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Figure 5. p53 multiple tetramers binding to DNA is most efficient when there is no spacer between half-sites. DNA targets containing different spacer
length between two gadd45 RE half-sites were used to test their ability to promote high molecular order p53-DNA complexes. (A) Both human and murine
p53 form multiple complexes on DNA targets with none (0 b) or one (1 bp) spacer between half-site sequences (gadd45 0 and gadd45 1, respectively) as
visualized from gel shifts where p53 was bound to IR dye-labeled DNA targets followed by silver-staining to visualize proteins. (B) Similar results were
obtained with murine mp�30 truncated protein lacking the last 30 amino acids of the C-terminal domain. (C) IR signal ratio between various p53 tetramer
complexes (one, two and three tetramers) with different DNA targets was quantified to support the visual data in (A) and (B).

p53�30 proteins was 10% and 20% higher for human and
murine p53�30 proteins compared to the respective full-
length p53 proteins.

To further examine a role of the tetrameric organiza-
tion of p53 in multiple p53 tetramer/DNA complex for-
mation we used murine p53 mutant with the double sub-
stitution M340Q/L344R. This mutant p53 protein was re-
ported to form only dimers (55,56). Indeed, the dimeric p53
M340Q/L344R formed only a small amount of tetrameric
complexes in solution with a dimeric assembly being a
predominant form (Supplementary Figure S5). The fact
that mutated p53 has failed to facilitate oligomerization
on both specific and non-specific DNA targets implies that
tetrameric p53 architecture is required for multiple binding
to DNA RE (Supplementary Figure S5). This observation
was further corroborated by experiments with the cancer-
associated DNA-contact mutant of p53-R273H. Thus, the
DNA-binding deficient mutant formed tetramers as ex-
pected but failed to form complexes on both specific and
non-specific DNA targets (Supplementary Figure S6).

Electron microscopy analysis of p53-DNA complexes

The gel-shift analysis demonstrated that the DNA targets
with two immediately adjacent half-sites were the most ef-
ficient in promoting the multiple binding of p53 tetramers.
We thus used complexes formed on the gadd45 DNA target
(20 bp) to be visualized by electron microscopy using ro-
tary shadowing (Figure 6). Images of p53-DNA complexes
showed DNA-bound p53 particles that represented one p53
tetramer bound to DNA (Figure 6A, boxed in white) and
two p53 tetramers bound to one DNA RE (Figure 6A,
boxed in yellow). DNA RE could be clearly seen in complex
with one p53 tetramer (Figure 6B) and two p53 tetramers
(Figure 6C).

We next showed that the cross-linked p53-DNA com-
plexes could also be well resolved on the native protein
PAGE (Supplementary Figure S7) prompting us to consider
extraction of specific complexes from the native gels and us-
ing them for electron microscopy image analysis via a mod-
ified gel-to-grid transfer method (57). The p53-DNA com-
plexes resolved by electrophoresis in native conditions were
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Figure 6. Electron microscopy of p53-DNA complexes. (A) Murine p53-
DNA (gadd45, 20 bp) complexes cross-linked with 0.025% GA (sam-
ple shown on Figure 3D, lane 8) were analyzed by Pt-Ir rotary shadow-
ing. White and yellow boxes highlight p53 tetramer–DNA and p53 dou-
ble tetramer–DNA complexes, respectively. Selected images are shown on
right side. DNA (red line) is seen in complex with single p53 tetramers (top
right) (B) and two p53 tetramers (bottom right), where two tetramers are
seen to bind to one DNA molecule, on opposite sides (C).

visualized by using the IR dye-labeled specific DNA target
(gadd45, 20 bp), then the gel zones containing complexes of
interest such as single, double and triple p53 tetramer–DNA
complexes were excised from the gel and blotted onto EM
grids (Supplementary Figure S8 and Materials and Meth-
ods). The images of single, double and triple p53 tetramer–
DNA complexes were selected from the micrographs of neg-
atively stained samples (Supplementary Figure S8B).

The majority of particles from the gel-section corre-
sponding to one tetramer of p53 bound to DNA were in-
deed single p53 tetramers, some of which had visible DNA
bound to them (Figure 7A, top row). Similarly, the majority
of particles from the double tetramer–DNA complexes were
represented by two p53 tetramers with DNA sandwiched in
between of them (Figure 7A, second row). Triple tetramer–
DNA complexes though enriched were less frequent in the
corresponding gel sections and the grid had a mixture of
double and triple tetramers bound to DNA due to insuffi-
cient distance between p53-DNA complexes on the native
gel in this area (Figure 7A, third row).

The representative class averages of p53 double tetramer–
DNA complexes obtained by the single particle analysis of
∼500 selected particles show two p53 tetramers bound to
one DNA RE (Figure 7B). The models corresponding to the
respective classes were obtained by combining two EM 3D
maps of p53 tetramers in complex with DNA (EMD-1896
(32)) and the crystal structure of two core domains bound
to the RE half-site (1ata (40)). The fitted core domains are
shown in red and yellow, and the general path of DNA is
shown in green (Figure 7C).

DISCUSSION

Tumor suppressor p53 is a transcriptional activator that
regulates expression of genes, products of which decide the
outcome of the cellular response to stress. The gene tran-
scription activation is achieved by p53 binding to its spe-
cific DNA RE sequences (37,58,59). Much has been studied

about this process, however the elucidation of the precise
mechanism of how p53 tetramers bind RE DNA was hin-
dered by the lack of structural information about the full-
length p53 complexed with DNA.

To elucidate the mode by which p53 tetramers bind DNA
RE we cross-linked p53-DNA complexes with GA and re-
solved them on denaturing and native protein gels. Com-
plexes analyzed by native gels were visualized by the IR-
labeled DNA and transferred directly onto EM grids for
further image analysis. We believe that this combination of
methods, used to visualize specific p53-DNA complexes has
a broad potential for use in future studies of DNA binding
proteins in complex with various DNA targets. Using this
approach we demonstrated that for both human and murine
p53 one DNA RE element promotes binding of two p53
tetramers in a sequence-specific manner. The double p53
tetramer binding was only efficient when the p53-specific
DNA target consisted of two or more decameric half-sites
with 0 or 1 bp spacer in between them. No binding of mul-
tiple p53 tetramers was observed for either dimeric p53 or
DNA-binding deficient p53 proteins.

Similar DNA-binding by multiples of p53 tetramers, spe-
cific to the full length p53, has been reported in earlier stud-
ies that used chemical cross-linking by GA and EM visual-
ization (9,10,12,13). The observations were then interpreted
as a stack of p53 tetramers perpendicular to DNA, within
which only one p53 tetramer was bound to DNA, the model
based on the crystallographic data of the isolated p53 core-
DNA complex (Figure 8A) (12,13). However, no explana-
tion was provided as to why the p53 tetramers could be
bound together in a stack-like manner.

Our combined biochemical and EM image analysis
of p53 tetramers bound to DNA RE showed that the
mode of interaction is different to that previously sug-
gested (22,40,43). Our results demonstrate that two p53
tetramers can interact sequence-specifically with one DNA
RE. The biochemical and electron microscopy image anal-
ysis showed that the DNA target is positioned between two
p53 tetramers, which occupy one half-site of RE each (Fig-
ure 7 and Supplementary Video). Thus, unlike the previ-
ously suggested mode of interaction the p53 tetramers are
positioned on the opposite side of the DNA molecule and
each tetramer is bound to one RE half-site essentially mak-
ing the decameric half-site, a prime binding sequence for
p53 tetramer (Figure 8B). This newly observed mode of in-
teraction is consistent with our previous EM structural data
that one p53 tetramer forms specific complex with DNA by
occupying only one half-site of the DNA RE (32).

Our new data is also in agreement with previous reports
that p53 can regulate transcription from non-canonical
DNA REs (60,61). p53 REs comprised from 3/4 of the
consensus RE (one half-site and one quarter site) and only
those from one half-site were shown to be functional in vivo
(37,60,61). The non-canonical p53 REs are less efficient and
appear to require higher levels of p53 for transactivation of
downstream genes. Their efficiency was shown to be on a
par with p53 REs where two canonical half-sites are sep-
arated by spacers longer than 5 bp (61). Importantly, the
most functionally efficient canonical p53 REs with two ad-
jacent half-sites (spacer <2 bp) such as REs from p21 and
gadd45 genes are also most efficient in double p53 tetramer

 at U
niversity C

ollege L
ondon on June 27, 2016

http://nar.oxfordjournals.org/
D

ow
nloaded from

 

http://nar.oxfordjournals.org/


Nucleic Acids Research, 2016 11

Figure 7. Image analysis of p53-DNA complexes. (A) Images of p53-DNA complexes obtained by the gel-to-grid method and EM analysis. Top row –
complexes containing one p53 tetramer bound to DNA. The second row shows particles of p53 double tetramer–DNA complexes. The third row shows
particles of p53 triple tetramer–DNA complexes. p53 tetramers are highlighted with yellow circles and DNA with red lines. (B) Representative class averages
of p53 double tetramer–DNA complexes show two p53 tetramers bound to one DNA RE (gadd45). DNA is indicated in red in the far right image. (C)
Models of two p53 tetramers bound to one DNA RE representing respective views in (B). Two cores pairs bound to half-site sequences (1ata, (36)) are
shown in red and yellow, and DNA is shown in green.
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Figure 8. Biological implications of the multiple p53 tetramers DNA RE binding. Schematic representation of possible biological implications for double
p53 tetramer binding to RE. (A) Old model of p53 tetramer interaction with DNA RE with a possible interaction between two p53 tetramers via protein
interactions that is not mediated by DNA RE. (B) New model of p53 tetramer interaction with DNA RE based on our data. One tetramer bound to a
half-site of the RE leaves the other half-site unoccupied providing an opportunity for a second p53 tetramer bind the remaining half-site and form the
two p53 tetramers complex with one DNA RE. Either complex serves as a platform for DNA looping by utilizing free core domains and facilitating more
efficient transcription activation. The ability to bind either side of the RE increases the probability of p53 finding it within the genomic context. (C) The
consequent binding of p53 tetramers to DNA RE containing two or more half-sites can serve as a dose-dependent response in response to genotoxic stress
and rising levels of p53, providing another level of p53-dependent transcriptional regulation.

binding as we have shown in this work. Moreover, the p53
RE from TIGAR gene was more efficient in stimulating
multiple p53 tetramer DNA-binding when its natural 2 bp
spacer between two half-sites was removed (Supplementary
Figure S3).

This suggests a direct link between the structure of the
p53 RE, its ability to promote double p53 tetramer DNA-
binding and its transcriptional regulatory efficiency in vivo.
It also indicates that the RE half-site is the prime working
block for the tetrameric p53 RE DNA interaction and the
number and sequence conservation of half-sites define effi-
ciency and functionality of REs.

The results obtained raise the question why p53 RE has
evolved to have two or more decameric half-sites. It is
known that at least one half-site of RE is needed for an ini-
tial contact with p53 tetramer which makes it easier for p53
to locate its RE sites within the chromatin context. Once
the first p53 tetramer is bound to RE it may help to recruit
the second p53 tetramer to form two p53 tetramers per RE
complex. It can also recruit the chromatin remodeling ma-
chinery, which p53 is known to interact with. When the RE
is fully accessible it increases the probability p53 will bind
either part of the RE in genome. Having two p53 tetramers
bound to the RE would also provide a higher probability of
DNA looping since either tetramer can now be involved in
linking together distal REs (Figure 8B). In addition, having
two p53 tetramers bound to one DNA RE would increase
the chances of recruiting transcription co-factors needed for

gene expression. We believe that the multiple p53 tetramer
DNA-binding we describe here provides the answer to the
question and highlights the biological implications of this
p53 DNA-binding mode (Figure 8).

Interestingly the efficiency of multiple p53 tetramers
binding to DNA appears to be at its best when two half-sites
are immediately adjacent to each other. The ability of multi-
ple p53 tetramers to bind to DNA was less efficient when the
spacer separating half-sites was longer than 1 bp, but was
more efficient again when the spacer was 15 bp-long. More-
over, inserting spacer longer than 1 bp into the gadd45-
derived DNA target led to decrease of its ability to stimulate
multiple p53 tetramers complex formation for both murine
and human p53 proteins (Figure 5 and Supplementary Fig-
ure S4). This is consistent with a recent report on exper-
iments in vivo that p53 REs are most efficient when their
canonical half-sites are separated by less than 2 bp and show
a dramatic drop in efficiency when their half-sites are sepa-
rated by 5 bp or more (61). In this light it would be tempt-
ing to predict that some tetramer to tetramer contacts could
stabilize the overall complex of two p53 tetramers on the
two adjacent RE half-sites and that some post-translational
modifications of p53 may fine-tune such interactions.

The basic C-terminal domain of p53 has been implicated
in providing for p53’s complexes with non-specific DNA
and stabilizing p53 complexes with it specific REs (23–30).
Here, we tested human and murine p53 constructs lacking
the last C-terminal 30 amino acids (p53�30) known to be

 at U
niversity C

ollege L
ondon on June 27, 2016

http://nar.oxfordjournals.org/
D

ow
nloaded from

 

http://nar.oxfordjournals.org/


Nucleic Acids Research, 2016 13

responsible for those functions. Interestingly, the removal of
the basic C-terminal domain did not affect p53’s ability to
form multi-tetrameric complexes on DNA RE targets (Fig-
ure 5 and Supplementary Figures S2 and S4) indicating that
the C-terminal regulatory domain of p53 does not provide
for the p53 multiple tetramer DNA-binding.

In addition, the p53R273H cancer-derived mutant that
does not to bind p53 DNA RE specifically but retains
the non-specific DNA-binding failed to form multi p53
tetramer complexes with DNA. Thus, confirming that the
non-specific DNA-binding of p53 does not contribute to
the multiple binding of p53 tetramers to DNA REs (Sup-
plementary Figure S6).

We have also demonstrated that the double p53 tetramer
DNA-binding to RE depends on the intact tetrameric or-
ganization of p53. Thus, the dimeric M340Q/L344R p53
mutant was not capable of forming complexes of multiple
p53 dimers on DNA targets despite its ability to bind p53
RE sequence specifically (55,56). Taken together with the
fact that both human and murine p53 protein are tetramers
in solution (Figure 1A and Supplementary Figure S1A) and
our previous structural data (31,32), these new results con-
firm that the tetrameric assembly of p53 takes place before
p53 binds its DNA RE and that tetramer is the functional
unit of p53. This is also consistent with previous biophysi-
cal data demonstrating that p53 tetramer is the fundamental
active unit of p53 (14,62).

The efficient binding of p53 tetramers to the DNA RE
also appears to depend on the RE primary sequence. Thus,
murine p53 tetramers formed double tetramer complexes
less efficiently than their human counterparts when canon-
ical human p21 and gadd45 REs were used, suggesting that
p53 tetramers acquire subtle conformational changes once
bound to DNA allowing them to stabilize the joint com-
plex. The data are in agreement with a report that efficiency
of p53 REs in transcriptional regulation is species-specific
(63).

One tetramer per half-site of RE DNA-binding mode
also supports the model of p53 level-dependent RE-binding
and p53 target genes promoter regulation suggested and dis-
cussed previously (61,63–65). The binding of p53 tetramers
to DNA RE containing two and more half-sites may serve
for a rheostat-like p53 dose-dependent activation of specific
genes in response to genotoxic stress and rising levels of p53,
providing another level of p53-dependent transcriptional
regulation (Figure 8C). Thus, promoters that have REs with
two half-sites would need less (only two) p53 tetramers to
fully activate them and promoters with REs that have more
than two decameric half-sites such as bax and mdm2 may
need higher levels of p53 and more than two p53 tetramers
to regulate their transactivation (63–65). This would be con-
sistent with data that rising levels of p53 tetramers in the cell
lead to higher rates of transactivation of the p53-regulated
genes (66,67).

In addition, one could hypothesise that the joint bind-
ing of p53 tetramers to REs may allow for some degree of
sequence degeneration due to potential cooperativity be-
tween p53 tetramers. Thus, degenerated half-sites within
non-canonical REs could be a good target for p53 when
the adjacent conserved half-sites have been already occu-
pied by p53 tetramers. In such a case, those p53 REs will be

fully functional at high levels of p53, e.g. the response from
those REs will be more p53 dose-dependent than from REs
that have two highly conservative half-site sequences with
no spacer between them. These results suggest that there is
an inherent adaptability in the recognition mechanism in
which the less canonical p53 REs compensate for their se-
quence degeneration and large spacer length between half-
sites by increasing numbers of half-sites in order to recruit
more p53 tetramers.

Finally, due to the ability of p63 and p73 to bind p53 REs
and transactivate p53 target genes and in agreement with
reports that p63 and p73 contribute to a p53 response (68–
73), some of the p53 family REs in our genome may serve
as platforms for joint binding of the p53/p63/p73 family
members to transcriptionally co-regulate downstream genes
they share.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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