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Abstract: Dynamics of nucleosomes and spontaneous unwrapping of DNA are fundamental property of the chromatin
enabling access to nucleosomal DNA for regulatory proteins. Probing of such dynamics of nucleosomes performed by
single molecule techniques revealed a large scale dynamics of nucleosomes including their spontaneous unwrap-
ping. Dissociation of nucleosomes at low concentrations is a complicating issue for studies with single molecule tech-
niques. In this paper, we tested the ability of 3-[(3-Cholamidopropyl)dimethylammoniol]-1-propanesulfonate (CHAPS)
to prevent dissociation of nucleosomes. The study was performed with mononucleosome system assembled with
human histones H2A, H2B, H3 and H4 on the DNA substrate containing sequence 601 that provides the sequence-
specific assembly of nucleosomes. We used Atomic Force Microscopy (AFM) to directly identify nucleosomes and
analyze their structure at the nanometer level. These studies showed that in the presence of CHAPS at millimolar
concentrations, nucleosomes, even at sub-nanomolar concentrations, remain intact over days compared to a com-
plete dissociation of the same nucleosome sample over 10 min in the absence of CHAPS. Importantly, CHAPS does
not change the conformation of nucleosomes as confirmed by the AFM analysis. Moreover, 16 yM CHAPS stabilizes
nucleosomes in over one hour incubation in the solution containing as low as 0.4 nM in nucleosomes. The stability of
nucleosomes is slightly reduced at physiological conditions (150 mM NaCl), although the nucleosomes dissociate
rapidly at 300 mM NaCl. The sequence specificity of the nucleosome in the presence of CHAPS decreased suggesting
that the histone core translocates along the DNA substrate utilizing sliding mechanism.
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Introduction

Dynamics of nucleosomes is one of fundamen-
tal problems underlining molecular mechanism
of regulation of chromatin activity. DNA is tightly
packed within chromosomes but free DNA is
required for accomplishing all genetic processes
[1]. Accessibility of DNA within nucleosomes,
fundamental units of chromatin, is provided by
remodeling systems [2], but this process can be
facilitated by inherent dynamics of nucleosomes
[3]. Single molecule approaches of various
types were instrumental in characterization of
the nucleosomes dynamics and stability using
single molecule florescence [4-10], single mole-
cule probing [11, 12] and Atomic Force Micros-
copy (AFM) imaging [13-16]. Note in this regard
recent studies with the use of time-lapse obser-
vations enabling direct observation of the dy-
namics and unwrapping of nucleosomes [17-
19].

The stability of nucleosomes is an important
issue for numerous biophysical studies and sin-
gle molecule studies in particular. Reconstituted
chromatin remains stable at low ionic strength,
but dissociates if the concentration of nu-
cleosomes is in the nanomolar range [8, 9, 20-
24]. At the same time, single molecule ap-
proaches are typically performed at very low
concentration of nucleosomes, and spontane-
ous dissociation of nucleosomes impedes these
studies. It was recently shown that the stability
of mononucleosomes was increased in the pres-
ence of non-ionic detergent Nonidet P-40 (NP-
40) [8]. However, the dissociation occurs at ele-
vated ionic strengths, so the nucleosomes are
unstable at conditions close to physiological
ones [8, 21, 25]. In a number of works, a zwit-
terionic  detergent, 3-[(3-Cholamidopropyl)
dimethylammonio]-1-propanesulfonate
(CHAPS), was successfully used for stabilization
of various protein-DNA complexes (e.g., [26]). In
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the early work [26], 0.5 % CHAPS was able to
stabilize complexes between DNA and DNA-
binding factors such as AP-1, SP1, GATA-1 and
o-regulated factor ISGF3 involved in the regula-
tion of constitutive, tissue-specific and inducible
genes. Importantly, proteins in complexes stabi-
lized by CHAPS retain their biochemical activity
[27-30]. Given such attractive properties of
CHAPS, we have tested whether it is capable to
stabilize nucleosomes in diluted solutions in-
cluding the sub-nanomolar range.

Here, we report that CHAPS indeed prevents
dissociation of mononucleosomes diluted to
sub-nanomolar concentrations. The particles
remain intact over days compared to a com-
plete dissociation over a 10 min period in the
absence of CHAPS. Importantly, the conforma-
tion of nucleosomes analyzed by high-resolution
AFM remains unchanged. In addition, nu-
cleosomes in 0.4 nM concentration remain sta-
ble over one hour incubation in the solution con-
taining as low as 16 yM CHAPS. The stability of
nucleosomes is slightly reduced at physiological
conditions, although the nucleosomes dissoci-
ate rapidly at 300 mM NaCl. The sequence
specificity of the nucleosome in the presence of
CHAPS decreased enabling the translocation of
the histone core along the DNA substrate. This
and other effects of CHAPS are discussed.

Materials and methods
Preparation of nucleosomal DNA

DNA for nucleosome assembly similar to the
previous studies was generated by PCR using
plasmid pGEM3Z-601 as a template, which
codes for a high-affinity nucleosome positioning
sequence [31].

Histone octamer assembly and purification

Histone octamers were assembled as described
in [32]. Octamers were separated from tetramer
and dimer fractions with size-exclusion chroma-
tography (SEC) with Superdex 200 PC 3.2/30
column (GE Healthcare) at 4°C. SEC fractions
were analyzed for purity and histone stoichiome-
try using SDS-PAGE. Fractions containing his-
tones H2A, H2B, H3 and H4 in approximately
equal ratios were pooled and concentrated by
centrifugation at 10,000 g.

Nucleosome refolding

Nucleosomes were prepared as described [32,
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33]. Briefly, histone octamers and DNA contain-
ing the nucleosome positioning sequence were
mixed in equimolar concentrations in 2 M NaCl
and kept for 30 min at room temperature. A
series of dilutions was prepared by using 10
mM Tris HCI to produce final concentrations of
1 M, 0.67 M, and 0.5 M NaCl. Diluted samples
were kept at 4°C for 1 h before dialysis against
one change of volume of 0.2 M NaCl overnight.
Nucleosomes were concentrated using Micro-
con centrifugal filter device, MWCO 10,000 at
7,000g for 10 min at 4°C and dialyzed against
one change of 200 ml of buffer containing 10
mM HEPES-NaCl, pH 7.5, and 1 mM EDTA for
3h at 4°C.

Atomic force microscopy

Freshly cleaved mica was modified with 167 yM
solution of 1-(3-aminopropyl)-silatrane (APS) for
30 min at room temperature to make APS-mica
as described [32, 34, 35]. The nucleosome
stock solution was diluted into 10 mM Tris-HClI,
pH 7.5, 4 mM, MgCl2> buffer and 5 pl of the solu-
tion were deposited on APS-treated mica for 3
minutes, washed with deionized water and dried
under argon flow. AFM images were collected
on NanoScope llld system (Veeco/Digital Instru-
ments, Santa Barbara, CA) as described in [32,
35].

Measurement of nucleosome parameters

The samples deposited on APS mica were ana-
lyzed with Femtoscan Online software. The fol-
lowing five parameters were measured: length
of each DNA arm, angle between arms (interarm
angle), height of nucleosome core particle and
diameter as width of nucleosome core particle
at half height [32]. The length of DNA was
measured with FemtoScan Online software. The
length of wrapped DNA was measured by sub-
tracting the sum of both DNA arms from the
length of uncomplexed DNA. The contour length
of the DNA substrate was obtained by measur-
ing naked DNA molecules appearing on the im-
ages along with nucleosomes. The mean value
for the contour length was assigned to the maxi-
mum of Gaussian fitting for the histogram ob-
tained for the dataset not less than 100 mole-
cules (Figure S1, supporting information). The
measured value yields for the length conversion
coefficient value of 0.33 nm/bp. The number of
DNA turns was calculated from the length meas-
urements on the crystallographic data according
to which 147 bp DNA makes 1.65 turns around
the histone core.
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Figure 1. AFM-images of nucleosomes imaged (a) immediately after dilution of the stock solution, (b) 5 min incuba-
tion and (c) 30 min incubation at the temperature 0°C. Scale bars are 100 nm.

Results

Time-dependent dissociation of nucleosomes in
diluted solutions

The nucleosome sample stock solution (240
nM) stored at 0°C was diluted to the concentra-
tion 0.4 nM with 10 mM HEPES (pH 7.5), 4 mM
MgCl> and the diluted sample was deposited
onto APS-mica after the incubation at 0°C dur-
ing specific times for AFM imaging. Figure 1
shows the typical AFM images of nucleosomes
(0.4 nM) corresponding to the incubation for O
min, 5 min and 30 min. The initial sample
(Figure 1a) primarily consists of nucleosomes
appearing as filaments with bright round fea-
tures (blobs) and DNA arms at both sides of the
particle. The incubation during 5 min (Figure 1b)
leads to a substantial loss of nucleosome parti-
cles accompanied with accumulation of naked
DNA. There are two nucleosomes in addition to
three naked DNAs in this frame compared to
the previous image that has only nucleosomal
particles with no free DNA. Additional incuba-
tion for 30 min leads to almost complete disso-
ciation of nucleosomes, so primarily naked DNA
appears on the AFM images (Figure 1c). The
AFM images were used to calculate the percent-
age of nucleosomes for each sample and the
dependence of the percentage of the nu-
cleosomes on the incubation time is shown in
Figure 2a. This plot shows that the number of
nucleosomes decays exponentially with a char-
acteristic time of 9.7 min. Note that the initial
sample (zero incubation time) contained ~ 80%
nucleosomes (as shown in Figure l1a) contains
~20% of free DNA.
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Dissociation of nucleosomes in the presence of
CHAPS

Similar experiments were performed for the
nucleosome sample diluted in the same buffer
solution, but containing CHAPS. In contrast with
fast dissociation of nucleosomes in the previous
experiments, the AFM images of nucleosomes
incubated in the presence of 4.8 mM CHAPS for
several hours are indistinguishable from the
original sample and were similar to ones shown
above in Figure 1a. AFM imaging was performed
for the samples incubated for different times up
to 120 hours; the yield of nucleosomes for each
incubation time was calculated from these im-
ages and the data are plotted in Figure 2b. This
graph shows that there is no noticeable disso-
ciation of nucleosomes after 1 hour of incuba-
tion. Even the 2-hour incubation period leads to
the drop of only few percent of initial nu-
cleosomes. Importantly, more than 70% of ini-
tial numbers of nucleosomes remain intact after
incubation for 120 hours.

We tested whether a lower concentration of
CHAPS works. Graph in Figure 2¢ shows the
results obtained at three times less concentra-
tion of CHAPS. The difference between this
sample and the previous one is only noticeable
after the long-term incubation times. There is a
loss of the nucleosomes after the incubation for
120 hours, but more than 50% of initial nu-
cleosomes remain intact by that time. Surpris-
ingly, the stabilization effect of CHAPS is still
high at concentration of CHAPS as low as 16 yM
(Figure 2d) that is 100 times less than the one
shown in the previous data set. According to

Int J Biochem Mol Biol 2011:2(2):129-137
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Table 1. Number of DNA turns wrapped around histone octamer in nucleosomes incubated with and

without CHAPS at different times at 0°C

0 min 5 min

1h 2h 48 h

0.4 nM NCP solution 1.62+0.03  1.57+0.02

0.4 nM NCP solution 1.62+0.01  1.58+0.04
with 1.6 mM CHAPS

1.59+0.01  1.59+0.01  1.60+0.01  1.58+0.02

this plot, there is no noticeable loss of nu-
cleosomes after the 1 hour incubation period.

Effect of CHAPS on the structure of
nucleosomes

To answer the question of whether CHAPS
changes the structure of nucleosomes, we ana-
lyzed the morphology of nucleosomes using
approaches described earlier [32]. One of the
parameters characterizing the structure of nu-
cleosomes is the number of DNA turns around
the histone octamer (nucleosomal turns). We
have previously shown [17, 32] that AFM imag-
ing is capable of measuring the number of nu-
cleosomal turns using three different parame-
ters of nucleosomes, the lengths of the DNA
arms, the angle between the arms and the vol-
ume of the nucleosome blobs. Here, we primar-
ily used the first parameter, the lengths of the
DNA arms. Briefly, the lengths of the arms were
measured directly from the AFM images such as
ones shown in Figure 1, the values for each nu-
cleosome were subtracted from the mean
length of naked DNA measured on the same
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Figure 2. Time dependent yields of nucleosomes in
0.4 nM nucleosome solutions at 0°C containing dif-
ferent CHAPS concentrations: a - 0 mM CHAPS (solid
circles); b - 4.8 mM CHAPS (solid squares); ¢ - 1.6
mM CHAPS (triangles); d - 16 uM CHAPS (crosses).
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images to yield the length of nucleosomal DNA.
The numbers of turns was calculated from this
value taking into account that 147 bp of nu-
cleosomal DNA make 1.65 nucleosomal turns
[36]. The data assembled as histograms are
shown in Figure S2. The results of such analysis
for the samples obtained with and without
CHAPS are summarized in Table 1. This table
shows that the number of DNA turns in nu-
cleosomes incubated in the presence of CHAPS,
even for 48 hours, is the same as in the initial
sample and is not distinguishable from the sam-
ple incubated in the absence of CHAPS. These
data suggest that CHAPS stabilization effect
does not increase the number of nucleosomal
turns.

Effect of ionic strength on the nucleosome sta-
bility in the presence of the CHAPS

The experiments described above were per-
formed at low ionic strength conditions in buffer
containing 10 mM HEPES (pH 7.5), 4 mM
MgCla. To investigate the effect of ionic strength
on the stabilization effect of CHAPS, we per-
formed a similar AFM study in the presence of
150 and 300 mM NaCl, measuring the yield of
nucleosome. The time-dependence data are
summarized in Figure 3. The dissociation rate
of nucleosomes remains low in the presence of
150 mM NaCl. Moreover, there is no substantial
difference between the original sample and the
one incubated at 150 mM NaCl. However, the
dissociation is very fast if more salt (300 mM
NaCl) is added. Such measurements were per-
formed at other concentrations of NaCl, and the
dependence of the yield of nucleosomes on the
concentration of NaCl measured after 30 min
incubation in the presence of 1.6 mM CHAPS is

shown Figure S3.

Effect of CHAPS on the sequence specificity of
nucleosomes

Throughout this work we used DNA substrate
containing 147 bp segment (601 sequence)

Int J Biochem Mol Biol 2011:2(2):129-137
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Figure 3. Time dependent yields of nucleosomes in
0.4 nM solutions containing 1.6 mM CHAPS and
different amount of NaCl: a - O mM NaCl (triangles);
b - 150 mM NaCl (spheres); ¢ - 300 mM NaCl
(crosses).

with a high specificity for the nucleosome for-
mation. Indeed, the nucleosome position on the
AFM images (Figure 1) is consistent with the
location of this segment. However, rarely we
found nucleosomes located far off this motif
that we called non-specific nucleosomes. Figure
4 shows the pair of AFM images for specific (A)
and non-specific (B) nucleosomes. The lengths
of the arms for image B are 6 nm and 65 nm
compared to 25 nm and 46 nm for image (A).
According to Table 2, the yield of such non-
specific complex in the initial sample (no

CHAPS) was 3-4%. However, in the presence of
1.6 mM CHAPS the number of non-specific nu-
cleosomes after incubation for 2 hours reaches
the value as high as 20-22%. 3-fold increase
CHAPS concentration (4.8 mM) leads to the
higher yield of non-specific nucleosome (25-
27%). Results in Figure 5 show that the yield of
non-specific nucleosomes increases at high
ionic strength. Non-specific nucleosomes are
formed from specific ones that require translo-
cation of histone core to a new position. High
ionic strength facilitates the disassembly-
assembly process of the nucleosome, and the
data obtained confirm this synergetic effect of
ionic strength.

Effect of cholesteryl sulfate on the stability of
nucleosomes

In parallel with CHAPS we studied the effect of
cholesteryl sulfate. Compared to CHAPS choles-
teryl sulfate is physiologically active derivative of
cholesterol and its chemical structure is very
close to the one of CHAPS. The data in Figure 6
show that the nucleosome stability increases in
the presence of cholesteryl sulfate, although
that effect is much less than that of CHAPS.

Discussion

Stabilization of nucleosomes in diluted solu-
tions

The data in the paper show directly and unambi-

Table 2. Efect of CHAPS on the yield of non-specific nucleosomes

0.4. nM NCP 0.4. nM NCP 0.4. nM NCP
no CHAPS 1. 6 mM CHAPS 4.8 mM CHAPS
Yield of non-specific nucleosomes (%) 34 20-22 25-27

Figure 4. AFM images of spe-
cific (A) and non-specific (B)
nucleosomes. The sizes of
small and large arms are 25
nm and 46 nm for image (A)
and 6 nm and 65 nm for im-
age (B) respectively.
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Figure 5. The dependence of the yield on non-specific
nucleosomes on the concentration of NaCl. The solu-
tion of nucleosomes (0.4 nM) was incubated in the
buffer solution (10 mM HEPES, 4 mM MgCl2) in the
presence of 1.6 mM of CHAPS and various concentra-
tions of NaCl for 2 hours. The nonspecific and spe-
cific complexes were identified by the measurements
of the lengths of the arms on the AFM images. Nu-
cleosomes with a short arm less than 10 nm were
assigned to the class of non-specific nucleosomes.

guously that zwitter-ionic detergent CHAPS in-
creases the stability of nucleosomes in very di-
lute sub-nanomolar solutions of nucleosomes.
Importantly, the structure of nucleosomes as
analyzed by AFM remains unchanged, suggest-
ing that CHAPS methodology is useful for physi-
cal chemical studies of nucleosomes in diluted
solutions. Recently, NP-40 and NP-40 deter-
gents was used for the stabilization of nu-
cleosomes for single molecule fluorescence
study [8, 21]. The results were not reproducible
in the absence of NP-40 [8]. The use of the
detergent enabled the authors to study the dy-
namics of nucleosomes with the single mole-
cule Florescence Resonance Energy Transfer
(FRET); however, the NP-40 approach did not
work at physiological salt concentrations. We
showed that CHAPS in similar concentrations
stabilizes nucleosomes in a broad range of ionic
strengths covering physiological conditions.
Moreover, CHAPS in concentration as low as 16
MM prevents nucleosomes from dissociation if
they are in the sub-nanomolar concentration
that is even lower than traditional requirements
for the single molecule FRET.

We also performed control experiment to rule

134

Nucleosomes yield, %

Time, min

Figure 6. Time dependent yields of nucleosomes
prepared in 10 mM HEPES, 4 mM MgCl> with addi-
tion of (a) 1.6 mM CHAPS, (b) 1.6 mM cholesteryl
sulfate and (c¢) no additives.

out the possibility that interaction of CHAPS with
APS-mica surface contributes to the observed
stabilization effect. In these experiments the
nucleosome samples were incubated different
times in the absence of CHAPS that was added
only to the aliquots prior to the sample deposi-
tion on APS-mica. The kinetic curve of the nu-
cleosomes decay was practically the same as
obtained without adding CHAPS (Figure 1).

The stabilization of nucleosomes is an attractive
feature of CHAPS for various single-molecule
experiments in which very low concentration of
nucleosomes is required. However, the change
of the sequence specificity of nucleosomes in
the presence of CHAPS should receive a careful
consideration. The accumulation of non-specific
nucleosomes in the sample initially containing
specific nucleosomes predominantly (Figure 5)
indicates that CHAPS increases the efficiency of
translocation of nucleosomes along the DNA
template. Removal of CHAPS after the prepara-
tion of the sample for the single molecule ex-
periment can decrease the translocation effect
of CHAPS.

Effect of CHAPS on nucleosome dynamics
We used for these experiments DNA substrate
containing inside 601 sequence characterized

by very high specificity for assembly nu-
cleosomes [31]. Indeed, in these experiments

Int J Biochem Mol Biol 2011:2(2):129-137
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as well as in our prior papers [18, 35, 37] the
position of nucleosomes coincides with the loca-
tion of the 601 segment. Moreover, time-lapse
experiments showed that dynamics of nu-
cleosomes occurs by unwrapping of both arms
by shortening of the 147 bp regions [18, 35]. In
the presence of CHAPS this strong sequence
specificity pattern changes. Incubation in 1.6
mM CHAPS leads to the 6-fold increase of the
number of nucleosomes with positions of NCP
far off the central 601 region (Figure 4B). Impor-
tantly, this number grows if the concentration of
CHAPS increases suggesting that the stringency
of sequence specific position of nucleosomes in
the presence of CHAPS is lowered. The role of
the DNA sequence in positioning of nu-
cleosomes in chromatin is a problem of great
importance (review [38] and references
therein). Positioning of nucleosomes is one of
the major factors regulating the genes activity,
and our knowledge on mechanism regulating
the sequence specificity of nucleosomes is
rather limited. Here we show that the sequence
specific stringency even for 601 sequence can
be decreased in the presence of CHAPS. The
importance of this finding is supported by the
fact that CHAPS is a very close analog of choles-
terol, a ubiquitous physiological compound. To
test the hypothesis on potential role of choles-
terol in the chromatin structure and dynamics
we studied the effect of the water-soluble lipid
cholesteryl sulfate on stability of nucleosomes.
The data in Figure 6 show that the nucleosome
stability increases in the presence of cholesteryl
sulfate, although that effect is much less than
that of CHAPS. Strong negative charge of this
type of cholesterol prevents its interaction with
DNA of nucleosomes and can contribute to
lower effect on the nucleosome stability of cho-
lesteryl sulfate compared to CHAPS. However,
regardless of this unfavorable electrostatic
property, the stabilization effect of cholesteryl
sulfate is observed. Altogether the observation
of the change of dynamics of nucleosomes by
CHAPS prompts us to hypothesize that small
molecules can modulate the dynamics and sta-
bility of chromatin and metabolites of choles-
terol can be such molecules.

Mechanisms of CHAPS-nucleosome interaction
As we mentioned above, CHAPS was success-
fully applied for the stabilization of various bio-

molecular systems, including a range of protein-
DNA complexes [26]. Moreover, there were
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reports that CHAPS does not interfere with enzy-
matic activities of the systems [27-30]. How-
ever, a molecular mechanism of the CHAPS sta-
bilization effect remains unclear. There is evi-
dence that CHAPS interacts with proteins and
nucleic acids, but how these interactions
change the interactions within the systems is
not clarified. CHAPS as any surfactant forms
micelles, and its Cmc value is 6-10 mM, so at
concentrations 3 mM CHAPS exists primarily as
a monomer [39]. Substantial increase of oli-
gomers in [39] was observed at 10 times higher
concentration of CHAPS. Primarily our experi-
ments were performed at 1.6 mM CHAPS sug-
gesting that the concentration of oligomers of
CHAPS in our experiments is negligible, so a
monomeric form of it needs to be considered.
Importantly, CHAPS in 16 uM efficiently stabi-
lizes nucleosomes with concentration 0.4 nM
(Figure 2d). Given the size of CHAPS (MW
614.9) comparable with the sizes of the DNA
base pairs, it is instructive to compare the con-
centration of CHAPS with concentrations of DNA
nucleotides and histone amino acids which are
~500 nM combined. This value is only ~30
times less than CHAPS concentration, suggest-
ing that direct interactions of the detergents
with the nucleosome in addition to the change
of the solvent properties need to be taken into
account for understanding molecular mecha-
nism of CHAPS stabilization. According to the
recent studies [9, 20-22, 40], the depletion of
histone dimer (H2A and H2B) from the histone
core is one of the factors determining the stabil-
ity of nucleosome. Therefore, we can speculate
that CHAPS increases the interaction of H2A
and H2B dimer within the nucleosome to stabi-
lize the dissociation of the entire histone parti-
cle.

In our previous time-lapse AFM data [32], we
observed that nucleosome stability depends on
the number of the DNA nucleosomal turns. A
potential explanation of the CHAPS stabilization
effect would be the increase of the length of
nucleosomal DNA. However, we did not observe
nucleosome unwrapping after adding CHAPS.
Moreover, our data show that time-course disso-
ciation of nucleosomes leads to the accumula-
tion of free DNA without the formation of stable
transient states. Similar to the time-course ex-
periments with no CHAPS added, we did not
reveal transient states as well (data not shown).
Therefore, CHAPS does not induce the forma-
tion of stable nucleosome intermediates with

Int J Biochem Mol Biol 2011:2(2):129-137
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the characteristics different from the original
ones.
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Supplemental information

Measurement of DNA length by AFM
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Figure S1. The length distribution of the DNA substrate measured with FemtoScan Online software using
parameter “curve”. The data were plotted as statistical histogram and fitted with Gaussian distribution (Origin
software). The most probable value of 116 nm was taken as the total length of DNA molecule. The DNA
substrate consists of 353 bp; thus the linear density of the DNA filaments on the AFM images is 0.33 nm/bp
that is very close to cristallographic value 0.34 nm/bp.
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The number of DNA turns around histone octamer

Figure S2 shows the histograms for the number of DNA turns calculated as described above. Data were plotted

as statistical histograms fitted by Gaussian distributions using Origin software.
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Figure S2. Statistical histograms fitted by Gaussian distributions which were plotted based on the
measurements of DNA arms lengths in nucleosome particles (NCP), deposited from 0.4 nM NCP solutions in
the presence or absence of CHAPS on APS-mica. Number of DNA turns was estimated as the maximum of
Gaussian distribution (the most probable value). Set | - NCP solution not containing CHAPS: a - just after its
preparation (1.62 DNA turns), b - after 5 min of its storage at 0°C (1.57 DNA turns). Set Il - NCP solution
containing 1.6 mM CHAPS: a - just after the the preparation (1.62 DNA turns), b - after 5 min of its storage at
0°C (1.58 DNA turns), ¢ - 1 hour (DNA turns 1.59), d - 2 hours (1.6 DNA turns), € - 48 hours (1.58 DNA turns).
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10 mM HEPES, 4 mM Mg™*, 0.1% CHAPS
free DNA
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Figure S3. The dependence of the yields of nucleosomes (red line) and free DNA (black line) on the
concentration of NaCl in the presence of 1.6 mM CHAPS (0.1%).
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