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ABSTRACT: The organization of the nucleosome array is a critical component of the
chromatin assembly into higher order structure as well as its function. Here, we
investigated the contributions of the DNA sequence and internucleosomal interactions
on the organization of the nucleosomal arrays in compact structures using atomic force
microscopy. We assembled nucleosomes on DNA substrates allowing for the formation
of tetranucleosomes. We found that nucleosomes are capable of close positioning with
no discernible space between them, even in the case of assembled dinucleosomes. This
morphology of the array is in contrast with that observed for arrays assembled with
repeats of the nucleosome positioning motifs separated by uniform spacers. Simulated
assembly of tetranucleosomes by random placement along the substrates revealed that
nucleosome array compaction is promoted by the interaction of the nucleosomes. We
developed a theoretical model to account for the role of DNA sequence and
internucleosomal interactions in the formation of the nucleosome structures. These
findings suggest that, in the chromatin assembly, the affinity of the nucleosomes to the DNA sequence and the strengths of the
internucleosomal interactions are the two major factors defining the compactness of the chromatin.

■ INTRODUCTION
DNA in eukaryotic cells is packaged into chromatin through
extensive association with histone proteins.1−3 The nucleo-
some is the fundamental unit of chromatin, which regulates the
readout and expression of the eukaryotic genome.4−6 It is a
DNA−protein complex with approximately 147 base pairs of
DNA wrapped around a protein core complex known as the
histone octamer.7−9 Canonical histone octamers consist of two
copies of four core histone proteins, H2A, H2B, H3, and H4.10

The positively charged histone octamers bind strongly to the
negatively charged DNA. X-ray crystallography revealed the
atomic structure of the nucleosome and explained how DNA is
wrapped around histone octamers in a superhelix of
approximately one and three-quarters turns.11

The spatial organization of nucleosomes in chromatin
continues to be a source of debate. Initially, it was proposed
that nucleosomes condense into a 30-nm-diameter chromatin
fiber, supported by experiments with the use of electron
microscopy (EM) or X-ray scattering analyses of chromatin
extracted from various organisms.12−15 Most recently,
however, a study utilizing a combination of EM topography
with a developed labeling method (ChromEMT) did not
support the assembly of ordered 30 nm fibrils.16 Instead, they
showed the assembly of 10 nm fibers in the cell that are not
uniform; rather, they are heterogeneous and vary in diameter
between 5 and 24 nm. Potential reasons for this discrepancy
are discussed in the recent review article,17 in which the major

role is given to electrostatics, as ionic strength for experiments
in vitro and in vivo are very different. The authors also suggest
that the absence of the 30 nm fiber formation can be due to
nucleosome loss or irregular nucleosome spacing in native
chromatin.
The findings in ref 16 are in line with publications 18−20, in

which it has then been proposed that nucleosome fibers exist
in a highly disordered, interdigitated state. What is the reason
for such irregular spacing of nucleosomes? We have recently
shown that the internucleosomal distance within dimers of
nucleosomes varies depending on DNA sequence.21 No such
effect is detected if repeats of a highly sequence-specific DNA
motif as the Widom 601 sequence are used in similar
experiments.22 Note that many structural studies of chromatin,
including papers cited above, utilized repeats of the 601
motif.23 Furthermore, according to our recent paper,24 the 601
sequence has a considerably higher affinity for binding
nucleosome cores. For a DNA substrate with 372 bp
containing the 601 motif, the mononucleosomes are assembled
at the position corresponding to the location of the 601 motif
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with a 98% preference. Moreover, this affinity does not affect
the DNA wrapping as both 601 and nonspecific sequences
wrap the same amount of DNA.25

Based on these studies we hypothesize that affinity to
histone cores to DNA sequence can be a critical factor for the
nucleosome array assembly stabilized by the internucleosomal
interactions. To test this hypothesis, here we designed a DNA
substrate containing a single instance of the specifically
positioning 601 motif and an extended nonspecific sequence
from plasmid DNA or a fully nonspecific DNA substrate. The
experimental studies utilized single-molecule AFM, which can
characterize the nanoscale structure of biological systems.26−30

We found that nucleosomes on such DNA templates form
compact assemblies with close contacts between the
nucleosomes. Monte Carlo simulation of random nucleosome
placement along these substrates revealed that the compact
assemblies observed experimentally occur at a much higher
rate than expected with simple nonspecific positioning. We
propose a theoretical model according to which the affinity of
the nucleosome core to the DNA sequence and the
internucleosomal interactions are the two major factors
defining the compact assembly of the nucleosome arrays.

■ METHODS
DNA Substrate. The 601 DNA substrate used in

nucleosome assembly contains the 147 bp Widom 601
sequence flanked by plasmid DNA, 113 bp and 738 bp in
length (shown in Figure 1A). It is generated from PCR using a
plasmid vector pUC57 with the forward primer (5′-
GATGTGCTGCAAGGCGATTAAG-3′) and the reverse
primer (5′-GGGTTTCGCCACCTCTGAC-3′). The 998 bp
nonspecific DNA substrate used is the same length as the 601

substrate, except that the 147 bp Widom 601 sequence is
replaced by 147 bp of nonspecific DNA (shown in Figure 1B).
The DNA substrates were concentrated from the PCR product
and purified using gel electrophoresis. DNA concentration was
then determined using a NanoDrop Spectrophotometer (ND-
1000, Thermo Fischer) before being used for nucleosome
assembly.

Nucleosome Assembly. Nucleosomes were assembled
using a gradient dilution method optimized from our previous
research.21,30−32 Recombinant human histone octamers were
purchased from The Histone Source (Fort Collins, CO) for
assembly. Before assembly, histones were dialyzed against the
initial dialysis buffer (10 mM Tris pH 7.5, 2 M NaCl, 1 mM
EDTA, 2 mM DTT) at 4 °C for 1 h. DNA (25 pmol) was then
mixed with the histone octamer at a molar ratio of 1:5. The
total volume of the mixture was adjusted to 10 μL with 5 M
NaCl and DDI H2O so that the starting concentration of NaCl
in the reaction is 2 M. The mixture was diluted with dilution
buffer (10 mM Tris pH 7.5) using a syringe pump (0.07 μL/
min for 1000 min) to gradually decrease the salt concentration
to 0.25 M NaCl, allowing the histone to bind the DNA and
form the nucleosome core particle. The nucleosomes were
then dialyzed for 1 h against a fresh low salt buffer (10 mM
Tris pH 7.5, 2.5 mM NaCl, 1 mM EDTA, 2 mM DTT) before
being diluted to 300 nM and stored at 4 °C. The final
concentration of the nucleosome was adjusted to 2 nM right
before deposition using an imaging buffer (10 mM HEPES pH
7.5, 4 mM MgCl2).

AFM Imaging and Data Analysis. Sample preparation for
AFM imaging was performed as described in refs 21, 30, and
33. Briefly, the nucleosome sample was deposited onto the 1-
(3-aminopropyl) silatrane (APS) functionalized mica and
incubated for 2 min at room temperature. After which, the
sample was rinsed with DDI H2O and dried with a gentle
argon flow. The samples were stored under vacuum conditions
before being imaged.
Images were acquired using tapping mode under ambient

conditions on a MultiMode 8, Nanoscope V system (Bruker,
Santa Barbara, CA) using TESPA probes (320 kHz nominal
frequency and a 42 N/m spring constant) from the same
vendor. The dry sample AFM images were analyzed using the
FemtoScan Online software package (Advanced Technologies
Center, Moscow, Russia).
DNA contour length analysis was performed by tracing the

DNA from one free end to the other. The mean measured
contour length of free DNA on an image was divided by the
known length of the given substrate, yielding the conversion
factor. Flank measurements for the nucleosomes were obtained
by measuring from the DNA end to the center of the
nucleosome for both arms. Five nanometers was subtracted
from each measured flank length to account for the
contribution by the histone core. The flank length measure-
ments were divided by the calculated conversion factor to
convert from nanometers to base pair values. Schematically,
the analysis process is depicted in Supplementary Figure S1.
The initial distinction between compact and well separated

nucleosome subpopulations was performed visually, by
separately grouping nucleosomes that were observed to be in
direct contact with those with clearly distinguishable DNA
between nucleosome core complexes. For further analysis, and
in simulations and theoretical calculations, the internucleoso-
mal distance cutoff used (30 bp) was determined by measuring
the center-to-center distance of dinucleosomes, subtracting 10

Figure 1. Nucleosome substrates and assembly. (A) Schematic of 601
DNA substrate. (B) Schematic of nonspecific DNA substrate. (C)
Representative AFM image of nucleosomes assembled on the 601
DNA substrate. (D) Selected images of different oligonucleosomes
assembled on the 601 DNA substrate.
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nm to account for the contribution of each histone core, and
dividing by the calculated conversion factor to convert from
nanometers to base pairs. The histograms were generated using
OriginPro software (OriginLab Corporation, Northampton,
MA, USA).
Monte Carlo Simulations and Data Analysis. Monte

Carlo simulations for random placement of 147 bp segments
on a 998 bp DNA substrate were performed using bedtools
(v2.30.0).34 Each simulation randomly placed four segments
on the DNA substrate, prohibiting overlap of the segments;
simulations were repeated 1000 times for each substrate.
Simulations were performed for substrates with no sites
occupied, one site occupied (113−259 bp) corresponding to
the substrate with positioning sequence, and a shifted occupied
site (148−294 bp) corresponding to a substrate with
positioning sequence allowing nucleosome assembly on both
sides of the specific sequence. Data were compiled in Excel and
grouped into subpopulations based on their proximity to the
next nucleosome along the array using the cutoff above.
Nucleosome pairs within 30 bp of one another were
considered compact, while those greater than 30 bp from
one another were considered well separated.

■ RESULTS
The 601 DNA substrate consists of a positioning sequence, the
147 bp Widom 601 sequence, flanked by nonspecific DNA
sequences that can be wrapped by three or more histone
octamers, as shown in Figure 1A. The Widom sequence
provides a high affinity binding for the histone octamers,35

while the nonspecific sequence provides an insight into a more
biologically relevant aspect for the assembly of a nucleosome
array. The nonspecific DNA substrate is identical in length to
the 601 substrate, except that the 147 bp Widom 601 sequence
is replaced by 147 bp of nonspecific DNA, as shown in Figure
1B. The nucleosomes were assembled with the DNA substrate
and histone octamer at a ratio of 1:5 DNA/octamer. A
representative AFM image of the nucleosome assembly is
shown in Figure 1C, where the bright features are the
nucleosome cores and the string-like strands are the
unwrapped DNA in the complexes.
Morphology of Nucleosome Arrays. From the acquired

AFM images, we analyzed the morphology of the nucleosome
arrays. Nucleosomes appear as bright globular features
localized on DNA strands. The nucleosomes on the same
DNA template can be separated, but immediately apparent was
the compact morphology of nucleosome clusters. Examples of
such compact arrangements of the nucleosomes are shown in
Figure 1C, as indicated by the white arrows. These
arrangements are irregular, resulting in nucleosome clusters
of varying size and position. This result indicates that
nucleosome arrays assembled on nonspecific DNA adopt
heterogeneous structure, as opposed to the ordered
nucleosome arrays formed on substrates with repeated
positioning DNA sequences imaged with AFM.36−38

Along with large nucleosome clusters, mono-, di-, tri-, and
tetranucleosomes were observed. Representative snapshots of
each type of nucleosome are shown in Figure 1D, with
mononucleosome in frame (i), dinucleosome in frame (ii),
trinucleosome in frame (iii), and tetranucleosome in frame
(iv). We separated each type of nucleosome into groups based
on the number of nucleosomes in the array and performed
analysis. The yield of each oligonucleosome is shown in Table
1 (n = 515). We found that mononucleosomes are the least

commonly observed, while trinucleosomes and tetranucleo-
somes are the most common, indicating a preference for
assembling higher order structures in our experimental setup.
We further segregated the groups of oligonucleosomes into

subpopulations based on the proximity between nucleosomes
on each array. Representative images of each subpopulation are
shown in Figure 2. For dinucleosomes (Figure 2A), this

resulted in two subpopulations; well separated (1−1) and
compact (2) nucleosomes. For trinucleosomes (Figure 2B),
three subpopulations exist: well separated (1−1−1), compact
(3), and hybrid (2−1) nucleosomes. Tetranucleosomes
(Figure 2C) contain five subpopulations: well separated (1−
1−1−1), compact (4), and three hybrid structures, depending
on the degree of compaction (2−1−1, 2−2, and 3−1). The
yields of the subpopulations are shown in Table 1. The well-
separated dinucleosome accounts for 78.0% of all the
dinucleosome population, while in the trinucleosome group,
the well-separated subpopulation is observed in only 30.6% of
cases. It decreases substantially in the tetranucleosome group,
in which the well-separated tetranucleosomes represent only
6.7% of the population. The decreasing population of the well-
separated subgroup in the higher-ordered structures further
emphasizes that the compact morphologies are more favorable
than the well-separated structures with distant spacing on this
DNA substrate. Additionally, the “3−1” subpopulation
accounts for 41.5% of all tetranucleosomes observed,
compared with 20.0% in the “4” subpopulation. This suggests
that the trinucleosome may be the basic unit in the assembly of
the nucleosomal array, rather than the tetranucleosome.

Table 1. 601 Nucleosome Subpopulations

yield (n = 515) subpopulation

free DNA 4.1% N/A
mononucleosome 17.5% N/A
dinucleosome 21.2% 1−1 78.0%

2 22.0%
trinucleosome 31.1% 1−1−1 30.6%

2−1 51.3%
3 18.1%

tetranucleosome 26.2% 1−1−1−1 6.7%
2−1−1 18.5%
2−2 13.3%
3−1 41.5%
4 20.0%

Figure 2. Subpopulations of oligonucleosomes. Scale bars indicate 50
nm.
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Internucleosomal Interaction within Oligonucleo-
somes. In addition to the compact morphology, internucleo-
somal distances were also characterized. Figure 3 shows the

data for both the well separated and compact dinucleosomes.
The internucleosomal distances were measured from the
center of one nucleosome to the center of the nearest
neighboring nucleosome, as shown in Figure 3A,B. A
representative image of measured distance for well separated
nucleosomes (type 1−1) is shown in Figure 3A, while an
image of measured distance for compact nucleosomes (type 2)
is shown in Figure 3B. Ten nanometers was subtracted from
each measured center-to-center distance to account for the size
contributed by the histone core in each nucleosome. The
results of these measurements were plotted and are shown in
Figure 3C. We see that the separation between the well
separated nucleosome and the compacted nucleosomes starts
from 50 bp. This distance varies, with distances between
nucleosomes as far as 650 bp apart, with no clear preference for
positioning. In contrast, the distance of the compact
nucleosomes is in the range of 0−40 bp, with a peak
population centered at 28 ± 2 bp (SEM), as seen in Figure 3D.
This indicates that nucleosomes within 30 bp of one another
are most favorable for the internucleosomal interactions to
compact the nucleosomes into proximity.
The same measurements were performed on the “2−1”

subpopulation of trinucleosomes, and the results can be seen in
Figure S2. The distance between the two compacted
nucleosomes is termed distance 1, while the distance between
the well separated nucleosomes is termed distance 2. The
combined data for internucleosomal distance, shown in Figure
S2B, indicates the same trend seen in the dinucleosome
subpopulation. Compact nucleosomes are found in a very
narrow region below 40 bp from one another, while well
separated nucleosomes are found anywhere from 90 to more
than 500 bp from one another. This result is in agreement with
the results for dinucleosomes and further suggests that close
proximity of nucleosomes is most favorable for the
internucleosomal interactions to compact the nucleosomes
into uniform structures.
Nucleosomal Positioning. In order to determine the

influence of the positioning 601 motif on the positioning and
compaction of nucleosomes, we plotted the lengths of the free

DNA flanks observed in our nucleosome arrays. The 601 motif
was positioned 113 bp from one end of the DNA substrate;
therefore, flank lengths of 113 bp would correspond to
nucleosome positioning on the motif. The data for well
separated dinucleosome flank length are shown in Figure 4.

Interestingly, while a large portion of nucleosomes were
positioned at approximately 113 bp, nucleosome position
varies, with nucleosomes positioning at or near the end of the
DNA. This indicates that the preferential positioning of
nucleosomes to the 601 motif is influenced by end binding and
the total length of the DNA substrate.
Compact structures of dinucleosomes and trinucleosomes

both exhibited a similar positioning. The results are shown in
Figure S3. The flank length of compact structures falls within
the range of the 601 motif but can vary as far as 250 bp away in
the case of dinucleosomes. Compact trinucleosomes exhibit a
lower range of positioning according to DNA flank length but
contain more structures positioned near the end of the DNA
substrate. Overall, the presence of a single positioning
nucleosome sequence does not appear to dictate the assembly
pattern of other nucleosomes along the substrate, suggesting
that array assembly is most dependent on interactions between
nucleosomes.

Nucleosome Arrays with No Positioning Sequence.
To further investigate the role of a positioning sequence in the
assembly of higher order nucleosome structures, we prepared
the DNA substrate comprised exclusively of a nonspecific
DNA sequence of the same length as our substrate containing
the 601 motif. The 147 bp 601 motif was replaced by 147 bp
of nonspecific DNA while maintaining the same sequence for
the rest of the substrate. A schematic of the substrate is shown
in Figure 1B, while a representative image of the assembled
nucleosomes acquired through static AFM imaging is shown in
Figure S4A. We found that, like nucleosomes assembled on the
substrate containing the positioning sequence, the assembly
was rather heterogeneous, including compact structures of
varying sizes.
We again separated the oligonucleosomes into subpopula-

tions; representative images of the oligonucleosome subgroups

Figure 3. Analysis of internucleosomal distance in the dinucleosome
population. (A) Representative image of well separated dinucleosome
(type “1−1”). (B) Representative image of compact dinucleosome
(type “2”). Scale bars indicate 40 nm. (C) Histogram of
internucleosomal distances, n = 167. (D) Distribution of internu-
cleosomal distances in compact dinucleosomes indicate a peak value
of 28 ± 2 bp (SEM).

Figure 4. Analysis of flank DNA length in well separated
dinucleosomes, n = 106. Scale bar indicates 20 nm.
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can be seen in Figure S4B−D. A table of the oligonucleosome
yields is shown in Table 2 (n = 498). It is notable that well

separated subpopulation yields decrease in higher order
structures, and the “3−1” population is the most common
morphology�both observations match those of the substrate
containing a single positioning sequence. However, on this
substrate, tri- and tetranucleosomes are more common
compared with those assembled on the substrate containing
a single positioning sequence (73.1% vs 57.3% of total
complexes, p = 0.00000013, Fisher’s exact test). Moreover,
the overall population of well separated nucleosomes is
diminished in the absence of a positioning sequence in
observed dinucleosomes (65.5% vs 78%, p = 0.0557, Fisher’s
exact test) and in tetranucleosomes (6.8% vs 6.7%, p = 1.0,
Fisher’s exact test). Additionally, comparing the overall
populations between the two substrates also shows significant
differences (p = 0.00596, two-tailed t test). This result
indicates that the absence of a positioning sequence may
allow nucleosomes to move more freely along the substrate,
resulting in more internucleosomal interactions and therefore
more compact structures.
Simulations of Nucleosome Positioning. We simulated

the random placement of nucleosomes along the substrates to
assess the impact of sequence and internucleosomal
interactions in nucleosome proximity compared with random
placement. For the nonspecific sequence, tetranucleosomes
were simulated by randomly placing four particles occupying
147 bp along the substrate with no allowance for overlap. For
the 601 sequence, we simulated the substrate with the region
containing the 601 motif (from 113 to 259 bp) as occupied to
mimic a homogeneously bound nucleosome in that region;
three particles were then randomly placed along the remainder
of the substrate, reflecting a randomly assembled tetranucleo-
some array with one nucleosome bound to the 601 region. We
also simulated a shifted version of the 601 substrate�the
region from 148 to 294 bp was preoccupied, while three
particles were randomly placed along the rest of the substrate.
This setup allowed for a nucleosome to bind upstream of the
excluded region. The results were analyzed and grouped into
subpopulations based on their proximity to the next
nucleosome along the array.
Nucleosome pairs within 30 bp of one another were

considered compact, while those greater than 30 bp from one
another were considered well separated, as determined from
the data shown in Figure 3. The yield of subpopulations is
shown in Table 3 (N = 1000). Nonspecific denotes the

nonspecific DNA substrate simulation; 601 denotes the 601
substrate simulation, and 601 shifted denotes the shifted 601
substrate simulation. There are stark differences between the
experimental and simulation data. Simulated data reveal the
“2−1−1” subpopulation to be the most common morphology
along all three setups, representing approximately half the data
set in all three cases. The “4” subpopulation of simulated
tetranucleosomes is particularly low, representing less than 1%
of the data set in all three cases, dropping as low as 0.3% for
601 tetranucleosomes. Yet, experimental data show that the
“2−1−1” subpopulation represents as much as 28.6% of the
data set for nonspecific tetranucleosomes. The “4” subpopu-
lation represents slightly less: 21.8% for nonspecific tetranu-
cleosomes. Likewise, for 601 tetranucleosomes, experimental
data reveal a mere 18.5% of tetranucleosomes in the “2−1−1”
conformation, and 20.0% are observed in the “4” conforma-
tion. A full comparison of all three simulations compared with
the experimental data sets can be seen in Tables S1 and S2.
Overall, the simulation data show a significant preference for
well separated nucleosomes compared to the experimental
data. In fact, the assembly of the “4” conformation is more than
24 times more likely in experiments (with either substrate)
compared with their simulated counterparts, with the “4”
conformation in 601 tetranucleosomes being nearly 65 times
more likely (Tables S1 and S2). This indicates that
nucleosome positioning along the DNA substrate is not
random�it is very likely influenced by internucleosomal
interactions. These results are also corroborated by statistical
analysis that shows significant differences (at p < 0.005 or
better, χ2 test) between the simulated and observed population
distributions (Table S3).

Theoretical Model for Nucleosome Interaction and
Positioning. To understand the dynamics of interactions
between nucleosomes and DNA as well as internucleosomal
interactions, we develop a simple chemical model that allows
us to extract the most relevant properties of these complex
processes. Based on the experimental constructs, we consider
two DNA molecules of length L = 998 bp, with and without a
single 601 segment. Nucleosomes can bind to the DNA with
an effective energy Ens (in units of kBT), if the association
happens to the nonspecific region, or with an effective energy
E601, if the association happens to the 601 sequence. Each
association covers l = 147 bp of the DNA length. In addition,
two DNA-bound nucleosomes that are located at distances less
than d = 30 bp are assumed to have internucleosomal
interactions Eint. This cutoff distance is chosen based on the
experimental data for dinucleosomes in Figure 3 that show the
peak in the distribution of internucleosomal distances as being
28 ± 2 bp (SEM).
Experimental data showed that there are a total of 12

observable chemical states in the system: one state when DNA
is totally free, one state with a single bound nucleosome, two
states with two bound nucleosomes (with and without
internucleosomal interaction), three states with three bound

Table 2. Non-specific Nucleosome Subpopulations

yield (n = 498) subpopulation

free DNA 4.0% N/A
mononucleosome 5.4% N/A
dinucleosome 17.5% 1−1 65.5%

2 34.5%
trinucleosome 46.4% 1−1−1 34.6%

2−1 47.2%
3 18.2%

tetranucleosome 26.7% 1−1−1−1 6.8%
2−1−1 28.6%
2−2 12.0%
3−1 30.8%
4 21.8%

Table 3. Simulated Tetranucleosome Subpopulations

subpopulation nonspecific yield 601 yield 601 shifted yield

1−1−1−1 33.2% 29.7% 24.8%
2−1−1 51.1% 50.6% 52.4%
2−2 4.5% 4.6% 5.7%
3−1 10.3% 14.8% 16.3%
4 0.9% 0.3% 0.8%
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nucleosomes, and five states with four bound nucleosomes.
Because of long times of observation during AFM experiments,
it is reasonable to assume that the system reaches an overall
chemical equilibrium. This allows us to significantly simplify
the analysis to only a few states and transitions between them.
Following this strategy, we first consider the transitions

between the free DNA (state 0) and mononucleosome (state
1) for nonspecific DNA. We define the equilibrium
probabilities of these states as P0 and P1, respectively. The
condition of chemical equilibrium then requires that

P
P

e E1

0

ns=
(1)

Using the data from Table 2, one can easily determine that
the effective free energy difference is Ens = 0.3 kBT.
Extrapolating based on this, one can obtain the energy of the
mononucleosome state, Ens(L − l)/l = 1.74 kT. This means
that interactions between nucleosomes and nonspecific
segments of DNA are relatively weak, allowing nucleosomes
to be quite mobile.
The equilibrium between free DNA and mononucleosomes

for the system with the 601 sequence is more involved because
the nucleosome can associate with this 601 sequence (we call it
a state 1*) or it can associate with any other nonspecific
sequence (we call it a state 1). The probabilities, at chemical
equilibrium, between these states can be written as

P P
P

L l
L l L l1

e
1

1
eE E1 1

0

ns 601
+ =

+ +
* +

(2)

This equation reflects the fact that only one site of available
L − l + 1 binding sites is a special one, and L − l/(L − l +1) of
them are nonspecific bindings. Using the already obtained
value for Ens = 0.3 kBT and the parameters for L and l, we
determine that E601 = 8.3 kBT. This shows that the interactions
between nucleosomes and the special 601 positioning
sequence are very strong, preventing the mobility of the
bound nucleosome in this case. Furthermore, the estimate is in
good agreement with experimental results published by other
groups.39

We then explore the interparticle interactions for bound
nucleosomes. We consider the equilibrium distributions of two
different states for dinucleosomes on nonspecific DNA. To
simplify the analysis, let us neglect the end effect of the finite
length of the DNA molecule. Then, if one nucleosome is
already bound, there are L − 3l + 2 sites where the second
nucleosome might bind. But 2d of them will exhibit an
additional internucleosomal interaction energy. This leads to
the fraction of associations that lead to state 2 (two bound,
interacting nucleosomes) to be

f d
L l

2
3 2

60
559

0.11int =
+

=
(3)

Then, the fraction of binding events that leads to state 1−1
(two bound, noninteracting nucleosomes) is 1 − f int = 0.89.
The equilibrium distribution of states for dinucleosomes then
gives rise to the following:

P
P P

f

f f

e

e (1 )

E

E
2

2 1 1

int

int int

int

int+
=

+ (4)

Using data from Table 2, we estimate that Eint ∼ 1.5 kBT, or
0.9 kcal/mol, which is very close to internucleosomal
interaction energy obtained in other experimental studies.40

The robustness of our analysis can be tested by applying it to
evaluate the fraction of states for the dinucleosomes in the case
of the special 601 positioning sequence, which was measured
independently in our experiments. Because of strong
interactions with the 601 sequence, it is reasonable to assume
that one nucleosome is always bound to this special site. The
second nucleosome can associate to one of the L − 2l − l0 + 1
= 592 sites. l0 = 113 bp is the distance from the 601 segment to
one end of DNA, which also imposes that the second
nucleosome can only bind to one side of the already bound
nucleosome. This gives the following fraction of binding sites
that leads to state 2 (two interacting nucleosomes)

f d
L l l2 1

30
592

0.05int
0

=
+

=
(5)

Substituting this result into eq 4 predicts that ∼18.8% of
dinucleosomes formed on the substrate with the special 601
positioning sequence would correspond to state 2, which is
comparable to the experimentally measured value of 21.9% for
state 2.

■ DISCUSSION
We used AFM to characterize the role of DNA sequence and
internucleosomal interactions in the assembly of the
nucleosome array. We assembled oligonucleosomes on two
DNA substrates, the first comprising 998 bp of DNA with a
single nucleosome positioning motif located near the end of
the DNA (601 DNA) and the second of the same length, but
with no regions of high nucleosome specificity (nonspecific
DNA), which mimics natural DNA. The most striking feature
of the AFM images of the arrays assembled on these DNA
templates is the ability of nucleosomes to assemble in clusters
with close proximity of neighboring nucleosomes. Such clusters
with two, three, and four nucleosomes comprise more than
90% of tetranucleosome arrays, whereas species with distant
locations of nucleosomes comprise only 6.7% on 601 DNA
(Table 1) and 6.8% on nonspecific DNA (Table 2). A similar
effect of the nucleosome clustering is observed for the
trinucleosome assemblies, although a well-separated 1−1−1
arrangement for the trinucleosome is more likely, 30.6% and
34.6% for 601 DNA and nonspecific DNA, respectively. This
finding is in a sharp contrast with AFM studies of arrays
assembled on repeats of nucleosome-positioning sequences in
which arrays of well-separated nucleosomes are the predom-
inant features.36−38,41

To quantitatively characterize the internucleosomal inter-
actions, we measured internucleosomal distances for dinucleo-
some and 2−1 trinucleosome assemblies, for which this
parameter can be measured using AFM images. Quantitative
analysis for both assemblies shown in Figures 3 and S2 reveals
a number of features of the nucleosome assemblies. These data
graphically demonstrate that nucleosomes can be tightly
clustered in dinucleosome assemblies or separated from each
other in a broad range. Importantly, the nucleosomes in the
dinucleosome populations, separated at a peak distance as
small as 30 bp, showed compact assemblies in which 24% of
species display an internucleosomal distance of less than 10 bp.
Overall, the distribution is narrow, with a standard deviation of
13 bp. Monte Carlo simulations failed to identify such frequent
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and close contacts when nucleosomes were allowed to position
freely along the substrates (Tables S1, S2). These data point
directly to the role of internucleosomal interactions. According
to numerous publications (ref 42 and references therein),
histone tails play a critical role in the formation of tight
internucleosomal contacts, as post-translational modifications
such as acetylation can decrease the nucleosome clustering,
including the assembly of dinucleosomes studied with AFM.37

According to the molecular modeling of nucleosome
arrays,42 the density of the nucleosome packing depends on
the orientation of the nucleosomes in which the tightest
distance (less than 1 nm between the nucleosomes)
corresponds to stacking of the disk-type particles. The distance
can be larger for other orientations of nucleosomes, and the
variation of the entry−exit angles between the adjacent
nucleosomes, defined by the size of linker DNA between the
nucleosome, contributes to the orientation of the nucleosome
and hence the internucleosomal distance. We assume that the
orientation factor can explain the breadth of the internucleo-
somal distance distribution in our experiments. Note, however,
that histone tails not only bridge the nucleosomes but also can
hinder the formation of tight internucleosomal contacts. We
have recently shown that truncation of histone H4 can shift the
internucleosomal distance for the dinucleosome constructs to
smaller distances.43

Clustered dinucleosomes were visualized before,36,38,41

although these were minor species due to the use of DNA
templates with positioning sequence repeats, so the nucleo-
somes primarily occupied the nucleosome-specific motifs. The
assembly of dinucleosomes in refs 36 and 38 was explained by
a relatively low energetic preference for the assembly of
nucleosomes on favored motifs compared with nonfavored
ones; however, three-nucleosome clusters have not been
observed in those papers, nor four-nucleosome clusters,
which in our case were observed with high yield. Our
theoretical model and estimates made with a comparison with
experiments provide the following explanation for the
nucleosome clustering. The affinity of a nucleosome to a
nonspecific DNA sequence is as low as 0.3 kBT. Given that the
internucleosomal attraction is relatively high, Eint ∼ 1.5 kBT, or
0.9 kcal/mol, as per our calculations above and previous
publications,40 the assembly of clusters is a favorable process.
Studies44−46 have shown that internucleosomal attractions
promote the compaction over a large range of scales on the
repeated 601 substrates. However, affinity of nucleosomes to
positioning sequences can prevent the assembly of nucleosome
clusters. It has also been discussed47 that the relaxed DNA−
(H2A−H2B) region may contribute to long-range internu-
cleosomal interactions between DNA and histone tails.
Therefore, the decrease in the binding between DNA and
histone octamers on the nonspecific substrate compared to
that on the 601 sequence benefits the long-range internucleo-
somal interactions and, ultimately, the compaction of the
oligonucleosomes. Importantly, our theoretical analysis ex-
plains that differences in distributions of states in dinucleo-
somes are due to different interaction strengths between the
nucleosomes and nonspecific and 601 positioning DNA
segments. Thus, the morphology of a nucleosome array is
defined by the DNA sequence, so one can expect clusters along
with nonclustered segments in the array. However, natural
nucleosomal DNA contains only modest sequence perio-
dicity,38,48 so clustering of nucleosomes should be the most
representative morphology of the chromatin. AFM images of

trinucleosome and tetranucleosome clusters did not reveal
geometric features of a periodic solenoid model of chromatin.
The nonregular morphology of tri- and tetra-nucleosome
arrays observed in this study better fits the model of irregular
chromatin structure.16 Importantly, the assembly of nucleo-
somes in clusters can be an important factor in the gene
regulation. Promoter regions in eukaryotes do not show a high
affinity to nucleosome assembly49−51 allowing for the
nucleosome clustering. Such clusters would create a hurdle
for transcription factors to bind regulatory regions as well as
for RNA polymerase to transcribe genes.
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