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Abstract: p53 is a tumor suppressor protein that plays a significant role in apoptosis and senescence,
preserving genomic stability, and preventing oncogene expression. Metal ions, such as magnesium
and zinc ions, have important influences on p53–DNA interactions for stabilizing the structure of
the protein and enhancing its affinity to DNA. In the present study, we systematically investigated
the interaction of full length human protein p53 with DNA in metal ion solution by atomic force
microscopy (AFM). The p53–DNA complexes at various p53 concentrations were scanned by
AFM and their images are used to measure the dissociation constant of p53–DNA binding by a
statistical method. We found that the dissociation constant of p53 binding DNA is 328.02 nmol/L in
physiological buffer conditions. The influence of magnesium ions on p53–DNA binding was studied
by AFM at various ion strengths through visualization. We found that magnesium ions significantly
stimulate the binding of the protein to DNA in a sequence-independent manner, different from
that stimulated by zinc. Furthermore, the high concentrations of magnesium ions can promote p53
aggregation and even lead to the formation of self-assembly networks of DNA and p53 proteins.
We propose an aggregation and self-assembly model based on the present observation and discuss its
biological meaning.
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1. Introduction

The tumor suppressor protein p53 is a widely distributed phosphoprotein that is the central
player in the pathways controlling cell growth, DNA repair, cell differentiation, senescence, and
apoptosis [1–6]. It is found that over 50% of human cancers are associated mutations in the p53
protein [1]. The p53 protein is a flexible multidomain protein containing 393 residues in full length,
and consists of four distinct domains: (a) the unstructured N-terminal trans-activation domain (N-ter)
and a proline-rich domain, which can bind to a series of proteins and regulates p53 transcription [7]
and dissociation from DNA [8]; (b) the central core region known as the DNA-binding domain
(DBD), which regulates the specific binding to DNA [9]; (c) the tetramerization domain (Tet) and (d)
the C-terminal domain (C-Ter) which has been shown to bind nonspecifically to DNA [1,10]. p53
DBD is a sequence-specific transcription factor which is activated in response to a variety of DNA
damaging agents, and p53 signaling may suppress apoptosis and induce senescence [5,6]. Many
studies have shown that all of these presently known biological functions of p53 critically depend
upon its DNA-binding properties in checking the DNA replication stage.

The exact mechanism of p53 binding and its effect on the DNA conformation is still not fully
understood. However, it has been found that the p53 multimer, oligomerization, and their stacking
can promote a DNA looping reaction [11–13]. For example, a tetramer of p53 makes DNA looping
easier than using its dimer, while the monomer is unable to form any DNA loops. There are four
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scenarios that have been proposed: (a) the 3D diffusion mode. In this mode, a protein binds to DNA
nonspecifically. The protein dissociates from DNA and subsequently re-associates with another site
in the DNA using 3D diffusion [14]. And, the C-Ter and Tet are of critical importance for this mode.
They contribute to the fast, nonspecific association of p53 and DNA; (b) The 1D sliding mode. In this
mode, the protein remains in contact with the DNA for long periods of time along the DNA chain so
that protein diffusive motion occurs [15,16]. Furthermore, the rotation-coupled diffusion motion of p53
along DNA was discovered by simulation [17] and experiment [18,19]; (c) The ‘hopping’ and ‘jumping’
mode. Hopping is repeating transient dissociation and re-association at only one DNA site [20].
Jumping is repeating dissociation and re-association from one DNA site to another or from one port to
another port on a single DNA stretch [2,21,22]; (d) The intersegmental transfer mode. In this mode,
the protein relocates from one site of DNA to another site by heterotrimeric complex formation [14].
It can elucidate the binding with condensed DNA. In addition, numerous theoretical and experimental
investigations have shown that in scenarios where there is a vast excess of accessible DNA to which
DNA binding proteins have nonspecific affinity, the protein search process can be efficient if they
alternate rounds of 1D sliding while binding nonspecifically and rounds of three-dimensional (3D)
diffusion between different sections of DNA [23–26]. The p53–DNA binding can be a model system to
shed light on protein binding mechanisms since it is a key protein subject to facilitated diffusion, where
both the 3D diffusion and 1D sliding of p53 have been demonstrated by single-molecule fluorescence
microscopy [14,19].

The p53–DNA binding is influenced significantly by the presence of metal ions. Some toxic metal
ions (i.e., mercury, cadmium, copper) bind to DNA, resulting in disruption of the p53 conformation and
the DNA-binding activity. Some other metal ions, such as magnesium and zinc ions, play an important
role in p53 and DNA interactions for stabilizing the structure of the protein and enhancing its affinity
to DNA. For example, zinc coordination is thought to be necessary for the proper folding of the p53
core domain, and absence of zinc greatly reduces or abrogates p53–DNA binding and transactivation
of target genes [27,28]. Magnesium ions could bind to the p53 DBD protein and enhance the DNA
non-specific binding affinity of the p53 DBD [29,30]. Magnesium ions also stabilize the structure
of the protein [29]. Studies with cultured cells and animal models have shown that magnesium
ions can influence p53 expression and have impact on the tumor suppressing function of p53, hence
tumorigenesis [31]. The results are consistent with the extensive computational studies [32].

Atomic force microscopy (AFM) is a convenient tool in biological application since it works in
air or liquid conditions which enables it to measure native biological samples in physiological-like
conditions [33,34]. Meanwhile, it allows for investigation of structural, mechanical, chemical, and
functional properties of many biological samples ranging from DNA, RNA, and protein, to subcellular
structures dynamically at single-molecule level [35]. In numerous studies, AFM imaging has been
applied to demonstrate protein-induced changes in DNA morphology [36–39]. It is also a powerful
technique for imaging protein–DNA complexes at high resolution [40,41]. For example, it revealed the
dynamic interaction between p53 and DNA in solution [2], and provided detailed information on the
binding efficiency and spatial distribution of p53 along DNA [1].

In the present study, we imaged the p53–DNA complex at various p53 concentrations and
ion conditions to investigate the influence of metal ions on the interaction between p53 and DNA.
We found that divalent magnesium ions significantly stimulated the binding of the protein to DNA
in a sequence-independent manner, and high concentrations of magnesium ions can promote p53
aggregation and lead to the self-assembly networks of DNA and p53 proteins. The results support
the facilitated diffusion mechanism of p53–DNA binding in a mode of combined 3D diffusion and
1D sliding.
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2. Results and Discussion

2.1. AFM Imaging of DNA and p53 Protein Samples

In previous study of p53 and DNA interaction, Tris and Hepes are usually used as the
buffers [2,42,43]. Thus, we performed the imaging of 20,000 bp DNA incubated in the buffer of Tris and
Hepes, respectively, with AFM. The AFM images of free DNA are shown in Figure 1a,b, in which DNA
exhibited similar uniformly-spread relaxed conformations. Despite some variability in the amount of
DNA remaining on the mica surface after rinsing, the morphology of the observed DNA was consistent
among all images. The uniform spread of DNA molecules on the mica can be attributed to overall
repulsive interactions among the negatively charged DNA molecules, as reported previously [44].
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Figure 1. Atomic force microscopy (AFM) images of DNA and p53 (height images, 1.5 µm × 1.5 µm).
(a) AFM images with control DNA molecules in relaxed conformations, respectively. The environment
of the solution is 5 mM Hepes, 3 mM MgCl2, pH 7.5, and the concentration of DNA is 1 ng/µL; (b) AFM
images with control DNA molecules in relaxed conformations, respectively. The environment of the
solution is 5 mM Tris, 3 mM MgCl2, pH 7.5, and the concentration of DNA is 1 ng/µL; (c) AFM images
with control p53 molecules in white dot conformations, respectively. The environment of the solution
is 5 mM Hepes, 3 mM MgCl2, pH 7.5, and the concentration of p53 is 2 ng/µL; (d) AFM images with
control p53 molecules in white dot conformations, respectively. The environment of the solution is
5 mM Tris, 3 mM MgCl2, pH 7.5, and the concentration of p53 is 2 ng/µL.
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Protein p53 was prepared in the same buffer as the DNA samples and thus contained Mg2+ ions
as an essential component needed for DNA to adsorb to mica surface. AFM images of p53 revealed
small dots that most likely represented monomers of p53 consistent with the size characterization
performed on p53 and DNA preparations prior to AFM imaging (shown as Figure 1c,d). We assigned
monomer dots by measuring their sizes. The measured diameter and height of monomers are about
24 nm which is consistent with the literature, such as [45]. We can see that the diameter by AFM is
larger than the real size of a p53 monomer (~5 nm), because of the cantilever curvature, while the
height is quite close to the real quantity. The larger, irregularly-shaped signals most likely represent
protein multimers (aggregated forms of p53).

2.2. Dependence of p53–DNA Bindings on the Protein Concentration

In order to investigate the effect of protein concentration, we obtained AFM images of various
concentrations of p53 at a fixed concentration of DNA in solution. As expected, we found that the
number of p53 proteins binding to DNA grew with increasing concentration of p53 protein, which is
shown in Figure 2. From Figure 2a–e, we fixed the concentration of DNA to 1 ng/µL and increased the
concentration of p53 from 1 to 3 ng/µL in increments of 0.5 ng/µL.

In Figure 2, we can see that the number of p53 proteins binding to DNA increase monotonically
with increasing concentration of p53 in solution. Meanwhile, it is notable that the heights of
p53–DNA complexes on the mica surface elevate slightly from Figure 2a–e: from 0.289 ± 0.008 nm
(a); to 0.348 ± 0.019 nm (b); to 0.660 ± 0.103 nm (c); to 0.740 ± 0.196 nm (d) and to 1.007 ± 0.153 nm
(e). When the concentration of p53 in solution continues to increase to some threshold, we can find
the phenomenon of saturation, which means all binding sites of DNA are occupied by p53. The
threshold value is about 4 ng/µL when the concentration of DNA is fixed to1 ng/µL, which is shown
in Figure 3a, where p53–DNA complexes form many loops. On the other hand, we can quantitatively
measure DNA length and p53 size with equipped image analysis software. For example, as shown
in Figure 3b,c, we obtained that the contour length of 20,000 bp DNA was 6.07 ± 0.209 µm, and p53
size was 0.022 ± 0.0047 µm. Therefore, we estimated that the maximum number of 20,000 bp DNA
binding site occupied by p53 is 276, approximately, which corresponds to 45 proteins per µm DNA.

Based on a large number of AFM images of p53–DNA complexes, we obtained the mean values of
number of p53 proteins for 1 µm DNA at various concentration p53, listed in Table 1. From the values,
we fitted the logistic function about the dissociation constant Kd by the least-squares method, and
found that its value is 328.02 nmol/L. In the same ion condition, the Kd of the monomer is much more
than the tetramer’s, in other words, the binding affinity of monomer is much less than the tetramer’s.
This might be partly the reason for transcriptional activation by the p53 tetramer rather than the
monomer in cells.

To solidify the findings from the experiment above, we replaced 20,000 bp DNA with 5000 bp
DNA and repeated the experimental procedure. The results are shown in Figure 4, which shows the
same tendency of the quantities of p53 binding to 20,000 bp DNA. The mean values of the number of
p53 proteins adhering to 1 µm DNA at various concentration p53 are listed in Table 2, corresponding
to an approximate same Kd as the results of p53 and 20,000 bp DNA.
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Figure 2. AFM images of p53 and 20,000 bp DNA (height images, 1.5 µm × 1.5 µm), when the 
concentration ratio of p53:DNA is 1:1, 1.5:1, 2:1, 2.5:1, 3:1, respectively. Meanwhile, the concentration 
of p53 and DNA are (a) 1 and 1 ng/µL; (b) 1.5 and 1 ng/µL; (c) 2 and 1 ng/µL; (d) 2.5 and 1 ng/µL; (e) 
3 and 1 ng/µL, respectively. The environment of the solution is 5 mM Hepes, 3 mM MgCl2, pH 7.5. 

Figure 2. AFM images of p53 and 20,000 bp DNA (height images, 1.5 µm × 1.5 µm), when the
concentration ratio of p53:DNA is 1:1, 1.5:1, 2:1, 2.5:1, 3:1, respectively. Meanwhile, the concentration
of p53 and DNA are (a) 1 and 1 ng/µL; (b) 1.5 and 1 ng/µL; (c) 2 and 1 ng/µL; (d) 2.5 and 1 ng/µL;
(e) 3 and 1 ng/µL, respectively. The environment of the solution is 5 mM Hepes, 3 mM MgCl2, pH 7.5.
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measure with image J Software, respectively. 
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Figure 3. (a) AFM images of p53 and 20,000 bp DNA (height images, 1.5 µm × 1.5 µm), when the
concentration of p53 and DNA are 4 and 1 ng/µL, respectively; (b),(c) are DNA length and p53 size
measure with image J Software, respectively.

Table 1. The mean quantities and probability of p53 adhering to 1 µm DNA, corresponding to the
concentration ratios of p53 and DNA.

The Concentration
Ratio of p53 and DNA

p53 Molar
Concentration (nmol/L)

The Quantity of p53 Adhering
to DNA (/µm DNA)

Probability of DNA Binding
Site Occupied by p53

0 0 0 0
1:1 18.867 0.8 ± 0.2 0.018 ± 0.005

1.5:1 28.3005 1.6 ± 0.5 0.036 ± 0.011
2:1 37.734 2.9 ± 0.6 0.064 ± 0.013

2.5:1 47.1675 4.9 ± 0.9 0.11 ± 0.021
3:1 56.601 10.2 ± 1.6 0.23 ± 0.037
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Figure 4. AFM images of p53 and 5000 bp DNA (height images, 1.5 µm × 1.5 µm), when the
concentration ratio of p53:DNA is 1:1, 2:1, 3:1, respectively. Meanwhile, the concentration of p53
and DNA are (a) 1 and 1 ng/µL; (b) 2 and 1 ng/µL; (c) 3 and 1 ng/µL, respectively. The environment
of the solution is 5 mM Hepes, 3 mM MgCl2, pH 7.5.
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Table 2. Mean quantities and probability of p53 adhering to 1 µm 5000 bp DNA, corresponding to the
concentration ratios of p53 and 5000 bp DNA.

The Concentration
Ratio of p53 and DNA

p53 Molar
Concentration (nmol/L)

The Quantity of p53 Adhering
to DNA(/µm DNA)

Probability of DNA Binding
Site Occupied by p53

0 0 0 0
1:1 18.867 4.2 ± 1.8 0.093 ± 0.040
2:1 37.734 6.2 ± 4.9 0.137 ± 0.110
3:1 56.601 6.3 ± 3.8 0.139 ± 0.084

2.3. p53–DNA Binding in the Influence of Magnesium Ions

Magnesium ions have significantly influenced the p53 sliding on DNA. When the concentration
of Mg2+ is low, i.e. 0–3 mM, the concentration of Mg2+ would regulate the velocity of p53 sliding on
DNA. When the concentration of Mg2+ increases, the velocity of p53 sliding on DNA would increase
clearly [43]. In the present AFM investigation of magnesium ion effect on p53–DNA binding, we
fixed both concentrations p53 and DNA to 1 ng/µL. The AFM images of p53–DNA complexes in
solutions of different magnesium ion concentrations are shown in Figure 5. Before the complexes were
adsorbed on mica surfaces, they were incubated in the solution containing 1, 3, 5, 8 and 10 mM MgCl2,
respectively, the corresponding images are shown in Figure 5a–e. From Figure 5a–c, we can see that
the number of p53 proteins binding to DNA increases with the concentration of magnesium ions. On
the other hand, we noticed that the size of some p53–complexes grows simultaneously with Mg2+

concentration even though the concentration of p53 is fixed. From this observation, we deduce that
magnesium ions enhance the nonspecific binding of p53 to DNA, resulting in the increasing number of
p53–DNA complexes, and/or p53 itself aggregating, indicated by the growing size of some complexes.

When we increase the concentration of Mg2+ further, some transitions happen. For example,
when the solution contained 8 mM Mg2+ (or 10 mM Mg2+), we found that some p53–DNA complexes
condensed and aggregated (shown as Figure 5d or Figure 5e). The agglomeration degree of p53–DNA
complexes was enhanced as the concentration of magnesium increased. This can be explained
as follows: magnesium ions weaken the binding of p53 to DNA and accelerate its sliding along
DNA. Meanwhile, the sliding proteins aggregate along DNA and self-assemble to form DNA–p53
network structures. By volume estimation, we infer that one aggregation usually consists of at least
3 monomers and up to more than 20. In the 5-mM magnesium ion condition, many p53 proteins
form a large aggregate. When the ion concentration increases further, p53 proteins assemble along
DNA and the network structures forms, appearing smaller in lateral dimension. Therefore, p53,
adjusted by magnesium ions, induced DNA condensation occurrence and p53–DNA self-assembly.
p53 also promotes DNA to form networks when the concentration of Mg2+ was more than 8 mM.
In previous works, Mg2+ was thought to be unable to facilitate DNA condensation and aggregation.
The effect of Mg2+ on p53–DNA interaction has not been systematically determined, even though
it has been proposed that the p53 core domain was rarely observed to adhere to supercoiled DNA
at a Mg2+ concentration higher than 0.5 mM [43]. Thus, we deduced that Mg2+ may enhance the
p53–DNA aggregation and self-association property. These images provide new insights about
p53–DNA interactions and the effect of divalent cation on p53–DNA interaction. We focus on the
non-specific binding to DNA and aggregation of p53, similar with those of Reference [13]. The reference
demonstrated that p53 causes looping of DNA by connecting multiple regions of the relaxed DNA,
while we emphasize the influence of magnesium on p53 aggregation and self-assembly along DNA.
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Figure 5. AFM images of p53 and 20,000 bp DNA, when the concentration ratio of p53 and DNA is 1:1
(height images, 1.5 µm × 1.5 µm). Meanwhile, the concentrations of p53 and DNA are 1 ng/µL and
1 ng/µL, respectively. The environment of the solution is 5 mM Hepes, pH 7.5 containing (a) 1 mM
MgCl2; (b) 3 mM MgCl2; (c) 5mM MgCl2; (d) 8 mM MgCl2; (e) 10 mM MgCl2, respectively.

Molecular self-assembly is a powerful approach to fabricate supramolecular architectures.
Self-assembled structures on surfaces have been made from hydrogen-bonded systems [46]. Our results
suggest p53 may regulate DNA self-assembly to inhibit oncogene occurrence.



Int. J. Mol. Sci. 2017, 18, 1585 9 of 14

Based on the above observations, we can construct a feasible model of p53–DNA binding with the
influence of magnesium ions, which is shown in Figure 6. The binding process consists of two steps:
(a) some p53 spontaneously associates non-specifically to a segment of DNA by Brownian movement or
electrostatic interaction. In the presence of magnesium ions, free p53 proteins in solution integrate with
those already adhered to DNA, repeatedly; (b) Meanwhile, p53 can attract each other and aggregate
to form a larger particle under the magnesium ion effect. The larger p53 aggregations can also bind
a DNA segment in a non-specific manner, as we have seen in Figure 5b,c. In the solution with a high
concentration of magnesium ions, the p53–DNA complexes link each other to spontaneously form
a self-assembly structure, resulting in large-scale networks, as shown in Figure 5d,e. The binding and
aggregation might also occur simultaneously.
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one DNA molecule by Brownian movement or electrostatic interaction. Secondly, the other free p53
molecules integrate with some p53 molecules adhering on one DNA, under a certain magnesium effect.
And, the other free p53 molecules integrate with p53 adhering on one DNA, repeatedly. Thirdly, some
p53 molecules adhering to DNA connect with the other p53 adhering to DNA, forming large-scale
networks; (b) Initially, some p53 molecules integrate with other p53, under the magnesium effect.
After that, some p53 aggregations adhere to one DNA molecules. Finally, p53 makes it possible
to spontaneously link p53 under the magnesium effect, forming large-scale networks, repeatedly.
Note that: (a) is related to the top part of protein (small yellow beads in the right of first line); (b) is
related to the bottom part of protein (big yellow beads in the right of first line).

Although our measurements were completed in vitro, the results may have some bearing
in vivo, especially for the relation between the aggregation of p53 and tumor occurrences. The total
concentration of Mg2+ in mammalian cell ranges between 14 and 20 mM, and the concentration of
free Mg2+ is 0.5–0.7 mM [47]. The free part of Mg2+ has no significant effect on p53 aggregation.
However, p53 aggregation might occur if most magnesium ions release in some extreme conditions.
Our experiments show that the self-assembly of p53–DNA not only depends on the concentration of
p53, but also on the existence of magnesium ions. Magnesium ions in solution promote the binding of
p53 to DNA non-specifically to form many p53–DNA complexes. It has been shown that magnesium
ions can accelerate p53 sliding on DNA in a manner of Brownian motion under conditions of high
magnesium ion concentration [43]. When two complexes collide along DNA, they form an aggregation,
implying a process of nucleation-growth. The procedure repeats and finally a network structure of
p53–DNA forms. An alternative mechanism is that p53 binds to two parts of DNA and forms a higher
order of aggregation. In conditions of high magnesium ion concentration, even if p53 concentration
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is relatively low, p53 and DNA are still able to aggregate and self-assemble. Actually, there is strong
proof for the intracellular aggregation of mutant p53 in cancers [48,49]. p53 aggregation promotes
tumor progression and affects a variety of basic functions of RNA transcription, translation, and the
cytoskeleton. Furthermore, inhibition of p53 aggregation can activate the pro-apoptotic function of the
p53 protein. In addition, p53 aggregation can promote chemoresistance, and has been used as a new
marker for chemoresistance [50]. Therefore, we infer that high concentrations of magnesium ions may
be related with the occurrence of tumors.

3. Materials and Methods

3.1. DNA and Human p53 Protein

Plasmid DNA (20,000 bp/5000 bp) (Fermentas/Thermo Fisher Scientific, Burlington, ON, Canada)
was purchased from Thermo Scientific and used without further purification. As received from the
manufacturer, the 20,000 bp/5000 bp DNA stock solution had a concentration of 500 ng/µL. The solvent
was 1× TE buffer, which was composed of 10 mM Tris-HCl, pH 7.6, and 1 mM EDTA. Human p53
protein was purchased from Sigma-Aldrich (St. Louis, MO, USA), and the concentration of which
was 200–600 ng/µL. The p53 stock solution contained 50 mM sodium phosphate and 50 mM NaCl
in pH 7.5. The p53 human-recombinant protein was expressed in Escherichia coli and purified by two
chromatographic steps: affinity chromatography and gel filtration chromatography. And, the final
purified p53 was checked on an SDS-PAGE with more than 90% purity. The DNA binding activity of
p53 was examined using an electrophoretic mobility shift assay.

Water was deionized and purified by a Millipore system (Millipore Corporation, Billerica, MA,
USA) and had a conductivity less than 1 × 10−6 Ω−1·cm−1. Mica adsorbing DNA and p53 proteins for
AFM imaging was cut into approximately 1.0–1.5 cm2 square pieces and their surfaces were always
freshly cleaved before use. Other chemical agents were all purchased from Sigma-Aldrich and used
as received.

The pH value of ions and buffer solution was adjusted by adding hydrochloric acid to the stock
buffer, and were measured by a Sartorius Basic pH meter PB-10 (Sartorius AG, Gottingen, Germany).

3.2. AFM Sample Preparation

3.2.1. DNA and p53 Samples

The DNA samples were prepared by incubating DNA (at the initial stock concentration of
500 ng/µL) in 5 mM Hepes buffer with 3 mM MgCl2 (pH 7.5). The addition of divalent ions, such
as Mg2+, to the buffer helps is to help the negatively charged DNA adsorb to mica surfaces [37,44].
DNA samples of 200 µL and of concentration 1 ng/µL containing 5 mM Hepes and 3 mM MgCl2
(pH 7.5) were incubated in ice for more than 30 min in fridge at 0 ◦C. After incubation, 30 µL of the
DNA solution was deposited on a freshly cleaved mica surface (1 cm × 1 cm), and incubated for 3 min
to allow DNA to adsorb to the mica substrate. The mica surface with DNA was lightly rinsed about
15 times with 50 µL of deionized water to remove excess molecules and subsequently dried with a
gentle nitrogen flow prior to AFM imaging.

The protein samples with p53 protein were prepared from stock concentrations of 200–600 ng/µL,
using the same buffer that was used in preparation of the DNA samples to dilute to protein
concentrations in the range of 1.6–2.4 ng/µL before AFM imaging. The sample preparation of p53 for
AFM imaging follows the similar protocol as for DNA.

3.2.2. p53–DNA Complex Samples

The p53–DNA complex samples were prepared by incubating stock solutions of p53 protein with
the DNA stock solution in the same buffer for DNA and protein. Briefly, 0.8 µL of p53 protein and
0.4 µL of DNA stock solutions were mixed in 198.8 µL buffer containing 5 mM Hepes and 3 mM
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MgCl2 (pH 7.5) to form 200 µL of p53–DNA solution. The final concentrations of p53 protein and
DNA in the solution were 1.6–2.4 and 1 ng/µL, respectively. Experiments were performed by mixing
different amounts of p53 with the DNA solution. The samples were incubated in ice at 0 ◦C for more
than 30 min prior to depositing onto freshly cleaved mica surfaces. A drop of 30 µL of the p53–DNA
solution was used to deposit on mica surface for 3 min, and then the surface was gently rinsed about
15 times with 50 µL of deionized water to remove excess molecules and subsequently blown dry with
a gentle nitrogen gas.

3.3. AFM Imaging of p53–DNA Complexes

After placing in air for 2–4 h, the prepared samples were scanned by AFM (JPK Nano Wizard
III, Berlin, Germany) in AC mode. A 125 µm-long and 30 µm-wide and 4 µm-thickness silicon
AFM probe with aluminum coating, spring constant 42 N/m, and resonance frequency of 320 kHz
(NCHR-50, NanoWorld Corporation, Neuchâtel, Switzerland) was used. All images were captured
from a 1.5 µm × 1.5 µm viewing area on the sample by a scan rate of 1.0 Hz. Each image was
512 × 512 pixels (4–6 nm/pixel). For each sample, 3–10 images were acquired from different regions
within it.

Raw images were pre-processed by the equipped JPK Data Processing Software version 4.2
(JPK AG, Berlin, Germany) to eliminate the drift and to normalize the data [51]. Measurements of
the morphologies observed on the final digitized images were performed with the same Software [2].
About 20 DNA molecules were analyzed for each mica sample from different 1.5 µm × 1.5 µm areas.
We then counted the number of p53 molecules binding to DNA in different concentration ratios of
p53:DNA in AFM images and obtained the mean values in corresponding to concentration ratios.
The variance between the twenty samples did not exceed 20%.

4. Conclusions

In summary, we have investigated the influence of magnesium ions on the interaction between
p53 and DNA. We found that Mg2+ significantly stimulates the binding of the protein to DNA in a
sequence-independent manner, different from that of zinc ions, which is in a sequence-specific manner.
We also found that a high concentration of magnesium ions can promote p53 aggregation and the
formation of self-assembly networks of DNA and p53 proteins. From our observations, we surmise
that a high concentration of magnesium ions might be an affecting factor in the occurrence of cancers.
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Role of tumor suppressor p53 domains in selective binding to supercoiled DNA. Nucleic Acids Res. 2002, 30,
4966–4974. [CrossRef] [PubMed]

13. Igarashi, C.; Murata, A.; Itoh, Y.; Subekti, D.R.G.; Takahashi, S.; Kamagata, K. DNA garden: A simple method
for producing arrays of stretchable DNA for single-molecule fluorescence imaging of DNA binding proteins.
Bull. Chem. Soc. Jpn. 2016, 90, 34–43. [CrossRef]

14. Kamagata, K.; Murata, A.; Itoh, Y.; Takahashi, S. Characterization of facilitated diffusion of tumor suppressor
p53 along DNA using single-molecule fluorescence imaging. J. Photoch. Photobio. C 2017, 30, 36–50. [CrossRef]

15. Berg, O.G.; Blomberg, C. Association kinetics with coupled diffusion : III. Ionic-strength dependence of the
lac repressor-operator association. Biophys. Chem. 1978, 8, 271–280. [CrossRef]

16. Winter, R.B.; Von Hippel, P.H. Diffusion-driven mechanisms of protein translocation on nucleic acids. 2.
The escherichia coli lac repressor-operator interaction: Equilibrium measurements. Biochemistry 1981, 20,
6948–6960. [PubMed]

17. Terakawa, T.; Kenzaki, H.; Takada, S. p53 searches on DNA by rotation-uncoupled sliding at C-terminal tails
and restricted hopping of core domains. J. Am. Chem. Soc. 2012, 134, 14555–14562. [CrossRef] [PubMed]

18. Leith, J.; Tafvizi, A.; Huang, F.; Uspal, W.; Doyle, P.; Fersht, A.; Mirny, L.; Van Oijen, A. Sequence-dependent
sliding kinetics of p53. Proc. Natl. Acad. Sci. USA 2012, 109, 16552–16557. [CrossRef] [PubMed]

19. Tafvizi, A.; Mirny, L.A.; van Oijen, A.M. Dancing on DNA: Kinetic aspects of search processes on DNA.
ChemPhysChem 2011, 12, 1481–1489. [CrossRef] [PubMed]

20. Widom, J. Target site localization by site-specific, DNA-binding proteins. Proc. Natl. Acad. Sci. USA 2005,
102, 16909–16910. [CrossRef] [PubMed]

21. Melero, R.; Valle, M. Electron microscopy studies on the quaternary structure of p53 reveal different binding
modes for p53 tetramers in complex with DNA. Proc. Natl. Acad. Sci. USA 2011, 108, 557–562. [CrossRef]
[PubMed]

22. Halford, S.E.; Marko, J.F. How do site-specific DNA-binding proteins find their targets? Nucleic Acids Res.
2004, 32, 3040–3052. [CrossRef] [PubMed]

23. Blainey, P.C.; van Oijen, A.M.; Banerjee, A.; Verdine, G.L.; Xie, X.S. A base-excision DNA-repair protein finds
intrahelical lesion bases by fast sliding in contact with DNA. Proc. Natl. Acad. Sci. USA 2006, 103, 5752–5757.
[CrossRef] [PubMed]

24. Elf, J.; Li, G.W.; Xie, X.S. Probing transcription factor dynamics at the single-molecule level in a living cell.
Science 2007, 316, 1191–1194. [CrossRef] [PubMed]

25. Hu, T.; Grosberg, A.Y.; Shklovskii, B.I. How proteins search for their specific sites on DNA: The role of DNA
conformation. Biophys. J. 2006, 90, 2731–2744. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/ijms17050708
http://www.ncbi.nlm.nih.gov/pubmed/27187358
http://dx.doi.org/10.3390/ijms18050928
http://www.ncbi.nlm.nih.gov/pubmed/28452953
http://dx.doi.org/10.1073/pnas.220252297
http://www.ncbi.nlm.nih.gov/pubmed/11035798
http://dx.doi.org/10.1074/jbc.M002509200
http://www.ncbi.nlm.nih.gov/pubmed/10993878
http://dx.doi.org/10.1101/gad.7.12b.2565
http://www.ncbi.nlm.nih.gov/pubmed/8276239
http://dx.doi.org/10.1016/S0092-8674(00)81871-1
http://www.ncbi.nlm.nih.gov/pubmed/7813439
http://dx.doi.org/10.1093/nar/gkf616
http://www.ncbi.nlm.nih.gov/pubmed/12434001
http://dx.doi.org/10.1246/bcsj.20160298
http://dx.doi.org/10.1016/j.jphotochemrev.2017.01.004
http://dx.doi.org/10.1016/0301-4622(78)80010-6
http://www.ncbi.nlm.nih.gov/pubmed/6274381
http://dx.doi.org/10.1021/ja305369u
http://www.ncbi.nlm.nih.gov/pubmed/22880817
http://dx.doi.org/10.1073/pnas.1120452109
http://www.ncbi.nlm.nih.gov/pubmed/23012405
http://dx.doi.org/10.1002/cphc.201100112
http://www.ncbi.nlm.nih.gov/pubmed/21560221
http://dx.doi.org/10.1073/pnas.0508686102
http://www.ncbi.nlm.nih.gov/pubmed/16287970
http://dx.doi.org/10.1073/pnas.1015520107
http://www.ncbi.nlm.nih.gov/pubmed/21178074
http://dx.doi.org/10.1093/nar/gkh624
http://www.ncbi.nlm.nih.gov/pubmed/15178741
http://dx.doi.org/10.1073/pnas.0509723103
http://www.ncbi.nlm.nih.gov/pubmed/16585517
http://dx.doi.org/10.1126/science.1141967
http://www.ncbi.nlm.nih.gov/pubmed/17525339
http://dx.doi.org/10.1529/biophysj.105.078162
http://www.ncbi.nlm.nih.gov/pubmed/16461402


Int. J. Mol. Sci. 2017, 18, 1585 13 of 14

26. Gowers, D.M.; Wilson, G.G.; Halford, S.E. Measurement of the contributions of 1d and 3d pathways to the
translocation of a protein along DNA. Proc. Natl. Acad. Sci. USA 2005, 102, 15883. [CrossRef] [PubMed]

27. Hainaut, P.; Milner, J. A structural role for metal ions in the “wild-type” conformation of the tumor suppressor
protein p53. Cancer Res. 1993, 53, 1739–1742. [PubMed]

28. Butler, J.S.; Loh, S.N. Structure, function, and aggregation of the zinc-free form of the p53 DNA binding
domain. Biochemistry 2003, 42, 2396–2403. [CrossRef] [PubMed]

29. Xue, Y.; Wang, S.X. Effect of metal ion on the structural stability of tumour suppressor protein p53
DNA-binding domain. J. Biochem. 2009, 146, 193–200. [CrossRef] [PubMed]

30. Xue, Y.; Wang, S.; Feng, X. Influence of magnesium ion on the binding of p53 DNA-binding domain to
DNA-response elements. J. Biochem. 2009, 146, 77–85. [CrossRef] [PubMed]

31. Muir, J.K.; Raghupathi, R.; Emery, D.L.; Bareyre, F.M.; Mcintosh, T.K. Postinjury magnesium treatment
attenuates traumatic brain injury-induced cortical induction of p53 mrna in rats. Exp. Neurol. 1999, 159,
584–593. [CrossRef] [PubMed]

32. Wang, T.; Shao, X.; Cai, W.; Xue, Y.; Wang, S.; Feng, X. Predicting the coordination geometry for Mg2+ in
the p53 DNA-binding domain: Insights from computational studies. Phys. Chem. Chem. Phys. 2011, 13,
1140–1151. [CrossRef] [PubMed]

33. Drake, B.; Prater, C.B.; Weisenhorn, A.L.; Gould, S.A.C.; Albrecht, T.R.; Quate, C.F.; Cannell, D.S.;
Hansma, H.G.; Hansma, P.K. Imaging crystals, polymers, and processes in water with the atomic force
microscope. Science 1989, 243, 1586–1589. [CrossRef] [PubMed]

34. Bustamante, C.; Rivetti, C.; Keller, D.J. Scanning force microscopy under aqueous solutions. Curr. Opin.
Struct. Biol. 1997, 7, 709–716. [CrossRef]

35. Alessandrini, A.; Facci, P. Afm: A versatile tool in biophysics. Meas. Sci. Technol. 2005, 16, 65–92. [CrossRef]
36. Wang, Y.; Ran, S.; Yang, G. Single molecular investigation of DNA looping and aggregation by restriction

endonuclease bspmi. Sci. Rep. 2014, 4, 5897. [CrossRef] [PubMed]
37. Cassina, V.; Seruggia, D.; Beretta, G.L.; Salerno, D.; Brogioli, D.; Manzini, S.; Zunino, F.; Mantegazza, F.

Atomic force microscopy study of DNA conformation in the presence of drugs. Biophys. Struct. Mech. 2011,
40, 59–68. [CrossRef] [PubMed]

38. Leng, F.; Chen, B.; Dunlap, D.D. Dividing a supercoiled DNA molecule into two independent topological
domains. Proc. Natl. Acad. Sci. USA 2011, 108, 19973–19978. [CrossRef] [PubMed]

39. Murugesapillai, D. DNA bridging and looping by hmo1 provides a mechanism for stabilizing
nucleosome-free chromatin. Nucleic Acids Res. 2014, 42, 8996–9004. [CrossRef] [PubMed]

40. Wang, Y.; Ran, S.; Man, B.; Yang, G. DNA condensations on mica surfaces induced collaboratively by alcohol
and hexammine cobalt. Colloids Surf. B Biointerfaces 2011, 83, 61–68. [CrossRef] [PubMed]

41. Wang, Y.; Ran, S.; Man, B.; Yang, G. Ethanol induces condensation of single DNA molecules. Soft Matter
2011, 7, 4425–4434. [CrossRef]

42. Tafvizi, A.; Huang, F.; Fersht, A.R.; Mirny, L.A.; van Oijen, A.M. A single-molecule characterization of p53
search on DNA. Proc. Natl. Acad. Sci. USA 2011, 108, 563–568. [CrossRef] [PubMed]

43. Murata, A.; Ito, Y.; Kashima, R.; Kanbayashi, S.; Nanatani, K.; Igarashi, C.; Okumura, M.; Inaba, K.; Tokino, T.;
Takahashi, S. One-dimensional sliding of p53 along DNA is accelerated in the presence of Ca2+ or Mg2+ at
millimolar concentrations. J. Mol. Biol. 2015, 427, 2663–2678. [CrossRef] [PubMed]

44. Liu, Z.; Li, Z.; Zhou, H.; Wei, G.; Song, Y.; Wang, L. Imaging DNA molecules on mica surface by atomic force
microscopy in air and in liquid. Microsc. Res. Tech. 2005, 66, 179–185. [CrossRef] [PubMed]

45. Tidow, H.; Melero, R.; Mylonas, E.; Freund, S.M.V.; Grossmann, J.G.; Carazo, J.M.; Svergun, D.I.; Valle, M.;
Fersht, A.R. Quaternary structures of tumor suppressor p53 and a specific p53-DNA complex. Proc. Natl.
Acad. Sci. USA 2007, 104, 12324–12329. [CrossRef] [PubMed]

46. Liu, Y.; Guthold, M.; Snyder, M.J.; Lu, H. Afm of self-assembled lambda DNA-histone networks. Colloids Surf.
B Biointerfaces 2015, 134, 17–25. [CrossRef] [PubMed]

47. Moomaw, A. S.; Maguire, M.E. The unique nature of Mg2+ channels. Physiology 2008, 23, 275–285. [CrossRef]
[PubMed]

48. Lei, J.; Qi, R.; Wei, G.; Nussinov, R.; Ma, B. Self-aggregation and coaggregation of the p53 core fragment with
its aggregation gatekeeper variant. Phys. Chem. Chem. Phys. 2016, 18, 8098–8107. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.0505378102
http://www.ncbi.nlm.nih.gov/pubmed/16243975
http://www.ncbi.nlm.nih.gov/pubmed/8467489
http://dx.doi.org/10.1021/bi026635n
http://www.ncbi.nlm.nih.gov/pubmed/12600206
http://dx.doi.org/10.1093/jb/mvp055
http://www.ncbi.nlm.nih.gov/pubmed/19346293
http://dx.doi.org/10.1093/jb/mvp048
http://www.ncbi.nlm.nih.gov/pubmed/19297420
http://dx.doi.org/10.1006/exnr.1999.7187
http://www.ncbi.nlm.nih.gov/pubmed/10506531
http://dx.doi.org/10.1039/C0CP00678E
http://www.ncbi.nlm.nih.gov/pubmed/21076775
http://dx.doi.org/10.1126/science.2928794
http://www.ncbi.nlm.nih.gov/pubmed/2928794
http://dx.doi.org/10.1016/S0959-440X(97)80082-6
http://dx.doi.org/10.1088/0957-0233/16/6/R01
http://dx.doi.org/10.1038/srep05897
http://www.ncbi.nlm.nih.gov/pubmed/25077775
http://dx.doi.org/10.1007/s00249-010-0627-6
http://www.ncbi.nlm.nih.gov/pubmed/20882274
http://dx.doi.org/10.1073/pnas.1109854108
http://www.ncbi.nlm.nih.gov/pubmed/22123985
http://dx.doi.org/10.1093/nar/gku635
http://www.ncbi.nlm.nih.gov/pubmed/25063301
http://dx.doi.org/10.1016/j.colsurfb.2010.10.040
http://www.ncbi.nlm.nih.gov/pubmed/21094026
http://dx.doi.org/10.1039/c0sm01251c
http://dx.doi.org/10.1073/pnas.1016020107
http://www.ncbi.nlm.nih.gov/pubmed/21178072
http://dx.doi.org/10.1016/j.jmb.2015.06.016
http://www.ncbi.nlm.nih.gov/pubmed/26143716
http://dx.doi.org/10.1002/jemt.20156
http://www.ncbi.nlm.nih.gov/pubmed/15889427
http://dx.doi.org/10.1073/pnas.0705069104
http://www.ncbi.nlm.nih.gov/pubmed/17620598
http://dx.doi.org/10.1016/j.colsurfb.2015.06.026
http://www.ncbi.nlm.nih.gov/pubmed/26141439
http://dx.doi.org/10.1152/physiol.00019.2008
http://www.ncbi.nlm.nih.gov/pubmed/18927203
http://dx.doi.org/10.1039/C5CP06538K
http://www.ncbi.nlm.nih.gov/pubmed/26923710


Int. J. Mol. Sci. 2017, 18, 1585 14 of 14

49. Silva, J.L.; Cv, D.M.G.; Costa, D.C.; Rangel, L.P. Prion-like aggregation of mutant p53 in cancer. Trends
Biochem. Sci. 2014, 39, 260–267. [CrossRef] [PubMed]

50. Yang-Hartwich, Y.; Soteras, M.G.; Lin, Z.P.; Holmberg, J.; Sumi, N.; Craveiro, V.; Liang, M.; Romanoff, E.;
Bingham, J.; Garofalo, F. p53 protein aggregation promotes platinum resistance in ovarian cancer. Oncogene
2015, 34, 3605–3616. [CrossRef] [PubMed]
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