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Functional inactivation of the tumor suppressor protein p53 by
accelerated ubiquitin�proteasome-dependent proteolysis is a com-
mon event in tumor progression. Proteasomal degradation is
inhibited by the Gly-Ala repeat (GAr) of the Epstein–Barr virus
nuclear antigen-1, which acts as a transferable element on a variety
of proteasomal substrates. We demonstrate that p53 chimeras
containing GAr domains of different lengths and positions within
the protein are protected from proteolysis induced by the ubiquitin
ligases murine double minute 2 and E6-associated protein but are
still ubiquitinated and retain the capacity to interact with the S5a
ubiquitin-binding subunit of the proteasome. The GAr chimeras
transactivate p53 target genes, induce cell cycle arrest and apo-
ptosis, and exhibit improved growth inhibitory activity in tumor
cells with impaired endogenous p53 activity.

The p53 tumor suppressor protein is involved in a variety of
cellular processes, including the regulation of the cell cycle

and apoptosis (1, 2). Inactivation of p53, by mutations or through
interaction with viral and cellular proteins, is one of the most
frequent alterations observed in cancer (3), suggesting that
restoration of wild-type p53 activity in tumor cells could be of
immense therapeutic potential. Protein stability is a critical
parameter of p53 function, which is regulated, in normal as well
as malignant cells, by ubiquitin-dependent proteolysis. Targeting
of p53 for ubiquitin-mediated proteolysis is accomplished by two
ubiquitin ligases: the murine double minute 2 (Mdm2) onco-
protein (4, 5), and the E6-associated protein (E6-AP) (6). Mdm2
ubiquitinates p53 in the nucleus and facilitates nuclear export
delivering polyubiquitinated p53 for destruction by cytoplasmic
proteasomes (7). Recent evidence demonstrates that several
proteins involved in oncogenesis, such as ARF (8), oncogenic ras
(9), the retinoblastoma protein (10), and TSG101 (11), affect the
stability of p53 by modulating Mdm2-mediated degradation.
E6-AP acts as a p53 ubiquitin ligase only in concert with the E6
oncoproteins of the high-risk human papillomaviruses (HPV)
types 16 and 18 (6, 12). Hence, formation of a trimolecular
complex of E6, E6-AP, and p53 results in dramatic acceleration
of p53 proteolysis.

Inactivation of p53 by high levels of Mdm2 or HPV E6
provides a clear growth advantage in vivo (13, 14), suggesting
that a therapeutically active p53 protein should resist the activity
of these ligases. In this context, it should be stressed that Mdm2
and E6-AP belong to distinct families of ubiquitin ligases (15).
Mdm2 was recently shown to be a RING-finger ubiquitin ligase
that binds to the transcriptional transactivation domain of p53
(16). In contrast, E6-AP interacts with the DNA-binding domain
and is the classic example of HECT (homology to E6-AP C
terminus) domain ubiquitin ligase (6). These explicit differences
between the two ligases imply that simultaneous rescue of p53
from E6- and Mdm2-mediated degradation may be attained only
by targeting common downstream events in the degradation
pathway.

An interesting opportunity to achieve this goal may be offered
by a recently discovered modulator of the ubiquitin-dependent
proteolysis, the Gly-Ala repeat (GAr) of the Epstein–Barr virus
(EBV) nuclear antigen-1 (EBNA1). This protein domain inter-
feres with the proteasomal processing of EBNA1 (17), prolong-
ing its half-life and abrogating the presentation of EBNA1
epitopes to major histocompatibility complex class I-restricted
CD8� T-lymphocytes (18, 19). The GAr acts as a cis-acting
transferable element on different proteasome substrates (17, 20).
The promiscuity of the effect implies that the GAr may be able
to counteract the activity of a wide variety of ubiquitin ligases,
thus providing an attractive tool for regulating the proteolysis of
many substrates of potential interest for gene transfer thera-
py (21).

Here we report on the generation of a set p53-GAr chimeras
that exhibit improved resistance to Mdm2- and E6-induced
degradation in cotransfection assays and in human tumor cell
lines with accelerated proteolysis of the endogenous p53. The
p53-GAr chimeras are efficiently rescued from ubiquitin�
proteasome-dependent degradation, resulting in increased
steady-state levels of functionally active p53.

Materials and Methods
Construction of the p53-GAr Chimeras. The human p53 ORF was
PCR amplified from the pC53-SN plasmid [B. Vogelstein, Johns
Hopkins University School of Medicine, Baltimore, MD (22)], by
using the sense primer: 5�-GCGCTCGAGGCATGGAG-
GAGCCGCAGTCAG (XhoI underlined), and antisense primer:
5�-GCGCGCGGCCGCCTATGGTCGACCTGAGTCAGG-
CCCTTCTGTCTTG (NotI underlined, SalI double underlined,
stop codon bold) that introduced flanking XhoI and NotI
restriction sites, respectively, and then was cloned into pBK-
CMV (Stratagene) or pCMS–enhanced green fluorescent pro-
tein (EGFP) (CLONTECH). An oligomer encoding the FLAG
epitope was inserted into the 5� NheI and HindIII sites resulting
in pBK-CMV FLAGp53. Oligonucleotides encoding 25-aa-long
GAr or glycine stretches flanked by 5� SalI and 3� XhoI restric-
tion sites were generated as described previously (23). The
repeats were inserted in the 5� XhoI site or the 3� SalI site
of FLAGp53. The coding region of the 239-aa-long GAr of the
prototype EBV EBNA1 was PCR-amplified and linked to the 3�
end of p53 by using the SalI and NotI sites. The pCOC-Mdm2X2
expression vector (24) and the HPV16-E6 expression vector
pCB6�16E6 (25) were obtained from K. H. Vousden (National
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Cancer Institute, Frederick, MD). The Bp53-EGFP reporter
plasmid contains the EGFP gene under the control of 13 copies
of a p53-responsive element derived from a ribosomal gene
cluster (V. J. Bykov, Karolinska Institute).

Tissue Culture, Transfection, and Colony Formation Assay. The hu-
man osteosarcoma lines Saos-2 [p53 null (26),] and U2OS [p53
wild-type, Mdm2 overexpression (13)], and the human cervical
carcinoma lines HeLa (p53 wild-type, HPV18 positive), CasKi
and SiHa [p53 wild-type, HPV16 positive (14, 27)] were main-
tained in Iscove’s modified Dulbecco’s medium (Life Technol-
ogies, Grand Island, NY) supplemented with 10% FCS. Tran-
sient transfections of subconfluent monolayers were performed
with Lipofectamine (Life Technologies). For colony formation
assays, 1.9 105 transfected U2OS cells were split 16 h after
transfection (8,000 cells per well) in medium containing 0.5
mg�ml of Geneticin (Sigma). The number of viable colonies was
counted after 2 weeks selection.

Western Blot Analysis. Total cell extracts were fractionated by
SDS�PAGE, transferred to Protran BA85 nitrocellulose mem-
branes (Schleicher & Schuell), and probed with primary anti-p53
mouse monoclonal antibody (D07, Dako) or anti-p21WAF/CIP1

mouse monoclonal antibody (Transduction Laboratories, Lex-
ington, KY). After incubation with the appropriate peroxidase-
conjugated secondary antibodies, complexes were visualized by
enhanced chemiluminescence (Amersham Pharmacia–Pharma-
cia Biotech). For protein turnover determination, transiently
transfected cells were incubated with cycloheximide (Sigma).
Densitometry was performed by using a Personal Densitometer
SI (Molecular Dynamics).

Flow Cytometry and Immunocytochemistry. Flow cytometric anal-
ysis was performed by using a FACSort flow cytometer (Becton
Dickinson) and CELLQUEST software. For cell cycle analysis, cells
were fixed and stained with the mouse anti-p53 antibody D07
and a FITC-labeled anti-mouse antibody (Dako) by using the
Cytofix�Cytoperm kit (PharMingen) before incubation with
propidium iodide (Sigma). For immunofluorescence staining,
the cells were fixed in 4% paraformaldehyde and then incubated
overnight with an anti-FLAG mouse monoclonal antibody (M5,
Sigma).

Glutathione S-Transferase (GST) Pull-Down Assays. The S5a and S8
ORFs were PCR-amplified from a human leukocyte cDNA
library (CLONTECH) and cloned into pGEX-5X-1 (Amersham
Pharmacia–Pharmacia Biotech). The GST-S5a and S8 fusion
proteins were purified from Escherichia coli strain BL-21
(Amersham Pharmacia–Pharmacia Biotech). HeLa cells tran-
siently transfected with FLAGp53 or FLAGp53-GA239�C were
lysed at 4°C for 12 h in lysis buffer (1% digitonin�50 mM
NaCl�50 mM Tris, pH 7.6) containing protease inhibitor mixture
(Sigma) and 20 mM N-ethylmaleimide (Sigma). The lysates were
cleared by centrifugation for 20 min at 4°C, 15,000 � g and
diluted in binding buffer (50 mM Tris, pH 7.6�50 mM NaCL�
0.01% Triton X-100�10% glycerol). Two micrograms of GST
fusion protein was immobilized on 10 �l of glutathione Sepha-
rose 4B gel (Amersham Pharmacia–Pharmacia Biotech) and
incubated with HeLa cell lysates. After washing five times at 4°C
in binding buffer, samples were resuspended in SDS sample
buffer for separation by SDS�PAGE and immunoblotting with
the anti-p53 antibody D07.

Results
Expression of p53-GAr Chimeras. A set of GAr-containing chimeras
was constructed to investigate the effect of the repeat on the
turnover and function of the p53 tumor suppressor protein. A
239-aa-long GAr, derived from a natural EBV isolate (28), was

inserted at the C terminus of p53 (Fig. 1A). In addition, a shorter
25-aa-long GAr or a control 25-aa-long glycine stretch was
inserted at the N or C terminus of p53.

Expression of the chimeras was investigated by transfection in
the p53 negative osteosarcoma line Saos-2. Highest levels of
expression were regularly detected in cells transfected with the
p53-GA239�C chimeras followed by cells transfected with p53-
GA25�N or p53-GA25�C, whereas the expression was consis-
tently lower in cells transfected with wild-type p53 or the
p53-GG25�N and p53-GG25�C chimeras (Fig. 1B).

The GAr Protects p53 from Mdm2- and HPV-E6-Induced Proteolysis.
Expression of p53 was investigated by Western blot analysis of
Saos-2 cells cotransfected with plasmids expressing the various
p53 chimera and the ubiquitin ligase Mdm2. As expected, the
steady-state levels of wild-type p53 were dramatically decreased
in the presence of Mdm2 in a dose-dependent manner (Fig. 2 A
and B). Insertion of a 25-residue GAr resulted in modest
protection from Mdm2-induced degradation, whereas a more
dramatic effect was achieved by insertion of a 239-residue-long
repeat, in agreement with our earlier observation that the effect
of the GAr is length-dependent (23). A distinct ladder of
regularly spaced high-molecular weight species was detected in
cells expressing the strongly stabilized p53-GA239�C, suggesting
that the chimeras are still subject to Mdm2-induced ubiquitina-
tion. In accordance with the notion that ubiquitinated p53 is
rapidly degraded by the proteasome, this ladder was not detected
in cells expressing the wild-type molecule.

Next we tested whether the p53 chimeras were also resistant
to proteolysis induced by the E6 protein of HPV16. Cotransfec-
tion of Saos-2 cells with wild-type p53 together with a 4-fold
excess of HPV16-E6 resulted in a dramatic decrease of p53
expression, whereas p53-GAr chimeras containing 25- or 239-
aa-long repeats were only modestly affected (Fig. 2C). The
stabilization was not caused by a GAr-induced abrogation of the
interaction between E6 and p53, because a GST-E6 fusion
protein interacted equally well with wild-type p53- and GAr-
containing chimeras in pull-down assays (data not shown). The
stronger effect of the repeats in this experimental set-up is
probably explained by the presence of physiological levels of the
E6-AP ligase as compared with huge overexpression of Mdm2.

The accumulation of high-molecular weight p53-GAr chime-
ras prompted us to investigate whether these putative polyubiq-
uitinated species can interact with the proteasome. Pull-down
assays were performed by using as bait a GST-S5a fusion protein,

Fig. 1. Expression of p53-GAr chimeras in p53-negative Saos-2 cells. (A)
Schematic representation of the FLAG-tagged (F) p53 chimeras containing N-
or C-terminal GAr or GGr insertions. (B) Extracts of transiently transfected
Saos-2 cells were examined by Western blotting with a monoclonal antibody
specific for wild-type p53. Molecular weight markers are indicated.
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because this is the only known polyubiquitin-binding subunit of
the 19S cap (29). A GST-fusion construct of the S8 ATPase
subunit of the 19S cap was included as control. Input extracts
from transiently transfected HeLa cells contained mainly un-
modified p53 or p53-GA239�C (Fig. 2D), but longer exposure
typically revealed the presence of high-molecular weight species,
especially in lysates of p53-GA239�C-expressing cells (not
shown). The high-molecular weight p53-GA239�C species were
strongly enriched in the GST-S5a pull-down, whereas there was
no detectable interaction between S5a and wild-type p53 (Fig.
2D). Thus the polyubiquitinated p53-GA239�C can still interact
with the S5a subunit. The small amount of unmodified wild-type
p53 observed in the S5a pull-down was comparable to the signal
obtained with several irrelevant proteins and is most likely
because of nonspecific interaction. On the contrary, a significant
amount of the unmodified p53-GA239�C polypeptide was re-
tained in the GST-S5a pull-down. This interaction was abrogated
by incubation with an excess of GAr peptides (not shown), which
did not affect the binding of the high-molecular weight p53-GAr

species, suggesting that the GAr may directly bind to the S5a
subunit. As expected, the S8 subunit did not bind p53 or the p53
chimeras (Fig. 2D).

The p53-GAr Chimeras Retain the Functional Properties of Wild-Type
p53. To investigate whether the GAr chimeras retain the tran-
scriptional activity of wild-type p53, Saos-2 cells were cotrans-
fected with p53-encoding plasmids and a reporter plasmid
containing the EGFP gene under the control of a p53-responsive
element. Expression of wild-type p53 resulted in a dose-
dependent activation of transcription, whereas EGFP was not
induced in cells expressing the DNA-binding mutant p53R273H

(Fig. 3A) (30). Chimeras containing a 25-aa-long GAr were as
active as wild-type p53, whereas the p53-GA239�C chimera
showed an impaired transcriptional activity that reached �55%
of the wild-type p53 effect at the highest plasmid concentration
tested. The p53-target gene p21WAF/CIP1 was up-regulated in
Saos-2 cells transfected with p53 or p53-GAr expressing plas-
mids, further confirming the transactivating competence of the
chimeras (Fig. 3B).

Mdm2 can inactivate p53 by binding to the transcriptional
activation domain (31). We asked therefore whether the stable
p53-GAr chimeras may remain transcriptionally active in the
presence of Mdm2. Expression of Mdm2 reduced the induction
of p21WAF1/CIP1 by p53, p53-GA25�C and p53-GA239�C (Fig.
3C). However, consistently higher levels of p21WAF1/CIP1 were
detected in cells expressing the p53-GAr chimeras, which was
more evident in the presence of 2- and 4-fold excess of the Mdm2
plasmid.

P53 controls cell proliferation and survival by inducing G1�G2
cell cycle arrest and apoptosis (1). We asked therefore whether
the p53-GAr chimeras have retained these functional properties
of p53. Expression of p53 or the chimeras in our commonly used
Saos-2 cells resulted in a reduction in the percentage of cells in
G2�M and increase of cells in G1 (Fig. 3D). The effect was
specific, because cells transfected with the p53R273H mutant
showed a cell cycle distribution identical to that of the p53-
negative population (data not shown). However, apoptosis was
induced only in a small proportion of the p53-expressing cells. It
has been reported that, whereas low p53 expression induces cell
cycle arrest, higher expression levels are required for induction
of apoptosis (32). We turned therefore to a different Saos-2
clone that consistently yields higher transfection efficiency. In
addition, wild-type p53 and the p53-GA239 chimera were sub-
cloned in an EGFP-expressing plasmid to allow direct detection
of the transfected cells. Expression of p53 induced a more then
2-fold increase in the percentage of apoptotic cells compared
with the empty EGFP vector, and a further increase was
observed in cells expressing the p53-GA239 chimera (Fig. 3E).

The p53-GAr Chimeras Are Stabilized in Cells with Accelerated p53
Turnover. Accelerated p53 proteolysis was demonstrated in many
tumor cell types that express wild-type p53. We asked therefore
whether the p53-GAr chimeras are stabilized and functionally
active also in tumor cells that carry oncogenic HPV strains or
express levels of Mdm2 sufficient to inactivate the endogenous
protein. Analysis of p53 turnover in the HPV18 positive cervical
carcinoma line HeLa demonstrated that, whereas ectopic wild-
type p53 had a half-life only slightly longer than the �20 min
determined for the endogenous p53, chimeras containing 25- or
239-aa-long GAr domains had a significantly longer half-life
(Fig. 4A). Similar results were obtained in two HPV16-positive
cervix carcinoma cell lines, CasKi and SiHa (data not shown).
The GAr chimeras exhibited a significantly prolonged half-life
also in the U2OS osteosarcoma cell line (Fig. 4B) that expresses
high levels of Mdm2 (13).

The growth inhibitory effect of p53 variants has been com-
pared by monitoring the outgrowth under the selective condition

Fig. 2. The p53-GAr chimeras are resistant to Mdm2- and HPV-E6-induced
degradation. (A) Saos-2 cells were transfected with 100 ng of the indicated
p53-encoding plasmid together with 0, 100, 200, or 400 ng of an Mdm2-
expression plasmid. Total cell extracts collected after 16 h were subjected to
Western blot analysis with a monoclonal anti-p53 antibody. The ladder of
high-molecular weight p53 species is indicated. (B) Densitometry of the West-
ern blots shown in A. (C) Saos-2 cells were transfected with 100 ng of the
indicated p53-encoding plasmid and 400 ng of control pcDNA3 (�) or HPV16-
E6-expression plasmid (�). Experimental details as in A. The molecular weight
markers are indicated. (D) The human 19S proteasome cap subunits S5a and S8
were expressed in bacteria as GST-fusion proteins, immobilized onto gluta-
thione Sepharose, and analyzed in column-binding assays with lysates of HeLa
cells transfected with wild-type FLAGp53 (0) or FLAGp53 containing a 239-aa GAr
(239). Western blots were probed with a monoclonal anti-p53 antibody. A
short exposure of 10% of the input is shown (Left). Species of p53 that interact
with S5a and high-molecular weight p53 species are indicated.
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of cells transfected with plasmids encoding p53 together with a
resistance gene (33). We have used this strategy to ask whether
the stable p53 chimeras could withstand functional inactivation
under conditions of sustained p53 turnover as observed in
malignant cells. In accordance with the known growth inhibitory
activity of p53, transfection of the Mdm2 overexpressing U2OS
cells with a standard amount of wild-type p53-expressing plasmid
resulted in more then 80% decrease in the number of geneticin-
resistant colonies compared with the empty vector control
(Table 1). The growth inhibitory effect was further enhanced in
cells transfected with the p53-GAr chimeras with a ranking order
that appeared to correlate with their transcriptional activity
(compare Table 1 and Fig. 3A). The increased growth inhibitory
activity of the chimeras was further confirmed when the cells
were transfected with a 50-fold lower amount of plasmids. Under
these conditions, wild-type p53 induced only a modest decrease
in the number of colonies compared with the empty vector. In
contrast, the p53-GAr chimeras still induced �50% decrease in
the number of colonies. Similar results were obtained when the
colony formation assay was performed in HPV18-positive HeLa
cells (not shown).

Discussion
The involvement of the cellular Mdm2 and the viral E6 in the
accelerated turnover of p53 in many malignancies combined with
our previous identification of a viral GAr that blocks proteaso-
mal degradation in cis prompted us to investigate the possibility
of generating stable p53 variants by introduction of this repeat.
We anticipated that, if functional, such stabilized p53 molecules
could be of potential interest for gene therapy applications, as
they could have tumor suppressor activity in tumors that lack
endogenous p53 as well as in a large number of tumors where p53
is functionally inactivated by accelerated degradation. More-
over, we expected that studies of the GAr in the context of p53
could yield new information on the mechanism of action of the
viral inhibitor because of the well characterized degradation
pathway of p53 and the simultaneous targeting by two unrelated
ubiquitin ligases. We have indeed found that the p53-GAr
chimeras are stable in the presence of the three identified
oncogenes directly involved in ubiquitin�proteasome-dependent
inactivation of p53: HPV16-E6, HPV18-E6, and Mdm2. More-
over, these p53 chimeras maintain the capacity to transcription-
ally activate p53 target genes. Importantly, the chimeric p53

Fig. 3. The p53-GAr chimeras are transcriptionally active. (A) Saos-2 cells were cotransfected with 400 ng of a plasmid expressing EGFP under the regulation
of a p53-responsive element and increasing amounts of the indicated p53-encoding plasmids. EGFP fluorescence was measured by flow cytometry 16 h after
transfection. The mean fluorescence intensity of cells transfected with 100 ng of p53-encoding plasmid was standardized as 100%. Mean � SD from three
independent experiments. (B) Expression plasmids encoding wild-type FLAGp53 or the indicated chimeras were transfected into Saos-2 cells, and the induction
of endogenous p21WAF/CIP1 was examined by Western blot analysis with a monoclonal anti-p21WAF/CIP1 antibody. (C) Saos-2 cells were cotransfected with 100 ng
of FLAGp53-, FLAGp53-GA25�C-, FLAGp53-GA239�C-expressing plasmid, and 0, 100, 200, and 400 ng of Mdm-2-expressing plasmid. p21WAF/CIP1 expression was
detected by Western blot analysis. (D) Cell cycle analysis of Saos-2 cells transfected with a FLAGp53- or FLAGp53-GA239�C-expressing plasmid. P53 expression and
cell cycle distribution were detected after 72 h by staining with an anti-p53 antibody followed by propidium iodide staining. The cell cycle distribution of
p53-expressing (p53�) and p53-negative (p53�) subpopulations is shown. The percentages of cells in the sub-G1, G1, and G2�M phases of the cell cycle are
indicated. (E) Plasmids encoding EGFP alone or together with the indicated p53 variants were expressed in a Saos-2 clone yielding high transfection efficiency.
The cells were stained with propidium iodide 20 h after transfection and analyzed by flow cytometry. The samples were gated for EGFP expression. The
percentage of cells with sub-G1 DNA content is indicated. One representative experiment of three (C–E).
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molecules are fully competent to induce cell cycle arrest and
apoptosis and have improved growth inhibitory activity in tumor
cell lines that express elevated levels of Mdm2 or harbor
oncogenic HPV.

Our finding that p53-GAr chimeras have improved growth
inhibitory activity in cells that overexpress Mdm2 has interesting
implications in view of the complex mechanism of action of this
ligase. Although ubiquitination and proteolysis are believed to
play a pivotal role in the inactivation of p53 (34), other inhibitory
functions of Mdm2 have been described (35). Mdm2 was shown
to promote the nuclear export of ubiquitinated p53 (7), which
would be sufficient to prevent the activation of p53 target genes.
Interestingly, we observed exclusive nuclear localization for each
of the chimeras and could not demonstrate cytosolic relocaliza-
tion even in the presence of Mdm2 concentrations sufficient to
induce a dramatic accumulation of polyubiquitinated adducts
(data not shown). It is thus possible that the GAr acts on events,
between ubiquitination and proteasomal degradation, that are

required for both nuclear export and proteolysis. Another
plausible explanation is that the p53-GAr chimeras, once trans-
ported to the cytosol, are rapidly shuttled back to the nucleus
after deubiquitination. Besides targeting p53 for proteolysis and
nuclear export, Mdm2 inhibits p53 also by steric blockage of the
transcriptional activation domain of p53 (31). Importantly, in a
colony formation assay with U2OS cells, which display elevated
levels of Mdm2, the p53-GAr chimeras had improved growth
inhibitory potential compared with wild-type p53, arguing that
proteasome-independent inhibition of p53 by Mdm2 is of minor
importance under physiologic conditions (34).

The finding that the GAr could protect p53 from degradation
induced by two ubiquitin ligases that recognize independent
targeting signals suggests that the inhibitory domain may inter-
fere with a common event downstream of ubiquitination. This
was earlier inferred from the observation that EBNA4-GAr
chimeras are efficiently ubiquitinated in a cell free system (17)
and by the accumulation of ubiquitinated I�B�-GAr chimeras in
cell extracts treated with inhibitors of deubiquitination enzymes
(20). It is noteworthy that, even though the ubiquitination of
these substrates might have been unaffected, only unconjugated
chimeras were regularly detected in cell lysates, which led us to
speculate that the GAr chimeras may be caught in a perpetual
cycle of ubiquitination and deubiquitination that could preclude
interaction with the proteasome. By coexpressing the p53-GAr
chimeras with high amounts of Mdm2, we observed accumula-
tion of polyubiquitinated GAr containing proteins in cells. This
accumulation supports the notion that the inhibitory domain acts
on a postubiquitination event.

We have previously shown that the stabilizing effect of the
GAr is inversely proportional to the strength of the degradation
signal (23). By monitoring the degradation of p53 chimeras
containing GAr domains of different lengths in cells that express
increasing amounts of Mdm2, we have now provided direct
evidence that the rate of ubiquitination is a critical parameter in
determining the length of the repeat required for the inhibitory
effect. We have earlier speculated that long repeats may
strengthen the interaction of ubiquitinated GAr-containing sub-
strates with a putative partner, in a way analogous to the
requirement of multiple ubiquitin recognition signals to trigger
progressive degradation (23). An interesting possibility is that
such interaction may alter the binding of the polyubiquitinated
substrate to the proteasome, which prompted us to investigate
whether polyubiquitinated p53 could bind to S5a, the only
identified ubiquitin-binding subunit of the regulatory particle
(29). By using a coimmunoprecipitation strategy, we were earlier
unable to demonstrate interaction of polyubiquitinated I�B�-
GAr chimeras with the proteasome, whereas a weak interaction
was demonstrated for wild-type I�B� under the same conditions
(20). It is noteworthy that, to promote the chain of events that
lead to proteolysis, all interactions of the proteasome with
ubiquitinated substrates must be relatively weak and restricted in
time. We have therefore reexamined this question by using a
more sensitive GST pull-down strategy (36) and succeeded in
demonstrating interaction of polyubiquitinated p53-GA239�C
with the S5a subunit. These findings are consistent with the
possibility that, although not precluding the binding of ubiqui-
tinated substrates to the proteasome, the GAr may affect the
outcome of this interaction, leading to the rapid release of
functionally unharmed proteins. This model is particularly at-
tractive in the light of recent findings suggesting that a specific
binding site for misfolded proteins in the 19S cap may trigger
refolding rather then degradation of the substrate (37, 38).

In conclusion, we have now provided compelling evidence that
the EBV GAr can act as a selective inhibitor of ubiquitin-
dependent proteolysis that counteracts a broad range of target-
ing signals and ubiquitin ligases. The demonstration that p53-
GAr chimeras remain functionally competent suggests that

Fig. 4. The p53-GAr chimeras are stable in tumor cells with accelerated p53
degradation. The HPV18-E6-positive cervix carcinoma cell line HeLa (A) or the
Mdm2-overexpressing osteosarcoma cell line U2OS (B) was transiently trans-
fected with FLAGp53 or the indicated FLAGp53-GAr chimeras. After 16 h, the cells
were incubated with 60 �g�ml of cycloheximide, and cell extracts were
harvested after the indicated incubation times. Expression of p53 was de-
tected by Western blotting with a monoclonal anti-p53 antibody. The endog-
enous p53 (end.) and ectopic FLAGp53 products are indicated.

Table 1. Colony formation assay

500 ng of plasmid 10 ng of plasmid

Number of
colonies*

%
inhibition

Number of
colonies*

%
inhibition

Empty vector 403 0 511 0
FLAGp53 65 84 433 15
FLAGp53-GA25�C 9 98 281 45
FLAGp53-GA239�C 49 88 241 53

U20S cells were transfected with 500 or 10 ng of the indicated plasmids.
After overnight recovery, the cells were split into duplicate wells of a 24-well
plate (�8,000 cells per well) and grown for 2 weeks in the presence of 0.5
mg�ml of Geneticin. The number of Geneticin-resistant colonies and the
percentage of p53-induced inhibition compared to the empty vector control
are indicated.
*Mean of duplicates. One representative experiment of three performed by
transfecting 500 ng of plasmids and one performed with 10 ng of plasmid are
shown.
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insertion of the viral repeat could provide a convenient strategy
for stabilization of a wide variety of proteins that are of potential
interest for gene replacement therapies.
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