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ABSTRACT: The dynamics of chromatin provides the access to DNA within nucleosomes, and therefore, this
process is critically involved in the regulation of chromatin function. However, our knowledge of the large-
range dynamics of nucleosomes is limited. Answers to the questions, such as the range of opening of the
nucleosome and the mechanism via which the opening occurs and propagates, remain unknown. Here we
applied single-molecule time-lapse atomic force microscopy (AFM) imaging to directly visualize the dynamics
of nucleosomes and identify the mechanism of the large range DNA exposure. With this technique, we are able
to observe the process of unwrapping of nucleosomes. The unwrapping of nucleosomes proceeds from the
ends of the particles, allowing for the unwrapping of DNA regions as large as dozens of base pairs. This
process may lead to a complete unfolding of nucleosomes and dissociation of the histone core from the
complex. The unwrapping occurs in the absence of proteins involved in the chromatin remodeling that require
ATP hydrolysis for their function, suggesting that the inherent dynamics of nucleosomes can contribute to
the chromatin unwrapping process. These findings shed a new light on molecular mechanisms of nucleosome
dynamics and provide novel hypotheses about the understanding of the action of remodeling proteins as well
as other intracellular systems in chromatin dynamics.

The dynamics of the nucleosome core particle (NCP),' a
fundamental unit of chromatin, is a key property of chromatin,
providing access to the DNA wrapped around the histone core of
the protein. These NCP dynamics are also important in accom-
plishing the other numerous functions of chromatin. Studies
performed over the past decade led to the discovery of a class of
proteins, the exclusive role of which is to regulate the DNA
accessibility within the chromatin (e.g., reviews (/—3)). These
specialized remodeling machines unwrap the DNA from the
histone core to provide the access to the DNA regions inside the
nucleosome. This discovery led to the view in which nucleosomes
themselves are considered rather stable particles with limited
dynamics, so the nucleosome unwrapping process is performed
by remodeling protein complexes in an ATP-dependent fashion
(3, 4). The reconciliation of this model with the energetic costs
required for the unwrapping of DNA from the nucleosome
core particle led to the model in which remodeling proteins
use the ATP hydrolysis energy to unwrap only a segment of the
nucleosomal DNA, creating a bulge and then moving that bulge
along the histone like a ratchet (3). At the same time, recent
studies performed with the use of various techniques, including
single-molecule approaches, led to the realization that nucleo-
somes are quite dynamic rather than static systems. Therefore,
the inherent dynamics should be taken into account in attempting
to understand the nucleosome unwrapping process. Single-
molecule fluorescence and time-resolved techniques showed that
nucleosomes undergo local dissociation of DNA in the absence of
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remodeling proteins (5—1/), and this process occurs on the
subsecond time scale (8, /0). Previously, AFM imaging was
applied to the characterization of chromatin structure at the
nanoscale level (/2—15). The AFM sample preparation is so
gentle that AFM enables the study of chromatin structure
omitting the rather traditional glutaraldehyde fixation procedure
of the sample (/6). As a result, the comparison of fixed and
unfixed samples led the authors to the conclusion about the high
dynamic feature of nucleosomes. However, a number of ques-
tions remained unanswered. What is the range of the local
dynamics of nucleosomes? Is a non-ATP-dependent unwrapping
of nucleosomes possible? What are the factors facilitating the
large-scale opening and unwrapping of nucleosomes? To answer
these questions, we used a single-molecule time-lapse AFM
approach capable of detecting the dynamics of molecular systems
at the single-molecule level (17—19). Previously, this capability of
time-lapse AFM enabled us to follow the dynamics of supercoiled
DNA (20), including the dynamics of cruciform structures (2/),
and to directly test the models of the Holliday junction branch
migration (22, 23). The development of high-speed AFM, with
the ability to perform time-lapse AFM imaging at speeds much
faster than those of traditional AFM techniques, is also nota-
ble (24, 25). Given the capability of time-lapse AFM to image the
dynamics of molecular systems at nanoscale, we applied this
method to study the dynamics of mononucleosome samples. We
were able to directly visualize large-scale dynamics of nucleo-
somes, accompanied with unwrapping of long DNA regions,
followed by the complete unwrapping of DNA from the histone
core, and the dissociation of nucleosome particles. The possibility
of unwrapping nucleosomes in the absence of the ATP-depen-
dent chromatin remodeling proteins under low-salt conditions is
a feature of nucleosomes, dramatically facilitating the DNA
accessibility problem and prompting new models of the regula-
tion of the nucleosome unwrapping process.

©2009 American Chemical Society
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MATERIALS AND METHODS

Reconstitution of the Histone Octamer. Reconstitution of
NCP was performed according to the procedure described in
refs 26 and 27. Briefly, the human recombinant histones H2A,
H2B, H3, and H4 (New England Biolab, Ipswich, MA) were
concentrated on a Microcon spin column (MW 3000, Millipore,
Billerica, MA) and dissolved in unfolding buffer (UB) containing
6 M guanidine chloride, 20 mM Tris-HCI (pH 7.5), and 5 mM
DTT. The concentration of each histone protein was measured
by the absorbance spectra at 276 nm. After incubation for 1 h at
room temperature, all four histone proteins were mixed in an
equimolar ratio and diluted up to 1 mg/mL with refolding buffer
(RB), containing 2 M NaCl, 10 mM Tris-HCI (pH 7.5), | mM
EDTA, and 5 mM 2-mercaptoethanol. After the precipitated
protein had been removed by centrifugation for 10 min at
12700g, the sample were loaded on a Superdex 200 PG column
(Pharmacia), which was pre-equilibrated with RB at 4 °C. The
fraction corresponding to the histone octamer was collected,
mixed with 50% (v/v) glycerol, and stored at —20 °C.

Assembly of Nucleosomes. The template for the nucleosome
assembly was a 353 bp DNA fragment, containing stable
sequence 601 (147 bp) for histone octamer binding (28) flanked
by regions of 79 and 127 bp. The complete sequence of the DNA
fragment is given as Supporting Information. The DNA was
obtained by PCR amplification of plasmid pGEM3Z-601 with
the following primers: 5-CGG CCA GTG AAT TGT AAT
ACG-3 and 5-CGG GAT CCT AAT GAC CAA GG-3'. To
reconstitute nucleosomes, the histone octamer was mixed with
DNAina 1:1 molar ratio in a buffer containing 10 mM Tris-HCI
(pH 7.5) and 2 M NaCl and incubated for 30 min at room
temperature. The mixture underwent a series of dilutions re-
quired by the protocol described in refs 26 and 27. The dialysis
with three subsequent changes of the buffer, containing 10 mM
Tris-HCI (pH 7.5) and 0.2 M NaCl, was performed at 4 °C with a
1 h incubation time at each step followed by overnight dialysis
against the same buffer. The formation of NCP was controlled by
the gel electrophoresis (5% PAGE) and AFM imaging in air.

AFM Imaging Methodology. The 1-(3-aminopropyl)sila-
trane (APS mica) (23, 29, 30) was used as a substrate for AFM
imaging. The procedure for mica modification has been described
previously (4). For experiments in air, NCPs in a buffer contain-
ing 10 mM Tris-HCI (pH 7.5) and 4 mM MgCl, were deposited
on APS mica for 2 min, rinsed with deionized water (Aquamax
Laboratory Water System, Aquamax Laboratory, Van Nuys,
CA), and dried with argon gas. The images were collected on a
NanoScope I11d system (Veeco, Santa Barbara, CA) operating in
tapping mode in air. Tapping mode etched silicon probes (TESP,
Veeco) with a spring constant of 42 N/m and a resonant
frequency between 270 and 320 kHz were used. The scan rate
was 1.7 Hz. For experiments in liquid, the NCP sample in a buffer
containing 10 mM Tris-HCI (pH 7.5) and 4 mM MgCl, was
injected directly into the flow cell, avoiding the drying step.
Images were acquired by using a NanoScope IIld system
operating in tapping mode in liquid using the protocols described
previously (20—23). NP probes (NP, Veeco) with a spring
constant of 0.06 N/m were used. The resonant peak at ca. 8
kHz was optimal for operation in aqueous solutions. Before the
engagement, the initial parameters such as scan size and offset of
the microscope were set to 0, and a piezo drive amplitude of
~100 mV (varied between 80 and 200 mV, corresponding to
2—7 nm of amplitude), a scan rate of ~1.5 Hz, and a set point
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voltage of ~0.4 V were typically used. Typically, the drive
amplitude was 2—3 times smaller than the initially selected value,
but the values below 30 mV did yield stable images. The set point
values were adjusted to the maximal stable values manually
during scanning to maintain the high-resolution image and
minimize the tip sweeping effect (20). The continued scanning
over the selected area (~800 nm x ~800 nm image size) was
performed to follow the dynamics of NCP, and images were
recorded with a density of 512 x 512 points. Note that practically
each deposited sample provided the images illustrating the high
degree of reproducibility of the APS mica methodology (31, 32).
Additional sample depositions in almost 100% of the cases were
due to the need to replace the tip. Image processing for measuring
the DNA contour length, arm lengths, the angle between DNA
arms, and the protein volume was performed using Femtoscan
(Advanced Technologies Center, Moscow, Russia) and is de-
scribed in refs 30 and 33.

AFM Data Analysis. To estimate the number of DNA turns
wrapped around the histone core from the length measurements,
we used the following parameters for nucleosomes: 147 bp DNA
is wrapped around the histones core making 1.7 turns (34, 35) .
The following equation for the dependence of the number of
DNA turns around the histone core on arm length was used to
calculate the number of turns for the NS:

number of turns = 0.035 Ly rapped around the core
= 0.035[CL —(Lqmi + Lam2)] (1)

where CL is the contour length of free DNA and L, and Ly
are the lengths of short and long DNA arms, respectively. The
angles between the arms were measured by drawing tangents to

the section of the arms comprising 10 nm of the arm starting from
the blob (30, 36).

RESULTS

The DNA template designed for this work was the fragment of
353 bp DNA containing 147 bp nucleosome positioning 601
sequence (7), flanked with two regions of different lengths, 79 and
127 bp. Such a design, similar to an early cryo-electron micro-
scopy study (37), allowed us to map the nucleosome position and
correlate it with the binding of the histone core to the central 147
bp region. Depending on the number of DNA turns around the
histone core, the complex will adopt different morphologies
schematically shown in Figure 1. The initial design corresponds
to the complex with one turn, and four other schemes correspond
to the complexes with 1.25, 1.5, 1.75, and 2 turns. All designs
correspond to the uniform wrapping of both arms starting at the
position in the center of the 147 bp region, so the lengths of the
arms gradually decrease upon the DNA wrapping while the size

Nucleosome . .
schematics @-
Number of
DNA turns 1 1.25 1.5 1.75 2

Rotation angle for

long arm, deg 0 90 180 270 360
Length of wrapped
DNA. bp 86 108 130 151 173

FIGURE 1: Schematics for nucleosome particles with different num-
bers of DNA supercoiling turns around the histone core.
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of the nucleosome core is increasing. In addition, DNA wrapping
is accompanied by a change in the interarm angle. We assign a
value of zero to the rotation angle to the position of the long arm
for the complex with one turn. The design with 1.25 DNA turns is
characterized by a rotation angle of 90°. Therefore, the complexes
with 1.5, 1.75, and 2 turns have rotation angles of 180°, 270°, and
360°, respectively. These parameters were used in the procedure
of assigning the NCP structure.

The nucleosome sample prepared as described above was
deposited onto APS mica, rinsed, dried, and imaged with AFM
in air. Note that the sample was prepared without glurataldehyde
cross-linking. A typical AFM image of such samples is shown in
Figure 2. The nucleosomes are clearly seen on these images as
bright blobs with the DNA arms at both sides of the particle;
however, the morphology of the particles is different. The yield of
nucleosomal particles as shown in this image was ca. 60%. We
marked the complexes with identical morphologies with the same
numbers. The arms for particles marked as 1 are crossed. The
arms are almost parallel for particles labeled as type 2, whereas
the angle between the arms for particles labeled as type 3 is 180°.
These images can be interpreted in terms of the different number
of DNA turns around the histone core, and using the schematics
in Figure 1, we assigned groups 1, 2, and 3 to particles with 1.75,
1.5, and 1 DNA turn, respectively. Note as well that blobs of
NCP type 3 are less bright compared to those of types 1 and 2,
suggesting that type 3 particles have the fewest DNA turns. AFM
provides the height of the topographic images in addition to the
lateral sizes, allowing one to calculate the volume values of the
particles. The volume measurements were critical for analyses of

FIGURE 2: AFM image taken in air of the nucleosome samples.
Nucleosomes marked with numbers 1.7, 1.4, and 1.0 correspond to
NCPs with ~1.7, ~1.4, and ~1.0 turn of DNA wrapped around the
core particle, respectively.
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the protein stoichiometry of various specific protein—DNA
complexes (30, 33). The dependence of the proteins’ volume on
their size obtained for proteins of different sizes is shown as a plot
in Figure SO. The linearity of this plot justifies the use of the AFM
volume values to estimate the protein molecular weight and was
used for structural characterization of NCP. We interpret the
variability of the particle size as an indication of NCP unwrap-
ping, and on the basis of these data, we conclude that nucleo-
somes in solution are dynamic and capable of large-scale
unwrapping. Thus, AFM imaging of non-cross-linked NCP
samples in air revealed the structural heterogeneity of the
particles, and we hypothesize that this heterogeneity reflects the
inherent dynamics of NCP. To test this hypothesis and look
directly at the dynamics of NCP in solution, we employed the
AFM capability to perform imaging in aqueous solutions using
time-lapse imaging of nondried NCP samples.

In time-lapse AFM mode, we performed continuous scanning
over a selected area and followed the morphology changes of
individual NCPs over time. The sample was deposited on APS
mica and imaged without the drying step. The use of a functio-
nalized APS mica surface allowed us to perform time-lapse
experiments without restrictions to the composition of the buffer,
and this methodology provided almost 100% reproducibil-
ity (2123, 29). Several dozen time-lapse data sets were obtained
and analyzed without any bias to the set. These experiments
revealed different pathways, and the data below show the
examples for each of these pathways. The imaging frames
illustrating the dynamics of one selected NCP particle are shown
in figures, and sets of frames arranged as movie files for each data
set appear as Supporting Information.

Figure 3 shows the images and the data for a pathway
characterized by two-step changes of the NCP. The frame-by-
frame images are shown in Figure 3A, and the set of images
assembled as a movie appears as Supporting Information (M1
file). Initially, the NCP with short arms of DNA slightly changes
its conformation (frames 1 and 2) and then unwraps in frame 3.
The NCP retains its geometry over three frames in a row (frames
3-5). Then, between frames 5 and 6, it loosens, unwraps, again in
frame 6, stays unchanged in frame 7, and finally undergoes full
dissociation in frame 8. This data set shows also that the NCP
dynamics is accompanied by elongation of both DNA arms and a
decrease in the size of the blob as well a change in the interarm
angle. As we mentioned above (see Materials and Methods),
these parameters were used for the characterization of the NCP
geometry in each frame.

The values of arm length, depending on the frame number, are
plotted in Figure 3B. The graphs show that, over time, arms
increase in length. The arm lengths were used for calculation of
the number of DNA turns within the nucleosome for each frame,
and the data are shown in Figure 3C (triangles, black line). This
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FIGURE 3: Two-step unwrapping process. (A) Consecutive AFM images of nucleosomes with the two-step unwrapping process, taken during
continuous scanning in the buffer. Each frame is 200 nm. (B) Dependence of arm length on frame number. (C) Dependence of the number of DNA
turns around the core calculated from arm lengths (black) and from angles between DNA arms (red) on frame number. The dependence of
nucleosome volume on frame number is shown in blue (right Y-axis). Each frame takes ~170 s to scan.
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FIGURE 4: One-step unwrapping process. (A) Consecutive AFM images of nucleosomes with one-step unwrapping, taken during continuous
scanning in the buffer. The scan size is 100 nm. (B) Dependence of arm length (in nanometers) on frame number. (C) Dependence of the number of
DNA turns around the core calculated from arm lengths (black) and from angles between DNA arms (red) on frame number. The dependence of
nucleosome volume on frame number is shown in blue (right Y-axis). Each frame takes ~170 s to scan.

NCP particle initially has ~2.5 turns (frame 1), remains un-
changed in frame 2, releases ~0.75 turn in frames 3 and 4, stays
with 1.75 turns between frames 4 and 5, and then unwraps for 1.2
turns between frames 5 and 6, followed by histone core dissocia-
tion in frame 8. The number of turns was also determined using
the measurements of the interarm angles, and the data are shown
with circles (red line) in Figure 3C. This time dependence of the
DNA turns is qualitatively very similar to the previous one,
although the values of the DNA turns measured by this method
are slightly different. We consider such a pattern of nucleosome
dynamics as a two-step unwrapping process. The DNA wrapping
of the histone cores contributes to the overall volume of the NCP
particle, so we measured the volumes of NCP on each frame and
plotted these values in Figure 3C (blue squares). This plot shows
that the NCP volumes decrease over time (the number of the
frame), supporting the idea to use this parameter for the NCP
characterization. The dependence is rather smooth and does not
exhibit plateaus revealed by the two previous methods, indicating
the limited accuracy of the volume measurements for estimation
of the number of DNA turns in the NCP particle.

Figure 4 illustrates another type of NCP dynamics, one-step
gradual unfolding. Similar to the previous data set, frames of the
images are shown in Figure 4A, and an animated set appears as
Supporting Information (M2 file). The quantitative analysis of
this pathway is presented in panels B and C of Figure 4.
According to the arm length measurements (black triangles),
the NCP initially with 2.25 turns is stable for two frames, then
loses ~1 turn between frames 2 and 4, and stays with 1.5 turns for
three more frames until finally the histone core dissociates
(frame 7). Again, the NCP dynamics revealed by the angle
measurements (red circles) shows a similar pattern. The volume
change (blue solid squares) follows the pattern of the DNA
unwrapping curves.

Panels A and B of Figure 5 show the results of the analysis of
additional sets of the data for one-step and two-step unfolding
processes, illustrating the dynamics of rather stable NCP parti-
cles. The images and the data for the arm lengths are shown as
Figures S1 and S2, respectively, along with the corresponding
movie files M3 and M4 in the Supporting Information. The one-
step unfolding process of the NCP with ~2 DNA turns
(Figure 5A and movie M3) starts rather late, so the particle
remains stable during four consecutive scanning frames (frames
1—4). The unwrapping occurs between frames 4 and 6 with 1
DNA turn left followed by a complete unwrapping of the DNA
and dissociation of the histone core detected after frame 7.

Figure 5B shows the data for a rather interesting two-step
dissociation pattern (see the images in Figure S2A,B and movie
M4 in the Supporting Information). This NCP, after an initial
rapid loss of ~0.75 DNA turn (frame 2), remains stable (seven
frames), although the arms move around the core in a rather
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FIGURE 5: Dependence of the number of DNA turns around the core
calculated from arm lengths (black) and from angles between the
DNA arms (red) on frame number for two sets of the data shown in
Figures S1 and S2, respectively. The dependence of nucleosome
volume on frame number is shown in blue (right Y-axis).

broad range. Between frames 8 and 9, this NCP loses 0.25 turn
and remains very stable for another 13 frames. Final dissociation
of the histone core is seen in frame 22. Note the increase in the
number of DNA turns (~0.25 turn) between frames 12 and 14
followed by the decrease in the number of turns by the same
value. This dynamics of NCP is detected by the volume measure-
ments (filled squares).

DISCUSSION

The experiments described above show directly that NCP
particles are so dynamic that large DNA segments are capable of
unwrapping from the NCP core. This process can lead to full
dissociation of nucleosomes. In addition, these data provide
insight into the mechanism of nucleosome dynamics.

Generally, two models are considered for NCP dynamics.
According to the site exposure model, DNA spontaneously
dissociates from the core histones via unwrapping from the ends
of the nucleosome, and the results of the fluorescence studies,
including single-molecule analysis (8, 10, 11), favor the site
exposure model. Moreover, it was shown that unwrapping of
DNA is an intrinsic property of NCP, and under physiological
conditions, individual NCPs are partially unwrapped ~2—10%
of the time (2). The alternative model, known as the sliding
model, where the core moves along the template was observed
mainly in the presence of chaperones or modified histones
(e.g., refs 38 and 39).

Single-molecule time-lapse AFM data allowed us to distin-
guish between the two models. Indeed, as the histone core slides
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and/or rolls, one of the arms becomes longer and another arm
becomes shorter. Other structural parameters of NCPs, such as
the size of the nucleosome and the angle between the arms, should
remain unchanged over time. The expectations for the NCP
structure of the site exposure model are different. First, the
dissociation step is accompanied by the elongation of both arms
of the NCP. Second, because of the removal of the DNA from the
NCP core, the nucleosome particles decrease in size. Third, the
angle between the arms should vary as well. Our data, regardless
of the particular DNA dissociation pathway, reveal the same
pattern: both arms of the NCP become longer; this process is
accompanied by a decrease in the nucleosome size and a change in
the interarm angles. Therefore, the AFM data are in line with the
site exposure model. Interestingly, this model is also supported by
the imaging in air of dry NCP samples. As shown in Figure 2,
there is no same size NCP with different arm lengths that should
appear if cores are able to slide along the DNA fragment. Only
the two opposite parameters, the blob sizes and interarm angles,
are varied. We cannot exclude the possibility that the DNA
sequence contributes to this particular NCP dynamics pathways
as the stability of NCP is DNA sequence-dependent (1, 2, 10,
40—42), so the sequences other than the 601 type will follow the
sliding model. However, for the 601 DNA sequence selected for
this study, the sliding pattern has not been observed.

There is a common feature for various pathways of NCP
dissociation: the particles with ~1 DNA turn are rather unstable,
so the nucleosome should wrap more DNA or should dissociate.
The time-lapse data also provide information about the core
structure at the very last stage of the NCP unwrapping process.
Figure 3A (the two-step process) shows that a small blob remains
on the full-length DNA substrate (frames 6 and 7), disappearing
in the last frame. Similar complexes with small blobs can be seen
in Figure 4A (frames 5 and 6). These are histone cores that remain
bound to the DNA template, so we are able to estimate the
stoichiometry of the cores on the basis of the molecular weight
values obtained from the volume measurements (30, 33). This
analysis shows that the anticipated volume of the histone octamer
(108 kDa) should be in the range of 210 nm®. The size of the blob
in Figure 3C (frames 6 and 7) is smaller than this anticipated
value. Interestingly, the volumes of blobs for frames 4—6 of
Figure 4C (one-step process) are also smaller than 200 nm®,
although ~1 DNA turn remains on this particle. These observa-
tions suggest that in some NCP complexes, the histone core
undergoes partial dissociation prior to the complete DNA
unwrapping. At the same time, the volume data in panels A
and B of Figure 5 are of a different type: the sizes of blobs prior to
the dissociation are larger than 200 nm?’, suggesting that no
histone dissociation took place. Another example of the dissocia-
tion of the full core is shown in the Supporting Information
(Figure S3, one-step full dissociation, and movie file M5), and
data analyses of arm lengths, protein volumes, and numbers of
turns are shown in panels B and C of Figure S3, respectively.
Thus, these data suggest that when the DNA unwraps, different
pathways with and without partial dissociation of the histones
exist and the selection of the pathway may depend on the local
environment around each particular NCP. There is biochemical
evidence indicating that H2A—H2B dimers can be depleted (see
review 43 and also refs 2 and 16), and this process facilitates the
next DNA unwrapping step. The role of H2A—H2B histones in
NCP stability and dynamics has been revealed in the recent
single-molecule FRET experiments (44, 45), and this important
issue has been discussed recently (42).
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Thus, the time-lapse AFM data present a picture of the NCP
complexes as very dynamic biomolecular systems, in which large
DNA segments are capable of dissociating from the NCP
particle. Our hypothesis is that the observed unwrapping is due
to the thermal motion of nucleosomes rather than the AFM tip
sweeping effect. There are a number of major pieces of evidence
supporting this assumption. First, AFM images of dried samples
show a wide heterogeneity of nucleosome morphologies, and
essentially the same heterogeneity has been observed in the time-
lapse single-molecule imaging experiments. Second, for the same
sample, the unwrapping rate for nucleosomes varies over a broad
range. It can be relatively fast, so a complete unwrapping occurs
over a few frames (six frames in Figures 3 and 4) or relatively slow
with very subtle changes in DNA arms lengths (Figure 5B, frames
1—8). Note that the scanning conditions in these experiments
were identical and the same AFM tip was used. Third, we
performed experiments in which the scanned and unscanned
areas were compared. In these experiments, the large area was
scanned once, then a smaller area was selected, and continuous
scanning over this area was performed until essentially all
nucleosomes in the area dissociated. The microscope was un-
zoomed to the original large area that was rescanned. If the
nucleosome unwrapping were caused by the scanning tip only, we
would observe NCP unwrapping over the small area with little or
no change in the nucleosome morphology in the rest of the image.
The data for one of these experiments are shown in Figure S5;
these images show that unwrapped nucleosomes were observed in
both areas. Thus, the observed dissociation of nucleosomes is not
due to the tip sweeping effect. However, we cannot exclude some
“pushing” effect of the AFM tips facilitating unwrapping, as a
few nucleosomes on the unscanned area remain compared to only
one (right edge) on the scanned area.

The dynamics of nucleosomes on the 50—100 ms time scale
corresponds to the fluctuation of the DNA arms at the very edge
of the particle (8). Our AFM experiments revealed unwrapping of
much larger DNA segments, including full unwrapping of
nucleosomes. Note the recent publications in which large-scale
dynamics of NCP was detected with single-molecule FRET
(46, 47). Additional indirect evidence of the large-scale dynamics
of nucleosomes comes from the recent paper (9) in which the
dynamics of nucleosomes in vivo was probed by the DNA repair
with photolyase. These data also revealed the dynamics of
nucleosomes at the particle edges on a second time scale, but
all lesions within the nucleosome were repaired in 2 h, suggesting
that accessibility of internal regions is limited, and long times are
required for exposing remote regions within nucleosomes. If
large-scale unwrapping was required for the internal probing of
nucleosomes, the obtained data suggest that the time scale for
such a process is much larger than the time scale of seconds for
the small-range fluctuations. It was proposed recently (8) that
large-range dynamics of nucleosomes may employ a stepwise
unwrapping process in which initial unwrapping starts at the edge
of the nucleosomal DNA and moves inward. Therefore, the
movement of the unwrapped segment inside the nucleosome is a
multistep process in which unwrapping of large regions requires
long times.

Itis tempting to extract the characteristic times from the single-
molecule AFM data, but these values cannot be obtained for two
major reasons. First, the temporal resolution of the traditional
AFM instrument does not allow us to acquire the data with a rate
faster than one frame per minute. According to the data of Li
et al. (8), unwrapping occurs on the millisecond time scale.
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Therefore, special AFM techniques with considerably higher
temporal resolution are needed. Note, however, in some of the
time trajectories for the arms lengths [Figures S2B and S4B (set of
data in Figure S4 and movie file M6)], we observed wrapping/
unwrapping events suggesting that the use of an instrument with
a higher temporal resolution may enable us to visualize more
details of the NCP dynamics paths. Second, AFM is a topo-
graphic technique requiring the sample to be bound to the
surface. We used a positively charged APS mica surface that
has an elevated affinity for negatively charged DNA filaments
compared to NCP particles. However, the APS mica protocol
permits us to control the strength of the sample—surface inter-
action, allowing us to observe DNA dynamics at the surface—
liquid interface. At the same time, the interaction of the NCP
samples with the surface is the factor that may change the NCP
dynamics. We hypothesize that transiently unwrapped DNA
segments can be trapped by electrostatic interactions with the
surface, increasing the probability of the next unwrapping step.
These interactions shift the equilibrium of the unwrapping/
wrapping dynamics toward unwrapping that eventually leads
to full unwrapping of the nucleosome.

The hypothesis about the effect of electrostatic interactions on
the NCP dynamics prompts new ideas tabout potential mechan-
isms for the regulation of unwrapping of NCP within chromatin.
Large remodeling systems are involved in the regulation of
chromatin dynamics; however, the mechanism by which they
perform nucleosome unwrapping is unclear. For example, in the
wave—ratchet—wave model for ISWI remodeler, a small internal
loop is moved along the DNA within the nucleosome (3). The
requirement for a small loop was proposed to meet the energy
needs for the unwrapping process. However, the necessary energy
deficit can be provided by electrostatics. If electrostatic interac-
tions of free DNA with a positively charged surface increase the
NCP dynamics, the DNA—surface contacts provided by posi-
tively charged groups located on the surfaces of the remodeling
proteins facing the chromatin surface will shift the fluctuation
toward the unwrapping step. Our early estimates of surface
charge density of similar aminopropyl mica provided quite low
values for the positive charge density, ca. one unit per an area of
several nanometers (20), suggesting that a quite limited number
of nonspecific electrostatic in nature contacts may shift the
equilibrium toward unwrapping. In addition to remodeling
protein complexes, positive charges for the contacts with chro-
matin can be provided by intranuclear surfaces. Therefore, we
speculate that the interaction of chromatin with these surfaces
can provide an additional contribution to the chromatin dy-
namics facilitating unwrapping of the chromatin. Therefore, APS
mica can be considered as a model system for understanding the
role of electroscopic interactions between the chromatin and
intracellular membranes in the regulation of chromatin dynamics
and gene activity.
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SUPPORTING INFORMATION AVAILABLE

Full sequence of the DNA fragment studied in this paper,
dependence of the protein volume measured with AFM on
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protein molecular weight, images and graphs for different modes
of NCP dynamics (full dissociation, wrapping/unwrapping, and
one-step full dissociation), large-scale AFM images in aqueous
solution, and movie files for animated data sets of time-lapse
images. This material is available free of charge via the Internet at
http://pubs.acs.org.
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