
Biophysical Journal Volume 99 December 2010 3951–3958 3951

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 
Nanotribology Results Show that DNA Forms a Mechanically Resistant 2D
Network in Metaphase Chromatin Plates
Isaac Gállego,† Gerard Oncins,‡ Xavier Sisquella,§ Xavier Fernàndez-Busquets,{ and Joan-Ramon Daban†*
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ABSTRACT In a previous study, we found that metaphase chromosomes are formed by thin plates, and here we have applied
atomic force microscopy (AFM) and friction force measurements at the nanoscale (nanotribology) to analyze the properties of
these planar structures in aqueous media at room temperature. Our results show that high concentrations of NaCl and EDTA
and extensive digestion with protease and nuclease enzymes cause plate denaturation. Nanotribology studies show that native
plates under structuring conditions (5 mM Mg2þ) have a relatively high friction coefficient (m z 0.3), which is markedly reduced
when high concentrations of NaCl or EDTA are added (m z 0.1). This lubricant effect can be interpreted considering the elec-
trostatic repulsion between DNA phosphate groups and the AFM tip. Protease digestion increases the friction coefficient
(m z 0.5), but the highest friction is observed when DNA is cleaved by micrococcal nuclease (m z 0.9), indicating that DNA
is the main structural element of plates. Whereas nuclease-digested plates are irreversibly damaged after the friction measure-
ment, native plates can absorb kinetic energy from the AFM tip without suffering any damage. These results suggest that plates
are formed by a flexible and mechanically resistant two-dimensional network which allows the safe storage of DNA during
mitosis.
INTRODUCTION
In mitotic chromosomes, each chromatid contains a single
DNA molecule (1). Typical metaphase chromatids have
a diameter of ~500 nm and a length of several micrometers
(2). These short cylinders contain extremely long DNA
molecules (2–10 cm in the case of human chromosomes).
The small cross section (~2 nm) of the DNA molecules
makes them easily fragmentable by relatively low stretching
forces (~1 nN (3)). Since the pulling force exerted by the
mitotic spindle for the separation of the sister chromatids
in anaphase is also in the nN range (4), DNA has to be pro-
tected within chromosomes. The structure of chromosomes
must be capable of avoiding any mechanical damage of
DNA during cell division.

It is known that DNA associated with histone proteins is
densely packaged in condensed chromosomes (5). The basic
structure of chromatin consists of DNA coiled around
histone octamers (6), giving rise to a nucleosome filament.
The stretching force required for nucleosome unfolding
and dissociation of histones is 20–40 pN (7–9). The nucle-
osome filament complemented with histone H1 can be
further folded into the 30-nm chromatin fiber, which may
have different compaction degrees (10–14). The pulling
force required for the decondensation of the folded chro-
matin fiber is 4–6 pN (7,15). Current models for the meta-
phase chromosome consider the 30-nm chromatin fiber to
be the starting element that is folded within the condensed
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chromatids to form larger structures such as loops (16), fiber
networks (17), or fibers with larger diameters (18).

In contrast to these fibrillar models, we found, using elec-
tron microscopy, that metaphase chromosomes are formed
by platelike structures (19). These results were obtained in
the presence of cation concentrations approaching those
found in chromosomes during mitosis (20). Chromatin fibers
are only visible in metaphase chromosomes treated with
buffers containing extremely low cation concentrations. In
agreement with these observations, Eltsov et al. (21) have re-
ported that the analysis of mitotic-cell cryosections does not
support the existence of 30-nm chromatin fibers in condensed
chromosomes. Our electron microscopy images showed that
chromosome plates can formmultilayered structures, and the
heightmeasurements indicated that each layer has a thickness
of ~6 nm. These observations and further structural studies
performed using atomic force microscopy (AFM) led us to
suggest the thin-plate model for chromatin folding in meta-
phase chromosomes (22), which proposed that chromosomes
are formed by many stacked plates oriented perpendicular to
the chromatid axis. This model allows an easy physical
explanation of the characteristic banding patterns of meta-
phase chromosomes obtained in cytogenetic studies (2,23).
Recently, using electron tomography and polarizing micros-
copy, we found that nucleosomes are irregularly oriented in
well-defined plates that occupy the entire volume of the chro-
matid (24).

AFM is a powerful tool for investigating biological samples
due to its ability to obtain images in a liquid environment at
controlled temperature, mimicking physiological conditions
doi: 10.1016/j.bpj.2010.11.015
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(25,26). On the other hand, the use of AFM as a nanomechan-
ical probe has led to the development of force spectroscopy,
which provides quantitative information about elastic and
plastic properties of the sample (27–29). We showed previ-
ously that the plates emanating frommetaphase chromosomes
can be imaged using AFM in aqueous solution (22), and we
found that in the presence of 5–20 mM Mg2þ the Young’s
modulus of plates is ~0.2 GPa and the force required for plate
penetration with the AFM tip is 4–6 nN. In this work, we used
AFM techniques to investigate the mechanical stability of
individual plates under different denaturing conditions. Plate
denaturation in aqueous media was monitored in real time at
room temperature. Furthermore, recent technical and theoret-
ical developments (30–33) have led to an increased interest in
using AFM to study friction forces at the nanoscale (nanotri-
bology). This technique is extremely sensitive to structural
changes in soft-matter planar structures (34–37). In life
sciences, nanotribology has been very useful for investigating
lipid bilayers (38,39). To obtain a more complete knowledge
of the structural and mechanical properties of the metaphase
plates, we used AFM to carry out quantitative friction force
measurements of native plates and plates in the presence of
protease and nuclease enzymes and other denaturing agents.
Our results demonstrate that DNA in plates is organized as
a 2D network with a mechanical strength that may explain
the maintenance of genetic integrity during mitosis.
FIGURE 1 Direct AFM visualization of plate denaturation. (a) Two

consecutive images of a plate before the addition of a concentrated solution

of NaCl (final concentration ~1.3 M). The image of the denatured structure

(lower) was obtained 43 min after the addition of NaCl. (b) The image at

right was obtained 13 min after the addition of a concentrated solution of

EDTA (final concentration ~6 mM). (c) Plates were completely denatured

(see image at right) 53 min after the addition of trypsin (final concentration

~0.7 mg/mL). (d) The image at right was obtained 5 min after the addition
MATERIALS AND METHODS

Metaphase chromosome plates and enzymes

Chromosomes from HeLa Cells were prepared in a buffer containing 15 mM

triethanolamine-HCl (pH 7.5), 20 mMNaCl, 80 mMKCl, 0.2 mM spermine,

0.5mMspermidine, 2mMEDTA, and 0.5mMEGTA, and purified on sucrose

step gradients in accordance with previously described procedures (19). The

gradients contained four layers of sucrose (30, 40, 50, and 60%) in 5mMPipes

(pH 7.2), 5 mMNaCl, and 5 mMMgCl2. Chromosomes were collected from

the 40–50% and 50–60% interphases and finally where extensively dialyzed

against the samebuffer used in thegradientbutwithout sucrose (in someexper-

iments, this buffer contained, in addition, 1mMEGTA; see below). Finally, the

suspension of chromosomes was passed several times through a 22-gauge

syringe needle to favor the emanation of plates from the chromatids (22).

Trypsin and micrococcal nuclease were obtained from Sigma (St Louis,

MO) and pronase from Roche (Penzberg, Germany).
of micrococcal nuclease (final concentration ~42 units/mL). In all images

the plates show their characteristic smooth surface; the large amorphous

aggregates are seen as intense white spots. Scale bars, 500 nm (a, b,

and d) and 200 nm (c).
AFM

For the visualization of plate denaturation, a 10-mL drop of the sample

prepared as described above was adsorbed on freshly cleaved mica for

5 min and washed with 2–3 mL of 5 mM Pipes (pH 7.2), 5 mM NaCl, and

5 mMMgCl2. In some experiments (Fig. 1, a and b), this solution contained

1 mM EGTA in addition. Before use, the sheets (3 � 3 mm) of mica (grade

V1; Ted Pella, Redding, CA) were glued on top of a Teflon disc (9 mm in

diameter). The different denaturing agents were added carefully (using

a long micropipette tip) to the sample during AFM scanning of the surface.

Imaging in the tapping mode was performed with an MFP-3D-BIO

microscope (Asylum Research, Santa Barbara, CA). Images were generally

obtained using silicon nitride V-shaped OMCL-TR400PSA cantilevers

200 mm long (nominal spring constant 0.02 N/m; Olympus, Tokyo, Japan),
Biophysical Journal 99(12) 3951–3958
but the images corresponding to EDTA denaturation experiments (Fig. 1 b)

were obtained with cantilevers 100 mm long (nominal spring constant

0.08 N/m). Frequency was set 5–10% lower than resonance (~13 kHz),

with a free amplitude of 1V; the set pointwas kept 20%below the free ampli-

tude. Images were obtained at room temperature.
Nanotribology

For the friction measurements, 120 mL of the sample was adsorbed on

freshly cleaved mica (grade V1; discs 9.9 mm in diameter glued to Teflon)
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for 5 min and then washed with a solution containing 5 mM Pipes (pH 7.2),

5 mM NaCl, and 5 mM MgCl2, and the indicated concentrations of dena-

turing agents. In the experiments with proteases and micrococcal nuclease,

the samples contained, in addition, 1 mM Ca2þ. In some experiments (see

Results), the denaturing agents were added directly to the sample with the

AFM tip in contact with the liquid. Friction analysis and imaging were per-

formed with a Dimension-3100 microscope (Veeco, Santa Barbara, CA)

attached to a Nanoscope-IV controller in contact mode. Depending on

the range of accessible vertical forces, we used V-shaped silicon

nitride cantilevers with a nominal spring constant of 0.08 N/m

(OMCL-TR400PSA, Olympus) or 0.32 N/m (DNP-C, Veeco). Force curves

(i.e., vertical deflection of the cantilever-versus-piezo displacement) were

obtained before acquiring topographic images; this allowed us to apply

the minimum vertical force on the surface to avoid sample damage.

Measurements were performed at room temperature. After aligning the

laser with the cantilever immersed in the aqueous solution, the system

was left to thermally equilibrate for ~30 min. To avoid changes of the

photodiode sensitivity, the tip was rinsed with the appropriate buffer

without being removed from the AFM holder. After the addition of concen-

trated solutions of NaCl and EDTA, there was a 15-min wait for cantilever

equilibration before the beginning of the friction measurement.

Vertical spring constants of individual cantilevers were calibrated using

the thermal noise method (40). These measurements were performed

with an MFP-1D atomic force microscope (Asylum Research). To obtain

quantitative friction values, the lateral force calibration (41) was performed

using a wedge-shaped silicon oxide calibration grating (TGG01, Mikro-

Masch, Wilsonville, OR). Raw data analysis was performed with MATLAB

(The MathWorks, Natick, MA) scripts provided by R. Carpick’s laboratory

(42); the scripts were used to generate friction-versus-load data sets (i.e.,

plots of lateral force versus vertical force) from Nanoscope files. For fric-

tion-versus-load measurements an ascending sawtooth waveform from an

external function generator (Agilent, Palo Alto, CA) was subtracted from

the vertical photodetector signal obtained through the breakout box of the

microscope (Veeco) using a home-made card. The resulting voltage was

used as an input signal for the feedback control to maintain a steadily

increasing normal force over the course of a friction-versus-load experi-

ment. The scanned area was set to 300 nm at 6.1 Hz, with 512 lines and

512 pixels per line. As a result, a whole friction-versus-load curve ranging

from low loads to high loads was obtained every 84 s. We chose to ramp the

load from low to high values because we wanted to study the behavior of

deposited plates as an increasing vertical force was applied.
RESULTS

Direct observation of denaturation of individual
plates caused by changing ionic conditions and
by digestion with protease and nuclease enzymes

We have previously shown (22) that plates from metaphase
chromosomes can be imaged using AFM in aqueous media
containing the structuring cation Mg2þ (5–30 mM). In the
AFM images, plates show a smooth surface and are clearly
distinguishable from the amorphous aggregates that are also
present in many preparations. Under the AFM imaging
conditions (see Methods) used in the experiments shown
in Fig. 1, native plates in 5 mM Mg2þ are stable structures
that can be imaged repeatedly without changing their
appearance, but the addition of a concentrated solution of
NaCl causes them to unfold (Fig. 1 a). This denaturation
is presumably due to the dissociation of histones that occurs
at a high ionic strength (43,44). On the other hand, the addi-
tion of EDTA also causes the denaturation of the plates
(Fig. 1 b). In this case, the removal of the Mg2þ ions
produced by the divalent cation chelator EDTA is probably
responsible for the observed unfolding.

Fig. 1 c shows the effect of trypsin digestion on the struc-
ture of the plates surrounding the big aggregates, which are
seen as intense white spots in the images. It can be observed
that individual plates become disassembled upon trypsin
digestion. Unfortunately, AFM imaging in aqueous media
does not allow the visualization of the structural details of
the resulting unfolded material. Micrococcal nuclease
also causes complete disassembly of plates (Fig. 1 d). There-
fore, it can be concluded that the enzymatic hydrolysis of
proteins and DNA has a dramatic effect on the structure
and mechanical stability of plates from metaphase
chromosomes.
Frictional properties of native plates

Fig. 2 a shows the results of a typical friction experiment
corresponding to plates under structuring conditions
(5 mM Mg2þ). It can be seen that the experimental fric-
tion-versus-vertical force curve shown in this figure has
three different regions. In region A (Fig. 2 a, center) the fric-
tion force is negligible and independent of the vertical force
applied to the plate. As in the case of lipid bilayers (39), this
lubricant behavior can be interpreted as a consequence of
the repulsive electrostatic interaction between the plate
surface and the tip. It is known that the DNA phosphate
groups in the external surface of nucleosomes are not
neutralized by histone positive charges (6,45). Thus,
presumably due to the phosphate groups of DNA, there is
a high density of negative charges in the plates that can
produce a significant repulsion of the silicon nitride tip,
which is also negatively charged (46). The discontinuity in
region B is produced when the applied vertical force is
high enough for the AFM tip to penetrate the plate surface.
In the third region (region C) the friction force increases
with the vertical force applied to the plate, giving rise to
a significant friction coefficient (m ¼ friction force/vertical
force (33)). We have performed equivalent measurements
in many different experiments, and our results show that
the friction coefficient of plates in the presence of struc-
turing ionic conditions is 0.28 5 0.09 (see Table 1). This
value is significantly higher than the friction coefficient
observed for the mica surface with the same tip under the
same ionic conditions (m¼ 0.185 0.09, n¼ 26), indicating
that after the tip penetration into the plate, the material of
the plate is responsible for the observed friction force.
This behavior was not observed in lipid bilayers (39); in
this case, the AFM tip can actually break the bilayer, and
the friction force is dominantly caused by the direct contact
between the tip and the mica surface. Thus, according to the
basic tribology theory (32–34), our results can be inter-
preted considering that native plates under structuring
ionic conditions can absorb a significant amount of the
Biophysical Journal 99(12) 3951–3958



FIGURE 2 Nanotribology analysis of meta-

phase chromosome plates in the presence of

NaCl and EDTA. (a) Images corresponding to

a native plate before and after the measurement

that produced the friction-versus-vertical force

curve shown in this figure. Images of plates treated

with ~2.9 M NaCl (b) and ~0.3 M EDTA (c) before

and after the friction measurement that produced

the curves shown in these figures. Scale bars,

250 nm.
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translational kinetic energy from the AFM tip. Since plates
are not damaged by scanning of regions of ~300 � 300 nm
(not involving the edge) performed in the friction measure-
ment (see example in Fig. 2 a, right), our results indicate
that the structure of the plate is flexible and can return to
its original conformation after the dissipation of the energy
absorbed during the friction measurement.
Changes of the frictional properties of plates
produced by high concentrations of NaCl and
EDTA

In the presence of a high concentration of NaCl, the friction-
versus-vertical force curve of the plates (Fig. 2 b) is very
different from that observed under typical structuring condi-
tions (Fig. 2 a). The discontinuity in the intermediate region
is less apparent than that observed in native plates, and the
friction coefficient observed in the presence of NaCl is
smaller (m ¼ 0.05 5 0.02; see Table 1). The dissociation
of histones produced by high salt concentrations (histones
are progressively released from 0.5 to 2.0 M NaCl
(43,44)) increases the negative charge of the plate surface,
but the screening effect of the Naþ ions simultaneously
reduces the repulsive force between the plate and the tip.
Nevertheless, according to experimental results showing
that high concentrations of NaCl produce a clear lubricant
Biophysical Journal 99(12) 3951–3958
effect, it seems that under these conditions, the resultant
repulsion between the plate surface and the tip is higher
than that observed in the typical structuring ionic
conditions.

The friction-versus-vertical force curves obtained in the
presence of EDTA (Fig. 2 c) also indicate a low friction
coefficient (m ¼ 0.12 5 0.04; see Table 1) in comparison
to native plates. The removal of Mg2þ cations from the
plates produced by the relatively high concentration of
EDTA (~0.3 M) used in these experiments is presumably
responsible for a higher repulsion between the tip and the
plate surface, leading to a significant decrease in the friction
force. In addition, since we have used the disodium salt of
EDTA, the Naþ (~0.6 M) dissociated from EDTA can
produce a screening of the negative charge of the tip and
the phosphate groups, and probably a partial dissociation
of histones, which may also contribute to some extent to
the observed changes in the frictional properties of the
plates.
Nuclease and protease digestion causes great
changes in the frictional properties of the plates

Treatment of the plates with micrococcal nuclease and with
a broad-spectrum protease (pronase) gives rise to a signifi-
cant increase in the slope of the third region of the



TABLE 1 Friction coefficients of metaphase chromosome

plates in the presence of diverse denaturing agents

Treatment* my

Native conditions 0.28 5 0.09 (n ¼ 106)

NaClz 0.05 5 0.02 (n ¼ 22)

EDTAx 0.12 5 0.04 (n ¼ 37)

Pronase{ 1/2 0.55 5 0.06 (n ¼ 7)

1/5 0.49 5 0.09 (n ¼ 14)

1/10 0.29 5 0.12 (n ¼ 12)

1/20 0.26 5 0.09 (n ¼ 33)

1/40 0.30 5 0.11 (n ¼ 26)

Nucleasek 1/10 0.75 5 0.09 (n ¼ 6)

1/40 0.91 5 0.08 (n ¼ 4)

1/100 1.19 5 0.24 (n ¼ 6)

1/500 0.56 5 0.20 (n ¼ 10)

1/850 0.16 5 0.05 (n ¼ 7)

1/5000 0.30 5 0.04 (n ¼ 4)

*All measurements were performed in aqueous solutions containing 5 mM

Naþ and 5 mM Mg2þ and the indicated denaturing agents.
yValues listed correspond to the mean 5 SD obtained from the indicated

number (n) of independent measurements obtained from different plates.
zConcentrated solution of NaCl was added directly to the sample in the

microscope to a final concentration of ~2.5 M.
xEDTA was also added directly to the sample to a final concentration of

~0.3 M.
{Sample adsorbed on mica was treated with the indicated dilutions of

a concentrated solution of pronase (~1 mg/mL).
kSame procedure used for treatment with micrococcal nuclease as for pro-

nase, with dilutions of concentrated solution (~126 units/mL) indicated.
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friction-versus-vertical force curves (Fig. 3 and Table 1).
The friction coefficient calculated from the curves corre-
sponding to plates digested with pronase is twofold higher
than that observed for native plates under the same struc-
turing ionic conditions. A much higher increase of the fric-
tion coefficient is observed in the plates treated with
micrococcal nuclease. Using intermediate dilutions of
nuclease (see Table 1), the observed friction coefficient is
approximately fourfold higher than that found for native
plates. Furthermore, after the friction measurements of
plates treated with nuclease, the region scanned by the
AFM tip became completely disassembled (Fig. 3 a, right;
note the clear hole of ~300 � 300 nm produced by the
AFM tip). This complete denaturation of the scanned region
was observed with nuclease dilutions up to 1/40. More
diluted nuclease solutions generally did not cause any
apparent damage of the plate but yielded very high friction
coefficients (m ¼ 1.19 5 0.24 using a nuclease dilution of
1/100; see Table 1).

These results can be interpreted considering that both
protease and nuclease produce denaturation of the plate
structure. The resulting denatured plates absorb more energy
from the scanning tip than the native plates, and conse-
quently, there is an increase of the friction coefficient.
Friction increases with nuclease concentration up to
a maximum value observed with a nuclease dilution of
1/100; higher nuclease concentrations produce relatively
lower friction (see Table 1). This suggests that above a certain
level of DNA breakage, the cohesion of the network within
the plate is severely damaged, causing a decrease in the
observed friction force. Furthermore, the irreversible struc-
tural changes observed under these digestion conditions indi-
cate that in these samples, part of the energy absorbed from
the tip is used for a permanent plastic deformation of the
scanned region.

Our findings, which show that 1), the highest increase in
the friction coefficient is observed in plates treated with
nuclease; and 2), plates are severely damaged by the AFM
tip during the friction measurement performed after
nuclease digestion (but not after pronase digestion), indicate
that DNA is the main structural element of the plates. The
cleavage of DNA produced by nuclease leads to a dramatic
change of the mechanical properties of the plates that cannot
be achieved either by protein digestion or by treatment with
high concentrations of NaCl and EDTA.
DISCUSSION

The chromosomes used in our study were prepared in the
presence of polyamines at a concentration (0.2 mM sper-
mine and 0.5 mM spermidine) similar to that currently
used for the preparation of nucleosomes and chromatin
(47). For the preparation of plates, chromosomes were
further purified and extensively dialyzed in buffers contain-
ing 5 mMMg2þ. We have previously shown, using different
microscopy techniques, that plates are the dominant compo-
nent of the compact chromatids obtained in the presence of
polyamines or Mg2þ (19,22,24). In this study, neither chro-
mosomes nor plates were fixed with glutaraldehyde or
organic media. We applied AFM imaging and lateral force
spectroscopy to analyze the mechanical properties of indi-
vidual plates from metaphase chromosomes in aqueous
media. Under the scanning conditions used in our imaging
experiments, we observed that high concentrations of
NaCl and EDTA produce plate unfolding. This behavior is
consistent with the well-known properties of chromatin
considered above. The decrease of the friction coefficient
of plates in the presence of NaCl and EDTA can be inter-
preted considering the increase of the net negative charge
of the plate surface produced by these treatments. These
results do not rule out the possibility that plates could be
produced artifactually during chromosome preparation,
but they indicate that plates show the typical behavior of
structures formed by condensed chromatin.

Under the structuring ionic conditions used in this work,
the plates are mechanically stable. Native plates show a rela-
tively high friction coefficient, but there is no sign of any
structural alteration of native plates in 5 mM Mg2þ after
the scanning performed in the friction measurements.
Protease digestion causes a significant increase of the fric-
tion coefficient, but the highest friction is produced by
nuclease digestion. Even diluted nuclease solutions yield
high friction coefficients, indicating that DNA cleavage
leads to a severe alteration of the plate, which may absorb
Biophysical Journal 99(12) 3951–3958



FIGURE 3 Nanotribology analysis of meta-

phase chromosome plates treated with nuclease

and protease enzymes. (a, left and middle) The

plate was treated with micrococcal nuclease

(~6 units/mL) and imaged (middle) after the

measurement that produced the orange curve in

the friction-versus-vertical force plot (inset). After

the readdition of nuclease (final concentration

~13 units/mL), the red curve was obtained; the

image obtained after this friction measurement is

shown at right. (b) Images corresponding to plates

treated with 1/20 and 1/5 dilutions of a concen-

trated solution of pronase (~1 mg/mL) after the

friction measurements that produced the black

and green curves, respectively (inset). Scale bars,

250 nm (a) and 500 nm (b).
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more energy from the scanning tip than the plates digested
with protease. The absence of any apparent alteration in
the structure of native plates does not exclude the possibility
that DNAmay be broken during nanotribology experiments.
However, since the cleavage of DNA by nuclease produces
a high increase in the friction coefficient in comparison to
native plates, presumably in undigested plates the level of
DNA breakage is very low. In addition, plates treated with
higher concentrations of nuclease are irreversibly denatured
after the friction measurement. Thus, it can be concluded
from these results that DNA is the main element responsible
for the mechanical strength of the plates. Micromechanical
studies performed with whole chromosomes in aqueous
solution treated with protease (48) and nuclease (17)
enzymes also indicate that the mechanical integrity of
mitotic chromosomes is mainly due to DNA.

In addition, as indicated in the Introduction, it has to be
taken into account that individual DNA molecules can be
broken with pulling forces of ~1 nN (3), but in nanotribol-
ogy experiments, we applied higher lateral forces (up to
~5 nN) without producing any detectable damage to the
undigested plates (Fig. 2 a). The observed relatively high
Biophysical Journal 99(12) 3951–3958
friction coefficient of native plates indicates that the internal
structure of the plates makes it possible for the energy ab-
sorbed from the AFM tip to dissipate without causing any
apparent damage. The tip scanning causes reversible struc-
tural changes in the plate, presumably including a transient
unfolding of nucleosomes. Furthermore, since the pulling
force required for nucleosome disassembly is very small
(see Introduction (7–9)), the scanning could even produce
histone dissociation. In fact, many studies indicate that
nucleosomes are dynamic structures that can adopt different
conformations and may have different histone compositions
(49,50). According to our results, after the passage of the tip,
the original structure must be recovered. Early studies per-
formed with purified DNA and histones (44,51,52) demon-
strated that there are rapid spontaneous reactions for
nucleosome reassociation and folding. These reactions
have intermediates formed by partially assembled nucleo-
somes and nucleosomes containing excess histones, which
could be transiently produced in the friction experiments.
Therefore, we can conclude that DNA forms a 2D network
in plates and that DNA is the fundamental element holding
the structure together. Our findings also indicate that at the
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same time, the dynamic mechanical properties of the entire
planar structure protect DNA against breakage. Our results
suggest that in native chromosomes the good flexibility
and mechanical strength of the plates could be an effective
mechanism to protect the integrity of whole genomic DNA
during mitosis. In addition to the protection of the covalent
bonds of DNA, the reversible recovery of plate structure
observed after friction scanning with high lateral forces
suggests that the good mechanical properties of the plates
may contribute to maintenance of the whole chromosome
structure during anaphase.

In this work, we have demonstrated that nanotribology,
a technique originally devoted to the study of materials of
technological interest, can be successfully applied to study
very complex biomolecular structures such as metaphase
chromatin plates. On the other hand, considering the great
interest in nanostructures generated by taking advantage
of the self-assembly properties of DNA (53–57), the good
mechanical characteristics of the DNA-protein films studied
in this work could be useful for future development of new
biologically inspired materials.
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