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Electron microscopy studies on the quaternary
structure of p53 reveal different binding modes
for p53 tetramers in complex with DNA
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The multidomain homotetrameric tumor suppressor p53 has two
modes of binding dsDNA that are thought to be responsible for
scanning and recognizing specific response elements (REs). The
C termini bind nonspecifically to dsDNA. The four DNA-binding
domains (DBDs) bind REs that have two symmetric 10 base-pair se-
quences. p53 bound to a 20-bp RE has the DBDs enveloping the
DNA, which is in the center of the molecule surrounded by linker
sequences to the tetramerization domain (Tet). We investigated by
electron microscopy structures of p53 bound to DNA sequences
consisting of a 20-bp RE with either 12 or 20 bp nonspecific exten-
sions on either end. We found a variety of structures that give
clues to recognition and scanning mechanisms. The 44- and 60-bp
sequences gave rise to three and four classes of structures, respec-
tively. One was similar to the known 20-bp structure, but the DBDs
in the other classes were loosely arranged and incompatible
with specific DNA recognition. Some of the complexes had density
consistent with the C termini extending from Tet to the DNA,
adjacent to the DBDs. Single-molecule fluorescence resonance en-
ergy transfer experiments detected the approach of the C termini
towards the DBDs on addition of DNA. The structural data are
consistent with p53 sliding along DNA via its C termini and the
DNA-binding domains hopping on and off during searches for REs.
The loose structures and posttranslational modifications account
for the affinity of nonspecific DNA for p53 and point to a mechan-
ism of enhancement of specificity by its binding to effector
proteins.

protein | recognition | specificity

he tumor suppressor p53 is a transcription factor with a

central role in genome integrity maintenance (1). Different
types of cellular stresses activate the p53 pathway, whose tran-
scriptional regulation of numerous proteins and microRNAs
can promote cell cycle arrest, DNA repair, or apoptosis, mechan-
isms that explain the ability of p53 to inhibit tumor development
(2). For its role as transcription factor, p53 tetramers recognize
consensus sequences containing two half-sites of the decanucleo-
tide 5'-PuPuPuC(A/T)(T/A)GPyPyPy-3’, half-sites that can ap-
pear separated by 0-13 base pairs (3). The protein is organized
in two stably folded domains, the tetramerization (Tet) and
DNA-binding domains (DBD) that are linked and flanked by in-
trinsically disordered segments (Fig. 14). Two of these domains
can bind DNA: the DBD displays sequence-specific activity in
binding to the consensus motif (4); and a highly basic C-terminal
domain (C-ter) binds DNA nonspecifically (5). The C-ter is a
regulatory domain that modulates the p53 binding to specific
sequences in DNA, but the mechanism and the biological role
of this regulation are controversial (6). Blocking the C-ter DNA-
binding properties enhances p53 binding to short specific DNA
probes in the presence of nonspecific competitor DNA sequences
(7-10). However, the C-ter does not show negative regulation on
p53 binding to specific promoters within long DNA fragments
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Fig. 1. Organization of p53 domains and isolation of p53 tetramers bound
to DNA (A) Schematic domain structure of p53. (B) Cartoons depicting the
overall quaternary structure of p53 tetramers. Stably folded domains are
highlighted in brown (DBD) and blue (Tet.).

(11). This behavior seems to relate to the capacity of p53 to slide
along DNA while in continuous contact with the nucleic acid (12),
a motion that requires the presence of the C-ter domain (13). It is
thought that one-dimensional sliding might favor searching for
specific sequences during initial response of the p53 pathway
(14) and/or enhance dissociation of promoter-bound p53 to
reduce gene transcription (15). Accordingly, posttranslational
modifications of C-ter by kinases or acetylases might control
these abilities by reducing the positive charge of the C-ter and
its electrostatic interaction with nonspecific DNA.

Structures of individual domains of p53 have been solved
at high resolution. The Tet domain forms a dimer of dimers
(16-18). Isolated DBD:s self assemble on DNA to form tetramers
that have been described bound to two half-site DNA duplexes
(19), in oligomers stabilized by crosslinking between DBD and
cognate DNA (20), and bound to full consensus sites without
chemical modification (21, 22). These structures show varying
dimer-dimer contacts and the overall assembly of the core
domains on DNA is radically different from the one described in
the first DBD - DNA complex solved (23). Taken together, the
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structural studies suggest that DBD domains can assemble in
alternative arrangements for functional purposes.

High-resolution structural studies with full-length p53 are
hindered by its flexibility and instability (24). Constructs of a p53
mutant with a superstable, structurally conserved DBD (25) were
studied by a combination of SAXS, NMR and EM (26). Low
resolution models for pS3 tetramers describe a quaternary struc-
ture where subunits are linked by Tet domains, and while free p53
tetramers form open cross-shaped structures, the oligomers close
around DNA targets via DBD - DNA interactions (Fig. 1B) (26).
EM data show that free p53 tetramers also form closed structures,
and an equilibrium between open and closed arrangements is
postulated. The closed tetramers show Tet domains with D2
(dihedral) symmetry, whereas the remaining domains break this
pattern resulting in overall C2 (cyclic) symmetry, an architecture
common to other tetrameric DNA-binding proteins, such as the
lac repressor (27).

We have investigated the quaternary structure of p53 tetramers
while bound to DNA probes with a specific binding site flanked
by nonspecific segments. When the nucleic acid has longer non-
specific segments, p53 - DNA complexes show large variability in
their quaternary structure, mostly in the arrangement of DBD,
and the p53 tetramer is seen in equilibrium between tight and
loose binding to DNA. Reduction of the nonspecific segments
within the DNA probe clearly decreases the structural variability
of p53 tetramers, and the DBDs form compact tetramers with
extensive contacts between subunits. Also, p53 tetramers seem
to bind DNA in different modes that might relate to specific
and nonspecific recognition of the duplex. The results provide
snapshots of dynamic p53 tetramers and support a two-binding
site model for this transcription factor.

Results and Discussion

EM of Isolated p53 Tetramers on DNA. Bacterially produced p53
binds with high affinity to specific sequences on DNA (28). Full-
length p53 (flp53) was allowed to bind DNA sequences contain-
ing the GADDA45 response element, a specific target for p53. A
pure population of flp53 tetramers bound to DNA was isolated
and crosslinked by a glycerol-glutaraldehyde combined gradient,
a method known as GraFix (29). The procedure facilitates struc-
tural studies of fragile complexes and does not generally promote
significant structural differences or artifacts in tested samples.
Fractions of the gradient were analyzed by EMSA and SDS-
PAGE and selected based on the presence of p53 - DNA com-
plexes compatible with a tetrameric organization of the protein
(Fig. S1). The resulting p53 - DNA complexes were visualized by
EM in negative staining showing uniformly stained fields with
particles homogenous in size (Fig. S1). We used previous struc-
tural data as initial reference or calculated new models by com-
mon-lines procedures (30). Both methods yielded similar results.
The three-dimensional map (Fig. 24 and Fig. S1) is consistent
with previous EM results for flp53 - DNA, where the p53 tetra-
mer adopts a closed conformation with the Tet region at the top,
and the four DBDs at the bottom (26, 31). Two densities linking
top and bottom are attributable to the four flexible regions that
connect Tet and DBD, suggesting that the p53 tetramer is
arranged as a dimer of dimers. There are missing parts that
are not seen in the three-dimensional map. There are no signals
for N- and C-terminal flexible regions, both of which seem to van-
ish in the three-dimensional averaging. Furthermore, as before
(26, 31), the map does not display density for the nucleic acid,
a typical outcome from negatively stained samples.

P53 Tetramers on a 60 bp DNA Probe. Our first experiment with
flp53 - DNA was carried out with a DNA probe enclosing the
20-mer specific sequence for the GADD45 gene, flanked by two
20-mer segments of unspecific random sequence (cartoon in
Fig. 24). The generated three-dimensional map is presented in
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Fig. 2. Three-dimensional classification of EM data for p53 tetramers on a
60 bp DNA probe (A) Three-dimensional EM map for the total set of images
collected for p53 tetramers bound to a 60-mer DNA containing the GADD45
response element. The renderings show side (left) and bottom (right) views.
The cartoon on the right illustrates the overall organization of a p53 tetramer
on this DNA probe. (B) Three-dimensional EM maps for the four classes
(in different colors) segregated from the p53 - DNA sample after ML3D clas-
sification. The number of images contributing to each class is indicated. The
asterisks label density attributed to the DBD domain that changes its position
in the different classes.

Fig. 24. Recently developed classification tools based on maxi-
mum-likelihood algorithms, ML3D (32), allow to explore the
conformational variability in a population with no need of knowl-
edge about the nature of the structural variability. Our aim was to
search for possible distinct conformations of flp53 and localize
flexible domains. Thus, we performed ML3D classification, initi-
ally sorting the dataset into four different groups (Fig. S2).
The EM maps for the four classes are rendered in Fig. 2B. At
first sight, their overall design, i.e., the presence of the Tet region
and four DBD domains, is the same as in the map for the total set
of images (Fig. 24). Thus, apparently, the classification does not
reveal the regions of p53 that were absent in the initial map (i.e.,
the N- and C-terminal regions). In Fig. 2B we can see a gradual
reduction (from left to right) in the overall dimensions of the
maps, starting with the largest structure in class I, to more com-
pact structures in classes III and I'V. Interestingly, the four classes
display large differences in the relative position of the DBDs
(Fig. 1B). With the four maps aligned by the Tet and the two distal
DBDs (distal to the Tet), densities corresponding to the proximal
DBD change their position within the classes (one of the two sym-
metric DBDs labeled with asterisks in Fig. 2B). Comparing
classes I (red map in Fig. 2B) and II (yellow map in the same),
the mobile core domains change their position and make contacts
with different densities at the bottom, indicating that DBDs can
swap between dimers within the tetramer. The surfaces involved
in these swapping interactions are relatively small, which could
facilitate the ability of core domains to shift between alternative
arrangements. In the other two classes, III and IV, we find the
mobile DBDs between the pair at the bottom (class III, the green
map in Fig. 2B) or close to the Tet region (class IV, blue map
in the same Fig. 2), which describes an up-down motion. A bot-
tom view of the four maps reveals that the interaction between
distal DBDs ranges from tight (class I) to loose (class IV) contact
(Fig. 2B). Overall, the four EM maps depict dynamic p53 - DNA
tetramers in a closed conformation where the DBDs are orga-
nized in different constellations. It is noteworthy that classifica-
tion of this dataset yields four isopopulated classes with about
25% of the initial particles assigned to each group, and the con-
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formational variability does not significantly increase using clas-
sification into a larger number of groups (up to twelve). The va-
lidity of the classification was further tested by cross-refinements
between the classes, i.e., by refinement of particles from one of
the classes using the three-dimensional EM map from another as
initial reference. In all the cases the three-dimensional map for
the particular group reemerged regardless of the initial reference
used (Fig. S3). Thus, our classification succeeds in separating
major conformational states. It is clear, however, that some varia-
bility still exists within the four classes, because flexible parts are
still missing in the maps.

Differential DNA-Binding Modes of p53 Tetramers. Because we did
not detect a clear signal for the DNA in the two-dimensional
images, poor contrast of the nucleic acid precludes direct locali-
zation within the EM maps. The location of the double helix,
however, can be modeled within channels and grooves while
avoiding clashes with densities attributable to p53. Fig. 3 displays
some of the three-dimensional EM maps for the different classes
in side views, revealing putative DNA trajectories. Classes II and
IV showed larger cavities that allow DNA in different orienta-
tions, and no model is presented. For class I, we placed the
double helix in a see-through channel as depicted in Fig. 3A4.
No other position is allowed without clashing with the protein.
We modeled class IIT with the DNA in close contact with the
DBD region (Fig. 3B), an interpretation consistent with known
crystallographic data for DBD - DNA complexes (see below).
Comparing the density maps for classes I and III, we found
distinct relative arrangements between the p53 tetramer and
DNA. Keeping the structures aligned by the Tet and distal DBDs,
there is a relative rotation of the double helix position of around
50° (Fig. 3 A-D). Furthermore, in class I, the symmetry axis of
the Tet domain that divides the structure into two dimers, runs

B Tet

Fig. 3. Different DNA-binding modes of p53 tetramers (A) Rendering of the
three-dimensional EM map for class | showing a putative passage for the
DNA (blue) and fitted coordinates for Tet domains [pdb code: 3SAK; (44)].
The fitted structure for Tet is depicted inside the EM maps in this figure.
The arrow points to extra density in the vicinity of the DNA passage.
(B) Two views of the EM map for class Il showing DNA (purple). (C) and
(D) Top views reveal that the relative orientations between DNA and fitted
Tet region are different for class | (C) and class lll (D). (E) Fitting of the atomic
coordinates of a DBD tetramer bound to DNA [pdb code: 2ATA; (19)] within
the EM map for class lll. The DNA orientation (golden) in this rigid-body
fitting is the same as in (B) and (D). The dashed lines in (C) and (D) run along
the main symmetry axis of the Tet structure.

Melero et al.

parallel to the axis of the dsDNA helix (Fig. 3C). However,
due to the relative rotation of the DNA, class III breaks this
arrangement (Fig. 3D), and the symmetry axis of the Tet region
does not match with the orientation of the DNA. Overall, the
results suggest that the arrangement of the p53 tetramer on
DNA is of a different nature among the isolated groups.

While the map for class I depicts DBDs in loose contact
(Fig. 2B and Fig. 34), the same domains in class III are in tight
contact (Fig. 2B and Fig. 3B). We fitted the atomic structures for
DBD tetramers on DNA as rigid bodies inside our EM map for
class III. While the structures on continuous DNA (20-22) are
not compatible with the current architecture, the DBD tetramer
bound to discontinuous DNA (19) shows a good agreement with
our envelope (Fig. 3E). The DNA segments of the crystal struc-
ture follow the groove on the map and correspond to the orienta-
tion for the nucleic acid presented in Fig. 3B. In this atomic
structure, however, DNA half-sites are out of register separated
by a 2 bp spacer, and the dimers are rotated relative to each other.
Our DNA probe is continuous, and to accommodate the crystal-
lographic architecture some severe distortions at the level of the
DNA are required. Several studies based on experimental data
and simulations (33-35) have shown that the DNA suffers intense
bending and twisting when bound by DBD or full-length p53.
Some of the modeled DNA configurations would fit within our
EM map for class III, but the lack of signal for the nucleic acid in
the EM reconstruction precludes further insight. For classes I, 11,
and IV we have not found any previously described structure for
specific DNA binding by DBD fitting into the EM maps, and the
densities seem to be too far away from the putative DNA path to
assume a tight specific interaction. Thus, class III that represents
around 25% of the total population, depicts p53 tetramers com-
patible with a sequence-specific binding via DBDs, while in the
rest of the groups the DBDs are in loose arrangements, not com-
patible with specific DNA recognition.

P53 Tetramers on a 44 bp DNA Probe. We performed additional
structural characterization of flp53 - DNA complexes on a DNA
probe with shorter nonspecific flanking segments (cartoon in
Fig. 44). The rationale behind this experiment was to test
whether the availability of noncognate sequences has any influ-
ence on the structural variability of p53 tetramers. In this new
DNA probe, the flanking nonspecific DNA segments are still
of 12 bp, in order to keep a length of the nucleic acid that over-
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Fig. 4. Three-dimensional EM and classification for p53 tetramers on a
44 bp DNA probe (A) Three-dimensional EM map for the total set of images
collected for p53 tetramers bound to a 44-mer DNA containing the GADD45
response element. The renderings show two side views. The cartoon on
the right depicts the organization of a p53 tetramer on this DNA probe.
(B) Three-dimensional EM maps for two classes (in different colors) segre-
gated from the p53: DNA sample after ML3D classification. No map for
class 1 is shown since the limited number of images in this group precludes
a three-dimensional reconstruction. The number of images contributing to
each class is indicated.
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hangs a p53 tetramer, but short enough to avoid full nonspecific
interactions. The three-dimensional map rendered in Fig. 44
again shows Tet (top) and DBD (bottom) regions in the same
closed organization of the p53 tetramer around a see-through
channel, the putative pathway for the DNA. As previously,
ML3D classification was performed with this new set of images
(Fig. S4). The first observation was that separation into three
classes was sufficient to describe the structural variability within
this population. The classification produced an asymmetric
distribution of images, where around 70% of the images fall in
one of the classes (class 2), while another group only recruits
5% of the data (class 1), with insufficient number of images to
build up a three-dimensional map.

The two obtained reconstructions for classes 2 and 3 (Fig. 4B)
portray p53 tetramers with similar dimensions and with the DBD
region forming a compact density. We did not detect a significant
population of tetramers in a loose conformation, as described
for the longer DNA probe. Furthermore, at this resolution
(around 30 A), the DBDs are arranged in a similar tetrameric
conformation for both classes. Thus, by reducing the fraction
of nonspecific DNA, p53 tetramers are seen structurally more
uniform at the level of the DBD. The main difference between
both maps is related to the position and orientation of channels
that could accommodate the DNA (Fig. 5). The rendering of the
map for class 2 (Fig. 54) illustrates that the double helix would
run parallel to the longitudinal symmetry axis of the Tet region.
By contrast, in the map for class 3 (Fig. 5B), the DNA is tilted
with respect to the Tet axis. In the map for class 3, the atomic
structure of tetrameric DBD on discontinuous DNA (19) fits ac-
curately within the boundaries of the p53 tetramer and the pas-
sage for the DNA (Fig. 5C). The two different configurations for
p53 - DNA complexes that we observe for classes 2 and 3 (Fig. 5),
are similar to the ones described for the classes I and III with the
previous DNA probe (Fig. 3). Noteworthy, in both classifications,
there is a subset of images (classes IIT and 3) that displays a clear
agreement with one of the crystal structures for DBD - DNA
complexes (19) and represents about 25% of the total ensemble.

C-Terminal Domain in p53 - DNA Complexes. In some of the EM
maps, in addition to the two main densities that connect Tet

DBD

Fig. 5. Binding modes of p53 tetramers on a 44-mer DNA (A) Side (left) and
top (right) views of the EM map for class 2. In the top view coordinates for Tet
domains [pdb code: 3SAK; (44)] are shown in the semitransparent depiction
together with a representation of the DNA. (B) The map for class 3 is depicted
in orientations similar to the ones shown in (A) for class 2. (C) Side (left) and
bottom (right) views of a semitransparent rendering for class 3 together with
fitted coordinates of a DBD tetramer bound to DNA [pdb code: 2ATA; (19)].
The arrow in each indicates densities coming down from the Tet region and
running close to the DNA passage. The dashed lines in (A) and (B) run along
the main symmetry axis of the Tet structure.
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and DBD, we observed additional density, next to the DNA
for several classes, namely in class I and in classes 2 and 3 (arrows
in Fig. 24 and Fig. 5 A and B). This density is clearly absent in
class III (Fig. 3B). This difference might be caused by reorganiza-
tion of the linker that connects Tet and DBD, and/or by the pre-
sence of flexible regions that are stabilized in some of the classes.
In all three cases, these bodies are projections coming from the
Tet region that reach the vicinity of the DNA duplex. One inter-
esting possibility is that the flexible C-ter, an extension of the Tet
domain, is stabilized in some of the p53 conformations. This
hypothesis is consistent with the observation that C-ter binds
nonspecific DNA sequences (36). The limited resolution of the
maps, however, cannot resolve this assignment. We therefore in-
vestigated the dynamics of the C-ter domain by single-molecule
fluorescence resonance energy transfer (SM-FRET). All surface-
exposed cysteines in pS3CTC (p53 residues 94-393 containing
DBD, Tet, and C-ter) were mutated to alanine, and two new
cysteines, one in the DBD (residue 292) and the other in the
C-ter (residue 371) were introduced and labeled in a random
manner with Alexa fluor 546 and 647 as previously described
(37). The mutant protein exhibited the same DNA-binding prop-
erties as the wild type.

In the FRET data, the histogram obtained for the free
pS3CTC has a peak with a low FRET efficiency of about 0.2
(Fig. 64). In the DNA-bound form (Fig. 6B) a new peak emerged
at a FRET efficiency of ~0.7, an indication of a new ensemble
with shorter distance between C-ter and DBD of p53. The FRET
peak at 0.2 is unaffected even in the presence of excess DNA. The
previous study on the quaternary structure of pS3 using SAXS
and EM (26) showed that free p53 tetramers can adopt open
and closed conformations, while the DNA-bound p53 is closed
around the DNA. The peak at 0.2 represents a conformation
(or ensemble of conformations) in which C-ter and DBD are
far apart. The FRET signal at 0.7 occurs when the C-ter of
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Fig. 6. SM-FRET between labels in C-ter and DBD within a p53 construct.
SM-FRET histogram for free p53CTC (4) and p53CTC bound to DNA (I).
Cartoons for p53 tetramers in both represent the probable p53 populations
centered at 0.24 and 0.73. The location of the FRET labels on p53 is high-
lighted with yellow stars in the cartoons.
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p53 makes nonspecific contacts with DNA, bringing C-ter and
DBD closer together as a result. This conclusion is further sup-
ported by another observation. In the presence of a 15 bp DNA
probe, the high FRET efficiency peak at 0.7 is not seen, while the
peak at 0.2 remains unaffected (histogram as in Fig. 64), indicat-
ing that the C termini are released from the DNA and point away
from the DBD region.

Binding Affinities of C-ter and DBDs to Specific and Nonspecific DNA.
We examined the dissociation constants of p53 and a mutant,
p53Cmut, that had all the positive charges in the C-ter removed
by mutation. (Table 1, S Text, and Fig. S5). Whereas both p53s
bound to a 20-bp high affinity sequence (X1_20) with a dissocia-
tion constant, K;, of ~10 nM, neither bound detectably to a “ran-
dom” 20-bp weak site (X2_20, K; > 10~ M). Addition of a
further 80 bp of random DNA led to a K; ~ 150 nM for p53
at 122-172 mM ionic strength, but ~2,200 nM for p53Cmut
(Table 1). The poor binding of both to X2_20 supports a struc-
tural model where DBDs bind only very weakly to nonspecific
DNA if they are constrained to the tight structure required to
envelope a minimal 20 bp stretch. Further consistency with the
models from EM is that long stretches of random DNA, which
allow the more relaxed modes of binding, will accommodate
the DBDs, as shown by the p53Cmut data, and the presence
of unmutated C-ter enhances the binding a further 15 fold.

Dynamic p53 Tetramers on DNA. Specific vs. Nonspecific DNA Recogni-
tion. In recent years, numerous studies have uncovered the role of
the p53 C terminus in the regulation of the DNA binding by p53.
In vitro, it has been shown that part of this regulation is the result
of competition between nonspecific (by C-ter) and specific (by
DBD) binding to DNA (28). Our results show that p53 tetramers
bound to DNA have a dynamic behavior. In the presence of the
long DNA probe, p53 shows a highly variable architecture at the
level of DBD packing (Fig. 2). Two of the DBDs (proximal
DBDs) appear at radically different positions, and in most of
the maps the DBDs only weakly interact and are in a loose ar-
rangement unsuited for target recognition. This type of loose con-
formation for nonspecific binding has been described previously
for other protein - DNA complexes (38). Only 25% of the popu-
lation displays a compact DBD tetramer (class IIT) where dimers
appear rotated relative to each other. This architecture is com-
patible with the atomic structures of DBD engaged in specific
DNA recognition of discontinuous DNA (19, 22) but cannot ac-
commodate structures of DBD bound to continuous half-sites
that display dimers arranged in parallel fashion (20-22). Our
DNA probe, however, contains continuous half-sites and should
be overtwisted to accommodate the four DBD in specific binding.
This type of DNA deformation has been observed for p53 - DNA
complexes reaching values as high as 70 ° of overtwisting for DNA
in complex with flp53 (35). It is also possible that the compact

Table 1. Dissociation constants for p53 and p53Cmut * binding to
DNA from fluorescence anisotropy measurements *

Protein p53 (log Psge, /M) p53Cmut (log Psqe, /M)
X1.20 ¢ —7.89+0.01 —-8.30+0.07
X1_100 ¢ -8.09 +0.01 -8.63+0.01
X2.20" >—4 >-4

X2_100 ! —6.86 + 0.00 -5.61+0.01

*C terminus of full-length p53 mutated to remove positive charges.

'All experiments were performed at 20 °Cin 5 mM DTT, 25 mM NaP; (pH 7.2),
10% glycerol and 100 mM NaCl—see S/ Text. (log Psoy, /M) = logarithm of
concentration of p53 for 50% binding.

*X1_20=high-affinity binding site GGACATGTCCGGACATGTCC).
$X1_100=X1_20-+random 80 base-pairs.

X2_20=low affinity binding site GAAGATCTCCCAAGATCTTG (the random
DNA stretch).

IX2_100=X2_20+80 further random base pairs. See S/ Text for sequences.
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configuration of DBD observed in class III represents an inter-
mediate with partial sequence recognition. Nevertheless, the ex-
istence of p53 tetramers that can be engaged in specific or in
nonspecific DNA interactions is supported by the two DNA-
binding modes detected in the EM maps (Fig. 3), and by our
SM-FRET data that monitor the motions of the C termini with
respect to the DBD. We conclude that the flexible C termini em-
brace the DNA as in a “monorail” system where the DNA func-
tions as the track, and thus p53 tetramers hold the DNA running
parallel to the longitudinal symmetry axis of Tet. In this mode, the
DBDs are also involved in nonspecific binding embracing the
nucleic acid. The results have also implications regarding the
assembly and interactions of p53 on DNA. Noteworthy, the
two distal DBDs (with respect to Tet) keep a similar position
in all the EM maps, facilitating closure of the tetramer around
the DNA. What emerges is a model where one of the DBDs
of the dimer (distal DBD) first binds nonspecifically to DNA until
it reaches the specific sequence. Next, the other DBD within the
dimer (proximal to the Tet region) is engaged in the specific bind-
ing following a cooperative process as proposed earlier (39). This
model provides the structural basis for the linear diffusion of p53
along DNA (13) where the C-ter serves as anchor to scan DNA
trails and the DBDs allow p53 linear diffusion with low friction
and high stability in a loose arrangement (12). Recently, the se-
quence analysis of p53 response elements as full-site palindromes
composed of four quarter-sites (each quarter being a pentanu-
cleotide), revealed that coupling between quarter-sites 1 and 4
was correlated with higher p53 binding affinity (40). Those quar-
ter sites correspond to the position of the distal DBD in our EM
maps, which supports the hypothesis of an initial specific recog-
nition via these sites that could modulate the symmetry of the
first pair of DBD bound to DNA and the cooperativity for the
tetrameric assembly.

Crosslinking might induce small conformational changes by
stapling nearby regions, but sample preparation for long and
short DNAs was the same, and differences in the structure of p53
tetramers can therefore be attributed to the distinct nature of the
interactions with the nucleic acid. It is clear that the loose archi-
tecture of p53 tetramers on DNA depends on the availability of
nonspecific segments, since the p53 - DNA complex on the 44 bp
probe does not show this loose configuration of DBDs (Fig. 4).
Within the DBD-DNA superdomain, the four DBD monomers
assemble as a tetramer with extensive intra and interdimer con-
tacts. The EM maps could suggest a specific recognition of the
DNA, however, only one of the classes, class 3 (Fig. 5C), fits well
with known atomic structures for DBD tetramers on DNA (19).
The EM map for class 2 (Fig. 54) fits better with a different p53
binding mode, where the nucleic acid runs parallel to the long-
itudinal Tet axis, and this suggests a nonspecific DNA recognition.
In both maps, nevertheless, we detected extra densities attributa-
ble to C-ter next to the nucleic acid (Fig. 5). The structures point
to mixtures of DNA interaction types: specific by DBD and non-
specific by C-ter for class 3; and simultaneous nonspecific binding
by DBD and C-ter in class 2.

Remarkably, the group compatible with the specific recogni-
tion (class 3) represents approximately 25% of the total ensem-
ble, the same ratio as for the long DNA probe (class III). This
ratio would indicate that the equilibrium between p53 tetramers
in specific and nonspecific DNA-binding mode is not shifted by
the use of our distinct DNA targets. It is understood that progress
to sequence-specific binding mode and subsequent activation of
pS3 occurs via posttranslational modifications. Among the posi-
tively charged amino acids of the C-ter, there are several lysines
that can be acetylated by CBP/p300 (7). Such posttranslational
modifications reduce the number of charges in the C-ter, which
has a negative effect on p53 linear diffusion properties and will
shift the interconverting p53 - DNA complex in favor of the
specific DNA-binding mode. The outcome of this regulation by
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C-ter would depend on the posttranslational modifications, the
length of the DNA to be scanned, the competition between
specific and nonspecific sequences, and on the distribution of sin-
gle or multiple response elements in target genes. Thus, variable
modification of C-ter might supply a fine-tuning device to select
downstream genes at the level of DNA binding.

The observation that only the relaxed DBD conformations of
p53 bind with significant affinity to nonspecific DNA suggests
that there might be proteins that bind to the C termini of p53
(or elsewhere) that constrain it to the quaternary structure spe-
cific for binding to response elements. Possible candidates are the
14-3-3 € and vy isoforms that require phosphorylation in the C ter-
minus of p53 to bind to it and enhance binding to response ele-
ments, as well as preventing the C termini binding to DNA (41).

Materials and Methods

A variant of human p53 (1-393) carrying four mutations (M133L/V203A/
N239Y/N268D) in the DNA-binding domain was expressed and purified as
described previously (42). For isolation of p53 tetramers bound to DNA, solu-
tions containing p53 at a concentration of 23 uM and the DNA probe at 30 pM
were incubated for 30 min at room temperature, and then stored on ice. The
reactions were performed in 25 mM sodium phosphate buffer, pH 7.2,
150 mM NacCl, 5 mM DTT, and 5% glycerol (vol/vol). The DNA probes were
preannealed and contained the response element for gene GADDA45 flanked
by random nonspecific sequences. Tetramers of p53 bound to DNA were
isolated using GraFix methodology (29). Selected fractions were adsorbed
on carbon coated grids and stained with uranyl formate in double carbon
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sandwich. EM images were recorded on a 4 kx4 k CCD resulting in a
2.1 A final pixel size. Reference-based projection matching was performed
in EMAN (43) using a previously obtained EM model for p53 - DNA as a start-
ing reference (26). Nonsupervised three-dimensional classification of the
images for p53 - DNA complexes was performed by the maximum-likelihood
based method (32). Resolutions for the EM maps were calculated using cut-
offs of 0.5 and in the Fourier Shell Correlation (FSC) and the estimated values
were in the range of 24-30 A. Atomic coordinates for DBD - DNA complex
[pdb code: 2ATA; (19)] and Tet domains [pdb code: 3SAK; (44)] were fitted
as rigid bodies in Chimera (45), which was also used to produce figures.
SM-FRET experiments were carried out as described previously (37). In the
gene encoding for the fragment p53CTC (94-393) of human p53 all the sur-
face-exposed cysteines (124, 182, 229, 275, and 277) were mutated to alanine.
Two cysteines were introduced at positions 292 and 371. Protein samples
were labeled with Alexa fluor 546 and Alexa fluor 647 (Invitrogen, United
Kingdom). 60-mer dsDNA, as used in EM studies, was used in single-molecule
experiments.
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