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Abstract 

Divalent cations such as Mg2+ and Ca2+ are key modulators of chromatin architecture, yet their atomistic 

influence on nucleosome structure and histone tail dynamics remains elusive. Here, we present 81 

microseconds of all-atom molecular dynamics (MD) simulations to dissect how these ions shape 

nucleosome dynamics and plasticity. We quantitively mapped the selective binding patterns of Mg2+ and 

Ca2+ in nucleosomes with and without histone tails, revealing distinct ion–nucleosome interactions. Notably, 

divalent ion binding reduces inter-gyre electrostatic repulsion, facilitates DNA gyre compaction, and 

increases nucleosome stiffness, as quantified by estimates of the Young’s modulus and correlated motions 

within specific DNA regions. Importantly, ion binding weakens histone tail–DNA interactions and enhances 

tail mobility—particularly that of H3—potentially facilitating access by chromatin regulators and tail-

mediated chromatin compaction. These findings reveal a dual role of divalent ions in modulating 

nucleosome plasticity while reinforcing histone tail dynamics, providing a mechanistic framework for 

understanding how ionic fluctuations influence gene accessibility and chromatin state. 
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Introduction 

Ions are indispensable regulators of chromatin architecture and genome function, shaping the 

physicochemical environment of the nucleus1-3. Among them, divalent cations such as Mg2+ and Ca2+ are 

critical for chromatin integrity and compaction. By neutralizing electrostatic repulsion between negatively 

charged DNA helices, these ions promote higher-order folding and modulate the biophysical state of the 

genome4-7. Fluctuations in their nuclear concentrations influence chromosome condensation, nucleosome 

accessibility, and transcription during processes such as differentiation, cell cycle progression, and stress 

response2,3,8-10. Localized changes in Ca2+ or Mg2+ levels—frequently accompanying signal transduction or 

disease—highlight their potential as dynamic regulators of genome organization11-13. 

At the heart of chromatin lies the nucleosome, a ~147 bp DNA segment wrapped around a histone octamer, 

whose stability and conformation are maintained by a finely balanced electrostatic network14,15. Acting as 

a polyelectrolyte, the nucleosome generates a strong negative electrostatic field that governs local 

compaction and the recruitment of chromatin remodelers, transcription factors, and histone modifiers16-18. 

While monovalent ions broadly influence chromatin behavior, divalent cations interact with DNA grooves 

and histone–DNA interfaces with higher affinity and specificity, exerting more targeted structural effects19-

21. Recent evidence suggests that these ions can partially substitute for histone tails in stabilizing 

nucleosomes or act synergistically with linker histones to fine-tune chromatin accessibility7,21. 

Beyond structural stabilization, nuclear divalent cation levels appear to be actively tuned by metabolic cues. 

For example, transient elevations in nuclear ATP observed in hormone-stimulated cells can promote 

chromatin opening by chelating free Mg2+, whereas subsequent ATP hydrolysis releases Mg2+ to drive 

chromatin re-condensation22-24. This ATP–Mg2+ cycling may define a precise temporal window of 

transcriptional accessibility through dynamic phase separation, thus coupling cellular energy status to 

chromatin structural transitions. 

Despite these insights, the atomistic mechanisms by which Mg2+ and Ca2+ modulate nucleosome 

architecture, DNA gyre geometry, and histone tail dynamics remain poorly resolved. Although numerous 

atomistic simulations have examined the conformational dynamics of nucleosomal histone tails and their 

interactions with DNA, most have been performed under physiological monovalent salt conditions without 

accounting for the effects of divalent ions25-28. Prior coarse-grained and implicit-solvent simulations have 

linked ionic conditions to global chromatin folding and phase behavior29-31, but have lacked the spatial and 

temporal resolution needed to map specific ion-binding sites and their consequences for nucleosome 

mechanics. This gap is important because histone tail flexibility and DNA exposure directly impact the 
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recruitment of chromatin regulators and the establishment of epigenetic states. Moreover, nucleosome 

mechanical plasticity has been associated with liquid–liquid phase separation, suggesting that nanoscale 

changes in nucleosome stiffness may have far-reaching effects on genome function32-35. 

Here, we bridge this gap using 81 μs of all-atom MD simulations to dissect how Mg2+ and Ca2+ regulate 

nucleosome conformation, DNA gyre spacing, and histone tail behavior. We mapped ion-binding 

landscapes in nucleosomes with and without histone tails, and quantified their effects on DNA compaction, 

nucleosome height, and mechanical stiffness. We find that divalent cations preferentially accumulate in 

DNA grooves, along the phosphate backbone, and in inter-gyre regions, where they neutralize electrostatic 

repulsion, promote tighter gyre wrapping, and increase nucleosome stiffness and correlated motions within 

specific DNA regions. Concomitantly, ion binding disrupts histone tail–DNA contacts and enhances tail 

mobility—particularly in H3—potentially facilitating the recruitment of chromatin regulators and tail-

mediated chromatin compaction. 

Our findings reveal a dual mechanism by which divalent cations modulating nucleosome plasticity while 

reinforcing histone tail dynamics. This atomistic framework provides new mechanistic insight into how 

ionic microenvironments shape nucleosome mechanics, linking physical chemistry to chromatin 

organization, epigenetic regulation, and nuclear responses to metabolic or signaling cues. 

Results 

Higher local ion density of divalent cations highlights their preferential association with the 

nucleosome 

We constructed nucleosome systems under multiple ionic conditions in Simulation Sets 1 and 2 (Figure 1a; 

Supplementary Tables 1–3). To probe the spatial distribution of ions around the nucleosome, we computed 

radial distribution functions (RDFs) across different simulation setups (Figure 1b). Divalent cations 

accumulated at markedly higher local densities near the nucleosome compared to monovalent Na+, 

reflecting their preferential association with the nucleosomal surface. To examine the effect of ion 

parameterization, RDFs were calculated using both the standard 12–6 and the m12–6–4 models. Although 

both models reproduced enhanced divalent ion localization relative to Na+, they yielded distinct distribution 

profiles (Figure 1b; Supplementary Figure 1a). Notably, the m12–6–4 model produced a diminished first 

peak for Ca2+ at ~2.5 Å, consistent with reduced short-range overbinding, and a higher overall RDF 

magnitude for Mg2+, indicative of stronger nucleosome association. These findings underscore the 

importance of ion parameter choice in accurately modeling ion–macromolecule interactions. 

To further evaluate the accuracy of the ion models, we compared the simulated Ca2+/Mg2+ binding ratios to 
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those reported in experimental studies36. Prior measurements have estimated that chromatin binds one Ca2+ 

ion per ~12.5–20 base pairs and one Mg2+ per ~20–30 base pairs, corresponding to ~7.4–11.8 Ca2+ and 

~4.9–7.4 Mg2+ ions per nucleosome (147 bp), yielding an experimental Ca2+/Mg2+ ratio of ~1.5636. From 

our simulations, we computed the number of divalent cations within 5 Å of the nucleosome. The 12–6 

model yielded a binding ratio of 2.09, whereas the m12–6–4 model produced a ratio of 1.35, which is in 

closer agreement with experimental values (Supplementary Table 4). 

In addition, previous experimental and simulation studies have shown that Ca2+ preferentially interacts with 

the DNA phosphate backbone, whereas Mg2+ exhibits stronger affinity for nucleobase sites, following the 

order major groove > phosphate backbone > minor groove37,38. In our simulations, the m12–6–4 model 

accurately reproduces this experimentally supported Mg2+ binding hierarchy, whereas the conventional 12–

6 model substantially underestimates Mg2+ association with the major groove (Supplementary Figure 2). 

Similarly, for Ca2+, the m12–6–4 parameterization yields DNA-binding patterns that are in good agreement 

with experimental observations. 

We next examined the influence of water box size by increasing the minimum distance between the 

nucleosome and the periodic box edge to 30 Å and 50 Å (Simulation Sets 3 and 4; Supplementary Tables 

2–3). As expected, water box size had negligible effects on the RDF profiles of divalent ions. The overall 

shapes and trends of the RDF curves remained highly consistent across box sizes, with Spearman 

correlation coefficients reaching 0.99 (Supplementary Figure 1). These results indicate that while box size 

affects ion counts, it does not substantially alter the relative distribution profiles of ions around the 

nucleosome. 

To determine the most appropriate box size, we compared the Mg2+/Na+ binding ratios from our simulations 

to an experimentally reported ratio of 2.75 for nucleosomes18. The standard box size considerably 

underestimated this ratio 0.74 (53 Mg2+ vs. 72 Na+ ions), whereas simulations using a 50 Å buffer produced 

a ratio of 1.34 (74 Mg2+ vs. 55 Na+), in better agreement with experimental findings (Supplementary Table 

5). The remaining discrepancy likely reflects differences in ion concentrations between the simulations and 

experimental conditions. Based on this improved correspondence, we adopted the larger box size 

(Simulation Set 4 in Supplementary Table 2) for all subsequent analyses involving full-length nucleosomes 

with histone tails. 

Divalent cations exhibit distinct binding modes to the nucleosome 

To elucidate how divalent cations interact with the nucleosome, we identified bound ions and characterized 

their binding patterns across distinct structural regions from simulations (Figure 2a). Specifically, we 
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quantified the regional binding preferences of Ca2+ and Mg2+ by calculating the average number of ions 

associated with predefined nucleosomal regions throughout the simulations (as defined in Supplementary 

Table 6). Both ions showed a strong propensity to bind nucleosomal DNA, accounting for approximately 

61.4% (43 ions, Ca2+) and 71.6% (53 ions, Mg2+) of total binding events, respectively, highlighting the 

dominant role of electrostatics in mediating their interactions (Figure 2b). 

Within the DNA-associated population (Figure 2c; Supplementary Table 7), Ca2+ exhibited a preference for 

the DNA backbone (31.4%, 22 ions), followed by the major (18.6%, 13 ions) and minor grooves (11.4%, 8 

ions). In contrast, Mg2+ most frequently bound to the major groove (29.7%, 22 ions), followed by the 

backbone (25.7%, 19 ions) and minor groove (16.2%, 12 ions). Additionally, a fraction of both cations 

localized to the gap between the two gyres of nucleosomal DNA—termed gap binding—with 20% (14 ions) 

for Ca2+ and 13.5% (10 ions) for Mg2+ (Supplementary Movies 1 and 2). These binding preferences align 

with previous experimental and computational studies of DNA–ion interactions37-39. The observed 

differences likely reflect the distinct hydration characteristics of the two ions: Mg2+, with its smaller ionic 

radius and tighter hydration shell, favors partially hydrated binding in the major groove, while the larger, 

less tightly hydrated Ca2+ more readily engages in direct contact with the DNA backbone40-42. 

For ions bound to histones (Figure 2c; Supplementary Table 7), both Ca2+ and Mg2+ predominantly 

associated with the histone core, comprising 15.7% (11 ions) and 12.2% (9 ions) of total binding events, 

respectively. Though less frequent, interactions with histone tails were also observed—2.9% (2 ions) for 

Ca2+ and 1.4% (1 ion) for Mg2+. Despite their scarcity, such interactions may have functional implications 

in modulating histone tail dynamics, regulating the accessibility of post-translational modification sites, 

and facilitating inter-nucleosomal interactions. Interestingly, a significant fraction of both ions was 

localized at histone–DNA interfaces, accounting for 20% (14 ions, Ca2+) and 14.9% (11 ions, Mg2+). 

We further identified the total number of stably bound ions from three independent simulation replicates, 

defined as ions maintaining persistent interactions for more than 50% of the trajectory in each replicate 

(Supplementary Table 8). Consistent with their overall binding patterns, Ca2+ preferentially associated with 

histones (67 Ca2+ vs. 37 Mg2+), whereas Mg2+ predominantly bound DNA (58 Mg2+ vs. 14 Ca2+). Within 

DNA, Mg2+ most frequently occupied the major groove (38 Mg2+ vs. 4 Ca2+), followed by the backbone (9 

Mg2+ vs. 6 Ca2+) and minor groove (11 Mg2+ vs. 4 Ca2+). In contrast, a larger fraction of Ca2+ ions was stably 

located in the DNA gap region (27 Ca2+ vs. 13 Mg2+). Both cations also exhibited stable interactions with 

the histone core (42 Ca2+ vs. 31 Mg2+), preferentially at acidic residues such as H2A D77 (loop L1) and H3 

E41 (α1 helix), as well as the canonical acidic patch, which provide favorable electrostatic environments 
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for divalent ion coordination. These results establish a foundation for examining how stably bound divalent 

ions influence nucleosome structure and conformational dynamics in subsequent analyses. 

Binding of divalent ions alters nucleosomal DNA gyre spacing 

Given the extensive binding of divalent ions to the nucleosome, we next examined whether these ions 

influence the geometry and dynamics of nucleosomal DNA. To this end, we calculated a comprehensive 

set of DNA structural parameters, including six base pair parameters (shear, stretch, stagger, buckle, 

propeller twist, and opening), six base pair step parameters (roll, tilt, twist, slide, shift, and rise), as well as 

the widths of the major and minor grooves. These parameters were compared between nucleosomal DNA 

regions containing stably bound divalent ions and control simulations containing only monovalent ions.  

Our analysis revealed that most base pair and step parameters remained largely unchanged upon divalent 

ion binding (Supplementary Figure 3). In terms of groove geometry, divalent ion binding induced a slight 

narrowing of the major groove, whereas the minor groove width remained essentially unaffected 

(Supplementary Figure 4). These findings are consistent with prior reports showing that Mg2+ minimally 

alters DNA groove dimensions, in contrast to its more pronounced structural effects on RNA folding and 

conformation38,43. 

Beyond local conformational changes, we further investigated whether divalent ion binding influences the 

higher-order spatial organization of nucleosomal DNA, particularly the gapping between DNA gyres. To 

this end, we quantified the inter-gyre spacing—defined as the distance between the upper and lower DNA 

gyres—across SHLs (Figure 3a; Supplementary Table 9). Given the frequent occurrence of divalent ion 

binding within the inter-gyre region, we hypothesized that such interactions may modulate nucleosomal 

DNA compaction. 

In NUCtailless systems (Simulation Set 5), Mg2+ binding between the DNA gyres consistently reduced the 

gaping distance (Figure 3b). A similar compaction effect was observed in nucleosomes with intact histone 

tails, where both Mg2+ and Ca2+ binding led to decreased inter-gyre spacing, with Ca2+ exerting a more 

pronounced effect (Supplementary Figure 5a). This reduction in spacing is likely attributable to charge 

neutralization of the DNA phosphate backbone by divalent cations, thereby alleviating electrostatic 

repulsion between the gyres. To further quantify this effect, we computed electrostatic forces between the 

upper and lower gyre fragments across different SHLs. Specifically, we projected the electrostatic force 

vectors (with versus without divalent ions) onto the vector connecting the centroids of the two gyres. As 

shown in Figure 3c, the magnitude of this projected force was significantly reduced at multiple SHLs, 
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indicating that Mg2+ binding attenuates inter-gyre electrostatic repulsion and facilitates DNA gyre 

compaction. 

Divalent ions modulate nucleosome plasticity and compaction 

Nucleosomes exhibit considerable structural plasticity, which is essential for regulating DNA accessibility, 

chromatin architecture, and ultimately gene expression32,44,45. This plasticity is modulated by a variety of 

factors, including the incorporation of histone variants and PTMs35. Here, we investigated whether and how 

divalent ions affect nucleosome plasticity.  

Using Simulation Set 5 on tailless nucleosomes, we calculated the Young’s modulus in the presence and 

absence of Mg2+ by modeling the nucleosome as a homogeneous elastic cylinder (Figure 4a). Our results 

show that divalent ions significantly increase nucleosome stiffness: the Young’s modulus increased from 

10.39 ± 0.43 MPa under divalent ion-free conditions to 12.16 ± 0.55 MPa upon the addition of 15 mM Mg2+ 

(Figure 4b). To evaluate the generality of this effect, we also analyzed nucleosomes with intact histone tails 

in presence of 15 mM Mg2+ or Ca2+ (Simulation Set 4, NUCtail). In these systems, both Mg2+ and Ca2+ 

increased the Young’s modulus (Supplementary Figure 5b), indicating enhanced mechanical rigidity across 

nucleosomal states. 

We next quantified changes in the vertical dimension (height) of the nucleosome core particle. Box plot 

analysis (Figure 4c) revealed that Mg2+ binding reduced nucleosome height, consistent with a more compact 

architecture. Nucleosome height and Young’s modulus were moderately negatively correlated (R = –0.43; 

Figure 4d), suggesting that vertical compaction contributes to mechanical stiffening. 

Further analysis of DNA dynamics revealed that Mg2+ binding enhanced anti-correlated motions within 

distinct regions of the DNA backbone (Figure 4e). Nucleotides around –30 to +30 (SHL –3 to +3) exhibited 

pronounced anti-correlated motions with nucleotides around +60 to +70 (SHL +6 to +7), consistent with 

decreased gaping distance between gyres. In addition, the diagonal elements of the cross-correlation map 

revealed an expanded range of strong self-correlations for nucleotides within the –30 to +30 region, 

indicating that these segments fluctuate more coherently. These long-range motions and enhanced local 

correlations likely underlie the observed increase in nucleosome stiffness and compaction. 

Finally, we assessed whether divalent ion binding affects nucleosomal DNA unwrapping of tailless 

nucleosomes. Analyses of DNA radius of gyration (Rg) revealed a slightly decease of Rg of nucleosomal 

DNA (Supplementary Figure 6a). However, no significant differences were observed in DNA unwrapping 

or in the binding free energies between the histone octamer and DNA in the tailless nucleosome 

(Supplementary Figures 6b and 7). These observations indicate that the increased stiffness and compaction 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

arise primarily from reduced gyre spacing and altered nucleosome architecture, rather than changes in 

histone core–DNA binding affinity or DNA unwrapping dynamics. 

Electrostatic screening by divalent ions weakens histone tail–DNA binding 

In our simulations, divalent cations bind extensively to the DNA phosphate backbone, partially neutralizing 

its negative charge. This electrostatic screening is expected to modulate histone–DNA interactions and, 

consequently, nucleosome dynamics. To investigate this, we first analyzed the average number of contacts 

between DNA and either the histone core domain or histone tails. 

Compared to ion-free systems, interactions between the histone core domain and DNA remained largely 

unaffected upon Ca2+ or Mg2+ binding (Supplementary Figure 8a). In contrast, histone tail–DNA contacts 

were significantly reduced in the presence of divalent cations (Supplementary Figure 8b), indicating that 

ion binding selectively disrupts electrostatic interactions mediated by the flexible histone tails. This was 

further corroborated by binding free energy calculations, which revealed a marked decrease in tail–DNA 

binding affinity (Supplementary Figures 8c and 8d). 

To explore tail-specific effects, we quantified DNA contacts for individual histone tails (Figure 5a; 

Supplementary Figure 9). The H3, H4, and H2A-N tails exhibited the most frequent DNA contacts, with 

the H3 tail showing the greatest sensitivity to divalent cation binding. Free energy calculations confirmed 

a substantial decrease in H3 tail–DNA binding affinity in the presence of Ca2+ or Mg2+ (Figure 5b).  

Residue-level analyses further revealed that divalent cations disrupt interactions primarily involving lysine 

and arginine residues within the histone tails (Figure 5c; Supplementary Figure 10). This effect was most 

pronounced for the H3 tail, particularly at residues R2, R8, and R17. While similar trends were observed 

for other tails, the magnitude was considerably smaller, highlighting the H3 tail’s unique sensitivity to ionic 

screening. 

To assess kinetic consequences, we analyzed histone tail conformational flexibility and residence time on 

nucleosomal DNA. Conformations of the H3 tail across three independent simulations revealed markedly 

increased flexibility in the presence of Ca2+ or Mg2+ (Figure 5d and Supplementary Figure 11; 

Supplementary Movies 3–5). Quantification of residence times and binding events revealed that divalent 

cations significantly reduced histone tail–DNA binding durations (Figure 5e and 5f; Supplementary Figures 

12 and 13). For instance, the H3 tail’s mean residence time decreased by ~41% in the presence of Mg2+ 

(from 336 ns to 199 ns; Figure 5e). These effects were most pronounced for the H3 tail, followed by H4, 

consistent with contact-based observations (Supplementary Figure 12). Notably, the number of H3 tail–

DNA binding events increased in divalent ion conditions, suggesting more frequent but transient 
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interactions, indicative of enhanced tail dynamics (Figure 5f). 

Discussion 

Our study provides an atomistic perspective on how divalent cations regulate nucleosome structure and 

dynamics. Through extensive all-atom MD simulations totaling over 80 microseconds, we demonstrate that 

Ca2+ and Mg2+ ions exhibit preferential and selective binding to both nucleosomal DNA and histone proteins, 

leading to distinct structural and mechanical consequences. These ions not only alleviate electrostatic 

repulsion between DNA gyres, resulting in tighter DNA wrapping and increased mechanical rigidity, but 

also modulate the flexibility and DNA-binding behavior of histone tails—jointly shaping nucleosome 

plasticity and accessibility (Figure 6). 

A key finding from our work is that divalent cations promote DNA gyre compaction by stabilizing 

conformations with reduced inter-gyre spacing. This compaction is primarily driven by charge 

neutralization of the DNA phosphate backbone, which decreases electrostatic repulsion between adjacent 

DNA gyres. The resulting structural change is associated with a measurable decrease in nucleosome height 

and a pronounced increase in mechanical stiffness, supporting the view that divalent ions serve to rigidify 

the nucleosome and reduce its structural plasticity.  

Nucleosome plasticity has recently emerged as a crucial factor in chromatin phase behavior, including its 

role in facilitating LLPS and supporting multivalent interactions between nucleosomes32. Notably, recent 

work has shown that even a single histone variant can encode distinct mechanical properties within its 

nucleosome: CENP-A–containing nucleosomes are more elastic than canonical H3 nucleosomes, whereas 

CENP-C—the essential CENP-A–binding protein—can further stiffen CENP-A nucleosomes in vitro35. 

These findings highlight the importance of histone composition and associated factors in preserving the 

mechanical properties of centromeric chromatin. 

In this work, our atomistic simulations further demonstrate that divalent ions modulate the intrinsic 

mechanical properties of individual nucleosomes, identifying Mg2+ and Ca2+ as extrinsic, tunable regulators 

of nucleosome stiffness. This highlights an underappreciated mechanism by which local ionic environments 

may influence chromatin accessibility, transcriptional output, and epigenetic signaling. Our findings are 

consistent with previous studies showing that divalent ions stiffen and compact chromatin fibers and act 

synergistically with linker histones4,7. Collectively, these observations suggest that mechanical changes at 

the nucleosome level may synergistically regulate the mechanics and physical state of chromatin fibers; 

however, their impact on the strength and dynamics of inter-nucleosomal interactions warrants further 

investigation. 
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In parallel, we observed that divalent cations significantly modulate the conformational dynamics of histone 

tails. Both Mg2+ and Ca2+ reduce the persistence of tail–DNA interactions and enhance tail mobility, 

particularly in specific regions of the H3 tail. Because histone tails serve as hotspots for post-translational 

modifications (PTMs) and key binding interfaces for chromatin-associated proteins, such ion-dependent 

modulation of tail dynamics may profoundly influence nucleosome recognition and regulatory crosstalk. 

For example, increased tail accessibility may facilitate recruitment of chromatin regulators such as 

Heterochromatin Protein 1 (HP1), promoting heterochromatin formation and stabilizing higher-order 

chromatin structures46. These observations are consistent with and extend previous computational and 

experimental studies showing that tail–DNA interactions govern nucleosome recognition by reader 

domains and affect higher-order chromatin folding25,47-50.  

Histone tails are essential contributors to higher-order chromatin folding, self-association, and compaction. 

Notably, even high concentrations of divalent cations are insufficient to induce self-association of 

nucleosomal arrays in the absence of histone tails51,52. Our simulations reveal that divalent cations “unlock” 

histone tails, significantly reducing tail–DNA interactions within individual nucleosomes. These decreases 

in intra-nucleosome tail–DNA contacts, coupled with enhanced tail dynamics, may facilitate interactions 

between histone tails and neighboring nucleosomes, promoting both tail–DNA and tail–tail inter-

nucleosomal binding. Consistent with this, recent atomistic simulations of tri-nucleosome systems have 

shown that histone tails mediate chromatin compaction via tail–DNA and tail–tail interactions53.  

Beyond local regulation of individual nucleosomes, divalent cations play essential roles in shaping 

chromatin organization within physiologically variable ionic environments. Nuclear compartments such as 

the nucleolus and heterochromatin domains are enriched in Mg2+ and Ca2+, potentially leading to distinct 

nucleosome structural dynamics and chromatin states12,35. Our findings thus provide a molecular framework 

connecting altered divalent ion fluxes to genome structural changes in health and disease. Moreover, 

nuclear divalent cation levels are not static but actively modulated by metabolic signals. For example, 

transient increases in nuclear ATP observed during hormone stimulation can promote chromatin opening 

by chelating free Mg2+ ions, while subsequent ATP hydrolysis releases Mg2+ to trigger chromatin re-

condensation22-24. This dynamic ATP–Mg2+ cycling may establish a defined temporal window of 

transcriptional accessibility through phase separation mechanisms, effectively linking cellular energy status 

to chromatin structural transitions. Together, these insights highlight the critical role of divalent cations in 

coordinating chromatin mechanics, epigenetic regulation, and cellular responses to changing physiological 

and pathological ionic microenvironments. 
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One major limitation of this study is that the effects of divalent ions were examined at the single-

nucleosome level, due to the computational challenges of simulating extremely large systems such as 

chromatin fibers at full atomic resolution. While coarse-grained models are powerful tools for investigating 

higher-order chromatin organization, their simplified representations of nucleosomes make it difficult to 

accurately capture specific divalent-ion interactions. Future efforts integrating multiscale computational 

approaches with experimental techniques will be essential to determine how the divalent-ion–induced 

effects observed at the single-nucleosome level regulate inter-nucleosome interactions and higher-order 

chromatin structure. Nevertheless, our findings provide a mechanistic foundation for understanding how 

divalent ions may influence chromatin behavior through their direct effects on individual nucleosomes.  

Our understanding of how divalent ions influence nucleosome thermal stability remains incomplete, and 

there is still debate over whether these ions suppress or promote nucleosome wrapping21,54,55. In our 

simulations, although we observed a significant decrease in tail–DNA interactions, no appreciable changes 

were detected in histone core–DNA binding or DNA unwrapping. This is likely due in part to our use of the 

Widom 601 DNA sequence, which forms exceptionally stable nucleosomes, even in the absence of histone 

tails. These factors may limit our ability to capture large-scale unwrapping events or ion-dependent 

modulation of DNA unwrapping. Future studies should consider employing different native DNA sequences 

and explicitly incorporating linker DNA to more comprehensively evaluate how divalent ions modulate 

nucleosome thermodynamic stability and the coupling between divalent ion–binding events and DNA-

unwrapping processes. 

In addition to Mg2+ and Ca2+, redox-active transition metals such as Cu2+/Cu+ may play important biological 

roles by modulating DNA conformation, histone oxidation, and chromatin remodeling56,57. Recent studies 

indicate that Cu2+ binds mononucleosomes with salt-dependent affinity, interacting with both the DNA 

phosphate backbone and nucleobases, and inducing measurable DNA conformational distortions58,59. 

Modeling these effects could provide valuable insights into copper-induced oxidative DNA damage and its 

potential implications in disease processes, including cancer. 

In summary, our study provides a mechanistic framework for understanding how divalent ions dynamically 

tune nucleosome structure, histone tail accessibility, and chromatin regulatory potential. These insights 

pave the way for future experimental investigations using ion-sensitive cryo-EM, NMR spectroscopy, and 

single-molecule force measurements. Extending this framework to nucleosome arrays and in the presence 

of chromatin-binding factors will be essential for elucidating how localized ionic microenvironments 

influence genome function at the systems level. 
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Methods 

Construction of nucleosome models  

We constructed homotypic human nucleosome structural models based on the high-resolution X-ray crystal 

structure of the nucleosome core particle (PDB ID: 1KX5). The Widom 601 DNA sequence was 

incorporated into the 1KX5 structure using the 3DNA program60, and the histone sequences were replaced 

with the corresponding human histones (see Supplementary Table 1 for sequence details), following the 

same sequence set used in our recent work61. 

To generate the tailless nucleosome model (NUCtailless), the histone tails were truncated at the following 

residues: K37 (H3), K20 (H4), A13 (H2A) and K118 (H2A), and K26 (H2B). The full-tail model (NUCtail) 

was subsequently reconstructed by extending the polypeptide backbone from the truncation sites using 

standard dihedral angles (Φ = −60°, Ψ = 30°), with the tails symmetrically oriented into the solvent. Thus, 

two nucleosome models—NUCtail and NUCtailless—were constructed for subsequent MD simulations. 

Choice of force fields, water models, and ion parameters for simulations 

Accurately simulating highly charged macromolecular systems such as the nucleosome requires careful 

selection of the force field, water model, and ion parameters. These choices are critical for reliably modeling 

protein–DNA interactions, capturing the conformational dynamics of intrinsically disordered histone tails, 

and representing interactions among the nucleosome, solvent, and ions. 

In our simulations, we employed the AMBER ff14SB force field for proteins62 and the OL15 force field for 

nucleic acids63. Both have been widely used in nucleosome MD simulations, supporting their reliability and 

robustness25,64-67. Water molecules were modeled using the TIP4PEW model68, and monovalent ions were 

described using the conventional 12-6 Lennard-Jones (LJ) nonbonded potential69. 

For divalent ions, a more nuanced approach was required. Although the 12–6 LJ potential is widely used 

due to its simple functional form and computational efficiency, it fails to accurately reproduce experimental 

properties of divalent ions for highly charged systems70,71. This is primarily because it underestimates the 

interactions between metal ions and surrounding water molecules, and it inherently neglects polarization 

effects70. 

To overcome these limitations, Li et al. introduced a modified nonbonded model known as the 12–6–4 LJ-

type potential71-73, which adds a 1/r term to the standard 12–6 formulation to account for ion-induced dipole 

interactions. This refinement significantly improves agreement with experimental values for hydration free 

energies (HFE), ion–oxygen distances (IOD), and coordination numbers (CN)71-73. Building on this work, 
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Panteva et al. further refined the 12–6–4 model (m12–6–4) by adjusting specific pairwise parameters to 

better reproduce site-specific binding free energies of divalent ions with nucleic acid moieties such as 

dimethyl phosphate, adenosine, and guanosine74. These refinements have proven effective in accurately 

modeling metal ion binding to nucleic acids and have been successfully applied to simulations involving 

protein–nucleic acid interactions75-78. 

To evaluate the influence of different ion models in our study, we parameterized divalent ions using both 

the standard 12–6 and the refined m12–6–4 models, allowing for a direct comparison of their impact on 

simulation outcomes. 

MD simulation protocol 

Five sets of MD simulations were performed to systematically investigate the binding of Ca2+ and Mg2+ 

ions to the nucleosome and to assess the impact of ion parameterization on simulation outcomes, resulting 

in a total of 48 independent trajectories and 81 μs of aggregate simulation time (see Supplementary Tables 

2 and 3 for details). 

First, the full nucleosome models (NUCtail) were solvated in a periodic water box, ensuring a minimum 

distance of 5 Å between any nucleosome atom and the box edges. To mimic physiological ionic strength, 

NaCl was added to achieve a final concentration of 150 mM. Divalent ion concentrations were determined 

based on experimentally measured values in mitotic chromosomes, where Ca2+ concentrations range from 

20–32 mM and Mg2+ from 12–22 mM36. Specifically, we selected the minimum and median values within 

these ranges for use in our simulations (see Supplementary Tables 2 and 3 for details). In Simulation Set 1, 

Mg2+ and Ca2+ ions were parameterized using the m12–6–4 model and added separately to the system. For 

each ion condition, three independent replicates were performed to ensure statistical robustness. To examine 

the effects of ion parameterization, Simulation Set 2 was carried out using identical system setups, but with 

Mg2+ and Ca2+ ions described by the conventional 12–6 model. 

Since the size of the water box directly determines the total number of ions present in the simulation system, 

we performed additional simulations to evaluate the influence of water box dimensions on simulation out-

comes. Specifically, we used the m12–6–4 parameter set for divalent ions and increased the minimum dis-

tance between the nucleosome and the periodic box boundary to 30 Å and 50 Å, respectively. These simu-

lations are referred to as Simulation Set 3 and Simulation Set 4.  

Finally, to investigate the impact of divalent ions on the mechanical properties and dynamics of nucleoso-

mal DNA, particularly DNA unwrapping, we simulated the tailless nucleosome model (NUCtailless). The 
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absence of histone tails allowed for longer timescale simulations, facilitating the observation of potential 

unwrapping events. This setup is referred to as Simulation Set 5. 

All MD simulations were performed using the AMBER 22 software package79. Each system underwent a 

two-stage energy minimization: 10,000 steps of steepest descent followed by 10,000 steps of conjugate 

gradient minimization. The systems were then gradually heated from 100 K to 310 K over 200 ps in the 

canonical ensemble (NVT), followed by 2ns of equilibration in the isothermal-isobaric ensemble (NPT). 

Production simulations were conducted in the NPT ensemble at 310 K, regulated by Langevin dynamics 

with a collision frequency γ = 2 ps⁻¹, and at 1 atm pressure, maintained using the Berendsen barostat80,81. 

Non-bonded interactions were truncated at 10 Å, and long-range electrostatics were calculated using the 

Particle Mesh Ewald (PME) method82. Periodic boundary conditions were applied throughout, and all bond 

lengths involving hydrogen atoms were constrained using the SHAKE algorithm83. All simulations were 

independently repeated three times, and coordinates of the solutes were saved every 100 ps for Simulation 

Sets 1, 2, and 5, and every 40 ps for Simulation Sets 3 and 4. 

Analysis of MD simulation trajectories 

Trajectory visualization and analysis were performed using VMD84, a set of TCL scripts and custom Python 

scripts, and AMBER Tools79. The initial 100 ns of each 500 ns trajectory and the first 200 ns of each 10,000 

ns trajectory were discarded to allow for conformational equilibration. Unless otherwise noted, all analyses 

were performed at 1 ns intervals for the relevant simulation sets. To characterize ion distributions around 

the nucleosome, we computed RDFs using the radial command in cpptraj (AMBER Tools) 79. The reference 

density (ρ) was defined as the ratio of the total number of ions to the average system volume, using the 

volume keyword. 

Histone-DNA interactions were assessed by calculating the mean number of atomic contacts between DNA 

and histone residues using TCL scripts. Atomic contacts were defined as any pair of non-hydrogen atoms 

(one from DNA and one from histone) within 4 Å. Histone–DNA contacts were analyzed from trajectory 

frames extracted every 400 ps for Simulation Set 4 and every 1 ns for Simulation Set 5. Binding free 

energies between histones and DNA were estimated using the molecular mechanics/generalized Born 

surface area (MM/GBSA) approach implemented in AMBER 22 package79. MM/GBSA calculations were 

performed at 1 ns intervals for Simulation Sets 4, and at 10 ns intervals for Simulation Set 5. 

To investigate histone tail–DNA binding dynamics, we calculated residence times by identifying binding 

events, defined as frames in which at least 10% of histone tail residues were in contact with DNA. The 
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residence time was defined as the continuous duration of each binding event. To ensure statistical 

significance, only binding events lasting longer than 10 ns were included in the final analysis. 

Classification of divalent ion binding modes to the nucleosome 

We defined distinct ion binding regions and categorized the bound ions into seven binding modes within 5 

Å of the nucleosome. Four of these modes involve interactions with DNA: DNA backbone binding, major 

groove binding, minor groove binding, and DNA gap binding. Two modes correspond to interactions with 

histone: histone tail binding and histone core binding. The final mode, DNA-histone interface binding, 

includes ions located at the interface between DNA and histone. Detailed definitions and classification 

criteria for each binding mode are provided in Supplementary Table 6. 

To systematically characterize the stable binding behavior of divalent ions in nucleosome simulations, we 

identified stably bound ions as those maintaining contact with at least one atom or residue in a predefined 

binding region for more than 50% of the total simulation time in a single trajectory, regardless of whether 

the contact is continuous. The number of bound and stably bound divalent ions in each binding mode was 

quantified using custom Python scripts. For each system, the average number of bound ions was first 

averaged over all frames in each run, and then averaged across three independent runs.  

Structural and mechanical analysis of nucleosomal DNA 

To investigate whether divalent ion binding induces structural alterations in nucleosomal DNA, we first 

analyzed local DNA conformational changes at ion-binding sites. DNA geometrical parameters were 

calculated using AMBER Tools79, including six base pair parameters (shear, stretch, stagger, buckle, 

propeller, and opening), six base pair step parameters (roll, tilt, twist, slide, shift, and rise), as well as major 

and minor groove widths. 

To assess global structural changes, we calculated the gaping distances between the two DNA gyres of the 

nucleosome at superhelical locations (SHLs) ±4, ±5, and ±6 (Figure 3a). Each gaping distance was defined 

as the distance between the centroids of two 3-bp DNA segments located on the upper and lower gyres of 

the nucleosome. For SHL ±4, the distance was calculated between SHL –4 and SHL +4. For SHL ±5, two 

asymmetric SHL pairs were analyzed: SHL –5/+3 and SHL –3/+5. Similarly, for SHL ±6, distances were 

measured between SHL –6/+2 and SHL –2/+6. The exact base pair ranges corresponding to each 3-bp 

segment are listed in Supplementary Table 9. 

Nucleosome unwrapping events were identified using custom Python scripts, in which unwrapping was 

defined as any base pair deviating more than 7 Å from its initial central position at 10 ns intervals. 
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Additionally, the Rg of the nucleosomal DNA was calculated to assess changes in overall DNA compactness. 

Finally, to probe how divalent ions influence coordinated DNA motions, we generated dynamic cross-

correlation matrices (DCCMs) for phosphate atoms of a single DNA strand in tailless nucleosomes using 

the Bio3D package in R85. 

To assess whether divalent ion binding influences the mechanical rigidity of the nucleosome, we adopted a 

previously established method to estimate the Young’s modulus of the nucleosome86. In this approach, the 

nucleosome is modeled as a homogeneous elastic cylinder (Figure4a; Supplementary Figure 14), whose 

boundaries are defined based on the root mean square fluctuations (RMSF) of phosphorus (P) atoms from 

the DNA and Cα atoms from the histones. Simulation trajectories were divided into segments of 20 frames, 

and the RMSF of P and Cα atoms was calculated for each segment. To minimize bias from highly flexible 

regions, ten atoms per segment with RMSF values exceeding 0.6 Å were excluded along each dimension 

(height and radius). For each segment, the height and radius of the elastic cylinder were then determined. 

The mean and variance of these dimensions across all frames were subsequently used to calculate the 

Young’s modulus using the following equation: 

E=
kbT(1-ν-2ν2)

V(εzz
2 -νεzz

2 +2εrr
2 +4νεzzεrr)

                                    (1) 

,where kb is the Boltzmann constant and T is the simulation temperature 310 K. V is the volume of cylinder 

calculated from the mean radius and height of the structure. The strain components εzz and εrr represent 

height and radial strains, respectively. v is the Poisson’s ratio. 

Analyses were performed at 40 ps intervals for Simulation Set 4 and 100 ps intervals for Simulation Set 5. 

Each trajectory in Simulation Set 5 was divided into 400-ns segments (spanning 200 ns to 9800 ns), and the 

mean Young’s modulus across all segments was reported. Segments exhibiting clear DNA unwrapping were 

excluded from the analysis; for the 15 mM Mg²⁺ system, only the intervals 3400–4600 ns and 7800–8200 

ns in the second of the three independent replicates were omitted, whereas all segments were retained for 

the 150 mM NaCl system. 

Poisson’s ratio (ν) describes the lateral deformation of a material under axial stress. For isotropic elastic 

materials, ν theoretically ranges from 0 to 0.5, with values near 0 corresponding to highly compressible 

materials and ν = 0.5 representing an incompressible limit. In this study, we set ν = 0.4, consistent with the 

value used in previous studies 86,87. To evaluate the sensitivity of the calculated Young’s modulus to this 

parameter, we varied ν across 0.1, 0.2, 0.3, and 0.49 (Supplementary Figure 15). Although the absolute 
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modulus values changed as ν varied, the overall monotonic trend remained unchanged, confirming that our 

main conclusions are robust with respect to reasonable variations in Poisson’s ratio. 

Electrostatic force calculations of nucleosome structures 

Electrostatic forces between the upper and lower DNA gyre fragments were calculated at SHL positions ±4, 

±5, and ±6, using the same fragment definitions as in the gaping distance analysis. The electrostatic 

interactions were evaluated using DelphiForce, a computational tool that determines the magnitude and 

direction of electrostatic forces by computing the negative gradient of electrostatic potential88. This 

approach employs the finite difference method to solve the Poisson–Boltzmann equation, yielding the 

electrostatic potential Φ (r) at each grid point (i, j, k), represented as Φ (i, j, k). The electrostatic force 

components, denoted as E(i, j, k), are then derived using finite difference approximations based on the 

spatial gradients of the potential in the x, y, and z directions, 

Ex(i,j,k)=-
[Φ(i,j,k)-Φ(i-1,j,k)]

h
,                         (2) 

Ey(i,j,k)=-
[Φ(i,j,k)-Φ(i,j-1,k)]

h
,                         (3) 

Ez(i,j,k)=-
[Φ(i,j,k)-Φ(i,j,k-1)]

h
                          (4) 

,where i, j, and k are the indices of the grid points, and h refers to the spacing between adjacent grid points. 

Statistics and Reproducibility 

All quantitative analyses were based on three independent MD simulations. For each condition, three 

independent simulation replicates were performed. Time-averaged quantities were first averaged over time 

within each trajectory after equilibration, and then averaged across independent replicates. Error bars 

represent the standard error of the mean (SEM) calculated across replicates. For box plots, values represent 

distributions obtained by pooling time-averaged data from each independent simulation replicate. 

For event-based analyses, including residence times, binding events, and representative conformations, data 

were aggregated across the three independent simulation replicates, accounting for both histone tails in each 

nucleosome. Statistical comparisons between conditions were performed using two-sided Welch’s t-tests, 

with exact p-values and effect sizes (Cohen's d) reported where applicable. 

Reproducibility was ensured by performing all simulations using identical protocols, applying the same 

analysis pipelines to all independent trajectories, and repeating analyses across the independent replicates. 
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All data files, analysis scripts, and parameters used for simulations are provided to ensure computational 

reproducibility. 

Data availability 

All simulation parameter files, MD trajectories underlying the figures are available from the Zenodo 

repository at (https://doi.org/10.5281/zenodo.18232757)89. Processed data used to generate the figures and 

statistical analyses are included in the same repository. All other data supporting the findings of this study 

are available from the corresponding author upon reasonable request. 

Code availability 

All custom analysis scripts used in this study are available from the Zenodo repository at 

(https://doi.org/10.5281/zenodo.18232757)89. DNA geometry and dynamics were analyzed using AMBER 

Tools 22 and Bio3D (v2.4.5). Electrostatic analyses were performed using DelPhiForce. Molecular 

visualization and trajectory inspection were performed using VMD (v1.9.4a) and UCSF Chimera (v1.17.3). 
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Figure 1. Distinct spatial distribution patterns of divalent ions around the nucleosome. 

(a) Schematic of the simulated nucleosome systems under different ionic conditions. Left: 26 mM Ca2+ with 

150 mM NaCl; Right: 17 mM Mg2+ with 150 mM NaCl. (b) Radial distribution functions (RDFs) of Ca2+ 

and Mg2+ around the nucleosome computed from simulations using the 12–6 and m12–6–4 models. RDFs 

of Na+ are shown as blue and orange dashed lines, representing Na+ distributions in two independent 

simulation systems (12–6 vs. m12–6–4 models). Values represent averages over three independent 

simulations (n = 3). 

 

Figure 2. Binding modes of divalent cations in the nucleosome.  

(a) Schematic representation of distinct binding modes of divalent ions within the nucleosome. (b) 

Occupancy of Ca2+ and Mg2+ across nucleosomal DNA, histones, and DNA–histone interface regions, 

shown as percentages and absolute numbers. (c) Average numbers of bound Ca2+ and Mg2+ ions in each 

binding mode. Values represent mean ± SEM (Standard Error of the Mean) from three independent 

simulations (n = 3). 

 

Figure 3. Binding of divalent ions alters nucleosomal DNA gyre spacing.  

(a) Schematic of the nucleosome highlighting the superhelical locations (SHLs) used for gyre-gaping 

distance measurements (pink). The right panel illustrates gaping distances measured between SHL +4 and 

SHL –4. (b) Comparison of DNA gyre gaping distances at selected SHLs in tailless nucleosomes, in the 

absence and presence of Mg2+. For each run, gaping distances were averaged over simulation time, and the 

reported values represent the mean ± SEM across three independent simulations (n = 3). (c) Projected 

electrostatic forces between upper and lower DNA gyres at different SHLs, calculated along the vector 

connecting the gyre centroids from frames containing a single bound Mg2+. Forces were computed both 

with the Mg2+ present and after its removal. Box plots show distributions pooled from three independent 

simulations. Each point corresponds to one simulation frame in which a single Mg2+ is bound at the 
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specified SHL (n(SHL –2) = 130, n(SHL –4) = 91, and n(SHL –6) = 115). Statistical significance was 

assessed using Welch’s two-sample t-test (*** corresponding to p < 0.001). Exact p-values and effect sizes 

(Cohen’s d) were: SHL −2, p = 7.79 × 10−16, d = −1.07; SHL −4, p = 1.76 × 10−9, d = −0.94; SHL −6, p = 

9.38 × 10−15, d = −1.09. Box plots: center line, median; box limits, upper and lower quartiles; whiskers 

extend to 1.5× interquartile range. 

 

Figure 4. Divalent ions modulate nucleosome plasticity and compaction. 

(a) Schematic of the nucleosome approximated as a cylinder, with height and radius measured for structural 

analysis. (b) Young’s modulus of tailless nucleosomes in the absence and presence of Mg2+. Values 

represent mean ± SEM across three independent simulations (n = 3). (c) Box plots of nucleosome height 

for tailless nucleosomes, pooled from three independent simulations. Each data point represents the 

nucleosome height calculated from a 400-ns trajectory segment (n(NaCl) = 72, n(Mg²⁺) = 68). Statistical 

significance was assessed using Welch’s two-sample t-test (*** corresponding to p < 0.001). Exact p-value 

and effect size (Cohen’s d) were: p = 1.53 × 10−36, d = −2.92. (d) Correlation between nucleosome height 

and Young’s modulus, indicating that vertical compaction contributes to increased mechanical stiffness. (e) 

Dynamic cross-correlation matrices (DCCMs) of DNA phosphate atoms in tailless nucleosomes without 

and with Mg2+. Data from all three independent simulations were combined for analysis. Box plots: center 

line, median; box limits, upper and lower quartiles; whiskers extend to 1.5× interquartile range. 

 

Figure 5. Divalent ions weaken histone tail–DNA interactions and enhance nucleosome dynamics.  

(a) Average number of contacts between H3 tail and DNA. (b) Binding free energy between the H3 tail and DNA. 

(c) Average number of DNA contacts per residue for H3 tail. Panels (a–c) show mean ± SEM from three 

independent simulations , averaged over the two H3 tails per nucleosome (n = 6). (d) Representative H3 tail 

conformations under different ionic conditions, sampled every 10 ns. (e) H3 tail–DNA residence time. Each 

point represents an individual binding event observed across three independent simulations for both H3 tail 

copies (n(NaCl) = 7, n(Ca2+) = 11, n(Mg2+) = 12). (f) Total number of full H3 tail-DNA binding events. Panels 

(d–f) represent aggregated data from three independent simulations, accounting for both H3 tails in each 

nucleosome. Box plots: center line, median; box limits, upper and lower quartiles; whiskers extend to 1.5× 

interquartile range. 

 

Figure 6. Proposed model of divalent cation–mediated regulation of chromatin.  

Divalent cations alter nucleosomal DNA gyre spacing and modulate histone tail–DNA interactions, thereby 

tuning nucleosome plasticity and accessibility. These effects may influence higher-order chromatin 

organization and the recruitment of chromatin remodelers and epigenetic regulators. 

Editorial summary: 

Nucleosome plasticity is critical for many chromatin-related processes. The authors demonstrate how 

biologically relevant divalent ions reshape nucleosome structure and mechanical stiffness. 
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