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Abstract Coarse-grained models are used to assess the

packing of the 30-nm chromatin fiber. First, rigid assembly

models for nucleosomal repeats from 155 to 211 bp are

built using the crystal structure of the mononucleosome

and attached straight stretches of B-DNA. The resulting

fiber conformations are analyzed for static clashes and

classified into stable and unstable structures. The effect of

flexibility and thermal fluctuations is then taken into

account by conducting Monte Carlo simulations of chro-

matin fiber models. Here the DNA is approximated by a

flexible polymer chain with Debye–Hückel electrostatics,

the geometry of the linker DNA connecting the nucleo-

somes is based on a two-angle zigzag model, and

nucleosomes are represented by flat ellipsoids interacting

via an attractive Gay–Berne potential. Unstable fibers

occur at a particular repeat length period of 10 bp. Also,

the regions of densely compacted fibers repeat at intervals

of 10 bp. Besides one- and two-start helical zigzag struc-

tures, we show evidence for possible three-start structures,

which have not been reported in experiments yet. Finally,

we show that a local opening of the linker DNA at the

nucleosome core—as probably occurs upon histone acet-

ylation—leads to more open and flexible structures.

Keywords Chromatin fiber � Monte Carlo simulation �
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Abbreviations

NCP Nucleosome core particle

Lp Persistence length

MC Monte Carlo

1 Introduction

In eukaryotic cells, DNA is packed into chromatin in a

hierarchical process. At the lowest level of compaction,

histones bind to DNA and form nucleosomes [1, 2].

Slightly less than two turns of DNA are wrapped around

the histone octamer core: one histone octamer and 146 bp

DNA form a biochemically stable unit (the ‘‘core parti-

cle’’). The spacing between successive nucleosomes is

160–240 bp depending on the cell type and species. The

crystal structures of the histone octamer [3] and the full

nucleosome core particle [4] have been solved at atomic

resolution. The next packaging level is less well under-

stood. Electron microscopy images of chromatin

preparations typically present a 10-nm thick ‘bead-chain’

fiber in hypotonic medium and a 30-nm fiber under physio-

logical conditions [5]. Several models have been

proposed to explain the folding of the nucleosome chain
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into the 30-nm fiber. They can be grouped into two classes:

(1) a one-start helix with bent linker DNA connecting each

pair of nucleosome cores following each other immediately

along the same helical path (for example, the ‘‘solenoid’’

[6–9]) and (2) a two-start helix with straight linker DNA

connecting nucleosome cores which are arranged in two

independent helical stacks [10–12].

The detailed structure of such models critically depends

on the geometry of the DNA beyond its direct contact with

the histone octamer. An experimental pyrimidine dimer-

ization study suggested that the linker DNA is straight [13].

Linking number data suggest that the linker DNA arms do

not cross [14] and cryo-electron microscopy micrographs

show a zigzag motif of the linker DNA in the compacted

fiber [15]. Further support for the two-start zigzag model

comes from an analysis of radiation-induced in vivo frag-

mentation of chromatin [16]. Dorigo et al. [17] analyzed in

vitro compacted dodecamer nucleosome arrays stabilized

by introduction of disulfide cross-links between the tails of

H4 and H2A histones at the stacking internucleosomal

surfaces, and could show that the chromatin fiber

comprises two stacks of nucleosomes in accord with the

two-start model. The crystal structure of a compact tetra-

nucleosome shows that the linker DNA zigzags back and

forth between two stacks of nucleosome cores forming a

truncated two-start helix [18]. By successively stacking

these tetranucleosome structures one on another, continu-

ous crossed-linker fiber models can be built. The linker

DNA is extended with one linker being straight and the

other showing a moderate bend. Most probably, the length

of the linker DNA is buffered by stretching of the DNA

contained in the nucleosome cores. These experimental

results favor two-start over one-start models and suggest

that the linker DNA may be rather straight, findings sup-

ported by theoretical chromatin modeling studies [19–22];

for a review see [23]. In the modeled 30-nm fiber struc-

tures, the linker DNA remains extended and passes through

the center of the fiber; the structures differ in the amount of

nucleosome stacking in the condensed fiber.

Obviously, the forces modulating fiber condensation are

mainly electrostatic [20, 24] and thus can be biochemically

regulated by phosphorylation, acetylation, and other post-

transcriptional modifications that are known to be

associated with various genetic pathways. Furthermore,

nucleosomes interact with one another. Part of the histone

H4 tail (amino acids 14–19) is necessary for fiber com-

paction [25]. This region makes an interparticle contact

with H2A/H2B of a neighboring particle [4, 17, 26]. This

internucleosomal interaction was also considered in the

chromatin Monte Carlo model by Wedemann and Lan-

gowski [21]. However, fiber packaging critically depends

on the connecting DNA; the chromatin fiber properties

result from the interplay between linker DNA stiffness,

electrostatics, and internucleosomal interactions. Double-

helical DNA is a polyelectrolyte with well-defined stiffness

(persistence length of 150–190 bp). Length variations are

coupled with an axis increase of 0.34 nm and a twist angle

of roughly 36� per bp. In particular for short linker lengths,

only limited sets of linker lengths can sterically be realized

in compacted chromatin fibers, other linker lengths will

result in nucleosome clashes. Indeed, analyzing a large

number of nucleosome repeat lengths, values related by

multiples of the helical twist of DNA were found to be

preferred [27]. This implies that specific linker lengths are

indeed favored in naturally occurring chromatin fibers.

Here we analyzed the steric stability of rigid assembly

fiber structures constructed from nucleosomes and straight

linker DNA at atomic resolution for repeat lengths ranging

from 155 to 211 bp. This analysis gives first indications

about which nucleosome repeats are sterically excluded by

assuming a completely rigid linker DNA. In a second step,

we introduce DNA flexibility and thermal fluctuations on

the modeled chromatin structures by using a Monte Carlo

model containing the full energetics of DNA bending and

twisting as well as DNA–DNA and nucleosome–nucleo-

some interactions. While the Monte–Carlo model predicts a

larger region of acceptable nucleosomal repeats, both

approaches consistently show stable repeats with a period

of one DNA helical turn.

2 Methods

To study structural properties and stability of the 30-nm

chromatin fiber for different repeat lengths, we compared

rigidly assembled chromatin fibers at atomic resolution

with modeled chromatin fibers equilibrated by a Metro-

polis–Monte Carlo algorithm.

2.1 Rigid assembly models of the chromatin fiber

The rigid assembly of the chromatin fiber starts with the

crystal structure of a single nucleosome core particle ([4];

PDB code: 1aoi). In the first step, straight linker DNA of a

defined length is attached to the DNA leaving the nucleo-

some. The linker DNA consists of two additional base pairs

(bp) at each end. These two base pairs are superimposed to

the last two base pairs at one end of the nucleosome core

particle DNA. Then, another nucleosome is connected in

the same manner to the other end of the linker DNA. By

iterating this procedure, we constructed chromatin fibers

consisting of 24 nucleosomes connected by 23 linkers and

DNA linker lengths in the range of 9–65 bp corresponding

to nucleosome repeat lengths between 155 and 211 bp. For

model building, InsightII was used (Accelrys, San Diego,

USA). We analyzed the relative geometrical orientation of
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nucleosomes and the total length and diameter of the

models as well as a possible steric hindrance. Steric hin-

drance analysis was performed using the BUMP command

available in InsightII, which will signal van-der-Waals

overlaps within the structures. Model structures without

bumps are classified as ‘‘stable’’, all other structures as

‘‘unstable’’. The end-to-end distances of the 24-nucleo-

some structure were determined by measuring the distances

between the O50 atoms of the first nucleotide in chain I of

nucleosomes 1 and those of nucleosomes 22, 23 and 24

(selecting the largest of the three values). The model

structure diameters were determined manually on the

computer screen by drawing a circle through the outer

atoms of a top view orientation and measuring the circle

diameter.

2.2 Monte Carlo simulation of the chromatin fiber

Rigid fiber models do not consider the thermal fluctuation

that chromatin fibers are subjected to in their natural

environment. To study the influence of thermal fluctuation

on the fiber stability, we simulated thermodynamic equi-

librium ensembles using our Monte Carlo (MC) model,

which has been described in earlier work [21, 28]. A sta-

tistically relevant set of conformations generated by this

method represents the chromatin fiber at thermodynamic

equilibrium at a defined temperature. To separate these

structures into stable and unstable fibers, we analyze them

qualitatively by visualization and quantitatively by deter-

mining their fundamental structural parameters such as the

contour length, the mass density, and the total internal

energy of the chain. We compare the stable and unstable

regions thus obtained with that of the rigid assembly

models of chromatin fibers.

The Monte Carlo model approximates the chromatin

fiber as a flexible polymer chain. The nucleosome shape is

represented by a rigid ellipsoidal disk with a diameter of

11 nm and a height of 5.5 nm, approximating the crystal

structure [4, 26]. The nucleosome disks are connected via

two cylindrical segments corresponding to the linker DNA,

in agreement with the tetranucleosome crystal structure

[18]. The global shape of the fiber is determined by four

parameters: the linker-DNA length l, the linker-DNA

opening angle a, the twisting angle b between consecutive

nucleosomes, and the attachment angle d, i.e., the angle

between the attachment points of the linker DNA to the

nucleosome core (Fig. 1). This geometry is essentially the

‘‘two angle’’ geometry proposed originally by Woodcock

et al. [11] and van Holde and Zlatanova [29]. The length of

the linker DNA is varied in the range of 9–65 bp. The rigid

assembly models and the crystal structure of the tetra-

nucleosome by Schalch et al. [18] show a twist angle

b & 72� for a linker length l = 20 bp. Linker length l and

twisting angle b depend on each other through the helical

pitch, which was taken here as 10 bp for simplicity and for

comparison to the rigid assembly models:

b ¼ ðlinker length 1� 20 bpÞ � 36� þ 72�

The opening angle a between incoming and outgoing

linker DNA is set to 60�, which is in the range of 55� and

65� extracted from the crystal structures [18] and the rigid

assembly models. In agreement with the crystal structure,

incoming and outgoing linker DNA are set 3.1 nm apart,

parallel to the superhelical axis of the nucleosome. As

147 bp of DNA is wrapped around the histone core

1.67 times, the separating angle d is set to 360 - (360 9

0.67) = 118.8� & 119�, assuming that the linker DNA

leaves and enters symmetrically. For comparison, we

performed additional simulations with a = 0� and

d = 180�.

Stretching and torsion potentials connecting the linker

DNA segments with each other and the nucleosomes are

assumed to be harmonic. A screened Coulomb potential

in the Debye–Hückel approximation is used to model

l

α

β

δ Debye�
Hückel
appr.

Gay�Berne�
appr.

nucleosome

linker DNA 

d

Fig. 1 The geometry of the Monte–Carlo fiber model. Incoming and

outgoing linker DNA of length l define the opening angle a and are set

a distance d off each other. The attachment points of the linker DNA

to the nucleosome are symmetrical and defined by the angle d.

Succeeding nucleosomes are twisted by the torsion angle b. Interac-

tions between the linker segments are described by a Debye–Hückel-

Potential whereas nucleosomes interact via a Gay–Berne-Potential

[21]
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electrostatic DNA–DNA interaction, while a weakly

attractive anisotropic Lennard–Jones type (Gay–Berne-)

potential describes the nucleosome–nucleosome interac-

tion. These potentials are the same as in our previous

publications [21, 28]. Electrostatic effects were not

explicitly considered in the nucleosome–nucleosome

interactions, because the effect of salt on internucleosomal

interactions is not well understood.

2.3 The simulation protocol

The simulation is based on two different Monte Carlo

steps: a rotation and a pivot move. In the rotation move, the

end point of a randomly chosen segment is rotated by a

random angle around the axis determined by the start point

of the chosen segment and the end point of the next seg-

ment. For the pivot move, the shorter part of the chain is

rotated by a random angle around a random axis passing

through a randomly selected segment point. For compara-

bility with the data of the rigid assembly model fiber

structures, we used fibers consisting of 24 nucleosomes and

the same values for linker lengths and torsion angles. To

check for any dependence on the number of nucleosomes,

we also simulated fibers consisting of 100 nucleosomes.

The initial parameters of the simulation are given in

Table 1.

Two energetically different starting conformations were

used to ensure the independence of our simulations from

the starting conformation. One simulation run was initiali-

zed with a condensed fiber in a twisted zigzag form, where

the sum of elastic energies was zero (Fig. 2a). In the sec-

ond simulation run, all segments were ordered in a straight

line, building a linear starting conformation (Fig. 2b). To

define the contour of a 30-nm chromatin fiber, we

calculated the mass centers of all stretches of 14 consec-

utive nucleosomes along the fiber structure. The connected

centers of mass form a segmented chain whose sum of

segment lengths is a measure of the contour length of the

central 86 nucleosomes of the fiber. For calculating the

persistence length and stretching modulus of this chain, we

used the analysis methods given in our previous paper [28].

To check the statistics of our simulations, we calculated the

autocorrelation function of the energy, mass density, end-

to-end distance, and contour length as described there and

found correlation lengths less than 3,500 MC steps which is

in the range of our former simulations. We performed

3 9 106 MC steps for each simulation where the first 5.105

MC steps (corresponding to more than 100 statistically

independent conformations) were used only for the initial

relaxation of the chain and not included in the analysis.

For the final analysis, every 1,000th conformation of the

Table 1 Elastic, interaction and geometric parameters used in the

MC simulations (taken from [28])

Parameter Measure

Stretching modulus DNA 1,104 pN

Bending modulus DNA 2.06 9 10-19 J nm

Torsion modulus DNA 2.67 9 10-19 J nm

Electrostatic radius DNA 1.2 nm

Stretching modulus nucleosome 1,104 pN

Torsion modulus nucleosome 1.30 9 10-19 J nm

Gay–Berne parameters for

internucleosome interaction

r0 = 10.3 nm

v = -0.506

v0 = -0.383

Temperature 20�C

Nucleosome diameter 11 nm

Nucleosome height 5.5 nm

Salt concentration 0.1 M NaCl

Fig. 2 Twisted (a) and linear (b) initial conformations for simulation

of fibers consisting of 24 nucleosomes (red), linker segments (blue) of

repeat length l = 192 bp, opening angle a = 608, twisting angle

b = 2888 and attachment angle d = 119�
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remaining 2.5 9 106 has been included. Total energy,

contour length, end-to-end distance, and mass density of

the fiber after the equilibration in concord for both starting

conformations (data not shown).

3 Results

To study the structure and stability of the 30-nm chromatin

fiber and the dependence of its physical parameters on the

underlying geometry of the zigzag chain, we first con-

structed and analyzed rigid assembly models for eventual

steric clashes. We then performed MC simulations with

nucleosomal repeats between 156 and 211 bp and com-

pared thermodynamically equilibrated fiber structures with

the rigid assembly models, which are based on the crystal

structure of the nucleosome and B-form linear DNA for the

linker DNA. In MC simulation setup 1 (Fig. 3a), the linker

attachment points were set a maximum distance apart from

each other (d = 180�) while incoming and outgoing linker-

DNA are parallel (a = 0�). In MC simulation setup 2

(Fig. 3b), bending angle a = 60� and attachment angle

d = 119� = 360 - (1.67 9 360) mod 360 were chosen

according to the geometric models and the tetranucleosome

structure [18].

3.1 Rigid assembly structures

We constructed rigid assembly models from experimental

nucleosome structures and straight linkers for linker

lengths between 9 and 65 bp corresponding to repeat

lengths between 155 and 211 bp. Rigid assembly of

nucleosomes and straight linkers leads to relatively crude

models that take into account neither specific nucleosome–

nucleosome interactions nor a potential bending of the

DNA linkers. Nevertheless, the structural features shown

by these models are a solid basis for more sophisticated

analyses.

We analyzed possible steric hindrances in these models

and found that structures with linker lengths 9–13, 20–24,

32–36, 43, 46, and 56 bp show bumps. A full comparison

of all these structures is given in Table 1 of the Supple-

mentary material. In some cases, the number of bumps is

relatively small and could easily be removed by a slight

geometrical adjustment. The rigid assembly models exhibit

structural regularities that are governed by the varying

linker lengths. The relevant geometrical parameters are the

end-to-end-distances of the linkers and the torsion angles

between the nucleosomes at the two linker ends. The latter

angles are governed by the helical twist of about 368 for

ideal B-DNA. Of course, steric hindrance becomes smaller

and smaller with increasing linker lengths. Concurrently,

the structures switch between two-start models with a

preferred interaction between nucleosomes n and n ? 2

and three-start models with a dominant n/n ? 3 nucleo-

some interaction. However, for shorter linker lengths, most

of the two-start structures are sterically forbidden. Two

representative examples of a two-start and a three-start

structure with linker lengths 31 and 27 bp are shown in

Fig. 4 (A compilation of more top and side views in a two-

start and a three-start coloring scheme is shown in Sup-

plementary Fig. 1). The rigid assembly models allow also

an easy determination of end-to-end distances and dia-

meters of the chromatin structures (Fig. 5). The chromatin

model diameter increases from 19.6 nm for a linker length

of 9 bp to 41.3 nm for a 65-bp linker. Superimposed to this

general increase is an oscillating behavior with maxima at

25/26, 36/37, 46/47, and 57 bp and minima at 29/30, 39–

41, 50/51 and 61 bp. The end-to-end distances also exhibit

an oscillating behavior around a constant value up to about

35 bp and then start to increase.

3.2 Stable and unstable fibers in the MC simulations

Rigid assembly models are assumed to be stable if they

have no bumps (Table 1, supplement). To decide whether

the simulated fibers were stable or unstable for the thermo-

dynamically equilibrated MC models, we first studied

them qualitatively by eye. Stable fibers have a very regular

structure (Fig. 6a), while unstable fibers are characterized

by a lumpy structure and aggregated nucleosomes

(Fig. 6b). We analyzed the fibers quantitatively by com-

paring characteristic parameters such as energy, mass

density, contour length, and end-to-end distance. Plotted as

Fig. 3 Visualization of the local geometry of our model for

simulation setup1 with opening angle a = 08 and attachment angle

d = 180� (a) and simulation setup 2 with a = 60� and d = 119� (b)
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a function of the repeat length (Fig. 7), all parameters show

a periodic behavior with a period corresponding to the

helical pitch of the linker-DNA of 10 bp.

For simulation setup 1 (Fig. 7a), there are peaks located

at repeat lengths 160–210 bp in steps of 10 bp. They rep-

resent unstable fibers, characterized by a high total energy

and mass density and a correspondingly low contour length

and end-to-end distance. The nucleosomes are aggregated

into lumpy structures (Fig. 6b). Fibers with repeat lengths

shorter than 160 bp were unstable due to strong interac-

tions between the nucleosomes. Stable fibers with the

highest compaction have repeat lengths between 161 and

211 in steps of 10 bp. In comparison to the rigid assembly

models, more of the MC-generated structures are stable

(Fig. 7c) as thermal fluctuations allow avoiding collisions,

which is not possible in static structures.

The results of simulation setup 2 (Fig. 7b) show the

impact of changes in the local geometry. The peak posi-

tions are shifted 1 or 2 bp to higher repeat lengths. Similar

to setup 1, unstable fibers are located at an interval of 10 bp

for repeat lengths smaller than 193 bp. For repeat lengths

higher than 192 bp, the thermal fluctuations allow the fiber

to avoid aggregation and no unstable conformations were

found anymore. The characteristic fluctuation of the

energy, contour length, end-to-end distance, and mass

density parameter is still preserved. The rigid assembly

models also show less unstable conformations for longer

linkers. Unstable fibers in the MC model occur around the

same linker lengths as for the rigid assembly structures,

although there are less of them and the structures are less

regular due to thermal fluctuation. The points correspond-

ing to the most stable fibers are located between 163 and

212 bp in steps of 10 bp, thus 2 bp higher than for setup 1.

Simulated 100-nucleosome fibers exhibit the same vari-

ation in stability with repeat length as those consisting of

24 nucleosomes. Peak positions and periodical behavior for

energy, mass density, contour length, and end-to-end dis-

tance for fibers are also identical for these two lengths (data

not shown). By increasing the attachment angle d in sim-

ulation setup 2 from 119� to 126�, which corresponds to an

earlier nucleosome crystal structure [4, 26], we found that

the repeat lengths of unstable and stable fibers remain

unchanged.

3.3 N-start fibers

To characterize the fibers further, we analyzed their helical

structure. It is easily seen that in an n-start fiber the mean

distance between two nucleosomes will be minimal if they

are separated by n-1 nucleosomes. The classical solenoid

model for the 30-nm chromatin, in which the nucleosomes

follow a helical path, is a typical one-start model, as the

minimal distance occurs for consecutive nucleosomes. On

the other hand, the original zig–zag model by Woodcock

et al. [11] is an example of a two-start helix, as is the X-ray

structure of the tetranucleosome by Schalch et al. [18]. In

Linker

Length

(bp)

Repeat  

Length

(bp)

2�start

coloring

(side view) 

2�start

coloring

(top view) 

3�start

coloring

(side view) 

3�start

coloring

(top view) 

27 173 

31 177 

Fig. 4 Rigid assembly models

with linker lengths 27 and 31 bp

(two-start coloring:

nucleosomes n- red,

nucleosomes n ? 1 green;

three-start coloring:

nucleosomes n- red,

nucleosomes n ? 1- green,

nucleosomes n ? 2- blue)
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Fig. 4, the rigid assembly model structures are shown in a

one-start, two-start, and three-start coloring mode. These

coloring schemes allow an easy classification of individual

models.

Figure 8 shows typical mean distance distributions from

which we determine the type of the nucleosome helix in the

Monte Carlo models. Typical conformations for one-, two-,

and three-start structures are presented in Fig. 9.

The data for simulation setup 1 (Fig. 10) are dominated

by one-start fibers at short repeat lengths, whereas the

number of two-start fibers increases for higher repeat

lengths. In particular, fibers with high mass density have a

two-start structure and are located in the range of

170 ± 2 bp with a period of 10 bp. No three-start models

or higher were found for this parameter setup.

For simulation setup, two more two-start fibers are

observed, located at repeat lengths 161 ± 1 bp in steps of

10 bp for a repeat length smaller than 176 bp, and other-

wise at 180 ± 1 bp in steps of 10 bp. Three-start models

occur for repeat lengths higher than 181 bp in the range of

182 ? 1 bp with a period of 10 bp and mainly for fibers

with higher mass density. However, not all of these fibers

Fig. 5 Upper panel
dependence of the chromatin

fiber diameter on linker length

according to the type I model.

The diameter was determined

from a circle passing through

the projections of outer atoms

onto a plane perpendicular to

the long fiber axis. Lower panel
dependence of the end-to-end

distance of the 24-nucleosome

chromatin models on linker

length
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are stable. Similar three-start fibers have been found in the

rigid assembly models.

Simulations with a higher opening angle d = 126� show

similar results as in simulation setup 2. However, the total

number of one-start structures is slightly higher, and two-

and three-start structures are sometimes shifted by 1 bp.

3.4 Influence of the attachment angle d

Finally, we investigated the influence of the position of the

linker DNA attachment points on the structural parameters

of the 30-nm chromatin fiber. To accomplish this aim, we

varied systematically the attachment d of the linker DNA.

This is important for further development of the model, for

example, to include nucleosome unwrapping. The simula-

tions use setup 2, which is based on the crystal structure of

the tetranucleosome [18]. The repeat length of the chro-

matin fiber is 167 bp. 147 bp of the DNA are wrapped

1.67 times around one nucleosome leading to an opening

angle of 119�. The simulated fibers consist of 100

nucleosomes.

In the first simulation series, the length of the linker

DNA was kept constant and the opening angle was varied

systematically (Fig. 11). If the attachment points of the

linker DNA are farther apart (corresponding to a high

opening angle), the structures are more open. This becomes

apparent in the 40% increase of the contour length and the

end-to-end distance of the fiber with increasing opening

angle. Accordingly, the mass density drops by roughly

40%.

The opening angle a of the linker DNA decreases as the

attachment points are moved apart. Here the change is

about 20%. Such a behavior can be expected, as the elec-

trostatic repulsion of the linker DNA segments, which

dominates the opening angle, depends on the mutual dis-

tance. At first, the persistence length of the fiber is slightly

decreasing, but for the biologically interesting region of

d[ 50�, we find an increase of about 30%. On the other

hand, the stretching modulus in this region decreases about

30% and the fiber is easier to stretch.

We then studied the effect of unrolling DNA from the

nucleosomes at a fixed repeat length of 167 bp. This takes

into account that the length of the linker DNA depends on

the extent of unwrapping (Fig. 12). The torsion angle b is

kept constant because the repeat length remains unchanged.

Similar to the previous simulation series with the fixed

linker length, the fiber structure is more open for larger

attachment angles. This is seen by the increase in the

contour length of 30% and the decrease in mass density of

20%. Also, the linker opening angle increases by 30%,

which is not the case in the simulation with fixed linker

length. This increase seems to be caused mainly by the

stronger repulsion of the longer linker DNA for higher

opening angles.

Remarkable is the trend of the end-to-end distance,

which varies in contrast to the contour length by only about

3%. Thus, open fibers with a high distance between the

linker DNA attachment points are more flexible. This is

supported by the corresponding changes in persistence

length and stretch modulus, which decrease by 50 and 90%

respectively, for increasing opening angle.

As thermal fluctuations can change the DNA bound to

the nucleosome only by a few bp, we finally analyzed the

fiber structures with an attachment angle d = 89�–139�
corresponding to 147 ± 5 bp of DNA bound to the

nucleosome. Even in this small interval, contour length and

mass density are still changing by about 10 and 7%,

respectively. The end-to-end distance remains nearly con-

stant and changes by only about 1%. Persistence length and

stretching modulus show a decreasing trend of 20 and 40%,

respectively. Thus, the desorption of a few base pairs in our

simulations already leads to a significant increase in fiber

flexibility.

4 Discussion

Due to its fundamental importance, strong efforts, using

both experimental and model-building approaches, have

been put into the elucidation of the chromatin fiber

Fig. 6 Typical stable (a) and unstable (b) structure. Nucleosomes of

unstable structures aggregate and form clumps
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structure. On the experimental side, in particular X-ray

crystallography for mono- and oligonucleosomes and

electron and atomic force microscopy for higher order

structures, but also chemical cross-linking and nuclease

digestion have contributed tremendously to our under-

standing of this complex and its fundamental biopolymer

structure. There is a plethora of different models trying to

unite all these experimental data to a unified view of the
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Fig. 7 a Contour length (closed circles), end-to-end distance (open
squares), energy and mass density as function of the repeat length for

a = 0� and d = 180�. All plots show peaks for conformations with

repeat lengths of 160 – 210 at a period of the helical pitch of 10 bp.

These unstable structures are characterized by a low contour length

and end-to-end distance but high energy and mass density. b Contour

length (closed circles), end-to-end distance (open squares), energy

and mass density as function of the repeat length for a = 60� and

d = 119�. The peaks are shifted by 1–2 bp compared to simulation

setup 1 due to the different local geometry whereas the period of

10 bp remains the same c Stable and unstable structures found in the

rigid assembly model and the simulation. As a result of the thermal

fluctuations, there are less unstable fibers than predicted by the rigid

assembly models. For higher repeat lengths the number of collisions

and as a result the amount of unstable conformations decreases.

Unstable structures in the simulations as well as in the rigid assembly

models occur with a period of 10 bp. open squares rigid assembly

model; closed triangles Monte Carlo model, parameter setup 1,

d = 180�, a = 0�; open diamonds Monte Carlo model, parameter

setup 2, d = 119�, a = 60�
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chromatin fiber structure. In the seminal review by van

Holde and Zlatanova [29], the time period between 1980

and 1986 has been featured as an ‘orgy of model building’.

Most of these models fall into two classes: the one-start

solenoidal helix with a coiled linear array of nucleosomes

and the two-start helix with a zigzag path of nucleosomes.

These models differ in a number of geometric features. For

example, for the solenoidal helix the fiber diameter should,

at first approximation, not depend on the linker length,

while it does so in the two-start helix model. It is important

to realize that none of these models has been worked out at

atomic detail, but is rather described in terms of overall

helical parameters. Recently, Schalch et al. [18] have taken

a first step toward the atomic-detail resolution of the

chromatin fiber structure by solving the X-ray structure of a

tetranucleosome array. This structure is in favor of a two-

start helix.

Here, we describe atomic-detail models of the chromatin

fiber structure for linker lengths between 9 and 65 base

pairs and 24 nucleosomes, generated by assembling suc-

cessively nucleosomes and stretches of B-DNA. A

drawback of these models is the assumption of straight

linkers. In the two-start-helix model, the linkers are rather

straight; however, bending may occur due to interactions of

the histone tails of the linker histone with the DNA. As

very little is known about the detailed structure of the H1-

DNA complex, the role of the linker histone H1 can be

taken into account only approximately by shifting the point

of attachment of the DNA on the nucleosome core. Here

we used these models to study the effect of linker length on

possible regions of stability for chromatin fibers and to

compare the atomic-detail rigid assembly models with

straight linkers with the Monte–Carlo model structures that

do not give atomic detail but relax the straightness

assumption.

Increasing the linker length from 9 to 65 bp, we find that

both models agree on those nucleosome repeats that are

forbidden for stable fiber structures, with the exception that

the thermal fluctuations in the MC model relax the steric

requirements to some extent. We do not find any indication

of a one-start helix. It is noteworthy, though, that in some

cases a three-start helix seems to be the most appropriate

description of the resulting structure. One earlier proposal of

such a three-start structure was made by Makarov et al. [19].

As shown in Fig. 5, the fiber diameter depends on linker

length, showing an oscillatory behavior. Some experi-

mental observations confirm this phenomenon, for
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instance, the recent electron microscopy data by Robinson

et al. [30] that show a jump in fiber diameter with nucle-

osome repeat. Of course, also the end-to-end distances of

the model structures are dependent on linker length: they

are relatively constant for short linkers up to about 35 bp

but then start to increase. Due to the strong ‘lumping’ for

the unstable nucleosome repeats, the dependence of the

end-to-end distances on linker length oscillates very

strongly.

In agreement with rigid assembly chromatin fiber

models, we found unstable fibers in thermodynamic equi-

librium at particular repeat lengths. They occurred with a

repeat length periodicity of 10 bp, which corresponds to

the helical pitch of DNA. The same periodicity is sepa-

rating the most densely compacted fibers from each other.

This explains the fact that certain repeat lengths are pre-

ferentially found in organisms. A quantization of the repeat

length is also observed by experimental data: Gel bands

from the analysis of single-stranded DNA of dinucleo-

somes were separated by multiples of &10 bp [31]. Other

experiments in which chromatin was digested by DNase I

and DNase II found two sets of bands with a period of

&10 bp shifted by 5 bp against each other [32–34]. A

similar study could not confirm this (10n ? 5) base pair

cleavage pattern, but found a quantization with a shift of

-1 to -3 bp [35]. Other studies could not observe any shift

[36–38]. This, however, is not in contradiction to the

quantization of repeat lengths, as in these experiments, the

restriction enzymes cut the DNA non-specifically and not

at the entry and exit points of the nucleosomes. More

specific restriction experiments cleaved the DNA ends of

dinucleosomes precisely using exonuclease II and S1

nuclease [34]. The observed band of the single-stranded

DNA products showed shoulders at intervals of 10 bp,

which is in agreement with the repeat length period found

in our simulations.

The quantization we observed in our simulations is in

good agreement with the results of Widom [27]. By sum-

marizing the outcome of different experiments, which

determined the repeat length of different organisms, and

analyzing them systematically, he could establish a quan-

tization of the repeat length with a period of 10 bp. Rigid

assembly models fail to explain the quantization observed

for long repeat length, as no steric collisions exist anymore.

On the other hand, for all parameter sets, the Monte Carlo

simulations showed that depending on the repeat length the

local geometry leads periodically to fibers of higher and

lower compaction. This influence is still present for long

repeat lengths. The points of highest compaction are

located next to the unstable fibers, which we found at

repeat lengths of 162, 172, 182, 192, and 202 bp. These are

in agreement with the probability distributions of Widom

[27], which show local minima at 162, 172, 182, 193, and

202 bp repeat lengths. Considering the fact that a high

compaction is advantageous for an organism, these repeat

lengths should be more frequently found in nature than in

others and therefore could explain the quantization.

Of course, the repeat length period adopts an exact value

of 10 bp only in our model. Widom [27] gives a value,

depending on the data sets he used and their errors, of 9.0

and 10.5 bp. In particular for high repeat lengths, there

exist only a few measurements and as a result, the maxima

in the probability distribution of the repeat length is flat.

Identification and elimination of incorrect measurements

may lead to a more precise measurement of the periodicity.

Furthermore, there are genomic constraints that can lead to

a deviation from the preferred repeat length, for example,

proteins, which play an important role in transcription and

replication or special DNA sequences, thus resulting in a

preferred nucleosome positioning.

In agreement with the rigid assembly fiber models, we

found in the MC simulations mainly one- and two-start

fibers, but surprisingly also some three-start fibers [19].

The two-start fibers occur at repeat lengths with a high

mass density and show an irregular zig–zag structure with

nearly straight linker DNA, in agreement with the model

given in [11]. In our simulations, one-start structures are

elongated fibers with a low compaction. Due to their nearly

straight linker DNA, they resemble the zig–zag model
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more than the solenoid model. Three-start structures are

fibers with the highest mass densities; most of them are

unstable.

Our results show that the helix topology of the chro-

matin fiber depends on the repeat length. As the latter may

vary by a few base pairs within a chromatin fiber, it is

possible that the fiber has different local helical topologies.

This could explain the different experiments, which are in

favor of either the one-start [6, 7, 29, 39] or the two-start

model [11, 15, 40–44].

Systematic variation of the attachment angle d showed

that an increasing distance between the attachment points

of the linker DNA to the nucleosomes leads to more open

and flexible fiber structures. Therefore, a local unbinding of

the DNA due to thermal fluctuation in one part of the fiber

means a considerable facilitation for the local accessibility

and remodeling of the chromatin fiber.

Our results show that rigid assembly models are able to

discover important structural properties of the chromatin

fiber. But for their realistic assessment, it is necessary to

accomplish thermodynamic equilibration. Thermal fluctu-

ation allows the evasion of most collisions found in the

rigid assembly models so that no unstable fibers would

occur in the simulations; thus, the number of unstable
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length of 21 bp. Increasing
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structures is much lower in the MC simulations than in the

rigid assembly models.

For a more realistic model, it is necessary to improve the

detailed description of the interactions. In particular, the

implementation of a realistic interaction between nucleo-

somes and the attached linker DNA would improve the

simulation of the nucleosome unwrapping and the inter-

pretation of chromatin fiber stretching experiments [45–

49]. This particular DNA binding also influences the

nucleosome–nucleosome–interaction since an unrolling of

negatively charged linker DNA leads to a higher positive

charge of the nucleosome. Further, a realistic potential

modeling the influence of the histone tails and histone H1

will provide a deeper insight into the role of chromatin

fiber structure and function in transcription and gene regu-

lation. Notwithstanding these issues, simple model

systems can also experimentally give important insights

into chromatin structure, as witnessed by the recent study

of DNA assembly on spherical nanoparticles, where chro-

matin-like structures were observed [50].
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find more open structures for
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olution: a triparatite protein assembly and a left-handed

superhelix. Proc Natl Acad Sci USA 88:10148–10152. doi:

10.1073/pnas.88.22.10148
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