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Central and Carboxy-Terminal Regions of Human p53
Protein Are Essential for Interaction and Complex
Formation With PARP-1
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Abstract It has been previously described by different groups that poly(ADP-ribose) polymerase-1 (PARP-1) and the
product of the tumor suppressor gene p53 form tight complexes. We investigated which domains of human PARP-1 and of
human wild-type p53 were involved in this protein–protein interaction. We generated baculoviral constructs encoding
full length protein or distinct functional domains of both proteins. Baculovirally expressed wild-type p53 was post-
translationally modified. Full length PARP-1 was simultaneously coexpressed in insect cells with full length wt p53 protein
or its distinct truncated fragments and vice versa. Reciprocal immunoprecipitation of Sf9 cell lysates revealed that the
central and carboxy-terminal fragments of p53 were sufficient to confer binding to PARP-1. The amino-terminal part
harboring the transactivation functional domain of p53 was dispensable. On the other hand, the amino-terminal and
central fragments of PARP-1 were necessary for complex formation with p53 protein. Finally, we explored the functional
significance of the interaction between both proteins. Inactivation of PARP-1 resulted in the reduction of p53 steady-state
levels. Inhibition of nuclear export by leptomycin B prevented accelerated degradation of p53 in PARP-1 KO cells and led
to accumulation of p53 protein. Considering the fact that the accelerated p53 nuclear export in the absence of PARP-1
contributes to enhanced p53 degradation, we conclude that PARP-1 may mask the NES of p53 through complex formation
with its carboxy-terminal part, thereby preventing the export. J. Cell. Biochem. 89: 220–232, 2003. � 2003 Wiley-Liss, Inc.
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The most fundamental function of wild-type
(wt) p53 protein is the regulation of the normal
progression of cells through the cell cycle and
the maintenance of genomic stability [re-

viewed by Bargonetti and Manfredi, 2002;
Blagosklonny, 2002]. p53 is a short-lived pro-
tein that is expressed in low concentrations
under physiological conditions and generally
undetectable in unstressed cells. In response
to several stressful conditions, the level and
transcriptional activity of wt p53 protein rises
resulting in activation of p53 target genes and
downstream mediators of p53 [Maltzman and
Czyzyk, 1984; Fritsche et al., 1993]. Increased
levels of the p53 protein are primarily regulated
through lengthening of its half-life. MDM2
protein, the product of a p53 inducible gene
has been originally found to interact with and to
inhibit p53-mediated transcriptional activity
[Oliner et al., 1993]. It has also been shown to
regulate the level of p53 protein by promoting
its rapid degradation. MDM2 protein posses-
sing intrinsic activity of E3 ubiquitin-ligase
has been identified to efficiently target p53 for
the ubiquitin-dependent proteolytic machinery
[Haupt et al., 1997; Kubbutat et al., 1997]. The
importance of MDM2 in the regulation of p53
levels is reflected by the fact that disruption of
the mdm2 gene was lethal in early embryos,
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whereas the concomitant inactivation of the p53
gene rescued the animals from lethality [Jones
et al., 1995;Montes deOcaLuna et al., 1995]. An
autoregulatory feedback loop has been estab-
lished between p53 and MDM2, where p53
activates expression of its own negative reg-
ulator. The precise mechanism by which p53 is
stabilized is not yet entirely elucidated. An
increase of p53 protein level can be achieved
by inhibiting directly or indirectly its degra-
dation as well as by upregulating the rate
of translational initiation. Post-translational
modifications of p53 including phosphorylation,
acetylation or ADP-ribosylation contribute to
its stabilization [Węsierska-Gądek et al., 1996a;
Simbulan-Rosenthal et al., 1998; Appella and
Anderson, 2001]. These modifications may
abrogate the interaction between MDM2 and
p53 preventing p53 from being targeted for
degradation. It is becoming evident that a num-
ber of mechanisms exist to abrogate MDM2
mediated degradation of p53, thereby allowing
the maintenance of a p53 response. One of the
most effective ways to stabilize p53 is site-
specific phosphorylation of p53 that minimizes
the interaction between p53 and MDM2 and
renders p53 resistant to MDM2 mediated
degradation. Another mechanism allowing p53
to overcome the targeting byMDM2 ismodifica-
tion-independent and involves the upregulation
of the human p14ARF (mouse p19ARF) protein.
The ARF protein is encoded by the INK4A-ARF
locus that encodes two distinct polypeptides
translated from two different mRNAs gener-
ated by alternative splicing. Alternative read-
ing frame (ARF) is encoded by exons 1b, 2 and 3
[Mao et al., 1995; Quelle et al., 1995] and binds
directly to MDM2 in a region distinct from the
p53 binding region and prevents degradation of
p53 [Pomerantz andSchreiber-Agus, 1998]. It is
becoming evident that multiple mechanisms
exert control over the stability of the p53 pro-
tein. Recently, the involvement of poly(ADP-
ribose) polymerase-1 (PARP-1) in the regulation
of p53 stability was demonstrated [Węsierska-
Gądek et al., 1999, 2000; Węsierska-Gądek and
Schmid, 2000, 2001]. This observation is of in-
terest because both proteins are sensors of DNA
lesions and can be induced in response to mult-
iple stress stimuli. There are two independent
lines of evidence for PARP-1mediated stabiliza-
tion ofwild-type p53 protein. First, the inactiva-
tion of the PARP-1 gene in mice resulted in a
reduction in the constitutive expression of wild-

type p53 to a barely detectable level due to the
shortening of the half-life of p53 protein
[Węsierska-Gądek et al., 1999, 2000]. The
reconstitution of PARP-1 deficient cells with
the human counterpart abrogated the reduc-
ed stability of p53 protein. A second line of
evidence revealed that coexpression of PARP-1
with a temperature sensitive (ts) p53135val

mutant increased the stability of wild-type p53
[Węsierska-Gądek et al., 2000; Węsierska-Gądek
and Schmid, 2001]. This had functional con-
sequences. Coexpression of PARP-1 markedly
delayed the recovery of G1 arrested cells in S-
phase after temperature elevation. PARP-1 has
also been shown to physically interact with p53
protein [Węsierska-Gądek et al., 1996a,c; Vaziri
et al., 1998;Węsierska-Gądek andSchmid, 2000].

The aim of this study was to precisely char-
acterize the interaction between these proteins.
p53 and PARP-1 consist of distinct functional
domains. Therefore, we generated baculovirus
constructs encoding full length human p53 and
PARP-1 proteins as well as fragments corre-
sponding to distinct functional domains of both
proteins. Full length PARP-1 was simulta-
neously coexpressed in insect cells with full
length wt p53 protein or its distinct truncated
fragments and vice versa to determine which
domains of both proteins were involved in the
complex formation. Our results show that
the central and carboxy-terminal parts of p53
are indispensable for complex formation with
PARP-1.On the otherhand, the amino-terminal
and central fragments of PARP-1 are necessary
for p53 binding. We also studied the biological
significance of the interaction between p53 and
PARP-1. Inactivation of PARP-1 resulted in the
reduction of p53 steady-state levels in mouse
cells. However, the inhibition of nuclear export
by leptomycin B prevented accelerated degra-
dation of p53 in PARP-1 KO cells and led to
accumulation of p53 protein. The fact that the
accelerated p53 nuclear export in the absence of
PARP-1 contributes to enhanced p53 degrada-
tion leadsus to conclude that PARP-1maymask
theNES of p53 through complex formationwith
its carboxy-terminal part, thereby preventing
export of p53.

MATERIALS AND METHODS

Plasmids

Plasmid encompassing the coding sequence
for human poly(ADP-ribose) polymerase-1
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(PARP-1) was a generous gift from Dr. G. de
Murcia.

Cell Treatment

Mouse embryo fibroblasts (MEFs) grown to
60–70% confluency were treated with anti-
cancer agents for 6 and 24 h. Etoposide (VP-
16) (10 mg/ml), 5-fluorouracil (5-FU) (5 mg/ml),
and cytarabine (Ara-C) (100 mg/ml) were used.
To inhibit nuclear protein export, cells were
treated for indicated periods of time with
Leptomycin B (LMB) (Sigma Chemical Co, St.
Louis, MO) at a final concentration of 300 nM.

Antibodies

Various anti-p53 antibodies recognizing dis-
tinct epitopes were used. Monoclonal anti-p53
antibodies recognizing an epitope in the amino-
terminus (DO-1), in the core domain (PAb240)
or at the carboxy-terminus (PAb421) were from
Oncogene Research Products (Cambridge,MA).
Polyclonal anti-p53 antibody CM-1 was ob-
tained from Novocastra (Newcastle-upon Tyne,
UK). Polyclonal antibodies (N-20) specific for
the amino-terminus of PARP-1 (aa 1–20) were
from Santa Cruz (Santa Cruz, CA). Monoclonal
anti-PARP-1 antibodies (C-2–10) and F-1-2-3
were from Dr. G. Poirier and F-2 was from
SantaCruz.Additionally, rabbitpolyclonalanti-
human PARP-1 antibodies from Boehringer
(now Roche, Vienna, Austria) were used.

Monoclonal antibodies X-press directed
against a 15 amino acid motif present in re-
combinant proteins, or against His-Tag se-
quence, was obtained from Invitrogen Life
Technologies (San Diego, CA) and from Roche,
respectively. Immune complexes were de-
tected using appropriate secondary antibodies
linked to horseradish peroxidase (HRP) from
Amersham International (Little Chalfont,
Buckinghamshire, England) or from Pierce
(Rockford, IL).

Cloning of p53 and PARP-1

All cDNAswere cloned into amodified baculo-
virus recombination vector (pBlueBacHis2B,
Invitrogen, CA). One nucleotide in the vector
was changed as follows: at position 166 a G was
replaced by an A generating a Bgl II restriction
site at position 167 without changing the amino
acid sequence of the His-tag. The resulting
vector was called pBlueBacHis2BGS and all
mentioned cDNAs were cloned into this newly
generated Bgl II site at their 50 ends and into

the Sal I or Hind III restriction site at their
30 ends. To generate the appropriate restric-
tion sites flanking the coding region, PCR
reactions were performed with the following
primers: PARP 1 Forward, 50-AGGAATTCC-
CCGAGATCTGTACGACGATGACGATAAGA-
TGGCGGAGTCTTCGGATAAG-30; PARP 231
reverse, 50-GGCTTTTTCAAGCTTTCAATCCT-
TGTCTTTTTCTTTTTTAGATTTCTT-30; PARP
372 reverse, 50-CACAGCAGCAGGAGCGTCG-
ACTCAGGAGGGCGGAGGCGT-30; PARP 524
reverse, 50-GCTGCTCCTCCTTTGTCGACTC-
ATTTCATTCTCTTTTCAGAT-30; PARP 1014
reverse, 50-GGCTACCTCGTCGACTTACCAC-
AGGGAGGTCTTAAAATTGAA-30; p53 1 for-
ward, 50-CTGGATTGGCAGAGATCTGTACG-
ACGATGACGATAAGATGGAGGAGCCGCAG-
TCAGAT-30; p53 102 forward, 50-GCCCCCTC-
CTGGCCAGATCTGTACGACGATGACGATA-
AGATGACCTACCAGGGCAGCT-30; p53 293
forward, 50-GGGAGAGACCGGCGAGATCTG-
TACGACGATGACGATAAGATGGGGGAGCC-
TCACCACG-30; p53 101 reverse, 50-GAAACCG-
TAGCTGCCGTCGACTCATTTCTGGGAAGG-
GACAGAAG-30; p53 292 reverse, 50-GGGCA-
GCTCGTGGTGGTCGACTCATTTCTTGCGG-
AGATTCTC-30; p53 393 reverse, 50-CAAGAA-
GTGGGTCGACTCAGTCTGAGTCAGGCC-30.

The annealing temperatures of the PCR re-
actions were 48–568C. Resulting cDNAs were
digested and cloned into pBlueBacHis2BGS.
The DNAswere sequenced in order to verify the
correct cloning.

Preparation of Cell Extracts

PBS washed cells were lysed in RIPA buffer
[50 mM Tris/HCl (pH 7.4), 500 mM NaCl, 1%
Nonidet-P40, 0.5%Na-deoxycholate, 0.1% SDS,
0.05% NaN3, 1 mM phenylmethylsulfonylfluor-
ide (PMSF)] for 20 min at þ48C. Protein con-
centration of cell extracts was determined by
DC assay (Bio-Rad Laboratories, Richmond,
CA) using bovine serum albumin as standards.

Immunoprecipitation

Immunoprecipitation was performed as pre-
viously described in detail [Węsierska-Gądek
et al., 1996b].Equal protein amounts of each cell
lysate (150 mg protein) were used for incubation
with anti-p53 antibodyCM-1 and for incubation
withanti-PARP-1antibodies inafinal volumeof
100ml. Immune complexeswere thenpurifiedby
affinitychromatographyonprewashedGamma-
Bind Sepharose beads (40 ml) (Pharmacia,
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Uppsala, Sweden) and eluted sequentially three
timeswith SDS sample buffer. The eluateswere
thendividedand loaded on twogels.Onegelwas
used for immunoblotting with anti-p53 anti-
bodies and the second was for incubation with
anti-PARP-1 antibodies.

Immunoblotting

Proteins were separated by a one-dimen-
sional PAGE on 10 or 15% SDS-gels. Proteins
dissolved in reduced SDS sample buffer were
loaded on SDS polyacrylamide gels, electro-
phoretically separated, and transferred onto a
polyvinylidene difluoride membrane (PVDF)
(Amersham International). Equal loading of
proteins was confirmed by Ponceau S staining.
Immunodetection of antigens was performed
with specificantibodies.The immune complexes
were detected with appropriate peroxidase-
conjugated secondary antibodies routinely
diluted 1:20,000 and enhanced chemilumines-
cence detection reagent ECL-Plus (Amersham
International).

RESULTS

Expression of PARP-1 and p53
Proteins in Sf9 Cells

In the first step we verified the expression of
full length proteins and their truncated forms.
Proteins solubilized during lysis of insect Sf9
cells were separated on SDS gels and electro-
blotted. The identity of both full length and
distinct truncated proteins was examined by
immunoblotting using specific primary antibo-
dies. The incubation with monoclonal antibody
targeting the tagged X-press sequence revealed
positive signals with all tested p53 recombi-
nants (partially shown in Fig. 1A).
To further check the identity of the truncat-

ed p53 and PARP-1 proteins, we resolved the
proteins on a number of identical blots and
incubated with antibodies recognizing different
epitopes localized within distinct functional
domains. As shown in Figure 1A PAb421 re-
cognized solely full length p53 protein aswell as
its carboxy-terminal fragments aa 102–393 and
aa 293–393. PAb240 reacted with two trun-
cated p53 forms: 102–292 and 102–393 as well
as with full length p53 protein, but failed to
recognize the amino-terminal domain aa 1–102
and the carboxy-terminal fragment 293–393.
DO-1 reacted with full length human p53 and
the amino-terminal part aa 1–102 and failed to

react with the other fragments. The sequential
immunoblotting of the same blot with DO-1
revealed a significant increase of the intensity
of full length p53 band implicating that the
affinity of antibody DO-1 towards full length wt
human p53 protein is much higher than that of
PAb421 (Fig. 1A).

For identification of expressed full length
PARP-1 and its truncated forms, various anti-
bodies were used (Fig. 1B). Polyclonal antibody
N-20 from Santa Cruz (aa 1–20) reacted solely
with full length enzyme and two amino-term-
inal fragments aa 1–232 and aa 1–524. The
monoclonal antibody C-2–10 recognized full
length protein and fragments aa 1–524, aa
232–372 and 232–524, and did not react with
the DNA binding domain (DBD) aa 1–232
and carboxy-terminal fragment aa 524–1014.
Monoclonal antibodies F-1-2-3 reacted with full
length PARP-1 and fragments aa 1–524, the
DBD aa 1–232, but did not react with aa
232–372 and 232–524 or with the carboxy-
terminal fragment aa 524–1014. The monoclo-
nal antibodyF2was specific solely for full length
PARP-1 and the carboxy-terminal domain aa
525–1014. Rabbit polyclonal anti-PARP-1 anti-
body detected all PARP-1 fragments (Fig. 1B).

Thus, the predicted identity of the generated
fragments of p53 and PARP-1 was unequivo-
cally confirmed by the reactivity with specific
antibodies.

Reciprocal Co-Immunoprecipitation
of p53 and PARP-1

To determine whether the generated con-
structs expressed in insect cells form complexes,
we cotransfected full length PARP-1 with full
length wt p53 protein or its distinct truncated
fragments and vice versa. We then used equal
amounts of cellular proteins for independent
immunoprecipitations using anti-p53 and anti-
PARP-1 antibodies. In the first step we exam-
ined the ability of the rabbit polyclonal anti-p53
antibody CM-1 to precipitate all recombinant
p53 proteins. As shown in Figure 2A, this anti-
body precipitated full length p53 and its three
different truncated forms: aa 1–101, aa 102–
292 and aa 293–393. It was therefore deemed
suitable for our further studies.

As expected on the basis of previous observa-
tions, we could precipitate both proteins using
anti-p53 and anti-PARP-1 antibodies (Fig. 2A).
To exclude the possibility that the His-tag se-
quence had an effect on the complex formation,
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Fig. 1. Characterizationofhumanwtp53 (A) andhumanPARP-1
(B) full length and truncated recombinant proteins expressed in
Sf9 cells. A: Total cell lysates expressing p53 recombinant pro-
teins (5 mg/lane) were separated on 15% SDS-slab gels. The blots
were incubated with corresponding antibodies diluted to a final

concentration of 1:5,000. The blot shown in the left panel was
sequentially incubated with the antibodies. B: Total cell lysates
expressing PARP-1 (5 mg/lane) were separated on 10% SDS-slab
gels. The blots were sequentially incubated with corresponding
antibodies diluted to a final concentration of 1:5,000.
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we removed the tag sequence by enterokinase or
used baculovirally expressed proteins without
the tag sequence (not shown). No differencewas
observed in the affinity of p53 to PARP-1
indicating that the tag sequence did not affect
the interaction between the proteins. In the
following experiments we used lysates of insect
cells simultaneously coexpressing full length
PARP-1 with distinct p53 domains for immuno-
precipitation.
Full length p53 and three p53 fragments aa

102–292, 102–393 and 293–393 were detect-
ed in the immune complexes precipitated by
polyclonal anti-PARP-1 antibody (Fig. 2B).

However, the anti-PARP-1 antibody failed to
precipitate the short p53 fragment aa 1–102.
The analysis of the non-bound fraction (not
shown) and the other half of the samples pre-
cipitated by anti-p53 CM-1 antibody (Fig. 2B),
as well as sample used for precipitation (design-
ed as input), revealed the presence of a strong
signal for the truncated aa 1–102 protein. This
substantiated the evidence that the amino-
terminus of p53 did not complex with PARP-1.
The lack of binding of this p53 fragment to
PARP-1 was also confirmed by results of other
experiments. The immunoblotting of com-
plexes precipitated by anti-p53 CM-1 antibody

Fig. 2. Identification of p53 domains involved in the complex
formation with PARP-1. A: Reactivity of the polyclonal anti-p53
antibody CM to distinct p53 recombinant proteins. Different p53
fragments were precipitated by CM-1 antibody. The identity of
precipitated proteins was proved by immunoblotting using
specific antibodies. Lysates prepared from Sf9 cells simulta-
neously expressing full length human p53 and full length human
PARP-1 were divided and precipitated with anti-p53 or anti-
PARP-1 antibodies, respectively. Affinity purified immune
complexes were analyzed by immunoblotting. Corresponding
recombinant proteins were loaded as a positive control.

B: Lysates prepared from Sf9 cells simultaneously expressing full
length human PARP-1 and distinct fragments of human p53 were
divided and used for reciprocal immunoprecipitation. Affinity
purified immune complexes from two independent experiments
were analyzed by immunoblotting. Immune complexes bound to
Gamma-Bind Sepharose were eluted sequentially three times
with SDS-sample buffer. We showed results from two indepen-
dent experiments. Two eluates from the first experiment were
loaded on the gel. Samples used for second immunoprecipitation
(input) were additionally analyzed. Wt human p53 was loaded
as a positive control.
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Fig. 2. (Continued )
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revealed a very weak signal for full length
PARP-1 in samples coexpressing full length
PARP-1 with p53 aa 1–102, but a strong signal
in samples coexpressing PARP-1 with aa 102–
292 and aa 293–393 (Fig. 2B). The latter was
slightly weaker.
The experiments performed with lysates

prepared from insect cells simultaneously ex-
pressing full length p53 anddifferent fragments
of PARP-1 showed the strong binding of its
amino-terminal and central domain to full
length p53, whereas the carboxy-terminal part
showed only a very weak interaction (Fig. 3).
The latter was detected in the immune com-
plexes only after longer exposure of the blot.
Thus, the thorough analysis of the samples

obtained by reciprocal immunoprecipitation
shows that the central and carboxy-terminal
p53 domains are involved in the complex
formation with PARP-1, whereas the amino-
terminus of p53 harboring the transactivation

domain is dispensable. Comparison of the inten-
sity of immunoprecipitated p53 fragments aa
102–293, aa 102–393 and 293–393 led to the
conclusion that carboxy-terminal domain of p53
possesses higher affinity to PARP-1 than its
central region. The carboxy-terminal region of
p53 harbors motifs that are crucial for its intra-
cellular localization as well as for its activity.
The NLSs and NES are the essential elements
for nucleocytoplasmic shuttling whereas the
oligomerization domain is involved in tetramer
formation. On the other hand, the carboxy-
terminal part of PARP-1 encompassing the
catalytic domain has very low affinity to human
p53 protein and seems not to mediate binding
to p53.

Reduced Stability of wt p53 Protein in the
Absence of PARP-1 In Vivo

To assess the effect of PARP-1 on the ex-
pression of wt p53, we examined the basal ex-
pression of p53 protein in mouse cells lacking
PARP-1 protein and compared it with that in
PARP-1 competent cells.As shown inFigure 4A,
the concentration of wt p53 protein in mouse
cells lacking PARP-1 was reduced to an unde-
tectable level. It is known that steady-state
levels of p53 protein are regulated primarily by
the alteration of its stability and that after
genotoxic stress stimuli p53 protein is induced
by its stabilization. Remarkably, the treatment
of mouse cells with three distinct anti-cancer
drugs (VP-16, 5-FU, and AraC) for 6 h (not
shown) and for 24 h (Fig. 4A) did not elevate p53
levels in PARP-1 deficient cells. However, p53
protein was induced in their wt counterparts.
The highest increase of p53 in normal MEFs
was observed in response to VP-16. Undetect-
able levels of p53 protein in individual cells
lacking PARP-1 were also shown by immuno-
fluorescence staining (not shown). Interest-
ingly, inhibition of protein export by LMB
resulted in the upregulation of p53 in a time-
dependent manner and led to nuclear accumu-
lation of p53 in PARP-1 KO cells (Fig. 4B).
Sequential incubation of the blot with antibo-
dies against MCM-7 protein revealed that the
accumulation of p53 after LMB was specific
because the level of another nuclear protein,
MCM-7 was not changed.

Taken together these results indicate that in
cells lackingPARP-1,wtp53protein isextremely
unstable due to hyperactive nuclear export.
In normal cells, the binding of the carboxy-

Fig. 3. Identification of PARP-1 domains involved in the
complex formation with p53. Lysates prepared from Sf9 cells
simultaneously expressing full length human p53 and distinct
fragments of human PARP-1 were divided and precipitated with
anti-p53 or anti-PARP-1 antibodies, respectively. Affinity pur-
ified immune complexes were analyzed by immunoblotting.
Recombinant PARP-1 protein was loaded as a positive control.
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terminal domain of p53, which harbors theNES
toPARP-1,maymask theNESandmayprevent
access to the nuclear export machinery.

DISCUSSION

In unstressed cells, the tumor suppressor
protein p53 is maintained at low levels due to
targeteddegradation. The rapid p53 turnover in
normal cells is mediated by MDM2, a negative

regulator of p53, possessing intrinsic E3 ubiqui-
tin ligase activity. In human papilloma virus
(HPV) 16/18 positive cells, p53 turnover is
mediated by HPV encoded E6 oncoprotein re-
cruiting the cellular ubiquitin-protein ligase
E6-AP [Munger et al., 1989; Scheffner et al.,
1990, 1993]. The polyubiquitination of p53
protein catalyzed by these factors results in
shortening of the p53 half-life by its enhanced
degradation in the proteasome. However, a

Fig. 4. Lack of basal and induced expression of wt p53 protein in
PARP-1 KO cells. Normal (A-19) and PARP-1 KO (A-11) cells
were treated with anti-cancer drugs (VP-16, 5-FU and Ara-C) for
24 h (A) or with 300 nM LMB for the indicated periods of time (B).
WCLs (20 mg protein/lane) were resolved on 10% SDS gel. p53
protein was detected with monoclonal anti-p53 antibody
PAb421. Cell lysate prepared from Ewing sarcoma cell line

(EWS) overexpressing ts p53138val was loaded as a p53 positive
control. Human ts p53138val was visualized after incubation with
anti-p53 antibody PAb240. The blots were sequentially incu-
bated with anti-PARP-1 and with anti-MCM-7 antibodies. Equal
protein loading was confirmed by Ponceau S staining (not shown)
and by incubation with anti-actin antibodies.
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variety of stress stimuli initiate signaling path-
ways that transiently stabilize the p53 protein
causing its accumulation in the nucleus and its
activation as a transcriptional regulator. Multi-
ple post-translational modifications are essen-
tial in mediating these events.
The steady-state of wild-type p53 protein is

also regulated by PARP-1. We showed in the
present paper, and previously reported, that
the basal expression of wt p53 protein was
reduced to a barely detectable level in mouse
cells and tissues in which the PARP-1 gene was
disrupted [Węsierska-Gądek et al., 1999, 2000].
Interestingly, PARP-1 deficiency affected only
the regularly spliced form of wt p53 protein,
whereas the alternatively spliced p53 remained
unchanged [Węsierska-Gądek et al., 1999]. The
half-life of regularly spliced p53 protein was
remarkably decreased in cells lacking PARP-1.
The considerable reduction in the level of
regularly spliced p53 protein had a functional
consequence: PARP-1 �/� cells failed to trans-
activate p53-responsive genes even after treat-
ment with genotoxic agents [Węsierska-Gądek
et al., 2000, Wurzer et al., 2000]. These results
are in accordance with previous observations
that hamster cell lines selected for PARP-1
deficiency exhibit a reduction in baseline levels
of wt p53 and fail to accumulate p53 in response
to etoposide treatment [Whitacre et al., 1995].
This resulted in a lower rate of apoptosis.
Regarding the reduced stability of the wt p53
in PARP-1 knock-out cells, one could speculate
that the overexpression of PARP-1 would exert
the opposite effect. Indeed, the experiments
performed with transformed rat cells overex-
pressing simultaneously PARP-1 and ts p53
mutant confirmed this assumption [Węsierska-
Gądek and Schmid, 2000].
The use of a temperature-sensitive (ts) p53

mutant offered the possibility to investigate
the interaction between PARP-1 and p53 in
the same cellular background but under two
quite different conditions depending on the
phenotype of p53 protein: one mimicking clonal
expansion of neoplastic cells and the other
resembling the response of normal cells to stress
stimuli. Our results show that the elevated
expression of PARP-1 had no remarkable effect
on the cellular processes regulated by mutant
p53. However, after temperature-dependent
switching of p53 from mutant to wt phenotype,
the strong effect of the cellular level of PARP-1
became evident. Co-expressed PARP-1 remark-

ably increased stability of wt p53 protein
resulting in a significant retardation of the re-
entry of G1 arrested cells into the cell cycle
[Węsierska-Gądek and Schmid, 2000].

Considering the clear involvement of PARP-1
in the regulation of the stability ofwild-type p53
protein, the elucidation and characterization of
the interaction between PARP-1 and p53 is of
importance. PARP-1 binds directly to p53 and
forms tight complexes. The first observation
that p53 and PARP-1 undergo strong binding
was seen using transformed rat cells overex-
pressing ts p53135val [Węsierska-Gądek et al.,
1996a]. Both proteins were co-precipitated. The
complex formation did not depend on p53
status: both wild-type and mutant p53 bound
to PARP-1. This observation was later con-
firmed in other cell systems by other groups
[Vaziri et al., 1998]. However, no systematic
studies were made to identify which parts of
both proteins were involved in the interaction.
In an effort by Kumari et al. [1998], binding
between the 89 kDa apoptotic fragment of
PARP-1 and p53 protein was suggested. How-
ever, this report seems to be questionable due to
serious methodological problems and general
obstacles. First, the authors did not present any
evidence that MNNG treated HeLa cells under-
went apoptotic changes within the observation
period. In response to genotoxic stimuli cells can
initiate two different pathways of cell death:
necrosis and apoptosis. Therefore, discrimina-
tion between both processes based on at least
a few independent lines of evidence has to be
presented. The conscientious determination of
the type of induced cell death is especially im-
portant regarding the cleavage pattern for
PARP-1 [Shah et al., 1996]. Secondly, the
quality of the immunodetection of PARP-1 was
poor and it is unlikely that the weak band at
80 kDa present only 10 min following onset of
treatment could represent the apoptotic frag-
ment of PARP-1. There is good evidence that
apoptosis induced in HeLa cells by distinct
cytostatic drugs such as cisplatin [Horky et al.,
2001; Węsierska-Gądek et al., 2002], doxorubi-
cin and etoposide (unpublished data) is a slow
biphasic process executed within 24 h. On the
basis of former reports one could expect that
after longer treatment with strong genotoxic
agents degradation of PARP-1 should proceed
resulting in an increase in the intensity of the
89 kDa fragment. However, the intensity of the
80 kDa band shown by Kumari et al. decreased
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during the course of MNNG treatment suggest-
ing that the 80 kDa band was caused by
unspecific binding [Budihardjo et al., 1998].
This suspicion was further strengthened by our
observation that the onset of PARP-1 degra-
dation occurred not until 6 h after MNNG
treatment (unpublished data). Also, the upre-
gulation of p53 protein upon a short MNNG
treatment of HeLa cells, as well as detection of
p53 positive signals in untreated control cells
suggested by Kumari et al. is doubtful. We did
not detect any accumulation of p53 after addi-
tion of MNNG (unpublished data). Even after
longer MNNG treatment for 6 and 15 h, p53
protein remained undetectable in HeLa cells
(unpublished data). It is known that p53 protein
inHeLa cells is reduced to an undetectable level
as a consequence of its targeting for enhanced
polyubiquitination by HPV encoded E6 onco-
protein and accelerated degradation in the pro-
teasome. It has been recently shown that even
inhibition of proteasome activity or protein
export is not sufficient to accumulate p53 in
HeLa cells [Węsierska-Gądek et al., 2002]. It
seems plausible that p53 protein can be reacti-
vated primarily by its nucleolar targeting
accompanied by repression of HPV encoded E6
protein induced during treatment by distinct
anti-cancer drugs [Węsierska-Gądek et al.,
2002].

Thus, we show for the first time that the
protein–protein interaction between p53 and
PARP-1 is very specific and restricted to speci-
fic regions of both proteins. Remarkably, the
amino-terminal domain of p53 which harbors
the transactivation domain is dispensable for
the complex formation. On the other hand, the
carboxy-terminal part of PARP-1 encompassing
the catalytic domain of the enzyme shows a very
weak, if any, affinity for p53. These results
unequivocally implicate that both proteins
undergo complex formation without involve-
ment of their functional domains. It would
suggest that wt p53 if complexed with PARP-1
retains its activity as a transcription factor.
This assumption is supported by the observa-
tion that in primary rat cells overexpressing
simultaneously p53 and PARP-1, p53 at the
permissive temperature functioned as a tran-
scription factor and activated its downstream
genes such as mdm2 and p21waf-1 [Węsierska-
Gądek and Schmid, 2000].

It is known that fine regulation of the activity
and stability of p53 can be regulated not only by

its post-translational modifications but also by
alteration of its intracellular distribution. The
NLS and NES are the essential elements for
proteins subjected to nucleocytoplasmic shut-
tling. ThreeNLSwere identified in the carboxy-
terminus of p53. The first NLS (aa 316–322) is
the most effective of the three in targeting p53
nuclear import, whereas the two other NLS are
much weaker. The highly conserved leucine-
rich NES has been identified in the tetramer-
izationdomain of p53, indicating that p53 canbe
exported independently from MDM2 [Stommel
et al., 1999]. Nuclear export of p53 is likely to be
achieved through its direct interaction with the
export receptorCRM1andmay occur onlywhen
the NES is unmasked. LMB, which impairs the
interaction between NES and CRM1, blocks
very efficiently p53 export. In normal unstres-
sed cells p53 protein is predominantly nuclear
in G1 and is largely cytoplasmic during S and
G2 [Shaulsky et al., 1991; David-Pfeuty et al.,
1996]. This intracellular distribution is consis-
tent with its role as a mediator of G1 check-
points. In response to stress, however, p53 is
stabilized and retained in the nucleus where it
induces the expression of genes involved in the
induction of cell cycle arrest or apoptosis.

A strongaccumulation ofwtp53protein in the
nuclei of PARP-1 �/� cells after inhibition of
protein export by LMB suggests that the
reduced p53 stability in the absence of PARP-1
is attributable to a hyperactive p53 export. We
showed in this study that PARP-1 binds to the
central domain and to the carboxy-terminal
region of p53 harboring the NES. The latter
seems to possess higher capacity to bind to
PARP-1. The assumption that PARP-1 may
regulate the nuclear export of p53 protein via
interaction with its carboxy-terminus is consis-
tent with the observation that inactivation of
PARP-1 in mouse cells reduced only the basal
expression of regularly spliced form of p53
whereas alternatively spliced form remained
unaffected. Both splice variants differ in their
distal carboxy-terminal region. Therefore, it
seems that PARP-1 complexed with p53 may
mask the NES, thereby resulting in the nuclear
retention of p53 protein through preventing its
export and subsequent degradation.

Since the activity and stability of p53 pro-
tein strongly depend on its post-translational
modifications, we examined in the following
paper the role of p53 phosphorylation for its
binding capacity to PARP-1.
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