 18), while all of the nuclear extracts contained comparable
levels of p53 (data not shown). The addition of PAb421 did not
produce supershifted bands of all the mutants because the
epitope of PAb421 was altered. On the other hand, PAb1801
supershifted the mutant-pS3CON complexes, indicating that
these complexes actually contained p53 mutant protein.

H1299 cells were cotransfected with MDM2 cDNA plasmids
and wild-type or the mutant p53 constructs. Nuclear extracts
were analyzed for DNA binding activity using 10 pg of nuclear
extracts from wild-type-transfected cells and 2.5 pg of nuclear
extracts from mutant-transfected cells. MDM2 overexpression
significantly inhibited the DNA binding ability of wild-type
pS53. In agreement with earlier reports, wild-type pS3 DNA
binding activity was strongly enhanced in the presence of
PAb421 antibody, and the wild-type p53 band was strongly
supershifted. Addition of MDM?2 antibody caused no further
shift. However, when wild-type p53 was cotransfected with
MDM2-expressing plasmids, its DNA binding ability was sig-
nificantly impaired and the supershifted band was reduced
(Fig. 2C). In contrast, C-terminal mutants showed strong DNA
binding activity. As was the case for the wild-type p53, the
DNA binding activity of the A4, H4, and D4 mutants was
reduced in the presence of MDM2 overexpression.

In addition, the transactivation property of wild-type p53
and the mutants were determined using the p53-responsive
promoter, pGUP.PA.8-pS3CON. Compared with wild-type
p53, these mutants retained the same ability to activate tran-
scription from this promoter (Fig. 3A). Thus, although the p53
proteins accumulated to a much higher level, the transactiva-
tion property did not correlate in this experiment.

Effect of mutations at putative p53 acetylation sites on
MDM2-mediated degradation. Recently, it has been shown
that the intact C-terminal domain of p53 is required for
MDM?2-mediated degradation (15). To determine the stability
of these mutant p53s in the presence of MDM2, plasmid
pCOC-mdm2 X2 was transiently cotransfected along with dif-
ferent p53 constructs into H1299 cells. As shown previously
(14), wild-type p53 protein was sensitive to MDM2-mediated
degradation (Fig. 3B). In contrast, these mutants were resis-
tant to MDM2-mediated degradation (Fig. 3B), suggesting
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FIG. 2. Expression and DNA-binding activity of wild-type and mutant p53
proteins. (A) Western blot analysis of p53 and p21 protein expression in H1299
cells transiently transfected with wild-type or mutated p53 cDNAs as indicated.
At 24 h after transfection, cell extracts were prepared, resolved by SDS-10%
PAGE, and transferred to a nitrocellulose membrane. The membrane was
probed with the indicated antibodies. (B) Nuclear extracts were prepared from
H1299 cells transfected with the indicated plasmids and used for EMSA. The
32p_labeled p53CON oligonucleotide was incubated in the absence (lane 1) or
presence of the indicated nuclear extracts (lanes 2 to 18). Incubations were
performed either in the absence of PAb421 and PAb1801 (lanes 1, 2, 5, 8, 10, 13,
and 16) or in the presence of either PAb421 (lanes 3, 6, 9, 11, 14, and 17) or
PAb1801 (lanes 4, 7, 12, 15, and 18). (C) Overexpression of exogenous mouse
MDM2 inhibited p53 DNA binding activity. Mutants also showed inhibition of
their DNA binding activity (lanes 7, 9, and 11). The mixtures were resolved by
PAGE and visualized using autoradiography. The open and closed arrows indi-
cate the positions of the shifted and supershifted complexes, respectively.

that alterations in these sites prevented p53 protein from un-
dergoing MDM?2-mediated degradation. Interestingly, p21 in-
duction by transiently expressed wild-type and mutant p53s was
effectively abolished by cotransfection of an MDM?2-expressing
plasmid.
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FIG. 3. Transactivation and stability of mutant p53 in the presence of MDM2

overexpression. (A) H1299 cells were transiently transfected with 10 ng of each
p53 construct and 1 pug of pGUP.PA.8-p53CON plasmid DNA. After 24 h, cells
were lysed and assayed for luciferase activity. The values presented here are
representative data from triplicate experiments. Assays were performed twice
independently and showed similar results. (B) H1299 cells were transfected with
0.5 pg of p53 plasmid and 4.5 ng of pRc/CMV empty vector or MDM2 cDNA
plasmid. At 24 h after transfection, cell extracts were prepared, and expression of
p53, expression of MDM2, and induction of p21 were analyzed by Western blot
analysis using PAb1801, MDM2 mouse monoclonal SMP14, and rabbit poly-
clonal antibody C-18 (Santa Cruz), and p21 monoclonal antibody, respectively.

Since MDM2 is another target gene for p53, the transacti-
vation of MDM2 by these mutants was also examined. H1299
cells were cotransfected with p53 and MDM2 constructs, and
the total protein was then analyzed for MDM2 and p21 ex-
pression. SMP14 antibody was used to recognize the epitope of
human MDM2. Results indicated that wild-type p53 and most
of the C-terminal p5S3 mutants could efficiently transactivate
endogenous MDM2 to comparable levels; the exception was
the D4 mutant, which, by comparison, showed somewhat re-
duced expression (Fig. 3B). However, overexpression of exog-
enous mouse MDM2 apparently inhibited the transactivation
of both p21 and endogenous MDM2.

Reduced ubiquitination of A4 mutant. To explore how these
mutations contributed to p53’s enhanced stability, the effects of
changes in the ubiquitination-proteosome pathway were exam-
ined. We cotransfected the H1299 cells with equal amounts of
MDM?2 and p53 plasmids and, under these conditions, easily
detected ubiquitinated p53 protein, even though the level of
wild-type pS53 protein decreased due to the high level of
MDM2 protein expression.

Next, p53 was immunoprecipitated with agarose-conjugated
pS3 antibody from the extract of transfected cells and then
examined by immunoblotting with the ubiquitin antibody P1A6
(Fig. 4A, lanes 1 to 5). A ladder of protein bands with molec-
ular weights comparable to those of p53 ubiquitin complexes
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FIG. 4. MDM2-mediated ubiquitination of wild-type p53 and A4 mutant.
(A) H1299 cells were transfected with 5 wg of MDM2 plasmid and 5 g of either
wild-type p53- or A4 mutant-expressing plasmid. At 24 h after transfection, cell
extracts were prepared as described in Materials and Methods and then immu-
noprecipitated with DO-1 anti-p53 antibody. The immunoprecipitates were sub-
jected to Western blot analysis. A blot was probed first with ubiquitin monoclo-
nal antibody P1AG6 (lanes 1 to 5), then stripped, and then reprobed with Bp53-12
(lanes 6 to 10). Lanes 1 and 6, immunoprecipitates from untransfected cells
serving as negative controls and showing the position of the IgG heavy chain
immediately below the p53 protein band. (B) To separate the p53-ubiquitinated
bands more clearly, a longer gel was run using the same strategy as above.
Ubiquitin p53 complexes were marked. (C) A blot was probed first with anti-
MDM2 antibody (upper), then stripped, and then reprobed with anti-p53 anti-
body (lower panel). Lane 1, immunoprecipitates from untransfected cells serving
as negative controls.

was clearly detected in the lane containing protein from the
cells transfected with wild-type p53 and MDM2. On the other
hand, A4 mutant cotransfected with MDM?2 showed fewer
protein bands (Fig. 4A, lanes 3 and 5). When the same blot was
stripped and reprobed with the p53 antibody, the same ladder
of bands was recognized (Fig. 4A, lane 8). p53 and the immu-
noglobulin G (IgG) heavy chain have similar molecular weights
and were therefore difficult to resolve on the Western blots.
We used untransfected control cell extracts as negative con-
trols (lanes 1 and 6). In Fig. 4A, lane 6 shows a band comprised
of IgG heavy chain from an extract of control untransfected
cells, while lanes 7 to 10 show major bands of immunoprecipi-
tated p53 that migrated close to IgG. Using the same immu-
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noprecipitation strategy and a ubiquitin-specific antibody, a
longer gel was run to separate the ubiquitinated p53 protein
complexes for better clarity (Fig. 4B). Three ubiquitinated
forms of p53 protein were clearly detected, whereas A4 protein
bands were less intense when probed with ubiquitin antibody
(Fig. 4B, lane 3) or with p53 antibody (Fig. 4, lane 8). Together,
these results indicated that the ladder of bands contained ubi-
quitinated p53 and that A4 mutant protein was inefficiently
ubiquitinated upon MDM2 coexpression.

We examined the association between MDM?2 and A4 mu-
tant p53. The MDM?2 protein has been shown to possess a
ubiquitin ligase activity for p53 in vitro (7). Thus, in the present
study, it was important to know whether inefficient ubiquitina-
tion of the A4 mutant was caused by impaired association of
MDM?2 or by inhibition of ubiquitination itself despite the
binding of MDM?2. To determine the physical association of
MDM?2 with p53, we performed coimmunoprecipitation exper-
iments. Extracts from cells transiently transfected with the
indicated combinations of plasmids were immunoprecipitated
using the p53 antibody-agarose conjugates, and MDM2 was
detected by immunoblotting with the MDM2 antibody (Fig.
4C). MDM2 was clearly detected in immunoprecipitates from
the extracts of cells transfected with wild-type p53 and MDM2.
In addition, the combination of the A4 mutant and MDM?2
also produced an obvious but slightly weaker MDM2 band.
Thus, the difference in p53 level cannot be explained by a
difference in MDM2 binding.

Unimportance of single-lysine mutations for p53 ubiquiti-
nation. Because ubiquitin ligase transfers ubiquitin molecules
to one or more lysine residues in the substrate (1), it is possible
that critical lysine residues were removed from the A4 mutant.
To determine whether any one of the altered lysine residues in
A4 was critical for ubiquitination, point-mutated p53s carrying
a single-lysine mutant at residue 372, 373, 381, or 382 were
generated (Fig. 1). Individual plasmids containing the mutated
genes were transfected into H1299 cells, and p53 expression in
the transfected cells was analyzed. Immunoblotting with
PAb1801 demonstrated that all four plasmids expressed p53
protein at levels comparable to that expressed by the wild-type
p53 plasmid (Fig. 5SA). On the other hand, the single-lysine
mutants reacted differently to PAb421: 372A was not detected,
while the others were weakly detected. Because the epitope of
PAb421 comprises amino acids 371 to 380 of p53 (39), it is
possible that some of the single-lysine mutants were weakly
reactive to PAb421. In addition, all of the single-lysine mutants
could induce endogenous p21 as effectively as wild-type p53
could.

The protein levels of all the single-lysine mutant p53s de-
creased upon cotransfection with MDM2-expressing plasmid
(Fig. 5B), indicating that the mutants were sensitive to MDM2-
mediated degradation. As Fig. 6A depicts, immunoprecipitates
with p53 antibody from the extracts of transfected cells con-
tained ubiquitin-conjugated p53. The single-lysine mutants and
wild-type p53 produced similar ladders that were recognized by
both the ubiquitin antibody and the p53 antibody (Fig. 6B).
Together, these results suggested that multiple mutations of
lysine residues are required for inhibiting ubiquitination of
pS3.

p53 mutation and subcellular distribution. To further ana-
lyze the biological effect of the A4 mutant, we established
H1299 cell lines expressing either wild-type or A4 mutant p53
under the control of an ecdysone-inducible system. One of
these lines, a pVgRXR-transfected H1299 cell line called clone
R-11, served as a negative parental control cell line. Several
clones were screened for inducible p53 expression using im-
munohistochemical staining. Clones WT-18 and A4-38 ex-
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FIG. 5. Expression of single-lysine mutants and their degradation in the
presence of MDM2 overexpression. H1299 cells were transfected with either 5
pg of each indicated plasmid or a combination of plasmids as indicated. At 24 h
after transfection, cell extracts were prepared, and expression of p53, expression
of MDM2, and induction of p21 were analyzed by Western blot analysis. MDM?2
protein was detected by mouse monoclonal antibody SMP14 and rabbit poly-
clonal antibody C-18 (Santa Cruz). WAF1 monoclonal antibody EA10 was used
for detecting p21. (A) Expression of wild-type p53 and single-lysine mutants. (B)
Single-lysine mutant protein expression in the presence or absence of MDM2.

pressing inducible wild-type pS3 and A4 mutant genes, respec-
tively, were selected. In both clones, the expression of p53
became detectable by immunohistochemistry at 4 to 6 h after
incubation with 5 puM PA and reached a maximum at 16 h
(data not shown). Clones WT-18 and A4-38 were both found
to express comparable and significantly high levels of p53 as
determined by Western blot analysis and so were used for
further studies. Figure 7A shows the induction of p53 expres-
sion by different concentrations of PA. Total protein extract
from a H322, another lung cancer cell line harboring a spon-
taneous mutant p53, was used as a positive control. Thirty
micrograms of total cell extract from each cell line was ana-
lyzed by Western blotting using anti-p53 and anti-actin mono-
clonal antibodies as described in Materials and Methods. Re-
sults indicated that the stable clones did not leak p53 and that
maximum expression could be obtained at a dose of 2 to 5 uM
PA. The level and kinetics of p53 expression correlated with
the induction of p21 expression (data not shown). Wild-type
pS3 protein turnover in the WT-18 and A4-38 cell lines was
compared by treating the cells with 10 pg of cycloheximide per
ml for different time intervals (Fig. 7B). As a result, the wild-
type p53 protein level decreased after 8 h of cycloheximide
treatment, while the A4 protein level remained unchanged
even after 24 h of such treatment. Thus, it appeared that A4
proteins were stable and perhaps unable to be degraded by the
MDM2-mediated pathway.

Immunohistochemical staining using p53 antibody demon-
strated that a population of A4 mutant cells displayed p53
protein in both nucleus and cytoplasm, while WT-18 clones
displayed wild-type p53 protein mostly in the nucleus (Fig.
8A). The cytoplasmic distribution of mutated protein in A4
clone, however, was not truly due to overexpression of the p53
protein since a significant number of cells with a low level of
nuclear staining for p5S3 showed intense cytoplasmic distribu-
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FIG. 6. Efficient ubiquitination of single-lysine mutants and their degrada-
tion by MDM2. H1299 cells were transfected with 5 pg of MDM2 plasmid and
5 pg of plasmid expressing either wild-type p53 or a single-lysine mutant. At 24 h
after transfection, cell extracts were prepared and immunoprecipitated with
DO-1 anti-p53 monoclonal antibody as described above. The immunoprecipi-
tates were subjected to Western blot analysis. (A) Blot probed with ubiquitin
monoclonal antibody P1A6. (B) Same blot stripped and reprobed with anti-p53
antibody.

tion of the p53 (Fig. 8A). When we used the H322 lung cancer
cell line expressing spontaneously mutated p53 protein as a
positive control, we found no cytoplasmic distribution despite
a high level of nuclear p53 accumulation. In these cell clones,
about 80% of cells were induced to express fair amounts of p53
protein, although the level of p53 expression varied among the
cells. We also found that, in a great majority of A4 cells ex-
pressing pS3 protein, the pS3 that was localized both in the
cytoplasm and nucleus. Another stably transfected clone (A4-
41), in which mutant p53 protein was expressed in fewer cells
following PA administration, showed a similar cytoplasmic dis-
tribution (Fig. 8A).

To determine further if the cytoplasmic distribution of the
A4 mutant p53 was due to interference with the nuclear local-
ization signal, WT-18 and A4-38 cells were treated with lepto-
mycin B, a drug that blocks the nuclear export of p53. As
shown by immunohistochemistry, the pS3 protein in WT-18
cells was mostly localized in the cell nucleus (Fig. 8A). How-
ever, 20 h after the addition of 10 ng of leptomycin B per ml in
culture, pS3 was present in the nucleus only (Fig. 8B, upper
panel). In the case of A4 cells, which contain cytoplasmic p53
(Fig. 8B, lower panel), p53 protein 20 h after the addition of
leptomycin B was observed mainly in the nucleus. Further-
more, the difference in localization was also examined in nu-
clear and cytoplasmic extracts. Immunoblotting for p53 protein
showed that only 10% of the wild-type p53 protein expressed in
WT-18 cells was cytoplasmic versus 40% of the A4 mutant
protein expressed in A4-38 cells (Fig. 8C). Given the postu-
lated role of MDM2 in p53 export, the increase in cytoplasmic
staining of a mutant that binds MDM2 less efficiently was
rather surprising, though it was presumably due to p53 binding
to and being shuttled by MDM2 not being degraded as a result.
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FIG. 7. PA-induced expression of p53 protein in H1299 cells stably trans-
fected with WT-18 and A4-38 as shown by immunoblot analysis of cell lysates.
(A) p53 protein in WT-18 and A4-38 cells incubated for 24 h in the presence of
as indicated PA. Actin protein served as a loading control. An H322 lung cancer
cell line carrying a spontaneously mutated p53 gene was used as a positive
control. (B) The stability of wild-type and A4 p53 protein in these clones was
examined. The p53 protein in these cells was induced by 5 pM PA for 24 h.
Induced cells were then incubated with 10 wg of cycloheximide per ml for
different time intervals and then processed to prepare total cell extracts. p53 and
actin proteins were detected by Western blot analysis using monoclonal antibod-
ies as described earlier. (Upper panel) A4-38 cells. (Lower panel) WT-18 cells.
Lanes 1 to 6 show p53 and actin proteins after 0, 2, 4, 8, 16, and 24 h of
cycloheximide treatment, respectively.

DISCUSSION

In this study, we demonstrated that p53 proteins point mu-
tated at the putative acetylation sites in their C-terminal do-
mains have unique properties. These mutations enhanced
p53’s sequence-specific DNA binding, although upregulation
of the p53-responsive promoter produced comparable levels of
mutant p53 and wild-type p53. As shown in a previous study
(20), enhancement of mutant p53 protein’s DNA-binding ac-
tivity does not further promote the transactivation of target
genes in transient-transfection experiments. At the least, our
findings from the transient- and stable-transfection experi-
ments described here demonstrate that these mutants retain a
transactivation activity.

The above-mentioned mutations of pS3 impair ubiquitina-
tion and render p53 resistant to MDM2-mediated degradation.
This is consistent with the results of a recent study showing that
C-terminal deletion mutants are less sensitive to MDM2-me-
diated degradation (15). Our study demonstrates that the sta-
bility of the A4 mutant is due to inefficient ubiquitination,
possibly because substitution of the four lysine residues may
remove lysine residues critical for ubiquitination. To date, the
ubiquitination sites on p53 have not been verified; yet it is
known that some lysine residues are targets for ubiquitination.
For example, ubiquitin ligase (E3) transfers the ubiquitin mol-
ecule to one or more lysine residues in the substrate (1).
According to our results, no single mutation of any of these
four lysine residues affected its ubiquitination or sensitivity to
MDM2-mediated degradation, suggesting that none of the mu-
tated lysine residues is a ubiquitination site. In addition, Maki
(18) demonstrated that the truncated p53(1-363) is ubiquiti-
nated efficiently by MDM2, suggesting that ubiquitination sites
are located somewhere other than in the extreme C-terminal
domain (amino acids 364 to 393). Therefore, the high stability
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FIG. 8. View of immunohistochemically stained wild-type and mutant p53
protein in PA-induced cells. (A) Cells were grown on a culture slide and treated
with 5 uM PA for 24 h. They were then stained with PAb1801 anti-p53 antibody.
In the majority of cells, mutant p53 protein was distributed in both the nucleus
and the cytoplasm of A4-38 clones (panels 1 and 2), while wild-type p53 was
predominantly confined to the nucleus despite intense nuclear accumulation
(panels 4 and 5). A4-41, another clone of A4, showed a similar cytoplasmic
distribution (panel 5). A lung cancer cell line with a spontaneous mutation at
codon 248 was used as a positive control; in this line, mutant p53 was restricted
to the nucleus (panel 6). The red-filled arrow shows a strong cytoplasmic distri-
bution of A4 mutant protein and a much lower nuclear accumulation. The
green-filled arrow indicates the strong nuclear accumulation of p53 but cytoplas-
mic distribution. The black-filled arrow indicates strong nuclear localization of
p53 with no cytoplasmic distribution. (B) Nuclear localization of leptomycin
B-induced p53 protein. WT-18 cells (a, b, and c) and A4-38 cells (d, e, and f)
were left untreated (a and d) or were treated with 2 ng of leptomycin B (b and
e) or 10 ng of leptomycin B per ml for 18 h prior to fixation. p53 protein was
detected in cells using anti-p53 monoclonal antibody as primary antibody and
goat anti-mouse antibody as secondary antibody. Cells were also processed for
immunohistochemical staining using an ABC kit. In both cases, the induced p53
protein was localized to the nucleus of the cells following leptomycin B treat-
ment. (C) WT-18 and A4-38 cells were induced with PA for 24 h and fractionated
into cytosolic (C) and nuclear (N) extracts as described in Materials and Meth-
ods. The extracts from an equivalent number of cells for each cell line were
loaded onto a SDS-polyacrylamide gel and transferred to a nitrocellulose mem-
brane. The membrane was then probed with anti-p53 antibody and reprobed
with histone HI monoclonal antibody.

of the A4 mutant protein is not apparently due to loss of its
ubiquitination sites.

Interestingly, however, MDM2 appears to bind to the A4
mutant protein more weakly than it does to wild-type p53
protein. It has been demonstrated that MDM2 binds to p53
near its acidic activation domain, resulting in inhibition of
p53-mediated transcriptional activation (23, 25, 36). Our own
cotransfection experiment revealed that MDM?2 inhibits the
induction of p21 by the A4 mutant protein. Thus, MDM?2 could
bind to the A4 mutant protein and inactivate its function. In a
previous study, the C-terminal deletion mutant p53(1-369) was
shown to bind MDM?2 only slightly more weakly than did
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wild-type p53 but to be ubiquitinated much less than expected
(8). Taken together, these data suggest that binding of p53 to
MDM2 is not likely to be the only determinant of ubiquitina-
tion followed by p53 degradation. The A4 mutant and C-
terminal truncation proteins might have different conforma-
tions than wild-type p53, resulting in altered interactions
between p53 and either MDM?2 or some other important com-
ponent of ubiquitination. In our study, more A4 mutant pro-
tein than wild-type p53 was localized in the cytoplasm of a
stable clone. Moreover, the cytoplasmic A4 mutant protein was
isolated from the nucleus, in which MDM?2 binds to p53 and
mediates ubiquitination (3). Therefore, this cytoplasmic com-
partmentalization of mutant p53 may contribute to inefficient
ubiquitination. On the other hand, MDM2 can reportedly
shuttle pS3 from nucleus to cytoplasm in order to degrade it
(3). Presumably, MDM2 binds to and shuttles, but does not
degrade, p53 in the cells expressing A4 mutant. More recently,
pS3 has been demonstrated to be exported from nucleus to
cytoplasm by a nuclear export signal located in p53’s tetramer-
ization domain, with no help from MDM?2 (31). This nuclear
export signal is thought to be silenced when p53 forms a tet-
ramer and to be exposed when oligomerization is impaired. An
exposed nuclear export signal can be accessed by the export
receptor CRM1, resulting in nuclear exportation of p53 with-
out MDM2. Interestingly, the basic amino acids in the region
between residues 363 and 386 of p53 have been demonstrated
to be critical for tetramerization (32), and it is possible that the
A4 mutant cannot form a tetramer because of multiple amino
acid substitutions in its C-terminal basic region. Further inves-
tigations are therefore necessary to determine whether nuclear
exportation of A4 mutant protein is mediated by MDM?2 or a
nuclear export signal of p53.
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