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ABSTRACT We present a Monte Carlo model for genome folding at the 30-nm scale with focus on linker-histone and nucle-
osome depletion effects. We find that parameter distributions from experimental data do not lead to one specific chromatin fiber
structure, but instead to a distribution of structures in the chromatin phase diagram. Depletion of linker histones and nucleosomes
affects, massively, the flexibility and the extension of chromatin fibers. Increasing the amount of nucleosome skips (i.e., nucle-
osome depletion) can lead either to a collapse or to a swelling of chromatin fibers. These opposing effects are discussed and we
show that depletion effects may even contribute to chromatin compaction. Furthermore, we find that predictions from experi-
mental data for the average nucleosome skip rate lie exactly in the regime of maximum chromatin compaction. Finally, we deter-
mine the pair distribution function of chromatin. This function reflects the structure of the fiber, and its Fourier-transform can be
measured experimentally. Our calculations show that even in the case of fibers with depletion effects, the main dominant peaks
(characterizing the structure and the length scales) can still be identified.
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INTRODUCTION

Nucleosomes are the basic repeat unit of chromatin fibers

(1,2) in all eukaryotic organisms. They consist of a central

histone octamer and a stretch of DNA (z150 basepairs

(bp)), which is wrapped around the histone complex. The

histone octamer consists of four pairs of core histones

(H2A, H2B, H3, and H4) and is known up to atomistic reso-

lution (3,4). Nucleosomes are connected by naked DNA

strands of ~50-bp length, and together with these linkers

they form the so-called chromatin fiber.

The histone H1 (and the variant histone H5 with similar

structure and functions) is involved in the packing of the

beads on a string structure into the 30-nm chromatin struc-

ture. It keeps in place the in- and outgoing DNA strand by

binding the two of them at the same time and thus stabilizes

the nucleosome. H1 depletion can cause dramatic alterations

in the chromatin structure (5). The nucleosome provides the

first level of compaction and, furthermore, it is important in

the regulation of transcription. Several enzymes can change

the position of the nucleosome (6) along the DNA.

The chromatin fiber’s degree of compaction depends on the

salt concentration (7) and on the presence of linker histones

(8). In vitro experiments show that, at low salt concentration,

a 10-nm structure is formed that has the shape of beads on

a string (7), whereas at high salt concentrations the chromatin

fiber is much more compact and has a diameter of ~30 nm (9).

The chromatin structure is still under discussion (2,10–12).

There are several different structural models: zigzag ribbon

models (8,13–16), helical solenoid models (7,17,18), or those

simply having no regular structure (11). A crystal structure of

a tetranucleosome has been revealed (13) and used to
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construct a model for the 30-nm fiber, which resembles

a zigzag ribbon that twists or supercoils. The chromatin fiber

has been investigated by electron cryo-microscopy (8,19),

atomic force microscopy (20,21), neutron scattering, and

scanning transmission electron microscopy (22). Beyond

the 30-nm level, chromatin is poorly understood.

Recent studies (23) showed that linker histones are not

necessary for the formation of the 30-nm fiber, although

they contribute to its compaction. The chromatin compaction

depends not only on the presence of histone H1 and the salt

concentration but on the nucleosome repeat length (NRL)

(24) as well (i.e., the length of the DNA stretch that is

wrapped around a nucleosome plus the length of the linker

DNA that connects two consecutive nucleosomes). Routh

et al. (23) showed that only the 197-bp NRL can form a

30-nm higher-order chromatin structure and that it shows

a cooperative linker-histone-dependent compaction. Chro-

matin strands with a repeat length of 167 bp display a limited

linker-histone-dependent compaction, which leads to a topo-

logically different thinner fiber.

Widom (24) presented a large amount of measurements on

NRLs in a former work. They found that the NRL distribu-

tions show preferential quantization to a set of values related

by integral multiples of the helical twist of DNA. This

implies that the nucleosomal DNA content u as well as the

linker DNA lengths b are preferentially quantized. Further-

more, they presented a probability distribution for the dif-

ferent NRLs (24).

The DNA content of a nucleosome is 147 bp. Its DNA is

sharply bent and tightly wrapped around the histone protein

octamer (25). This bending occurs at every DNA helical

repeat (i.e., z10 bp), when the major DNA groove faces

toward the histone octamer, and again z5 bp away, when

the major groove faces outwards. Specific dinucleotides
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facilitate the bends of each direction (26,27). The linker

DNA that connects consecutive nucleosomes has a length

of ~50 bp. Thus, ~75% of genomic DNA is wrapped in

nucleosomes if the chromatin fiber is entirely saturated

with them. Access to DNA wrapped in a nucleosome is

occluded (25) for polymerase, regulatory, repair, and recom-

bination complexes, yet nucleosomes also recruit other

proteins through interactions with their histone tail domains

(28). Thus, the detailed locations of nucleosomes along the

DNA may have important inhibitory or facilitatory roles in

regulating gene expression (29,30).

Since DNA sequences differ in their ability to bend

sharply (26,27,31), the ability of the histone octamer to

wrap different DNA sequences into nucleosomes is highly

dependent on the DNA sequence (32,33). In vitro studies

show this range of affinities to be 1000-fold or greater

(34). Thus, nucleosomes have substantial DNA sequence

preferences, which results in a nonregular arrangement of

the nucleosomes along the DNA. Furthermore, nucleosomes

can dissolve entirely by unwrapping the DNA, leaving naked

DNA stretches behind, and later on, they can reassemble.

Thus, nucleosomes are in a dynamic equilibrium with the

chromatin fiber. These effects lead to an average nucleosome

occupation (i.e., the probability that a bp is covered by a

nucleosome) of <75%. Since the DNA around the histone

octamer has a length of ~150 bp and the linkers have a length

of 50 bp, an average nucleosome occupancy of z75% corre-

sponds to a perfect chromatin fiber where every nucleosome

position is occupied.

In Segal et al. (35), in 2006, the average nucleosome occu-

pancy was partially determined experimentally and predicted

by a probabilistic model. In 2008, Segal et al. (1) had

extended their model to make a prediction for the entire yeast

genome, and found an average nucleosome occupancy of

68%; i.e., not all nucleosome locations are actually occupied

by a histone octamer. Instead, one gets strong depletion

effects that affect the chromatin fiber properties massively,

as we will show below.

In this work, we present an improved chromatin model

that takes nucleosome depletion as well as linker-histone

depletion into account. We investigate their impact on the

chromatin compaction and on the flexibility of the chromatin

fiber, and show that depletion effects may even contribute to

chromatin compaction.

We use the experimental data from Widom (24) to include

local fluctuations in our model since the nucleosome-nucle-

osome interactions are still unknown. Furthermore, we use

the prediction of the average nucleosome occupancy of Segal

et al. (1) from 2008 as a reference value and find that it lies

just in the regime of optimal chromatin compaction.

METHODS

In a previous work (36), we presented a chromatin model (E2A model) that

included the possibility to study linker-histone depletion. Our algorithm
avoids any potentials (except excluded volume potentials) and dynamics

to keep the code fast. Thus, large equilibrated chromatin fiber conformations

up to some Mbps (i.e., z10,000 NRL) can be generated. The details of this

model, including a comprehensive description of the linker-histone deple-

tion modeling that was used for this work as well, can be found in Diesinger

and Heermann (36).

We improved this Monte Carlo (37) model by two significant chromatin

features—those of flexibility and nucleosome depletion, which are supplied

by local fiber fluctuations.

The chromatin fibers in the previous model were stiff, i.e., there were no

distributions for the local fiber parameters due to the still rarely known

nucleosome-nucleosome interaction potential. In a sense, the previous

model was a mean-field approach to the chromatin fiber on small length

scales. The nucleosome-nucleosome as well as the nucleosome-DNA inter-

action are highly complex and still an area of ongoing research. We solved

the problem of avoiding these potentials by using experimental data (24) for

the distribution of the NRL, and taking advantage of the fact that the local

chromatin parameters are not independent. For this case, it is possible to

partially invert the convolution of the probability distributions (which is

given by the experimental data), and thus, get information on the individual

distributions of our model parameters.

Making use of given parameter distributions for the model parameters

gives us the advantage of saving computation time that would otherwise

be spent for the equilibration of the fibers. The saved computation time

can then be used to generate very large fibers (i.e., chromatin fibers consist-

ing of several Mbp).

Of course excluded volume potentials for the DNA and the nucleosomes

are still taken into account: The DNA has a tubelike shape and the nucleo-

somes have the excluded volume of flat cylinders.

Parameter distributions of the E2A model

In this section we show how the experimental data for the NRL distribution

(24) can be used to get information about the parameter distributions of our

model.

The NRL consists of a stretch of linker DNA b and the DNA content,

which is wrapped around the nucleosomes u: NRL ¼ b þ u. We use

only the 197-bp repeat length peak of the data in Widom (24).

In our model, bi is the linker length between two consecutive nucleosomes

(i–1 and i) and ui is the length of the DNA strand covering nucleosome i.
We approximate the distribution for the nucleosome repeat length in

Widom (24) by a Gaussian standard normal distribution:

fNRLðlÞ ¼ N ½mNRL; s
2
NRL�ðlÞ ¼

1

sNRL

ffiffiffiffiffiffi
2p
p e

�1
2

�
l�mNRL

sNRL

�2

: (1)

Furthermore, we know NRL ¼ b þ u, where NRL, b, and u are random

variables. Therefore, the convolution of the probability density functions

of b and u must be the probability density of NRL, i.e.:

fNRLðlÞ ¼
ZN

�N

fb

�
l
0
�

fu

�
l� l

0
�

dl
0
:

By assuming Gaussian standard normal distributions and statistical indepen-

dence
fb ¼ N ½b0; s

2
b�

fu ¼ N ½mu; s
2
u�;

which gives

mNRL ¼ b0 ¼ mu and s2
b þ s2

u:

In this context, s2
u represents a part of the mobility of the nucleosomes

inside the DNA loops. We choose s2
b and s2

u, proportional to the DNA
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content of their corresponding nucleosome repeat unit parts (compare to

Table 1).

The rotational angle bi is a periodic function of the linker length bi

because DNA adsorption always begins with the minor groove turned in

toward the first histone-binding site:

bðbÞ ¼ b0 þ
2p

10:2 bp
ðb� b0Þ:

The period is the repeat length of the helical twist of the DNA. It is fixed to

10.2 bp in this work. b0 and b0 are the mean values of b and b. They can be

found in Table 1. With the equation above, one can calculate the probability

density function of b by transforming the density of b:

fb

�
b
0
�
¼ fb

�
b
0
� db

�
b
0
�

db

¼ N ½b0; s
2
b�
�

b
0
� �10:2bp

2p

�

¼ 10:2 bp

2p

1

sb

ffiffiffiffiffiffi
2p
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2
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2p

�
�b0

sb

!2
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¼ N
h
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�
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b
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�
:

In our model, bi depends directly on bi. Its distribution was calculated here

for the sake of completeness.

Similarly, one can calculate the density function of h by the relation

h ¼ 1

2

�
8:4 bp

146 bp
ui�1 þ

8:4 bp

146 bp
ui

�
¼ 8:4

292
ðui�1 þ uiÞ:

Here, ui–1 and ui are statistically independent random variables with the same

probability density fu. Therefore, one gets the probability density of h by

fh

�
h
0
�
¼ fui�1 þui

�
u
0	 292

8:4

¼ N


2mu; ð2suÞ2

��292

8:4
h
0
�

292

8:4

¼ N
�

8:4

292
2mu;

�
8:4

292
2su

�2��
h
0
�
:

The results for the parameter distributions in our model are shown in

Fig. 1 and in Table 1. An example conformation with these parameter distri-

butions is illustrated in Fig. 2 b. With these parameter distributions, the E2A

model complies with the scaling laws for a self-avoiding walk at very large

length scales. For smaller scales (up to z5000 NRLs), the end-to-end

distance and the radius of gyration show strong finite size effects.

Nucleosome depletion

The second chromatin feature that we included in the model is the possibility

for nucleosomes to dissolve entirely so that only naked DNA stretches

remain. These DNA strands are modeled as wormlike chains with a diameter

of 2.2 nm and a persistence length of 50 nm as illustrated in Fig. 3 a. In

a real-cell nucleus, nucleosome-free regions are likely to be occupied by

regulatory proteins.

To estimate the average rate of nucleosome skips, we used data for the

average nucleosome occupancy per bp (35) that was obtained by experi-

ments combined with a probabilistic prediction model. We use a prediction

of the nucleosome occupancy for the entire yeast genome (1).

The transformation between the average nucleosome occupancy n in

the literature (1,35) and the nucleosome skip probability pnuc in this model is

pnuc ¼ 1� n
197 bp

147 bp
¼ 1� 1:34n:

With a linker length of ~50 bp and z150 bp wrapped around each histone

complex, one would expect an average nucleosome occupancy of z75%

for a perfectly regular chromatin strand—i.e., a nucleosome occupancy of

n z 75% leads to a vanishing skip rate. On the other hand, if n¼ 0, i.e., there

were no nucleosomes at all, the nucleosome skip rate p will be 100%. A nega-

tive value for the nucleosome skip probability means that even more base-

pairs are covered by nucleosomes than expected by a regular, ideal chromatin

strand. In this case, the linker lengths between the nucleosomes have to be

adjusted (i.e., narrowed) to get the given nucleosome occupancy n.

The predicted nucleosome occupancy for the yeast genome (1) has a mean

value of z68%, which means that one should expect a nucleosome skip rate

of 8% for an average chromatin fiber. The yeast (Saccharomyces cerevisiae)

genome is special in some ways since it has a very high gene density and

essentially no heterochromatin. Probably the genomes of most other eukary-

otes have lower nucleosome skip rates. Therefore, the nucleosome skip rate

will be treated as a variable parameter in the following section.

Two conformations for chromatin fibers with a nucleosome skip rate of

8% and an estimated linker-histone skip rate of 6% are shown in Fig. 3 b

and Fig. S1 in the Supporting Material. Later on, the skip rates are treated

as parameters in our model, i.e., they are varied over a large range of possible

values to see how depletion effects affect chromatin properties.

In this work, linker-histone depletion and nucleosome depletion are

treated statistically independently, to investigate the two different kinds of

chromatin defects separately from each other. In fact, linker-histone deple-

tion facilitates nucleosome depletion, because if the glue particle that keeps

the in- and outgoing DNA strand together is missing, it is much easier for the

DNA to unroll from the histone octamer. The linker histone corresponds to

an energy barrier that inhibits the unrolling of the DNA arms.

TABLE 1 Parameters of the E2A model

mNRL 197 bp s2
NRL 1.5 bp2

b0 146 bp s2
b 0.4 bp2

b0 36 deg s2
b 0.1518

mu 146 bp 32
u 1.1 bp2

mh 8.4 bp s2
h 0.0036
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FIGURE 1 This figure shows the underlying parameter distributions of

our model. They are obtained from the NRL distribution of Widom (24)

and are used instead of interaction potentials since these, in analytical

form, are not known to date.
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RESULTS

Comparing Fig. 2 b (i.e., a chromatin fiber without nucleo-

some or linker-histone depletion) with fiber conformations

that allow for depletion effects (Fig. 3 b and Fig. S1), one

can easily see that an expectation of a regular 30-nm chro-

matin fiber is no longer justified. Instead, one gets a coil-

like structure of some more or less regular parts separated

by very flexible parts, which mainly consist of naked DNA

stretches. The linker-histone depletion does not destroy the

picture of a regular 30-nm fiber as much as the nucleosome

depletion. Moreover, one has to keep in mind that the nucle-

osome depletion rate which was used to generate the confor-

mations in Fig. 3 b and Fig. S1) is only the average depletion

rate (of the yeast genome). Some parts of the genome (for

instance, telomeres (1,35)) have even larger nucleosome

depletion rates, and therefore are much more coiled. Further-

more, small nucleosome skip rates already induce very

coiled structures. The crossed-linker parts of the chromatin

fibers generated with our model had an average radius of

34.6 nm and a nucleosome line density of 5.8 nucleosomes

per 11 nm. Their persistence length was z280 nm.

A comprehensive discussion of the phase diagram for

regular (i.e., stiff) chromatin fibers can be found in the liter-

ature (15,38,36,39).

The parameter distributions lead to fibers that no longer

have a fixed structure (or topology). Instead, one gets a prob-

ability distribution of structures (shown in the background of

Fig. 4). One can see that the main part of the chromatin fiber

is still a crossed-linker fiber, but some smaller parts can be in

a more open beads-on-a-string-like state or another state.

(Some examples are shown in Fig. 2.) A visual comparison

with electron micrographs (40) shows strong similarities.

Fig. 5 shows how either linker-histone or nucleosome

depletion affects the flexibility of chromatin fibers. Without

any depletion effects (i.e., zero skip rate), the fiber has

a persistence length of ~280 nm. If the skip rate for either

linker histones or nucleosomes increases, the persistence

length drops very fast in both cases, i.e., the fiber gets

much more flexible. Fig. 6 shows the persistence length as

FIGURE 2 Examples of conformations generated within

the framework of the model if one takes the empirical

parameter distributions as well as the depletion effects

into account. Similar electron micrographs can be found

in Olins and Olins (40). (a) Shows a beads-on-a-string-

like structure with some nucleosome and linker-histone

skips. The latter are marked orange. (b) Example confor-

mation of a chromatin strand of length 40 kbp. The light

blue tubes represent the DNA, the histone octamers are

modeled as purple cylinders, and the linker histones are

marked in light yellow. This chromatin conformation has

no depletion effects and a diameter of ~34 nm. (c) One

can even get single nucleosomes connected by naked

DNA stretches, which is shown here.

FIGURE 3 (a) Example of a single nucleosome skip. If

a nucleosome is dissolved, a blank stretch of DNA remains.

The naked DNA stretches have lengths of multiple integers

of the nucleosome repeat length plus once the length of

a DNA linker, and can lead either to a collapse or to a

swelling of the chromatin fiber. In both cases, they increase

the flexibility of the chromatin chain massively. (b)

Example conformation of a chromatin fiber with depletion

effects: The linker -histone skip rate is 6% and the nucleo-

some skip rate is 8%. The linker-histone skips are marked

orange. One can see that the concept of a regular 30-nm

fiber no longer holds. Instead, one obtains very flexible

coil-like structures of compact regions that are separated

by naked DNA stretches. The fiber has a total length of

394 kbp.
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a function of the skip rates, but this time, combinations of the

two kinds of depletion effects are considered as well.

We used the radius of gyration as well as the mean-

squared end-to-end distance as a measure for the fiber exten-

sion to see how it is changed by the depletion effects. In

Fig. S2 and Fig. 7, one can see how either linker-histone

depletion or nucleosome depletion affect the fiber extension,

and Fig. S3 and Fig. 8 again show the same results for the

combination of the two depletion effects.

In the case of linker-histone skips, the fiber extension

decreases with increasing skip rate, until it reaches a skip

rate of z15%. In terms of chromatin compaction, this means

it could even be necessary to have a linker-histone depletion

of ~15% or vice versa: It is not efficient to have >85% of all

nucleosomes saturated with H1 histones, because at some

point the fiber gets too stiff, and therefore, no longer bends

so easily.

Increasing the nucleosome skip rate has two effects on the

chromatin fiber: First, it gets more flexible, due to the naked

DNA stretches that connect regions that are more compact.

FIGURE 4 Cutout of the actual four-dimensional chromatin phase

diagram. The pitch d and the linker length b are fixed here. A single point

in this diagram corresponds to a specific chromatin structure. The forbidden

structures lie left and below the dashed line, which is the excluded volume

borderline (38). Due to the parameter distributions in our model, we do not

expect a specific chromatin structure but instead a distribution of structures

in the phase diagram. This probability distribution is shown in the back of

the figure.
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FIGURE 5 This figure shows how depletion effects decrease the chro-

matin persistence length lP. Here, either linker-histone or nucleosome deple-

tion effects are considered. The persistence length decreases very similarly

for both cases. Nucleosome depletion has a slightly larger effect for small

skip rates.

FIGURE 6 This figure shows how depletion effects decrease the chro-

matin persistence length lP. In this case, combinations of linker-histone

and nucleosome depletion effects are considered. The red spot marks the

expected average rates for the two depletion effects.
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FIGURE 7 Mean-squared radius of gyration is used as a measure for the

extension of the chromatin fiber. With increasing linker-histone depletion

(blue) it decreases, whereas with increasing nucleosome depletion (green)

there is a plateau regime after a initial decrease and at the end, the fiber

extension even increases. These effects come, on the one hand, from the

gain of flexibility that the nucleosome skips bring in, and on the other

hand, from the spatial need of naked DNA, in opposite to the compact wrap-

ped DNA. In the plateau regime, these two effects level off. This is the

regime where chromatin compaction is optimal. As one can see, the exper-

imental values for the nucleosome skip-rate with an average of 8% lie just in

this region of optimal condensation.
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Second, the naked DNA is much less condensed, and thus,

needs more space due to entropic forces than the DNA, which

is wrapped up around histone octamers. In Fig. 7 and Fig. S2,

one can see that the fiber extension first decreases with

increasing nucleosome depletion (0–5%), then there is a

plateau regime where it is almost constant (5–9%) and finally

it increases again (>9%). The first decrease comes from the

increase of flexibility, which the naked DNA stretches bring

in. The increase of the extension at the end (>9%) stems

from the spatial need of the naked DNA, and in the plateau

regime at the middle, the two effects level off.

One can also consider this from the view of chromatin

compaction: At a nucleosome skip rate of 100%, one would

have the whole genome as a naked stretch of DNA. Adding

nucleosomes means that one decreases the nucleosome skip

rate now. At the plateau regime, the chromatin compaction is

optimal because a further increase makes the chromatin fiber

too stiff. One has to keep in mind that the experimental data

for the average nucleosome occupancy (1) suggested an

average nucleosome skip rate of 8%, which lies just in this

plateau regime of optimal chromatin compaction. This

means the experimentally determined average nucleosome

occupancy is optimal in terms of chromatin compaction.

Fig. 9 shows the (radial) pair distribution function g(r)

(41) of nucleosomes in a chromatin strand. The pair distribu-

tion function is a major descriptor for the atomic structure of

solids, amorphic materials, and liquids. In this case, we can

apply this mathematical tool only for small distances,

because we do not have a chromatin melt but instead, only

a single fiber at a time. Therefore, the distance cutoff for

the following structure analysis was set to a small value,

namely 40 nm. Hence, we analyze spheres with this radius

around each nucleosome by looking for very frequent spatial

distances. In this context it is important to keep in mind that

the nucleosomes sit at the edge of the chromatin fiber and

furthermore, the fiber has only a diameter of ~35 nm. There-

fore, the main part of the 40-nm-sphere is empty, which leads

to a decrease of the mean nucleosome density (compare to

Fig. 9).

The pair-distribution function is proportional to the condi-

tional probability of finding a nucleosome at a distance r if

another nucleosome is sitting at the origin. It is normalized

so that a value of one corresponds to the mean nucleosome

density of the considered system (i.e., in this case a 40-nm

sphere). The pair correlation function is given by g(r)–1

and the Fourier-transform of it is the scattering function

S(q), which could be determined by scattering experiments.

Fig. 9 shows some very dominant nucleosome-nucleo-

some distances, which are labeled I–V. These peaks, repre-

senting frequent spatial distances rD, can be associated

with genomic distances between nucleosomes in the chro-

matin fiber (compare to Table 2). These genomic distances

are denoted by D and they are given in multiples of the nucle-

osome repeat lengths (i.e., they are integer numbers). The

corresponding spatial nucleosome-nucleosome distance to

a genomic distance D is denoted by rD. In this sense, g(r)

is the superposition of all rD-distributions.

Some of the peaks in Fig. 9 are superpositions of several

single distributions P(rD). This is indicated in some cases

by subscript letters (compare to peaks II and III). The alloca-

tion of the peaks to genomic nucleosome-nucleosome
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FIGURE 9 Pair-distribution function of nucleosomes in a chromatin fiber

(with and without depletion effects). The value g(r) is proportional to the

probability of finding a nucleosome in distance r to a reference nucleosome.

The labeled peaks can be associated with particular genomic nucleosome-

nucleosome distances D (compare to Table 2). Even in the case of fibers

with depletion effects (i.e., a linker-histone skip rate of 6% and a nucleosome

skip rate of 8%), the first four peaks can be clearly identified.

TABLE 2 Allocation of peak number to particular genomic

nucleosome-nucleosome distances for the first five peaks in the

pair distribution function g(r)

Peak number I IIa IIb IIIa IIIb IV V

Genomic distance D [NRL] 2 1 3 4 5 6, 7 8, 9, 10

FIGURE 8 Mean-squared radius of gyration as a measure of the extension

of the chromatin fibers in the dependence of depletion effects. Here, again,

are combinations of linker-histone and nucleosome depletion effects

possible. The red spot marks again the expected average values that come

from experimental data.
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distances can be found in Table 2. For instance, the second

peak (II) is a superimposition of the distribution of r1 and

the distribution of r3. Some of the genomic distances rD

are illustrated in Fig. 10. Moreover, in some cases the rD-

distributions are very asymmetric, which can be seen in

Table S1: The mean value and the most frequent value differ

greatly in some cases.

The first four peaks of the pair distribution function can

even be identified if one allows for depletion effects

(compare to Fig. 9), although in this case, the pair-distribu-

tion function is decreased in comparison to g(r) without

depletion effects because the skips reduce the number of

nucleosomes that have a certain genomic distance. Neverthe-

less, the peaks can still be identified clearly.

DISCUSSION

Fig. 3 b and Fig. S1 suggest that the concept of a specific

regular 30-nm chromatin fiber possibly has to be adjusted

toward a distribution of structures (compare to Fig. 4), which

coexist in one chromatin fiber. Furthermore depletion effects

which obviously occur in vivo lead to much more coiled con-

formations even at small skip rates than one would expect

from existing chromatin models (2,7,8,10–18,36,38). These

coils surely show small stretches of 30-nm fibers that are

separated by large pieces of naked DNA, but a perfectly

regular 30-nm fiber seems to be very unlikely since it needs

to be almost completely saturated with nucleosomes. Even

FIGURE 10 This figure illustrates the connection between the genomic

distance D and the spatial distance rD for the first four cases. The reference

nucleosomes that have the genomic distance D (in NRLs) are marked in red.
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from a thermodynamic point of view, this seems unlikely:

Nucleosomes have the ability to dissolve and form again

(for example, with the help of enzymes and proteins that

are targeted to specific genomic sites by sequence-specific

binding proteins), so a dynamic equilibrium resulting in a

certain nucleosome skip rate seems very plausible. Perhaps

these regular fibers exist only in heterochromatin-like config-

urations or under lab conditions, where they are built-up at

high histone concentrations and therefore are entirely satu-

rated with nucleosomes and linker histones.

Our investigation of the chromatin fiber extension in the

dependence of the depletion rates shows that the nucleosome

skip-rates from experimental data (1) lie in the regime of

optimal chromatin compaction. This could be a hint that cells

are in fact using the plateau regime to keep the DNA com-

pact. Furthermore, cells could use the plateau regime to regu-

late the chromatin fiber extension locally. Transcription as

well as replacement of nucleosomes by other proteins on

regulatory sites may increase the nucleosome skip rate in

a genome region, and thus, lead automatically to swelling

of the chromatin strand. The nucleosome skips are much

more important for this effect than the linker-histone skips

(compare to Fig. 7 and Fig. S2).

We showed that nucleosome and linker-histone depletion

may even be useful for chromatin compaction, because they

give the chromatin fiber more flexibility, leading to more-

compact fiber conformations (at low skip-rates). Therefore,

H1 and nucleosome skips may play a very important role

for chromatin compaction, and support a tool to locally regu-

late the chromatin-fiber extension within the cell nucleus.
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