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The interaction of positively charged N-terminal histone tails with nucleosomal DNA plays an 

important role in chromatin assembly and regulation, modulating their susceptibility to post-

translational modifications and recognition by chromatin-binding proteins. Here, we report 

residue-specific 15N NMR relaxation rates for histone H4 tails in reconstituted nucleosomes. 

These data indicate that H4 tails are strongly dynamically disordered, albeit with reduced 

conformational flexibility compared to a free peptide with the same sequence. Remarkably, the 

NMR observables were successfully reproduced in a 2-μs MD trajectory of the nucleosome. This 

is an important step toward resolving an apparent inconsistency where prior simulations were 

generally at odds with experimental evidence on conformational dynamics of histone tails. Our 

findings indicate that histone H4 tails engage in a fuzzy interaction with nucleosomal DNA, 

underpinned by a variable pattern of short-lived salt bridges and hydrogen bonds, which persists at 

low ionic strength (0–100 mM NaCl).

Graphical Abstract

Histone H4 Tails in Nucleosomes: a Fuzzy Interaction with DNA 15N relaxation data suggest that 

amino-terminal histone H4 tails in reconstituted nucleosome are flexible. This result is rationalized 

by suitably designed MD simulations, showing that H4 tails are involved in a fuzzy interaction 

with nucleosomal DNA while retaining their disordered character.
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Introduction

In eukaryotic cells, gene expression, replication and repair are controlled by an extremely 

complex network of mechanisms centered on chromatin. The fundamental building block of 

chromatin is the nucleosome core particle (NCP), which consists of histone octamer 

(assembled from two copies each of H2A, H2B, H3 and H4 histones) and ca. 147 bp double-

stranded DNA wrapped around the histone core. All histones contain N-terminal tail 

segments, ranging from a dozen to several dozen residues. The histone tails are rich in 

positively charged amino acids, particularly lysines; some also include multiple glycine 

residues. It has been discovered early on that histone tails are disordered,[1] which is 

consistent with their amino-acid composition.[2] It has also been found that histone tails can 
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weakly bind to the negatively charged DNA; the interaction is electrostatic in nature and can 

be scaled down by neutralizing modifications of Lys and Arg residues (or simply by raising 

the ionic strength of the solution).[3] Multiple lines of evidence indicate that histone tails 

remain disordered within the NCP and maintain tenuous contact with nucleosomal DNA 

(nDNA).[4]

More recent studies shed further light on the status of histone tails in nucleosomes. The 

rapidly increasing number of X-ray structures[5] show a lack of definable electron density 

from the tails, suggesting that the tails remain disordered even in the highly constrained 

crystalline environment at low temperature. Several NMR studies took advantage of NCP 

samples reconstituted with isotopically labeled recombinant histones. The HSQC spectra of 

such samples consist of a small number of relatively sharp peaks, corresponding to the 

dynamic tails.[6] In the case of the H3 tail, these resonances are slightly shifted relative to 

the free peptide of the same sequence[7] and show several-fold reduced mobility compared 

to the free peptide.[7a] Of note, H3, H4 and H2A tails all remain dynamic in the condensed 

nucleosomal arrays,[8] as well as in the dense NCP precipitate environment.[9] Solid-state 

NMR experiments employing dipolar or, alternatively, J-coupling-based transfer help to 

delineate the boundaries of histone tails. For example, in the case of H4 tail residues 1–15 

are moving rapidly, whereas residues 16–24 appear to be moving more slowly.[9b]

Collectively, this experimental evidence has informed our understanding of the histone tails 

status in nucleosomes. It has been hypothesized that the tails tend to interact with nDNA (or 

histone core) via nonspecific, transient interactions that are mainly electrostatic in origin.[7a] 

Despite the tenuous character of the interaction between the histone tails and nDNA, this 

interaction is not inconsequential. A number of experimental studies have shown that NCPs 

with deleted histone tails are characterized by increased exposure of nDNA,[10] moderately 

lower stability[11] and compromised compaction properties.[12] Furthermore, the interaction 

of histone tails with nDNA makes these tails somewhat less available for binding of 

transcription regulatory factors. Posttranslational modifications of the tails tend to partially 

offset this effect, weakening tail interactions with the body of NCP.[6,7, 13]

Given the physiological significance of “fuzzy” interactions between the histone tails and 

nDNA, it is desirable to characterize these interactions with atomic level detail. This is, 

however, a challenging problem—the interactions are highly dynamic and therefore difficult 

to capture experimentally. In this situation, valuable insights can be obtained from Molecular 

Dynamics (MD) simulations. All-atom MD simulations of NCPs in explicit solvent became 

feasible ca. 10 years ago, and a number of such studies have been undertaken to date. 

Regarding the disordered N-terminal histone tails, these studies unanimously report that the 

tails “collapse” onto the surface of the nucleosome and become tightly bound to nDNA.
[7b,13b, 14] In other words, the tails are largely immobilized on the surface of the nucleosome, 

remaining conformationally constrained on the time scale of hundreds of nanoseconds. This 

description, however, is inconsistent with the experimental evidence, especially NMR data, 

which are indicative of robust conformational dynamics of the histone tails on the time scale 

of ca. 10 ns (see Stützer et al.[7a] and other references above).
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This contradiction has been noted previously, leading to speculation that MD captures those 

species that are trapped in local free-energy minima. These species, featuring immobilized 

histone tails, are assumed to be in slow exchange with other species, featuring disordered 

tails.[7b, 14d] It remains unclear, however, why MD simulations fail to observe these latter 

states. The discrepancy between the modeling results and the experimental findings remains 

an outstanding paradox, which hinders further progress in this important area. Here we seek 

to resolve this paradox. Specifically, we report residue-specific NMR chemical shifts and 
15N spin relaxation rates for histone H4 tails in nucleosomes as well as an extended, 

microsecond MD trajectory of the nucleosome core particle that is consistent with these (and 

other) experimental data.

Results

For the purpose of this study, we focused on the mobile N-terminal tails of histone H4 

proteins (hereafter referred to as N-H4 tails). We prepared several NCP samples 

reconstituted with recombinant 15N- or 15N,13C-labeled histone H4 from Xenopus Laevis 
and the 147-bp Widom 601 DNA motif (see Figures S1 and S2 for details).[15] As expected, 

the 1H,15N-HSQC spectra of these samples contained a handful of observable peaks; they 

were successfully assigned to residues 3–15 from the N-H4 tail, see Figure 1A. The 

positions of the peaks are near identical to those in the spectrum of the free peptide, which 

replicates the sequence of the H4 tail,[16] see Figure S3. This immediately suggests that the 

first fifteen N-H4 residues remain strongly disordered also in the nucleosome core particle.

The NCP sample with 50 mM concentration was further used to measure site-specific 

backbone amide 15N longitudinal (R1) and transverse (R2) relaxation rates for those N-H4 

sites that give rise to well-resolved spectral resonances. The measurements were conducted 

using recently reported high-accuracy experiments.[17] The obtained R2 values fall in the 

range 10–20 s−1 (see Table S1), which is an order of magnitude higher than in the free N-H4 

peptide. Furthermore, the R2 vs. the residue number profile is different from what one may 

expect for a freely moving protein tail. Specifically, residue R3 with R2=16.4 s−1 is followed 

by a stretch of residues with R2 from 9.9 to 12.5 s−1 and then A15 with R2=20.3 s−1. Clearly, 

the motion is partially constrained, which particularly affects R3 at the extreme N-terminus 

of the H4 tail.

In an attempt to rationalize these data, we have turned to MD simulations. The starting 

coordinates of the NCP were taken from the most relevant crystallographic structure 3LZ0.
[18] The histone tails that are missing from the crystallographic coordinates were rebuilt with 

extended conformations (see Supporting Information). The nucleosome particle was placed 

in a large truncated octahedron box with TIP3P[19] water. For this system, the MD trajectory 

was recorded using the Amber 18[20] program with Amber ff14SB[21] force field.

To assess the validity of the obtained MD model, we have calculated per-residue 15N 

relaxation rates in the two H4 proteins within the NCP. The relaxation rate constants were 

computed with an established approach that uses MD-derived temporal correlation 

functions.[16] Of note, these calculations require the NCP tumbling time, which was 

obtained by performing HYDROPRO[22] calculations on the MD frames (sampled at 1 ns 
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intervals) and subsequently averaging the results, τrot=146 ns. This value is in line with the 

earlier estimates based on NMR linewidths and fluorescence anisotropy decay rates.[23] 

Given that histone tails in our model are tightly coordinated to the body of the NCP (rather 

than extended into solvent), the application of HYDROPRO appears justified.[24] In addition 

to the 15N relaxation rates, we have also calculated secondary chemical shifts δsec =δ–δrc
[25] 

for the two H4 histones. For this purpose, the NCP trajectory was processed using 

SHIFTX2[26] and SHIFTS[27] programs (see Supporting Information).

The comparison of the MD-based predictions and the experimental results is illustrated in 

Figure S4. Both experiment and computations yield near-zero δsec values for backbone 13C 

spins in the N-H4 tails, confirming the lack of any appreciable secondary structure in the tail 

region. However, the calculated relaxation rates are clearly at odds with the experiment. 

Specifically, 15N R2 rates for residues 3–15 in N-H4 are predicted to range from 39 to 151 s
−1, overestimated on average by eight-fold relative to the available experimental values. The 

corresponding R1 rates are underestimated on average by three-fold. This immediately 

suggests that N-H4 tails are overstabilized in the MD trajectory, experiencing only limited 

and/or slow conformational dynamics. From the spin-relaxation perspective, parts of the 

simulated tails resemble the rigid NCP body, where the calculated 15N R2 rates are ca. 240 s
−1 (see Figure S4). These findings are in agreement with the previous observations from MD 

modeling studies[7b,13b, 14] (and, in fact, add a useful quantitative dimension to these 

observations).

Given the major discrepancies between the experimental and simulated NMR relaxation 

rates, the question naturally arises of what is the potential fault in the MD simulations. We 

believe that the problem lies with the traditional MD setup that uses the standard TIP3P 

water model, which has recently been shown to produce overly compact (collapsed) 

representations of disordered proteins.[28] One can expect that this problem would also affect 

the disordered histone tails in the NCP. Recent efforts to resolve this problem have been 

mainly focused on water-water and water-protein interactions.[28b,c,29] Another complication 

that can adversely affect the MD model stems from the imperfect parameterization of salt 

bridges.[30] This issue is relevant for the interaction between positively charged N-H4 tails 

and the negatively charged nDNA. Likewise, there have been recent attempts to improve this 

particular aspect of MD simulations.[31]

To explore the more advanced MD modeling options, we have conducted a series of NCP 

simulations using the following MD setups: Amber ff15ipq + SPC/Eb,[31a] CHARMM c36m 

+ CHARMM-modified TIP3P,[29b] CHARMM c36m with CUFIX corrections[32] + 

CHARMM-modified TIP3P, Amber ff14SB with the latest version of CUFIX correction[31b] 

(including re-parameterized interactions of arginines and lysines with the DNA phosphate 

groups) + TIP3P or, alternatively, TIP4P/Ew.[33] The lengths of the individual trajectories 

ranged from 0.5 to 1.0 μs. While these more advanced models tend to improve the situation, 

the results still fall short of quantitative agreement with experiment. The predicted 15N R2 

rates for residues at the extremity of the N-H4 tails remain significantly overestimated, 

whereas the R1 rates are significantly underestimated. The only MD simulation that was able 

to predict spin relaxation rates in reasonable agreement with experiment was one that used 

the TIP4P-D[28b] water model. This model includes a corrected parameter for dispersion 
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interactions originating at water molecules (which are underestimated in conventional water 

models). Consequently, it promotes the solvation of peptide chains and thus tilts the balance 

toward disordered protein states. The success of the TIP4P-D water model in reproducing 

various experimental characteristics of intrinsically disordered proteins, as well as proteins 

containing disordered regions, has been well documented.[28b, 34]

The N-H4 conformational ensemble from (Amber ff14SB / TIP4P-D) trajectory is illustrated 

in Figure 1B. The H4 tails still tend to coalesce on the surface of nucleosomal DNA and, 

similarly, the other histone tails are also positioned over the nDNA surface. We have used 

the CRYSOL[35] and GNOM[36] programs to determine the radius of gyration for the 

simulated NCP. The calculated value, 43.0±0.9 Å, is in agreement with the experimental 

result of 43.7 Å.[37] Furthermore, processing the trajectory with HYDROPRO reproduces 

the experimentally determined translational diffusion coefficient, 3.6 × 10−7 cm2 s−1[38] (the 

same calculation predicts τrot=163 ns). Hence, the experimental data appear to be consistent 

with the MD model featuring a relatively compact arrangement of the histone tails over the 

surface of nDNA.

However, in spite of the apparent attraction to nDNA, the N-H4 tails remain highly mobile 

in the MD model employing TIP4P-D water. This is evident from the calculated 15N spin 

relaxation rates (Figures 2A,B). One of the two tails in the simulation (green symbols in the 

plot) produces R2 rates in good agreement with experimental data, along with R1 rates that 

are only moderately underestimated. The other tail (blue symbols in the plot) produces 

overestimated R2 values for residues R3 and G7 (and presumably for the entire stretch of 

residues in between), but aside from that also shows reasonable agreement with the 

experimental results. Given the magnitude of the R2 rates, it can be immediately suggested 

that N-H4 tails (residues 1–15) are an order of magnitude more mobile than the histone core, 

but an order of magnitude less mobile than the corresponding free peptide.[16]

What are the specific interactions underpinning this dynamic behavior of N-H4? To answer 

this question, we have tracked the formation/dissolution of salt bridges and hydrogen bonds 

throughout the course of the (Amber ff14SB / TIP4P-D) trajectory. The results for the two 

N-H4 tails are summarized in Figure 3.

Considering the results in this graph, we first focus on the most flexible portion of the N-H4 

tail, residues 1–15. We observe that charged residues within this segment form salt bridges 

with phosphate groups in the DNA backbone (red bands in the plot), but these are mostly 

transient, fleeting interactions. One good example is residue R3 in the second tail (N-H4–2, 

right half of the plot in Figure 3). This residue is found to form a salt bridge in 49% of all 

frames. Most of these interactions are short-lived and go away after several nanoseconds to 

several tens of nanoseconds. Others are more persistent, existing in on-off mode for 

hundreds of nanoseconds. Interestingly, such long-lasting salt bridges are invariably 

stabilized by hydrogen bonds (blue bands in the plot) in the proximal residues. In this 

particular case, the more persistent salt bridges involving R3 occur in concert with hydrogen 

bonds involving S1, G4 or K5. Similar pattern is also observed elsewhere in the plot. These 

observations are consistent with what is known about the dynamic nature of salt bridges.[39] 

Considering other positively charged residues in the N-H4–2 (1–15) segment, K5 and K8 
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have been engaged in salt-bridge interactions in 15% of all frames, while for K12 this 

proportion was only 9%. This is ca. 3-fold lower compared to the R3 propensity to form salt 

bridges. Such an outcome is expected since lysine-phosphate interactions are known to be 

weaker than arginine-phosphate interactions.[40] In summary, it appears that salt bridges 

alone are insufficient to produce a stable connection between N-H4 and nDNA. However, a 

sequence of rapidly formed and dissolved salt-bridge interactions apparently succeeds in 

keeping N-H4 in the vicinity of nDNA. Once hydrogen bonds are formed between N-H4 and 

nDNA, a more stable configuration ensues, where salt bridges also tend to become more 

permanent.

Generally, the behavior of the N-H4–2 segment (residues 1–15), as illustrated in Figure 3, is 

consistent with a concept of fuzzy complex.[41] While loosely associated with nDNA, this 

segment maintains a high degree of mobility. The intermittent salt bridges and hydrogen 

bonds provide temporary “anchors”, while the stretches of the peptide chain in between such 

anchors remain conformationally mobile (akin to floppy loops). In particular, R3 is an 

important anchoring residue, as confirmed by the elevated R2 rate (both predicted and found 

experimentally at this site). The fuzzy behavior of N-H4–2 (1–15) is visualized in Movie 

S1A.

The scenario observed for the other tail (N-H4–1, left portion of the plot in Figure 3) is 

somewhat different. The N-terminal segment exhibits similar fuzzy dynamics up to 710 ns in 

the trajectory. At this point, it forms a local contact with nDNA, which remains present 

(subject to several rearrangements) until the end of the simulation. Three distinct long-lived 

states observed in this timeframe all feature hydrogen bonds between the R3 side chain, 

positioned in the DNA minor groove, and adenine-thymine base pair dA-31(strand I) / 

dT31(strand J). It is, in fact, common to find arginine side chains inserted into minor 

grooves, where guanidinium group interacts particularly strongly with the adenine-thymine 

pair.[42] However, despite the relatively stable anchoring through R3, a large stretch of N-

H4–1 remains highly mobile, resembling a floppy loop. This is evidenced by the low R2 

rates calculated for residues 8–14 (blue symbols in Figure 2B).

Of interest, residue R3 shows average separation of 2.6 Å with the body of nucleosome in 

both N-H4 tails, see Figure S7A. Apparently, this residue maintains close contact with 

nDNA irrespective of whether it forms relatively stable hydrogen bonds with nDNA (such as 

the case with N-H4–1) or becomes engaged in a series of short-lived salt-bridge interactions 

(such as the case with N-H4–2). At the same time, the average separation between cationic 

residue K12 and the body of the NCP is significantly higher: 5.1 Å and 6.5 Å for N-H4–1 

and N-H4–2, respectively. As already noted, this residue is a part of a flexible loop-like 

segment, which hovers over the surface of NCP, but at some distance from nDNA. It is 

relatively rare that K12 becomes directly engaged in salt bridges, making this residue 

amenable to posttranslational modifications and recognition by reader proteins.[43]

As for the remaining portion of the tails, 16–24, these residues become increasingly 

restrained toward the structured part of H4. According to the MD data, this region is 

characterized by conformational heterogeneity, as well as a reduced level of conformational 

mobility (compared to 1–15). This is consistent with the absence of electron density from 
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residues 16–24 in the crystallographic coordinates 3LZ0 and the absence of the 

corresponding spectral signals in the HSQC spectrum of NCP (see Figure 1A).

In addition to structural parameters, we are also interested in temporal characteristics of the 

conformational dynamics in N-H4. Those can be conveniently assessed using reorientational 

correlation functions of the backbone N-HN vectors,[44] illustrated in Figure S8. For the 

most mobile residues, such as G9 and K12, the correlation functions are determined solely 

by conformational dynamics of the tail, with no appreciable contribution from the overall 

tumbling of the NCP. The characteristic time constants span the range from a picosecond to 

tens of nanoseconds, reflecting a range of motions such as ultrafast librations, axial 

fluctuations of peptide planes, local rotameric jumps and concerted jumps associated with 

major conformational rearrangements of the tail.[16] Residue R3, which is engaged in fuzzy 

interactions, experiences somewhat slower dynamics; accordingly, its correlation function is 

impacted to some degree by the overall NCP tumbling. As a point of contrast, residue A38, 

which belongs to the rigid body of the H4 histone integrated into the structure of NCP, 

senses only two motional modes: ultrafast librations and the overall tumbling with 

characteristic time of 163 ns, see Figure S8 (panel O).

Considering the significance of electrostatic interactions in the fuzzy dynamics of N-H4, one 

may expect to obtain interesting insights from relaxation measurements in NCP samples 

with different solvent ionic strength. In addition to our standard conditions of 100 mM NaCl, 

we have also measured site-specific 15N relaxation rates at 0 and 10 mM NaCl (summarized 

in Figure S9). Aside from residue R3, which appears to be insensitive to salt concentration 

in this range, the other residues show the expected decreases in dynamics under low-salt 

conditions, as evidenced by the increasing 15N R2 values. The effect is, however, moderate, 

meaning that the tail residues 1–15 retain a high degree of conformational flexibility even at 

0 mM NaCl.

This observation is consistent with the MD data, where we cannot discern any significant 

differences between N-H4 dynamics at 100 and 0 mM salt (not shown). To probe the effect 

of electrostatics further, we have recorded a 1.35-μs trajectory of NCP in solution with 800 

mM NaCl. Although nucleosome particles are known to dissociate under high-salt 

conditions, on a microsecond time scale this trajectory provides a reasonable in silico model 

to characterize the effect of salt on histone tail dynamics (see discussion following Figure 

S10). The N-H4 (1–15) dynamics observed in this trajectory is distinctly different from the 

low-salt simulations. In particular, the shape of the simulated R2 profile suggests that N-H4 

behaves as a random-coil tail, with R3 no longer acting as an anchor residue (Figure S10). 

This result supports our notion that the fuzzy interaction between N-H4 tail and nDNA is 

largely electrostatic in nature.

Concluding Remarks

The above analysis exposes the limitations of the (Amber ff14SB / TIP4P-D) model. The 

results from the two tails point toward the lack of convergence in the simulation (e.g., 

compare blue and green symbols in Figures 2A,B). It is known that TIP4P-D can have a 

certain destabilizing effect on protein structure.[28b] In our case, the histone core of the 
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nucleosome has remained stable, with the secondary-structure Cα rmsd fluctuating around 

the average value of 1.50 Å (see Figure S11A). At the same time, the nDNA rmsd increased 

progressively, reaching at the end of the simulation the level of 4.8 Å (average value over the 

final 0.5 μs). As one may expect, the increased mobility of nDNA involves mainly the outer 

turn (nucleotides −72 to −39 and 39 to 72), which shows weaker interactions with the 

histone core.[45] Specifically, we observe local displacements of the DNA turns (i.e. local 

contraction or stretching of the spiral), plus occasional disengagement of the first few base 

pairs from the histone core. Fortunately, the N-H4 tails interact almost exclusively with the 

inner turn (nucleotides −38 to 38) and thus remain relatively unaffected, see Figure S12. In 

spite of the described shortcomings, however, the (Amber ff14SB / TIP4P-D) model 

provides a consistent picture of the N-H4 dynamics that is in reasonable agreement with 

experimental data. Generally, MD simulations of large biomolecular systems often push the 

limits in terms of convergence and/or stability, but nonetheless produce valuable structural 

and functional insights.[46]

As a point of comparison, let us briefly survey the results from the (Amber ff14SB / TIP3P) 

simulation that are documented in the Supporting Information (see Figures S4, S10C,D and 

S12–S15, as well as Movie S1B). In this trajectory, N-H4 tails become coordinated to nDNA 

and largely immobilized. Characteristically, the entire length of the segment 3–15 is in 

contact with nDNA, as multiple residues, including G4, G6, G7, G11 and G13, make 

hydrogen bonds to nucleobases, phosphate groups or ribose rings. Consequently, this model 

fails to correctly predict the 15N relaxation rates in the N-H4 tails. In contrast, the (Amber 

ff14SB / TIP4P-D) simulation paints a different picture. While N-H4 tails maintain contact 

with nDNA in this latter trajectory, they also retain a great deal of mobility, reminiscent of a 

fuzzy complex. The transient anchoring of N-H4 to nDNA occurs mainly through arginine 

side chains, while lysines are mostly projected into solvent, which makes them amenable to 

acetylation, methylation and other modifications. These modifications control nucleosome 

packing, as well as recognition by reader proteins, with far-reaching consequences for cell 

status and disease.[47] Of note, the fuzzy state of histone tails is apparently preserved in 

nucleosome arrays, including large and highly compacted arrays, as reported by us 

previously.[8] Clearly there is only a limited amount of bulk solvent contained within the 

condensed array. Nevertheless, the histone tails presumably retain their ability to glide over 

the surface of nDNA, belonging either to their own nucleosome or to the other nearby 

nucleosomes.

The presented (Amber ff14SB / TIP4P-D) model predicts 15N spin relaxation rates that are 

in good agreement with our experimental results. Furthermore, it successfully reproduces 

other measurable parameters, such as chemical shifts, radius of gyration and coefficient of 

translational diffusion of the NCP. It is also consistent with the X-ray diffraction data, which 

lack the definable electron density from the histone tails. Hence this model reconciles MD 

and experimental perspectives on the dynamics of histone tails in nucleosomes, thereby 

resolving the existing controversy. Generally, MD models are of major importance for 

characterization of histone tails in nucleosomes (and other conformationally dynamic 

elements of biomolecular systems), effectively replacing conventional structural data such as 

crystallographic or NMR coordinates. In the context of chromatin biology, such accurate 

modeling of native and post-translationally modified histone tails in conjunction with 
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quantitative experimental data is expected to lead to detailed atomistic view of nucleosome 

complexes and assemblies and an enhanced understanding of fundamental cellular 

processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) 1H,15N-HSQC spectrum of mononucleosomes containing 15N-labeled H4. (B) 

Dynamics of N-H4 tails (pictured as blue tubes) in mononucleosome according to the MD 

simulation data. To generate this plot, a 2-μs trajectory of NCP in TIP4P-D water was 

sampled with the step of 10 ns; the extracted frames were overlaid onto the reference 

structure 3LZ0. The DNA backbone is shown as a red band, bases and sugars are shown as a 

semi-transparent surface, the bodies of histone proteins are dark grey (with tails of H3, H2A, 

and H2B histones not shown). The visible asymmetry in spatial distribution of the N-H4–1 

and N-H4–2 tails reflects a limited convergence of the simulation.
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Figure 2. 
(A,B) 15N relaxation rate constants R1, R2 and (C,D) 13Cα/β secondary chemical shifts δsec 

for H4 histone proteins in NCP. Experimental values are shown with red circles, the results 

of MD-based calculations—with blue and green diamonds (first and second copy of H4, as 

enumerated in the structure 3LZ0). The MD trajectory is that of NCP in TIP4P-D water, 

with a net length of 2 μs. Additionally, 1HN and 15N δsec data are summarized in Figure S5.

Rabdano et al. Page 14

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2022 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Traces of the interactions between N-terminal tails of H4 histones (two copies in the NCP, 

residues 1–24) and the remaining part of the NCP. Each horizontal band represents a specific 

interaction involving one of the tail residues (indicated on the y-axis). For a given residue, 

interactions are sorted according to the time of the first appearance; the ordered list that 

identifies all interactions can be found in Table S2. Hydrogen bonds and salt bridges are 
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coded blue and red, respectively. The definition of salt bridges between DNA phosphate 

group and arginine or lysine side chains is illustrated in Figure S6.

Rabdano et al. Page 16

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2022 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	Introduction
	Results
	Concluding Remarks
	References
	Figure 1.
	Figure 2.
	Figure 3.

