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Supporting Material 

Supporting Materials and Methods  

For a full description of the model and the simulation procedure please see Supplementary 

Material of ref. (17) and ref. (46), respectively. The description given here follows the 

presentations in the mentioned work. Generally, chromatin is modeled as a chain of segments, 

in which nucleosome segments are connected by DNA segments. Each segment has a position 

and a local coordinate system consisting of three perpendicular unit vectors ሺ Ԧ݂௜, ,ሬԦ௜ݑ  Ԧ௜ሻ thatݒ

describe the orientation of the ith segment. Vector ݑሬԦ௜ indicates thereby the direction of the 

segment. 

Elastic energies 

Elastic interactions are modeled by harmonic potentials. The strength constants of the 

interactions are named ܽሺ௒ሻ
ሺ௑ሻ where X denotes the type of interaction (s=stretching, b=bending, 
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t=torsion) and Y the interaction partners (DNA or nucleosome). The energy for stretching is 

calculated by 

 
௦௧௥௘௧௖௛ܧ ൌ

௔ೊ
ሺೞሻ

௕೔
బ ൫ܾ௜ െ ܾ௜
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ଶ
, (S1) 

where bi is the current length and ܾ௜
଴ is the equilibrium length of the segment. The bending 

energy is given by  
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where i  is calculated from ܿݏ݋ሺߠ௜ሻ ൌ  ሬԦ௜ being the equilibrium direction of the nextܤ ሬԦ௜ାଵ withݑሬԦ௜ܤ

segment and ݑሬԦ௜ାଵ its actual direction. The torsional energy is computed as  

 
௧௢௥௦௜௢௡ܧ ൌ
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where angles αi,and γi are from the Euler-transformation of ݑሬԦ௜ to ݑሬԦ௜ାଵ with the angles (αi, βi, γi). 

The angle αi describes the rotation around ݑሬԦ௜ and i is the intrinsic twist (87). 

Electrostatic energy of linker DNA 

Our previous approach for calculating electrostatic interactions of DNA approximated DNA as 

composed of homogeneously charged cylindrical segments and was restricted to a constant 

length of linker DNA segments (40). To allow DNA linkers of variable lengths within a simulated 

chromatin fiber we modeled the DNA linker here by a chain comprised of an arbitrary number of 

charged spheres as described in the following. The GROMACS unit system was used according 

to Supplementary Table S1, which is based on nm, ps, K, electron charge (e) and atomic mass 

unit (u) (81). 

The electrostatic energy of two spheres with charge q1 and q2 and radius a separated by a 

center-to-center-distance r can be approximated by the electrostatic part of the Derjaguin-

Landau-Verwey-Overbeek, DLVO, theory (82, 83) as 
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with κ being the inverse Debye length calculated by: 

 
ଶߢ ൌ

ଶ௘೎మఘேಲ
ఌఌబ௞ಳ்

 . (S5) 

 

For the values listed in Table S1 ߢ yields  ߢ ൌ 1.0387	݊݉ିଵ which corresponds to a Debye 

length of ߣ஽ ൌ ଵିߢ	 ൌ 0.96	݊݉. 

The charge of a DNA segment is given by ݍ ൌ  with  being the nominal line charge density ,݀ߥ

(−2/0.34 ec nm−1) and d the length of the DNA represented by the sphere. The line charge 

density  of the DNA must be adapted to the effective charge density * 

 
∗ߥ ൌ  ஼ோ߯௉஻ௌ , (S6)߯ߥ

where CR is the charge adaptation factor and PBS accounts for the geometry of subsequent 

overlapping beads and for deviations due to using an approximation instead of the exact 

Poisson-Boltzmann (PB) equation (84). Here, we use for CR a value of 0.42 as proposed in 

(84). The adaptation factor PBS was determined by relating the new potential to the previous 

description as cylindrical segments, which was tested in great detail using measurements from 

single DNA molecule experiments as a benchmark (84). The electrostatic energies computed 

with equation (S4) for a chain of 100 DNA segments that interact with a single DNA segment 

were fitted to the values obtained from the PB corrected Debye-Hückel (DH) equation for 

charged cylinders using finite elements method (84) (data provided by Ralf Seidel). The 

electrostatic energies as function of distance are plotted for different salt concentrations in Fig. 

S3. The approximation reproduces the energy curves of the numerical solution very well for the 

given adaptation factors.  
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We are aware that our approach using the DLVO-equation for the electrostatic repulsion 

between two charged spheres could be enhanced by applying the improved Derjaguin 

approximation (85) as reviewed recently (86). However, this approximation is computationally 

more demanding. Since the new approximation used here reproduces the previous 

approximation well, which was tested in great detail (84), it is sufficiently accurate for the 

numerical simulations of nucleosome chain folding conducted here . 

Internucleosomal interaction 

The model of the internucleosomal interaction is based on a shifted 12-6 Lennard -Jones 

potential 
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where ô1 and ô2  denote the orientation of the nucleosomes and ݎԦ the distance between the 

centers of the nucleosomes. The dependency of  and  from ô1, ô2 and ̂ݎ reflects the shape of 

the nucleosome and is modeled by a series expansion in S-functions (53): 

,ሺôଵߪ  ôଶ, ሻݎ̂ ൌ ଴଴଴ܵ଴଴଴ߪ଴ሾߪ ൅ ௖௖ଶሺܵଶ଴ଶߪ ൅ ܵ଴ଶଶሻ ൅ ଶଶ଴ܵଶଶ଴൅ߪ ଶଶଶܵଶଶଶߪ ൅
ଶଶସܵଶଶସሿߪ , (S8) 

and 
,ሺôଵߝ ôଶ, ሻݎ̂ ൌ ଴଴଴ܵ଴଴଴ߝሾߝ ൅ ௖௖ଶሺܵଶ଴ଶߝ ൅ ܵ଴ଶଶሻ ൅ ଶଶ଴ܵଶଶ଴൅ߝ ଶଶଶܵଶଶଶߝ ൅   (S9)	ଶଶସܵଶଶସሿߝ

The expansion coefficients were chosen in order to fit the dimensions of a nucleosome and to 

achieve a ratio of interaction energies of 1/12 between side-by-side and top-on-top oriented 

nucleosomes. Further details on the energy terms are given in ref. (46) and in the supplemental 

material of ref. (17). The influence of the nucleosome tails is included in the choice of the 

strength of  (46). In principle more details could be added by modifications of the expansion 

coefficients xxx. We refrained from doing so since details of the internucleosomsal interaction 

are still subject of research and unambiguous experimental evidence for a detailed theoretical 

model is lacking.  
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DNA-Nucleosome excluded volume 

The volume of DNA segments is approximated by spheres. The minimal distance d between the 

center of a DNA sphere and a spherocylinder describing the nucleosome is computed. The 

excluded volume EDNA-Nuc is described as the sum of the individual excluded volume energies 

E’DNA-Nuc computed for a DNA sphere and the volume of the nucleosome 

 
ᇱ஽ே஺ିே௨௖ܧ ൌ ൜

0 ݂݅ ݀ ൒ ௡ݎ ൅ ௗݎ
݇ሺ݀ െ ௡ݎ െ ௗሻଵଶݎ ݁ݏ݈݁

 (S10) 

with rn=(5.5/2) nm and rd = 1.2 nm.  

Simulation protocol 

We used a Monte Carlo (MC) algorithm to create a statistical relevant set of configurations 

satisfying the Boltzmann distribution (54). In order to avoid trapping in local energy minima 

observed in this kind of systems (46) we applied a replica exchange procedure introduced by 

Swendsen and Wang (55). Here, M replicas of the system were simulated with classical 

Metropolis Monte Carlo simultaneously, each at a certain temperature Ti, where the single 

temperatures represent a temperature gradient. After a defined number of MC simulation steps 

systems with adjacent temperatures (Ti, Ti+1) attempted to exchange their replicas with the 

probability:  

 
min	ሾ1, exp൫െሺߚ௜ െ ௜ାଵܧ௜ାଵሻሺߚ െ  ௜ሻ൯ሿ (S11)ܧ

with i = 1/(kBTi), kB being the Boltzmann constant and Ei the energy of the system i. Thus, a 

replica is heated and cooled down, respectively, during these exchange events avoiding the 

systems to get trapped in a local minimum. The temperatures were determined by using a 

feedback-optimized approach prior to the production run of the simulations (47). This algorithm 

optimizes the distribution of temperatures at a given maximum temperature iteratively, such that 

the diffusion of replicas from the highest to the lowest temperature and vice versa is improved in 

each iteration. The procedure can be made more efficient by starting with a system, that was 

pre-relaxed utilizing a simulated annealing scheme (46). 



6 
 

 

Figure S1: Schematic representation of the elements of the chromatin model (modified from ref. 

(26)). The angles , , ,  describe the orientation of the DNA segments relative to the 

nucleosome segment, they are connected to.  controls the orientation of the nucleosomes to 

each other. l stands for the length of the DNA modeling the linker DNA, d for the distance 

between the entry and the exit point of the linker DNA at the nucleosome, c for the distance 

between the entry and exit points and the center of the oblate spherocylinder modeling the 

nucleosome.   
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Figure S2: Development of the energy of the replica of the lowest temperature in the simulation 

of CLS-fiber. (A) All simulation steps. (B) Detailed view for steps larger than 106. These data 

illustrate, that the simulations have reached equilibrium.  

 

  



8 
 

A         B 

 

Figure S3. (A) Energies for a chain of 100 DNA segments with a segment length of d = 1 nm as 

a function of the distance r to a single segment. Calculations from the more exact method of 

finite elements (symbols and lighter colors) (84) are shown in comparison to the approximated 

solution with spherical DNA segments (solid dark lines). For each salt condition the factor PBS 

obtained from the best fit is shown. The sphere radius was set to a=1.2 nm for all salt 

conditions. (B) Schematic of the model system used to calculate the electrostatic energies. A 

single DNA segment K1 interacts with a chain of DNA segments Ki. 
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Figure S4. Approach to model nucleosome repositioning. Linker l1 is lengthened while linker l2 

is simultaneously shortened by the same amount so as to move the center nucleosome towards 

its right-side neighbor (arrows). The torsional angle β is modified according to the length 

changes (rotation arrow). Histones are in red, DNA in blue. Higher-order chromatin structure 

was mostly omitted to facilitate interpretation. 
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Figure S5. Mean bending angle calculation. (A) Fiber segments representing the middle third of 

each fiber part are chosen (opaque fiber sections). (B) The chosen segment coordinates of the 

starting fiber parts (red circles) are used to calculate consensus coordinates (black circles) from 

all fibers configurations. Grey lines represent the centroid vectors of the respective segment 

coordinates with the small grey line denoting the rotational position. (C) Fibers are aligned to the 

consensus coordinates. The rotational positions of the aligned fiber parts now are in agreement 

with the rotational position of the consensus coordinates (black line). The centroid vectors of the 

unaligned parts (grey arrows) are calculated from the respective segment coordinates (red 

circles). The mean bending angle is computed as the angle between the centroid vector of the 

first part (black) and the vector mean of the centroid vectors of the second part (red arrow).  



11 
 

 

Figure S6.  Simulation snapshots of representative conformations from simulated fibers 

obtained after repositioning the central nucleosome. Fiber type is denoted on the left, 

repositioning distance at the top. The repositioned nucleosome is shown in green, other 

nucleosomes in red and DNA in blue. While conformations with d = 5 and d = 10 bp are shaped 

rather straight, similar to the unmodified conformation, conformations with d = 3 and d = 7 bp 

appear kinked in the region around the repositioned nucleosome. 
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Figure S7. Snapshots of strongly kinked fibers in which the central nucleosome is repositioned 

by 3 bp. On the left two snapshots of a CL fiber and on the right two snapshots of a CLS fiber 

are shown. The nucleosomes are colored by their position in the chain (first is white, last is red) 

and the DNA segments are colored blue.  



13 
 

Figure S8. Cumulated probability of the end-to-end distance for the three fiber types shown for 

unmodified fibers (black curves) and fibers, in which the central nucleosome is displaced by 3 

bp (red curves). The plots on the right hand-side show a detailed view of the first 100 nm. The 

probability of small distances is greatly increased for CL and CLS fibers. 
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Figure S9. Geometric distance as a function of the genomic distance. For all three fiber models 

in the left panel the geometric distance is plotted against the genomic distance given by the 

nucleosome pairs. In the right panel the standard deviation of the geometric distance is plotted. 
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ec 1.602·10−19 C electric charge unit 

ν −2/0.34 ec nm−1 line charge density of DNA 

ρ 0.1 · 10−24 mol nm−3 molarity of the monovalent solution 

NA 6.022 · 1023 mol−1 Avogadro constant 

ε 80 value for the dielectric value in the solution 

ε0 (4πf)−1 dielectric constant 

f 138.935 kJ nm mol−1 ec
−2 electric conversion factor 

kB 8.314513 · 10−3 kJ mol-1 K-1 Boltzmann constant (same as gas constant R) 

a 1.2 nm radius of the DNA model sphere 

T 293 K temperature of the solution 

Supplementary Table S1: Constants and parameters   
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Fiber model type α (°) β (°) γ (°) 

CLS 26.000 –100.000 0.000 

CL 17.713 175.000 –17.713 

ID 117.500 355.000 –70.890 

Table S2: Structural parameters for the fiber models considered in this work. For a detailed 

explanation of the chromatin structure model used and the meaning of the respective 

parameters see Fig. S1 and refer to (17, 40, 46).  
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Parameter Value 

Temperature 293 K 

Ionic strength 100 mM NaCl 

Stretching module (DNA) 1.10 × 10–18 J nm 

Bending module (DNA) 2.06 × 10–19 J nm 

Torsion module (DNA) 2.67 × 10–19 J nm 

Electrostatic radius (DNA) 1.2 nm 

Stretching module 

(nucleosome) 

1.10 × 10–18 J nm 

Torsion module (nucleosome) 1.30 × 10–18 J nm 

  

Interaction potential  S000 = 1.6957 

parameters (nucleosome) Scc2 = –0.7641 

 S220 = –0.1480 

 S222 = –0.2582 

 S224 = 0.5112 

 E000 = 2.7206 

 Ecc2 = 6.0995 

 E220 = 3.3826 

 E222 = 7.1036 

 E224 = 3.2870 

 S000 = 1.6957 

Table S3: Parameters used in the Monte Carlo simulations. For a detailed explanation of the 

stretching, bending and torsion module parameters, refer to (40). An in-depth description of the 

nucleosomal interaction potential can be found in (17). 
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