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Abstract. Despite the massive attention it has received, stabilization and activation. The functions of the protein
there is still much to learn about the p53 tumour are altered by phosphorylation and other covalent mod-
suppressor protein. Given that it plays complex and ifications. However, a number of proteins can regulate

p53 function dramatically by noncovalent means. p53 ismultiple roles in cells, it is not surprising that p53 is
thus subjected to numerous signalling and regulatorysubjected to an intricate array of regulatory processes. p53

receives signals from cells in multiple ways, leading to its pathways which we have only begun to decipher.
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Introduction

Since p53 was shown to be a tumour suppressor in
the late 1980s, it has been subjected to a wide and
extensive range of experimental approaches extending
from X-ray crystallography to clinical studies. It is
now clear that this protein plays a pivotal role in the
stress response programmes of normal cells, and that
loss or mutation of p53 function is highly correlated
with tumorigenesis. There is good evidence that p53 is
a multifunctional protein which can transmit signals
from many forms of genotoxic assault to genes and
factors that control aspects of the cell cycle and cell
death. Given the role of p53 as a cellular master
switch, it is reasonable to assume that it is subject to
extensive and complex forms of regulation. The pur-
pose of this article is to review recent advances in our
understanding of the regulation of p53. Such progress
is built upon a solid foundation of previous reports,
and a number of useful reviews have been written
that deal with the structure and function of the p53
protein [1–3].

p53 is a sequence-specific transcriptional activator,
and its interactions with DNA and several cellular
proteins have been extensively studied. Following
stress signals levels of p53 are stabilized through post-
transcriptional mechanisms. Additionally, there is
good evidence that the intrinsic activity of the p53
protein is altered such that it becomes a more effec-
tive transactivator. Like most proteins, p53 is orga-
nized into several functional domains (fig. 1) [1–3].
Within its N-terminus (residues 1–�100) are located
an activation region (residues 1–�70) as well as a
proline-rich region containing five copies (in human
p53) of the sequence PXXP (residues �60–�97). The
central conserved region of the protein (residues
�100–�300) contains its sequence-specific DNA-
binding domain, and the C-terminal portion contains
a flexible linker (residues �300–�325), a tetrameriza-
tion domain (residues �325–�356) and a highly ba-
sic stretch at the extreme C-terminus (residues
363–393). Phosphorylation sites, as well as other sites
of modification, have been mapped within the N- and
C-termini of the protein. Below we discuss the control
of p53 function, both by interactions between p53 do-
mains, as well as through interaction of these domains
with cellular factors.
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Regulation of p53 through its N-terminus

The N-terminus of p53 can be divided into discrete
regions. The transcriptional activation region consists
of two subdomains, one extending between residues 1
and 43 [4] and the second between residues 40 and 83
[5, 6], the latter being weaker than the former in
mammalian cells but the stronger of the two in yeast.
The second activation domain overlaps with the
PXXP domain, which is located between residues 63
and 97. Deletion of the PXXP domain renders p53
somewhat weaker in transcriptional activation than
the wild-type form, and reduces the ability of the
protein to suppress growth and induce apoptosis [7–
9]. Several p53 phosphorylation sites have been lo-
cated within the N-terminus. Sites for casein kinase I
(CK I): Ser 4, Ser 6 and Ser 9; and DNA-activated
protein kinase (DNA-PK): Ser 15 and Ser 37 have
been mapped in murine and/or human p53 (reviewed
in ref. 10). Ser 33 is also phosphorylated in vivo and
at least one protein kinase, the TFIIH-associated
trimeric cyclin-activating kinase complex (CAK), con-
sisting of cyclin H, CDK7 and p36/MAT1, has been
shown to phosphorylate p53 at that site in vitro [11].
Murine p53 can be phosphorylated by c-jun kinase
(JNK) at a corresponding site, Ser 34 [12]. JNK can
also phosphorylate human p53 at its N-terminus, al-
though the exact site has not yet been reported [13].
Additionally, murine p53 can be phosphorylated in
vitro by mitogen-activated protein kinase (MAPK)
[14].
It should be noted that there are a number of other
potential threonine and serine phosphate acceptors
within p53. Although two-dimensional phosphotryptic
mapping has provided strong support for the identifi-
cation of the known sites, and perhaps can be tenta-
tively used to rule out others, it remains possible that
in some cells or conditions novel sites may be utilized.

Such sites may indeed turn out to be very interesting.
Additionally, whilst the kinases that can phosphory-
late existing defined sites in vitro have largely been
identified, it remains possible that multiple kinases can
phosphorylate a given site. One example is phospho-
rylation of Ser 15, a site inducibly phosphorylated af-
ter DNA damage [15, 16]. It is predicted that multiple
protein kinases will prove capable of phosphorylation
of this site. The major questions are, then, which
protein kinase receives the first signal from DNA
damage, and which kinases are actually responsible
for phosphorylating p53 after DNA damage? Are
there conditions (or cell types) where a given kinase
predominates?

p53 N-terminal-interacting proteins
Of the p53 N-terminal-interacting proteins, the most
well characterized is the MDM2 protein. The regions
of these two proteins that interact have been mapped
[17–20], and the crystal structure was solved of a
complex between a p53 peptide extending between
residues 17 and 27 bound to residues 17–125 of
MDM2 [20]. There are a number of reasons why the
p53:MDM2 interaction is physiologically relevant.
MDM2 and p53 are coimmunoprecipitated from a
number of different cells, and a subset of tumours
expressing wild-type p53 (soft tissue sarcomas in par-
ticular) overexpress MDM2 from amplified genes (re-
viewed in ref. 21). The early embryonic lethal
phenotype of MDM2 knockout mice is rescued when
crossed into a p53 null background [22, 23]. MDM2
plays an important role in the regulation of
p53 levels in cells by targeting it for degradation [24–
26]. MDM-2 mediated degradation of p53 requires the
function of the proteasome [24, 25] and, indeed, it was
reported that MDM2 is an E3 ubiquitin ligase [27].

Figure 1. Landmarks of the p53 protein with phosphorylation sites, kinases and location on tumor derived mutations indicated above,
and functional domains indicated below.
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p53 can associate with several polypeptides that par-
ticipate in the general transcription machinery, includ-
ing TATA box binding protein (TBP), TBP associated
factor (TAF) (Drosophila TAFS 42 and 62, and hu-
man TAF31) and the p62 component of TFIIH (1–3).
p300/CBP has more recently been shown to interact
with p53 [28–30], and while the region of interaction
on p53 has not been finely mapped, Gu et al. [28]
reported that the association between p53 and CBP is
disrupted by mutating two N-terminal residues,
L226Q and W236S (generating the double mutant
p53[22/23]), which were previously identified by Lin et
al. [31] as playing critical roles in transactivation by
p53. It is assumed that the various interactions of p53
with the transcriptional machinery are required for its
function as a transcriptional activator, and the fact
that the transcriptionally impaired p53[22/23] cannot
bind to several of these transcription factors supports
this notion.
The interactions of p53 with MDM2 are part of a
negative feedback loop between the two proteins:
overexpressed or induced p53 transactivates the
MDM2 promoter [32, 33], and when MDM2 accumu-
lates and binds to p53, it represses the function of its
activation domain possibly by more than a simple
masking effect: MDM2 itself possesses a transcrip-
tional repression domain that may come into play
when tethered by p53 to the template [34].

N-terminal effects on DNA binding
There are a myriad of studies showing that proteins
which interact with or modify the C-terminal region
can cause dramatic effects on the ability of the core
domain to bind to DNA (see below). However, effects
of N-terminal interactors and modifiers on DNA
binding have also been noted. Indeed, in some cases
results from different studies have not always been
fully consistent. Zauberman et al. [35] using ‘McKay’
assays with cell extracts observed that whereas DNA
was detected in immunoprecipitates containing p53
alone, the amount of bound DNA in p53-MDM2
complexes was greatly diminished. By contrast, how-
ever, Bottger et al. [36] showed, by electrophoretic
mobility shift assay (EMSA) with purified recombi-
nant proteins, that MDM-2-p53-DNA complexes can
form, and no significant quantitative differences were
seen when comparing p53 bound to DNA in the pres-
ence and absence of MDM2. Thus, two different
DNA-binding assays, using different sources of p53
and MDM2, provided markedly different results with
respect to assessing the eff ects of MDM2 on p53
DNA binding. Dutta et al. [37] showed that p53 can
inhibit the interaction of RP-A with single strands.
However, according to Miller et al. [38], RP-A could

inhibit the ability of p53 to bind to its cognate site,
unless RP-A was bound to single strands. Further ex-
periments will hopefully resolve these discrepancies.
Several proteins when bound to the N-terminus stimu-
late or stabilize p53 DNA binding: Using both DNa-
seI footprinting and EMSA, Chen et al. [39] showed
that both TBP and TFIID can augment the ability of
p53 to bind to DNA encompassing a p53-binding site,
whether or not the DNA also contains a TATA box.
Martin and Berk [40] have reported that the aden-
ovirus E1B 55 kDa product increases p53 protection
from DNaseI cutting on a cognate site, suggesting the
possibility that TFIID and E1B may interact in a sim-
ilar manner with p53. Additional insight into how N-
terminal interacting proteins might affect DNA
binding came from reports showing that DNA binding
by p53 is inherently thermally sensitive. Temperature-
sensitive DNA binding by wild-type [41] or mutant
[42] forms of p53 can be stabilized when bound by
anti-p53 monoclonal antibodies that react with epi-
topes within the N-terminus. Those binding to
residues 46–55 provided the greatest protection from
thermal inactivation [42]. Although N-terminal protein
interactions can quantitatively increase DNA binding,
phosphorylation of N-terminal sites in p53 (by DNA-
PK) does not augment DNA binding [15].

N-terminal regulation of p53 turnover
The increase in p53 protein after stress signals results
in good part from a posttranslational mechanism
in which the normally rapidly degraded protein be-
comes greatly stabilized with a dramatically increased
half-life. Given that MDM2 can strongly promote
degradation of p53, it follows that regulation of this
effect is related to the stabilization of p53. At least
two different mechanisms have been recently proposed
to explain how p53:MDM2 interaction might be con-
trolled. The first of these has derived from observa-
tions that p53 becomes inducibly phosphorylated at
a residue, Ser 15, that is within the vicinity of the
MDM2 interaction region [15, 16]. Phosphorylation
of p53 at Ser 15 (and Ser 37) by DNA-PK markedly
reduces its ability to bind to MDM2 [15]. While it
is thus possible that phosphorylation of p53 at this
site is involved in regulation of p53 stability after
DNA damage, mutational analysis of p53 has sho-
wn that the mechanism of stabilization of p53 is con-
siderably more complicated [25, and unpublished]. Ad-
ditional phosphorylation sites at the N-terminus may
also be involved in regulating p53 stabilization.
It should be noted that CK I D is also a DNA
damage-inducible kinase that can phosphorylate p53
[43]. The second line of evidence implicating MDM2
in p53 stabilization comes from the observation



Multi-author Review ArticleCMLS, Cell. Mol. Life Sci. Vol. 55, 1999 79

that the alternatively spliced product of the murine
p16INK4A locus, p19ARF, can stabilize p53 most
likely through its interaction with MDM2 [44, 45].

Regulation of p53 through its central core domain

We first discuss how the core domain of p53 binds to
DNA as an autonomous entity. p53 has five evolution-
arily conserved regions (I–V) and four of these, regions
II–V, map within the central region (reviewed in ref.
46). Moreover, the great majority of missense mutations
that are identified in human tumours are located within
this conserved central portion of p53 [47]. Taken to-
gether, as indicated above, the implications are that
sequence-specific DNA binding is central to p53’s role
as a tumour suppressor. After the identification of the
central sequence-specific binding domain, a number of
studies were performed that defined features of core p53
interaction with DNA. The central domain of p53 binds
a motif containing two copies of 5% R R R C A/T T/
A G Y Y Y 3%, thus consisting of two pairs of head-to-
tail dimers [48]. The crystal structure of the core domain
has provided invaluable information as to how the core
binds its cognate site [49]. Conserved regions III and IV
form two large loops, and these along with the loop-
sheet-helix specified by regions II and V form the DNA-
binding surface of p53, responsible for major and minor
groove contacts within the p53 consensus site. The less
conserved regions contribute to a b-sheet sandwich that
forms a scaffold supporting the DNA-binding element.
Importantly, codons previously identified as ‘hot spots’
for mutation in tumours were shown to encode amino
acids that make critical contributions to DNA binding,
either directly or by affecting the conformation of the
domain. Informative as it is, however, the crystal struc-
ture cannot fully explain how full-length p53 binds to
DNA, or even how four core monomers contact the
four half sites.
The p53 cognate site implies that p53 binds to DNA as
a tetramer. Since purified p53 in solution is largely
tetrameric, this suggests that a function of the tetramer-
ization domain is to present four molecules of p53 to its
binding site under conditions where, as monomers, such
binding would be predicted to be very weak. The
strongly cooperative binding of core monomers [50, 51],
then, was somewhat surprising, and poses the question
of the function of the tetramerization region. Indeed, an
internal deletion of the tetramerization domain gener-
ates a p53 protein (p53DDD) that is incapable of bind-
ing to DNA [52, 53]. Missense mutations in the p53
tetramerization domain [54], however, yield protein that
displays partial, selective DNA binding, and p53
protein lacking the entire COOH terminus exhibits
strong binding [55]. Furthermore, Jayaraman et al. [53]

made the perplexing observation that p53 that has
deleted both the tetramerization domain and the N-ter-
minal 22 amino acids (p53DDDDN22] can now bind
well to DNA. Thus it is not clear why p53 lacking only
its tetramerization domain cannot bind to DNA.
p53DDD apparently has an altered tertiary structure, as
determined by its altered protease cleavage patterns
[53]. Deletion of the tetramerization region in the con-
text of an otherwise intact molecule may produce a
protein so disordered that access of the core domain to
DNA is prevented.

The roles of redox and metal binding in DNA binding
by p53
The central core of p53 contains a zinc atom, and
binding to zinc is essential for its ability to bind to
DNA. Human p53 protein has 10 cysteine residues all
of which are localized in the central DNA-binding do-
main. The importance of cysteine residues in p53 func-
tion is underscored by the facts that 8 of the 10
cysteines are evolutionarily conserved, mutations in
many of these cysteines completely or partially block
the transactivation and tumour suppressor functions of
p53, and 9 of these cysteines have been found mutated
in naturally occurring human cancers (reviewed in ref.
56). Furthermore, the co-crystal structure of the central
domain of p53 complexed with cognate DNA showed
that the loops that form the DNA-binding surface of
p53 are connected by a tetrahedrally coordinated zinc
atom, bound by residues Cys 176, His 179, Cys 238 and
Cys 242 [49].
The importance of metal ions/metal chelators and re-
ducing agents as well as the individual contributions of
each of the cysteines has been extensively analysed.
Milner et al. have sought to establish the importance of
cysteines and zinc in stabilizing p53 DNA binding (57–
59). Their results demonstrated that agents which re-
versibly perturb the wild-type conformation of p53 also
modulate its DNA-binding ability. Exposure to metal
chelators such as 1,10-phenanthroline (OP) caused p53
to adopt a conformation similar to that of an oncogenic
p53 mutant as detected by conformation-specific p53
monoclonal antibodies (i.e., reactive to PAb240, nonre-
active to PAb246). Similarly, exposure to OP prior to
incubation with DNA also abolished p53 DNA-binding
ability, as assessed by electrophoretic mobility shift
assays, and this could be partially overcome by addition
of Zn (II). These experiments thus suggested a crucial
role for zinc in stabilizing the tertiary structure of p53
since OP has a strong affinity for zinc and much higher
concentrations of other chelating agents, such as EDTA
or EGTA [which preferentially bind Ca (II) and Mg
(II)], were required to elicit the same effect. Note,
however, that Bullock et al. [60] showed that zinc re-
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mains bound to the core even after thermal denatura-
tion, suggesting that its presence is not a prerequisite for
the native conformation of the domain.
In addition to binding to zinc, p53 also exhibits binding
to copper (Cu2+) in vitro [59]. In order to test whether
binding to copper has any in vivo significance, Verhaegh
et al. [61] tested the effect of pyrrolidinedithiocarbamate
(PDTC), an antioxidant capable of binding and trans-
porting copper, on the DNA-binding function of p53.
Their data showed that treatment of wild-type p53
expressing cells with PDTC resulted in the abrogation of
the specific DNA-binding ability of p53, concomitant
with the loss of p53 ‘wild-type’ conformation as assessed
by reactivity to conformation-specific antibodies. Fur-
thermore, manipulation of the redox state of copper and
its entry into the cell showed that reagents that promote
the conversion of copper into a more oxidized state
(Cu2+) also enhance the DNA-binding capacity of p53.
Here, in contrast to the negative effects of 1, 10 OP
described above, treatment with 1, 10 OP in this context
actually upregulated p53 activity since it increased the
redox activity of copper. Thus, binding to and interac-
tion with metal ions plays a crucial role in the physiolog-
ical regulation of p53.
Since cysteine sulphydryl residues in p53 contribute to
metal liganding, and removal of metal ions results in
oxidation of thiols, Milner’s group then directly investi-
gated the effect of redox conditions on p53 conforma-
tion and DNA-binding activity [58]. Interestingly, while
addition of reducing agent 1,4-dithio-1-threitol (DTT)
favoured p53 folding into wild-type conformation and
restored DNA binding, treatment with oxidant diamide
induced p53 to acquire a mutant phenotype with con-
comitant loss of DNA binding. Using metal chelators
OP and EDTA, the alkylating agent N-ethyl maleimide
(NEM), diamide, DTT and cellular redox protein Ref-1,
other groups have also arrived at similar conclusions,
that is, that p53 DNA binding is governed by redox
[62–65]. Removal of reducing agents by dialysis drasti-
cally reduced p53 DNA binding, reiterating the need for
a reducing cellular environment for active p53 [64, 65].
Experiments assessing the relative contributions of Zn
binding and protein reduction to p53 DNA binding
showed that while Zn remains tightly bound to p53
during purification in Chelex-treated buffers, it is still
not sufficient for optimal binding; both bound Zn and
reduction of p53 are necessary to achieve optimal bind-
ing [64]. Rainwater et al. [64] reported that substitution
of the three critical murine p53 cysteines implicated in
Zn binding by crystallography studies (residues 173, 235
and 239) resulted in a striking loss of DNA binding and
transcriptional activation and a dramatic increase in
oncogenic function. Substitutions at positions 40, 179,
274, 293 and 308 had no effect, whereas those at 121,
132, 138 and 272 (located within the loop-sheet-helix and

therefore possibly contributing to structure of DNA-
binding domain) partially abrogated transcription and
transformation suppression functions. They showed that
the cys mutants retained the ability to form tetramers
and higher-order oligomers.
What is the biological significance of regulating p53
function by redox? Unfortunately, in the case of normal
cells, little is known about the changes in redox status or
their possible link with the cell cycle or apoptosis. What
is known, however, is that the concentration of redox
molecules such as glutathione (and Ref-1) are higher in
the nucleus than in the cytoplasm. Interestingly, a mu-
tant fission yeast strain in which p53 transcriptional
activity and growth suppression are defective, lacks
thioredoxin reductase (trr1) [66]. Furthermore, in Sac-
charomyces cere6isiae, deletion of the TRR1 gene causes
reduced p53 transactivation function [67]. Jayaraman et
al. [65] have shown that the redox/repair protein Ref-1
can enhance DNA binding and transcriptional activa-
tion by p53 both in vitro and in vivo, although the
contribution of the redox function of Ref-1 to its ability
to stimulate p53 has not been fully clarified. Signifi-
cantly, gene knockout experiments with mice carrying
mutations in the p53, Ref-1 and XPC genes in varying
combinations showed that not only does Ref-1 lie up-
stream of p53 in the DNA damage repair pathway, but
also that defects in Ref-1 functions synergize with inac-
tivating mutations in the repair pathway in leading to
predisposition to cancer [68]. It is worth noting here that
hypoxia, a hallmark of solid tumours, elevates p53
protein levels [69] as well as levels of Ref-1 [70].
Ref-1 notwithstanding, given the fact that a reducing
environment drives p53 to assume a wild-type DNA-
binding conformation, the very entry of p53 into the
nucleus of normal cells would favour its reduction and
ensure its activity. In the case of cancer cells, a more
prooxidant atmosphere resulting from increased genera-
tion of oxygen radicals has been reported. Reactive
oxygen radicals also accumulate in a host of cellular
stress conditions such as in response to DNA damage by
ionizing radiation. Indeed, there appears to be a paradox
which must be considered: although in vitro evidence is
compelling that reduction of p53 is required for its
DNA-binding function, and oxidation inactivates it, in
cells p53 can be induced by agents of oxidative damage.
For example, it is well documented that treating cells
with H2O2 leads to increased p53 levels in cells, most
likely due to ensuing DNA strand breaks. Interestingly,
it has been reported that the apoptotic response to H2O2

is transmitted by p85, a regulator of PI3K (PI3 kinase)
in a p53-dependent manner [70a]. To reconcile these
discrepancies we might speculate that even under condi-
tions which lead to a more oxidative environment there
might be a way to maintain p53 protein in a reduced
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state: perhaps Ref-1 might directly interact with p53,
and so engender its reduction. It can be further sug-
gested that the oxidative environment within a tumour
cell might actually drive p53 activation and increase the
selective pressure for p53 mutation.

DNA bending
The core domain also induces a significant bend in the
DNA to which it is bound, and this may represent yet
another level at which the function of p53 can be
controlled. Balagurumoorthy et al. [51] reported that
DNA binding by the core DNA-binding domain of p53
results in bending of the target DNA. Nagaich et al. [71]
subsequently showed that the stability of the p53-DNA
complex is greatly enhanced by the DNA-bending an-
gle. Their data, in fact, suggest that the sequence of the
p53 cognate site influences the bend angle, which in turn
correlates with affinity of p53 for DNA. Molecular
models of core-DNA interactions suggest that DNA
bending is necessary to accommodate four p53 core
monomers without steric clashes [72]. The discovery by
Jayaraman et al. [73] that HMG-1 is a potent stimulator
of p53 may be relevant to these observations, as it has
been previously shown that HMG-1 box-containing
proteins can bend DNA [74]. The unexpected observa-
tion that HMG-1 stimulates both full-length and C-ter-
minally deleted p53 (as well as the core alone) showed
that HMG-1’s effect on p53 is distinct from other
known regulators of p53 which require an intact C-ter-
minus for activation of p53 DNA binding. Although
the mechanism by which HMG-1 stimulates p53 DNA
binding is not fully established, the fact that HMG-1
promotes higher-order p53:DNA complexes is consis-
tent with its ability to promote DNA bending and the
stabilization of p53 on bent DNA [73]. Thus it is likely
that HMG-1/2 proteins can recognize specific bases
within a p53 binding site [74], and while they do not
form a stable interaction with this DNA, they can
induce a bend, thus making it a better binding target for
p53.

Regulation of p53 through its C-terminus

The C-terminus of p53 can be viewed both as a regula-
tory region that controls sequence-specific DNA bind-
ing and also as a separate functional domain. It has
been shown to possess autonomous DNA binding [75,
76] and strand reassociation ability [77–79]; however, in
contrast to the core domain, DNA binding by the
C-terminus is not sequence-specific. p53 protein exists in
solution predominantly as tetramers, and indeed it is
the tetrameric form that binds DNA most efficiently
[80]. The structure of the oligomerization domain of

human p53 was deciphered by three groups using three-
dimensional nuclear magnetic resonance (NMR) [81,
82] and X-ray crystallography [83] and found to contain
a b-sheet-turn-a-helix motif that forms dimers such
that the fully tetramerized domain consists of a dimer of
dimers. The oligomerization domain has also been
shown in earlier studies to be sufficient for cellular
transformation [84], presumably through its ability to
form inactive heterotetramers with full-length p53. The
tetramerization region can be substituted with another
tetramerization domain, and such a chimeric protein
retains at least some of the activities of wild-type p53
[85]. Substitution of p53 tetramerization region residues
with alanine [86] or hydrophobic amino acids [87] leads
to altered oligomerization properties. It is interesting
that disruption or loss of oligomerization function is
associated with loss of cell-cycle arrest but not growth
suppression as measured by colony formation assays
[88, 89].
The C-terminal basic region [363–393] has been shown
to be an element that negatively regulates DNA binding
by the central core domain. This supposition is built
upon observations that both covalent and noncovalent
modifiers of p53 which bind to or modify this region
can stimulate its sequence-specific binding. A p53
monoclonal antibody, PAb421, which binds residues
371–380, or other proteins such as Dna K which can
stably associate with the C-terminus of p53, stimulate
binding by the central core. Additionally, phosphoryla-
tion of CKII sites (Ser 392) or PK-C sites (Sers 371,
376, 378) within this region result in stimulation of
binding. Finally, deletion of C-terminal residues 363–
393 yields a protein which is extremely active in binding
to DNA (reviewed in refs 1 and 2). Additional modifiers
of p53 DNA binding which are likely to work through
the C-terminus include short single strands of DNA
[90], p53-derived peptides spanning the basic PAb421
epitope [91, 92], or Ref-1 [65]. The mechanism by which
the C-terminus regulates DNA binding is not yet fully
understood. Two models have been proposed: in the
first, it has been hypothesized that the C-terminus al-
losterically regulates conversion of p53 from an inert
‘latent’ form to one which is active for DNA binding
[93, 94]. Evidence for this model is based upon the
observation that p53 can be isolated from baculovirus-
infected insect cells or synthesized in vitro in a form
that binds DNA only weakly but which, upon treat-
ments as outlined above, becomes activated [65, 93, 94].
The second model postulates that binding by the central
domain is hindered by the interactions of the C-termi-
nus with longer DNA molecules [95, 96]. It is not clear
at this point which of these two models (or both) is
correct. Validation of the allosteric model will require
physical evidence for a conformational alteration in p53
protein upon one or more of the modifications noted
previously.
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Effects of phosphorylation of the C-terminus
Whatever the mode by which the C-terminus regulates
the functions of the central core domain, there are a
number of more recent observations that bear discus-
sion and review. We first consider current developments
in studying how phosphorylation regulates p53 DNA
binding. It should be noted that attempts to discern
phenotypes of phosphorylation site mutants in p53 have
been confusing at best and disappointing at worst.
Mutation of murine phosphorylation sites at N- [97–99]
and C-termini [100–102, and unpublished] has yielded
p53 proteins which are roughly equivalent to wild-type
protein in standard transient transfection assays of tran-
scriptional activation of p53 responsive reporters (re-
viewed in ref. 1). However, it is noteworthy that Hao et
al. [103] found that wild-type p53 in G1-arrested murine
cells is inactive, whereas mutation of the murine CKII
site to a charged residues (Glu) rescued p53 function.
Additionally, whereas mutation of the murine CKII site
to alanine had little effect on transactivation of p21 and
ribosomal gene cluster (RGC) reporters, it markedly
inhibited the ability of p53 to repress the SV40 pro-
moter [104]. Although it is not yet well understood, we
might speculate that an interaction of the C-terminus
with a protein component of the general transcription
machinery such as TBP [105, 106] or p300 [30], both of
which have been implicated in the repression function
of p53, might either require p53 phosphorylated at that
site, or might be affected by mutating Ser 392. There
have been attempts to pursue the mechanism by which
p53 is stimulated by CKII: p53 is bound stably by the b

subunit of CKII, and after phosphorylation, p53 no
longer can reanneal DNA [107]. The region of p53
required for the interaction with CKII was mapped
between residues 287 and 340 [108]. This interaction as
well as phosphorylation may contribute to the effect of
the protein kinase on p53 DNA binding. That inhibi-
tion of p53 nonspecific interaction with DNA, as mea-
sured by strand reassociation activity, correlates with
stimulation of specific DNA binding is consistent with
the proposal of Anderson et al. [96] that the C-termi-
nus, when bound to DNA, interferes with specific bind-
ing by the central region. Sakaguchi et al. [109],
however, have noted another effect of phosphorylation
of the CKII site in human p53: peptides spanning the
C-terminal part of the protein (residues 303–393) dis-
play a 10-fold greater association constant for reversible
tetramer formation after phosphorylation by CKII.
Whether this striking observation is true as well of
full-length p53 awaits experimentation. Importantly,
Kapoor and Lozano [110], using an antibody specific
for p53 phosphorylated at the CKII site, showed that
ultraviolet (UV) (but not g) irradiation induces phos-
phorylation at the rat p53 CKII site.
The initial finding that PK-C can phosphorylate human

p53 within the C-terminal basic regulatory region was
met with excitement because of the potential that this
might represent the end-point of a signal transduction
pathway leading to activation of the protein [111, 112].
Murine p53 is also phosphorylated on comparable sites
within the C-terminal 30 amino acids [113], and an
interaction between murine p53 residues 320–346 and
PK-C was detected [114]. Milne et al. [113], however,
have found that in SV3T3 cells p53 may not be in-
ducibly phosphorylated at PK-C sites after 12-O-te-
tradecanoyl phorbol-13-acetate (TPA) treatment. To
gain further insight into this protein kinase, one ap-
proach has been to exploit the use of PK-C inhibitors
[115, 116]. Chernov et al. [115] found that H7 or bisin-
dolymaleimide I treatment lead to accumulation of p53
protein, and, reciprocally, phorbol ester inhibits the
accumulation of p53 after DNA damage. How this is
related to actual phosphorylation of p53 at PKC sites
has not been firmly established. Another group found
that although staurosporine inhibits p53 accumulation,
other PK-C inhibitors did not affect p53 in their system
[116].
Another region of the C-terminus which is also regula-
tory in vitro spans the CDK site within the linker
region: it was observed that phosphorylation of Ser 315
selectively stimulates p53 DNA binding to a subset of
p53 sites [117]. Furthermore, a mutant p53, S315A,
binds DNA poorly, when compared with wild-type p53
(unpublished). Whether Ser 315 phosphorylation oper-
ates mechanistically in the same fashion as modification
of residues within the C-terminal basic region [363–393]
is not yet established. However, mutation of the CDK
site reduces activation by Dna K, and a monoclonal
antibody (PAb 241] which binds in the vicinity of the
site can stimulate DNA binding, analogous to the ef-
fects of PAb421 at the extreme C-terminus [118]. Fur-
thermore, while a truncated p53 containing residues
1–363 (p53DC30) is capable of being phosphorylated at
Ser 315 by CDKs to the same extent as full-length p53,
DNA binding by p53DC30 is not stimulated by phos-
phorylation at Ser 315 (unpublished). As was shown for
CKII, a binding site for CDK on human p53 has been
identified within residues 330–339 [119]. Interestingly,
substitution of Ser 392, but not Ser 315, with the acidic
residue Asp led to reduced interaction of CDK with
p53. Reciprocally, whereas phosphorylation of Ser 392
increases tetramerization, this effect is reversed when
p53 is phosphorylated at Ser 315 [109]. Taken together,
these data suggest an interdependent relationship be-
tween the CKII and CDK sites on p53.
p53 phosphorylation appears to be carried out by a
number of different protein kinases, each of which, as
described above, appear to phosphorylate residues ex-
clusively either within the N- or the C-termini of the
protein. One possible exception to this is the TFIIH-as-
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sociated CAK complex. While Ko et al. [11] demon-
strated that CAK phosphorylates p53 at Ser 33,
Levine’s laboratory reported that the same trimeric
complex can phosphorylate site(s) within the C-termi-
nus [120]. Whether CAK is the only kinase that can
phosphorylate both N- and C-terminal sites is not yet
known. However, since p53 was shown previously to
interact with other constituents of TFIIH, namely, the
XP-B, XP-D [121] and p62 [122] polypeptides, it is
attractive to speculate that these interactions with, and
modifications of, p53 serve important regulatory roles
in vivo.

Other covalent modifications
Phosphorylation is not the only modification of p53.
Another example of a covalently attached group is
derived from the observation that 5.8S ribosomal RNA
(rRNA) is attached to the penultimate serine of murine
p53 [123]. p53 has also been shown to be O-glycosylated
within the PAb421 epitope region in a cell-type-specific
manner [92]. Such glycosylation renders p53 incapable
of recognition by PAb421. Recently Gu and Roeder
[124] discovered that p53 can be acetylated by p300/
CBP predominantly at lysines 373 and 382, and that
such modification leads to increased DNA binding.
Glycosylation and acetylation of p53 may account for
observations that subpopulations of p53 from different
sources in some cases lack PAb421 reactivity.

Noncovalent modifiers
Covalent modifications are clearly a mode by which
cells can signal to and regulate p53. But noncovalent
regulators of p53 are also likely to become increasingly
important. In this respect it is interesting to consider the
relationship between p53 and DNA damage and repair.
In addition to its possible role in regulation of the
central core domain, the C-terminus of p53 has been
postulated to be a damage recognition region, based on
its ability to bind DNA ends and single strands [38,
125], mismatches [126], Holliday junctions [127] and
irradiated DNA [128]. Although the significance of
these interactions awaits further study, it is worth con-
sidering that they may perform a regulatory function in
a manner analogous to proteins that interact with the
C-terminus. Moreover, a number of DNA repair
proteins have been identified that interact with or regu-
late p53, presumably through its C-terminus. These
include the XP-B and XP-D components of TFIIH
[121] and Rad51 [129]. The impact of these interactions
on the sequence-specific transactivation function of p53
has not yet been fully explored. Moreover, as described
above the redox/repair protein Ref-1 was discovered to
be a potent activator of p53 DNA binding and transac-

Figure 2. Multiple levels of regulation of p53 sequence-specific
DNA binding.

tivation [65]. Ref-1, functioning as an apurinic�
apyrimidinic (A/P) endonuclease, plays a central role in
base excision repair. Although it works directly on the
central domain by providing critical redox function,
Ref-1 also has a redox-independent role in activating
p53, as evidenced by the fact that it stimulates p53 in
the presence of high concentrations of reducing agents,
and this stimulation requires an intact C-terminus [65].
Thus, p53 appears to be intimately connected to DNA
repair processes both through signalling after DNA
damage, as well as through its multiple interactions with
components of the DNA repair machinery.

Conclusion

As detailed above, it is clear that there are a host of
ways that p53 can be controlled. With respect to one of
its most critical functions, namely, sequence-specific
DNA binding, we can postulate at least four levels of
regulation, which are diagrammed in figure 2. These
include interactions at the N-terminus as evidenced by
antibodies such as PAb 1801 which provide thermosta-
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bilization, direct regulation of the core by both redox/
metal binding and facilitation of DNA bending, and
finally manipulation of the C-terminus by covalent and
noncovalent modifiers leading to relief of repression by
this region.
Thus, regulation of p53 is complex and still not well
understood. There remain a plethora of questions to be
answered and paradoxes to be solved. How does p53
become stabilized after DNA damage, and are there
multiple mechanisms for this stabilization? How is p53
DNA binding regulated in cells? Is such regulation
promoter-selective? How is it that phosphorylation of
sites within the C-terminus can dramatically stimulate
DNA binding in cells, and yet phosphorylation site
mutants do not appear to yield p53 protein that is
defective in transactivation, as measured by transient
transfection assays?
With respect to the last question several possibilities for
the discrepancies can be suggested:
1) DNA binding by p53 is regulated by redundant
mechanisms: phosphorylation at several sites, and non-
covalent activators such as Ref-1 and HMG-1, them-
selves abundant proteins in cells, may serve to ensure
that, once stabilized, p53 is activated.
2) Transactivation assays or other overexpression sys-
tems for measuring p53 activity yield such high concen-
trations of p53 protein that regulation is overridden by
sheer quantity of p53 protein.
3) The DNA-binding assays used to assess the effects of
phosphorylation and other stimulators have usually
been gel mobility shift assays, employing as ligand short
duplex oligonucleotides. These assays may not mimic
faithfully the interactions of p53 with DNA in cells.
Yet, providing some measure of confidence that obser-
vations made in vitro have physiological relevance, are
the striking observations that introduction of C-termi-
nal antibodies or peptides into cells can markedly stim-
ulate the transactivation [130–132] or even
proapoptotic function [132] of the resident wild-type or
even mutant forms of p53. These experiments support
cautious optimism that by delving further through ways
into which p53 protein is regulated, we may eventually
be able to develop small molecules which can, when
introduced into cells, lead to stabilization of the wild-
type tumour suppressor function of mutant or inactive
forms of p53. Moreover, insight into regulation of p53
will be important not only for studying this important
gene product but also for gaining understanding as to
how other transcriptional regulators are controlled.
Whatever the answers, the questions are as fascinating
as the p53 protein itself.
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