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Even 30 years after its discovery, the tumor suppressor protein p53 is still somewhat of an
enigma. p53’s intimate and multifaceted role in the cell cycle is mirrored in its equally
complex structural biology that is being unraveled only slowly. Here, we discuss key struc-
tural aspects of p53 function and its inactivation by oncogenic mutations. Concerted
action of folded and intrinsically disordered domains of the highly dynamic p53 protein pro-
vides binding promiscuity and specificity, allowing p53 to process a myriad of cellular
signals to maintain the integrity of the human genome. Importantly, progress in elucidating
the structural biology of p53 and its partner proteins has opened various avenues for struc-
ture-guided rescue of p53 function in tumors. These emerging anticancer strategies
include targeting mutant-specific lesions on the surface of destabilized cancer mutants
with small molecules and selective inhibition of p53’s degradative pathways.

The tumor suppressor p53 is at the hub of a
plethora of signaling pathways that control

the cell cycle and maintain the integrity of the
human genome (Vousden and Prives 2009). It
is therefore not surprising that the structure of
p53 is of equally intricate complexity. p53 func-
tions primarily as a transcription factor and is
biologically active as a homotetramer comp-
rising 4 � 393 amino acid residues. It has a
modular domain structure, consisting of folded
DNA-binding and tetramerization domains,
flanked by intrinsically disordered regions at
both the amino- and carboxy-termini, which
poses a formidable challenge to the struc-
tural biologist (Fig. 1). In the mid-1990s, sever-
al groundbreaking studies revealed structural

details of individual components of the p53
structure, such as the DNA-binding domain
and the tetramerization domain, which laid the
framework for understanding the effects of
common p53 cancer mutants. But in the decade
that followed, comparatively little progress was
made in elucidating the structural basis of p53
function or its inactivation in cancer, consider-
ing that the scientific literature has been in-
undated with p53-related publications. Many
structural aspects of p53 function have re-
mained elusive. Only in recent years have we
begun to grasp how p53 works as a whole
by combining classical structural biology, in-
novative protein engineering techniques, and
sophisticated computational methods.
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STRUCTURE OF THE DNA-BINDING
DOMAIN

The structure of the DNA-binding core do-
main (residues 94-292) consists of a central
immunoglobulin-like b-sandwich scaffold and

additional structural elements that form the
DNA-binding surface (Fig. 1), which include a
loop-sheet-helix motif and two large loops
(L2 and L3). The architecture of the L2/L3 re-
gion is stabilized by a zinc ion, which is tetrahe-
drally coordinated by Cys176, His179, Cys238,
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Figure 1. Domain structure of p53. p53 contains a natively unfolded amino-terminal transactivation domain
(TAD), which can be further subdivided into the subdomains TAD1 and TAD2, followed by a proline-rich
region (PRR). The structured DNA-binding and tetramerization domains (OD) are connected through a
flexible linker region. Similarly to the TAD region, the regulatory domain at the extreme carboxyl terminus
(CTD) is also intrinsically disordered. The vertical bars indicate the relative missense-mutation frequency in
human cancer for each residue based on the TP53 Mutation Database of the International Agency for
Research on Cancer (www-p53.iarc.fr) (Petitjean et al. 2007), showing that most cancer mutations are
located in the DNA-binding domain. The structure of the DNA-binding domain (PDB code 1TSR) (Cho
et al. 1994) is shown as a ribbon representation and colored with a rainbow gradient from the amino
terminus (blue) to the carboxyl terminus (red). Sites of cancer hotspot mutations and essential DNA
contacts are shown as stick models. Parts of the figure were adapted from Joerger and Fersht (2008).
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and Cys242 (Cho et al. 1994; Canadillas et al.
2006; Wang et al. 2007). Human p53 core do-
main is of relatively low intrinsic thermodynamic
stability and rapidly unfolds at body temperature
with a half-life of 9 minutes (Bullock et al. 1997;
Friedler et al. 2003; Ang et al. 2006). Several lines
of evidence suggest that the low intrinsic stability
of human p53 may be the result of an adaptive
evolutionary process (Canadillas et al. 2006;
Khoo et al. 2009a; Khoo et al. 2009b), with im-
portant implications for protein turnover and
binding to partner proteins. Low thermodynam-
ic and kinetic stability may allow for rapid cycling
between folded and unfolded states, which could
provide an additional layer of regulation of
functionally active cellular protein levels, on top
of the specific degradation pathways involving
ubiquitination and subsequent proteasomal deg-
radation. This low intrinsic stability of the core
domain has profound implications with regard
to the susceptibility of human p53 to deleterious
mutations and cancer development (see later).
Low intrinsic stability may also be directly linked
with the structural plasticity required to facilitate
binding to different partner proteins. The DNA-
binding surface, for example, overlaps with the
binding sites for the carboxy-terminal domain
of ASPP2 (Gorina and Pavletich 1996), the
BRCT region of 53BP1 (Derbyshire et al. 2002;
Joo et al. 2002), and the large T-antigen of
SV40 (Lilyestrom et al. 2006), with significant
conformational variability of the L3 loop region
(residues 240–250) in the various interfaces
(Oldfield et al. 2008). In particular, the L3 loop
conformation in the structure of p53 core
domain in complex with the large T-antigen of
SV40 stands out, reminiscent of the conforma-
tion observed in the cancer mutant R249S
(Joerger and Fersht 2007).

STRUCTURAL BASIS OF
SEQUENCE-SPECIFIC DNA BINDING

The p53 tetramer cooperatively binds to its tar-
get duplex DNA in a sequence-specific manner
(Weinberg et al. 2004). The target binding sites
consist of two decameric motifs (half-sites) of
the general form RRRCWWGYYY (R ¼ A, G;
W ¼ A, T; Y ¼ C, T), separated by 0–13 base

pairs (el-Deiry et al. 1992; Funk et al. 1992).
This definition has recently been refined by a
genome-wide mapping of p53 binding sites,
showing that most p53 response elements have
consecutive half-sites (Wei et al. 2006), and by
systematic measurements of the effect of every
single base-pair substitution within a palin-
dromic half-site on p53 binding (Veprintsev
and Fersht 2008). Moreover, an increase in
spacer length between the decamer half-sites
for a given response element correlates with
a decrease in p53 affinity and transactivation,
as shown for the TIGAR, Noxa, and p21-5’
response elements (Jordan et al. 2008). Interest-
ingly, a more recent study suggests a set of pre-
dictive rules to distinguish between response
elements responsible for activation or repres-
sion of target genes. p53 response elements for
transcriptional repression seem to have charac-
teristic deviations from the canonical response
element sequence, for example in the central di-
nucleotide, that are generally associated with
weaker affinity (Wang et al. 2009).

Crystallographic data have provided detailed
insights into the structural basis of sequence-
specific DNA recognition by p53 tetramers.
Two core domains bind to a half-site DNA,
forming a symmetrical dimer with a relatively
small, self-complementary core domain-core
domain interface (e.g., molecules I and II in
Fig. 2A), which includes Pro177, His178,
Arg181, Met243, and Gly244 (Ho et al. 2006;
Kitayner et al. 2006). The L3 loop binds to the
DNA minor groove via Arg248, which makes
either direct or water-mediated contacts with
the DNA backbone. The guanidinium group
of Arg249 is essential for stabilizing the hairpin
conformation of loop L3 via a network of
hydrogen bonds and a salt bridge with Glu171,
thus positioning Arg248 for DNA binding. The
crucial structural role of Arg249 is highlighted
by the deleterious effects of the aflatoxin-
induced R249S cancer mutation (Gouas et al.
2009). The structural integrity of the L3 region
is severely compromised in this mutant, and
the L3 loop becomes highly flexible and favors
nonnative conformations, resulting in impaired
DNA binding (Joerger et al. 2005; Suad et al.
2009). The side chains of Ser241 and Arg273
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make direct contacts with the phosphate back-
bone. Water molecules are also an integral
part of the protein-DNA interface. One struc-
tural water molecule in particular forms a total
of four hydrogen bonds with the DNA back-
bone, the main-chain of Cys277, the side chain
of Arg280, and the side chain of Asp281, which
in turn is stabilized via a salt-bridge network

with the guanidinium groups of Arg273 and
Arg280 (Fig. 2B). Sequence-specific major-
groove contacts are mediated by residues from
the carboxy-terminal helix (Ala276, Cys277,
and Arg280) and Lys120 from the L1 loop,
which shows a small induced-fit movement
on DNA binding. Arg280 forms two invari-
ant hydrogen bonds with the highly conserved
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Figure 2. Sequence-specific DNA binding of p53. (A) Cartoon representation of a core domain tetramer bound
to DNA, as observed in the crystal structure of human p53 core domain in complex with palindromic half-site
DNA (PDB code 2AHI) (Kitayner et al. 2006). Two different views are shown, with individual core domains
depicted in different colors: view onto the core domain tetramer, showing core domain-core domain
contacts (left) and view along the DNA helix axis (right). (B) Stereo view of the major-groove interaction
network of the structure shown in panel A (PDB code 2AHI, chain D). DNA-contact residues are shown as
green stick models, and a crucial structural water molecule is shown as a magenta sphere. The polar
interaction network involving DNA-contact residues is highlighted with black dashed lines. The orange
dashed line indicates hydrophobic interaction between the Cb atom of Ala276 and a thymine base.
Nucleotides are numbered according to their position in the decameric p53 half-site motif GGACA/TGTCC.
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guanine base, whereas the other residues make
varying interactions with base pairs in the
major groove, depending on the sequence of
the half-site (Kitayner et al. 2006).

In the crystals, the half-site dimers form a
tetramer stabilized by base-stacking and protein–
protein interactions, mimicking binding of a
p53 tetramer to a continuous response element
with a spacer of two base pairs between the half-
sites (Kitayner et al. 2006). The translational
protein interfaces between the half-site dimers
are comparatively weak (e.g., contacts between
molecules I and III in Fig. 2A) because of the
spacer between the half-sites. This interface,
and hence the DNA-binding affinity, are likely
to change with varying spacer lengths between
the half-sites. A computational study modeling
p53-DNA complexes predicts significant dimer–
dimer contacts for response elements with
spacer lengths of 0–2 bp (with the strongest
contacts for contiguous half-sites), but signifi-
cant reduction in binding energy for longer
spacers because of weakened dimer–dimer con-
tacts (Pan and Nussinov 2009). A 5-bp spacer,
for example, would place the two core-domain
dimers on opposite faces of the DNA-double
helix, whereas a 10-bp spacer would place the
dimers on the same face of the DNA but require
significant bending of the DNA for interdimer
contacts to occur. Moreover, different spacer
lengths may impose different conformational
constraints on the linker region between the
core and tetramerization domains on binding
as a tetramer. In this context, it is also interest-
ing to note that a recently published structure
of a mouse p53 core domain tetramer bound
to a continuous response element without
spacer does not implicate the L1 loop in DNA
binding (Malecka et al. 2009). In fact, the L1
loop, which partly adopts a helical conforma-
tion, is displaced by about 15 Å compared with
the other p53-DNA complexes and points either
in the direction of the translational dimer–
dimer interface or the solvent. This is parti-
cularly interesting in light of recent reports
that TIP60 and hMOF-mediated acetylation
of Lys120 may play a role in distinguishing
between cell-cycle arrest and apoptotic functions
of p53 (Sykes et al. 2006; Tang et al. 2006),

potentially by modulating protein–protein int-
eractions. Moreover, the L1 loop is only rarely
mutated in cancer, suggesting that Lys120 may
not be essential for p53’s apoptotic functions.
However, the structure of the mouse p53-DNA
complex has the caveat that the core domain is
cross-linked to DNA via Cys274 (equivalent to
Cys277 in human p53). The short tether is not
detected in the crystal structure because of its
flexibility but may perturb the native major-
groove interaction network sufficiently to favor
alternative binding modes in which the L1 loop
is displaced from the DNA-binding interface. In
the Caenorhabditis elegans ortholog, CEP-1, the
conformation of the L1 loop is significantly dif-
ferent, making it unlikely that it engages
in sequence-specific contacts with the major
groove as observed in human p53 (Huyen
et al. 2004). On the other hand, mutational
studies clearly implicate the L1 loop in DNA
binding in human p53, showing that the K120A
mutation alters the DNA binding properties
in vitro and significantly reduces DNA binding
in vivo when expressed at normal cellular pro-
tein levels (Zupnick and Prives 2006). In addi-
tion, many mutations in or next to the L1
loop have been reported that result in altered
transactivation patterns (so-called “supertrans”
mutants, such as T123A), potentially modulat-
ing L1-mediated DNA binding, although the
exact mechanisms have not been elucidated
yet (Brachmann et al. 1998; Saller et al. 1999;
Inga et al. 2001; Inga and Resnick 2001; Zupnick
and Prives 2006; Fen et al. 2007). Future studies
will undoubtedly shed further light on
the enigmatic role of the L1 loop in DNA bind-
ing and the finer details of the architecture
of p53 tetramers in complex with different
DNA targets.

STRUCTURAL BASIS OF TETRAMER
FORMATION

The oligomerization state of p53 is regulated via
its tetramerization domain (residues 325–355
in human p53). The structure of this do-
main has been solved by x-ray crystallography
and in solution by NMR (Lee et al. 1994; Clore
et al. 1995; Jeffrey et al. 1995; Miller et al.
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1996; Mittl et al. 1998; Chen and Clore 2000;
Mora et al. 2008). The individual subunits con-
sist of a short b-strand followed by an a-helix.
These two structural elements are connected
by a sharp turn facilitated by a conserved glycine
residue (Gly334). Four chains form a tetramer
that can be described as a dimer of primary
dimers (Fig. 3A). The topology of the tetramer
is reflected by its folding pathway, which pro-
ceeds via a dimeric intermediate (Mateu et al.
1999), and by studies on p53 biogenesis in vitro,
showing cotranslational formation of dimers
on the polysome, followed by dimerization of
dimers in solution (Nicholls et al. 2002). The
primary dimers are stabilized via an antiparal-
lel intermolecular b-sheet and helix-packing
interactions (e.g., the red and blue chain in
Fig. 3A). Two such dimers assemble in a roughly
orthogonal fashion via their hydrophobic helix

interfaces to form the tightly packed tetramer,
which shows very high thermodynamic stability
(Mateu and Fersht 1998; Mora et al. 2008). At
the center of this interface, the side chains of
Leu344 from all four subunits are in direct con-
tact. Leu344 is part of a leucine-rich nuclear
export signal (residues 340–351) (Stommel
et al. 1999). This motif is masked in tetrameric
p53, as it is buried within the tetramer interface
and exposed only after dissociation of the tet-
ramer, suggesting that nuclear p53 levels may
be controlled via regulation of its oligomeriza-
tion state. There is increasing evidence that the
oligomerization equilibrium of p53 is modu-
lated via an intricate network of accessory
proteins, which can have either positive or nega-
tive regulatory effects. Direct binding of apop-
tosis repressor with caspase recruitment do-
main (ARC) to the p53 tetramerization domain
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Figure 3. p53 family oligomerization domain structures. (A) Crystal structure of the human p53 tetramerization
domain (PDB code 1C26) (Jeffrey et al. 1995). (B) Crystal structure of the human p73 tetramerization domain
(PDB code 2WQI) (Joerger et al. 2009). (C) Solution structure of the C. elegans p53 ortholog, CEP-1,
oligomerization domain dimer (PDB code 2RP5) (Ou et al. 2007). (D) Solution structure of the Drosophila
p53 tetramerization domain, Dmp53, (PDB code 2RP4) (Ou et al. 2007). Individual subunits are shown in
different colors. The structures of the human p53 and p73 tetramerization domains are shown in two
different orientations. The second view is perpendicular to the central dimer–dimer interface, showing
differences in the packing angle of the primary dimers between the two structures.
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in the nucleus, for example, inhibits p53 tetra-
merization and promotes nuclear export. (Foo
et al. 2007). Moreover, in vitro binding experi-
ments show that members of the family of
calcium-dependent S100 proteins also nega-
tively regulate the oligomerization state of p53
by preferentially binding to tetramerization
domain monomers (Fernandez-Fernandez et al.
2008; van Dieck et al. 2009). In contrast, bind-
ing of dimeric 14-3-3 proteins to the p53
carboxyl terminus, which is strengthened on
phosphorylation of the latter, enhances forma-
tion of tetramers in vitro (Rajagopalan et al.
2008).

A highly conserved intermolecular salt
bridge between Arg337 and Asp352 stabilizes
the tetramer at both ends of the primary-dimer
helix interface. Molecular dynamics studies sug-
gest that it is part of a fluid salt-bridge cluster
together with Arg333 and Glu349 (Lwin et al.
2007). Mutation of Arg337 (R337H) is associ-
ated with adrenocortical carcinoma in children
from southern Brazil (DiGiammarino et al.
2002) and predisposes to a diverse spectrum
of tumors (Achatz et al. 2007). It disrupts the
intermonomer salt bridge, resulting in impaired
tetramer formation and increased propensity of
the mutated tetramerization domain to form
amyloid fibrils (DiGiammarino et al. 2002;
Galea et al. 2005). Approximately 20% of p53
germline mutations have a mutation at codon
337, whereas the relative frequency of somatic
cancer mutations at this site is low (see release
R13 of the IARC TP53 Mutation Database
at www-p53.iarc.fr) (Petitjean et al. 2007). A
recent study shows that the structural integrity
of the R337H tetramer can be restored by a
designed tetraguanidiniomethylcalix[4]arene
ligand, which serves as a template for holding
together the four monomers of the mutated
tetramerization domain (Gordo et al. 2008).

Most somatic p53 cancer mutations are
located in the DNA-binding domain (Fig. 1),
and these mutant proteins have, therefore, an
intact tetramerization domain. Formation of
mixed tetramers of impaired activity between
wild-type and mutant p53 is thought to be the
molecular basis of the so-called dominant–
negative effect of mutant p53 in heterozygous

cells (Kern et al. 1992; Chan et al. 2004; Dong
et al. 2007; Junk et al. 2008). The extent of
the dominant–negative effect (or whether it is
observed at all in vivo) depends on the specific
mutant (Dearth et al. 2007). The DNA-contact
mutant R273H, for example, forms 2:2 hetero-
tetramers with wild-type p53 of weakened
DNA-binding affinity in vitro compared with
wild-type homotetramers (Natan et al. 2009).
The observed subunit exchange between the
R273H mutant and the wild type at body
temperature is, however, relatively slow com-
pared with the spontaneous denaturation of
the proteins.

STRUCTURAL EVOLUTION OF
TETRAMERIZATION WITHIN THE
P53/P63/P73 FAMILY

A comparison of the tetramerization domain
structure of human p53 with that of its homo-
logs provides intriguing insights into how
oligomerization has evolved within the p53/
p63/p73 family (Fig. 3). Invertebrate species,
such as C. elegans and Drosophila, have only one
family member. The oligomerization domain of
the C. elegans p53 ortholog, CEP-1, is dimeric
and has an additional sterile a-motif (SAM)
that is important for stabilizing the domain
(Fig. 3C). This suggests a potential evolutionary
pathway from functional dimers to tetramers
(Ou et al. 2007). In contrast, the Drosophila
homolog forms a tetramer, but also has addi-
tional structural elements, including an addi-
tional b-strand at the amino terminus and a
second a-helix at the carboxyl terminus. This
additional helix packs against the canonical
helix from the same subunit but is also involved
in dimer–dimer contacts (Fig. 3D). Most inter-
estingly, the center of the dimer–dimer inter-
face is predominantly electrostatic in nature,
which is in stark contrast to the hydrophobic
contact area in human p53 (Ou et al. 2007).

In vertebrates, three family members, p53,
p63, and p73, have evolved from a common,
p63/p73-like ancestral protein, as a result of
two gene duplication events that occurred af-
ter the invertebrate–vertebrate transition (Yang
et al. 2002; Belyi and Levine 2009). Interestingly,
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the oligomerization domains of the p63 and
p73 paralogs have a conserved carboxy-terminal
extension to the canonical p53 tetramerization
motif. Recent structural studies have shown
that this region is helical and essential for stabi-
lizing the overall architecture of the tetramer
(Coutandin et al. 2009; Joerger et al. 2009).
In the p73 tetramer (residues 351-399), the
additional helices extend from one dimer sub-
unit to wrap around the adjacent dimer in the
tetramer, making extensive intersubunit contacts
(Fig. 3B). There are also specific amino-acid
substitutions within the canonical tetrameriza-
tion domain motif; e.g., large-to-small substi-
tutions of key hydrophobic residues in the
primary dimer (Phe341 in p53 corresponds to
Leu368 in p73) and substitution of the residues
that form the highly conserved salt bridge in
p53 (Arg337-Asp352). These structural differ-
ences rationalize observations that the p53 tet-
ramerization domain does not interact with
p63 and p73, whereas the latter two form mixed
tetramers in vitro, although the rate of subunit
exchange is relatively slow once homotetramers
have been formed (Davison et al. 1999; Cou-
tandin et al. 2009; Joerger et al. 2009). Taken
together, it appears that in the case of human
p53, the tetramerization domain has evolved
toward smaller subunits that no longer associate
with the corresponding domains of p63 and
p73. Consequently, divergent evolution of the
tetramerization domain offered a mechanism
for uncoupling the p53 pathway from that of
its family members (Joerger et al. 2009).

SIGNALING DIVERSITY THROUGH
INTRINSIC DISORDER

The amino-terminal transactivation domain
(TAD) is essential for p53 transcriptional activ-
ity. It connects target gene recognition with
target gene expression by direct binding to
the transcriptional coactivators p300/CBP and
components of the basal transcription ma-
chinery (Thut et al. 1995; Lill et al. 1997). The
p300 domains Taz2/CH3, Taz1/CH1, Kix,
and IBiD bind to the full TAD, with the Taz2/
CH3 domain having the highest affinity
(Teufel et al. 2007). But the TAD1 subdomain

also binds strongly to the negative regulators
MDM2 and MDMX that play a crucial role in
controlling cellular p53 levels by promoting p53
degradation through the ubiquitin-dependent
proteasome pathway (Marine et al. 2006; Toledo
and Wahl 2006).

What is the structural basis for promiscuous
binding to this diverse set of partner proteins
with overlapping binding sites on TAD and, in
some cases, antagonistic biological effects?
Moreover, what are the mechanisms to provide
specificity in response to a particular cellular
signal? The classic sequence-structure-function
paradigm no longer holds true. Having natively
unfolded regions is a recurring motif in proteins
at the centerof regulatory networks that integrate a
multitude of signals (Gsponer and Madan Babu
2009). It is estimated that about 25% of mam-
malian proteins are intrinsically disordered and
that about 75% of proteins involved in signaling
contain natively unfolded regions (Dunker
et al. 2008). The p53 TAD is intrinsically disor-
dered with two regions of nascent secondary
structure (Lee et al. 2000; Rosal et al. 2004; Wells
et al. 2008). These regions coincide with con-
served hydrophobic residues that are essential
for the transactivation function of p53 (Zhu
et al. 1998; Venot et al. 1999). TAD1 residues
18-25 become fully helical on binding to
MDM2 (Kussie et al. 1996) and MDMX (Popo-
wicz et al. 2008) or the Taz2 domain of the tran-
scriptional coactivator p300 (Feng et al. 2009)
(Fig. 4A,B). Regions within TAD2 also fold
into amphipathic a-helices on binding to repli-
cation protein A (Bochkareva et al. 2005) and
the Tfb1 subunit of yeast TFIIH (Di Lello
et al. 2006). Intrinsic disorder is a characteristic
of transactivation domains of transcription fac-
tors (Liu et al. 2006). It is often associated with
the presence of so-called molecular recognition
features, short sequence motifs that undergo
disorder-to-order transition on binding to
partner proteins (Mohan et al. 2006; Vacic
et al. 2007), thus allowing promiscuous binding
of diverse targets at the same site by providing
conformational variability and adaptability
(Gsponer and Madan Babu 2009).

The interaction properties of p53 TAD are
modulated by posttranslational modifications.
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It has nine phosphorylation sites, seven of
which lie within the binding region of regu-
latory proteins (Ser15, Thr18, Ser20, Ser33,
Ser37, Ser46, and Thr55). Phosphorylation of
Thr18 significantly reduces the affinity of TAD
for MDM2 because of electrostatic repulsion
between the phosphate group and a negatively
charged patch on the MDM2 surface (Sakagu-
chi et al. 2000; Schon et al. 2002; Brown et al.

2008). In contrast, phosphorylation at Thr18
and other sites within TAD can significantly
enhance the affinity of TAD for p300 and its var-
ious subdomains (Ferreon et al. 2009; Jenkins
et al. 2009; Lee et al. 2009; Teufel et al. 2009).
Multiple phosphorylation of TAD can change
its relative affinity for MDM2 and Taz2 in vitro
by up to three orders of magnitude in favor of
the latter, highlighting how phosphorylation
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Figure 4. Molecular recognition features in p53 that undergo disorder-to-order transition on binding to partner
proteins. (A) Overlay of the structure of p53 TAD residues 15–29 in complex with MDM2 (PDB code 1YCR) and
MDMX (PDB code 3DAB), showing the three hydrophobic key residues, Phe19, Trp23, and Leu26, that bind to
the hydrophobic binding pocket in MDM2 and MDMX. (B) Solution structure of p53 TAD in complex with the
Taz2 domain of p300 (PDB code 2K8F). (C) Crystal structure of a peptide derived from the p53 carboxy-
terminal regulatory domain in its Lys382-acetylated form bound to the deacetylase sir2 (PDB code 1MA3).
(D) Solution structure of a carboxy-terminal p53 peptide bound to the Ca-dependent S100B dimer (PDB
code 1DT7).
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cascades can provide a cellular mechanism
to up-regulate p53-dependent transcription
and induction of cell-cycle arrest and apoptotic
genes (Teufel et al. 2009). As such, changes in
the affinity of p53 for competing binding part-
ners in the cell cycle by phosphorylation of
TAD allows modulation of p53 activity in re-
sponse to genotoxic stress.

CHAMELEON BEHAVIOR OF THE EXTREME
CARBOXYL TERMINUS

The carboxy-terminal regulatory domain (CTD),
which follows the tetramerization domain, is
also natively unfolded (Bell et al. 2002). Various
posttranslational modifications occur at the six
carboxy-terminal lysines (370, 372, 373, 381,
382, and 386), comprising acetylation, methyl-
ation, ubiquitination, sumoylation, and neddy-
lation, as well as phosphorylation of serine
and threonine residues (e.g., Ser366, Ser378,
Thr387, and Ser392). These modifications play
diverse and complex roles in the modulation of
p53 function and regulation of cellular protein
levels (Toledo and Wahl 2006; Kruse and Gu
2009; Vousden and Prives 2009). As in the
case of TAD, intrinsic disorder provides binding
promiscuity, allowing the carboxy-terminal re-
gion to interact with numerous partner proteins
and facilitating posttranslational modifications.
Similarly to the TAD region, disorder-to-order
transition occurs on binding to these partner
proteins, but contrary to TAD, the segment
undergoing this transition in CTD has the char-
acteristics of a chameleon sequence. Such se-
quences can adopt a different secondary
structure, depending on the structural context
(Andreeva et al. 2007). Residues 376–387
form ana-helix when bound to S100B (Rustan-
di et al. 2000), whereas in complex with sir2, a
member of the family of sirtuin deacetylases,
parts of the same segment form a b-sheet with
flanking strands of the enzyme (Avalos et al.
2002) (Fig. 4C,D). A similar switch of secon-
dary structure between a-helical and b-strand
conformation in different structural contexts
is observed for an eight-amino-acid chameleon
sequence of the homeodomain repressor
protein MATa2 (Tan and Richmond 1998).

Alternative conformations of the extreme
carboxyl terminus of p53 without regular sec-
ondary structure or with a b-turn-like confor-
mation are observed in complex with CDK2/
cyclin A (Lowe et al. 2002) and the bromo-
domain of the transcriptional coactivator CBP
(Mujtaba et al. 2004), respectively, further ex-
emplifying the conformational adaptability of
this region.

THE BIGGER PICTURE: STRUCTURE OF THE
FULL-LENGTH PROTEIN

p53 interacts with a very large number of part-
ner proteins. It is a hub protein in a “scale-
free” network. As discussed above, most of its
interactions are mediated via the disordered
amino-terminal transactivation domain, a large
number with the disordered C-terminal do-
main, and a few partners bind to the core
domain. The affinity to many of its partners is
regulated by phosphorylation of serine and
threonine residues or acetylation of lysine resi-
dues. Binding partner proteins, such as the neg-
ative regulators MDM2, MDMX, and Pirh2,
and the transcriptional coactivator p300, are
also multidomain proteins that contain struc-
turally disordered regions, and they make mul-
tipoint interactions with p53 (Goodman and
Smolik 2000; Marine and Jochemsen 2005;
Teufel et al. 2007; Sheng et al. 2008). The big
challenge is naturally to determine the struc-
tures of the complexes of full-length p53 with
multidomain partner proteins or individual
domains thereof. Not only is this structural
biology vital for understanding the role of p53
in the cell cycle and in other activities, but the
structures may also help in the design of drugs
that affect the cell cycle.

But, there are major obstacles: Full-length
p53 is too flexible for crystallographic studies,
too big for conventional NMR, but also small
enough to be at the limits of cryo-electron
microscopy. The solution to this problem is to
apply a multitechnique approach, assembling
individual jigsaw pieces into a bigger picture,
a strategy that may be applicable to an increas-
ing number of multidomain proteins in the
cell cycle with intrinsically disordered domains.
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The arrangement of folded domains within p53
and within its complex with response element
DNA was elucidated by using state-of-the-art
NMR spectroscopy to detect domain–domain
interactions in solution, and small-angle x-ray
scattering (SAXS) experiments and computa-
tion to reconstruct the structure of p53 and its
complexes in solution (Tidow et al. 2007; Wells
et al. 2008). Pivotal to these experiments was the
design of an engineered stabilized variant of p53
containing four mutations in the core domain
(M133L/V203A/N239Y/N268D) that signifi-
cantly increased the overall stability of the pro-
tein (Nikolova et al. 1998; Joerger et al. 2004),
making it more amenable to structural studies.

According to these models, full-length p53
in its free state in solution has an open, cross-
shaped structure, with the tetramerization do-
main at its center and a pair of loosely coupled
core domain dimers at the ends (Fig. 5A). In
this highly dynamic and open conformation,

the core domains are accessible for binding to
cognate DNA and partner proteins in the cell
cycle. On DNA binding, the structure closes
around the DNA double helix and becomes
more compact (Fig. 5B), with consistent mod-
els obtained from SAXS and electron micro-
scopy (Tidow et al. 2007). This arrangement is
also in agreement with the crystal structures of
the tetrameric core domain-DNA complexes
by Kitayner et al. (2006). Domain rearrange-
ments to allow DNA binding are facilitated by
the flexible linker region between the core and
tetramerization domain. The proline-rich re-
gion, linking TAD with the core domain, has
the propensity to adopt a stiff polyproline-II
conformation (Wells et al. 2008) and may have
a predominantly structural role, consistent with
mutagenesis studies in mouse models (Toledo
et al. 2007). It projects the TAD domains away
from the central p53-DNA complex. As a re-
sult, the TAD domains are free to interact with

Tetramerization domain

Core domains 

N termini (TAD) 
with bound Taz2

C termini

Flexible linker region

A

DNA

B

Figure 5. SAXS models of full-length p53. (A) Model of full-length p53 in its unbound state (Tidow et al. 2007).
(B) Ternary complex of full-length p53 with cognate DNA and the Taz2 domain (magenta) of p300 (Wells et al.
2008). The p53 DNA-binding domains are shown in blue and green, the tetramerization domain in red.
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coactivators, as shown by the structure of the
p53 complex with the Taz2 domain of p300
(Wells et al. 2008) (Fig. 5B). Given the overall
structural arrangement of the p53 tetramer
and the intrinsic flexibility of the TAD region,
such interactions may involve cooperative
binding of different subdomains from one part-
ner protein, as proposed for p300 (Teufel
et al. 2007), or simultaneous binding of dif-
ferent binding partners. A cryo-electron micro-
scopy study of murine p53 proposes a radically
different structural model of the unbound full-
length protein (Okorokov et al. 2006). Accord-
ing to this model, the free p53 tetramer adopts
a closed structure, reminiscent of a hollow
skewed cube. One of the key, and most puzzling,
features of this model is the disruption of the
tetramerization domain tetramer and forma-
tion of a-helix bundles involving parts of the
tetramerization domain and the transactivation
domain instead, so that the latter is no longer
free to interact with partner proteins. It would
be interesting to see whether this structure is
confirmed by SAXS studies in solution.

EXPLOITING STRUCTURAL INFORMATION
FOR CANCER THERAPY

Loss of p53 tumor suppressor function is a
common feature of human cancers. p53 is inac-
tivated directly by mutation in�50% of human
cancers and its apoptotic pathways are impaired
in the remainder. Pharmacological restoration
of p53 function should, therefore, result in
tumor regression, as supported by two recent
studies on transgenic mice (Ventura et al.
2007; Xue et al. 2007). Although various p53-
activating compounds have been reported
from screening of chemical libraries, the actual
mechanism of action of many of these com-
pounds is, frustratingly, largely unresolved
(Issaeva et al. 2004; Krajewski et al. 2005; Romer
et al. 2006; Vazquez et al. 2008). A good exam-
ple is the compound PRIMA-1MET (Bykov
et al. 2002; Zache et al. 2008), which has proven
antitumor activity and is currently in phase I of
clinical trials, yet its mode of action is still
unclear. Only recently was it discovered that
a hydrolytic degradation product covalently

modifies cysteines in the p53 core domain,
which may be related to its antitumor function,
potentially by modulating the redox state of
p53 (Lambert et al. 2009). Structure-guided
drug discovery to restore p53 function in
tumors has mainly focused on two avenues in
recent years: (1) targeting the p53 pathway, in
particular negative regulators of p53, and (2)
targeting destabilized oncogenic p53 mutants.

TARGETING THE P53 PATHWAY: MDM2,
MDMX, SIRTUINS, AND BEYOND

In many cancers with wild-type p53, the nega-
tive regulators MDM2 and MDMX are up-regu-
lated, resulting in suppression of p53 function
(Marine et al. 2007; Wade and Wahl 2009). Dis-
ruption of p53-MDM2/MDMX interaction by
small molecules should result in restoration of
p53 function in these cancers, making them
prime targets for therapeutic intervention. The
small-molecule MDM2-antagonists Nutlins ac-
tivate the p53 pathway and induce apoptosis
in cancer cells (Vassilev et al. 2004). These cis-
imidazoline analogs target the p53-binding
pocket of MDM2 with high affinity by mimick-
ing contacts made by the hydrophobic p53
triad, Phe19, Trp23, and Leu26 (Fig. 6A). Other
potent MDM2 antagonists with similar binding
modes and desired in vivo activities include
spiro-oxindole (Ding et al. 2006; Shangary
et al. 2008a; Shangary et al. 2008b) and benzo-
diazepinedione analogs (Grasberger et al. 2005;
Koblish et al. 2006) (Fig. 6B). Because of struc-
tural differences between MDM2 and MDMX
that alter the shape of the p53-binding pocket,
in particular the Leu26 subpocket in the
a2’-helix region (Fig. 4A), inhibitors that were
specifically designed or screened for MDM2
binding are generally much weaker inhibitors
of p53-MDMX interaction (Popowicz et al.
2008). More recent studies have elucidated the
binding modes of p53-derived peptides (Czarna
et al. 2009; Pazgier et al. 2009) and a chlorinated
peptidomimetic (Kallen et al. 2009) that bind
to both MDM2 and MDMX with low nano-
molar affinities, two to three orders of magni-
tude tighter than the native p53 peptide. This
wealth of novel structural information, which
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also offers insights into the conformational
plasticity within the binding pocket of MDMX,
is an excellent starting point for the development
of cross-selective MDM2/MDMX inhibitors for
use in cancer therapy. Alternative strategies also
aim to inhibit the E3-ligase activity of MDM2
directly (Yang et al. 2005). Additionally, the
recently solved crystal structure of the MDM2/
MDMX RING domain heterodimer suggests
that it may be possible to specifically block
MDM2/MDMX-mediated p53 degradation by
targeting the RING domain interface regions
(Linke et al. 2008).

A new class of compounds, the Tenovins, that
specifically inhibits the deacetylases sirtuin-1
(SIRT1) and sirtuin-2 was identified in mam-
malian cell-based assays for compounds that
activate p53 target genes (Lain et al. 2008).
Uncontrolled high levels of p53-specific deace-
tylases have a negative effect on the tumor sup-
pressor function of p53 and may contribute to

cancer development. SIRT1 is negatively regu-
lated by the DBC1 protein, which is frequently
deleted in breast cancer. DBC1 directly interacts
with the deacetylase domain of SIRT1 and
inhibits its deacetylase activity (Kim et al. 2008;
Zhao et al. 2008). Structural information on
SIRT1 and the binding mode of Tenovins should
greatly advance the development of potent,
class-specific sirtuin inhibitors.

There is an increasing number of reported
proteins that regulate p53 activity. Several new
E3 ubiquitin ligases that promote degradation
of p53 have been discovered, including Pirh2
(Leng et al. 2003; Sheng et al. 2008), Cop1
(Dornan et al. 2004), TOPORS (Rajendra et al.
2004), ARF-BP1 (Chen et al. 2005), CARPs
(Yang and El-Deiry 2007), and TRIM24 (Allton
et al. 2009; Tai and Benchimol 2009). The inter-
action pattern of Pirh2 with p53 is fundamen-
tally different from that of MDM2 and MDMX.
Pirh2 contains a carboxy-terminal zinc-binding

F19

W23

L26

F19

W23

L26

A C

F109

P152

P151

T150

V147

D228

C220

P222

P223

B

Figure 6. Structure-guided drug discovery to restore p53 function in tumors. (A) and (B) Binding modes of
small-molecule antagonists of MDM2 that inhibit p53-MDM2 interactions. The structure of the imidazoline
inhibitor Nutlin-2 (A) (PDB code 1RV1; pink) and a benzodiazepinedione compound (B) (PDB code 1T4E;
gray) in complex with MDM2 is superimposed onto that of p53 residues 18–27 bound to MDM2 (PDB
code 1YCR; green). The side chains of the hydrophobic p53 triad, FWL, are shown as stick models. The
structures of MDM2 are omitted for clarity (see also Fig. 4A). (C) Targeted mutant p53 rescue. Binding
mode of the stabilizing small-molecule compound PhiKan083 to a mutation-induced surface crevice in the
DNA-binding domain of the p53 cancer mutant Y220C (PDB code 2VUK), which is distant from the
functional interfaces of the protein (see Fig. 1).
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motif that interacts with the tetramerization
domain of p53, resulting in preferential ubiqui-
tination of tetrameric p53 (Sheng et al. 2008).
In-depth analysis of the structural and func-
tional properties of these novel p53 regulators
and their expression levels in cancerous tissues
may further expand the arsenal of potential
therapeutic targets.

TARGETING P53: THE QUEST FOR THE
HOLY GRAIL

Rational drug design targeting p53 itself re-
quires intricate knowledge of the structure
and how it responds to mutation. There is a
whole spectrum of different p53 cancer muta-
tions, the vast majority of which are located in
the DNA-binding domain (Fig. 1); reviewed in
Joerger and Fersht (2007). They can be subdi-
vided into “contact” mutations that eliminate
an essential DNA contact (e.g., R273H and
R248Q) or “structural” mutations that result
in structural perturbations, which may include
formation of internal (V143A and F270L) or
surface cavities (Y220C), and structural dis-
tortion in various parts of the DNA-binding
surface (G245S, R249S, and R282W). Some
30%–40% of cancer mutations function pri-
marily via destabilizing the protein, which is
the mechanistic basis of most structural muta-
tions in the b-sandwich region. These destabi-
lized mutants melt at temperatures close to or
below body temperature (Bullock et al. 2000;
Mayer et al. 2007). Further, and importantly,
they spontaneously denature with half-lives of
seconds to a few minutes—the more the desta-
bilization, the shorter the half-life (Friedler
et al. 2003; Butler and Loh 2005). But, at low
temperature, the natively unfolded mutants
are functionally active (Di Como and Prives
1998; Bullock et al. 2000; Dearth et al. 2007)
and retain the structural features of the wild-
type protein in their folded state (Joerger et al.
2006); they are classical temperature-sensitive
mutants. In theory, any small molecule that
binds to the native but not the denatured state
should shift the folding equilibrium toward the
native state according to the law of mass action.

p53 is indeed stabilized by binding to cognate
DNA (Bullock et al. 1997; Ishimaru et al. 2009)
and, as a proof-of-principle, by a designed pep-
tide, CDB3, that targets a natural binding site
and could be used in a “chaperone strategy” for
rescue of mutant p53 function (Friedler et al.
2002; Issaeva et al. 2003).

Structural studies on the effects of cancer-
hotspot mutations have identified a highly
“druggable” mutant, Y220C, which offers a non-
competitive strategy for rescue of mutant p53
function. Y220C accounts for approximately
75,000 new cases per year worldwide (Petitjean
et al. 2007; Joerger and Fersht 2008). Tyr220 is
distal from all the binding interfaces of the
core domain (Fig. 1). Its side chain blocks the
center of an incipient crevice. The mutation
Y220C opens the cavity and lowers the stability
of the core domain by 4 kcal/mol as a result, so
that it is largely unfolded and inactive at body
temperature, but folded at subphysiological tem-
perature (Joerger et al. 2006). In-silico design
on the Y220C structure has led to the discovery
of a class of molecules, based on a carbazole
scaffold, which bind with 100–200 mM affinity
to the mutation-induced surface cleft and stabi-
lize the mutant as a result (Boeckler et al. 2008).
They raise the melting temperature in vitro,
and increase the half-life of the protein. The
crystal structure of the Y220C mutant bound
to a parent carbazole compound, Phikan083,
reveals their binding mode in detail (Fig. 6C).
The flat carbazole ring system is sandwiched
between hydrophobic residues on both sides
of the binding pocket (Val147, Pro151, Pro222,
and Pro223), and the ethyl anchor of Phi-
Kan083 occupies the deepest part of the pocket,
next to the sulfhydryl group of Cys220. On one
side of the pocket, which is hydrophilic, the pro-
tonated methanamine moiety of PhiKan083 is
hydrogen-bonded to the main-chain carbonyl
of Asp228 (Boeckler et al. 2008). Fragment-
based screening by NMR and crystallography
has identified additional scaffolds and building
blocks for targeting different regions of the
binding pocket (Joerger and Fersht, unpubl.).
Detailed analysis of the dynamic landscape of
the cavity and various mutant-ligand interac-
tions will provide a blueprint for the rational
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and computer-aided design of future genera-
tions of compounds.

Studies on Y220C are exceptionally impor-
tant: Not only is it a worthwhile target in its
own right, it is an excellent paradigm, and the
best current, for testing and developing p53-
stabilizing drugs in general. By targeting a site
that is distant from the functional parts of the
protein and that can be repaired by small mole-
cules, we can use it to investigate how to rescue
p53 in cancer cells, with minimal complicating
factors from inhibitory effects of binding. Such
studies could act as a paradigm for parallel
development of the “Holy Grail” of a generic
drug that could treat up to 2–3 million new
cases per annum by stabilizing a range of unsta-
ble oncogenic mutants. Such drugs may also be
adjuncts in the treatment of the large number of
cancers in which the level of wild-type p53 is
low because of enhancement of its degradative
pathways.

WHERE DO WE GO FROM HERE?

The past years have brought significant advan-
ces in our understanding of the structure and
the dynamic behavior of the p53 protein. Never-
theless, many important aspects of the p53
structure–function relationship remain to be
elucidated. Recent technological advances will
allow the structure of full-length p53 in com-
plex with its partner proteins to be solved in the
future, which should provide further insights
into the regulation of p53 function via its
intrinsically disordered amino- and carboxyl
termini, and the observed cross talk between
these regions. An important, and much needed,
contribution will come from a systematic char-
acterization of the numerous binding events,
accurate determination of binding constants
and, crucially, how these are affected by post-
translational modifications. Combining such
data from in vitro studies with that of cellular
protein levels and their temporal fluctuations
will provide a much clearer picture of the “p53
interactome.” Additional insights into the struc-
tural basis of p53 function may also come from
more in-depth structural studies of p63 and
p73, which, being larger, have additional layers

of complexity. Detailed structural analysis of
common p53 cancer mutants and p53’s inter-
action with its negative regulators has signifi-
cantly advanced the development of novel
anticancer drugs, both conceptually and practi-
cally. Design of mutant-specific p53 rescue
drugs, for example, has moved from a merely
theoretical concept to a realistic proposition in
recent years. There is every possibility that drug
discovery on p53 and its pathways will result in
an effective drug for use in anticancer therapy
in the future.
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