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Abstract

Sequence-specific binding by the human p53 master regulator is critical to its tumor suppressor activity in response to
environmental stresses. p53 binds as a tetramer to two decameric half-sites separated by 0–13 nucleotides (nt), originally
defined by the consensus RRRCWWGYYY (n = 0–13) RRRCWWGYYY. To better understand the role of sequence, organization,
and level of p53 on transactivation at target response elements (REs) by wild type (WT) and mutant p53, we deconstructed
the functional p53 canonical consensus sequence using budding yeast and human cell systems. Contrary to early reports on
binding in vitro, small increases in distance between decamer half-sites greatly reduces p53 transactivation, as
demonstrated for the natural TIGER RE. This was confirmed with human cell extracts using a newly developed, semi–in
vitro microsphere binding assay. These results contrast with the synergistic increase in transactivation from a pair of weak,
full-site REs in the MDM2 promoter that are separated by an evolutionary conserved 17 bp spacer. Surprisingly, there can be
substantial transactivation at noncanonical K-(a single decamer) and L-sites, some of which were originally classified as
biologically relevant canonical consensus sequences including PIDD and Apaf-1. p53 family members p63 and p73 yielded
similar results. Efficient transactivation from noncanonical elements requires tetrameric p53, and the presence of the
carboxy terminal, non-specific DNA binding domain enhanced transactivation from noncanonical sequences. Our findings
demonstrate that RE sequence, organization, and level of p53 can strongly impact p53-mediated transactivation, thereby
changing the view of what constitutes a functional p53 target. Importantly, inclusion of K- and L-site REs greatly expands
the p53 master regulatory network.
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Introduction

The tumor suppressor p53 (OMIM no. 191170) is a sequence-

specific master regulatory gene that controls an extensive transcrip-

tional network providing for genome integrity in response to

cellular and environmental stresses or damage [1–3]. p53

differentially regulates the expression of target genes, as well as

microRNAs associated with cell cycle control, apoptosis, DNA

repair, angiogenesis, senescence and carbon metabolism [4,5]. A

variety of factors such as stress and cell-type dependent, post-

translation modifications and transcriptional co-factors can

influence p53-induced transcriptional changes [6–8]. Paramount

to p53 transcriptional function is the direct interaction between

p53 and its targeted DNA sequence. The nature of this interaction

could per se determine transactivation capacity, as well as influence

p53-mediated biological processes [9]. Such activities are often

altered during human cancer development as highlighted by the

frequent appearance of p53 missense mutations in its sequence-

specific DNA binding domain [10,11] which can abrogate or alter

p53 transactivational activity that result in changes in biological

responses, such as the balance between apoptosis and survival in

response to DNA damage. [3,10,12–15].

Through in vitro studies, a consensus p53 DNA binding sequence

has been derived comprising a motif of two decamers (half-sites)

RRRCWWGYYY (n) RRRCWWGYYY, (where R = purine,

W = A or T, Y = pyrimidine and n is 0–13 bases) where each

decamer is composed of two adjacent p53 monomer binding sites

(quarter-sites) in inverted orientation [16–18]. p53 binds coopera-

tively to the consensus RE as a dimer of dimers, where a tetramer is

the accepted functional unit required for full transcriptional activity

[19–26]. Most functional response elements (REs) identified in

association with p53 target genes depart from this consensus, where

base changes are tolerated at each position with the exception of the

C and G at positions 4 and 7 in each half-site [27,28].

Recent crystal structures show that the interactions between p53

and DNA are influenced by the base pairs present in the RE

sequence [29] while binding assays in solution established a wide

range of dissociation constants among natural p53 REs [23].

Functional studies in model systems demonstrate that the RE

sequence and amount of p53 expression can dramatically
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influence the level to which p53 can transactivate from a specific

RE [3,30]. However, results of those various approaches do not

fully overlap and it is still not well-understood how the loose

consensus, in terms of base variation and spacer length between

half-sites affects p53 binding to DNA, or how differential binding

relates to transactivation specificity [31–33].

More recently, several studies have refined the accepted, or

canonical p53 consensus binding sequence based on presumed

unbiased chromosome- or genome-wide in vivo binding assays

using chromatin immunoprecipitation (ChIP) [34–37]. However,

the findings may be skewed towards stronger p53 interacting

sequences or influenced by the agent used to induce p53 protein,

as well as the human cell lines examined. While ChIP provided a

powerful tool for identifying sequences that p53 could bind and

the results pointed to a refined p53 consensus with more restrictive

sequence features [34], these assays could not address the strength

of p53 binding. Furthermore, the experimental approach failed to

retrieve known p53 binding sites, indicating that the technique

could miss interactions between p53 and weaker response elements

which might include noncanonical sites that do not match the

accepted consensus motif.

Bioinformatics studies to identify p53 REs are guided by

identified sequences. Based on the consensus sequence, computa-

tional algorithms have exploited the base pair composition of

known p53 REs to determine binding probabilities of p53 towards

sequences and generate position-weight matrices (PWM) or

‘‘logos’’ [38,39]. While such algorithms may guide the identifica-

tion of p53 binding sites in the genome, they cannot assess the

strength of p53 binding to these sequences. The ability of p53 to

bind (and presumably transactivate from) a sequence is often

related to compliance with the canonical consensus sequence

where each position in the motif is assumed to be equivalent and

mutually exclusive in terms of affecting p53 binding [40].

However, PWM values appear not to be a good predictor of

p53 transactivation [30].

While the canonical consensus sequence has guided studies of the

p53 network, an additional layer of complexity was identified recently

suggesting that the canonical motif is not limited to two decamers in

human cells. p53 dependent-transactivation was detected in

association with a decamer half-site created by a single nucleotide

polymorphism (SNP) in the promoter of the FLT-1 gene (the vascular

endothelial growth factor (VEGF) receptor-1 gene) [41]. These results

showing that p53 can function from a noncanonical consensus

sequence imply that the number of potential p53 target sites within

the genome may be much greater than anticipated. Current methods

that identify and/or define putative p53 REs would overlook such

noncanonical binding elements.

Stimulated by the observation of a transcriptionally active p53

half-site, as well as by the finding that even a single nucleotide

change can greatly impact transactivation potential of a RE

[42,43], we have systematically deconstructed the canonical p53

RE sequence to address the requirements for a functional p53

binding site. Utilizing in vivo systems we developed in the budding

yeast Saccharomyces cerevisiae, the transactivation potential of p53 was

first examined from p53 canonical consensus REs containing base

changes and/or variations in organization of binding motifs (i.e.,

multiple REs and various spacer lengths) and then assessed

transactivation from K- and L-site REs, which we refer to as

noncanonical REs. For these noncanonical REs the surrounding

sequence does not resemble a p53 binding sequence and the motif

itself would not be recognized within standard descriptions of a

p53 canonical consensus sequence. Within the yeast system, we

have addressed not only the ability of p53 to function from specific

target sequences (i.e., on/off), but also the extent of transactivation

from these sites at variable levels of expression. These studies have

been extended to transactivation capacity and p53 promoter

occupancy in a human cell system, and the in vivo functionality

evaluations were compared with results obtained in a recently

developed semi-in vitro binding assay using human cell nuclear

extracts. Several structural mutants were examined to assess the

p53 structural requirements for transactivation from noncanonical

REs. Overall, the findings expand our understanding, as well as

the anticipated size of the human p53 master regulatory network.

Results

Isogenomic System To Address p53 Transactivation from
REs in Diploid Yeast

Previously, we had developed a plasmid-based haploid yeast

system to systematically evaluate the contribution of RE sequence

and p53 expression level towards p53 differential transactivation

[14,30]. While many factors may ultimately determine p53

transactivation of individual genes in human cells including stress

stimuli, post-translational modifications, and transcriptional cofac-

tors, the yeast system addresses the potential for wild type and mutant

p53 to bind and transactivate from various REs derived from human

genes when placed in a constant chromatin environment.

We have expanded this experimental system to diploid yeast to

further assess the transactivation capacities of p53 (WT or mutant)

(Figure 1A). Two panels of modified S. cerevisiae strains were

generated. The first was a set of p53 host strains in which p53 (WT

or mutant) is directed by a ‘‘rheostatable’’ GAL1 promoter that

allows for controlled, over 200-fold, inducible expression of p53 in

yeast depending on the carbon source in the media (Figure 1B and

Figure S1). Importantly, similar to p53 protein accumulation in

mammalian cells following stress [44], expression from the GAL1

promoter in yeast displays a graded transcriptional response such

that there is a range of activity from the promoter as opposed to a

binary, or on/off response [45–47]. Biggar and Crabtree [45]

demonstrated through fluorescence-activated cell sorting (FACS)

experiments that expression of green fluorescent protein from a

Author Summary

Within human cells, the tumor suppressor p53 is the
central node of regulation required to elicit multiple
biological responses that include cell cycle arrest and
death in response to stress or DNA damage, where
mutations in p53 are a hallmark of cancer. As a master
regulatory gene, p53 controls the action of target genes
within its network by directly interacting with a widely
accepted consensus DNA binding sequence, composed of
two decamer K-sites that can be separated by up to 13
bases. While mismatches from consensus sequence are
frequent, the canonical consensus sequence places a
limitation upon the organization and number of target
genes within the p53 transcriptional network. Using yeast
and human cell systems, our goal was to further
understand how the DNA sequence, DNA organization,
and level of p53 expression might influence the inclusion
of genes within the p53 regulatory network. We found that
increases in spacer beyond a few bases greatly reduce
responsiveness to p53. Importantly, we established that
p53 can function from noncanonical sequences compris-
ing only a decamer K-site or a L-site. These findings
further define and expand the universe of potential
downstream target genes which may be regulated by
p53 and bring further diversity into the p53 regulatory
network.

Noncanonical DNA Targets of p53
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GAL1-GFP reporter within a population of cells generated a single

fluorescent peak where the intensity of the peak was dependent

upon the concentration of galactose supplemented in the media.

Thus, increases in galactose will result in a homogeneous response

where the vast majority of cells in the population respond (within

our system expressing an induced amount of p53) rather than

merely increasing the percentage of cells within the population

expressing the maximal level of protein.

The second set of strains of opposite mating type contained

promoter REs upstream of the minimal CYC1 promoter and either

the ADE2 color reporter or the firefly luciferase reporter [28]. To

facilitate the construction of a large number of p53 mutants and

REs at chromosomally located target loci we employed the delitto

perfetto system for in vivo mutagenesis. Delitto perfetto utilizes

oligonucleotides and targeted homologous recombination to

rapidly generate S. cerevisiae yeast strains with specific genetic

alterations [48,49].

Mating of the reporter and p53 host strains results in isogenic,

diploid yeast that enable the rapid assessment of the transactiva-

tion potential for WT or mutant p53 proteins towards many

individual REs in the p53 transcriptional network [14]. Impor-

tantly, all the conditions in the cells are constant, i.e., isogenomic,

where the only variables between strains are the RE sequence, WT

or mutant p53 and level of expression.

The luciferase reporter provided a quantitative estimate of

transactivation capacity of WT p53 from the various REs in

cultures of logarithmically growing cells. The strength of

transactivation (relative light units/mg protein) from each RE

were compared to transactivation from the strongly transactivated

p21-59 RE at high p53 expression (0.024% galactose). An example

of transactivation capacity of p53 over a range of expression is

shown by the quantitative assessment of p53-induced transactiva-

tion from the p21-59 RE in vivo (Figure 1C). Functional assessment

with the luciferase reporter assay provided an indication of the

kinetics of transactivation with a basal level of transactivation at

0.00% galactose (2% raffinose), initial induction of transactivation

(between 0.004–0.008% galactose) and maximal level of transacti-

vation (between 0.016–0.024% galactose).

Figure 1. Isogenomic diploid yeast system to investigate transcriptional capacity of p53 towards many REs at various p53 levels. (A)
Transactivation capacities of p53 (WT or mutant) from cognate REs were determined using diploid strains derived from haploids where p53 and
reporters with upstream REs were integrated into different chromosomal loci. Within the p53-host strains, p53 (WT or mutant) was controlled by a
‘‘rheostatable’’ GAL1 promoter (blue cells) (previously described [109]) which allows for controlled, inducible expression of p53. Reporter strains
contained promoter REs upstream of the minimal CYC1 promoter and either the ADE2 color reporter (REP) or the firefly luciferase reporter (tan cells)
[28]. Mating of the REP and p53-host strains results in isogenomic diploid yeast that provide for rapid assessment of the transactivation potential for
WT or mutant p53 proteins towards many individual REs in the p53 transcriptional network [14]. (B) Inducible expression of p53 under the
rheostatable GAL1 promoter. The GAL1 promoter allows for controlled expression of p53 depending on the level of galactose in the media. Raffinose
was added to provide a basal level of expression, as the GAL1 promoter is derepressed, but not induced in media containing this carbon source.
Presented is a Western blot analysis of p53 expression 24 hours post-inoculation with raffinose or raffinose plus increasing amounts of galactose
(0.004–0.032%). Increases in galactose from 0–0.032% correlated with an increase in p53 over a 100-fold range. The p53 protein was detected with
DO-1 and pAb1801 antibodies. The asterisk (*) depicts a longer exposure to reveal protein at basal and lower galactose levels. GAPDH, identified by
immunodetection provided a standard loading control. (C) Quantitative assessment of p53-induced transactivation from the p21-59 RE in vivo. The
diploid yeast strain containing GAL1::WT p53 crossed with the p21-59 RE-luciferase REP was grown overnight in complete medium, diluted, washed
and inoculated into selective medium containing either raffinose or raffinose plus increasing galactose (0–0.032%) for 24 hours. Protein lysates were
obtained and a luciferase assay was used to determine the transactivation capacity of p53 from the p21-59 RE. The strength of transactivation was
calculated as relative light units/mg protein. Circled are the basal, linear-increase, and plateau phases of the transactivation response as a function of
galactose concentration and are referred to as basal, moderate and high levels of p53 expression.
doi:10.1371/journal.pgen.1000104.g001
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Increases in Distance between Weak, Full-Site REs Can
Lead to Synergistic Transactivation

A common feature of many p53 target genes, including p21,

PUMA, BAX, and DDB2 (p48), is the presence of multiple p53

binding sites [50–56]. The distance between binding sites is

variable and can even be overlapping. The Mdm2 gene, which

targets p53 for degradation by the ubiquitination pathway through

a negative feedback loop, is an example of a p53 target gene that

contains two promoters. The upstream promoter is constitutively

active and does not rely on p53 for transactivation, whereas the

second is in the first intron and is p53-dependent [57,58]. The

second promoter contains two full-site p53 REs separated by 17

nucleotides (nt). Using our diploid yeast-based p53 rheostatable

system, we investigated the interaction between these two REs and

the impact of this spacer by changing the distance between the

murine MDM2 REs.

The induction from the individual MDM2 REs at high p53

expression was much weaker than observed with the strong p21-59

RE (Figure 2A): ,33% (RE1) and ,18% (RE2) relative to p21-59

RE. However, transactivation from the natural MDM2, containing

the 17 base spacer, was much higher than the sum of the individual

REs, reaching the p21-59 RE levels. The synergy was apparent at

both moderate and high p53 levels. To determine the impact that a

spacer may play for full-site REs, the distance was reduced to either

10 or 5 nt. As shown in Figure 2B, decreasing the separation to

10 nt had little effect. However, a decrease to 5 nt resulted in a

substantial reduction in transactivation suggesting that synergistic

interactions are lost as full REs become closely spaced, although

transactivation from the two sites remain additive.

Increase in Spacer between Half-Sites Decreases p53
Transactivation

While weak full-site REs can interact synergistically when

separated by 17 bases, previous studies have indicated that spacers

between decamer half-sites of the canonical consensus RE can alter

the ability of p53 to transactivate from a RE [18,59,60]. We

systematically investigated the role that spacers may play on p53

transactivation using the yeast-based rheostatable promoter and a

system based on expression following transfection into human cells.

Addition of a one-base spacer between the p21-59 half-sites resulted

in a dramatic 60% decrease in p53 transactivation (Figure 3A) in

yeast. Addition of a second nucleotide further decreased p53

transactivation to approximately 25% of transactivation at high p53

expression. Importantly, at lower p53 levels transactivation was

essentially abolished, demonstrating that the impact of spacer is

markedly affected by p53 expression level. Further increases in

spacer resulted in decreased transactivation and at 5 nt there was

almost no detectable luciferase activity at high p53 expression levels.

Similar findings were observed in a plasmid-based haploid yeast

system when p53 transactivation was measured from p21-59 REs

containing a spacer of 0, 2, 5, or 10 nt (Figure S2A) [3,28,30]. Thus,

the length of spacer sequence between decamer half-sites combined

with level of p53, greatly influences the ability of p53 to transactivate

from the p21-59 sequence. Interestingly, transactivation by the p53

family members p63b and p73b was also compromised when p21-

59 RE contained spacers (Figure S2B); a 2 nt spacer essentially

abolished transactivation.

To determine the effect of spacers upon weak target REs in the

p53 transcriptional network, transactivation was assessed from the

RE of the human apopotosis gene Noxa [61] with and without a

5 nt spacer between the decamer half-sites. In comparison to the

p21-59 RE, transactivation from the Noxa RE was ,30% of the

levels of p21-59 at high p53 expression (Figure 3A). This was

comparable to p53 transactivation from the p21-59 RE containing

a spacer of 1 or 2 bases. A spacer of 5 bases between the Noxa

half-sites abolished p53 responsiveness (also found with the haploid

yeast system; Figure S2A).

Finally, we wanted to establish the impact that naturally

occurring spacers in REs might have on transactivation. TIGAR

(TP53 induced glycolysis and apoptosis regulator) contains a p53

target RE with a two-base spacer between decamers. This gene

Figure 2. Weak REs can function synergistically when separat-
ed by a spacer. (A) To ascertain if p53 functions from the two full-site
REs of MDM2 independently or if the REs interact, p53 transactivation
from the isolated REs, as well as the natural MDM2 RE containing a 17
nucleotide spacer were evaluated. Isogenomic diploid yeast strains
containing the p21-59 and MDM2 REs, as indicated, were grown in
increasing concentrations of galactose to induce p53 protein to basal,
moderate and high levels of expression. The ability of WT p53 to
transactivate from RE sequences was measured by a luciferase assay
24 hours after inoculation into the galactose supplemented media.
Induction from each RE was compared relative to the ability of p53 to
transactivate from the p21-59 RE at 0.024% galactose and is depicted as
the mean and standard error of measurement (SEM) of 6 independent
experiments. The average light units/mg protein from p21-59 at 0.024%
galactose was 2.1 million. Solid arrows over the sequences indicate a
J-binding site. (B) Impact of reducing the spacer to 10 and 5
nucleotides. The average light units/mg protein for p21-59 at 0.024%
galactose was 2,800,000.
doi:10.1371/journal.pgen.1000104.g002

Noncanonical DNA Targets of p53

PLoS Genetics | www.plosgenetics.org 4 June 2008 | Volume 4 | Issue 6 | e1000104



Figure 3. Spacer decreases p53 transactivation, promoter occupancy and binding in yeast and mammalian cells and in vitro. (A)
Transactivation in yeast. The ability of p53 to transactivate from REs containing spacers of variable nucleotide length sequences was measured
24 hours after p53 induction with a quantitative luciferase assay. Induction from each RE at various p53 expression levels were compared to the
induction from the p21-59 RE at 0.024% galactose. The average light units/mg protein for WT p53 towards p21-59 at 0.024% galactose for a minimum
of 6 biological repeats was 1.26 million. *indicates the number of nucleotides in the spacer of the natural RE. Solid arrows identify a J-binding site.
(B) Human SaOS2 cells were transfected with p21-59::luciferase reporter constructs containing spacers of increasing length between decamer half-

Noncanonical DNA Targets of p53
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reduces levels of glycolysis, decreases free reactive oxygen species

and attenuates the apoptotic response [62–64]. Interestingly, the

natural TIGAR RE is one of the few examples in the genome

where the binding element matches the canonical p53 consensus

sequence precisely (i.e., no mismatches). However, p53 could only

induce transactivation from this sequence to ,20% of the levels

with the p21-59 RE, which does not precisely match the consensus

p53 sequence (Figure 3A). When the spacer was removed, p53

could transactivate from TIGAR to levels comparable to the p21-

59 RE. Similar results were obtained with the haploid yeast system

(Figure S2A).

The impact of spacers on the ability of p53 to function from a

RE was also assessed in human cells under conditions of high p53

expression. Luciferase reporter vectors containing the p21-59 RE

with spacers of increasing length were generated in the vector

pGL3 promoter (pGL3-P). The ability to transactivate from

transfected p21-59 REs was assessed in p53 null SaOS2 cells

(derived from a human osteosarcoma line) that were transfected

with a cytomegalovirus (CMV) based p53 expression plasmid [65].

Consistent with the results observed in yeast, p53-dependent

transactivation decreased with increasing spacer length between

decamer half-sites. As shown in Figure 3B, expression of WT p53

resulted in an ,35-fold induction of transcription from the natural

p21-59 RE as compared to transfection with a p53 deficient

plasmid, whereas transactivation from the p21-59 RE containing a

one- or two-base spacer resulted in a 45% and 67% reduction in

relative luciferase activity, respectively. Similar to the situation in

yeast, additional nucleotides resulted in .90% net reduction in

transactivation. It is interesting that within the three systems–

haploid and diploid yeast and human cells–transactivation from a

RE with a spacer of 10 bases was slightly increased in comparison

to a RE with a 5 base spacer.

Spacers between Half-Sites Impact p53 Binding in vivo
and in vitro

To determine if the difference in p53-dependent transactivation

from REs containing spacers is simply due to a reduction in p53

promoter binding, we investigated in vivo occupancy using

chromatin immunoprecipitation (ChIP) assays and in vitro binding

using a newly developed microsphere binding assay (Noureddine

et al., submitted). ChIP assays were performed on the luciferase

reporter plasmids containing the p21-59 RE with spacers of

varying lengths which had been transfected into SaOS2 cells along

with the p53-expressing plasmid. As shown in Figure 3C, a one nt

spacer decreased occupancy at the p21-59 RE by two-fold. Further

increases in spacer length reduced p53 occupancy. No occupancy

was observed in mock-transfected cells. Thus, the pattern of

occupancy by p53 mirrored that for transactivation. Consistent

with the transactivation results, p53 occupancy at the p21-59 RE

with a spacer of 10 nucleotides was slightly increased in

comparison with a spacer of 5 nucleotides (0.6% vs. 0.4%).

To further characterize the impact of spacer on p53 interactions

with a RE, we utilized a fluorescent microsphere binding assay to

evaluate sequence-specific p53-DNA binding interactions (Nour-

eddine et al., submitted). Briefly, this assay addresses p53 binding

to individual beads with specific RE test sequences, where each

bead ‘‘type’’ (i.e., beads with specific REs) is identified with a

unique double stranded oligonucleotide 24-nt ‘‘tag’’ sequence.

Several bead types are then multiplexed in a binding assay and

analyzed using Luminex technology to determine the amount of

p53 bound to each bead type. We generated a series of oligos with

the p21-59 RE sequence of interest that contained various spacer

lengths flanked by non-specific DNA. Each of these RE sequences

was conjugated to beads. The bead types were combined and

incubated for 60 minutes with nuclear cell extracts obtained from

human lymphoblastoid cell lines that were either not induced or

induced for p53 expression with doxorubicin (Dox). The level of

p53 expression was approximately 15-fold greater in extracts from

Dox-treated versus nontreated cells (data not shown). The p53

interaction with each bead type (i.e., each p21-59 RE variant) was

determined after incubation with p53 antibodies and secondary

antibodies conjugated with phycoerythrin.

As displayed in Figure 3D, the mean relative binding of p53 to

the p21-59 RE with a spacer of 1 nucleotide (0.8360.09) was

comparable to that for the p21-59 RE (1.060.11) with no spacer.

However, p53 binding to the p21-59 REs was affected when the

spacer between half-sites was $2 nucleotides, with a dramatic

decrease at .4 nucleotides. The sequence of the spacer used to

increase the distance between the decamer half-sites had no

apparent effect on binding activity (data not shown). Furthermore,

p53 did not bind to the negative control (NC) sequence which had

the p21-59 RE replaced with a scrambled sequence. Interestingly,

p53 displayed the same residual binding to the individual half-sites

of the p21-59 RE [p21-59 left (L) and right (R)] as it did towards

REs containing a spacer of 4 nucleotides or more (0.06 and 0.08,

respectively).

p53 Can Transactivate from Half-Site REs in Yeast and
Human Cells

Since a low level of binding or transactivation was observed with

widely separated decamers, we investigated p53 binding and

transactivation from single decamer sequences in the yeast diploid

and human cell systems. Transactivation was barely detectable

from the left or right decamers of the p21-59 RE (Figure 4A).

However, two additional complete consensus half-sites, designated

Con G and Con D, were able to support transactivation at a level

corresponding to 2.4% and ,10%, respectively, of that from the

full p21-59 RE. Importantly, transactivation was only observed at

high levels of p53 expression. By way of comparison, transactiva-

tion from the con D half-site was comparable to levels obtained

from the low-responding 14-3-3s RE.

To assess the ability of p53 to transactivate from decamer half-

sites in a mammalian system, luciferase reporter vectors containing

sites in the presence (solid bars) or absence (open bars) of the high expressing pCMV-p53 WT vector. At 48 hours post transfection, induction of the
luciferase reporter was assessed. Relative luciferase activity was compared to the pGL3-P plasmid lacking the p53 RE (mock) and is represented by the
average and standard deviations of three independent experiments, each containing three replicates. (C) Occupancy of p53 at p21-59 REs in human
cells. The p21-59 promoter constructs containing the increasing spacers between half-sites were co-transfected with p53 into SaOS2 cells (as
described in (B)). Twenty-four hours later, ChIP analysis was performed. Presented are the average and standard deviation from 4 independent
experiments (left). PCR products of the Input DNA (input) and ChIP DNA (p53, IgG, or no antibody, Ab) are shown (right). The ‘‘M’’ corresponds to a
pGL3-P plasmid control lacking the p53 RE. No bands were observed above the 600 bp markers. (D) In vitro fluorescent microsphere binding assay to
evaluate sequence-specific p53-DNA binding interactions (see Materials and Methods). Fluorescent microspheres bearing double stranded DNA
fragments were multiplexed and incubated in the presence of nuclear extracts from non-treated (NT) or Doxo-treated (0.6 ug/mL [1 mM]
Doxorubicin for 18 hours at 37uC) lymphoblastoid cells. The DNA fragments contained the p21-59 RE, p21-59 RE with spacers of increasing length (0–
15), p21-59 half-site RE (left or right), or a scramble sequence.
doi:10.1371/journal.pgen.1000104.g003
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Figure 4. Half-sites function as noncanonical REs for transactivation in a sequence-dependent manner in yeast and human cells. (A)
Transactivation from decamer REs in the diploid yeast was quantified with a luciferase assay. Protein lysates were obtained 24 hours post inoculation
into galactose supplemented media. The average light units/mg protein for WT p53 towards p21-59 at 0.024% galactose for six biological repeats was
1.8 million. Solid arrows indicate J-binding sites. Comparisons were made with transactivation from the p21-59 full site at high protein levels. (B)
Transactivation in human SaOS2 cells. The cells were co-transfected with WT p53 along with either the full, left or right half-sites of the p21-59 RE
containing reporter construct. Transactivation was assessed with the luciferase assay 48 hours later. Relative luciferase activity was compared to a
mock transfection containing the promoter-less pGL3 plasmid. Presented are the averages and standard deviations of 3 independent experiments
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the p21-59 RE half-sites were transiently transfected with or

without a vector containing p53 under the CMV promoter into

p53 null SaOS2 cells [65]. As shown in Figure 4B (also see

Figure 3B), WT p53 induced transactivation from the full p21-59

RE was 35-fold greater than with an empty pGL3-P vector.

However, there was clear induction from the left and right half-

sites, 4- and 6-fold, respectively. These results correlated well with

the relative p53 occupancy assessed by ChIP: 4% for the full RE,

0.4% for the left decamer and 0.9% for the right decamer and

agree with the previous findings in Menendez et al. [66] that p53

can function from a half-site RE. Based on these findings, the p53

transcriptional network may incorporate more downstream targets

than previously predicted.

p53 Transactivation from Decamer Half-Sites Is
Sequence-Dependent

The sequence requirements for p53-dependent transactivation

were examined further, utilizing a plasmid-based haploid yeast

system with rheostatable p53 expression (previously used to assess

transactivation capacity of canonical full-site REs; see Materials

and Methods and [30]). Similar to results from mammalian cells,

p53 was able to weakly transactivate from p21-59 half-site REs at a

level that was ,1% of the levels of transactivation from the p21-59

full-site RE (Figure 4C). This result differed somewhat from that of

the diploid yeast system where transactivation from the p21-59

half-site REs was ,0.5% of the transactivation from the full-length

p21-59 RE (Figure 4A). Transactivation from Con D was greater

than p53 transactivation from either of the p21-59 half-sites and

Con D was greater than Con G in both systems.

We also examined the impact of changes in the WW of the core

CWWG (W = A or T). The 3 bases on either side consisted of

GGG and TCC which had been shown to enhance binding at full-

site REs [33] (Figure 4C). Decamers required the central CATG

motif at the junction of the monomer binding sites for modest

levels of transactivation, ,7% of the levels from the p21-59 RE

(Figure 4C). Altering the motif from CATG to CAAG or CTTG

decreased transactivation another 2- to 3-fold whereas changing

this motif to CTAG nearly eliminated transactivation.

Transactivation was also assessed with various combinations of

sequences surrounding the CATG core domain. As shown in

Figure 4C, transactivation with the GGG/CCC flanking sequence

was comparable to the GGG/TCC sequence tested with the

CWWG motifs. However, transactivation was reduced when other

alterations were made. For example, a change in flanking

sequence to GGG/CTC or GGA/CTC resulted in almost no

transactivation.

p53 Functionality from Noncanonical, L-Site REs in Yeast
We also addressed the ability of p53 to transactivate from L-site

REs. A consensus (Con) binding site was created for each of the

two possible configurations of a L-site RE. The first, designated

Con J, consists of a J-site directly adjacent to a K-site, whereas

the second, designated Con K, contains a 5 base spacer between

the J-site and the K-site. Transactivation in the diploid yeast

system from the Con J and Con K L-site REs was 25% and 18%,

respectively, of the full p21-59 RE level (Figure 5A), at high p53

expression (0.024% galactose). This was substantially more than

observed for half-site REs. Similar findings were observed in the

haploid yeast system (Figure S3A). Further evaluation of the

sequence requirements for p53 transactivation from L-sites with

the haploid yeast system showed p53 could transactivate from a

L-site RE containing a CTTG core (Figure S3B). Transactivation

was also effected by surrounding flanking sequences.

Canonical REs Containing Spacers May Actually Be
Noncanonical L-Site REs

In our examination of full-site RE sequences containing spacers,

several REs contradicted our finding that large spacers between

decamer half-sites abolish p53 transactivation. For example, the

PIDD RE (p53 induced protein with death domain) [67] which

promotes apoptosis has an 8 nt spacer in its RE. Contrary to our

expectation, high expression of WT p53 resulted in ,20% of the

level of transactivation from the p21-59 RE. As expected, removal

of the 8 nt spacer between the decamer half-sites increased the

levels of p53 transactivation (Figure 5B).

Examination of the PIDD RE sequence suggested that rather

than functioning from a canonical full-site RE, p53 might

transactivate from a noncanonical L-site RE. The canonical

PIDD element was first separated into two noncanonical L-site

REs (designated PIDD L A and PIDD L B), both of which

utilized the ‘‘spacer’’ sequence as part of the binding element. The

noncanonical REs were comprised of a J-site directly adjacent to

a K-site, but differed in the central CWWG motif in the half-site

and number of mismatches from the consensus binding sequence.

Transactivation assays revealed p53 could function from the PIDD

L A sequence to levels equivalent to the canonical PIDD RE

containing the 8 nt spacer at high expression (Figure 5B). In

contrast, WT p53 could not transactivate from the PIDD L B RE.

These findings showed that the PIDD RE was neither a true

canonical consensus RE nor an exception to the ‘‘spacer’’ rule, but

rather a noncanonical L-site RE which can support p53

transactivation.

The results of the PIDD RE sequence analysis suggested that

other known p53 REs previously identified as canonical full-site REs

are actually L-site REs. Based on an empirically derived set of RE

rules previously established in our lab to predict p53 transactivation

capacity [14,30,68], several established p53 target REs were re-

examined to determine if their responsiveness to p53 was actually

due to the presence of a noncanonical L-site RE instead of a full-

site RE. As shown in Figure 5C, the REs of p21-39, PCNA, 14-3-3s
(site 2) and Apaf-1 REs were actually comprised of a genuine L-site

binding element (containing a K-site directly adjacent to a J-site)

followed by an additional sequence that vastly deviated from a

consensus J-site. Luciferase assays in the diploid yeast strains

revealed that p53 transactivation from these sites was clearly

reduced in comparison to transactivation of p21-59 RE (Figure 5C),

but comparable to the levels of transactivation from the consensus

L-site REs, Con J and Con K (see Figure 5A). These results are

consistent with p53 transactivation capacities towards the p21-39,

PCNA, and Apaf-1 REs assessed with the haploid yeast system in a

recent study focused on examining conservation of RE sequence

and conservation of RE functionality [68].

that were each done in triplicate. PCR products of the input DNA (input) and ChIP DNA (p53, IgG or no antibody, Ab) are shown (right). Input and
ChIP PCR products for the mock and p21-59 full-site are shown in Figure 3C. No bands were observed above the 600 bp markers. (C) Sequence
dependence of p53 transactivation from decamer half-sites. The extent to which p53 transactivation from half-sites is sequence dependent at high
expression levels (2% galactose) was determined with a plasmid-based haploid yeast system [30]. Relative light units/mg protein from K-sites were
compared to transactivation from the yLFM strain containing the p21-59 full-site RE. The average light units/mg protein from p21-59 at 2% galactose
was 2.9 million.
doi:10.1371/journal.pgen.1000104.g004
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Structural Requirements for p53 Transactivation from K-
and L-Site REs

We examined several p53 mutations that could address the

structural requirements for transactivation from noncanonical REs

(K- and L-site REs) in comparison to canonical REs (weak and

strong full-sites). The following REs were examined: K-site REs

(con G, con B, p21-59 left, and p21-59 right), L-site REs (con J and

con K), as well as weak (TIGAR and Gadd45) and strong (p21-59

and TIGAR-spacer) full-site REs. Mutations in the oligomerization

domain were analyzed for transactivation capacity to determine the

extent to which the tetramerization of p53 facilitated functionality

from noncanonical REs. Also examined were N-terminal transacti-

vation domain and C-terminal regulatory domain mutants. The

results are summarized in Table 1 and presented relative to

transactivation from the p21-59 RE. The variation in transactivation

by the p53 mutants towards the REs was not due to differences in

levels of expressed p53 protein (Figure S4).

The Arg337 residue is located on the surface of the

tetramerization domain and plays a role in tetramer stabilization

through a salt bridge with Asp352 on the opposite monomer [69–

73]. The mutations R337C and R337H, associated with Li-

Fraumeni-like syndrome (LFL) and adrenal cortical carcinoma

(ACC), respectively, appear to compromise the ability to form

tetramers. The impact of the R337C mutation (previously

described as a partial function mutation) on p53 functionality

has been postulated to arise by a change in thermodynamic

stability, shifting the equilibrium from the tetramer to dimer and/

or monomeric states [74,75]. The R337H mutation is considered

to have a subtle functional effect causing a pH dependent effect on

folding [69,74,76–79] (Storici and Resnick, unpublished data).

Figure 5. A L-site can function as a noncanonical RE in p53 transactivation. (A) Transactivation was assessed from L REs Con J and Con K.
The ability of WT p53 to transactivate was measured with the diploid yeast luciferase assay 24 hours post inoculation into the galactose-
supplemented media. Induction from each RE was compared relative to the ability of p53 to transactivate from the p21-59 RE at 0.024% galactose and
is depicted as the mean and SEM of 6 independent experiments. The average light units/mg protein from p21-59 at 0.024% galactose was 2.1 million.
Solid arrows indicate a J-binding site. (B) p53 functions from a L-site RE in the PIDD RE. Removal of the natural 8 bp spacer increased
transactivation as expected; however, p53 was also able to transactivate from the natural PIDD RE containing the spacer. To determine the true
functional p53 binding element, the canonical PIDD RE was broken into two noncanonical sites, L PIDD-A and L PIDD-B, which incorporated the
spacer sequence into the RE and assessed for transactivation capacity with the luciferase assay. Solid arrows indicate J-binding site; dashed arrows
indicate putative J-binding sites. (C) Analysis of p53 transactivation from various p53 targets in the genome that may be functioning L-sites. Shown
are the identified p53 target sequences for p21-39, PCNA, 14-3-3s site 2 and APAF1 with the noncanonical L-site RE contained in these sites
(identified by solid arrows).
doi:10.1371/journal.pgen.1000104.g005
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In agreement with previous findings by Lomax et al.[74],

R337C was found to be an altered function mutation in the diploid

yeast and SaOS2 cell systems, significantly diminishing transacti-

vation from both canonical and noncanonical REs. Transactiva-

tion from the strong, full-site REs was reduced to less than 25% of

the levels of WT p53 (‘‘+’’ in Table 1), whereas transactivation

from the weaker full-sites and the L-site REs was barely

detectable (‘‘+/2’’ in Table 1) with no transactivation from the

K-site REs.

Similar to previous results [74], the p53 R337H mutant could

transactivate from the p21-59 RE to levels comparable to WT p53

in the haploid yeast system. However, although R337H could

function from the p21-59 RE in the diploid yeast and SaOS2 cell

transactivation assays, the level was reduced in comparison to WT

p53. Similar results were found for transactivation from the

weaker full-site REs and L-site REs. The differences between WT

and mutant p53 were not as clear for the K-site REs.

L344 is one of five residues that comprise the hydrophobic core

of the a-helices which form the interface for p53 dimer-dimer

interactions [70,72,73,80,81]. The mutation L344A prevents

tetramer formation although stable dimers are formed

[72,80,82,83]. The missense mutation L344P disrupts the helix

[74,84–86] and is associated with Li-Fraumeni syndrome (LFS).

This alteration prevents dimer formation resulting in monomeric

p53 protein [74,75,86–89]. Within the haploid and diploid yeast

systems, the L344A protein had reduced transactivation activity

towards the strong canonical full-site REs and noncanonical L-

site REs (Table 1) and no activity towards half-sites. However, the

L344A protein was capable of transactivating to low levels from

the p21-59 half-site REs within mammalian cells. Similar results

were seen in SaOS2 cells with an N345S dimer mutation, where

transactivation was measurable, but significantly reduced in

comparison to WT p53 transactivation (data not shown).

Consistent with previous findings showing L344P is a loss-of-

binding mutation, the monomeric p53 L344P was not able to

transactivate from the full-site, L-site, or K-site REs tested within

the 2n yeast or SaOS2 cells (Table 1) [74,75,86–89]. Similarly, the

germline mutation L330H, which is predicted to form only

monomers through destabilizing the b-strand of the tetrameriza-

tion domain [80,87,90], was also inactive for transactivation from

Table 1. Transactivation capacity of WT and mutant p53 towards canonical and nncanonical REs.

SYSTEM p53 ALLELE: RE

tetramer altered tetramer dimer monomer terminal D

WT R337C R337H L344A L344P D 368

FULL RE:

1n +++ +++ +/2a +/2a +++

2n +++ + + +/2b 2 ++ p21-59

mammalian +++ + ++ ++d 2 ++

1n +++ ++ TIGAR

2n +++ + + +/2 2 +++ no spacer

1n + +/2 TIGAR

2n + +/2 +/2 2 2 +/2 natural

1n ++ + Gadd45

2n ++ +/2 +/2 2 2 +

L RE:

1n ++ + + 2 + Con J

2n ++ +/2 +/2 +/2 2 +

1n ++ + + 2 +/2 Con K

2n + +/2 +/2 +/2 2 +

K RE:

1n +/2 2 2 +/2 Con G

2n +/2 2 +/2 2 2 +/2

1n +/2 2 2 2 Con B

2n +/2 2 +/2 2 2 +/2

mammalian + [y +/2] 2 +/2 +/2 2 p21-59 left

mammalian + [y +/2] 2 +/2 +/2 2 p21-59 right

WT p53 and several structural mutations were examined in three in vivo systems (haploid [1n] and diploid [2n] yeast and human SaOS2 cells) for transactivation from REs
representing full, L-sites and K-sites. The ability of the p53, WT or mutant, to transactivate from a RE was measured with a luciferase assay and compared to the ability
of WT p53 to transactivate from the p21-59 RE at 0.008% and 0.024% galactose in 1n and 2n yeast, respectively, or compared to the pGL3 plasmid lacking the promoter
REs in human cells. Relative transactivation by a p53 variant in comparison to WT p53 towards the p21-59 RE is represented by +++ (75–100%), ++ (25–75%), + (7.5–25%),
+/2 detectable but weak response, or 2 (no detectable response). The R337C and R337H mutations are compromised for their ability to form tetramers (the
equilibrium between dimers and tetramers is altered in comparison to WT p53) [86]. The L344A and L344P mutations result in p53 protein being present as a dimer and
monomer, respectively. The D368 mutation deletes the C-terminal basic domain required for structure-specific and non-sequence specific binding but has no effect on
dimer or tetramer formation. ‘‘a’’ corresponds to significantly higher response at high galactose concentrations (0.128% and 2%). ‘‘b’’ indicates that the mutant was
capable of transactivation from RE in an ADE2 plate assay at high galactose concentrations. ‘‘d’’ indicates that the dimer mutation N345S was also analyzed in the
mammalian system and yielded the same results as L344A.
doi:10.1371/journal.pgen.1000104.t001
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the p21-59 full-site RE and half-site REs in the mammalian system

(data not shown).

Finally, deletion of the tetramerization domain (D325–357) or a

terminal truncation (331 stop: similar to the p53b isoform) resulted

in complete loss of transactivation from any of the binding

sequences examined, including full-site REs, in the yeast or SaOS2

cell systems (data not shown). These results were in agreement

with previous findings that the tetramerization region is necessary

for p53 binding to and transactivation from a RE [83,91].

Previously, we reported that the terminal deletion D368 resulted

in reduced transactivation capacity towards full-site REs when

assessed with a yeast ADE2 reporter plate assay (on plates) in

haploid yeast [30]. Those studies have been extended to address its

ability to transactivate from full-, L- and K-site REs. We found

that removal of the C-terminal tail resulted in at most a modest

transactivation from the noncanonical and canonical REs

(Table 1). The inhibition varied with the strength of the RE

sequence, as well as with level of p53 expression (data not shown)

for all REs. Thus, in comparing WT to mutant, the C-terminal

domain of p53 appears in several cases to actually enhance rather

than repress transactivation from canonical, as well as noncano-

nical REs.

Finally, we also examined a deletion in the N-terminal domain,

D1–39, to assess if transactivation from L- and K-site REs was

differentially affected. The mutation resulted in ,25% residual

transactivation from the full-site REs (strong: p21-59 and TIGAR -

spacer; moderate: GADD45) at low expression in the haploid yeast

system (data not shown). At the high expression levels required to

examine noncanonical REs (0.128% galactose), transactivation

was also reduced from L-site REs (con J and con K) and a K-site

RE (con G) suggesting that the canonical and noncanonical REs

are similarly affected by defects in the transactivation domain.

Discussion

Given the role for p53 in assuring genome stability, it is

important to understand how this master regulator functions as a

sequence-specific transcription factor. The interactions of p53

bound to DNA, as well as the mechanisms by which WT or

mutant p53 can transactivate to different extents from the many

variants of the consensus motif are not completely understood. In

this work, we have developed a matrix of factors influencing

transactivation that include WT and mutants, sequence and motif,

and DNA binding. We have established that p53 can function

from many noncanonical K- and L-site REs that are common to

the genome. Importantly, functionality of a sequence is not

directly predictable by relation to the consensus sequence.

Isogenomic System To Address p53 Transactivation from
Many REs in Diploid Yeast

Yeast has been extensively used as an in vivo test tube to analyze

p53 transactivation capacities towards p53 response elements

(REs) derived from human genes and assess the potential role that

target sequence plays in p53 functionality [3,14]. A distinct

advantage of yeast is the opportunity to rapidly modify in vivo

either the target REs or to create mutant p53 coding sequences

utilizing a highly efficient recombination-based system, known as

delitto-perfetto [Italian for ‘‘perfect murder’’] that targets desired

changes with oligonucleotides [49,92,93]. The newly developed

diploid yeast approach extends our previous work with a plasmid-

based haploid yeast system in order to capitalize upon the

opportunity to conveniently merge a large number of integrated

(single copy) p53 mutants with transactivation capabilities at many

response elements simply through mating of strains. Not only can

the rheostatable, diploid yeast system differentiate between

functional and nonfunctional REs, it can also estimate weak to

strong functionality at different levels of p53 expression. The

results in yeast have proven useful in guiding studies with highly

expressed WT and mutant p53 towards potential target REs in

human cells and evaluations of direct DNA binding.

Spacers Can Have Opposite Effects on Transactivation
Previous studies have shown that widely-separated full-size REs

associated with the same p53 target gene, such as the muscle

creatine kinase (MCK), can interact to synergistically transactivate

the associated target gene [94]. The mechanism has been

suggested to involve looping out of the intervening DNA so that

multiple p53 tetramers can ‘‘stack’’ and concentrate the basal

transcription machinery [94,95]. While this mechanism of

transactivation may hold for REs separated up to 3 kb, the

synergy was proposed to be lost when the distance was less than 25

bases due to steric hindrance [94], an arrangement that holds for

several p53 target genes including MDM2. We found that p53

could function synergistically from the two weak MDM2 REs

separated by a 17 and 10 nt spacer, but further reduction to 5 nt

resulted in additivity.

Interestingly, the length of the spacer between the two REs

within the promoter of Mdm2 has been conserved between mouse

and human although the sequence of the spacer is 50% diverged.

In the haploid yeast system, p53 was found to function similarly

from the human and murine MDM2 REs in terms of synergistic

transactivation [68]. Given the divergence in the sequence of the

spacer, it is unlikely that an additional transcription factor binding

site would be found in the 17 nucleotides that would allow a

second transcription factor to interact cooperatively with p53 to

induce the observed synergistic transactivation from the two REs.

Instead, there may be a functional conservation that assures the

level of p53-mediated transactivation. This is supported by

sequence analysis across 14 species, corresponding to at least

70 million years of evolution, where 12 had maintained the 17

nucleotide spacer (with varying degrees of sequence divergence)

between RE1 and RE2 (including chimp, rat, rabbit, dog,

elephant, armadillo and hedgehog), while opossum and bat had

a one nucleotide indel [96,97]. From this preliminary search, it

appears that the spacer sequence is under stabilizing selection such

that variations in the length of the spacer which would affect the

ability of p53 to synergistically function from these sites were not

observed. Interestingly, a similar phenomenon, is observed in the

DNA sequences within and between (but not flanking) cis-

regulatory elements of the otx, delta, wnt8, and brachyury genes

where insertions or deletions of random sequence do not occur as

assessed by a comparison between the orthologous cis-regulatory

regions and flanking sequences of the sea urchins, Strongylocentrotus

purpuratus and Lytechinus variegatus [98]. We are currently investi-

gating whether functional conservation of spacer length as a

mechanism for regulating p53 functionality holds with other

closely-spaced full-sized p53 REs.

The impact of the spacer between full-sites acts opposite to that

of a spacer between half-sites. In previous studies, it was proposed

that REs had a ‘‘rotational specificity’’ where spacers between

half-sites could abrogate p53-dependent transactivation if they

were on opposing faces of the DNA helix, but had little impact on

transactivation when the half-sites were on the same face

[18,59,60]. Recently, in electrophoretic mobility shift binding

assays (EMSA), a 2 nt spacer did not significantly alter p53 affinity

(Kd) towards a consensus RE [29]. Furthermore, in a 3D model

derived through cryoelectron microscopy of full length p53, where

p53 dimers are proposed to form through interactions of a-helices
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on the N- and C-termini rather than a-helices on the C-termini,

the best fit RE sequence had a spacer length of 6 nucleotides [99].

These in vitro findings imply if p53 transactivation is primarily

dependent on the ability of p53 to bind target REs, a small spacer

would not affect p53-dependent transactivation.

The effect of spacer upon transactivation from a RE at varying

levels of p53 was first analyzed with the WAF1/Cip1 p21-59 RE.

The present results are in agreement with an earlier report

showing that increases in spacer length of 4 or 14 bases between

half-sites decreases p53 transactivation in yeast [18]. However,

there is no evidence for rotational specificity influencing

transactivation. This is the first demonstration that a spacer of 1

or 2 nt between half-sites can dramatically affect the ability of p53

to transactivate from a RE. Importantly, the impact of spacer on

the ability of p53 to transactivate from a RE is greatly influenced

by the intrinsic potential transactivation strength of the RE, as

shown for NOXA, as well as level of p53 expression. We also

established with the haploid yeast system that a spacer had a

similar negative effect on the ability of p53 family members, p63b
and p73b, to transactivate from a RE.

The biological importance of spacer as a means for affecting

response to p53 was clearly demonstrated for the TIGAR RE. We

propose that unlike the implications from the established

consensus RE, a spacer between half-sites in natural elements

serve to modulate the levels to which p53 can regulate the

associated target gene and may play an important mechanistic role

in the evolution of RE responsiveness to p53. In the case of

TIGAR, the opportunity to address evolutionary implications is

limited due to the apparent recent emergence of the putative p53

binding site in the primate lineage, however, the orthologous

TIGAR RE in Pan troglodytes (chimpanzee), and Macaca mulatta

(rhesus monkey) also contain a 2 nt spacer [96,100].

Binding vs. Transactivation
Several modes of binding have been postulated for p53 to a RE

containing a spacer that include shifting of the tetramer on the

DNA to compensate for the reduced protein-protein interactions,

bending and/or kinking of the DNA within the spacer and/or RE

and rotational motions of p53 to accommodate supercoiling of the

spacer sequence [24,27]. In any of these, binding would modify

either the conformation of the p53 tetramer and/or the DNA

sequence itself in a fashion that is not predictable from current

structural studies. While functional studies demonstrate that the

RE sequence can dramatically influence the level to which p53 can

transactivate from a specific RE [3], the relationship between in

vitro binding and efficiency of in vivo transactivation had not been

established prior to this study.

We utilized a novel fluorescent microsphere, semi-in vitro

binding assay to determine the effect of spacer upon p53 binding.

Recently, we demonstrated a good correspondence between

binding and in vivo transactivation for several human p53 target

REs (Noureddine et al., submitted). While differences were

observed between the in vivo and in vitro assays for p53 binding

to the p21-59 RE containing a single nucleotide spacer, increasing

the length of a spacer between the decamer half-sites beyond one

nucleotide had a large impact on the ability of p53 to bind in the

semi-in vitro assays, contrary to reports with pure components

[22,23]. Interestingly, p53 binding to a RE with a $3 nt spacer

was nearly equivalent to binding to the individual p21-59 half-site

REs, suggesting that p53 may recognize each decamer sequence as

a distinct binding motif once a spacer increases beyond a certain

length. These findings strongly argue that the 0–13 nucleotide

spacer in the established p53 consensus sequence, which is based

on interactions between purified protein and REs, should be

reduced to no more than a few bases. It appears that factors

present in nuclear extracts or cells limit the ability of p53 to

recognize REs with spacers between half sites. It will be interesting

to identify these putative spacer-discriminating factor(s).

p53 Functionality from K-Site and L-Site REs
The observations that p53 can function, as defined by binding

and transactivation, from consensus half-site REs in yeast and from

the p21-59 half-site REs in mammalian cells indicate the p53

transcriptional network is comprised of many more downstream

targets than previously predicted. Transactivation from half-sites is

strongly dependent upon the targeted sequence and level of p53

expression. Similar to full-site REs [30], the central binding motif at

the monomer junction (i.e., CATG) had the greatest impact upon

the ability of p53 to function from half-sites. The difference between

the yeast and mammalian systems in functionality from the half-sites

indicates that additional co-factors in human cells may assist in p53

interactions with weaker binding sequences. Tetrameric p53 can

bind full-site and half-site binding elements in vitro, but the p53

bound to a half-site had a much higher disassociation rate in vitro as

indicated through ‘‘trap’’ assays that had measured dissociation of

p53 from a labeled RE sequence [22].

Given the higher probability of a decamer sequence occurring

in the genome compared to a 20 base sequence, it will be

interesting to determine the number of functional p53 half-site

REs in the human genome which is composed of ,3 billion base

pairs. In a preliminary genomics screen, we have identified over

1,400 ‘‘perfect’’ p53 half-sites containing a CATG core motif in

the genome within 2 kb of a transcriptional start site. However, the

question remains as to which of these sites will have a relevant

biological function in p53-dependent stress responses or whether

the sequences are merely ‘‘noise’’ within the genome.

Half-sites could serve many roles in the genome. For example, a

collection of half-sites could affect chromatin accessibility to

transcriptional machinery (i.e., loosening the chromatin or

recruiting and sequestering chromatin modifiers). Such sites might

function in the proposed opening of the genome to make it more

available for repair [101]. On the other hand, half-sites might also

serve to titrate p53. Additionally, p53 half-sites may play a role in

bringing together different transcriptional networks as described

for a SNP in the FLT-1 promoter [41,66]. Subsequent studies of

the FLT-1 half-site have shown that p53 bound to the T-SNP can

cooperate with estrogen receptor (ER), also bound to a half-site of

its own consensus sequence, to synergistically transactivate from

the FLT-1 T promoter [66]. Such co-regulation may be

advantageous for precise fine-tuning of p53-regulated responses

and may make activity from the noncanonical K-site REs more

dependent on availability of cooperating transcription factors or

additional cofactors and on levels of nuclear p53.

Within yeast, p53 was able to transactivate from noncanonical

consensus L-site REs containing a J-site adjacent to a K-site or

a J-site separated from a K-site by a 5 nt spacer. The lack of a

significant difference between the transactivation from both L-site

REs imply that p53 encounters the L-site RE as a tetramer

protein. Transactivation from L-site REs was moderate relative to

full-sites. Furthermore, the hierarchy of transactivation, in terms of

the level to which p53 could bind and transactivate in vivo, was

comparable to earlier in vitro studies that measured p53 binding

efficiencies towards K-sites, L-sites and full-site sequences with

competitive gel retardation assays [59]. The impact of a L-site

was revealed in our study of the RE for the PIDD gene where p53

transactivation was substantial even though the RE contained a

spacer greater than 3 nt. Transactivation assays revealed the

responsiveness of the originally described PIDD RE was actually

Noncanonical DNA Targets of p53
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due to a noncanonical L-site RE. Transactivation from the PIDD

L A RE, but not the PIDD L B reinforces the requirement for a

strong core element for functionality and that a functional RE

cannot contain greater than 3 mismatches within a half-site. There

are likely to be many functional L-site REs in the genome, among

which are sequences that were originally considered as canonical,

full-site REs containing .2 nt spacers. Furthermore, as recently

pointed out in our functional conservation analysis of p53 REs

from several species, there are clear examples of weaker,

apparently noncanonical L-site REs, such as p21-39 and APAF1

being conserved in evolution [68].

While this report is the first to systematically evaluate p53

function from noncanonical K- and L-site REs, there are other

reports of a transcription factor binding to noncanonical binding

sites within the genome. Johnson et al. [102], recently mapped the

in vivo interactome for the transcription factor neuron-restrictor

silencing factor (NRSF) using a large scale ChIP analysis and

found that NRSF bound to noncanonical half-site binding motifs.

A variety of approaches such as ChIPSeq or FAIRE, formalde-

hyde-assisted isolation of regulatory elements, may be able to

reveal interactions at noncanonical sites under different stress

conditions and in various cell types [103,104] to better understand

the dimensions of the p53 master regulatory universe.

Transactivation From K-Site and L-Site REs Require
Tetrameric p53

Having established WT p53 interacts with sequences that do not

fully conform to the canonical p53 binding sequence, a panel of

p53 mutants was analyzed to determine what structural features of

p53 play a role in transactivation from K- and L-site REs versus

full-site REs. Together, the mutations suggest that common

functional aspects of p53 are required for the ability of p53 to

function from full, L-, and K-site REs. In general, the observed

transactivation of oligomerization mutations towards full-site REs

was in agreement with previous reports of mutants able to form

tetramers or dimers retaining transactivation towards strong REs,

while monomeric proteins were inactive [89].

Having established WT p53 interacts with noncanonical

sequences, a panel of p53 mutations was analyzed to determine

what structural features of p53 play a role in transactivation from

K-site and L-site REs versus full-site REs. The observed

transactivation of oligomerization mutations towards full-site REs

has confirmed previous reports of mutants able to form tetramers or

dimers retaining transactivation towards strong REs, while

monomeric proteins were inactive [89]. Together, the mutations

suggest that common functional aspects of p53 are required for the

ability of p53 to function from full, L-, and K-site REs.

The DNA binding domain of p53 has been shown in vitro to

bind DNA in the absence of the oligomerization domain and that

dimeric p53 can bind to half-sites in a cooperative fashion

independent of tetramerization [22,105]. While able to transacti-

vate at a low level from strong full-site REs and L-site REs, the

L344A dimerization mutation was unable to transactivate from the

weak full-site REs or consensus half-site REs in yeast. In

agreement with these findings, Waterman et al. previously showed

that the L344A protein could bind in vitro to oligonucleotides

containing an optimal consensus binding site and/or half-site, but

not to an oligonucleotide containing a suboptimal full-site [83].

The impact of the dimer mutation L344A, as well as N345S,

was less severe in mammalian cells. Similarly, a designed dimer

mutant (Met340Gln/Leu344Arg) was capable of transactivating

from a p21 full-size RE within SaOS2 cells to half the level of WT

p53 suggesting a direct correlation between the oligomeric state

and transactivation activity [75]. While L344A dimeric proteins

may bind to the sites in a cooperative fashion, tetramerization

which is a necessity for efficient transactivation may be required to

stabilize the binding and reduce the off-rate of p53 from the DNA

in yeast. It is possible that other factors in SaOS2 cells may

contribute to this stabilization accounting for the difference

between the systems.

Since altered tetramer proteins and dimers exhibited a reduced

ability to transactivate from noncanonical REs, transactivation is

not simply an additive process determined by the number of

available pentamer sequences. It is possible that binding and

transactivation in vivo, but not binding alone, may require a

conformational change of the p53 protein that is only obtainable

with a tetrameric protein. Several transcription factors have

displayed such a characteristic including the heat shock protein

which can bind chromatin weakly as monomer, but is not

sufficiently active to cause a biological response until after it is

induced and forms a trimer [106,107]. Furthermore, in the case of

a half-site, where there is not a sequence to which the second p53

dimer can bind, tetramerization may assure the second dimer is in

the vicinity of the p53 binding element in order to interact with

other factors required for transactivation.

The finding that the p53 D368 mutation reduced transactiva-

tion from both canonical and noncanonical REs agrees with

studies showing that p53 does not require modification of the C-

terminal to engage its target binding sites [31,32]. Furthermore,

these results indicate that the C-terminal is not absolutely essential

for function from canonical or noncanonical sites, but may play a

role in regulating the level of transactivation.

The deletion of the first N-terminal transactivation domain

(TAD) which mimics a naturally occurring alternatively spliced

form of p53 that is differentially expressed in breast tumors, had a

more severe impact upon transactivation than previously reported

with the qualitative ADE2 color reporter (data not shown)

[30,108]. The results may reflect the greater quantitative

assessment of transactivation with the luciferase assay. Neverthe-

less, both assays revealed that the decreased opportunity to

interact with the transcriptional machinery through the loss of the

transactivation domain strongly affects p53 transactivation from

both canonical and noncanonical REs.

Conclusions and Implications
Through deconstructing the canonical consensus sequence and

assessing functionality, as determined by binding and transactiva-

tion within three in vivo model systems and a semi-in vitro binding

assay, it has been possible to refine the requirements for functional

p53 binding elements. The organization and arrangement of

binding motifs, as well as the level of p53 expression, have a large

impact on the ability of p53 to transactivate from a RE sequence.

It is interesting that p53 may not function from reported canonical

consensus REs yet functions from noncanonical REs that are

common to the human genome. Half-sites and spacers between

full-sites may provide additional levels of regulation in p53

transcriptional network. Truly functional REs may be restricted to

decamers separated by ,3 nucleotides. When the spacer increases

beyond 3 nucleotides, we suggest p53 recognizes the half-sites as

separate binding entities.

The ability of p53 to function from noncanonical decamer half-

sites introduces a new realm of target sequences and genes into the

p53 transcriptional network and expands the universe of p53

regulated genes. Noncanonical sequences might provide p53

responsiveness at high levels of expression or in combination with

other transcription factors, as for the case of the FLT-1 gene [66].

As discussed in the ‘‘piano model’’ for transactivation from a

broad range of REs [14], variation in the level of p53, as well as
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various mutants can markedly affect the spectrum of p53

responses. Determining the relationship between expression levels

and responsiveness at canonical and noncanonical target sequenc-

es is important in understanding how p53 implements cellular fate

in response to stress, such as cell cycle arrest or apoptosis. It is also

important for addressing the consequences of p53 alterations,

particularly those mutations that retain transactivation capabilities,

as well tailoring individual therapies.

Materials and Methods

Construction of Isogenomic Diploid Yeast Strains
Containing p53 Inducible Reporters

The site-directed mutagenesis system, delitto perfetto [48,49] was

used to generate a panel of isogenic ‘‘p53-host’’ strains and a panel

of response element (RE) reporter strains in the budding yeast, S.

cerevisiae. Each ‘‘p53-host’’ strain, yAT-iGAL::p53 (MATa leu2-

3,112 trpl-1 his3-11,15 can 1-100 ura3-1, trp5::pGAL1:p53:cyc1-Ter,

lys2::HygroR), contains the wild type p53 cDNA controlled by the

inducible, ‘‘rheostatable’’ GAL1 promoter [109] integrated at the

TRP5 locus on chromosome VII. p53 mutations in the

tetramerization and basic domains were constructed using a

derivative of the p53 host strain containing a CORE cassette (CO,

counterselectable, KLURA3; RE, reporter, KanMX4 resistance

gene) integrated within the p53 cDNA at nucleotide position 1105

[110]. Modification of the p53 cDNA was performed using the

delitto perfetto approach [48,49] where the CORE cassette was

replaced with an oligonucleotide containing the mutation of

interest to generate a full-length mutant p53 cDNA or the desired

deletion of the C-terminus. Replacement of the CORE was

confirmed by selection on 5-FOA and kanamycin sensitivity.

Specific p53 alterations were confirmed by colony PCR and

sequencing (Big dye, Applied Biosystems, Foster City, CA).

The second panel of isogenic strains containing p53 REs

upstream of the CYCl minimal promoter and the firefly luciferase

reporter were obtained starting from the yLFM-ICORE strain, as

previously described (Table S1) [42]. The reporter strains are also

isogenic with the p53 host strains, but LYS2 and Hygros.

Mating of the reporter and p53-host strains followed by

selection for diploid cells on Lys2 Hygro+ plates, results in

isogenomic yeast that enable the assessment of the transactivation

potential for WT or mutant p53 proteins towards individual REs

in the p53 transcriptional network. Strains differ only by the

mutation of interest and 4–5 nucleotide variation in the RE.

Quantitative Luciferase Assay in Diploid Yeast
Individual p53-inducible RE reporter colonies were inoculated

into 5 ml rich media, YPDA plus adenine [200 mg/L], and grown

overnight at 30uC with shaking. The overnight culture was diluted

1:50 in H2O. For each reaction, 1 ml of the diluted culture was

spun down, washed of residual glucose with H2O and re-

suspended in 2 mL synthetic complete - LYS media containing

2% raffinose or raffinose supplemented with either 0.008% or

0.024% galactose. These dilute raffinose cultures were grown

overnight (,18 hr) at 30uC to ,2–46107 per ml. The 2 ml

cultures were spun down and the supernatant was aspirated. The

remaining pellet was resuspended in 100 ml reporter lysis buffer

(Promega, Madison, WI) and an equivalent amount of 425–

600 micron acid-washed, glass beads was added (Sigma, St. Louis,

MO). Samples were homogenized for 30 seconds in the Biospec

Products, Inc. mini-bead beater (Bartlesville, OK), briefly

incubated on ice and spun for 20 minutes at 16k relative

centrifugal force (rcf) in an Eppendorf 5415R centrifuge (Batavia,

IL) to separate the soluble protein fraction. The standard protocol

recommended by the manufacturer (Promega; Madison, WI) was

performed for the luciferase assay system starting with 10 ml of

protein extract. Luciferase activity was measured from 96-well,

white optiplates (Perkin Elmer, Waltham, MA) in a Wallac Victor2

multilabel counter (Perkin Elmer, Waltham, MA). Light units were

standardized per mg protein as determined by a Bio-Rad protein

assay (Bio-Rad; Hercules, CA). Luciferase assays in haploid strains

were performed as previously reported [14].

Human Cell Lines
Human SaOS2 (HTB-85, ATCC) osteosarcoma cells were

grown in McCoy’s A5 medium supplemented with 10% FBS and

16 penicillin/streptomycin (Gibco, Carlsbad, CA). All cultures

were incubated at 37uC with 5% CO2. Human lymphoblastoid

cells were grown in RPMI 1640 media supplemented with 15%

heat-inactivated fetal bovine serum (Invitrogen, Carlsbad, CA) and

incubated at 5% CO2 at 37uC with 1% penicillin-streptomycin

antibiotics (Invitrogen). The lymphoblast cell lines GM12824 and

GM12825 used in the semi-in vitro binding assay were purchased

from Coriell Cell Repositories (Camden, NJ).

Transfections and Luciferase Assays in Human Cell Lines
Plasmids pC53-SN3 [111] coding for human p53 cDNA under

the control of CMV promoter and the control vector pCMV-Neo-

Bam were kindly provided by Dr. Bert Vogelstein. p53 mutations

within the pC53-SN3 vector were generated by site-directed

mutagenesis (QuickChange site-directed mutagenesis kit, Strata-

gene) and were confirmed by sequencing. Luciferase reporter

constructs containing the p53 REs were constructed in pGL3-

Promoter backbone (Promega, Madison, WI). Partially comple-

mentary oligonucleotides containing the RE and 5 additional

flanking nucleotides from both sides were annealed in vitro to yield

double-stranded molecules that would be compatible for an in vitro

ligation reaction with XhoI/BamHI double digested pGL3-

promoter vector. Ligation products were transformed into XL1

blue E. coli cells, purified, amplified and sequenced. pRL-SV40, a

reporter plasmid coding for Renilla reniformis luciferase (Promega,

Madison, WI) was used as a control of transfection efficiency in the

luciferase reporter assay.

For luciferase assays SaOS2 cells were seeded in 24-well plates

24 hours before transfection. Cells were transfected using Fugene-

6 (Roche, Indianapolis, IN) according to manufacturer’s instruc-

tions at ,80% confluence (with 200 ng of reporter constructs).

When appropriate, 25 ng of the p53 was co-transfected. Total

plasmid DNA per well was adjusted to an equal level by adding the

empty vector pCMV-Neo-Bam. Forty-eight hours post transfec-

tion, extracts were prepared using the Dual Luciferase Assay

System (Promega) following the manufacturer’s protocol and

luciferase activity was measured in a Victor Wallac multilabel

plate reader (PerkinElmer). For each construct, relative luciferase

activity is defined as the mean value of the firefly luciferase/

Renilla luciferase ratios obtained from at least three independent

experiments.

Chromatin Immunoprecipitation (ChIP) Assays
SaOS2 cells were seeded in 10-cm dishes and transfected at

80% confluence with WT p53 expression vector along with the

pGL3-P reporter plasmid containing the p21-59 RE or its

derivatives. ChIP on plasmid assays were performed as described

previously [66] using the ChIP kit (Upstate Biotechnology)

following the manufacturer’s instructions. A mouse monoclonal

anti-p53 antibody DO7 (Pharmigen, BD) was used. PCR

amplifications were performed on immunoprecipitated chromatin

using a pair of primers to amplifya specific region in the pGL3-P

Noncanonical DNA Targets of p53

PLoS Genetics | www.plosgenetics.org 14 June 2008 | Volume 4 | Issue 6 | e1000104



backbone containing the p53 REs (59-ATAGGCTGTCCC-

CAGTGCAA-39 and 59-TGGAATAGCTCAGAGGCCGA-39).

The PCR cycles were as follows: an initial 10 min Taq Gold

polymerase at 95uC followed by 40 cycles of 95uC for 15 s and

60uC for 1 min. The PCR products were then run on a 1.8%

agarose gel and quantified with IMAGEQUANT V5.1 (Molecular

Dynamics-GE, Piscataway, NJ).

Semi-in vitro Binding Assay with Human Nuclear Extracts
To evaluate the sequence-specific p53-DNA binding interac-

tions, we used the semi-in vitro fluorescent microsphere binding

assay as previously described (Noureddine et al., submitted).

Briefly, lymphoblast cells were grown to ,8.56105 cells/mL

before exposing to 0.6 ug/mL (1 mM) doxorubicin (Sigma, St.

Louis, MO) for 18 hours at 37uC. Nuclear protein was extracted

from non-treated and treated cells using a Nuclear Extraction Kit

according to manufacturer’s protocol (Active Motif, Carlsbad, CA)

and protein concentration was measured in triplicate using the

BCA Protein Assay Kit (Pierce, Rockford, IL), followed by a plate

read using a Perkin Elmer HTS 7000 BioAssay Reader. All the

oligonucleotides reported in this study were synthesized by

Invitrogen (Carlsbad, CA). Fluorescent microspheres bearing

double stranded DNA fragments containing a sequence of interest

were multiplexed and incubated for 1 hour in the presence of

1.75 mg of nuclear protein extracts from either treated or non-

treated cells. Following incubation in cell extracts, the beads were

incubated with p53 antibodies (DO-7, BD Biosciences, San Jose,

CA) and secondary antibodies conjugated with phycoerythrin(R-

phycoerythrin-coated goat anti-mouse) for 30 minutes. The p53

interaction with each bead was measured on a BioPlex Machine

(BioRad) as raw fluorescence intensity signal generated from

phycoerythrin-conjugated secondary antibody to mouse anti-p53.

For signal normalization, an aliquot of the DNA-conjugated beads

was treated separately with phycoerythrin-conjugated streptavidin

for 20 minutes in the absence of any nuclear extracts. All binding

reactions were conducted in triplicate. For each bead type in every

multiplex set of beads, relative binding signal was obtained by

normalizing the absolute binding signals of extract-treated beads

(mean of 3 replicates) to mean signals obtained from the same set

of beads that were independently treated with phycoerythrin-

conjugated streptavidin (mean of 3 replicates). This normalization

accounts for bead type-specific oligo content. Net binding for each

oligo is the numerical difference between NT and DOX-treated

signal obtained for this oligo.

Western Analysis
Yeast Cells. Individual yAT6yLFM diploid colonies were

inoculated into YPDA media and grown overnight. Overnight

cultures were diluted 1:50 in H2O and 1 ml of the culture was

spun down for each sample treatment, washed with 2 ml of H2O

and inoculated into 2 ml synthetic media (lys-) with either glucose

(2%), raffinose (2%) or raffinose plus increasing amounts of

galactose (0.002–0.032% galactose). Cultures were grown

24 hours at 30uC with vigourous shaking. Protein extracts were

prepared in 35 ml reporter lysis buffer (Promega, Madison, WI)

plus 2% protease inhibitors (cocktail for use with fungal and yeast

extracts; Sigma, St. Louis, MO). An equivalent amount of 425–

600 micron acid-washed, glass beads (Sigma, St. Louis, MO) was

added prior to the samples being homogenized for 30 seconds in

the Biospec Products, Inc. mini-bead beater (Bartlesville, OK).

Following homogenization, samples were briefly incubated on ice

and spun for 20 minutes at 16k rcf in an Eppendorf 5415R

centrifuge (Batavia, IL) to purify soluble proteins. Protein

concentrations were measured with the Bio-Rad protein assay

according to the standard protocol (Bio-Rad; Hercules, CA).

50 mg of total protein extracts were run on SDS-PAGE gels and

transferred as previously described [109]. p53 was detected with

the mouse monoclonal antibodies DO-1 and pAb1802 (Santa

Cruz Biotechnology, Inc., Santa Cruz, CA) according to the

manufacturer’s protocol. GAPDH was detected with the rabbit

polyclonal GAPDH antibody (HRP) (Abcam, Cambridge, MA).

Human Cells. Whole cell extracts from SaOS2 transfected

cells were obtained using cell culture lysis reagent (Promega)

following the manufacturer’s instructions. Equal amounts of whole

cell extracts were separated on 4–12% BisTris NuPAGE and

transferred to polyvinylidene difluoride membranes (Invitrogen).

The blots were probed with primary antibodies (Santa Cruz) for

p53 (pAb1801 and DO-1) and Actin (C-11). Bands were detected

using horseradish peroxide-conjugated secondary antibodies

(Santa Cruz) and the enhanced chemiluminescence (ECL)

detection system (Amersham, Cleveland, OH, USA).

Supporting Information

Figure S1 Low level expression of p53 under the rheostatable

GAL1 promoter. The GAL1 promoter allows for increased

expression of p53 depending on the level of galactose in the

media. With glucose supplemented in the media, the GAL1

promoter is repressed. Raffinose provides a basal level of

expression where the promoter is derepressed, but not induced.

Presented is a Western blot analysis of p53 expression 24 hours

post-inoculation with 2% glucose (G), 2% raffinose (R) or 2%

raffinose plus increasing amounts of galactose (0.002–0.008%).

The p53 protein was detected with DO-1 and pAb1801

antibodies. Immunodetection with GAPDH was used as a

standard loading control. To determine the relative protein

concentrations at repressed, basal and low galactose levels, pixel

values were measured from autoradiographs of increasing

exposure lengths (from 1 to 15 minutes). The ratio of measured

pixel values were calculated between samples and compared

between exposure lengths to derive the relative differences in p53

expression between media containing glucose (2%), raffinose (2%)

or raffinose (2%) plus increasing concentrations of galactose (data

not shown). A 3-fold induction of p53 expression was observed

between samples containing glucose and raffinose, as well as

between raffinose and 0.004% galactose. There was a 2-fold

induction between the 0.004% galactose and 0.006% galactose

samples and a 3-fold difference between the 0.006% and 0.008%

galactose samples. This totaled a relative increase in p53

expression of 54-fold between repressed conditions and induction

at 0.008% galactose and an 18-fold between basal level expression

and induction at 0.008% galactose.

Found at: doi:10.1371/journal.pgen.1000104.s001 (0.48 MB

DOC)

Figure S2 Increase in spacer decreases transactivation by p53

family members. (A) The plasmid-based haploid yeast system [30]

was utilized to determine the extent to which p53 transactivation

was impacted by a spacer between decamer half-sites. Transacti-

vation was measured as relative light units/mg protein at 0.008%

and 0.128% galactose and compared to WT p53 transactivation

from the p21-59 RE. Depicted are the average light units/mg

protein and standard deviations from 3 biological repeats. The

average light units/mg protein for WT p53 towards p21-59 at

0.128% galactose was 2.9 million. (B) The transactivation capacity

of p63b and p73b from the p21-59 RE containing spacers of 0, 2, 5

and 10 nt was measured to determine the affect of spacers on

transactivation by p53 family members. Transactivation was

measured at moderate and high levels of p53 expression.

Noncanonical DNA Targets of p53

PLoS Genetics | www.plosgenetics.org 15 June 2008 | Volume 4 | Issue 6 | e1000104



Found at: doi:10.1371/journal.pgen.1000104.s002 (0.43 MB TIF)

Figure S3 Transactivation from noncanonical 3/4-site REs in

haploid yeast. (A) The ability of p53 to transactivate from the

consensus 3/4-site REs, Con J and Con K were determined in the

haploid yeast system, as described in Inga et al. [30]. The ability of

WT p53 to transactivate from the 3/4-site REs was measured

24 hours post inoculation into the galactose-supplemented media

by a luciferase assay. The ability of WT p53 to transactivate from

each 3/4-site RE was compared to the ability of WT p53 to

transactivate from the p21-59 RE at 0.128% galactose. Transacti-

vation is depicted as the light units/mg protein and presented as

the mean and standard deviation of 3 independent experiments.

The average light units/mg protein from p21-59 at 0.128%

galactose was 2.9 million. Solid arrows indicate a 1/4-binding site.

(B) Sequence dependence of p53 transactivation from 3/4-site

REs. The plasmid-based haploid yeast system [30] was utilized to

determine the sequence requirements for transactivation from

noncanonical 3/4-site REs at high expression levels (0.128%

galactose). The central core ‘‘CWWG’’ motif was altered from

CATG to CTTG and flanking regions were changed as described.

Transactivation from 3/4-site REs was measured with a luciferase

assay and calculated as light units/mg protein.

Found at: doi:10.1371/journal.pgen.1000104.s003 (0.51 MB TIF)

Figure S4 Mutant p53 expression. To exclude the possibility

that variation in transactivation capacity towards the canonical

and noncanonical REs by mutant p53 was due to variable protein

levels, the relative expression of p53 mutants was compared to WT

p53. Western analysis was performed 24 hours following transient

transfection of mock, WT p53 or mutant p53 pCMV plasmid

vectors into SaOS2 cells. Thirty-five mg of total protein was run on

4–12% BisTris NuPAGE as described in the Materials and

Methods. Staining of the gel with SimplyBlue SafeStain (Invitro-

gen) for total loading protein was performed to discriminate

possible overlap of protein between the loading control actin and

the truncated p53 protein Q331stop which run at comparable

distances.

Found at: doi:10.1371/journal.pgen.1000104.s004 (2.98 MB TIF)

Table S1 Response element sequences.

Found at: doi:10.1371/journal.pgen.1000104.s005 (0.05 MB

DOC)

Acknowledgments

We thank Trevor Archer and Ray Tennant for their critical comments on

the manuscript.

Author Contributions

Conceived and designed the experiments: JJ DM AI MN DB MR.

Performed the experiments: JJ DM AI MN. Analyzed the data: JJ DM AI

MN DB MR. Contributed reagents/materials/analysis tools: JJ DM AI

MN DB MR. Wrote the paper: JJ DM AI MN DB MR.

References

1. Ko LJ, Prives C (1996) p53: puzzle and paradigm. Genes Dev 10: 1054–1072.

2. Levine AJ (1997) p53, the cellular gatekeeper for growth and division. Cell 88:

323–331.

3. Menendez D, Inga A, Jordan JJ, Resnick MA (2007) Changing the p53 master
regulatory network: ELEMENTary, my dear Mr Watson. Oncogene 26:

2191–2201.

4. Chang TC, Wentzel EA, Kent OA, Ramachandran K, Mullendore M, et al.
(2007) Transactivation of miR-34a by p53 broadly influences gene expression

and promotes apoptosis. Mol Cell 26: 745–752.

5. Raver-Shapira N, Marciano E, Meiri E, Spector Y, Rosenfeld N, et al. (2007)

Transcriptional activation of miR-34a contributes to p53-mediated apoptosis.
Mol Cell 26: 731–743.

6. Vogelstein B, Lane D, Levine AJ (2000) Surfing the p53 network. Nature 408:

307–310.

7. Laptenko O, Prives C (2006) Transcriptional regulation by p53: one protein,

many possibilities. Cell Death Differ 13: 951–961.

8. Appella E, Anderson CW (2001) Post-translational modifications and activation
of p53 by genotoxic stresses. Eur J Biochem 268: 2764–2772.

9. Szak ST, Mays D, Pietenpol JA (2001) Kinetics of p53 binding to promoter

sites in vivo. Mol Cell Biol 21: 3375–3386.

10. Petitjean A, Mathe E, Kato S, Ishioka C, Tavtigian SV, et al. (2007) Impact of

mutant p53 functional properties on TP53 mutation patterns and tumor
phenotype: lessons from recent developments in the IARC TP53 database.

Hum Mutat 28: 622–629.

11. Soussi T, Asselain B, Hamroun D, Kato S, Ishioka C, et al. (2006) Meta-
analysis of the p53 mutation database for mutant p53 biological activity reveals

a methodologic bias in mutation detection. Clin Cancer Res 12: 62–69.

12. Petitjean A, Achatz MI, Borresen-Dale AL, Hainaut P, Olivier M (2007) TP53

mutations in human cancers: functional selection and impact on cancer
prognosis and outcomes. Oncogene 26: 2157–2165.

13. Monti P, Ciribilli Y, Jordan J, Menichini P, Umbach DM, et al. (2007)

Transcriptional functionality of germ line p53 mutants influences cancer

phenotype. Clin Cancer Res 13: 3789–3795.

14. Resnick MA, Inga A (2003) Functional mutants of the sequence-specific
transcription factor p53 and implications for master genes of diversity. Proc

Natl Acad Sci U S A 100: 9934–9939.

15. Kato S, Han SY, Liu W, Otsuka K, Shibata H, et al. (2003) Understanding the
function-structure and function-mutation relationships of p53 tumor suppressor

protein by high-resolution missense mutation analysis. Proc Natl Acad Sci U S A

100: 8424–8429.

16. el-Deiry WS, Kern SE, Pietenpol JA, Kinzler KW, Vogelstein B (1992)
Definition of a consensus binding site for p53. Nat Genet 1: 45–49.

17. Funk WD, Pak DT, Karas RH, Wright WE, Shay JW (1992) A

transcriptionally active DNA-binding site for human p53 protein complexes.
Mol Cell Biol 12: 2866–2871.

18. Tokino T, Thiagalingam S, el-Deiry WS, Waldman T, Kinzler KW, et al.
(1994) p53 tagged sites from human genomic DNA. Hum Mol Genet 3:

1537–1542.

19. Friedman PN, Chen X, Bargonetti J, Prives C (1993) The p53 protein is an

unusually shaped tetramer that binds directly to DNA. Proc Natl Acad Sci U S A
90: 3319–3323.

20. Hainaut P, Hall A, Milner J (1994) Analysis of p53 quaternary structure in

relation to sequence-specific DNA binding. Oncogene 9: 299–303.

21. Nagaich AK, Zhurkin VB, Sakamoto H, Gorin AA, Clore GM, et al. (1997)

Architectural accommodation in the complex of four p53 DNA binding
domain peptides with the p21/waf1/cip1 DNA response element. J Biol Chem

272: 14830–14841.

22. McLure KG, Lee PW (1998) How p53 binds DNA as a tetramer. Embo J 17:
3342–3350.

23. Weinberg RL, Veprintsev DB, Bycroft M, Fersht AR (2005) Comparative
binding of p53 to its promoter and DNA recognition elements. J Mol Biol 348:

589–596.

24. Balagurumoorthy P, Sakamoto H, Lewis MS, Zambrano N, Clore GM, et al.
(1995) Four p53 DNA-binding domain peptides bind natural p53-response

elements and bend the DNA. Proc Natl Acad Sci U S A 92: 8591–8595.

25. Thukral SK, Lu Y, Blain GC, Harvey TS, Jacobsen VL (1995) Discrimination

of DNA binding sites by mutant p53 proteins. Mol Cell Biol 15: 5196–5202.

26. Wang P, Reed M, Wang Y, Mayr G, Stenger JE, et al. (1994) p53 domains:
structure, oligomerization, and transformation. Mol Cell Biol 14: 5182–5191.

27. Ma B, Pan Y, Zheng J, Levine AJ, Nussinov R (2007) Sequence analysis of p53

response-elements suggests multiple binding modes of the p53 tetramer to DNA

targets. Nucleic Acids Res 35: 2986–3001.

28. Inga A, Nahari D, Velasco-Miguel S, Friedberg EC, Resnick MA (2002) A
novel p53 mutational hotspot in skin tumors from UV-irradiated Xpc mutant

mice alters transactivation functions. Oncogene 21: 5704–5715.

29. Kitayner M, Rozenberg H, Kessler N, Rabinovich D, Shaulov L, et al. (2006)
Structural basis of DNA recognition by p53 tetramers. Mol Cell 22: 741–753.

30. Inga A, Storici F, Darden TA, Resnick MA (2002) Differential transactivation
by the p53 transcription factor is highly dependent on p53 level and promoter

target sequence. Mol Cell Biol 22: 8612–8625.

31. Kaeser MD, Iggo RD (2002) Chromatin immunoprecipitation analysis fails to
support the latency model for regulation of p53 DNA binding activity in vivo.

Proc Natl Acad Sci U S A 99: 95–100.

32. Espinosa JM, Verdun RE, Emerson BM (2003) p53 functions through stress-

and promoter-specific recruitment of transcription initiation components
before and after DNA damage. Mol Cell 12: 1015–1027.

33. Halazonetis TD, Davis LJ, Kandil AN (1993) Wild-type p53 adopts a ‘mutant’-

like conformation when bound to DNA. Embo J 12: 1021–1028.

34. Wei CL, Wu Q, Vega VB, Chiu KP, Ng P, et al. (2006) A global map of p53
transcription-factor binding sites in the human genome. Cell 124: 207–219.

Noncanonical DNA Targets of p53

PLoS Genetics | www.plosgenetics.org 16 June 2008 | Volume 4 | Issue 6 | e1000104



35. Cawley S, Bekiranov S, Ng HH, Kapranov P, Sekinger EA, et al. (2004)

Unbiased mapping of transcription factor binding sites along human
chromosomes 21 and 22 points to widespread regulation of noncoding RNAs.

Cell 116: 499–509.

36. Hearnes JM, Mays DJ, Schavolt KL, Tang L, Jiang X, et al. (2005) Chromatin

immunoprecipitation-based screen to identify functional genomic binding sites

for sequence-specific transactivators. Mol Cell Biol 25: 10148–10158.

37. Kaneshiro K, Tsutsumi S, Tsuji S, Shirahige K, Aburatani H (2007) An

integrated map of p53-binding sites and histone modification in the human

ENCODE regions. Genomics 89: 178–188.

38. Hoh J, Jin S, Parrado T, Edington J, Levine AJ, et al. (2002) The p53MH
algorithm and its application in detecting p53-responsive genes. Proc Natl Acad

Sci U S A 99: 8467–8472.

39. Sbisa E, Catalano D, Grillo G, Licciulli F, Turi A, et al. (2007) p53FamTaG: a

database resource of human p53, p63 and p73 direct target genes combining in

silico prediction and microarray data. BMC Bioinformatics 8 Suppl 1: S20.

40. Li L, Liang Y, Bass RL (2007) GAPWM: a genetic algorithm method for

optimizing a position weight matrix. Bioinformatics 23: 1188–1194.

41. Menendez D, Krysiak O, Inga A, Krysiak B, Resnick MA, et al. (2006) A SNP

in the FLT-1 promoter integrates the VEGF system into the p53 transcriptional
network. Proc Natl Acad Sci U S A 103: 1406–1411.

42. Tomso DJ, Inga A, Menendez D, Pittman GS, Campbell MR, et al. (2005)

Functionally distinct polymorphic sequences in the human genome that are

targets for p53 transactivation. Proc Natl Acad Sci U S A 102: 6431–6436.

43. Resnick MA, Tomso D, Inga A, Menendez D, Bell D (2005) Functional

diversity in the gene network controlled by the master regulator p53 in humans.

Cell Cycle 4: 1026–1029.

44. Joers A, Jaks V, Kase J, Maimets T (2004) p53-dependent transcription can
exhibit both on/off and graded response after genotoxic stress. Oncogene 23:

6175–6185.

45. Biggar SR, Crabtree GR (2001) Cell signaling can direct either binary or

graded transcriptional responses. Embo J 20: 3167–3176.

46. Louis M, Becskei A (2002) Binary and graded responses in gene networks. Sci

STKE 2002: PE33.

47. Ramsey SA, Smith JJ, Orrell D, Marelli M, Petersen TW, et al. (2006) Dual

feedback loops in the GAL regulon suppress cellular heterogeneity in yeast. Nat

Genet 38: 1082–1087.

48. Storici F, Durham CL, Gordenin DA, Resnick MA (2003) Chromosomal site-

specific double-strand breaks are efficiently targeted for repair by oligonucle-

otides in yeast. Proc Natl Acad Sci U S A 100: 14994–14999.

49. Storici F, Lewis LK, Resnick MA (2001) In vivo site-directed mutagenesis using

oligonucleotides. Nat Biotechnol 19: 773–776.

50. el-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons R, et al. (1993)

WAF1, a potential mediator of p53 tumor suppression. Cell 75: 817–825.

51. Resnick-Silverman L, St Clair S, Maurer M, Zhao K, Manfredi JJ (1998)

Identification of a novel class of genomic DNA-binding sites suggests a

mechanism for selectivity in target gene activation by the tumor suppressor

protein p53. Genes Dev 12: 2102–2107.

52. Espinosa JM, Emerson BM (2001) Transcriptional regulation by p53 through
intrinsic DNA/chromatin binding and site-directed cofactor recruitment. Mol

Cell 8: 57–69.

53. Nakano K, Vousden KH (2001) PUMA, a novel proapoptotic gene, is induced

by p53. Mol Cell 7: 683–694.

54. Yu J, Zhang L, Hwang PM, Kinzler KW, Vogelstein B (2001) PUMA induces

the rapid apoptosis of colorectal cancer cells. Mol Cell 7: 673–682.

55. Thornborrow EC, Manfredi JJ (1999) One mechanism for cell type-specific

regulation of the bax promoter by the tumor suppressor p53 is dictated by the

p53 response element. J Biol Chem 274: 33747–33756.

56. Hwang BJ, Ford JM, Hanawalt PC, Chu G (1999) Expression of the p48

xeroderma pigmentosum gene is p53-dependent and is involved in global

genomic repair. J Mol Biol 96: 424–428.

57. Barak Y, Gottlieb E, Juven-Gershon T, Oren M (1994) Regulation of mdm2

expression by p53: alternative promoters produce transcripts with nonidentical

translation potential. Genes Dev 8: 1739–1749.

58. Zauberman A, Flusberg D, Haupt Y, Barak Y, Oren M (1995) A functional

p53-responsive intronic promoter is contained within the human mdm2 gene.
Nucleic Acids Res 23: 2584–2592.

59. Wang Y, Schwedes JF, Parks D, Mann K, Tegtmeyer P (1995) Interaction of

p53 with its consensus DNA-binding site. Mol Cell Biol 15: 2157–2165.

60. Hoffman B, Liebermann DA (1998) The proto-oncogene c-myc and apoptosis.
Oncogene 17: 3351–3357.

61. Oda E, Ohki R, Murasawa H, Nemoto J, Shibue T, et al. (2000) Noxa, a BH3-

only member of the Bcl-2 family and candidate mediator of p53-induced

apoptosis. Science 288: 1053–1058.

62. Bensaad K, Tsuruta A, Selak MA, Vidal MN, Nakano K, et al. (2006) TIGAR,

a p53-inducible regulator of glycolysis and apoptosis. Cell 126: 107–120.

63. Corcoran CA, Huang Y, Sheikh MS (2006) The regulation of energy

generating metabolic pathways by p53. Cancer Biol Ther 5: 1610–1613.

64. Green DR, Chipuk JE (2006) p53 and metabolism: Inside the TIGAR. Cell

126: 30–32.

65. Menendez D, Inga A, Resnick MA (2006) The biological impact of the human

master regulator p53 can be altered by mutations that change the spectrum and
expression of its target genes. Mol Cell Biol 26: 2297–2308.

66. Menendez D, Inga A, Snipe J, Krysiak O, Schonfelder G, et al. (2007) A single-
nucleotide polymorphism in a half-binding site creates p53 and estrogen

receptor control of vascular endothelial growth factor receptor 1. Mol Cell Biol

27: 2590–2600.

67. Lin Y, Ma W, Benchimol S (2000) Pidd, a new death-domain-containing

protein, is induced by p53 and promotes apoptosis. Nat Genet 26: 122–127.

68. Jegga AG, Inga A, Menendez D, Aronow BJ, Resnick AJ (2008) Functional

evolution of the p53 regulatory network through its target response elements.

Proc Natl Acad Sci U S A 105: 944–949.

69. Lee AS, Galea C, DiGiammarino EL, Jun B, Murti G, et al. (2003) Reversible

amyloid formation by the p53 tetramerization domain and a cancer-associated
mutant. J Mol Biol 327: 699–709.

70. Jeffrey PD, Gorina S, Pavletich NP (1995) Crystal structure of the

tetramerization domain of the p53 tumor suppressor at 1.7 angstroms. Science
267: 1498–1502.

71. Miller M, Lubkowski J, Rao JK, Danishefsky AT, Omichinski JG, et al. (1996)
The oligomerization domain of p53: crystal structure of the trigonal form.

FEBS Lett 399: 166–170.

72. Chene P, Mittl P, Grutter M (1997) In vitro structure-function analysis of the
beta-strand 326–333 of human p53. J Mol Biol 273: 873–881.

73. Mittl PR, Chene P, Grutter MG (1998) Crystallization and structure solution of

p53 (residues 326–356) by molecular replacement using an NMR model as
template. Acta Crystallogr D Biol Crystallogr 54: 86–89.

74. Lomax ME, Barnes DM, Hupp TR, Picksley SM, Camplejohn RS (1998)
Characterization of p53 oligomerization domain mutations isolated from Li-

Fraumeni and Li-Fraumeni like family members. Oncogene 17: 643–649.

75. Davison TS, Yin P, Nie E, Kay C, Arrowsmith CH (1998) Characterization of
the oligomerization defects of two p53 mutants found in families with Li-

Fraumeni and Li-Fraumeni-like syndrome. Oncogene 17: 651–656.

76. Lomax ME, Barnes DM, Gilchrist R, Picksley SM, Varley JM, et al. (1997)

Two functional assays employed to detect an unusual mutation in the

oligomerisation domain of p53 in a Li-Fraumeni like family. Oncogene 14:
1869–1874.

77. Galea C, Bowman P, Kriwacki RW (2005) Disruption of an intermonomer salt
bridge in the p53 tetramerization domain results in an increased propensity to

form amyloid fibrils. Protein Sci 14: 2993–3003.

78. DiGiammarino EL, Lee AS, Cadwell C, Zhang W, Bothner B, et al. (2002) A
novel mechanism of tumorigenesis involving pH-dependent destabilization of a

mutant p53 tetramer. Nat Struct Biol 9: 12–16.

79. Ribeiro RC, Sandrini F, Figueiredo B, Zambetti GP, Michalkiewicz E, et al.
(2001) An inherited p53 mutation that contributes in a tissue-specific manner to

pediatric adrenal cortical carcinoma. Proc Natl Acad Sci U S A 98: 9330–9335.

80. Mateu MG, Fersht AR (1998) Nine hydrophobic side chains are key

determinants of the thermodynamic stability and oligomerization status of

tumour suppressor p53 tetramerization domain. Embo J 17: 2748–2758.

81. Lee W, Harvey TS, Yin Y, Yau P, Litchfield D, et al. (1994) Solution structure

of the tetrameric minimum transforming domain of p53. Nat Struct Biol 1:
877–890.

82. Chene P (2001) The role of tetramerization in p53 function. Oncogene 20:

2611–2617.

83. Waterman JL, Shenk JL, Halazonetis TD (1995) The dihedral symmetry of the

p53 tetramerization domain mandates a conformational switch upon DNA
binding. Embo J 14: 512–519.

84. Chou PY, Fasman GD (1974) Conformational parameters for amino acids in

helical, beta-sheet, and random coil regions calculated from proteins.
Biochemistry 13: 211–222.

85. Chou PY, Fasman GD (1978) Empirical predictions of protein conformation.
Annu Rev Biochem 47: 251–276.

86. Varley JM, McGown G, Thorncroft M, Cochrane S, Morrison P, et al. (1996)

A previously undescribed mutation within the tetramerisation domain of TP53
in a family with Li-Fraumeni syndrome. Oncogene 12: 2437–2442.

87. Rollenhagen C, Chene P (1998) Characterization of p53 mutants identified in

human tumors with a missense mutation in the tetramerization domain.
Int J Cancer 78: 372–376.

88. Ishioka C, Shimodaira H, Englert C, Shimada A, Osada M, et al. (1997)
Oligomerization is not essential for growth suppression by p53 in p53-deficient

osteosarcoma Saos-2 cells. Biochem Biophys Res Commun 232: 54–60.

89. Kawaguchi T, Kato S, Otsuka K, Watanabe G, Kumabe T, et al. (2005) The
relationship among p53 oligomer formation, structure and transcriptional

activity using a comprehensive missense mutation library. Oncogene 24:
6976–6981.

90. Chene P, Bechter E (1999) Cellular characterisation of p53 mutants with a

single missense mutation in the beta-strand 326–333 and correlation of their
cellular activities with in vitro properties. J Mol Biol 288: 891–897.

91. Pietenpol JA, Tokino T, Thiagalingam S, el-Deiry WS, Kinzler KW, et al.
(1994) Sequence-specific transcriptional activation is essential for growth

suppression by p53. Proc Natl Acad Sci U S A 91: 1998–2002.

92. Storici F, Resnick MA (2003) Delitto perfetto targeted mutagenesis in yeast
with oligonucleotides. Genet Eng (N Y) 25: 189–207.

93. Storici F, Resnick MA (2006) The delitto perfetto approach to in vivo site-
directed mutagenesis and chromosome rearrangements with synthetic oligo-

nucleotides in yeast. Methods Enzymol 409: 329–345.

94. Jackson P, Mastrangelo I, Reed M, Tegtmeyer P, Yardley G, et al. (1998)
Synergistic transcriptional activation of the MCK promoter by p53: tetramers

Noncanonical DNA Targets of p53

PLoS Genetics | www.plosgenetics.org 17 June 2008 | Volume 4 | Issue 6 | e1000104



link separated DNA response elements by DNA looping. Oncogene 16:

283–292.
95. Stenger JE, Tegtmeyer P, Mayr GA, Reed M, Wang Y, et al. (1994) p53

oligomerization and DNA looping are linked with transcriptional activation.

Embo J 13: 6011–6020.
96. Hubbard TJ, Aken BL, Beal K, Ballester B, Caccamo M, et al. (2007) Ensembl

2007. Nucleic Acids Res 35: D610–617.
97. Gilad Y, Oshlack A, Smyth GK, Speed TP, White KP (2006) Expression

profiling in primates reveals a rapid evolution of human transcription factors.

Nature 440: 242–245.
98. Cameron RA, Chow SH, Berney K, Chiu TY, Yuan QA, et al. (2005) An

evolutionary constraint: strongly disfavored class of change in DNA sequence
during divergence of cis-regulatory modules. Proc Natl Acad Sci U S A 102:

11769–11774.
99. Okorokov AL, Sherman MB, Plisson C, Grinkevich V, Sigmundsson K, et al.

(2006) The structure of p53 tumour suppressor protein reveals the basis for its

functional plasticity. Embo J 25: 5191–5200.
100. Flicek P, Aken BL, Beal K, Ballester B, Caccamo M, et al. (2007) Ensembl

2008. Nucleic Acids Res.
101. Allison SJ, Milner J (2004) Remodelling chromatin on a global scale: a novel

protective function of p53. Carcinogenesis 25: 1551–1557.

102. Johnson DS, Mortazavi A, Myers RM, Wold B (2007) Genome-wide mapping
of in vivo protein-DNA interactions. Science 316: 1497–1502.

103. Giresi PG, Kim J, McDaniell RM, Iyer VR, Lieb JD (2007) FAIRE
(Formaldehyde-Assisted Isolation of Regulatory Elements) isolates active

regulatory elements from human chromatin. Genome Res 17: 877–885.

104. Hogan GJ, Lee CK, Lieb JD (2006) Cell cycle-specified fluctuation of

nucleosome occupancy at gene promoters. PLoS Genet 2: e158.

105. Pavletich NP, Chambers KA, Pabo CO (1993) The DNA-binding domain of

p53 contains the four conserved regions and the major mutation hot spots.

Genes Dev 7: 2556–2564.

106. Cotto JJ, Morimoto RI (1999) Stress-induced activation of the heat-shock

response: cell and molecular biology of heat-shock factors. Biochem Soc Symp

64: 105–118.

107. Lis J (1998) Promoter-associated pausing in promoter architecture and

postinitiation transcriptional regulation. Cold Spring Harb Symp Quant Biol

63: 347–356.

108. Candau R, Scolnick DM, Darpino P, Ying CY, Halazonetis TD, et al. (1997)

Two tandem and independent sub-activation domains in the amino terminus of

p53 require the adaptor complex for activity. Oncogene 15: 807–816.

109. Inga A, Resnick MA (2001) Novel human p53 mutations that are toxic to yeast

can enhance transactivation of specific promoters and reactivate tumor p53

mutants. Oncogene 20: 3409–3419.

110. Inga A, Storici F, Resnick MA (2007) Functional analysis of the human p53

tumor suppressor and its mutants using yeast. In: Nitiss JL, Heitman J, eds.

Yeast as a tool in cancer research. Dordrecht, The Netherlands: Springer. pp

233–288.

111. Kern SE, Pietenpol JA, Thiagalingam S, Seymour A, Kinzler KW, et al. (1992)

Oncogenic forms of p53 inhibit p53-regulated gene expression. Science 256:

827–830.

Noncanonical DNA Targets of p53

PLoS Genetics | www.plosgenetics.org 18 June 2008 | Volume 4 | Issue 6 | e1000104


