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nal domain, including deletion of the last 30 residues, binding
of monoclonal antibody PAb421, phosphorylation (9, 10, 11),
and acetylation (6), suggesting a role for the C terminus as a
negative regulator of p53 activity. This idea is further supported by the findings that short peptides derived from the
C-terminal domain of p53 (residues 369 to 383) can activate
specific DNA binding (1, 12, 20, 22). According to the allosteric model for regulation of p53 activity (11, 12), a putative
interaction between the C-terminal domain and another region
in p53 in a p53 tetramer locks the tetramer in a DNA bindingincompetent state. The addition of an excess of C-terminal
peptide, as well as binding of antibody PAb421, C-terminal
phosphorylation, or acetylation, would displace the C terminus
from its binding site in the p53 molecule and thus allow specific
DNA binding by the core domains in a tetramer.
Our previous observation that a synthetic peptide derived
from the p53 C terminus (peptide 46) can restore the transactivation and growth suppression function of mutant p53 proteins in vivo raised the question of the mechanism of peptide
46-mediated p53 activation (20). While the current allosteric
model can explain activation of wild-type p53 by the C-terminal peptide, the mechanism behind peptide-mediated reactivation of mutant p53 proteins carrying substitutions of residues
that directly contact DNA or residues important for the structural stability of the core domain remains unclear. Understanding the molecular basis of peptide 46-mediated restoration of
mutant p53 function is essential for the development of drugs
that can reactivate mutant p53 protein in human tumors. Here
we demonstrate that the ability of peptide 46 to activate p53
correlates with its ability to bind p53. Peptide 46-interacting
regions were identified within both the core and C-terminal
domains of p53. We present evidence that the direct binding of
the C-terminal polypeptide, added in trans, to the isolated
mutant core domains restores their specific DNA binding.

The p53 tumor suppressor protein functions as a transcriptional activator that binds specifically to double-stranded DNA
(for a review, see reference 15). p53 is normally expressed at
low levels in a latent form that is unable to bind specifically to
DNA. Under stress conditions, such as DNA damage, hypoxia,
and oncogene activation, p53 is activated; it accumulates due
to protein stabilization, leading to initiation of the p53-dependent biological response, i.e., cell cycle arrest and apoptosis.
The N-terminal region of the p53 protein (residues 1 to 42)
contains an acidic transactivation domain (24), and the hydrophobic core domain, corresponding to residues 102 to 292, has
sequence-specific DNA binding activity (3, 8, 18, 25). The
C-terminal region harbors a tetramerization domain (5, 21),
plus a region that regulates specific DNA binding by the core
domain (9), and binds single-stranded DNA ends (2).
The ability of p53 to activate transcription from promoters
containing p53 binding sites is tightly linked to its tumor suppressor function. Most mutant p53 proteins found in human
tumors have amino acid substitutions in the core domain, affecting either residues that are involved in direct contacts with
DNA, e.g., Arg 248 and Arg 273 (DNA contact mutations), or
residues that are important for maintaining the structural integrity of the core domain, e.g., Arg 175 and Arg 249 (structural mutations) (4). As a result, these mutant proteins are
partially or completely deficient for specific DNA binding (reviewed in reference 15).
Activation of p53 in response to, for instance, DNA damage
appears to involve a conformational shift that activates the
specific DNA binding. Latent p53 can be activated for specific
DNA binding in vitro by various manipulations of its C-termi-
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MATERIALS AND METHODS
Plasmid constructs. The plasmids encoding the glutathione S-transferase
(GST)–human wild-type p53 fusion protein and the deletion fusion proteins
GST-p53(1-100), GST-p53(99-307), GST-p53(320-393), and GST-p53D30, have
been described elsewhere (2, 19). GST-mutant p53 core domain constructs were
generated by cloning PCR fragments amplified from mutant human p53 cDNAs
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A synthetic 22-mer peptide (peptide 46) derived from the p53 C-terminal domain can restore the growth
suppressor function of mutant p53 proteins in human tumor cells (G. Selivanova et al., Nat. Med. 3:632–638,
1997). Here we demonstrate that peptide 46 binds mutant p53. Peptide 46 binding sites were found within both
the core and C-terminal domains of p53. Lys residues within the peptide were critical for both p53 activation
and core domain binding. The sequence-specific DNA binding of isolated tumor-derived mutant p53 core
domains was restored by a C-terminal polypeptide. Our results indicate that C-terminal peptide binding to the
core domain activates p53 through displacement of the negative regulatory C-terminal domain. Furthermore,
stabilization of the core domain structure and/or establishment of novel DNA contacts may contribute to the
reactivation of mutant p53. These findings should facilitate the design of p53-reactivating drugs for cancer
therapy.
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RESULTS
Peptide 46 interacts with the p53 protein in cell extracts. We
have previously shown that peptide 46, corresponding to resi-

FIG. 1. Peptide 46 binds to the His-273 mutant p53 protein in a cellular
extract. (A) Biotinylated peptide 46 and its mutant derivative peptide A3, carrying Ile substitutions for Lys residues 370, 372, and 373, were immobilized on
streptavidin-coated Dynabeads and used for precipitation of p53 from an SW480
cell extract. Bound proteins were analyzed by Western blotting using the p53specific monoclonal antibody DO-1. Peptide 46 precipitated mutant p53 protein
from the SW480 cell extract (lane 2), whereas no p53 was precipitated by control
peptide A3 (lane 3) or Dynabeads without peptide (lane 4). Lane 1, 5% of input
of cell lysate. (B) Western blot analysis of p53 precipitated from Saos-2-His-273
cells grown in the absence (p53 on; lanes 1 to 4) or presence (p53 off; lanes 5 to
8) of doxycycline. Peptide 46 (lane 4), but neither the mutant control peptide A3
(lane 2), peptide A4 that carries Ile substitutions for Lys residues 381 and 382
(lane 3), nor unloaded Dynabeads (not shown), precipitated p53. Lanes 1 and 5,
5% of input of lysate from cells grown in the absence and presence of doxycycline, respectively. Experimental conditions were as for panel A.

dues 361 to 382 of the p53 C terminus, can restore the growth
suppression function of at least some mutant p53 proteins in
human tumor cells (20). These findings raised the possibility
that peptide 46-mediated activation of mutant p53 occurs
through a direct interaction of the peptide with p53. To address this question, biotinylated peptide 46 immobilized on
streptavidin-coated Dynabeads was incubated with lysates of
SW480 colon carcinoma cells carrying His-273 mutant p53.
After subsequent washing of the beads, bound proteins were
analyzed by Western blotting. As shown in Fig. 1A, lane 2,
peptide 46 efficiently precipitated the His-273 mutant p53 protein from the SW480 cell lysate. Control beads without peptide
did not bring down p53 (Fig. 1A, lane 4). Furthermore, peptide
A3, a mutant version of peptide 46 carrying Ile substitutions
for Lys residues corresponding to positions 370, 372, and 373 in
the p53 C-terminal domain that are essential for peptide 46mediated activation of p53 in cells (20), failed to bind p53 (Fig.
1A, lane 3).
Similar results were obtained for a subline of Saos-2 cells
expressing His-273 mutant p53 under the control of a tetracycline-repressible promoter (20). Peptide 46, but not mutant
peptide A3 or A4 or control beads without peptide, bound the
His-273 mutant p53 protein from Saos-2-His-273 cells grown in
the absence of doxycycline (Fig. 1B). As expected, no p53 was
precipitated in the presence of doxycycline, which downregulates His-273 p53 expression. Taken together, these results
demonstrate that peptide 46 is able to bind the p53 protein
even in the presence of a multitude of cellular proteins.
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(p53 His-273, p53 Trp-248, p53 Ala-143, p53 His-175, and p53 Ser-249) into the
BamHI/EcoRI sites of the pGEX-2T vector (Pharmacia Biotech, Uppsala, Sweden). DNA sequencing confirmed the absence of additional mutations in the
GST constructs. Plasmids encoding the GST–p53-I370/372/373 and GST–p53I381/382/386 C-terminal mutant proteins were constructed by replacing the fragment encoding the C-terminal domain of the wild-type GST-p53 protein with the
StuI/SalI fragment from pALTER plasmids encoding the p53-I370/372/373 and
p53-I381/382/386 mutants, provided by Karen Vousden, Frederick Cancer Research and Development Center, Frederick, Md. The chloramphenicol acetyltransferase (CAT) reporter plasmid PG-CAT containing 13 repeats of a p53
consensus site (14), the wild-type p53 expression plasmid pC53-SN3, and the
mutant p53 cDNA plasmids were gifts from Bert Vogelstein, Johns Hopkins
Oncology Center, Baltimore, Md.
Synthetic peptides. The 22-mer synthetic peptides 43 to 48 span residues 337
to 393 of the p53 C terminus. Each peptide is shifted by eight amino acid residues
relative to the previous one. Peptides were synthesized by the Merrifield solidphase method or purchased from Genosys (Cambridge, England). Purification by
high-pressure liquid chromatography was performed on a Super Pac Pep-S
column. The sequence of peptide 46, which corresponds to residues 361 to 382
in the p53 C terminus, is (in one-letter code) GSRAHSSHLKSKKGQST
SRHKK. Mutant derivatives of peptide 46 contained Ala substitutions for Lys
370 in peptide S21; Ser 371 in peptide S22; His 380 in peptide S30; Lys 370, 372,
373, 381, and 382 in peptide S33; and residues 363, 365, 368, 370, 372, and 373
in peptide S35 and Ile substitutions for Lys 370, 372, and 373 in peptide A3 and
Lys 381 and 382 in peptide A4.
Transfections and CAT assays. Transactivation assays using p53-responsive
promoter constructs linked to the CAT reporter gene (PG-CAT) were performed as described previously (20). The wild-type p53 expression plasmid pC53SN3 (0.5 mg) was cotransfected with the CAT reporter plasmid PG-CAT (2 mg)
and b-galactosidase expression vector pRSV-b-gal (0.5 mg), with or without
synthetic peptides (5 to 20 mg), using Lipofectamine (Gibco BRL). CAT activity
was assayed 48 h after transfection. Transfection efficiency was quantified by
measuring b-galactosidase activity in cell extracts.
DNA binding assays. The GST-p53 proteins and baculovirus-produced p53
protein were prepared as described elsewhere (19, 20). Band shift assays were
performed in binding buffer containing 100 mM HEPES (pH 7.5), 50 mM KCl,
1 mg of bovine serum albumin (BSA) per ml, 0.1% Triton X-100, 2 mM MgCl2,
and 1 mM dithiothreitol essentially as described elsewhere (19). For the preparative band shift assay, 200 ng each of the GST-p53(99-307) and GST-p53(320393) proteins and 5 ng of labeled BC oligonucleotide containing a consensus p53
binding site (7) were used. Bands corresponding to DNA-protein complexes
were visualized by autoradiography and cut out from the gel. After boiling in
sample buffer to denature proteins, the gel slices were put on top of sodium
dodecyl sulfate (SDS)–8% polyacrylamide gels and subjected to a second electrophoresis. Western blot analysis was performed as outlined elsewhere (2).
Protein-protein and peptide-protein interaction assays. Peptides were biotinylated by using biotinylation reagent (Amersham, Little Chalfont, England) as
described by the manufacturer and immobilized on streptavidin-coated Dynabeads (Dynal AS, Oslo, Norway). To isolate proteins from SW480 colon carcinoma or Saos-2-His-273 cells (20) by using Dynabeads with immobilized peptides, cells were lysed in a buffer containing 1% Nonidet P-40, 100 mM HEPES
(pH 7.5), 100 mM KCl, and 1 mM dithiothreitol and incubated with Dynabeads
loaded with peptides for 1 h at room temperature. Dynabeads were blocked with
2% BSA in phosphate-buffered saline prior to the reaction. After three subsequent washings with binding buffer, proteins were eluted from the beads by
boiling in Laemmli sample buffer and separated by SDS-polyacrylamide gel
electrophoresis. Proteins were transferred to nitrocellulose and probed with the
p53-specific antibodies DO-1, PAb240, and PAb421 (Oncogene Research Products, Cambridge, Mass.) as described elsewhere (2). GST-p53 fusion proteins
representing the N-terminal, core, and C-terminal p53 domains were assayed for
peptide 46 binding by using the same conditions except that the reactions were
carried out in the presence of 2% BSA.
For analysis of peptide-protein interactions in native gel mobility shift assays,
peptides and proteins were incubated for 30 min at room temperature in DNA
binding buffer (see above) containing 2% BSA. GST-p53 proteins and peptides
were phosphorylated with [g-32P]ATP and heart muscle kinase (Sigma, St. Louis,
Mo.), using the conditions recommended by the manufacturer. Peptide-protein
and protein-protein complexes were resolved on a 4% native polyacrylamide gel
and visualized by autoradiography under the same conditions as used for detection of DNA-protein complexes in band shift assays (see above).
For the GST pull-down assays, 100 ng of 32P-labeled peptide 46 was incubated
with the GST-p53 proteins (100 ng) immobilized on glutathione-Sepharose at
20°C for 30 min in DNA binding buffer containing 2% BSA. After washing with
binding buffer, peptides retained on the beads were eluted by boiling in sample
buffer and separated on an SDS–15% polyacrylamide gel. Quantitation was
carried out by PhosphoImager (Molecular Dynamics, Sunnyvale, Calif.) analysis.
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Peptide 46 binds to both the core domain and the C-terminal domain of p53. To map the region of peptide 46 binding in
the p53 protein, we tested peptide 46 binding to GST-p53
fusion proteins representing the N-terminal [GST-p53(1-100)],
core [GST-p53(99-307)], and C-terminal [GST-p53(320-393)]
domains of p53. The core and C-terminal domains were efficiently precipitated by the biotinylated peptide 46 bound to
streptavidin-coated beads (Fig. 2A). The N-terminal domain
showed only weak binding (less than 1% of input, visible after
longer exposure), whereas the GST protein alone did not bind
at all (data not shown). The A3 and A4 mutant control peptides carrying Ile substitutions of Lys residues did not bring
down the core domain and were less efficient in binding the
C-terminal domain.
The interaction between peptide 46 and the p53 domains
was further examined in a native gel mobility shift assay. This
assay takes advantage of the fact that protein-protein complexing causes a shift in the mobility of a protein in a native
polyacrylamide gel, analogous to the mobility shift of a DNA
probe bound to protein. Incubation of 32P-labeled GSTp53(99-307), corresponding to the core domain, with increasing concentrations of GST-p53(320-393), corresponding to the
C-terminal domain, prior to loading shifted the mobility of the
core domain (Fig. 2B, upper panel, lanes 3 to 5), indicating
complexing between the core domain and the C-terminal domain.
A series of overlapping synthetic peptides spanning the p53
C terminus was also tested for binding to the core domain in
the native gel mobility shift assay. Peptide 46, the only Cterminal peptide that can activate the specific DNA binding of
p53 (data not shown), changed the mobility of the core domain, whereas the other C-terminal peptides did not (Fig. 2B,
lower panel). Conversely, the mobility of the C-terminal domain protein was shifted upon incubation with the core domain
protein (data not shown).
The ability of peptide 46 to bind to the core and C-terminal
domains of p53 was further confirmed in pull-down experiments using the GST-p53(99-307) and GST-p53(320-393) proteins and 32P-labeled peptide 46 (data not shown).

C-terminal Lys residues at positions 370, 372, 373, 381, and
382 are critical for the interaction with the core domain. We
next analyzed a series of mutant peptides to identify residues
that are critical for core domain binding, activation of specific
DNA binding, and stimulation of p53-mediated transactivation
of a reporter gene. Ala substitution for Ser 371 did not significantly affect the activation properties of peptide S22 or its
ability to bind to the core domain (Fig. 3A to C, lanes 3). A
single Ala substitution for Lys 370 or His 380 (peptide S21 or
S30, respectively) resulted in a reduced ability of the peptide to
activate p53 in DNA binding (Fig. 3B) and/or in CAT reporter
assays (Fig. 3A) but did not markedly affect core domain binding (Fig. 3C, lanes 3 and 5). However, simultaneous replacement of more than one Lys residue completely abolished the
ability of the peptide to stimulate both specific DNA binding
and p53-mediated transactivation (Fig. 3A and B). Peptide
S33, carrying Ala substitutions for Lys 370, 372, 373, 381, and
382, and peptide S35, carrying Ala substitutions for Lys 370,
372, and 373, Arg 363, His 365, and His 368, activated neither
specific DNA binding of p53 (Fig. 3B) nor p53-mediated transcription (Fig. 3A), in correlation with their inability to bind
the core domain (Fig. 3C). Moreover, peptides A3 and A4,
carrying Ile substitutions for Lys residues at positions 370, 372,
and 373 and at positions 381 and 382, respectively, failed to
bind the core domain and to activate p53 for specific DNA
binding (Fig. 3C and 2A and data not shown). Thus, Lys residues in peptide 46 are critical both for the activation of p53
and for binding to the core domain. These results demonstrate
that the ability of peptides to interact with the core domain
correlates with their ability to activate specific DNA binding
and transcriptional transactivation by p53.
The allosteric model for regulation of p53 activity predicts
that disruption of the interaction between the C-terminal domain and the core domain will activate specific DNA binding
by the core domain. Since replacement of Lys residues at
positions 370, 372, and 373 or at positions 381 and 382 abolished peptide binding to the core domain, we asked whether
the same substitutions in the context of the full-length p53
protein would disrupt the C terminus-core domain interaction
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FIG. 2. Peptide 46 interacts with the core and C-terminal domains of p53. (A) Biotinylated peptide 46 or its mutant derivative peptides A3 and A4, carrying Ile
substitutions for Lys 370, 372, and 373 and of Lys 381 and 382, respectively, were immobilized on streptavidin-coated Dynabeads and incubated with p53 deletion mutant
proteins representing the N-terminal [GST-p53(1-100)], core [GST-p53(99-307)], and C-terminal [GST-p53(320-393)] domains. Bound proteins were eluted and
analyzed by Western blotting using the p53-specific monoclonal antibodies PAb421 (top), PAb240 (middle), and DO-1 (bottom) to detect the C-terminal, core, and
N-terminal domain polypeptides, respectively. (B) The 32P-labeled GST-p53(99-307) core domain protein was incubated with increasing amounts (100 and 200 ng) of
the GST-p53(320-393) C-terminal domain protein (lanes 2 to 5, upper panel), 200 ng of the GST-p53(1-100) N-terminal domain protein (lane 6, upper panel), or a
series of overlapping synthetic peptides spanning the p53 C terminus (lower panel). The protein-protein and peptide-protein complexes were separated by native
polyacrylamide gel electrophoresis and visualized by autoradiography.
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FIG. 3. Lysine residues at positions 370, 372, 373, 381, and 382 are critical for
both p53 activation and core domain binding by peptide 46. (A) Plasmid PGCAT was cotransfected with a wild-type p53 expression plasmid and a series of
mutant derivatives of peptide 46. Ala substitution for Lys residues at positions
370, 372, 381, and 382 in peptide S33 or for residues at positions 363, 365, 368,
370, 372, and 373 in peptide S35 abolished the ability of peptide 46 to stimulate
p53-mediated CAT reporter gene activation (columns 6 and 7), whereas the
single Ala substitutions in peptides S21 (Lys 370), S22 (Ser 371), and S30 (His
380) had little or no effect (columns 3 to 5). (B) Mutant derivatives of peptide 46
were tested for the ability to activate the specific DNA binding of baculovirus-

produced p53 in a band shift assay as described in Materials and Methods.
Peptides S21, S22, and S30, carrying single Ala substitutions, were able to
stimulate specific DNA binding of p53, although with variable efficiency, whereas
peptides S33 and S35, carrying Ala substitutions for several Lys residues, were
inactive. The sequence specificity of p53 DNA binding induced by the peptides
was demonstrated by competition of p53-DNA complexing with specific (S)
oligonucleotide BC (lanes 3, 6, 9, and 12) but not with nonspecific (N) control
oligonucleotide MN (lanes 4, 7, 10, and 13). (C) The 32P-labeled GST-p53(99307) core domain protein was incubated with synthetic peptides and analyzed in
a native gel mobility shift assay as described for Fig. 2B. Peptides 46, S21, S22,
and S30, but not peptides S33, S35, A3, and A4, caused a shift in the migration
of the core domain protein on the native gel. (D) GST–full-length p53 proteins
carrying Ile substitutions for Lys residues at positions 370, 372, and 373 (I370/
372/373; lanes 2 to 5) and 381, 382, and 386 (I381/382/386; lanes 6 to 9) were
tested for specific DNA binding in a band shift assay as described for panel B.
Lane 1, GST–wild-type (WT) p53 protein. The specific oligonucleotide BC (S)
competed out p53-DNA complexes (lanes 3 and 7), whereas the nonspecific (N)
control oligonucleotide MN with either blunt (lanes 4 and 8) or protruding (lanes
5 and 9) ends did not compete.
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and cause activation of specific DNA binding. GST-p53 proteins carrying Ile substitutions corresponding to the substitutions in peptides A3 and A4 were tested for specific DNA
binding in the absence of the activating antibody PAb421. The
p53-I370/372/373 mutant protein, carrying Ile substitutions at
positions 370, 372, and 373, showed very potent specific DNA
binding (Fig. 3D, lane 2). The p53-I381/382/386 mutant protein, carrying Ile substitutions at positions 381, 382, and 386,
also exhibited increased specific DNA binding compared to
wild-type p53 but was significantly less active than p53-I370/
372/373 (lane 6). These results indicate that the Lys residues at
positions 370, 372, and 373 are the residues most important for
the interaction between the C terminus and the core domain,
and they support the idea that the C terminus negatively regulates specific DNA binding by interacting with the core domain.
Interaction of the isolated core domain with the C-terminal
domain in trans facilitates specific DNA binding. We next
explored whether the interaction of the C-terminal peptide
added in trans with the core domain is transient and serves only
to displace the C-terminal domain from its binding site on the
core domain or whether this interaction is rather stable and
able to directly affect the DNA binding of the core domain. To
discriminate between these two possibilities, we examined the
specific DNA binding of the GST-p53(99-307) core domain
protein in the presence of the GST-p53(320-393) C-terminal
domain protein. A protein corresponding to the C-terminal
p53 domain (residues 311 to 393) was shown to stimulate
specific DNA binding of full-length wild-type p53 and of the
p53 core domain (residues 96 to 312) when added in trans (13).
Incubation with the GST-p53(320-393) C-terminal polypeptide stimulated GST-p53(99-307) protein-DNA complexing as
well (Fig. 4A, lanes 1 and 2). A new, faster-migrating complex,
complex II, appeared in addition to the GST-p53(99-307)DNA complex (complex I). To examine the specificity of a
newly induced DNA binding, we used a competition assay.
Protein-DNA complexes I and II were abolished by excess
unlabeled specific BC oligonucleotide (lanes 3 and 4), while
similar quantities of the unrelated MN control oligonucleotide
failed to compete (lanes 5 and 6). Thus, both protein-DNA
complexes I and II could be attributed to a specific interaction
between the core domain and DNA. The GST-p53(320-393)
protein did not bind DNA under the conditions used (lane 7).
When increasing amounts of GST-p53(320-393) protein were
added, complex I was gradually replaced with complex II in a
dose-dependent manner (lanes 8 to 10).
To analyze the protein content of complexes I and II, the
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regions of a preparative gel corresponding to complex I and II
were cut out, and proteins were eluted and analyzed by Western blotting. The core domain protein was detected by monoclonal antibody PAb240 (Fig. 4B, upper panel), and the Cterminal domain protein was detected by monoclonal antibody
PAb421 (Fig. 4B, lower panel). After incubation of both the
C-terminal and core domain proteins with the DNA probe
(producing mainly complex II), both proteins were detected in
complex II (lane 3, upper and lower panels) but not in the
region of the gel corresponding to complex I (lane 4, upper and
lower panels). When only the core domain was incubated with
DNA, it was detected in complex I (lane 6, upper panel) but
not in the region of the gel corresponding to complex II (lane
5, upper panel). As expected, the C-terminal domain protein
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was not detected (lanes 5 and 6, lower panel). When only the
C-terminal domain protein was incubated with DNA, neither
protein was detected in the regions of the gel corresponding to
complexes I and II (lanes 1 and 2, upper and lower panels).
Hence, the interaction between the C-terminal domain
polypeptide added in trans and the isolated core domain facilitated specific DNA binding by the core domain; moreover, the
C-terminal polypeptide remained in a complex with the core
domain upon binding of the latter to DNA.
This conclusion was further supported by the observation
that peptide 46 was able to increase the level of specific DNA
binding by the already constitutively activated p53D30 truncation mutant that lacks the C-terminal regulatory domain. Incubation of peptide 46 with the GST-p53D30 protein resulted
in a robust stimulation of DNA binding as well as the appearance of a more slowly migrating complex, suggesting that the
peptide remained bound to the GST-p53D30-DNA complexes
(Fig. 4C, lane 3). Thus, p53 activation by the C-terminal peptide occurs not only as a result of displacement of the C
terminus from its binding site on the core domain but also due
to increased DNA binding of the core domain–C-terminal
peptide complex.
The C-terminal polypeptide restores specific DNA binding
of tumor-derived mutant core domains. We have previously
suggested that restoration of the specific DNA binding of mutant p53 proteins by the C-terminal peptide occurs through the
establishment of novel core domain-DNA contacts due to the
binding of the basic C-terminal peptide to the core domain
(20). To test this idea, we examined the DNA binding of
isolated core domains representing the most common tumorderived mutant p53 proteins in the presence of the C-terminal
domain polypeptide. GST-p53 core domain proteins carrying
the tumor-derived mutations His-273 and Trp-248 (DNA contact mutants) and His-175, Ala-143, and Ser-249 (structural
mutants) all failed to bind DNA in a band shift assay (Fig. 5B
to F, lanes 1), whereas the wild-type core domain bound efficiently to the labeled probe (Fig. 5A, lane 1). The only exception was the His-273 mutant core domain, which showed a
weak residual DNA binding ability seen only after longer exposure of the gel (not shown). Incubation of the mutant core
domain proteins with the GST-p53(320-393) C-terminal
polypeptide resulted in the appearance of a DNA-protein complex (Fig. 5B to F, lanes 2). Whereas 0.2 pmol of wild-type core
domain was sufficient to detect complexing with DNA, 1 to 2
pmol of mutant core domain proteins and 5 pmol of the Cterminal polypeptide were required to restore DNA binding
(Fig. 5B, C, E, and F). An even higher amount, 4.5 pmol, of the
His-175 mutant core domain was required to detect DNA
complexing (Fig. 5D). This probably reflects the fact that the
His-175 mutant has the most extensive structural defects (4).
The mutant core domain-DNA complexes induced by the
C-terminal polypeptide were efficiently competed by the unlabeled specific oligonucleotide BC but not by the nonspecific
oligonucleotide MN, in the same way as wild-type core domain
DNA binding was competed, either in the absence or in the
presence of the C-terminal polypeptide (Fig. 5A, lanes 2 and 3;
Fig. 5B to F, lanes 3 and 4; Fig. 4A, lanes 3 to 6). Therefore,
the C-terminal polypeptide was able to restore the specific
DNA binding of mutant p53 core domains.
DISCUSSION
Activation of p53 in response to genomic injury or cellular
stress involves both increased protein stability and the transition from a latent to an active conformation. According to the
allosteric model, the C-terminal domain binds to a site in
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FIG. 4. The isolated wild-type core domain binds DNA more efficiently upon
complexing with the C-terminal polypeptide. (A) Interaction of the p53 Cterminal domain protein (residues 320 to 393) with the core domain protein
(residues 99 to 307) stimulated the sequence-specific DNA binding of the core
domain in a band shift assay (lanes 1 and 2). Addition of the GST-p53(320-393)
protein induced the formation of a new protein-DNA complex, complex II (lane
2), in a dose-dependent manner (lanes 8 to 10). Complex II was efficiently
competed by a two- or fivefold excess of the specific (S) oligonucleotide BC
(lanes 3 and 4) but not by the nonspecific control (contr) oligonucleotide MN
(lanes 5 and 6). The GST-p53(320-393) protein alone did not bind DNA under
the conditions used (lane 7). (B) The C-terminal domain protein is present in a
core domain-DNA complex, as determined by Western blot analysis using the
monoclonal antibodies PAb240 (upper panel) and PAb421 (lower panel) to
detect proteins eluted from the region of a preparative gel corresponding to
complex II (lanes 1, 3, and 5) and complex I (lanes 2, 4, and 6) after incubation
of DNA with the C-terminal domain protein only (lanes 1 and 2), both the
C-terminal and core domain proteins (lanes 3 and 4), and the core domain
protein only (lanes 5 and 6). Lane 7, control GST-p53(320-393) protein alone;
lane 8, control GST-p53(99-307) protein alone. (C) The GST-p53D30 protein,
which lacks the 30 C-terminal amino acid residues and is constitutively activated
for specific DNA binding, was further activated by peptide 46 in a band shift
assay (lanes 1 and 3). Lane 1, GST-p53D30 in the absence of peptide 46; lane 2,
GST-p53D30 in the presence of the activating antibody PAb421; lane 3, GSTp53D30 in the presence of peptide 46. The GST-p53D30-DNA complex induced
by peptide 46 was competed by the specific (S) oligonucleotide BC (lane 4) but
not by the nonspecific (N) control oligonucleotide MN (lane 5).
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another p53 molecule within a p53 tetramer, locking the DNA
binding core domains in a latent conformation (12). C-terminal
modification in vivo—for instance, acetylation (6)—would disrupt this interaction, resulting in a conformational shift that
allows DNA binding by the core domains. In vitro activation of
p53 by synthetic C-terminal peptides may occur as a result of
competitive displacement of the p53 C terminus from its binding site. So far, however, direct evidence supporting this model
is lacking. The crystal structure of the full-length p53 protein
has not yet been defined, and an interaction between the Cterminal negative regulatory domain and the core or N-terminal domains of p53 has not been demonstrated.
Our results demonstrate a direct interaction between the C
terminus of p53 and the p53 core domain. First, peptide 46,
derived from the C terminus of p53, was able to bind p53 in
cellular extracts (Fig. 1). Second, peptide 46 bound to the
GST-p53(99-307) protein representing the core domain in

pull-down experiments, using either the biotinylated peptide or
the GST-p53(99-307) protein as a bait, and in a native gel
mobility shift assay (Fig. 2 and data not shown). Third, a DNA
band shift assay showed that the isolated C-terminal domain
interacted with the core domain in complex with DNA (Fig. 4).
The Lys residues at positions 370, 372, 373, 381, and 382 in
the p53 C terminus appeared critical for the interaction with
the core domain, as shown by the observation that the two
mutant peptides carrying substitutions for Lys 370, 372, and
373 or for Lys 381 and 382 failed to bind the core domain (Fig.
2A and 3C). Notably, substitutions for the same residues in the
context of the full-length p53 protein (and Lys 386 in the
p53-I381/382/386 mutant) resulted in the activation of specific
DNA binding, analogous to the removal of the C-terminal
domain by truncation. The fact that p53 mutants with substitutions for C-terminal Lys residues critical for the binding to
the core domain were constitutively active for specific DNA
binding provides direct evidence for the idea that the interaction of the C-terminal and core domains locks p53 in a conformation that is latent for specific DNA binding.
Binding of the GST-p53(320-393) protein representing the
C-terminal domain to the GST-p53(99-307) protein representing the core domain did not inhibit specific DNA binding by
the core domain. Rather, a new protein-DNA complex containing both the core and the C-terminal domain proteins
appeared on the gel. This demonstrates that the complexing of
the C-terminal and core domains per se does not inhibit specific DNA binding. Hence, the negative regulation of the specific DNA binding of the full-length p53 protein by the C
terminus does not occur simply by steric hindrance, i.e., occupation of the DNA binding site in the core domain by the
C-terminal domain. Instead, the interaction of the C-terminal
domain with the core domain of either the same or the adjacent subunit within a p53 tetramer may prevent the proper
orientation of the core domains required for the formation of
the DNA binding interface. The existence of a flexible linker of
approximately 35 residues between the core domain and the
tetramerization domain (4) and a stretch of at least 10 flexible
residues between the tetramerization domain and the basic
C-terminal domain (16) should permit an essential degree of
freedom of orientation for these domains. It is conceivable that
the positioning of the C terminus on the core domain in latent
p53 leads to tight packing of the linker between the core and
teramerization domains. This should prevent alignment of the
DNA binding core domains along the DNA. In the active state
when the C terminus is not bound to the core, the linker is
extended, allowing cooperative binding of the core domains to
a specific DNA binding site. The shift between active and
latent states is probably mediated by the tetramerization domain (8, 26).
Whereas activation of wild-type p53 by C-terminal p53 peptides could be due to displacement of the C-terminal domain
from the core domain through competitive inhibition of this
interaction, the restoration of the specific DNA binding and
growth suppression function of mutant p53 proteins by the
C-terminal peptide 46 (20) could hardly be explained by this
mechanism alone. An understanding of the molecular mechanism of reactivation of mutant p53 proteins by peptide 46 is
obviously of great importance for the development of p53activating anticancer drugs. Our observation that peptide 46
binds to mutant p53 proteins within the context of multiple
cellular proteins indicates that peptide-mediated activation of
p53 in living cells occurs by a direct interaction between the
peptide and p53. This notion is further supported by the findings that the same amino acid residues are critical for peptidemediated activation of p53 in vitro (12; this study) (Fig. 3B)
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FIG. 5. The sequence-specific DNA binding of isolated mutant core domains
is restored by the C-terminal polypeptide. (A) The wild-type (wt) GST-p53(99307) protein bound to the labeled specific BC oligonucleotide in a band shift
assay (lane 1). The core domain-DNA complex was competed by a 10-fold excess
of the specific (S) oligonucleotide BC (lane 2) but not by a 10-fold excess of the
nonspecific (N) MN oligonucleotide (lane 3). GST-p53(99-307) proteins carrying
tumor-derived mutations His-273 (B), Trp-248 (D), His-175 (D), Ala-143 (E),
and Ser-249 (F) did not bind the labeled BC oligonucleotide in the absence of the
C-terminal domain polypeptide (lanes 1) but formed a complex with BC in the
presence of the C-terminal polypeptide (lanes 2). The DNA-mutant core domain
complexes were competed out by a 10-fold excess of the unlabeled specific (S)
oligonucleotide BC (lane 3) but not by the nonspecific (N) oligonucleotide MN
(lane 4).
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binding of the His-175 mutant core domain, which represents
a significantly unfolded mutant p53 protein (4), could be restored by the C-terminal polypeptide. Of all mutant core domain proteins tested, only the His-273 mutant showed residual
DNA binding. Our data thus suggest that a p53-reactivating
strategy based on C-terminal peptides does not require that
the mutant p53 protein have any significant residual DNA
binding activity. Studies evaluating the effect of the p53 Cterminal peptide on a wide range of different mutant p53
proteins in living cells are now under way.
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and in living cells (Fig. 3A) (20) and for binding to the core
domain (Fig. 2A and 3C). Thus, amino acid substitutions in the
peptide that abrogate peptide-mediated activation of p53 abolish peptide binding to the core domain, and vice versa.
We have demonstrated that the isolated wild-type core domain in complex with the C-terminal polypeptide binds DNA
more efficiently than the core domain alone (Fig. 4A). Moreover, the C-terminal domain polypeptide was able to restore
the specific DNA binding of isolated mutant core domains
(Fig. 5B to F). This provides an important clue as to the
mechanism of restoration of mutant p53 function by the Cterminal peptide. We believe that the interaction of the core
domain with C-terminal peptides can facilitate the establishment of novel core domain-DNA contacts due to the net basic
charge of the C-terminal peptide. This mechanism may be
particularly important for the restoration of the DNA binding
of DNA contact mutant p53 proteins like p53 His-273 and p53
Trp-248, as introduction of positively charged residues in the
vicinity of a mutant residue can rescue specific DNA binding of
mutant p53 (27). As for structural mutants such as p53 Ala143, p53 Ser-249, and p53 His-175, it is possible that the interaction of the C-terminal peptide with the partially unfolded
core domain will increase the stability of the core domain
structure, resulting in proper positioning of the residues contacting DNA.
A recent study has demonstrated a positive cooperativity
between the C-terminal (residues 363 to 393) and N-terminal
(residues 80 to 95) domains in C-terminal peptide binding (17).
Consistent with these results, we found that the binding of
peptide 46 to the full-length p53 protein is much more effective
than the binding of separate domains in pull-down assays
(20a). Thus, it is conceivable that all three domains are involved in the formation of a peptide binding pocket in the
full-length p53 protein. Under the conditions used, the interaction of peptide 46 with the separate N-terminal domain is
apparently too weak to be detected (Fig. 2A). The fact that the
interaction between the C-terminal peptide and the core domain, but not the interaction between the C-terminal peptide
and N-terminal or C-terminal domains, is inhibited at high salt
concentrations (.150 mM) (20a) may explain why this interaction was not observed by Muller-Tiemann et al. (17).
The interaction of peptide 46 with the C-terminal domain
could reflect the involvement of the C-terminal basic region in
the formation of p53 oligomers, as previously suggested (23).
Moreover, the effective displacement of the C terminus of the
full-length p53 protein from its binding pocket may require the
simultaneous binding of the activating peptide to the C-terminal domain and the putative N-terminal/core domain pocket.
Based on the results described here, we suggest a dual mechanism for p53 activation by C-terminal peptides. First, the
disruption of the interaction between the C terminus and a
pocket formed by the core and N-terminal domains by Cterminal peptides will result in a conformational shift that
allows correct positioning of the core domains for specific
DNA binding. Second, the complexing of the peptide with the
core domain will restore the specific DNA binding by the
mutant core domain through stabilization of the core domain
structure and/or establishment of additional protein-DNA contacts.
Our demonstration that the specific DNA binding of the
isolated core domains representing the five most common tumor-derived mutant p53 proteins, including both DNA contact
and structural mutants, was reactivated upon interaction with
the C-terminal polypeptide in trans points to the feasibility of
this approach for restoring the function of a broad subset of
mutant p53 proteins in human tumors. Of note, even the DNA
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