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Abstract

An octamer of histone proteins wraps about 200 base pairs of DNA into two super-helical turns to 

form nucleosomes found in chromatin. Although the static structure of the nucleosomal core 

particle has been solved, details of the dynamic interactions between histones and DNA remain 

elusive. We performed extensively long unconstrained, all-atom microsecond molecular dynamics 

simulations of nucleosomes including linker DNA segments and full-length histones in explicit 

solvent. For the first time we were able to identify and characterize the rearrangements in 

nucleosomes on a microsecond timescale including the coupling between the conformation of the 

histone tails and the DNA geometry. We found that certain histone tail conformations promoted 

DNA bulging near its entry/exit sites, resulting in the formation of twist-defects within the DNA. 

This led to a reorganization of histone-DNA interactions, suggestive of the formation of initial 

nucleosome sliding intermediates. We characterized the dynamics of the histone tails upon their 

condensation on the core and linker DNA and showed that tails may adopt conformationally 

constrained positions due to the insertion of “anchoring” lysines and arginines into the DNA 

minor grooves. Potentially, these phenomena affect the accessibility of post-translationally 

modified histone residues which serve as important sites for epigenetic marks (e.g. at H3K9, 

H3K27, H4K16), suggesting that interactions of the histone tails with the core and linker DNA 

modulate the processes of histone tail modifications and binding of the effector proteins. We 

discuss the implications of the observed results on the nucleosome function and compare our 

results to different experimental studies.
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1. INTRODUCTION

Nucleosomes are elementary units of chromatin compaction in eukaryotic genomes spaced 

every 200 ± 40 bp along the DNA[1]. The main source of information about the atomistic 

structure of nucleosome comes from the X-ray studies of nucleosome core particles (NCP) 

(reviewed in [2]), which consistently yield highly similar structures of histones and DNA 

irrespective of histone sequence variants, mutations, post-translational modifications, DNA 

sequence, or presence of nucleosome binding proteins, peptides or chemical agents. For 

example, a superposition of different nucleosome structures using VAST+ algorithm [3] 

showed very small RMSD deviations of about 1 Å for the aligned parts of histone core 

regions. The consensus NCP structure is formed by wrapping ~145–147 bp of core DNA in 

~1.7 left-handed superhelical turns around an octamer composed of four types of core 

histones (H3, H4, H2A, H2B) [4] and should be flanked by the linker DNA segments to 

yield a full nucleosome system. The NCP structure is characterized by the presence of C2 

pseudo symmetry dyad axis, highly bent kinked DNA structure [5] and high positive charge 

of the histone octamer [6]. In addition, it includes a large number of water molecules 

permeating the nucleosome structure [7], as well as long histone tails protruding from the 

nucleosomal core and providing many sites for post-translational modifications (PTM).

On the other hand, the crucial role of nucleosomes in chromatin functioning (including 

delicate regulation of gene expression, DNA replication, repair and inheritance mediated by 

epigenetic mechanisms [8, 9]) relies on its dynamic nature and conformational transitions. 

Indeed, many biophysical (FRET, optical tweezers single-molecule experiments and others 

reviewed in [10]) and biochemical experiments (transcription factor binding assays [11], 

chemical crosslinking [12] and genome wide ChIP-exo analysis [13]) suggest that 

nucleosomes exhibit substantial conformational polymorphism both at local (DNA and 

histone tails conformations within nucleosome) and global (loss of histones, subnucleosomal 

particles, etc.) scales which in turn could be a result of equilibrium thermal fluctuations or 

could be actively induced by external forces within a cell.
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Different functionally relevant modes of nucleosome dynamics have been suggested which 

include DNA breathing/unwrapping/opening, nucleosome splitting [14], as well as 

nucleosome sliding [15] and H2A–H2B dimer opening or loss [16]. At the same time, 

various conformational rearrangements of histone tails are required for intra- and inter-

nucleosomal interactions [17], for multiple interactions with chromatin remodelers [18, 19], 

heterochromatin proteins [20], and with many effector proteins that contain histone 

modification-binding domains [21]. Nevertheless, the view of nucleosomes as dynamic 

entities [14] is still lacking insights at the atomistic level given the static view of the 

nucleosome provided by the crystallographic data.

In order to try to alleviate this apparent gap in our understanding of nucleosomal dynamics 

and function, a substantial amount of computational effort has been already invested, 

including all-atom molecular dynamics (MD) simulations [22] and coarse-grain simulations 

[23, 24]. However, due to considerably large size of the nucleosome by the atomistic 

simulation standards and extremely long timescales of its functional dynamics, previous 

studies had to resort to either coarse-grain modeling without atomistic details, or all-atom 

simulations without explicit solvent molecules, constraining the DNA motion [25]. Due to 

the computational limitations and the size of the system, previous MD simulations were 

performed on time scales not exceeding several hundreds of nanoseconds [26, 27]. Yet we 

know that changes in atomic interactions can have profound functional effects in 

nucleosomes on local and global scale. For example, post-translational modifications may 

alter intra- and inter-nucleosomal interactions or provide multiple binding sites for the so-

called effector proteins [28], even a single acetylation of H4K16 can trigger chromatin fiber 

unfolding [29, 30].

In this paper our conceptual advance is to use the most robust all-atom explicit solvent 

approach in simulating the atomic details of unconstrained nucleosome dynamics and to 

extend this approach to a considerably longer microsecond timescale than previously 

reported. The microsecond timescale as well as nucleosome models with the realistic DNA 

linker segments and multiple comparative simulations enabled us to get insights into the 

functionally relevant rearrangements in nucleosome including the coupling between the 

conformations of histone tails and the DNA geometry. While many functionally relevant 

motions may occur on much longer time scales [10], several NMR studies recently 

suggested that histone tails showed sub-microsecond dynamics providing possibility to 

compare our computational results with the experimental data [31–33].

In this study we found that certain histone tail conformations promote the DNA bulging near 

its entry/exit sites, the formation of twist-defects within DNA and the rearrangement of 

histone-DNA interactions in the core, suggestive of the formation of initial nucleosome 

sliding intermediates. We characterized the dynamics of histone tails upon their 

condensation on the core and linker DNA at the atomistic level and showed that they could 

adopt conformationally constrained positions accompanied by the insertion of certain 

“anchoring” lysines and arginines into the DNA minor grooves. We reported that these 

processes affected the accessibility of post-translationally modified histone residues, which 

serve as important epigenetic marks (e.g. H3K9, H3K27, H4K16) suggesting that 

interactions with the core and especially linker DNA (for the H3 tail) may modulate the 
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coupling between the accessibility of various sites on histone tails for binding of effector 

proteins.

RESULTS

Models and simulations

We used several simulation systems for our study, including a specially constructed full 

nucleosome system with 20 bp linker DNA strands flanking the core particle on every side 

(FN model) (Figure 1a), a minimalistic nucleosome core particle model with truncated 

histone tails (NCPm model) (Figure S1) and a set of supporting simulations with varying 

simulation conditions (see Table 1 for details). Throughout the manuscript, we mainly focus 

on the results obtained for the full nucleosome system for which extensive microsecond long 

simulations were performed. We admit that the nucleosome dynamics occurs on several 

timescales, and functionally relevant conformational transitions often exceed one 

microsecond timescale. Our simulations were limited to exploring the conformational 

ensembles around certain local quasi-equilibrium states on a microsecond timescale. 

Therefore while interpreting our simulation results we confirmed our findings by performing 

multiple supporting simulations. Moreover, to gain insights into the potential modes and 

stable patterns of histone-DNA interactions we focused on the detailed analysis of the local 

conformational ensembles sampled by the simulations, and used our observations to suggest 

generalized functionally relevant implications. In discussing results below we refer to key 

structural elements of histone sequences and nucleosome as outlined in Figures 2, S2–S3 

(see also “Nucleosome structure description conventions” section below).

Conformational stability and plasticity of histones and DNA

In agreement with the previous experimental studies, our simulations confirmed an overall 

stability of the nucleosome core with respect to the dissociation of nucleosome components 

or large-scale DNA unwrapping (see an overview of dynamics in Figure 1, S4 and Movie 

SM1). Overall, RMSD of the core region of histones remained on average within 1.5 Å from 

the crystallographic positions for all simulated models (Figure S5). This was true even for 

the minimalistic NCPm system with the truncated histone tails, suggesting that nucleosomes 

had sufficient stability margin with respect to histone tail clipping (Figure S4, Movie SM2). 

However, the detailed analysis of conformational dynamics, presented below, provided new 

insights into the conformational flexibility of nucleosomes and revealed conformational 

rearrangements within the histone core, histone tails, DNA core and linker regions, which 

happen at the microsecond timescale.

To provide a detailed picture of histone dynamics, we showed the maximum positional 

deviations encountered during dynamics by atoms of individual amino acid residues with 

respect to their positions in the initial model based on the X-ray structure (Figure 2). A time-

expanded version (Figure S6, S7) allowed us to distinguish whether the observed deviations 

are caused by transient fluctuations or persistent rearrangements. As can be seen in Figure 2, 

relatively large conformational changes of more than 6 Å were observed for backbone atoms 

of all histone tails, even certain parts of histone folds exhibited high RMSD. Although, as 

suggested by the analysis of crystal structures, the H2A docking domain forms tight contacts 
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with (H3-H4)2 tetramer [34], we demonstrated substantial conformational changes for the C-

terminal part of this domain relative to the initial crystal structure (Figure S8). 

Conformational fluctuations of the backbone were frequently accompanied by the 

reorientations of the side chains. For example, the changes in αC-helix of the docking 

domain were accompanied by the transient formation of novel salt bridges between the H2A 

R88 and R99 flanking this helix and H3 E105, D106. The observed plasticity of the docking 

domain provides important insights about its function as a binding partner for chromatin 

proteins. In particular, recently it was shown that chaperone ANP32E can be responsible for 

deposition and eviction of H2A.Z histone variant into nucleosome. ANP32E may bind to the 

αC-helical region of the docking domain of H2A.Z [35], which in nucleosome is structurally 

very similar to the canonical H2A αC-helix. The histone-ANP32E binding is sterically 

incompatible with the full nucleosome structure and may trigger nucleosome disassembly 

and eviction when the ANP32E flexible region is inserted into the nucleosome core. The 

latter process is not very well understood, however, an increased conformational flexibility 

in this region, observed in our study, may provide important clues in this regard. 

Interestingly, Biswas et al. in earlier MD simulations of nucleosomes have shown potential 

coupling between the truncation of H3 histone tails and conformations of H2A R81 and R88 

side chains [36]. Visual inspection of our simulations suggests that while H2A R88 side 

chain is highly flexible at microsecond timescale, H2A R81 side chain is mainly locked in 

its crystallographic orientation with occasional reorientations pointing away from the 

histone octamer, which may last for hundreds of nanoseconds.

In addition, significant backbone (more than 3 Å) and side chain displacements (more than 6 

Å) were observed in the core regions of other histones as well, including H3 αN-helix, H3 

α1-helix, L1-L2 binding site of H2A–H2B dimer proximal to the DNA entry/exit site, and 

H2B αC-helix) (Figures 2 and S8). As already mentioned, even if protein backbone did not 

show large changes from the crystallographic positions, significant changes of side chain 

conformers could still happen. In fact, all but one amino acid with the observed side chain 

reorientations of more than 6 Å belonged to charged residues. These reorientations often 

included the disruption and formation of new salt bridges within the histone core. 

Rearrangements in the NCPm model showed similar patterns (Figure S9).

Analysis of the conformational dynamics of core and linker DNA showed that DNA 

remained on average within 4 Å (5 Å for NCPm model) of its crystallographic positions as 

measured by RMSD of N1 and N9 atoms (Figure S5). In addition, DNA phosphate 

backbone was characterized by an oscillating flexibility (RMSF) profile (Figures S10–11), 

where parts of the DNA backbone in contact with histones manifested considerably lower 

fluctuations compared to those exposed to solution. On the other hand, the linker DNA 

segments in our simulations clearly showed much higher fluctuations than the core DNA 

regions (Figure 1b,c), concomitant with previous normal mode analyses [37]. The global 

DNA conformation was further studied in detail by the 2D projections of the polygons 

connecting the DNA base pair centers on the nucleosomal superhelical reference frame (see 

SI for definition, Figures 3 and S12). The positional fluctuations of the linker DNA 

segments spanned marginally overlapping cone-shaped regions in space with around ±45 

degrees of angular span in both projections. No significant correlations in positional 

fluctuations of DNA linkers were detected. Average positions adopted by the linker DNA 
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strands in MD were further apart from each other compared to their initial positions, which 

corresponded to the straight continuation of the core DNA termini (Figure 3a). A simulation 

of the same system, but in high 1 M salt solution (FN1M system in Figure S12) clearly 

showed that two DNA linkers came closer to each other and even interacted with their ends 

most of the time, suggesting that screening of electrostatic interactions significantly affected 

the DNA entry/exit angle. Interestingly, earlier experimental measurements of the linker 

end-to-end distances using FRET showed that the distance monotonically decreases with the 

increase in salt concentration [38].

A paramount question of nucleosome dynamics is the amplitude, time scale and pathways of 

DNA breathing, unwrapping or opening from the histone octamer surface, which is thought 

to be crucial for DNA accessibility and transcription factor binding [11, 39]. Unfortunately, 

no complete picture is available to date, with different experimental setups, interpretation 

and terminology often supporting different views on this problem [10, 14]. In this study, we 

did not observe any large-scale unwrapping or opening of the core DNA neither in FN 

systems nor in NCPm systems. Such unwrapping, if it took place, would expose sufficient 

parts of DNA for transcription factor recognition. Our results are in line with experimental 

estimates of the timescales of unwrapping events, which lie in the sub-second range [11, 40]. 

However, if we consider more moderate fluctuations of the core DNA termini together with 

linker DNA (often referred to as “DNA breathing”), such processes may happen on shorter 

time scales[41]. For example, recent FRET measurements of distances between two dyes 

placed symmetrically on both segments of linker DNA 5 bp away from the DNA entry/exit 

sites suggested two different conformations with characteristic distances between two dyes 

of ~4.5 nm and ~6.5 nm (DNA breathing amplitude of around 2 nm), if a two state model 

was assumed [42]. In our simulations the distance between base pair centers of the 

corresponding positions of DNA linkers ranged from 4.5 nm to 6.8 nm (see Figure 3) (with 

mean of 5.6 nm and RMSF of 0.4 nm), showing that these distance spans are within the 

reach of rapid sub-microsecond fluctuations. In addition, we observed an asymmetry in 

average DNA conformations of two linkers as well as in their deviations from the initial 

crystal structure (indicated by arrows in Figure 3). Interestingly, if we assumed that the 

observed asymmetries corresponded to two distinct stable conformational states of DNA in a 

nucleosome, the transition between these states may already account for the combined DNA 

breathing motion of 0.5 nm at the distance of 5 bp from the entry/exit point, with no DNA 

unwrapping detected. However, we admit that the methodology for accurate comparison of 

various conformational transitions seen in simulations and results of FRET measurements 

has still to be developed and verified: as noted recently by Lenz et al. shape fluctuation of 

DNA in nucleosome can smear out FRET signals from intermediate conformational states of 

DNA in nucleosome [43].

We will demonstrate in the next sections that these DNA conformational asymmetries are 

triggered by the asymmetric condensation of histone tails. While we find that time needed 

for switching between different conformations of histone tails clearly exceeds microsecond 

timescale, we suggest that the DNA dynamics on microsecond timescale is dominated by 

interactions between histone tails and DNA, which, in turn, can affect DNA conformation 

on much longer scales.
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Rapid condensation of histone tails on the core and linker DNA

Positively charged histone tails have been extensively studied both experimentally and 

computationally, it is known that inter-nucleosomal interactions are mediated by tails and 

play important roles in chromatin compaction. Here we characterized the dynamics of 

interactions between histones and DNA at the atomic level and found that, on average, 60% 

of all contacts were contributed by the interactions of DNA with the histone tail regions. 

Histone tails that in the initial model were protruding into the bulk solvent (primarily H3 

tails, Figure 1a), rapidly adsorbed onto the DNA within the first 20 ns of simulations. From 

50 to 90% of all amino acids within these tail regions had direct or water mediated 

interactions with either core or linker DNA throughout the 1 µs simulation (Figure 4). We 

did not observe any substantial clustering of contacts towards the beginning or the end of the 

tails. Previous all-atom MD simulations of nucleosome core particles also pointed out a 

considerable association of histone tails with the core DNA at the 100 ns time scale [25, 36, 

44]. However, certain concerns have been raised about the short simulation time scales as 

well as artifacts coming from periodic boundary conditions and lattice summation methods 

for electrostatic interactions. To address the latter concerns we performed 80 ns simulation 

in a sufficiently larger simulation solvent box (FNbb system) that should minimize the 

potential adverse effects of periodic boundary conditions. The FNbb simulation confirmed 

preferential association of histone tails with DNA and a rapid condensation of long H3 N-

terminal tails (Figure S13). Thus we alleviate earlier raised concerns and show that histone 

tail condensation is not an artifact of specific techniques used in MD simulations.

Several small angle X-ray scattering (SAXS) studies addressed the question of whether 

histone tails protruded from the nucleosome core away into solution or associated with the 

DNA at physiological ionic strength. A considerable increase in maximal diameters of 

nucleosomes was reported upon raising the monovalent salt concentration from 10 mM up to 

the physiological concentrations and higher [45]. This result was attributed to the process of 

extension of histone tails away from the nucleosome core. However, Yang et al. [46] pointed 

out that comparable increase in diameter may be explained by the nucleosome 

conformational changes including the DNA unwrapping. Our results support a model where 

histone tails are attached to the core or linker DNA most of the time on this timescale. If, for 

some reason, the tails become detached, characteristic time of their reattachment should be 

around several dozen of nanoseconds as evident from their fast condensation (Figure 4). Our 

theoretical estimates of gyration radii (shown together with the estimated X-ray scattering 

curves in Figure S14) suggest that both histone tails and linker DNA contribute to the 

increase in gyration radii.

To further elucidate the effect of salt concentration on tail behavior, we performed 

simulations at extremely high salt concentration of 1M (FN1M model). Although an 

octameric form of nucleosomes is known to be unstable at this salt concentration [47], we 

did not observe any nucleosome disassembly, suggesting that it happens on the time scale 

much longer than a microsecond. While the current force filed might somewhat overestimate 

sodium-phosphate interactions at high salt concentrations[48], it should not prevent the 

detachment of tails from DNA. Nevertheless it allows us to probe the effects of increased 

salt concentration on the dynamically responsive histone tails and linker DNA while the 
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nucleosome core still remains in a compact state. Intriguingly, although it took tails 

(especially H3 tail) somewhat longer (70 ns compared to 20 ns at 150mM salt concentration) 

to establish contacts with the DNA from their starting conformation, histone tails still 

attached to DNA, despite considerable increase in electrostatic interactions screening 

induced by high salt concentration (Figure S13). This fact can be regarded as another 

evidence supporting the model of tight interactions between histone tails and DNA in 

nucleosomes, at least when the nucleosome core is in a compact assembled state.

There is some discussion in the literature concerning the extended or condensed states of 

histone tails in nucleosomes and in our opinion the basic physical principles support the 

latter view. As discussed in [49, 50] sufficiently long oligocations tend to almost completely 

associate with the highly charged DNA due to free energy gain upon the release of the 

condensed small monovalent ions.

A combined ensemble of histone tail conformations sampled in different simulations showed 

a broad span of DNA sites accessible for interactions with the histone tails (Figure 5). For 

example, the 20 bp linker DNA segment was shown to be completely accessible to 

interactions with H3 N-terminal tails, and partially accessible to interactions with H2A C-

terminal tail close to the DNA entry/exit point. In the FN and FNnt models one H3 N-

terminal tail remained extended and stably bound to the nearest linker DNA segment (Figure 

1c and 6a), while another tail formed an α-helix near the DNA entry/exit point (H3 21–28), 

or docked between the DNA gyres (Figure 6e,6f). This observed polymorphism of H3 tail 

conformations echoes alternative statements from different experimental studies. Binding of 

H3 tails with the linker DNA has been recently confirmed by a genome-scale ChIP-exo 

study [13]. On the other hand, NMR and hydrogen exchange studies concluded that in 

nucleosomal arrays H3 tails might form stable folded structures [31]. The possibility for H3 

tail to condense onto the linker DNA suggests also its role in partial neutralization of linker 

DNA and competitive binding with other linker DNA interacting proteins (such as histone 

H1 or certain nucleosome remodeling complexes), which is important for understanding the 

chromatin functioning given the very high concentrations of nucleosomes in the nucleus 

(>200 mg/ml) [51].

Histone tails are “trapped” in the DNA minor grooves and affect the accessibility of 
epigenetically modified sites

The condensation of histone tails onto DNA clearly altered the conformational dynamics of 

tails and DNA itself, in fact it resembled a 2D diffusion on the surface of DNA with the 

DNA minor grooves serving as kinetic traps. Despite extensive 1 µs simulations, we 

observed that the tails of two copies of the same histone often explored non-overlapping 

conformational space subsets, suggesting that switching between different conformational 

subspaces for such tails happened on a time scale longer than our simulation time (Figure 6). 

Such behavior corroborates cross-linking and NMR findings of asymmetrical conformations 

of tails (H2A N-terminal tail, for example) of two histone copies [12, 32]. Interestingly, in 

our microsecond simulations the tumbling rate of histone tails depended on their 

conformation and binding mode onto DNA (as illustrated by the RMSF profiles in Figure 

S15). For instance, the amplitude of fluctuations of the H3 tail on one side of nucleosome, 
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which adsorbed on the linker DNA, was much higher (due to linker DNA flexibility) 

compared to the other H3 tail, which was compactly folded at the DNA entry/exit sites. The 

dynamical scales of histone tails in mononucleosomes and nucleosomal arrays were recently 

probed by a number of techniques including solution, solid state NMR and hydrogen 

exchange studies [31–33]. They reported rather controversial findings. In view of our 

results, we speculate that the dynamics of histone tails even in compacted nucleosomal 

arrays might be organized in a non-uniform fashion, with certain tails being stably folded, 

while others actively exploring the conformational space.

A detailed analysis of interactions between individual amino acid side chains and DNA 

bases (Figure S16–19) suggests that certain histone tail side chains might be deeply inserted 

into the DNA minor grooves, making contacts with the DNA bases and serving as anchors 

stabilizing the interactions and limiting the conformational dynamics. The largest number of 

contacts with the DNA bases was formed by arginines and lysines located within the histone 

tails. Namely, in the main (FN) model, the following residues showed high propensity to 

interact with the bases of DNA minor groove: R8 and R26 of histone H3; K16 and R17 of 

histone H4; R11, K13 and K126 of histone H2A, R29 and R30 of histone H2B. 

Interestingly, for H3 and H4 tails none of these interactions with the DNA bases were 

observed in the initial X-ray structure. While protein-DNA contacts within the histone core 

were dominated by the interactions with phosphates in FN model (82% - phosphates, 16% - 

sugars, 2% - bases), histone tails formed 17% of interactions with the DNA bases which 

represented a considerable increase compared to the NCP crystal structure with only 8% of 

contacts between DNA bases and histones (Figure S16).

It should be noted that many sites mentioned above potentially can undergo post-

translational modifications including methylation of arginines and methylation and 

acetylation of lysines. For example, two of the most important epigenetically modified 

residues on histone H3 (H3K9 and H3K27) are located right next to the arginine residues 

(H3R8 and H3R26), which showed high tendency to be inserted into the DNA minor 

grooves (see Figure S17–18). Therefore, such arginine-lysine motifs within the histone tails 

may affect the accessibility of certain lysines to effector proteins and their ability to be post-

translationally modified.

If we analyze those sites, which make direct contacts with the nucleotides in the DNA minor 

groove in our models, the most pronounced one is H4K16, which is docked to the DNA 

position SHL −1.5. It is a well-known acetylation site, which regulates the chromatin 

compaction and binding of ACF remodeler [52]. An NMR study of mononucleosomes 

suggested the flexibility for residues 1–15 of H4 tail, whereas residues 16–22 were found to 

be folded onto the nucleosome core and did not undergo sufficient tumbling on the relevant 

NMR time scale. Moreover, it was experimentally confirmed that acetylation mimic 

H4K16Q mutation, which, according to our study, would likely weaken the interaction of 

this residue with the DNA minor groove due to loss of side chain positive charge, induced 

structural disorder in this region [32]. Consistent with our observations, an experimental 

study showed that H4H18 and H4K16 may be cross-linked to the DNA positions SHL ±1.5 

[53]. Our observation of H4K16 minor groove binding is also in agreement with earlier 

findings of Erler et al. in REMD simulations of nucleosomes [25]. More recently, 
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Collepardo-Guevara et al. in a multiscale simulations showed that lysine acetylation 

increased secondary-structure content within the histone tail and decreased tail availability 

for crucial fiber compacting internucleosome interactions [54], consistent with earlier 

simulations of conformational ensemble of fragments of histone tails without DNA in 

solution [55, 56]. These results are also in line with the previous simulations of DNA 

interactions with H4-tail peptides [57, 58], which suggested that charged groups of arginines 

and lysines play major roles in the tail-mediated DNA-DNA attraction by forming bridges 

with phosphates and interacting with electronegative sites in the minor groove.

Our comparative analysis of histone-DNA interactions in different regions of nucleosome 

suggests that the majority of interactions in the histone core region are dominantly provided 

by arginine residues, while the interactions between histone tails and DNA are almost 

equally dominated by arginines and lysines residues (Figure 7). This is not the case for the 

starting conformation derived from the crystal structure of NCP, where protein-DNA 

interactions through lysine residues are largely underrepresented. Although it has to be noted 

that in the crystal structure of NCP additional histone-DNA contacts may be formed with the 

neighboring nucleosomes representing crystal packing interactions, which we do not include 

in our analysis. This later trend is consistent with the propensity of arginines to be inserted 

into the DNA minor grooves as was observed in crystal structures of many protein-DNA 

complexes [59]. As evident from Figure 7, glycine is also prevalent in H3, H2A and 

especially H4 N-terminal tails and its backbone carbonyl group may form non-specific 

contacts with phosphates of DNA backbone. It is important to note that, while direct 

contacts of proteins with the DNA bases (direct read-out) are generally thought to be almost 

absent in nucleosomes and do not contribute to the nucleosome positioning, this might be an 

oversimplified picture. For example, it was shown that histone tails may contribute to the 

sequence-dependent nucleosome positioning in view of repositioning of nucleosomes on 5S 

RNA gene upon tail cleavage [60]. However, this effect was not reproduced on high affinity 

sequences. Extensive contacts of histone tails with the DNA bases observed in our study 

may help to understand and interpret these experimental results.

DNA bulging near the entry/exit points is modulated by the histone tail conformations

Now we turn our attention to the analysis of the coupling between conformation of histone 

tails and geometry of the core DNA. Several changes in the DNA conformation were 

evident (Figures 3ab, S20–23). The largest rearrangements included the bulging of the core 

DNA next to its entry/exit point around SHL ±6.5, which could only be observed on the 

time scales longer than 100 ns and was conditional on the various conformations of histone 

tails (Figure 6). Interactions in this DNA region (terminal 10 bp of the core DNA) were 

mostly formed with the histone tails and not with the histone core, suggesting that histone 

tails might have profound effects on the conformation of DNA leading to potential 

stabilization or destabilization of the whole nucleosome (Figure S16). Indeed, in FN model 

simulations the terminal core DNA region around SHL +6.5 formed many more contacts 

with the histone tails than its symmetric counterpart at SHL −6.5 (184 versus 64 contacts), 

which caused its stabilization and prevented its DNA bulging, otherwise observed at SHL 

−6.5. This stabilization apparently was caused by the extensive interactions with the H3 N-

terminal tail that formed compact secondary structure near the DNA entry/exit site as well as 
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by the insertion of H2A K126 into the DNA minor groove (Figure 6, S17). The latter 

observation provides a potential pathway for DNA stabilization by the H2A C-terminal tail. 

In fact, it was recently experimentally observed that partial deletion of the H2A C-terminal 

region resulted in unwrapping of the last 10 bp of the core DNA [61]. In agreement with 

this, fluctuations of the terminal parts of the core DNA were less constrained in our 

simulations for the NCPm system, which had truncated histone tails (Figure 3ab, S11, S12).

DNA binding sites in histone core show potential for rearrangement accompanied by the 
formation of twist-defects in DNA

In our previous sections we talked about the interactions between histone tails and DNA; 

here we study the histone-DNA interactions involving the histone core, and their coupling 

with the DNA geometry rearrangements. It is known from the analysis of NCP crystal 

structure that DNA has seven pairs of symmetrical binding sites, where the DNA minor 

groove faces the histone octamer [62]. At each binding site there is a key arginine inserted in 

the minor groove in majority of cases with the exception of canonical arginines R49 from 

both copies of H3 which are located too far away to be inserted into the minor groove 

around SHL ±6.5. Concomitantly, this location has a low number of contacts with the 

histone core (Figure 8a,b). Our analysis of the dynamics of histone-DNA interactions 

showed that this canonical H3R49 can actually be inserted into the corresponding minor 

groove due to the DNA bulging at SHL ±6.5 described previously. This distortion was 

apparently facilitated by the formation of additional and rearrangement of existing contacts 

between H3 αN-helix and DNA. To understand the implications of these distortions to an 

overall DNA geometry we plotted the effective rotation of DNA base pairs with respect to 

the superhelical axis location (Figures 8c, S11). We observed a shift in an overall DNA 

twisting by one base pair around SHL −6/−6.5, and in the case of NCPm model such shifts 

were observed in a region from SHL −5.5 up to the end of the core DNA (Figure S11). 

Similar shifts in the DNA twist geometry were previously named “twist-defects” [63]. Some 

experimental studies suggested that nucleosome exists in solution as a mixture of different 

twist-defect states and only some of them can be captured in crystal structures by varying 

the core DNA sequence, its length or by adding the intercalating agents [63]. In out study we 

were able for the first time to observe the formation of such defects in silico and describe the 

atomistic details behind the coupling between DNA geometry s and histone-DNA 

interactions.

To elucidate the patterns of interactions in different histone-DNA binding sites, we 

calculated a number of so-called stable contacts (see Methods). As can be seen in Figures 

8a–c,S24–26 and Table 2, the number of contacts between the histone core and the inner 

DNA turn was almost twice as many as the number of contacts with the outer DNA turn. 

This is consistent with an easier unwrapping of the outer DNA turn in single molecule 

experiments [64, 65]. Moreover, Figure 8 shows a clear hierarchy between different 

canonical binding sites. Binding sites around SHL ±0.5 and SHL ±4.5 have the highest 

number of dynamically stable contacts in accordance with the high resolution mapping of 

protein-DNA interactions in nucleosome obtained by mechanical DNA unzipping. The latter 

experiments suggested that the strongest histone-DNA interactions occurred around the dyad 

and around the location of ±40 base pairs away from the dyad [64].
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The first histone-DNA binding site around SHL ±0.5 is formed by the L1/L2 loops of H3-

H4 dimer, with an additional interaction coming from the N-terminus of the H3 αN-helix 

making this site very special in terms of its unique specific organization. Differences 

between histone-DNA binding patterns were observed in genome-wide nucleosome maps 

and a rogue signal with respect to A|T/G|C content of the nucleosomal DNA was recently 

observed nine base pairs from the nucleosome center by high throughput nucleosome 

positioning studies [66]. It was attributed to the insertion of H3R40 deep into the DNA 

minor groove possibly forming sequence-specific contacts with the bases [67], however, we 

did not observe such contacts on the microsecond time scale and H3R40 interacted with the 

DNA phosphates rather than bases (Figures S16–S17).

The second highly stable binding site around SHL ±4.5 is formed by the two α1-helices of 

H2A–H2B dimer whereas DNA binding sites with the least number of stable interactions are 

localized at SHL ±6.5, SHL ±5.5 and SHL ±1.5. The histone-DNA contact map is mimicked 

by the DNA RMSF fluctuation profile (Figures 9, S27) and DNA fluctuations show visible 

increase at SHL ±1.5. It suggests an increased potential to accommodate various DNA 

conformations at these sites upon binding of small molecules or proteins in light of recent 

experiments which showed that SHL ±1.5 was a hotspot for binding of heavy metal ions and 

intercalating antitumor agents [68]. The lack of stable interactions around SHL ±5.5/±6.5 

also corresponds to an increase in the DNA fluctuations. The fluctuations at the very end of 

the core DNA are somewhat smaller, which is explained by their stabilization via the H3 N- 

and H2A C-terminal tails (see previous sections). The marginal stability and high flexibility 

of SHL ±5.5 and SHL ±6.5 binding sites might suggest that these sites present rather small 

energy barriers upon unwrapping of DNA from the nucleosome until SHL ±4.5 is reached. 

A biologically relevant process that relies on such gradual disruption of DNA histone 

contacts includes the transcription by RNA-polymerases which might occur without 

nucleosome eviction [69]. The nucleosomal barrier to transcription investigated by 

transcription pausing patterns showed that the first barrier is encountered by polymerase 

when the leading edge of polymerase enters the region approximately 40 bp away from the 

dyad [70], concomitant with the idea that the first two binding sites provide almost no 

barrier to transcription.

DISCUSSION

Here we presented a molecular dynamics study of a full nucleosome model with the full-

length histone tails and linker DNA regions. We used the robust all-atom explicit solvent 

approach in simulating the atomic details of free nucleosome dynamics and extended this 

approach to the microsecond timescale. The extensively long microsecond timescale, 

atomic-level models and multiple comparative simulations enabled us to get insights into the 

functionally relevant rearrangements in nucleosome conformations including the coupling 

between histone tails and DNA.

The mechanistic insights obtained in our study suggest that the conformational 

rearrangements within the core DNA depend on the patterns of DNA interactions with the 

histone core regions as well as histone tails. In particular, we observe that the H3 N-terminal 

and H2A C-terminal tails make many contacts with the core DNA and may stabilize the 
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geometry of its terminal region, suppressing the formation of the localized twist-defect states 

within DNA. On the other hand, the conformation of the tails that protrude away from the 

nucleosome favor the formation of the twist-defect states, that can be important 

intermediates in nucleosome sliding and remodeling [15]. We suggest a mechanism by 

which the observed DNA over-twisting within the terminal DNA region can represent an 

initial twist-defect state that can be stabilized by the subsequent rearrangements of DNA 

interactions within the core region of histones. Subsequent nucleosome sliding may occur 

via the propagation of this defect further down the nucleosome core. It is interesting to note 

that several in vitro mononucleosome crosslinking studies have previously shown that 

histone tails occupy different preferential conformations in intact NCPs, nucleosomes with 

linkers and nucleosomes with H1 histone systems [71, 72], suggesting that histone tails are 

highly responsive to the presence/absence of DNA linkers, H1 histone and changes in the 

nucleosomal environment.

In accordance with the cross-linking studies [72, 73] we found that histone tails readily 

adsorbed onto the linker (mostly H3 tails) and core DNA (mostly H4, H2B and H2A tails) 

and the majority of histone-DNA contacts occurred with the histone tails. A possibility of 

the H3 N-terminal tails to interact with the linker DNA was reported earlier [13, 72]. In fact, 

the efficiency of cross-linking in NCP was found to be 3–4 times lower for H2A, H2B and 

H4 and 10–12 times lower for H3 compared to the full nucleosomes with the DNA linkers 

[73]. Moreover, our detailed study of histone tail behavior showed that their microsecond 

scale dynamics is characterized by the limited diffusion on the DNA surface and kinetic 

trapping of tail regions in the DNA minor grooves of core and linker DNA regions. The 

observed stable attachment of histone tails to the core and linker DNA suggests profound 

implications for the interactions of nucleosomes with other chromatin proteins. Indeed, 

when these proteins bind to histone tails or DNA, first they have to outcompete the DNA-

histone tail interactions and displace the respective partner. For example, Pilotto et al. 

recently experimentally demonstrated an elegant practical illustration of this concept using 

LSD1-CoREST complex as an example, which acts as H3K4 demethylase [74]. It was 

suggested that this complex binds to the nucleosome via its CoREST subunit, which 

displaces the H3 tail from the DNA. This displacement is critically needed to render the 

methylated H3K4 available for the interactions with its LSD1 subunit. It can be 

hypothesized that such mechanisms may be utilized to orchestrate a cross-talk between 

multiple binding sites on histone tails including the PTM sites and their respective binding 

partners [28, 75].

The atomistic representation of the histone tail binding to DNA revealed by our study 

further showed that this process was facilitated by the insertion of the anchoring arginine 

and lysine side chains into the DNA minor grooves. This in turn affected those residues that 

serve as epigenetically modified sites in histone tails or impacted residues located right next 

to them (e.g., H3K9, H3K27, H4K16 and H3R8, H3R26, etc.). The presence of multiple 

binding sites on one histone tail and side chain occlusion by the minor grooves may give rise 

to the cooperativity effects. Namely, binding of one partner to its respective DNA or histone 

tail site may trigger a histone tail displacement from the DNA and thus facilitate the binding 

of another partner. Similar effects may be triggered by post-translational modifications such 
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as arginine methylation and especially lysine acetylation that would disfavor the insertion of 

these residues into the minor groove and thus may facilitate the conformational flexibility 

and binding availability of the histone tails. The proposed effects suggest further design of 

experimental studies that would elucidate the complex dynamical interplay between histone 

post-translational modifications and histone tail accessibility for effector protein binding.

MATERIALS AND METHODS

Initial model construction

As a starting point we used high resolution (1.9 Å) X-ray crystal structure of nucleosome 

core particle formed by recombinant variants of X. laevis canonical core histones and 

modified human α-satellite DNA (PDB ID 1kx5 [7]). To create a full nucleosome model 

with the linker DNA segments, a straight 20 bp long B-DNA duplex (AGTC)5 was 

constructed using the NAB software [76]. The used linker DNA sequence is balanced in the 

number of flexible and rigid base pair steps [77]. It was attached to the core DNA at both 

ends of NCP. One of the H3 histone tails was slightly rotated to avoid steric clashes with the 

linker DNA (ψ angle of Lys36 was set to −35 degrees) (Figure 1a). The minimalistic model 

of NCP (NCPm) was obtained from the same crystal structure by clipping histone tails at the 

sites specified in Figure 2 by triangles, additional details are provided in Supplementary 

Information (SI). All models were explicitly solvated in a rectangular box with a minimum 

distance between the solute and the box boundaries of 20 Å, except for the FNbb (Table 1) 

system for which 100 Å threshold was used. Sodium ions were added to the system for 

neutralization, and then additional sodium and chloride ions were added at a concentration 

of 150 mM with respect to the volume of water, except for the FN1M system where 1 M 

concentration was used. The exact corresponding bulk ion concentration was estimated 

directly from the simulation data (see “Ion concentration reevaluation” section in SI). 

Crystallographic water molecules were retained in the system, while all crystallographic 

ions were removed. Protonation states of amino acids were assigned based on their solution 

pK values at neutral pH, histidine residues were considered neutral and protonated on ε-

nitrogens. The FNnt model was identical to FN model but had neutrally charged protein 

termini to study robustness of MD simulations with respect to small perturbations. The 

structures of initial models are presented in Figure 1a and S1. The choice of NaCl as the salt 

for our simulations was influenced by the common use of it in nucleosome in vitro 

experiments as well as nucleosome reconstitution protocols [78].

Simulation protocols and force field choice

The CHARMM36 force field was used for DNA and protein [79, 80], TIP3P parameters for 

water molecules and adjusted ion parameters from Luo and Roux [81]. A choice of the force 

field is always a delicate issue due to certain known and unknown limitations in the force 

field accuracy balanced by the continuous efforts on force field improvement. In the case of 

nucleosome the problem is complicated by the need to combine accurate protein and DNA 

representations as well as to provide the realistic modeling of the interactions with the 

solvent. Below we briefly discuss several recent state-of-the-art studies about the behavior 

of different force filed in nucleosome simulations.
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The accuracy of the protein force field seems to be especially essential to model the 

behavior of intrinsically disordered histone tails. Systematic studies of biomolecular force 

fields [82] suggested that certain force fields (e.g. CHARMM27, AMBER ff03) 

overstabilize the helical conformation of peptides and therefore this problem was addressed 

in the CHARMM36 protein force field revisions [79]. In addition, several recent studies 

questioned the applicability of protein force fields to specifically model the histone tails [25, 

54, 55]. For example, Erler et al. showed that different versions of AMBER force fields may 

result in different dynamical behavior of histone tails [25]. Collepardo-Guevara et al. 

compared the results of simulations using state-of-the-art force fields, including 

CHARMM36, with the NMR data on histone tail dynamics and concluded that all force 

fields yield near identical results [54].

The DNA force field is essential to correctly reproduce the DNA conformational transitions 

in nucleosome simulations while the parameterization of the nucleic acids force fields 

proved to be more complicated than for protein force fields. Currently, both CHARMM and 

AMBER force fields are known to reproduce the stable dynamics of DNA at microsecond 

time scale and beyond [83]. However, accurate reproduction of the experimental results on 

the sequence dependent DNA deformability using the available force fields still remains an 

unsolved problem [84] (see additional discussion on force field choice in SI).

The simulation systems were prepared with the VMD program [85] and MD simulations 

were performed with the NAMD 2.9 package [86]. Langevin dynamics with 2 fs integration 

step, damping parameter of 0.5 ps−1 and T=310K were used as means to perform constant 

temperature simulations. Pressure coupling was implemented via Langevin piston method 

and set to 1 atm. Simulations were performed with the rigid covalent bonds and Van der 

Waals interactions were gradually switched off over the distance between 10 and 12 Å. 

Electrostatic calculations employed PME method with grid spacing of 1 Å, cubic 

interpolation, 12 Å real space cutoff and direct space tolerance of 10−6. Periodic boundary 

conditions were used. To remove the nucleosome diffusion, slight constraints of 0.003 

kcal/mol/A2 were applied to C-α atoms of H3 histone folds (residue numbers 64-78, 86-114, 

121-131). To avoid base pair fraying at DNA ends in NCPm simulation a restricting 

artificial wall potential was used to keep the distance between the centers of mass of bases in 

the terminal base pairs within 120% of the initial.

All systems were subjected to energy minimization and initial equilibration protocol as 

described in Supporting information. The production simulations were then performed up to 

the simulation time of 1 µs. The trajectory frames were saved every 100 ps. We run 

simulations in parallel on high performance computer clusters / supercomputers using 

effective parallelization available in NAMD. The simulation speed varied depending on the 

simulated system, number of CPUs and machine architecture. As a reference, the FN model 

system was simulated in parallel on 384 CPU cores for 120 days progressing at a pace of ~8 

ns/day.

Trajectory analysis

Trajectory analysis and visualization were performed using a set of in-house developed 

scripting libraries written in TCL, Python and R which utilized the capabilities of VMD [85] 
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and 3DNA [87] for general and DNA-specific structure analyses. For nucleosome structural 

analyses individual trajectory frames were superimposed onto the initial crystal structure to 

minimize the root mean square deviation (RMSD) values between the positions of C-α 

atoms of histone folds helices. The analysis of the DNA conformation was performed with 

respect to the nucleosomal superhelical reference frame determined by its dyad axis and 

superhelical axis (defined in SI). Rotational periodicity of DNA in nucleosome was 

determined by calculating the angle between the base pair vector (connecting N1 and N9 

atoms of juxtaposed bases in the base pair) and the nucleosomal superhelical axis. Maxima 

and minima of rotational periodicity values corresponded to the integer and half-integer 

SHL values.

Detailed analyses of histone-DNA interactions were performed for every trajectory frame 

(first 250 ns frames were disregarded as an initial conformational equilibration period) by 

analyzing the positions of corresponding atoms. Contacts (SC) between two atoms of 

histone and DNA were defined as those between non-hydrogen atoms at a distance less than 

3.9 Å. Contacts were further classified as following: salt bridges (SB) involved two charged 

non-hydrogen atoms at a distance less than 3.9 Å; hydrogen bonds (HB) were defined as 

bonds between donor (D) and acceptor (A) atoms with a hydrogen in-between (D-H… A), 

where the distance between D and A was less than 3.5 Å and D-H…A angle was larger than 

150 degrees; van der Waals contacts (vdW) were defined as contacts between the atoms that 

were neither hydrogen bonded nor formed a salt bridge; and water mediated interactions 

(WM) were defined between non-hydrogen atoms of DNA or histones that formed hydrogen 

bond(s) with the same water molecule. We also introduced the notion of stable contacts 

between DNA and protein to describe contacts that persisted during the MD simulations. 

Namely, they were defined as individual pairs of atomic contacts between DNA and protein 

molecules that were present in more than 80% of trajectory frames after the initial period of 

conformational equilibration.

Nucleosome structure description conventions

Positions of DNA base pairs were numbered relative to the central base pair (referred to as 

dyad), its location was assumed to be zero. Rotational orientation of DNA double helix is 

semi-quantitatively described by the superhelical location (SHL) parameter (Figure 1a), 

which we extend to include not only core DNA (SHL from 0 to ±7), but also the linker DNA 

(SHL up to ±9) segments. The original 147 DNA base pairs of the NCP are referred to as 

“core DNA”, while regions where core DNA connects to the linker DNA are referred to as 

DNA entry/exit sites. We distinguish two parts in every histone: the tail region(s) (as labeled 

in Figure 2) and the rest, termed the histone core region(s). The key elements of core regions 

are histone fold helices α1, α2 and α3 [88] and L1, L2 loops as shown in Figure 2 (Figure 

S2 also shows the letter codes of the individual histone chains, Figure S3 shows locations of 

common PTM sites).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Mono-nucleosome dynamics is the key to decipher the chromatin function and 

epigenetic regulation.

• All-atom dynamics of full nucleosome with DNA linkers is probed on the 

microsecond timescale.

• Coupling between DNA geometry and reorganization of the histone-DNA 

interactions is observed;

• DNA bulging and twist-defect formation are detected near the entry/exit site, 

suggestive of nucleosome sliding mechanisms

• Accessibility of important epigenetically modified sites is governed by the 

patterns of histone tails adsorption on both core and linker DNA.
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Figure 1. 
Overview of structure and dynamics of the full nucleosome model (FN): (a) Initial structure 

of FN model, (b) superimposed conformations from the last frames (75%) of simulation 

trajectory, (c) the last snapshot after 1 µs of simulations, note the various conformations of 

H3 N-terminal tails on both sides.
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Figure 2. 
Maximum observed RMSD deviations of individual amino acids (Cα-atoms – blue bars, 

side chain atoms – green bars) during simulations with respect to their positions in the initial 

X-ray structure. Bars exceeding 6 Å are truncated at this value and marked by a red dot on 

top. The annotation of histone structural elements is given below the bar plots. For RMSF 

values relative to MD average structure see Figure S15.
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Figure 3. 
The DNA conformational ensemble in nucleosome, (a) – front and (b) – side projections. 

The red dots mark the integer and half integer SHL values along the initial conformation, an 

asterisk marks the same linker DNA segment. Arrows indicate maximum deviations 

between initial and MD-average conformations.
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Figure 4. 
Condensation of histone tails on DNA. Proportion of histone tail residues that have direct or 

water mediated interactions with DNA is plotted as a function of simulation time. Initial 

values indicated by dots.
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Figure 5. 
Accessibility of DNA for interactions with histone tails. Maximum number of atom-atom 

contacts between DNA and histone tails shown for all frames from different simulation 

systems (FN, FNnt and FNbb).

Shaytan et al. Page 27

J Mol Biol. Author manuscript; available in PMC 2017 January 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Typical interaction patterns of histone tails with DNA observed in MD simulations. (a) A 

representative conformation of H3 N-terminal tail interacting with the linker DNA. (b) – 

bottom, (c) – front and (d) - back views of nucleosome with multiple superimposed histone 

tail conformation observed during 1 µs MD simulations (depicted every 100 ns with the first 

250 ns frames discarded). (e) a zoom-in of a stable α-helix formed by residues 21–28 of one 

of H3 tails (chain A), (f) an alternative stable position of H3 tail “docked” between the DNA 

gyres from the supporting FNnt model simulation.
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Figure 7. 
Quantification of protein-DNA interactions by type, histone region and participating amino 

acids. See Figure 2 for histone tails/core region definitions.
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Figure 8. 
Protein-DNA interactions within the histone core region. (a) The contact profile for the X-

ray structure averaged over two halves of the nucleosome. (b) The number of contacts 

averaged over all frames, and over symmetrical halves of nucleosome. A total number of 

contacts for respective DNA regions and histones is shown in pink-framed boxes for plots 

(a) and (b). (c) Number of stable protein-DNA contacts. At every DNA position the number 

of unique stable atom-atom contacts observed at either half of nucleosome is reported (i.e. 

symmetry related stable contacts observed in two halves of nucleosome were counted only 

once, asymmetric contacts contributed individually). The structural elements of the DNA 

binding sites are annotated on top of this plot, with different colors corresponding to 

different histone types. Black and grey curves show the rotational periodicity of DNA in the 

MD-average nucleosome structure.
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Figure 9. 
Characterization of DNA dynamics. RMSF of base pair centers for two symmetric 

nucleosome halves (red and green curves); black and grey curves show the rotational 

periodicity of the DNA superhelix. The data points exceeding RMSF of 4 Å are not shown. 

See Figure 3 captions for the asterisk definition.

Shaytan et al. Page 31

J Mol Biol. Author manuscript; available in PMC 2017 January 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shaytan et al. Page 32

T
ab

le
 1

Si
m

ul
at

ed
 s

ys
te

m
s 

an
d 

th
ei

r 
de

ta
ils

. T
ab

le
 S

1 
gi

ve
s 

m
or

e 
de

ta
ils

 o
n 

th
e 

sy
st

em
 c

om
po

si
tio

n.

M
od

el
na

m
e

D
es

cr
ip

ti
on

N
um

be
r

of
 a

to
m

s
E

ff
ec

ti
ve

 b
ul

k
sa

lt
co

nc
en

tr
at

io
n,

m
M

Si
m

ul
at

io
n

bo
x 

si
ze

, Å
Si

m
ul

at
ed

ti
m

e,
 n

s

FN
Fu

ll 
nu

cl
eo

so
m

e 
to

ge
th

er
 w

ith
 li

nk
er

D
N

A
 a

nd
 f

ul
l-

le
ng

th
 h

is
to

ne
 ta

ils
 a

t
ph

ys
io

lo
gi

ca
l i

on
ic

 s
tr

en
gt

h

36
6.

8K
~1

85
16

2×
19

7×
11

3
10

00

FN
1M

Sa
m

e 
as

 F
N

 b
ut

 in
 h

ig
h 

(1
M

) 
sa

lt
co

nc
en

tr
at

io
n

36
6.

8K
~1

10
0

16
1×

19
6×

11
2

30
0

FN
bb

Sa
m

e 
as

 F
N

, b
ut

 in
 s

uf
fi

ci
en

tly
bi

gg
er

 s
im

ul
at

io
n 

bo
x

3.
2M

~1
60

32
2×

35
8×

27
4

50

FN
nt

Sa
m

e 
as

 F
N

 b
ut

 w
ith

 a
ce

ty
l a

nd
 N

-
m

et
hy

l g
ro

up
s 

on
 N

- 
an

d 
C

-t
er

m
in

i o
f

hi
st

on
es

, r
es

pe
ct

iv
el

y

36
6.

8K
~1

85
16

2×
19

7×
11

3
10

00

N
C

Pm
M

in
im

al
is

tic
 N

C
P 

m
od

el
: n

o 
lin

ke
r

D
N

A
, t

ru
nc

at
ed

 h
is

to
ne

 ta
ils

21
0.

3K
~2

00
14

5×
14

1×
10

1
10

00

J Mol Biol. Author manuscript; available in PMC 2017 January 16.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shaytan et al. Page 33

T
ab

le
 2

N
um

be
r 

of
 s

ta
bl

e 
co

nt
ac

ts
 b

et
w

ee
n 

hi
st

on
e 

co
re

 a
nd

 D
N

A
 p

er
 b

in
di

ng
 s

ite
 (

pl
ea

se
 s

ee
 F

ig
ur

e 
8 

ca
pt

io
ns

 f
or

 d
ef

in
iti

on
s)

.

SH
L

±0
.5

±1
.5

±2
.5

±3
.5

±4
.5

±5
.5

±6
.5

B
in

di
ng

si
te

 ty
pe

L
1L

2 
α

N
α

1α
1

L
1L

2
L

1L
2

α
1α

1
L

1L
2

α
N

A
ve

ra
ge

nu
m

be
r 

of
co

nt
ac

ts

74
42

.5
54

57
.5

63
.5

37
.5

27
.5

N
um

be
r 

of
st

ab
le

co
nt

ac
ts

38
20

22
21

33
2

12

J Mol Biol. Author manuscript; available in PMC 2017 January 16.


