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The p53 tumour suppressor gene, the most frequently
mutated gene in human cancer, encodes a transcription
factor that contains sequence-specific DNA binding and
homo-tetramerization domains. Interestingly, the affinities
of p53 for specific and non-specific DNA sites differ by only
one order of magnitude, making it hard to understand how
this protein recognizes its specific DNA targets in vivo. We
describe here the structure of a p53 polypeptide containing
both the DNA binding and oligomerization domains in
complex with DNA. The structure reveals that sequence-
specific DNA binding proceeds via an induced fit mechan-
ism that involves a conformational switch in loop L1 of the
p53 DNA binding domain. Analysis of loop L1 mutants
demonstrated that the conformational switch allows DNA
binding off-rates to be regulated independently of affi-
nities. These results may explain the universal prevalence
of conformational switching in sequence-specific DNA
binding proteins and suggest that proteins like p53 rely
more on differences in binding off-rates, than on differ-
ences in affinities, to recognize their specific DNA sites.
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Introduction

The most frequently mutated gene in human cancer is p53
(Hollstein et al, 1991; Kan et al, 2010), a gene encoding a
sequence-specific DNA binding protein (Kern et al, 1991).
The p53 protein is activated in response to DNA damage and
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then enhances transcription of genes that induce cell-cycle
arrest, apoptosis or senescence (Kastan et al, 1991; Kuerbitz
et al, 1992; Vogelstein et al, 2000). To explain the high
frequency of p53 mutations in human cancer, it has been
proposed that activation of oncogenes in precancerous
lesions leads to DNA damage, which in turn curtails, in a
pS53-dependent manner, the macroscopic growth of the lesion
(Bartkova et al, 2005; Gorgoulis et al, 2005). According to this
model, inactivation of p53 is an important step in the
progression of precancerous lesions to cancer, because it
allows cancer cells to proliferate despite the presence of
oncogene-induced DNA damage (Halazonetis et al, 2008).

Given the central role of the p53 protein in human cancer,
it is not surprising that significant effort has been devoted
towards elucidating its function and structure at the molecu-
lar level. These studies have revealed that the full-length
p53 protein contains two independently folding domains:
a sequence-specific DNA binding domain at the centre of
the protein and a homo-tetramerization domain towards the
C-terminus (Vogelstein et al, 2000). In addition, p53 contains
three unstructured regions: an N-terminal transactivation
domain, a linker between the DNA binding and oligomeri-
zation domains and a C-terminal basic region (Joerger and
Fersht, 2008).

Several three-dimensional structures of the DNA binding
domain of p53 have been determined both in the presence
of specific DNA and in the absence of DNA (Cho et al, 1994;
Ho et al, 2006; Malecka et al, 2009; Chen et al, 2010; Kitayner
et al, 2006, 2010). All these structures encompass only the
DNA binding domain. The most recent structures are derived
from crystals containing four DNA binding domains in com-
plex with specific DNA, thereby potentially recapitulating
how full-length p53 tetramers recognize DNA (Malecka
et al, 2009; Chen et al, 2010; Kitayner et al, 2010). With the
exception of one structure, in which the p53 DNA binding
domains had been chemically crosslinked to DNA (Malecka
et al, 2009), the structures show that sequence-specific DNA
binding is not accompanied by conformational changes with-
in the p53 DNA binding domain (Cho et al, 1994; Ho et al,
2006; Chen et al, 2010; Kitayner et al, 2006, 2010). Yet, in the
context of practically every other sequence-specific DNA
binding protein characterized to date, the interaction with
DNA is accompanied by conformational changes (Frankel
and Kim, 1991; Alber, 1993; Spolar and Record, 1994). The
significance of these conformational changes is not well
understood, but their universal prevalence suggests that
they may have an important role and raises the question
why p53 is an exception.

The DNA binding domain of p53 is monomeric in solution
and has micromolar affinity for DNA (Weinberg et al, 2005).
Because of this, except for the crosslinked p53-DNA complex,
all the other studied pS3-DNA complexes assembled during
crystallization, implying that crystal packing interactions
have contributed to their formation and, hence, to their
structure. In contrast, p53 polypeptides that encompass
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both the DNA binding and oligomerization domains have
nanomolar affinity for sequence-specific DNA and form
stable protein-DNA complexes in solution (Weinberg et al,
2005). We envisioned, therefore, that the three-dimensional
structures of such complexes would be much less likely to be
affected by crystal packing interactions.

We describe here structures of a multidomain p53 oligomer
in the presence and absence of DNA. The structures reveal a
conformational switch in loop L1, when p53 binds to specific
DNA. Analysis of loop L1 mutants further shows that the
conformational switch alters the kinetic properties of p53
DNA binding, allowing binding off-rates to be regulated
independently of affinities. Since conformational switching
is a characteristic of practically all sequence-specific DNA
binding proteins (Frankel and Kim, 1991; Alber, 1993; Spolar
and Record, 1994), our findings may be broadly relevant.

Results

Crystallization of a thermostable multidomain

p53 protein

Our initial attempts to express p53 polypeptides that con-
tained both the DNA binding and oligomerization domains in
a soluble form were unsuccessful. To address this problem,
we introduced stabilizing amino-acid substitutions in the
DNA binding domain of human p53, which, in its wild-type
form, has a very low melting temperature (Bullock et al,
1997). The designed substitutions targeted non-conserved
residues away from the DNA binding surface and, generally,
sampled residues from the repertoire present at that position
in p53 proteins from other species (Soussi and May, 1996).
The goal of these substitutions was to maximize the con-
tribution of the hydrophobic effect to protein folding. One
substitution, Arg209 to Pro, was designed computationally
(Zhu et al, 2004). After many rounds of mutagenesis and
functional testing, we obtained a stabilized (ST) human p53
DNA binding domain that had the same DNA binding speci-
ficity as wild-type p53 and was functional in cells (Figures 1,
2A and B; Supplementary Figures S1-S6).

For crystallization, we expressed a p53 polypeptide lacking
the unstructured N-terminal and C-terminal ends of the
protein and most of the linker between the DNA binding
and oligomerization domains. Further, two amino-acid sub-
stitutions were introduced in the tetramerization domain to
convert it to a dimerization domain (Davison et al, 2001).
Three p53 proteins modified in this way were studied; they
are referred to as p53CR1, p53CR2 and p53CR3 and have
deletions of 30, 29 and 28 residues, respectively, in the linker
between the DNA binding and oligomerization domains
(Supplementary Figure S6).

The three-dimensional structure of p53CR1 in the absence
of DNA was determined at a resolution of 2.1A (Supple-
mentary Table 1). As predicted, the protein crystallized as a
dimer (Figure 2C). The stabilized DNA binding domains
adopted the same conformation as the wild-type DNA bind-
ing domain (Cho et al, 1994). The dimerization domain also
adopted the same conformation as the half wild-type tetra-
merization domain (Lee et al, 1994; Clore et al, 1995; Jeffrey
et al, 1995; Davison et al, 2001). The DNA binding domains of
the dimer did not interact with one another and it appears
that their orientation relative to each other was dictated by
crystal packing contacts.
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Figure 1 Development of a stabilized human p53 protein.
Stabilized proteins were developed via an iterative process of
protein design and functional testing allowing the retention of
substitutions that enhanced stability. About a hundred generations
of stabilized proteins were generated, but, for brevity, only seven
generations (ST1-ST7) are presented. The amino-acid substitutions
present in the stabilized mutants are shown in Supplementary
Figure S3. (A) Functional assay employed for the design of mutants
ST1-STS. Full-length wild-type human p53 and the stabilized
mutants ST1-ST5 were translated in vitro using a rabbit reticulocyte
lysate transcription/translation system (Promega Corporation). The
proteins were then diluted in DNA binding buffer, heated at the
indicated temperature for 10 min, returned to room temperature
and assayed for binding to [*?P]-labelled oligonucleotide BC
(Supplementary Figure S1). (B) Assay employed for the design of
mutants ST6-ST7. Proteins consisting of residues 94-358 of human
p53 with an internal deletion of residues 292-321, containing
stabilizing amino-acid substitutions in their DNA binding domains
(ST6 or ST7), were expressed in E. coli. The soluble fraction of
the E. coli lysate (Input, Inp) was heated for 10 min at the indi-
cated temperature and the fraction that remained soluble was
subjected to SDS-polyacrylamide gel electrophoresis and stained
with Coomassie Brilliant Blue. (C) List of amino-acid substitutions,
using the single letter amino-acid code, present in the DNA binding
domain of the stabilized protein ST7 (hereafter referred to as ST).

The p53CR2 and p53CR3 proteins formed stable complexes
with DNA oligonucleotides containing consensus p53 binding
sites (Supplementary Figure S7), allowing their three-dimen-
sional structures with DNA to be determined at resolutions of
2.4 and 3.2 A, respectively (Supplementary Table 1). The two
structures were essentially identical (Supplementary Figure
S8) and so the description will focus on the higher resolution
p53CR2-DNA structure.

The overall structure shows two p53CR2 dimers—having
in total four DNA binding domains—bound to double-
stranded DNA (Figure 2D and E). The DNA molecule con-
tains four contiguous pentamer repeats, which we named a,
b, ¢ and d, reflecting their 5’ to 3’ order (Figure 2A). The
major groove of each pentamer repeat is recognized by one
p53 subunit, which bears the same label (A, B, C and D) as
the repeat it contacts. The structure can recapitulate well how
a full-length p53 tetramer would bind DNA. Unlike p53CR2,
full-length p53 has long linkers between the DNA binding and
oligomerization domains, allowing the oligomerization do-
mains of all four subunits to interact with each other
(Figure 2E).
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Figure 2 Overall three-dimensional structure of a multidomain p53 oligomer with and without bound DNA. (A) Sequence of the
oligonucleotide, containing four contiguous pentamer repeats (a-d), that was crystallized in complex with DNA. (B) DNA binding specificity
of the p53CR2 protein, as examined by an electrophoresis mobility shift assay using an oligonucleotide containing a high affinity binding site
(BC; Supplementary Figure S1) and variants thereof that differ from BC by having the indicated bases at positions 1, 2, 3, 4 or 5 of the pentamer
repeats. The first letter in the name of the variants refers to the base introduced in repeats a and ¢ and the second letter to the base introduced in
repeats b and d; — indicates that no substitution was made. (C) Overall three-dimensional structure of p5S3CR1 in the absence of DNA. The two
subunits are labelled A and B. H2, helix 2 of the DNA binding domain; OLIG, oligomerization domain. (D) Overall three-dimensional structure
of two p53CR2 dimers bound to DNA. The p53 subunits are labelled A-D. The DNA binding domain of subunit B has the same orientation as
the DNA binding domain of subunit A of pS3CR1 in panel (C). The DNA has complementary overhangs at each end and formed a pseudo-
continuous double helix in the crystal. (E) The structure of the p53CR2-DNA complex rotated by 90° relative to panel (D). The arrows indicate
the linkers between the DNA binding and oligomerization domains.

Validation of the structure
While the overall structure of the pS3CR2-DNA complex
appears grossly similar to the recently described structures
of four p53 DNA binding domains in complex with DNA
(Malecka et al, 2009; Chen et al, 2010; Kitayner et al, 2010),
none of the previous structures can be superimposed on the
p53CR2-DNA structure or on each other (Supplementary
Figure S9). One of the several differences between the various
structures is the intersubunit interface between the DNA
binding domains recognizing parallel non-consecutive penta-
mer repeats, for example, domains B and D. Two main areas
of interaction are evident at this interface in the p53CR2-DNA
structure (Figure 3A and B). One area, near the bound DNA,
is dominated by hydrogen bonds involving Thr123, Thr140,
Glul98 and Gly199 from one subunit and Ser94, Ser96,
GIn167 and Thr170 from the other subunit. The second
area, away from the bound DNA, involves Val225, Gly226,
Asp228 from one subunit and Ser99, Lys101, Tyr103, Leu264
and Arg267 from the other subunit.

This second area of interaction is unique to the p53CR2-
DNA structure among all the previously described p53 tetra-
mer-DNA structures (Figure 3C; Supplementary Figure S9).

©2011 European Molecular Biology Organization

Gly226 appears critical for this interface, because glycine’s
small side chain permits the two subunits to come close to
each other. We modelled the common rotamers of phenyla-
lanine at this position. All these rotamers were incompatible
with the p53CR2-DNA structure, as they overlapped with the
side chains of either Arg267 or Tyr103 from the other subunit
(Figure 3C and D). Yet, they were compatible with all the
previously determined p53 tetramer structures, which are
characterized by larger intersubunit distances (Figure 3C;
Supplementary Figure S9).

As predicted by the pS3CR2-DNA structure, the Gly226 to
Phe substitution compromised the ability of full-length p53 to
activate transcription from a binding site containing contig-
uous pentamer repeats and, importantly, substitution of
Arg267 with serine acted as a second-site revertant
(Figure 3E; Supplementary Figure S10). In contrast, the
Gly226 to Phe substitution did not compromise the transcrip-
tional activity of p53 from a DNA site with a 10 base pair
insertion between pentamer repeats b and c. This inser-
tion moves p53 domains B and D away from each other
and should make p53 tolerant to interface substitutions, as,
indeed, was the case. Thus, second-site revertant mutagenesis
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Figure 3 Functional analysis of the p53-p53 contacts at the parallel intersubunit interface. (A) Structure of the p53CR2-DNA complex rotated
by 180° relative to Figure 2D. Only parts of subunits B and D are shown. The side chains of the residues that form the parallel intersubunit
interface are indicated. (B) Structure of the p53CR2-DNA complex rotated by 90° relative to panel (A). (C) Structure of the p53CR2-DNA
complex showing only the N-terminal residues and first B-strand of the DNA binding domain of subunit D and the corresponding segments of
the D subunits of the previously determined p53 tetramer structures (sal, self-assembled 1, pdb 3KMD (Chen et al, 2010); sa2, self-assembled 2,
pdb 3IGK (Kitayner et al, 2010); cl, crosslinked, pdb 3EXJ (Malecka et al, 2009)). The structures are superimposed on the basis of the B subunits
and only the B subunit of the pS3CR2-DNA complex is shown, for clarity. The side chain of Tyr103 (Y103) of all structures and the side chain of
one possible phenylalanine rotamer at position 226 (F226) of subunit B are also shown. The orientation is the same as in panel (B).
(D) Structure of the p5S3CR2-DNA complex showing the two other possible rotamers of phenylalanine at position 226 (F226) of subunit B. The
orientation is the same as in panel (A). (E) Transcriptional activity of full-length p53 proteins containing the stabilized DNA binding domain
and no additional substitutions (wt) or the following substitutions, as indicated: Gly226 to Phe (F226); Arg267 to Ser (S267); the double mutant
(F226/S267); or the tumour-derived mutant Arg248 to Gln (Q248). Oligonucleotide BC has contiguous pentamer repeats; oligonucleotide
BC.S10 has a 10 base pair insertion between repeats b and c (Supplementary Figure S1). Mean values and standard deviations from three

independent experiments are shown. All p53 proteins were expressed at equal levels (Supplementary Figure S10).

analysis of the transcriptional activity of full-length p53 in
human cells supports the p53CR2-DNA structure described
here and not any one of the other previously determined p53
tetramer-DNA structures.

DNA binding-induced conformational switch of loop L1
Contrary to the previously determined pS3-DNA structures,
we observed a conformational switch in loop L1 upon DNA
binding. In the subunits contacting the inner repeats (repeats
b and c; Figure 2A), loop L1 adopted an extended conforma-
tion that was similar to the conformation seen in the absence
of DNA and in the previously determined self-assembled
p53-DNA structures (Figure 4A; Supplementary Figure S11).
In this conformation, Lys120 and Serl2l contacted the
DNA. However, in the subunits contacting the outer repeats
(repeats a and d), loop L1 adopted a recessed conformation
and neither Lys120 nor Ser12l contacted the DNA; instead
Arg283 from helix H2 made a DNA contact (Figure 4B). The
recessed loop L1 conformation was similar to the one ob-
served in the crosslinked p53 tetramer-DNA structure
(Supplementary Figure S12; Malecka et al, 2009) and was
also reminiscent of the loop L1 conformation observed in
C. elegans p53 in the absence of DNA (Huyen et al, 2004).

2170 The EMBO Journal VOL 30| NO 11| 2011

In the crosslinked p53-DNA structure, the recessed con-
formation of loop L1 was present in all four subunits
(Supplementary Figure S12) and was attributed to steric
interference with the chemical crosslink (Malecka et al,
2009). However, in the p53-CR2 structure, the conforma-
tional switch of loop L1 was linked to a 3-A shift of the DNA
helical axis at the centre of the p53 DNA binding site
(Figure 4C; Supplementary Figure S13). As a result of this
shift, the DNA backbone was displaced away from loop L1 of
p53 subunits B and C, providing space to accommodate the
extended loop L1 in the major groove of the bound DNA
(Figure 4D and E; Supplementary Figures S11 and S14). In
contrast, at the edges of the p53 binding site, the DNA helical
axis did not shift and loop L1 of subunits A and D adopted a
recessed conformation to be able to accommodate to the
standard B-form DNA (Figure 4D and E; Supplementary
Figure S14).

Effect of the loop L1 conformational switch on DNA
binding kinetics

The observed conformational changes in p53 and DNA in the
p53CR2-DNA structure suggest that p53 binds DNA via an
induced fit mechanism (Koshland, 1958). Induced fit, as

©2011 European Molecular Biology Organization
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Figure 4 Conformational changes in p53 and DNA upon sequence-specific DNA binding. (A) The extended conformation of loop L1 of
subunits B and C (subunit B is shown as an example). The contacts of residues Lys120 (K120), Ser12l (S121), Cys277 (C277) and Arg280
(R280) with DNA are shown. The side chain of Val122 (V122), which stabilizes the extended conformation of loop L1, is indicated. Bases are
referred to by type (A, G, T, C), position in the pentamer repeats (1-5) and pentamer repeat labels (b, c), as shown in Figure 2A. H2, helix 2; L1,
loop L1. (B) The recessed conformation of loop L1 of subunits A and D (subunit A is shown as an example). The contacts of residues Cys277
(C277), Arg280 (R280) and Arg283 (R283) with DNA are shown. The crystallographic symmetry-related DNA molecule at the bottom of the
image is coloured blue. (C) C1’-C1’ vectors and helical axes for each base pair of the p53-bound DNA. All vectors are coloured according to the
oligonucleotide sequence (as shown in Figure 2A). The orientation of the DNA is the same as in Figure 2D. The arrow indicates the DNA helical
axis shift at the centre of the p53 binding site. (D) Comparison of the conformations of loop L1 of subunits A and B and of the adjacent DNA
backbones. Subunit B and its neighbour DNA backbone are coloured yellow; subunit A and its neighbour DNA are coloured green; the
crystallographic symmetry-related DNA next to subunit A is coloured blue. The backbone of an ideal B-form DNA is coloured red. The arrows
indicate the 5’ to 3’ direction of each DNA strand. The orientation is the same as in panels (A), (B) and (C). (E) Same elements as shown in
panel (D) viewed after a 90° rotation. Only a slab is shown corresponding to the DNA segment with darker colours in panel (D). Helix H2 (not

shown) would be above the plane of the paper.

compared with rigid body interactions, may not significantly
affect binding affinities, but can have profound effects on
binding kinetics (Pape et al, 1999; Johnson, 2008). To illus-
trate this, we first consider binding of p53 to DNA via a rigid
body interaction. Under equilibrium conditions, the dissocia-
tion constant Kp is equal to the off-rate constant ks divided
by the on-rate constant k,, (Figure 5A). In the rigid body
interaction model, the on-rate constant would be determined
by diffusion and electrostatic attraction/repulsion and would
be the same irrespective of the DNA sequence (von Hippel
and Berg, 1989; Johnson, 2008). Thus, for different DNAs, the
off-rate constant would be proportional to the Kp, reflecting
the fact that high affinity interactions are characterized by
long half-lives (Figure 5A).

In the case of an induced fit mechanism, binding proceeds
in two steps (Koshland, 1958). An initial interaction occurs
without any conformational change, as described above for
rigid body interactions, and then, in a second step, the initial
interaction drives a conformational switch that allows a
better fit between the protein and DNA (Figure 5B). The
constant k,,; is determined by diffusion and electrostatic
attraction/repulsion, whereas the constant k,,, is determined
by the conformational switch (which may be different for
different DNAs and for different p53 proteins; Johnson,

©2011 European Molecular Biology Organization

2008). If one considers macroscopic (overall) on-rate and
off-rate constants, k,n, and ko, respectively, to describe
both steps of the reaction, then the dissociation constant Kp
equals kg, divided by kono (Figure 5B). But because kopo
depends partially on the conformational switch (which may
be different for different DNAs and for different p53 proteins),
the k,f, values are not proportional to the Kp values.
Therefore, one can distinguish between rigid body interaction
and induced fit mechanisms by measuring Kp and kg, values
for different p53-DNA complexes.

DNA binding affinities of p53 under equilibrium conditions
have been previously studied by fluorescence anisotropy; at
physiological salt concentrations the reported dissociation
constants for high affinity sites were in the range of 1.1-
4.2nM, whereas non-specific DNAs were bound with affi-
nities in the range of 29.8-88.6 nM (Weinberg et al, 2004).
The reported small differences in affinities for specific and
non-specific DNAs is puzzling, since it makes it difficult to
understand how human p53 identifies its specific target
sites in a diploid genome containing six billion competing
non-specific sites.

To study the DNA binding properties of p53, we also relied
on fluorescence anisotropy. We employed proteins that span
residues 79-393 of human p53. These proteins contained the

The EMBO Journal VOL 30| NO 11| 2011

2171



2172

p53 conformational switch
TJ Petty et a/

A B
kcn kon1 kon2
p53+DNA g™ p53/DNA p53+DNA g™ p53DNA ™ p53DNA
koff kofﬂ koff2
 [PSSIDNAL Ky _ [PS3IONAL ke
®"  [p53/DNA] Ko ®”  [p53IDNA] Koo
D
Vv/[p53] - InC
0.1 wt-sp: 7.7 nM 3.5 s wt-sp: 0.07 s~
- ' .'; . 6""'-"..0,,_,“».
0.05 e 25 . wtns
Q248: e
121, | wtns:46nM iy O . I .
M sy o, Lt
0 ‘e oo -Mm--wee .0 A - m-aa 15
0 0.2 0.4 0.6 0.8 v 0 2 4 6 t(s)
F
v/[p53] . InC
0.3 \\.F121/G122: 2.0nM a4 S122: 0.21 s~
02 wt ; ¥ Whsp:0.07 s
7.7nM S122:58nM  , . 3.0 S
047 e T j
A Tee ha -
A g »
0 F121:10.5 nM % 26 F121/G122: 0.34 s
0 0.2 0.4 0.6 0.8 v "o 2 4 6 t(s)

Figure 5 Loop L1 regulates p5S3 DNA binding off-rates. (A) Equations describing the formation of p53-DNA complexes via a rigid body
interaction mechanism. Kp, dissociation constant; kg, off-rate constant; k,,, on-rate constant. (B) Equations describing the formation of
p53-DNA complexes via an induced fit mechanism. pS3 (in italics) indicates the DNA-bound conformation. kg, and kop,, Overall off-rate and
on-rate constants, respectively. (C) Scatchard plots for binding of stabilized wild-type p53 (residues 79-393) to specific (sp) DNA
(oligonucleotide ABC.4TT, Supplementary Figure S1) and non-specific (ns) DNA (oligonucleotide NS, Supplementary Figure S1) and of the
stabilized tumour-derived mutant GIn284 (Q248) to specific DNA. The Kp values are indicated in nM. The slope of the fitted lines is equal to
—1/Kp. v=[p53/DNA]/([p53/DNA] + [DNA]). (D) Plot of the natural logarithm of the concentration (InC) of the complexes of wild-type p53
with fluorescent-specific (sp) and non-specific (ns) DNA versus time (in s). Excess non-fluorescent competitor DNA was added at time zero.
The ko values, which are equal to the slope of the fitted lines, are indicated in s~'. (E) Scatchard plots for binding of stabilized wild-type and
loop L1 p53 mutants (residues 79-393) to specific (sp) DNA (oligonucleotide ABC.4TT). F121, Phel2l; S122, Ser122; F121/G122, Phel2l/
Gly122 double mutant. The Kp values are indicated in nM. (F) Plot of the natural logarithm of the concentration (InC) of the complexes of wild-
type p53 and p53 loop L1 mutants with fluorescent-specific DNA versus time (in s). Excess non-fluorescent competitor DNA was added at time

zero. The kg values are indicated in s~ 1.

stabilized DNA binding domain (to prevent denaturation
during the experiment). However, unlike the proteins used
for crystallization, the proteins used for the DNA binding
studies contained a wild-type tetramerization domain, an
intact, non-truncated, linker between the DNA binding and
oligomerization domains and an intact C-terminus. Thus,
these proteins contained all regions of p53 known to regulate
DNA binding (Hupp et al, 1992; Muller-Tiemann et al, 1998).

By Scatchard plot analysis, the macroscopic dissociation
constants for a specific DNA and for a non-specific DNA were
7.7 and 46nM, respectively, only a six-fold difference
(Figure 5C). Using the same assay, the tumour-derived p53
mutant GIn248 had a Kp value for specific DNA of 121 nM,
arguing that the wild-type p53 values reflected binding of the
p53 DNA binding domain to DNA and not other non-specific
interactions. The small difference in affinities for specific
and non-specific DNAs suggests that affinity on its own is
unlikely to be sufficient for p53 to recognize its specific
targets in the genome.

To measure off-rate constants, the p53 protein was bound
to fluorescent DNA; then 20-fold excess of non-fluorescent
DNA of the same sequence was added, while fluorescence

The EMBO Journal VOL 30| NO 11| 2011

anisotropy measurements were being acquired in kinetic
mode. Displacement of specific fluorescent DNA from the
wild-type p53 protein by excess specific non-fluorescent DNA
proceeded over about 30s (Supplementary Figure S15A),
allowing us to calculate an off-rate constant of 0.07s '
(Figure 5D). In contrast, displacement of non-specific fluor-
escent DNA by excess non-specific non-fluorescent DNA was
completed in <1s, which is the time it took for the reagents
to mix (our own unpublished observations), making it
impossible to determine a precise off-rate value (Figure 5D;
Supplementary Figure S15A). Nevertheless, we can conclude
that the difference in off-rates for specific and non-specific
DNAs is greater than the difference in affinities.

The p53CR2-DNA structure shows that both p53 and DNA
switch conformation upon sequence-specific binding. In p53,
the major conformational change in the DNA binding domain
involves loop L1. Therefore, one would expect that amino-
acid substitutions that facilitate the conformational switch of
loop L1 would lower the kinetic barrier for sequence-specific
DNA binding and this would be reflected by higher off-rate
constants. In the absence of DNA, the extended conformation
of loop L1 is stabilized by Val122, which forms a small
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hydrophobic core at the centre of the loop (Figure 4A). In the
recessed conformation, the hydrophobic side chain of Val122
has flipped towards the solvent (Figure 4B), which is en-
ergetically unfavourable and, therefore, possibly part of the
kinetic barrier for the conformational switch. Thus, substitu-
tion of Vall22 with serine or glycine should facilitate the
conformational switch.

Ser121 faces towards solvent in the extended loop L1
conformation, but in the recessed conformation it faces
towards the centre of loop L1 (Figure 4A and B).
Substitution of Ser121 with phenylalanine enhances the
affinity of p53 for DNAs that contain one p53 half-site, that
is, a site with only two specific pentamer repeats; whereas,
this same substitution has varied and sequence-dependent
effects on the affinity of p53 for DNAs that contain a full-
length p53 site (Saller et al, 1999; Kakudo et al, 2005; Zupnick
and Prives, 2006). We modelled the rotamers of phenylala-
nine at position 121 in the context of the recessed loop L1
conformation. Interestingly, the most common rotamer
places the phenylalanine hydrophobic side chain towards
the centre of loop L1 (Supplementary Figure S16), raising
the possibility that a Ser121 to Phe substitution would also
facilitate the conformational switch between the extended
and recessed conformations.

Based on the above considerations, we generated three
mutants targeting loop L1: Ser121 to Phe, Vall22 to Ser and
the double mutant Ser121 to Phe and Val122 to Gly and
determined their dissociation and off-rate constants. The
single mutants had affinities for specific DNA very similar
to those of wild-type p53, whereas the double mutant had a
four-fold higher affinity for specific DNA than wild-type p53
(Figure 5E). This would be consistent with the latter mutant
using a lower fraction of its binding energy for the conforma-
tional switch. Yet, despite having equal or higher affinities for
specific DNA than wild-type p53, all three loop L1 mutants
had higher off-rates constants (Figure SF; Supplementary
Figure S15B). Of significance, the Phel21-Gly122 double
mutant, which had a four-fold higher affinity for specific
DNA than wild-type p53, formed complexes with DNA,
whose half-life was five times shorter than those of wild-
type p53. These results suggest that the conformational
switch of loop L1 allows DNA binding off-rates to be regu-
lated independently of affinities.

Consistent with a low off-rate value (i.e., a long half-life of
the p53-DNA complex) being important for p53 function in
cells, one study reported that substitution of Vall22 with
glycine abolished transcriptional activity (Kakudo et al,
2005). In our hands, all loop L1 mutants maintained tran-
scriptional activity, but at reduced levels compared with wild-
type p53 (Supplementary Figure S17). Some residual activity
is not surprising. These mutants have higher off-rates than
wild-type p53, but not as high as tumour-derived p53
mutants (Supplementary Figure S15). Further, the affinity of
some loop L1 mutants for specific DNA was several-fold
higher than that of wild-type p53 (Figure SE).

Discussion

Several structures of p53 with DNA have been previously
determined (Cho et al, 1994; Ho et al, 2006; Malecka et al,
2009; Chen et al, 2010; Kitayner et al, 2006, 2010). An unusual
feature of all these structures, with the exception of one
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structure of p53 crosslinked with DNA (Malecka et al,
2009), is that neither the DNA binding domain of p53, nor
the DNA undergo major conformational changes upon se-
quence-specific DNA binding. In contrast, conformational
changes are a characteristic of practically every other se-
quence-specific DNA binding protein characterized to date
(Frankel and Kim, 1991; Alber, 1993; Spolar and Record,
1994), raising the question why p53 would be an exception.
The p53-DNA structure reported here is the first structure of
a p53 polypeptide that includes both the DNA binding
domain and the oligomerization domain and the first struc-
ture to exhibit a conformational switch upon sequence-
specific DNA binding.

We propose that the structure reported here is the physio-
logically relevant structure of a p53 tetramer-DNA complex.
First, the presence of the oligomerization domain allows p53
to form stable complexes with DNA in solution (Supplemen-
tary Figure S7). Therefore, p53-DNA complex formation
preceded crystallization. In contrast, isolated p53 DNA bind-
ing domains bind DNA weakly (Weinberg et al, 2005) and
only form complexes with DNA during crystallization (Cho
et al, 1994; Chen et al, 2010; Kitayner et al, 2006, 2010);
therefore, the assembly of these complexes is guided both by
p53-DNA contacts and by crystal packing contacts. In this
regard, it is not surprising that the previously reported p53
tetramer-DNA structures all differ from one another
(Supplementary Figure S9). Second, the structure reported
here is insensitive to variations in the linker length between
the p53 DNA binding and oligomerization domains and
insensitive to variations in the oligonucleotide used. While
we had to truncate the linker between the DNA binding and
oligomerization domains, a common practice in crystallogra-
phy to reduce conformational flexibility that inhibits crystal-
lization, two p53 polypeptides with different size linkers,
p53CR2 and p53CR3, formed essentially identical structures
(Supplementary Figure S8). Thus, linker length variation did
not impact on how the four DNA binding domains interacted
with DNA. We also obtained crystals of p53CR2 and p53CR3
with oligonucleotides containing different specific DNA sites
and/or different overhangs (5’ versus 3’ and different over-
hang sequences) and in every case the structures were
identical to the one reported here (our own unpublished
observations). Thus, so far, we have observed one unique
p53 tetramer-DNA conformation. Third, we validated our
structure by second-site revertant mutagenesis using full-
length p53 proteins expressed in human cells (Figure 3).

The main question that arises from our structure relates to
the significance of the conformational switch targeting loop
L1. Interestingly, it appears that the propensity of loop L1 to
adopt a recessed conformation is conserved in evolution,
since the recessed conformation, observed here in human
p53, is practically identical to the recessed conformation
observed in all four subunits of mouse p53 crosslinked to
DNA (Supplementary Figure S12; Malecka et al, 2009) and
similar to the conformation of loop L1 of C. elegans p53
(Huyen et al, 2004). Further, Lys120, at the tip of loop L1, is
acetylated in response to DNA damage and this acetylation,
which has the potential to affect the conformation of the loop,
regulates p53 DNA binding specificity in vivo (Sykes et al,
2006). As discussed below, our experiments suggest that the
conformational switch of loop L1 is critical for the ability of
p53 to distinguish specific from non-specific DNA.
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It has been proposed that sequence-specific DNA binding
proteins are able to recognize their specific sites in the
genome because their affinities for specific and non-specific
DNAs differ by 3-7 orders of magnitude (Spolar and Record,
1994). However, in many studies in the past, DNA binding
affinities were measured under non-equilibrium conditions
by filter binding and electrophoretic mobility shift assays
(e.g., Klig et al, 1987; Hellman and Fried, 2007). Because
complexes of proteins with non-specific DNA, typically have
half-lives in the order of milliseconds (von Hippel and Berg,
1989; EIf et al, 2007), such complexes dissociate in non-
equilibrium assays, leading to underestimation of their affi-
nities. When p53 DNA binding was studied under equili-
brium conditions and at physiological salt concentrations
(Weinberg et al, 2004 and this study), the difference in
affinities for specific and non-specific DNAs was < 10-fold,
which makes it very difficult to explain how p53 recognizes
its target sites in the genome. We propose that the conforma-
tional switch of loop L1 addresses this problem by allowing
DNA binding off-rates to be regulated independently of
affinities and that it is the large difference in binding off-
rates that distinguishes specific from non-specific DNA sites.

To our knowledge, a model, whereby sequence-specific
DNA binding proteins modulate DNA binding off-rates in-
dependently of affinities in order to discriminate specific
targets from non-specific DNA, has not been previously
proposed (Kalodimos et al, 2004a). Yet, this model may
help explain the almost universal prevalence of conforma-
tional switches in protein-DNA interactions (Frankel and
Kim, 1991; Alber, 1993; Spolar and Record, 1994). One can
envision that, at any given time, most molecules of a se-
quence-specific DNA binding protein would be bound to non-
specific DNA, because of the relatively high affinity for such
DNA. However, the very high off-rate for non-specific DNA
means that the protein molecules would rapidly bounce from
DNA site to DNA site, via sliding and intersegment transfer,
as previously proposed (von Hippel and Berg, 1989;
McKinney et al, 2004). When a specific DNA site is identified,
the protein and/or the DNA would switch conformation,
resulting in a significant decrease in the on-rate and off-rate
constants—akin to locking the protein at the specific DNA
site—without a major increase in affinity. In support of this
model, it is noteworthy that proteins other than p53 also have
high affinity for non-specific DNA at physiological salt con-
centrations (Oda et al, 1998) and that binding of sequence-
specific proteins to non-specific DNA is not accompanied by
conformational switching (Winkler et al, 1993; Newman
et al, 1995; Lewis et al, 1996; Viadiu and Aggarwal, 2000;
Kalodimos et al, 2004b).

Materials and methods

Protein sample preparation and crystallization

p53 polypeptides were expressed in E. coli. The cells were lysed in
buffer consisting of 25mM bis-tris propane (BTP); (pH 6.8),
250mM NaCl, 5SmM DTT and protease inhibitors, and the
polypeptides were purified by cation exchange (Sepharose SP
column; Pharmacia Biotech, Uppsala, Sweden) and gel filtration
(Superdex 200 column; Pharmacia Biotech) chromatography. After
purification, the p53 protein was concentrated to 8mgml™' in
25mM BTP (pH 6.8), 150mM NaCl, 5mM DTT buffer and was
crystallized under standard hanging drop vapour diffusion condi-
tions in 48-well plates (Hampton Research, Aliso Viejo, CA, USA) or
in a novel microfluidics system (Emamzadah et al, 2009) at 4°C in
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the absence of DNA or in the presence of DNA at a 1:1.1
protein:DNA molar ratio. Complexes of p53 with oligonucleotides
22-28 base pairs long were examined for crystallization, after being
isolated by gel filtration chromatography. Crystals were obtained
only with 26 base pair long oligonucleotides. The precipitant
solutions used for crystallization were 0.2M ammonium acetate,
0.1M HEPES (pH 7.5), 45% v/v 2-Methyl-2,4-pentanediol for
p5S3CR1 in the absence of DNA and 0.15M pr-Malic Acid (pH 7.0),
20% Polyethylene Glycol 3350 for the p5S3CR2-DNA and p53CR3-
DNA complexes.

Data collection and structure refinement

The p53CR1 and p53CR2 data sets were collected at the 1D23-2
microfocus beamline of the European Synchrotron Radiation
Facility (Grenoble, France); the p53CR3 data sets were collected at
the ID14-1 beamline of the same facility. Reflection data were
indexed, integrated and scaled using the CCP4 software package.
Initial solutions were determined by molecular replacement and
refined under non-crystallographic symmetry restraints using the
programs CNS and O. Base pair origin vectors were determined
using the program 3DNA.

Fluorescence anisotropy
The p53 proteins were expressed in E. coli and purified to
homogeneity, as described above. For determination of dissociation
constants, fluorescein-labelled oligonucleotides were diluted to a
concentration of 23 nM in buffer consisting of 25mM BTP (pH 6.8),
150 mM NaCl, 2mM DTT and 1% Tween-20; 2 ml of this solution
were placed in a quartz cuvette and anisotropy measurements were
obtained with a fluorescence spectrophotometer (Cary Eclipse) that
was custom fitted with emission and excitation polarizer filters; p53
protein was then titrated by adding small amounts in increments
until the anisotropy values reached a plateau. Typically, the
P53 protein concentration was titrated from 1 to 100nM and each
titration curve corresponded to about 25 data points. Measurements
were initiated 30's after each addition of p53 protein to ensure that
the reaction had proceeded to equilibrium. Excitation and emission
wavelengths were set at 490 and 516.4 nm, respectively, and the
averaging time for each measurement was 40s. The anisotropy data
were used to generate Scatchard plots without applying ‘correction’
factors. The Scatchard plots were then used to calculate dissociation
constants. For both specific and non-specific DNAs, we considered
that one p53 tetramer could bind one double-stranded DNA
molecule, because the short length of the oligonucleotides
precludes binding of two tetramers. Thus, our calculations refer
to macroscopic, rather than to microscopic, dissociation constants.
For determination of off-rate constants, the same set-up was
used. Anisotropy values were determined with fluorescein-labelled
oligonucleotide alone (69nM) and after addition of 50nM p53
protein. Then the spectrophotometer was operated in kinetic mode
acquiring emission spectra with both polarizers at the vertical
position and an averaging time of 0.5s; during this time a 20-fold
excess of non-fluorescent DNA of the same sequence as the
fluorescent DNA was added and manually mixed for 1s. After stabi-
lization of the values, anisotropy measurements were obtained. Off-
rate constants were determined by applying equations for first-order
kinetic reactions, which were found to fit the data well.
All anisotropy experiments were performed at room temperature.

Electrophoretic mobility gel shift assay
[3°S]-methionine-labelled p53 proteins were expressed by in vitro
translation in rabbit reticulocyte lysate (Promega Corporation,
Madison, WI, USA) and assayed for DNA binding, as previously
described (Waterman et al, 1995; Huyen et al, 2004).

Tumour suppression and transactivation assays

Tumour suppressor and transcriptional activities were assayed in
Saos-2 p53—/— osteosarcoma cells, as previously described (Water-
man et al, 1996).

Accession numbers

Three-dimensional structure coordinates and structure factors have
been deposited at the Protein Data Bank under the accession
numbers 3Q01, 3Q05 and 3Q06.
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Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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