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Supplementary Note 1: Detailed simulated systems’ description.
NCP147 - based on an X-ray structure of NCP with PDB ID 1KX5 [1]. It has 147 bp DNA derived from

a human alpha-satellite DNA sequence repeat. Octamer is based on canonical histones of X. laevis. DNA
sequence forms two symmetric palindromic 73 bp segments in the structure plus one base pair is strictly at the
dyad. The system has full-length histone tails. Symmetry related histone tails were put in identical starting
conformations.
NCPtt

147 - analogous to NCP147, but histone tails are truncated in this system.
NCPtt

146 - based on an X-ray structure of NCP with PDB ID 1AOI [2]. It has 146 bp of palindromic DNA
derived from human X-chromosome alpha-satellite DNA repeat. Octamer is based on canonical histones of X.
laevis. Histone tails are truncated in this system.
NCPtt

145 - based on an X-ray structure of NCP with PDB ID 3LZ0 [3]. It has 145 bp of Widom 601 strong
positioning DNA sequence. Octamer is based on canonical histones of X. laevis. Histone tails are truncated in
this system.
NCPfixed

147 - same as NCP147, but histone folds’ C-α-atoms are fixed (restraints of 1000 kJ mol−1 nm−2).

System parameters are further presented in Supplementary Table 1.
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Supplementary Table 2: Trajectory averaged number of contacts between DNA and histone globular core or
histone tails for NCP147 system

Classification method Contact types Histone corea Histone tails

All contacts 601 1219
Nucleotide parts Phosphate 458 583

Base 10 288
Sugar 133 347

Amino acids parts Backbone 200 466
Side chain 401 753

Interaction types Hydrophobic 22 105
Salt bridges 34 29

Polar 66 152
hydrogen bonds 34 263

DNA groove Major 1 123
Minor 9 162

a Core residues are non-tail residues. See tail regions definition in Figure 1e.
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NCP147
NCP146
NCP145

a)

b)
NCP147
NCP146
NCP145

DNA relative twist profiles

Supplementary Figure 1: a) Sequence alignment (by the dyad position) of the DNA sequences (top chain) used
in the simulated systems and their relative twist profiles (rTw) in X-ray structures (indicating the orientation
of DNA base pairs relative to the octamer surface - see Methods). Red nucleotides mark the dyad position,
flexible TA dinucleotides are highlighted in purple; b) Structure based sequence alignment for the top DNA
strand (chain I) generated by USCF Chimera [4]. Indels around SHL ±5 are detected (the results for the
bottom strand are nearly equivalent). Yellow frames mark regions, where a minor groove faces towards the
histone octamer; pyrimidine/purine dinucleotides are highlighted (TA - purple, CA - apricot, TG - pink).
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NCPtt
145

NCPtt
146

NCPtt
147

NCPfixed
147

NCP147

Supplementary Figure 2: Overview of the dynamics of the simulated systems. First column: overlay of snapshots
along the whole MD trajectory for each system (every 100 ns). Second column: plots of the extent of DNA
unwrapping (as estimated by displacement of base pair centers). Right three columns: 2D projections of DNA
path (base pair centers) in nucleosome reference frame for frames along the MD trajectory.
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Supplementary Figure 3: Number of stable atom-atom contacts between histone residues and nucleosomal DNA
plotted along the histone sequences for NCP147 simulation. Stable atom-atom contacts are defined as those
present in at least 40% of MD frames (the threshold is lower than for stable residue-nucleotide contacts because
atom-atom contacts are less persistent). Contacts are averaged over symmetry-related histone chains. The data
is shown for the first 1 µs and the full 15 µs trajectory.
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на 8мкс падает от 67 
до 43

H3 упал с 30 до 13, Н4 с 36 до 30
В основном это остатки 44-47 Н3 - latch 
или Н конец альфаН спирали

all nucleotide parts sugars only

phosphates

Н3 падает с 47 до 26 на 2.5 мкс и с 61 до 27 
на 11.5 мкс
на 8 мкс с 57 до 39

Это остатки 82-87 т.е. 
бета1 и начало альфа 2

Это остатки 62-72 т.е. Н-
половинка альфа 1 
спирали

Это остатки 64-65 т.е. Н-
конец альфа 1 спирали

Это остатки 83-84 т.е. 
бета1 

Supplementary Figure 4: Evolution and statistics of histone-DNA atom-atom contacts for NCP147 simulations.
a) Number of contacts classified by histone part and amino acid residue; b) contacts between histones and
DNA bases classified by amino acid residue and DNA major/minor groove; c) contacts between histones and
DNA classified by nucleotide; d) contacts between histones and DNA sugar moieties classified by nucleotide;
e) contacts between histones and DNA phosphates classified by phosphate atoms; f) a map representing the
evolution of interactions between histone tails and different positions in nucleosomal DNA; g) evolution of atom-
atom contacts between core and tail parts of histones for different segments of nucleosomal DNA defined by
their SHLs and highlighted by color boxes in panel f.
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a)

b)

c)

d)

Supplementary Figure 5: Comparison of two approaches to quantify DNA unwrapping for NCP147 and NCPtt
145

systems. a),c) distance criterion: displacement of all the base pairs of the segment by more than 7Å from the
DNA path in the corresponding X-ray structure. b),d) contacts criterion: loss of contacts with the globular
core (non-tail part) of the histone octamer.
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a) A zoom-up view of DNA 
unwrapping dynamics between 
10-11 $\mu$s. 
b) Histogram of different unwrap 
values for the distal DNA end 
sampled during period 7-15 
$\mu$s. 
c) Histogram of different unwrap 
values for the proximal DNA end 
sampled during period 10-13 
$\mu$s. 
d) Histogram of different unwrap 
values for the proximal DNA end 
sampled during period 4-8 
$\mu$s.}

a)

b) c) d)

Supplementary Figure 6: A detailed view of DNA unwrapping dynamics for NCPtt
145 simulation. a) A zoom-up

view of DNA unwrapping dynamics between 6-9 µs. b) Histogram of different unwrap values for the distal
DNA end sampled during period 7.5-8.5 µs. c) Histogram of different unwrap values for the proximal DNA end
sampled during period 4-10 µs. d) Histogram of different unwrap values for the proximal DNA end sampled
during period 12-15 µs.
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a) A zoom-up view of DNA 
unwrapping dynamics between 
10-11 $\mu$s. 
b) Histogram of different unwrap 
values for the distal DNA end 
sampled during period 7-15 
$\mu$s. 
c) Histogram of different unwrap 
values for the proximal DNA end 
sampled during period 10-13 
$\mu$s. 
d) Histogram of different unwrap 
values for the proximal DNA end 
sampled during period 4-8 
$\mu$s.}

a)

b) c) d)

Supplementary Figure 7: A detailed view of DNA unwrapping dynamics for NCP147 simulation. a) A zoom-up
view of DNA unwrapping dynamics between 10-13 µs. b) Histogram of different unwrap values for the distal
DNA end sampled during period 7-15 µs. c) Histogram of different unwrap values for the proximal DNA end
sampled during period 10-13 µs. d) Histogram of different unwrap values for the proximal DNA end sampled
during period 4-8 µs.
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NCP147

~1nm

Supplementary Figure 8: Distances (top panel) and simulated FRET efficiencies (bottom panel) between FRET
labels placed on DNA positions -73 and 2 for the proximal side and -2 and 73 for the distal side following ref. [5]
for NCP147. We estimated the distances between the fluorescent dyes’ attachment sites as the distances between
O5′ atoms of the sugar-phosphate backbone of the respective nucleotides. FRET efficiencies were calculated as

E =
1

1 + (r/R0)6
were r is distance between dyes and Förster radius R0 = 49Å as in ref. [5].

NCPtt
147

Supplementary Figure 9: Distances (top panel) and simulated FRET efficiencies (bottom panel) between FRET
labels placed on DNA positions -73 and 2 for proximal side and -2 and 73 for distal side following ref. [5] for
NCPtt

147. Distances and FRET efficiencies are measured as in 8.
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Top DNA strand

Bottom  DNA strand

Twist-defect 
relaxation start

Supplementary Figure 10: DNA strand position register shift during simulations of NCPtt
145. The plot is similar

to Figure 7b, but shows data for the full range of the bottom and top DNA strands.

a) b)

RMSD=1.83 Å

Supplementary Figure 11: Analysis of histone octamer plasticity in NCP147 simulation. The description is
similar to Figure 8
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Supplementary Figure 12: 2D projections of the histone α2-helices from NCPtt
145 simulation vs. their projections

in the recently reported deformed (squeezed by 8% along the dyad) NCP structure seen in cryo-EM (PDB ID
6FQ6).
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Supplementary Figure 13: Schematic description of relative twist (rTw) determination. BPV - base pair
vector, ORxy - radial vector in cylindrical coordinate system, OZ - superhelical axis. rTw is defined as the
angle between BPV projection onto the ORxy-OZ plane and OXY plane.
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