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Abstract

Using electron microscopy, we analyzed the interaction of bacterially expressed full-length p53, p53(1-393), and its C-terminal fragment,
p53(320-393), with long (~3000 bp) dsDNA in linear and supercoiled (|ALk|=4-6) forms containing or lacking the p53 recognition
sequence (pS3CON). The main structural feature of the complexes formed by either protein was a DNA—protein filament, in which two DNA
duplexes are linked (synapsed) via bound protein tetramers. The efficiency of the synapse, reflected in its length and the fraction of molecules
exhibiting DNA—protein filaments, was significantly modulated by the molecular form of the protein and the topological state of the DNA.
With linear DNA, the synapse yield promoted by the C-terminus fragment was very low, but the full-length protein was effective in linking
noncontiguous duplexes, leading to the formation of intramolecular loops constrained at their bases by short regions of synapsed DNA
duplexes. When the linear DNA contained pS3CON, regions of preferential sequence, i.e., encompassing pS3CON and probably pS3CON-
like sequences, were predominantly synapsed, indicating a sequence specificity of the p5S3 core domain. With scDNA, the synapse yield was
significantly higher compared to the linear counterparts and was weakly dependent on the sign of superhelicity and presence or absence of
pS3CON. However, the full-length protein was more effective in promoting DNA synapses compared to the C-terminal fragment. The overall
structure of the DNA—protein filaments was apparently similar for either protein form, although the apparent width differed slightly (~7-9 nm
and ~10-12 nm for p53(320-393) and p53(1-393), respectively). No distortion of the DNA helices involved in the synapse was found. We
conclude that the structural similarity of DNA—protein filaments observed for both proteins is attributable mainly to the C-terminus, and that
the yield is dictated by the specific and possibly nonspecific interactions* of the core domain in combination with DNA topology. Possible
implications for the sequestering of p53 in DNA—protein filaments are discussed.
© 2004 Elsevier B.V. All rights reserved.
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cellular stress [1,2]. p53 exerts an influence on numerous
cellular processes, of which regulation of transcription is
thought to be the most important. The key element of the
p53 transcription regulation is its sequence-specific inter-
action with the p53 responsive elements (PRE) localized in
the regulatory regions of the target genes [3]. Interaction
between p53 and PRE is mainly determined by the structure
of both the protein and the PRE.
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p53 exhibits a functional and structural (domain) organ-
ization [2,4-10]: an acidic N-terminal transactivation
domain (residues 1— ~70); a proline-rich domain (residues
60-97); a hydrophobic core domain (~100-300); an
oligomerization domain (320-360) and a basic C-terminal
domain (360-393). Specific DNA-binding activity is mainly
determined by the core domain, although the C-terminus
also binds DNA, albeit nonspecifically. Specific interactions
with PRE (in response to stress) require post-translational
modifications, i.e., phosphorylation and/or acetylation, of
the full-length protein [1,5,7,11-13].

The full-length protein adopts a modular conformation
with a defined structure for the core domain [14-16] and
large unstructured regions located in the N- and C-terminal
domains [16,17]. The latter property implies flexibility of
pS3 interactions with various proteins (and with itself as
well) and DNA and structural plasticity of the complexes,
reflected, for example, in its ability to form amyloid-like
structures [18,19].

In solution, full-length p53 is a tetramer constituting the
dominant functional form interacting with PRE [9]. How-
ever, higher order aggregates are found in solution and in a
bound state [20,21]. p53 segments lacking the tetrameriza-
tion domain but containing the core domain also bind PRE
either as four distinct subunits [22] or as a multimeric
complex [20,23].

The structure of PREs is highly variable. The common
feature is presumed to be a decamer target 5'-PuPuPuC
(A/T)(T/A)GPyPyPy-3’ (two head-to-head quarter sites; Pu,
purines, and Py, pyrimidines) [14,21,24-26], with two
consecutive decamers constituting the consensus sequence.
The relative orientation of the two decamers is of little
consequence for p53-specific binding, although a head-to-
tail orientation enhances the binding efficiency [24,27]. Two
decamers separated by up to 21 base pairs are still recognized
by p53[21,24,25,28]. Computer analysis of the known PREs
has led to the concept of an extended version of that
consensus sequence flanked by two additional nucleotides
[29]. Furthermore, recent studies show that p53 can
efficiently recognize other sites deviating significantly from
the consensus sequence [30].

p53 also interacts with various irregular DNA struc-
tures, such as mismatches [31,32], Holliday junctions [33],
protruding long ssDNA ends [34-36], cruciforms [37],
t-loop junctions [38] and sequences adopting a non B-form
conformation [39-41]. Mazur et al. [42] suggested that p53
binds to DNA crossovers in supercoiled DNA. Further-
more, it has been shown that various molecular forms of
p53 bind more efficiently to scDNA relative to linear
molecules [43-46].

The variety of p53 DNA-binding activities, the structural
plasticity and oligomeric state of the full-length protein, and
the wide diversity of the recognition sequence imply a high
degree of complexity in the interactions of p53 with DNA,
which should be reflected in the structure of the diverse
complexes. Surprisingly, bound p53 imaged by electron

microscopy (EM) or scanning probe microscopy is mainly
globular in shape, regardless of the nature of the protein
used and the structure of the nucleic acid [20,23,31,33—
38,41,43,47-49]. However, recent data indicated that certain
C-terminal segments of p53 lacking the core binding
domain interact preferably with scDNA in a sc/linear
DNA competition assay, leading to the formation of a
DNA-protein filaments in which distant (opposing) DNA
duplexes are linked (synapsed) via bound protein dimers or
tetramers [46].

In order to establish whether formation of DNA—protein
filaments was exclusively limited to the C-terminal frag-
ments, we analyzed the interaction of bacterially expressed
full-length p53 and its C-terminal fragment with linear and
supercoiled DNA with and without pS3CON. The data
demonstrate that DNA—protein filaments are characteristics
of the full-length protein as well, thus implying a role of
the C-terminus in determining the structure of these
complexes. However, specific and possibly nonspecific
interactions of the core domain together with DNA
topology contribute significantly to the yield of DNA-
protein filaments.

2. Materials and methods
2.1. DNA

Negatively supercoiled pBluescript SK I+ DNA (2961
base pairs) and pPGM1 DNA plasmid derived from pBlue-
script SK II+ DNA by cloning the p53 20-mer recognition
sequence 5'-AGACATGCCTAGACATGCCT-3" (pS3CON)
into the Hindlll site [43] were purified using Qiagen
kits (Qiagen, Germany). Negatively and positively super-
coiled DNAs with a reduced number of superhelical
turns (JALk| =4-6) were obtained and characterized as
described [50]. A double-stranded (ds) duplex was
obtained by annealing HPLC-purified oligonucleotides
5'-GCTTGCATGCCAGTTTTCTTCTTCTGCAGGTC-
GAC-3’ and 5-GTCGACCTGCAGAAGAAGAAA-
ACTGGCATGCAAGC-3' (Metabion, Germany) in 10 mM
Na—Cacodylate, pH 7.0, 100 mM NaCl and used without
further purification. The yield and quality of the ds
oligonucleotide were analyzed by 10% native PAGE (30:1
in acrylamide:bisacrylamide).

2.2. Purification and characterization of p53 proteins

Bacterially expressed full-length protein, p53(1-393),
was prepared and characterized according to [45]. The
C-terminal fragment, p53(320-393), was purified according
to [51]. The purity and size of the proteins were assessed by
SDS-PAGE [46]. The proteins were homogeneous in size,
free of detectable contaminations (proteins) of smaller or
larger molecular weight and exhibited a tetrameric organ-
ization [45,46].
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2.3. Preparation of DNA—protein complexes

Complexes of p53 with DNA and ds oligonucleotides
were formed in a buffer containing 10 mM Na-HEPES, pH
7.5, 50 mM KCIl, 0.01% Triton X-100 in a total volume of
10-20 pL. The DNA concentration was 2—8 pg/ml. The
molar protein/DNA ratios were calculated for tetrameric
protein units and are indicated in the text and figure legends.
Complexes with the ds oligonucleotide were prepared by
incubation of 3 pM protein with 0.1 pM of DNA duplex.
Samples were incubated in ice for 30-60 min, and aliquots
were withdrawn for EM sample preparation.

2.4. Electron microscopy

The general procedure for preparing electron micro-
scopy samples was as follows: an aliquot of 1-2 pl was
withdrawn from the incubation mixture and diluted in 10
mM Na-HEPES, pH 7.5, 10 mM KCI to a final DNA
concentration of 0.2-0.5 pug/ml. 10-15 pL of the diluted
mixture was placed onto a carbon film attached to an EM
grid (in some experiments a drop was placed onto a
Parafilm sheet and immediately covered with an EM grid
coated with a carbon film; no difference in complex
structures and their yield was found by either procedure).
Glow-discharged carbon films were prepared as described
[23]. The adsorption continued for 1-2 min, after which
the grids were rinsed with a few drops of 2% aqueous
uranyl acetate, blotted with filter paper and dried. The
samples were observed with a Philips CM12 electron
microscope in a tilted dark-field mode. The negatives were
scanned with an Agfa Duoscan 2500 scanner at 1200 dpi.
DNA lengths were measured with NIH image modified for
Windows (Scion, release beta 3). For printing, images were
flattened using a high-pass filter with a radius of 250
pixels and subsequently adjusted for contrast/brightness
using Adobe Photoshop.

2.5. Alignment of the molecules

The analysis of the complexes formed by p53(1-363)
with linear DNA was as follows: we measured the lengths
of DNA loops, free DNA segments and synapsed DNA
and calculated the coordinates for all duplex crossovers,
i.e.,, at the beginning and the end of synapses. In the
major fraction of DNA molecules, at least one duplex
crossover determined in this procedure was located very
closely to one DNA end (pPGMI1/EcoRI) and at ~40%
from one DNA end (pPGM1/Scal DNAs), corresponding
to the position of pS3CON. We concluded that a major
fraction of loops had arisen from at least one specific
binding of p53(1-363) to pS3CON and this complex was
used as a marker for the unambiguous alignment of the
molecules. From the entire population of molecules, we
selected those containing at least one loop formed by the
specifically bound protein. The final histograms were

plotted such that the most prominent peaks corresponding
to the binding to the p53CON were placed at the left
(pPGM1/EcoRI) or at ~60% from the left (pPGM1/Scal
DNA). Since the length of synapses usually did not
exceed 50-100 bp, we considered the histograms of the
positions of duplex crossovers as histograms of the
positions of synapses.

It is important to note that the histograms of crossover
position do not necessary reflect the relative efficiency of
loop formation.

3. Results
3.1. Interaction of the full-length p53 with long linear DNA

Incubation of p53(1-393) with linear pPGM1/EcoRI or
pPGM1/Scal led to the formation of DNA molecules with
internal loops of varying size (Fig. 1C and D). At the base
of loop-constrained DNA (DNA synapse), bright spots
were clearly visible. Since DNA crossings that were
occasionally presented in DNA samples without addition
of p53 displayed an intensity similar to that of noncrossed
DNA segments (Fig. 1A and B), we inferred that these
bright spots had arisen from additional interaction of
uranyl cations, most probably with charged side chains of
protein molecules bound with distant DNA duplexes. We
characterized the efficiency of p53 interaction with linear
DNA by measuring the fraction of molecules with
synapsed regions and the length of synapsed regions
(Table 1). Thus, at a molar protein/DNA ratio, R, equal to
4 (calculated for protein tetramers) >30% of pPGMI1/
EcoRI DNA had one or two loops, whereas at R=8, their
fraction increased to ~65% leading to a synapse length of
75435 bp. For pPGM1/Scal DNA at R=4, the fraction of
molecules with synapses was ~70% with a synapse length
of 11040 bp, whereas at R=8, the fraction of molecules
with synapses increased to ~85% in combination with
increased synapse length (135£60 bp). The minimal
length of individual synapses was 30-40 bp. The length
of loops also varied in the range of ~300-900 bp. In most
cases, loops were intramolecular, with two duplexes in an
either direct or inverted orientation.

The alignment of DNA molecules with loops (see
Materials and methods) permitted the generation of position
histograms of duplex synapses (Fig. 2). A large peak
corresponding to the synapse occurring at p53CON is
clearly visible in both histograms. The distribution of the
position of the second duplex involved in synapse exhibited
a broad peak located close to the p5S3CON site. A
comparison of the histograms for both pPGM1/EcoRI and
pPGM1/Scal DNAs allowed the determination of their
relative orientation and showed that the second duplex was
most frequently located within the shortest EcoRI-Scal
region. We emphasize that our alignment procedure (see
Materials and methods) does not ensure that the histograms
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Fig. 1. Binding of bacterially expressed full-length p53 to linear DNA. Complexes prepared under the following conditions: (A) pPGM1/EcoRl DNA; (B)
pPGM1/Scal DNA; (C) pPGMI1/EcoRI DNA+p53, R=8; (D) pPGM1/Scal DNA+p53, R=8; (E) pBluescript/EcoRI DNA+p53, R=8; (F) pBluescript/Scal
DNA-+p53, R=8. R—molar protein/DNA ratio calculated for protein tetramers. Arrowheads indicate synapsed duplexes (DNA—protein filaments). Scale bar,

200 nm.

of duplex synapses accurately reflect the relative efficiencies
of the synapses.

The presence of p5S3CON was not a prerequisite for
the synapse of DNA duplexes. Incubation of p53 with
linear pBluescript DNA lacking the recognition sequence
also led to the formation of intramolecular loops con-
strained at their base by the synapsed duplexes (Fig. 1E
and F). The yield of synapse was ~60% at R=8, a value
comparable to that of detected for the linear pGM1/EcoRI
DNA.

3.2. Interaction of full-length p53 with scDNA of low
superhelix density

Our previous data [46] and preliminary results indicated
that interaction of some multimeric C-terminal fragments
and bacterially expressed full-length p53 with natural
scDNA ~3000 bp long, ie., with ALk=-15, led to
modulations of DNA configuration imaged as regions of
lateral contact of DNA duplexes apparently linked via
bound proteins (DNA—protein filaments). However, since
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Table 1
Parameters of linear and superhelical DNA molecules complexed with full-
length p53 measured from EM micrographs

DNA® Molar Fraction of Length of Superhelix
protein/  molecules synapse diameter?
DNA with synapses  [bp]° [nm]
ratio®  [%]
(—) sc pPGM1 0 27 (£7)
(—) sc pPGM1 1 ~40 130 (£60) 17 (+4)
(=) sc pPGM1 3 ~90 340 (£165) 18 (£7)
(—) sc pPGM1 5 ~95 610 (+185) 16.5 (+5)
(=) sc pPGM1 20 100 950 (+245) 14 (+6)
(+) sc pPGM1 8 ~95 290 (£160) 29.5 (12)
(—) sc pBluescript 8 ~100 500 (£95) 16 (£11)
(+) sc pBluescript 8 ~70 230 (£120) 31 (£12)
(=) sc pPGM1 8¢ ~95 360 (+£220) 21 (9)
pPGM1/EcoR1 8 ~65 75 (£35)
pPGM1/Scal 8 ~85 135 (+60)

? Linking number difference is equal to = —6 for (—) sc pPGM1 and (—)
sc pBluescript DNAs and =+4 for (+) sc pPGM1 and (+) sc pBluescript
DNAs.

b Calculated for protein tetramers.

¢ The entire length of synapsed regions (£S.D.) of a single DNA
molecule corresponding to the length of DNA duplex.

4 Supehelix diameter (+S.D.) was calculated as a weighted value using
the superhelix diameter for nonlinked regions calculated using formula 4 of
Boles et al. [52] and that of linked regions of ~10—12 nm.

¢ The data shown refer to the complex formed with the C-terminus
Pp53(320-393) peptide.

this scDNA has a plectonemic configuration of a relatively
small superhelix radius with a number of crossovers (nodes)
~14-15 [52], it is difficult to discriminate between DNA
crossovers and regions of lateral contacts and therefore to
quantify the structural alterations occurred due to protein
binding. SCDNA of lower superhelix density (|JALk|=4-6)
has a larger superhelix radius [52], permitting more reliable
discrimination of regions of lateral contact and DNA
crossovers, especially at the lower, e.g. 10 mM, salt
concentration used for mounting samples for imaging
[50]. Since we did not find any significant difference in
the apparent structure of the filaments and their yield when
the samples were mounted in 50 or 10 mM KCI, we used the
latter conditions throughout our experiments.

Incubation of p53(1-393) with negatively scDNA of
low superhelix density resulted in alteration of scDNA
configuration due to interaction of protein tetramers with
distant (opposing) DNA duplexes. However, individual
bound proteins are not observed within synapsed DNA
segments (Fig. 3). We note that synapsed regions exhibited
a much higher EM contrast relative to the nonsynapsed
segments, similar to synapsed DNA duplexes occurring
with linear DNA, implying the presence of bound protein
molecules. As with linear DNA, the efficiency of
interaction between scDNA and protein (reflected in
alterations in scDNA configuration) can be estimated by
measuring the fraction of molecules with synapsed regions,
the length of synapsed regions and the apparent superhelix
diameter (Table 1).

Higher protein concentration led to an increase both in
the fraction of synapsed supercoiled molecules and the
synapse length within a single DNA, implying a larger
number of bound tetramers. At the same time, the superhelix
diameter diminished from 27 nm to ~14 nm at R=20. At
R>20 DNA molecules no longer had free duplex segments
and tended to form higher order aggregates (not shown).
The apparent width of synapsed regions was ~10-12 nm,
regardless of the length of the synapse. Measurements of
DNA contour length on EM micrographs did not reveal
structural alterations in the duplexes constrained within the
synapse.

Negative superhelicity or the presence of pS3CON were
not prerequisites for DNA synapse and filament formation,
as similar structures were formed with positively super-
coiled pPGM1 (Fig. 3F) and negatively or positively
supercoiled pBluescript (Fig. 3G and H, respectively). The
efficiency of p53 interaction with negatively sc pBluescript
was comparable to that of negatively sc pPGMI1 and
slightly higher than that of their positively supercoiled
counterparts (Table 1), probably due to smaller values of
|ALk| and/or possible modulations, although of low extent,
of DNA twist.
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Fig. 2. Interaction of bacterially expressed full-length p53 with linear DNA.
(A) Histogram of the position of synapsed duplexes (filled boxes) and the
size of end loops (open boxes) obtained for pPGMI1/EcoRI DNA (54
molecules). Position of the Scal site corresponds to ~0.39. (B) Histogram of
the positions of synapsed duplexes (filled boxes) and the size of loops (open
boxes) associated with specific binding. The data were collected from 78
pPGM1/Scal molecules. The position of the EcoRI site corresponds to
~0.61. Position/length corresponds to the position of duplex crossover/loop
size, respectively. The number of measurements represents values binned
from the 5% window of the plasmid length. Arrows (A and B) indicate the
position of the pS3CON.
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Fig. 3. Interaction of full-length p53 with supercoiled DNA. Complexes formed between p53 and negatively (A-E) and positively (F) sc pPGM1 DNAs,
negatively (G) and positively (H) sc pBluescript DNAs. The molar protein/DNA ratios were 0 (A), 1 (B), 3 (C), 5 (D), 20 (E), 8 (F-H). Arrowheads indicate
synapsed DNA regions (DNA—protein filaments). Scale bars, 200 nm.
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Fig. 4. Interaction of the C-terminal segment with scDNA of low superhelix density. Complexes formed between p53(320-393) and negatively (A) and
positively (B) sc pPGM1 DNAs and negatively (C) and positively (D) sc pBluescript DNAs at molar protein/DNA ratio 90. Arrowheads indicate synapsed

DNA regions (DNA—protein filaments). Scale bar, 200 nm.

3.3. Promoting of DNA synapse by the C-terminus

In order to evaluate the role of the C-terminus in DNA
synapse under the conditions used in our experiments, we
examined the interaction of p53(320-393) with linear and
supercoiled DNA templates. Incubation of p53(320-393)
with scDNA changed the DNA configuration dramatically,
similar to the full-length protein imaged as molecules with
regions of long lateral contacts exhibiting high EM contrast
(Fig. 4). We ascribe the appearance of these synapsed
regions to the interaction of protein tetramers with distant

Table 2

(opposing) DNA duplexes. The changes in scDNA config-
uration reflecting the efficiency of p53(320-393) interaction
with DNA are summarized in Table 2. It is evident that for
either supercoiled template tested, higher protein concen-
tration led to an increase of the fraction of molecules
exhibiting synapses and the corresponding length of the
synapses and was accompanied by a decrease in superhelix
diameter. The efficiency of interaction with negatively
supercoiled DNAs was higher compared to their positively
supercoiled counterparts, most probably due to the larger
values of |ALKk|. Negatively supercoiled pPGM1 exhibited

Parameters of superhelical DNA molecules complexed with the C-terminus measured from EM micrographs

DNA?* Fraction of molecules with synapses [%] Length of synapse [bp]* Superhelix diameter® [nm)]

R=30° R=90 R=90 R=0 R=30 R=90
(—) sc pPGM1 ~90 100 920 (£355) 1000 (£135) 27 (£7) 20 (£7) 10 (£3)
(+) sc pPGM1 ~65 100 215 (£110) 990 (£350) 53 (£18) 32 (+12) 13 (+4)
(—) sc pBluescript ~90 ~100 550 (£230) 720 (£180) 22 (£5) 17 (£5) 14 (£5)
(+) sc pBluescript ~0.5 ~50 105 (+40) 560 (+450) 43 (£13) 45 (£18) 20 (+£7)

? Linking number difference for each DNA is given in the legend for the Table 1.

® Calculated for protein tetramers.

 The entire length of synapsed regions (+S.D.) of a single molecule corresponding to length of DNA duplex.
4 Superhelix diameter (+S.D.) was calculated as a weighted value using the superhelix diameter for nonlinked regions calculated using formula 4 of Boles et

al. [52] and that of linked regions of ~7-8 nm.
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the highest efficiency in interaction with p53(320-393).
However, this DNA was less efficiently targeted relative to
the full-length protein (Tables 1 and 2).

The apparent width of synapsed regions was ~7-9 nm
regardless of their length and smaller than that found for the
full-length protein (~10-12 nm). Measurements of DNA
contour length on EM micrographs did not reveal structural
alterations in the duplexes constrained into synapse.

With linear DNA as a substrate, the yield of molecules
with a synapse at the base loop-constrained DNA was very
low. For R varying in a range of 20-100, less than a few
percent of the molecules exhibited loops constrained by
short synapsed regions (not shown).

4. Discussion

The data presented here show that the interaction of
bacterially expressed full-length p53 or the C-terminal
fragment p53(320-393) with dsDNA leads to structurally
similar complexes characterized by the synapse of non-
contiguous DNA duplexes via bound protein tetramers
(DNA-protein filaments). The general mechanism of DNA
synapse seems to be similar for either protein form though
with some differences. We presume that the structural
similarity of DNA-protein filaments observed for both
proteins is mainly determined by the C-terminus, whereas
the yield is highly modulated by the specific and possibly
nonspecific interactions of the core domain together with
DNA topology.

The protein tetramers presumably interact either simulta-
neously with two distant (opposing) duplexes or two bound
tetramers interact with each other, thus forming the first link.
Since the probability of the latter process depends on the
stability of the DNA—protein complexes and the probability
for the encounter of two duplexes due to thermal DNA
motion, it is difficult to distinguish between the alternative
mechanisms. The yield of synapsed DNA was significantly
higher for supercoiled DNA relative to its linear counterpart
for both protein forms analyzed. Assuming that the duplex
of scDNA with fewer numbers of supercoils closely
resembles that of linear DNA, the main difference between
these two DNA forms is the effective local duplex
concentration, reflected in the duplex-to-duplex distance
(reviewed in [50]). That is, the yield of synapse is highly
modulated by the probability of an encounter between the
two duplexes. This is corroborated by the finding that the
yield of DNA-protein filaments (using the full-length
protein or the C-terminus) formed with natural negatively
sc DNA either in a sc/linear competition assay[46] or in the
absence of linear DNA (Cherny, unpublished) was signifi-
cantly higher relative to the DNA of low superhelix density
reported here.

The main difference in the interactions of the full-length
p53 and its C-terminal domain is the yield of DNA synapse
with both linear and supercoiled templates. We presume that

the specific (and possibly non-sequence-specific) DNA-
binding potential of the core-binding domain is largely
responsible for this difference. There are several lines of
evidence supporting this conjecture. First, short noncontig-
uous synapsed duplexes at the base of intra-molecular loops
formed with linear pPPGM1 DNA were distributed system-
atically. Most often, one of the two duplexes was located at
or close to pS3CON, whereas the second one was most
frequently found within the smallest EcoRI-Scal region of
pPGM1 DNA, clearly seen for pPGM1/Scal DNA in
particular (Fig. 2). The length of loops was ~300-900 bp
for both pPGM1/EcoRI and pPGM1/Scal DNA, a value
close to the optimal length for encounters between two
distant DNA segments [53,54]. However, the nonrandom
distribution of the position of the second duplex indicates
that binding to preferential DNA sequences (probably
pS3CON-like) may play a role in loop formation. This
finding implies that the specific DNA-binding activity of the
core domain determines the targeting to p53CON or
pS3CON-like sequences. This is corroborated by the
findings that (i) loops were efficiently formed with linear
pBluescript DNA lacking pS3CON, and that (ii) the core
binding domain interacts with multiple regions of pPGMI1,
i.e., pS3CON and those located within the smallest EcoRI-
Scal region of pPGM1 DNA, forming globular complexes
(not shown).

Second, for either type of supercoiled DNA used in our
experiments, similar yields of DNA synapse were detected
at significantly lower protein/DNA molar ratio for the full-
length protein than with the C-terminus, implying that
DNA-binding activities of both the core domain and the C-
terminus constituting the full-length protein act in a
concerted manner. We cannot exclude a positive interference
between DNA-binding potentials of the core domain and the
C-terminus occurring either in solution or at the level of
DNA binding. However, there is a possibility of negative
interference as well. A negative influence of the core
domain on the C-terminus is unlikely inasmuch as the core
domain alone is incapable of promoting DNA-protein
filaments. A negative influence of the C-terminus on the
core domain is probable in view of the low binding affinity
of the full-length protein expressed in bacteria for DNA
fragments [55], compared to the higher efficiency with long
DNA molecules ([45], this study). This effect is similar to
that accounting for the so-called “latent” state of the full-
length of p53, a feature recently put into question (reviewed
in [56]). However, a negative influence of the C-terminus on
the core domain DNA-binding potential contributes only
slightly (if at all) and does not suppress its specific DNA-
binding activity entirely. We note that a small difference in
the apparent width of DNA—protein filaments formed by the
C-terminus or the full-length protein (~7-9 nm and ~10-12
nm, respectively) support our proposal that the DNA-
binding potentials of both domains are in concert. In this
connection, it is worth noting that an interference (positive
and negative) between DNA-binding potentials of the core
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domain and the C-terminus has been recently reported for
the full-length p53 expressed in insects [57], implying that
the interaction with a noncognate sequence requires
concurrent action of both domains, and the interaction
with the cognate sequence increases significantly upon
activation of p53 by the addition of the C-terminal antibody
PAb421.

The very low yield of DNA loops upon the reaction of
linear DNA with the C-terminus indicates that the inter-
action of protein tetramer(s) with DNA duplex(es) is weak.
Specific (and possibly nonspecific) DNA-binding activity of
the core domain promotes the formation of the first link
most probably stabilized by several (>1) protein tetramers
bound in close register as the minimal length of the synapse
was 30—40 bp. A smaller yield of DNA synapse obtained for
linear templates relative to their supercoiled counterparts
(using the full-length protein) is likely due to increased
motion of DNA chains, thus inhibiting propagation of the
synapse.

Our data do not exclude the possibility of protein—protein
interactions occurring between C-terminal domains from
adjacently bound full-length proteins. Support of this
conjecture had arisen from the observation that the
interaction of the C-terminus with 35-mer (Fig. 5) or 15-
mer (not shown) DNA duplexes lacking sequences match-
ing the consensus site led to the formation of large
aggregates probably similar to those reported in [58]. These
aggregates were found neither for the protein alone nor for
isolated DNA duplexes.

Finally, we consider the relevance of the formation of the
DNA-protein filaments reported here to the biological
functions of p53. In normal cells, p53 is maintained at
low levels mainly by the negative regulator Mdm2, which
transports to the cytoplasm ubiquitinated p53, and for
subsequent degradation by the 26S proteosome [13]. Recent
data led to a corrected model according to which p53 can
also be degraded by the 26S proteosome in the cell nucleus
[59]. Importantly, the Mdm?2 gene is a transcriptional target
of p53 that establishes a feedback loop, in which both the
activity p53 and the expression of the Mdm2 gene are
regulated. In response to stress, however, the level of p53
increases rapidly by inhibition of the ubiquitination pathway
and specific phosphorylation and/or acetylation of the
protein. A small amount of p53 may remain in the nucleus,
presumably stored in a DNA-sequestered form. We note that
preferential synapse formation with pS3CON and other
sequences presumably resembling pS3CON implies that
bound p53 should be distributed systematically over the
entire genome, thereby facilitating its targeting by other
proteins. It cannot be ruled out that at least a fraction of this
DNA-bound p53, particularly that bound to the p53
responsive elements, can be acetylated [60], thus enhancing
the response potential of the cell to the stress. Full-length
pS3 purified from insect cells, i.e. post-translationally
modified by phosphorylation and possibly acetylation
[55], does not produce DNA-protein filaments when

Fig. 5. Formation of large aggregates by the C-terminus p53(320-393)
peptide. Aggregates formed in the presence of the p53(320-393) and a 35-
mer duplex DNA. Note that a large number of individual DNA duplexes are
visible in the background. Scale bar, 100 nm.

incubated with linear or scDNA, but rather forms globular
complexes interacting with pS3CON [20,23] or pS3CON-
like sequences (Cherny, unpublished).

Recently, the structural flexibility of p53 due to presence
of unstructured regions localized in its N- and C-terminal
parts was demonstrated [16,17], thus implying the potential
for a large diversity of p53 interactions with proteins and
DNA. This feature can potentially account for the fibrilla-
tion of the full-length protein, particularly in view of the fact
that under certain conditions the tetramerization domain
[19] or the core-binding domain [18] can form amyloid-like
structures. However, sequestration of p53 into DNA—protein
filaments may inhibit this pathway.

The integration of p53 into DNA—protein filaments may
also have a self-regulatory function independent of its
transcriptional activity, e.g., suppression of homologous
recombination [61,62] by virtue of inhibiting the regression
of the replication fork catalyzed by human Rad51 or Rad54.
p53 blocks spontaneous and RuvAB promoted branch
migration of the Holliday junction and modulates the
cleavage by Holliday junction resolution proteins such as
RuvC [63], a role in recombinational DNA repair.
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