
Structural and Thermodynamic Impact of Oncogenic Mutations on the 

Nucleosome Core Particle  

Augustine C. Onyema1,4**, Christopher DiForte1,4**, Rutika Patel1,4, Sébastien F. Poget1,2,4, 

and Sharon M. Loverde*1,2,3,4 

1Department of Biochemistry, City University of New York (CUNY), New York, USA  
2Department of Chemistry, City University of New York (CUNY), New York, USA  
3Department of Physics, City University of New York (CUNY), New York, USA  
4Department of Chemistry, College of Staten Island (CSI), City University of New York (CUNY), 

New York, USA. 

Corresponding Author: sharon.loverde@csi.cuny.edu 

** co-first authors 

 

Abstract (300 words) 

The nucleosome core particle (NCP) is essential for chromatin structure and function, serving as 

the fundamental unit of eukaryotic chromatin. Oncogenic mutations in core histones disrupt 

chromatin dynamics, altering DNA repair and transcription processes. Here, we investigate the 

molecular consequences of two mutations—H2BE76K and H4R92T—using 36 µs of all-atom 

molecular dynamics simulations and experimental biophysical assays. These mutations destabilize 

the H2B-H4 interface by disrupting critical salt bridges and hydrogen bonds, reducing binding free 

energy at this interface. Principal component analysis reveals altered helix conformations and 

increased interhelical distances in mutant systems. Thermal stability assays (TSA) and differential 

scanning calorimetry (DSC) confirm that these mutations lower the dimer dissociation temperature 

and reduce enthalpy compared to the wild type. Taken together, our results elucidate how these 

mutations compromise nucleosome stability and propose mechanisms through which they could 

modulate chromatin accessibility and gene dysregulation in cancer. 

Statement of Significance (120 words) 

The nucleosome is the essential packaging unit of DNA.  ‘Oncohistones’ which are histone 

mutations that are associated with cancer, are known to compromise the stability of the nucleosome 

and affect nucleosome sliding.  Here we perform long-time molecular dynamics simulations of 

two buried histone core mutations, demonstrating that these mutations reduce the stability of the 

histone core at the H2B-H4 interface.  Next, we demonstrate that these same mutations lower the 

dimer dissociation temperature and shift the nucleosome dissociation pathway.   
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Introduction 

The long DNA polymers of eukaryotic cells are perfectly folded in chromosomes, with humans 

having 23 pairs of chromosomes containing about 3 billion DNA base pairs. The human genome 

has DNA sequences that code for over twenty thousand proteins. These sequences have been 

proposed to play a significant role in chromatin dynamics and, in some cases, have been relevant 

in disease conditions. DNA binding proteins such as polymerases, transcription factors, 

remodelers, and topoisomerases interact with chromatin to maintain stability and access to cell 

information. The large-scale dynamics of the chromatin fibers depend on the dynamics of its 

monomeric unit, the nucleosome core particle (NCP). The NCP (Figure 1a) is formed by an 

octameric protein core containing four types of histones (H3, H4, H2A, and H2B) around which 

about 146 base pairs of DNA are wrapped (1). At larger structural scales, histones and DNA come 

together to form chromatin (1-5), which can undergo phase separation to establish distinct 

functional domains (6,7).  The histones are rich in positively charged amino acids. These positively 

charged amino acids are common sites of post-translational modification (PTMs), such as 

acetylation, phosphorylation, ubiquitination, and methylation (8). Histone or DNA modifications 

can change the charge distribution of the NCP, thereby changing its dynamics and altering cellular 

processes, including transcription, replication, and sometimes DNA repair (9,10).  

Nucleosome dynamics are associated with an extended range of timescales, such as unwrapping 

nucleosomes that range from milliseconds to seconds. Small-scale rearrangements, such as 

breathing or loop formation, happen at much shorter timescales—on the order of microseconds 

(11-15). Post-translational modifications (PTMs), such as acetylation, methylation, and 

ubiquitination in both the globular core and disordered tails, can influence the structure and 

dynamics of the nucleosome (16).  For example, mutations have been shown to change the 

unwrapping rate (17,18).  Furthermore, histone variants and histone tail conformations promote 

DNA bulging and overall dynamic changes of the nucleosome at the microsecond timescale in all 

atomistic simulations (11,19). This demonstrates that nucleosome-binding proteins elicit stress and 

deformation in nucleosomes. Histone variants can also have similar effects (20); how these 

modifications are coupled to nucleosome dynamics when under tension remains an open question.  

Besides DNA-protein interactions, nucleosome dynamics are affected by the concentration of ions, 

including Na+ and Mg2+ (21,22). Chakraborty et al., using all atomistic molecular dynamics 

simulations, showed that the breathing motion seen in DNA during nucleosome unwrapping 

depends on the concentration of ions (23). Indeed, the motion may also be dependent on the DNA 

sequence (24). While characterizing the free-energy landscape with coarse-grained simulation, 

Zhang and colleagues explained that the DNA unwinding and protein disassembly are coupled in 

the mechanism of nucleosome unfolding (25).  Indeed, coarse-grain representations of the 

nucleosome can aid in characterizing the dynamics of these complexes and their phase behavior 

(6,26).   

Mutations in core histone residues have been seen in various cancer types, including colorectal, 

lung, breast, and head and neck cancer (27). However, specific mutations in the nucleosome, which 

drive cellular processes, fundamentally alter these dynamics in cancer cells. Oncogenic mutations 

in the histone core have been proposed to alter chromatin remodeling processes, such as histone 

exchange and nucleosome sliding (28).  The most frequent mutations are found on both H2B and 

H3 (27), sites associated with the acidic patch, which are associated with nucleosome-nucleosome 

interactions, sites on the H3 N-terminal tails, and sites that are Sin- mutations, as well as H2AE121 

(29) in the H2A C-terminal tail.  Most of the above mutations are associated with negatively or 
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positively charged residues; they will disrupt the electrostatic interactions in the NCP primarily 

through the removal of salt bridges. Here, we focus on characterizing the effect of core histone 

mutations at the H2B-H4 interface that involve charge reversal or charge removal on the structure 

of the NCP. Salt bridges between charged amino acid residues contribute to the stability of the 

histone core. An example of such an interaction is seen at the H4-H2B interface, where the 

positively charged H4R92 forms a salt bridge with the negatively charged H2BE76 (Figure 1b). 

Mutations that reverse or nullify these charges have been shown to disrupt the electrostatic 

interactions that stabilize the histone core. It has been reported that the H2BE76K mutation 

(Figure 1c) destabilizes the H4-H2B helix interface in this manner, causing epigenetic 

dysregulation (27,28,30). Arimura and co-workers resolved the crystal structure of the H2BE76K 

mutant NCP. They characterized the effect of the mutation using thermal stability assays, 

fluorescence probes, and gel filtration chromatography to show a decrease in inter-subunit 

association at the H2A-H2B dimer and the H3-H4 tetramer interface (30). Bagert and colleagues 

saw that this mutation causes gene dysregulation and loss of transcription silencing (28). However, 

the mechanism of this destabilization has not been extensively studied at the molecular level using 

molecular dynamics simulations.   

Here, we report long-time molecular dynamics simulations of the effect of the H2BE76K mutation 

on the nucleosome core particle.  H4R92T, a mutation located on a charged arginine across the 

H2B-H4 interface (Figure 1d), is the fifth most probable mutation on histone H4(27), but has not 

been well characterized. This mutation removes the charge, and we expect an intermediate effect 

on the stability of the interface.  We, therefore, use molecular dynamics (MD) simulations to 

evaluate the effect of the H2BE76K and the H4R92T on the stability of the H4-H2B interface in 

the core of the NCP.  We hypothesize that the H2BE76K and H4R92T mutations decrease the 

stability of the H4-H2B interface by increasing the electrostatic repulsion between the H2A/H2B 

dimer and H3/H4 tetramer.  Next, we characterize the effect of the thermodynamic impact of these 

same mutations on the disassembly of the NCP using differential scanning calorimetry (DSC).  We 

observe differential effects from these two mutations across the H2B-H4 interface. 

Materials and Methods 

 

NCP Modeling and Simulation 

We performed six sets of molecular dynamics simulations of the nucleosome core particle (NCP) 

for 6 microseconds each, as summarized in Table 1.  We started from the 1KX5 crystal structure 

(31).   Four of the systems have single-point oncogenic mutations in the histone core at the H2B-

H4 interface.  These single-point oncogenic mutations of the histone were modeled using UCSF 

Chimera (32). The wild-type (WT) system had no mutation, the H2BE76K mutant system had 

glutamate-76 (Glu76) on histone H2B being substituted with Lysine, while the H4R92T system 

had arginine-92 (Arg92) replaced with Threonine on histone H4. All mutations were made on one 

copy of their respective histones. The wild-type and mutant systems above were prepared 

separately at two different concentrations of Sodium Chloride, 0.15 M physiological conditions 

and 2.4 M high salt concentration. The Mn2+ in the crystal structure was substituted with Mg2+ All 

systems were simulated using the AMBER force field (33). Specifically, DNA was simulated using 

OL15 (34), while the histone was simulated with ff19SB (35). The OPC water model was used 

(36).  The Joung and Cheetham parameters for Sodium (Na+) and Chlorine (Cl-) ions (37) were 

used. The Lennard Jones parameters between monovalent ions and water were modified following 
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Kulkarni et al (38). Mg2+ parameters were used from the Li/Merz compromised parameter set (39). 

Full details regarding the total simulation size are given Table S1.   

 

Next, we minimized and simulated each system using pmemd in amber18 (40). Systems were 

minimized using conjugate gradients and steepest descent algorithms for 15 ps each to reduce 

steric clashes of amino acid sidechains and, hence, reduce stress on the system. Each system was 

further equilibrated in NVT for 20 ps, as the systems were heated to 310 K (41,42). Subsequently, 

we used the NPT ensemble for 100 ns with a pressure of 1 bar using the Berendsen barostat (43). 

The Langevin thermostat was used to maintain the temperature around 310 K with a collision 

frequency of 1.0 ps (44). The SHAKE algorithm (45) was implemented to freeze hydrogen atoms 

to allow for a timestep of 2 fs. The Particle Mesh Ewald (PME) (46) algorithm was used to compute 

the electrostatic interactions in the system, while the Van der Waals cut-off was set to 12 Å. The 

1-4 scale was utilized to separate the non-bonded atoms from bonded atoms (47).  Next, a 6 µs 

NPT production run was performed on Anton-2 (48) using a Martyna, Tobias, and Klein (MTK) 

barostat at a pressure of 1 bar (49,50). Also, the Nose-Hoover thermostat was used to maintain the 

temperature of the system around 310 K (51). The SHAKE algorithm was implemented to freeze 

hydrogen atoms to allow for a timestep of 2.5 fs. The short-range bonded and nonbonded forces 

were computed every time step, while the long-range electrostatic interactions were evaluated once 

every three time steps. The output energy and trajectory of the system were written every 240 ps. 

 

Table 1: WT and mutant NCP systems simulated using molecular dynamics 
System Wild-Type (WT) H4R92T H2BE76K 

Position of Mutation  None α3 helix on H4 α2 helix on H2B 

Residues mutated None Arg92 to Thr92 Glu76 to Lys76 

[NaCl] (M) 0.15 and 2.4 0.15 and 2.4 0.15 and 2.4 

Production run 6 ms 6 ms 6 ms 

 

Protein expression and purification 

Protein Expression 

Plasmids for the WT human core histones were generously supplied by the David laboratory at the 

Memorial Sloan Kettering Cancer Center in Cornell University. The mutants H2BE76K and 

H4R92T were generated by site directed mutagenesis using primers (Table S1b). Core histones 

H2B and H4 were expressed in BL21-DE3 Escherichia coli (E. coli) cells while H2A and H3 were 

expressed in C43 E. coli cells. In both cases, cultures were grown until a 600 nm optical density 

(OD600) of 0.6 - 0.8 was reached, upon which cultures were induced by addition of IPTG to a 

final concentration of 0.5 mM. Histone H2B and H4 were induced for four hours at 37°C while 

H2A and H3 were induced overnight at the same temperature. All cells were pelleted, resuspended 

in Phosphate Buffered Saline (PBS) with 1 mM Phenylmethylsulfonyl fluoride (PMSF) and frozen 

at -80°C for storage. Pellet resuspensions were thawed and lysed by rod sonication on ice at 60% 

power with 5 secs on and 10 secs off for 3 minutes. Lysates were cleared by centrifugation at 

16,000 ×g and supernatants were discarded. Pellets were resuspended in 6.0 M guanidine in PBS 

and extracted with mild agitation at 4°C overnight as described by Prescott et al. (52). Extracts 

were cleared by centrifugation at 16,000 ×g and filtered with 0.42 µM syringe filters. An Agilent 

Zorbax 300SB-C18 semi-preparative High-Performance Liquid Chromatography (HPLC) column 

attached to an Agilent 1100 series system was equilibrated with 70% HPLC Solvent A (Water with 
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0.1%TFA) and 30% HPLC Solvent B (Acetonitrile with 0.1% TFA) for 20 minutes. Clean extracts 

were mixed 1:1 with Solvent A and 0.5 mL of mixture was injected. A gradient from 30-90% 

Solvent B was run over 30 minutes. Pure histone fractions were identified and evaluated using 

SDS-PAGE and a Shimadzu MALDI-8020 MALDI-TOF mass spectrometer. Pure fractions of 

histone were frozen at -80°C and lyophilized for long term storage. 

 

DNA purification 

A plasmid containing 12 copies of the Widom 601 147 base pair sequence separated by EcoRV 

restriction digestion sites was provided by the Luger laboratory at the University of Colorado 

Boulder. The plasmid was transformed into NEB5𝛼 E. coli cells. Cells were grown and plasmids 

were extracted using  alkaline lysis plasmid isolation and polyethylene glycol 8000 with methods 

as described by Luger (53). Purified plasmids were digested with EcoRV restriction enzyme and 

tested on a 1% Agarose gel to verify completion of the digestion. Digested Widom 601 fragments 

were separated from digested plasmid backbone using  polyethylene glycol 8000 with methods as 

described by Luger (53). The final product was again tested on a 1% Agarose gel to verify a lack 

of plasmid backbone contamination. 

Octamer Refolding and NCP Reconstitution 

Histone octamer and NCP were made through protocols adapted from the David laboratory (52). 

Lyophilized core histones were rehydrated in histone unfolding buffer (20 mM Tris-HCl pH 7.6, 6 

M guanidine hydrochloride, 1 mM DTT) at 2 mg/mL. Unfolding proceeded for 30 minutes to 3 

hours before unfolded histones were centrifuged at 16,000 ×g and concentration of the proteins in 

the supernatant determined by measuring the absorbance at 280 nm. Histone H3 and H4 were 

mixed in equimolar quantities while H2A and H2B were added at 5% excess each. The mixture 

was diluted to 1 mg/mL of total protein concentration before being dialyzed against octamer 

refolding buffer (10 mM Tris-HCl, pH 7.6, 2 M NaCl, 1 mM EDTA, 1 mM DTT) at 4°C. The 

dialysis buffer was changed at least three times before the mixture was again centrifuged at 16,000 

×g. The supernatant was concentrated using a 3.5 kDa Amicon centrifugal filter to between 0.5-

1.5 mL. The sample was injected 0.5 mL at a time onto a Superdex 200 10/300 GL column attached 

to an AKTA Go FPLC system (Cytiva). Relevant fractions were collected and tested for the 

presence of all four core histones using SDS-PAGE and MALDI-TOF mass spectrometry. 

Fractions containing pure histone octamer were concentrated and stored in 50 % glycerol at -20 °C 

for future use. 

The 147 bp Widom 601 DNA was resuspended in Octamer refolding buffer and combined with 

WT histone octamer in a 1:1.2 molar ratio. The mixture was dialyzed against NCP initial buffer 

(10 mM phosphate pH 7.6, 1.4 M NaCl, 1 mM EDTA, 5 mM β-mercaptoethanol) before being 

diluted with dilution buffer (10 mM phosphate pH 7.6, 10 mM NaCl, 1 mM EDTA, 5 mM  β-

mercaptoethanol) using a peristaltic pump at a flow rate of 0.5 mL/min (52). The product was 

dialyzed twice against dilution buffer before being centrifuged at 16,000 ×g. Phosphate and β-

mercaptoethanol were used for final buffer conditions due to their favorable performance in 

differential scanning calorimetry (DSC). Mutant NCP (H2BE76K and H4R92T) were prepared by 

first making H2BE76K dimer or H4R92T tetramer before purifying these species with the same 

FPLC system mentioned earlier. The DNA, dimer, and tetramer components for each system were 

then mixed in a 1:1.2:1.2 molar ratio before being subject to the same reconstitution protocol as 

above. All NCP were analyzed on an electrophoretic mobility shift assay to check for purity and 
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homogeneity using 5% Acrylamide Gels and TBE buffer. Gels were run at 120 V, stained with 

ethidium bromide and analyzed under UV light. 

Thermal Stability Assay 

Thermal stability of WT and mutant NCP samples were tested using an ABI 7500 Real Time PCR 

system (54,55). NCP was mixed with SYPRO orange (Invitrogen) in dilution buffer to final 

concentrations of 60 ng/µL DNA and 10× dye (diluted from the 4000× concentration provided by 

the manufacturer. Thirty microliters of each sample were loaded in triplicate onto 96 well plates. 

A temperature gradient was run from 26-95°C. Fluorescence was monitored using the VIC 

channel. Normalized fluorescence intensities were plotted and fit to a sigmoidal curve with the 

optimize curve fit function in the Python SciPy library using y = 
𝑳

𝟏 + 𝒆−𝒌(𝒙−𝒙𝟎) + 𝑏.  Here y is the 

normalized fluorescence, x0 is the inflection point of the sigmoidal curve corresponding to the 

melting temperature for the system, x is temperature, L is the asymptote value of the curve, k is 

growth rate, and b is the vertical shift.  
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Differential Scanning Calorimetry (DSC) 

For DSC, a TA Nano DSC instrument at the New York University (NYU) Shared Instrument 

Facility was used (56). NCP samples were concentrated to around 2 mg/mL and 0.6 mL of sample 

was run against 0.6 mL of dilution buffer. The sample was scanned from 25 to 95 °C at a ramp rate 

of 1 °C/min. Data was processed and fit using TA Nano Analyze Version 4.0.0.4 data analysis 

software. A separate run with only buffer against buffer was used for baseline subtraction of the 

sample run. The run baseline was fit using a polynomial function. Melting temperatures were 

automatically detected as local maxima. The four peaks were fitted globally using a four event 

Voigt model. Change in enthalpy for each event was determined as the area under each fitted curve.  

Binding Free Energy 

The Onufriev, Bashford, and Case (OBC) variant of the Generalized Born and Surface Area 

(MM/GBSA) solvation method (57,58) was used to calculate the binding free energy at the H2B-

H4, the tetramer (H3-H4)-dimer (H2A-H2B), and the dimer (H2A-H2B)-DNA interfaces of the 

histone subunits. The free energy was calculated between the mutated H2B and H4 histone 

subunits at the H2B-H4 interface, and between H3-H4 tetramer and one or both H2A-H2B dimers. 

The LEaP command for all systems was set to PBradii mbondi2 (58).The binding free energy 

ΔG𝑏𝑖𝑛𝑑 was calculated (59) ΔG =  𝛥𝐺𝑀𝑀  +  𝛥𝐺𝑠𝑜𝑙 −   𝑇𝛥𝑆. The molecular mechanics 

contribution ΔG𝑀𝑀 = ΔE𝑖𝑛𝑡 + ΔE𝑒𝑙𝑒𝑐 + ΔE𝑣𝑑𝑤 to the binding free energy included the bond, angle, 

torsion, electrostatic, and van der Waals terms (60). The bond, angle, and torsion terms were the 

intramolecular energy contributions, ΔE𝑖𝑛𝑡. One trajectory was used to calculate the binding free 

energy at all interfaces for each system hence the assumption ΔE𝑖𝑛𝑡 = 0 as in ΔG𝑀𝑀 = ΔE𝑒𝑙𝑒𝑐 + 

ΔE𝑣𝑑𝑤.  ΔG𝑠𝑜𝑙  is the solvation free energy contribution having the electrostatic ΔG𝐺𝐵 and nonpolar 

solvation energy ΔG𝑛𝑝𝑠 components. The electrostatic component contains the free energy cost 

between the charge species in the system and the continuum solvent environment. The non-

electrostatic component includes the van der Waal’s interaction between solute and solvent 

molecules and cost of breaking solvent structure around solute, ΔG𝑠𝑜𝑙  = ΔG𝐺𝐵 + ΔG𝑛𝑝𝑠. The 𝑇ΔS 

term is the entropy contribution to the free energy. The entropy contribution was ignored because 

all the systems were very similar, except for the single point mutation at H2BE76 in the H2BE76K 

system and H4R92 in the H4R92T system. Therefore, the entropy contributions to the binding free 

energy were assumed to be approximately equal. The enthalpy of the ligand association with 

receptor was the difference between the ΔG of complex and the sum of the ΔG of the ligand and 

receptor as in 𝛥𝐺𝑏𝑖𝑛𝑑 = ΔG𝑐𝑜𝑚𝑝𝑙𝑒𝑥  – (ΔG𝐻4 +  ΔG𝐻2𝐵). The electrostatic screening effect of 

monovalent ions was included in the calculation in the same concentration as in each of the systems 

(0.15 M or 2.4 M). The energy decomposition (energy contribution) of each amino acid to the 

binding free energy was computed using MM/GBSA in Ambertools (40,61). 
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Hydrogen Bond Analysis 

To compute the lifetime of the inter-subunit hydrogen bonds and salt bridges in the histone between 

the interacting amino acids at the H2B-⍺2 and H4-⍺3 helices, the six systems were run as described 

above on Anton-2, but the trajectory was saved once every 0.2 ps for 2 ns. The continuous lifetime 

(62-66) of the histone inter-subunit hydrogen bonds at the H4-H2B interface was calculated using 

the method of Gowers et al. (63) The time autocorrelation function Cx(t) of the hydrogen bonds 

was calculated, which gives the probability that a hydrogen bond formed between two atoms i and 

j at time (t0) will be sustained up to time (t) as 𝐶𝑥(𝑡) =  〈
ℎ𝑖𝑗(𝑡0)ℎ𝑖𝑗(𝑡0+𝑡)

ℎ𝑖𝑗(𝑡0)2
〉. Here, x refers to the 

definition of lifetime used, ℎ𝑖𝑗(𝑡0) represents the presence of a hydrogen bond at time t0 while 

ℎ𝑖𝑗(𝑡0 + 𝑡) represents the presence of a hydrogen bond after time t. The observed behavior of the 

hydrogen bond was fitted to a biexponential function using SciPy [𝐶𝑥(𝑡) = 𝐴. 𝑒(−𝑡
𝑡𝑎𝑢1⁄ ) + (𝐴 −

1). 𝑒(−𝑡
𝑡𝑎𝑢2⁄ )] (67) whose integral gives the lifetime of the hydrogen bond(63), 𝜏𝑥 =  ∫ 𝐶𝑥(𝑡) 𝑑𝑡

∞

0
. 

Principal Component Analysis 

To characterize the conformations adopted by the helices at the H4-H2B interface, principal 

component analysis (PCA), a dimensionality reduction technique was applied (68). PCA was 

performed on the ⍺2 and ⍺3 helices on histones H4 and H2B using coordinates as a collective 

variable (65,69,70). The interhelical loops were excluded. The combined trajectory of all the 

systems (WT and mutant) at a given NaCl concentration was used. The coordinates of the alpha 

carbons of the amino acid residues in the above helices at the H4-H2B interface were used to 

generate a 3N X 3N covariance matrix which was sampled over the combined trajectory (71). 

Eigenvectors and eigenvalues were obtained from the diagonalized covariance matrix describing 

the direction of collective motion, and their respective amplitude was used to project the collective 

variable to the principal components. The first two principal components were used to construct a 

two-dimensional free energy landscape according to (66,71),𝜎𝑖𝑗 =  〈(𝑟𝑖 − 〈𝑟𝑖〉)  (𝑟𝑗 −

 〈𝑟𝑗〉)〉. ΔG(𝑉1, 𝑉2) =  −𝑘𝐵 𝑇 ln 𝑃 (𝑉1, 𝑉2) where 𝑉1 and 𝑉2 are the first and second principal 

components, P  is the probability density function along  𝑉1 and 𝑉2, T is the kelvin temperature 

and 𝑘𝐵 Boltzmann’s constant. The core histone conformations for each system (WT, H2BE76K 

and H4R92T) were extracted from the absolute minima of the PC1-PC2 free-energy plot. Using 

the Prody normal mode wizard NMWiz (72) in VMD (73), principal component analysis of each 

system at the minimum was performed (74,75). The eigenvalues and eigenvectors were calculated 

to describe the magnitude and direction of motion of the ⍺2 and ⍺3 helices in both H2B and H4. 

The results are visualized through a porcupine plot. 
 

Dynamic Cross-Correlation  

To evaluate the relative correlated motion of the amino acids in the histone core, we calculated the 

dynamic cross correlation using Bio3d (76), focusing on histones H4 and H2B. The translational 

and rotational motions of the protein (77) were removed. The displacement of the histones with 

time was compared to a reference position, and their displacement was used to calculate the 

covariance matrix of the atomic weighted mass of the coordinate displacements (78-80). We next 

determined the fluctuation frequency of the helices and loops at the H4-H2B interface from elastic 

network modelling for the first three normal modes of each system (76,81). 
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Results and Discussion 

Mutation destroys the H2BE76-H4R92 salt bridge at the H4-H2B interface. 

We perform molecular dynamics simulations on six nucleosome core particle (NCP) systems for 

6 microseconds each at two salt concentrations (0.15 M and 2.4 M NaCl).  We simulated the wild-

type (WT) 1KX5 nucleosome and the 1KX5 nucleosome with two oncogenic mutations 

(H2BE76K and H4R92T).  Figure 2 shows frequent hydrogen bonds at the H2B and H4 interface 

and their lifetimes.  In the wild-type (WT) system at 0.15 M, the salt bridge between H2BE76 and 

H4R92 was the most frequent (Figure 2a-c) hydrogen bond between the H4-⍺3 helix and the H2B-

⍺2 helix. This salt bridge has an approximate bond distance of 2.0 Å with a lifetime of about 

3.3 ps.  Also, the H4H75-H2BR92 and phenolic-carbonyl H4Y88-H2BY83 hydrogen bonds are 

found at the H4-H2B interface, although less frequently. The presence of either the salt bridge 

Figure 1: (a) The crystal structure of the nucleosome core particle (NCP) (PDB ID: 1KX5). 

Histone H2A, H2B, H3 and H4 are colored in magenta, orange, green and blue respectively. 

(b) The left panel shows the nucleosome highlighting the H4-H2B interface with the orange 

⍺2 helix on H2B and the blue ⍺3 helix on H4. The right panel shows the zoomed-in H4-H2B 

interface with H2BE76 on the ⍺2 helix and H4R92 on the ⍺3 helix. Both amino acids are 

linked by a salt bridge. (c) The H2BE76K mutation with H2BE76 mutated to H2BK76 (d) 

The H4R92T mutation with H4R92 mutated to H4T92. 
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between interacting amino acids in the two helices promotes the 𝛑-𝛑 interaction between the two 

aromatic tyrosines (H2BY83 and H4Y88).   

Conversely, H2BE76K and H4R92T mutations destroy the salt bridge between H2BE76 and 

H4R92 at the H4-H2B interface at all salt concentrations, as seen by others (82,83). This is 

consistent with the crystal structure reported by Arimura et al. (30) , as shown in Supplementary 

Figure 1a.  No crystal structure for the H4R92T mutant has been reported. The negative to positive 

charge reversal in the H2BE76K mutant system pushes the positively charged guanidino group of 

H4R92 away, leading to a decrease in the frequency of hydrogen bonding between H2BY83 and 

H4Y88.  Consequently, the 𝛑-𝛑 H2BY83-H4Y88 interaction decreases as the distance between 

the two aromatic rings increases (Figure 2d).  The H4R92T system shows a weaker hydrogen 

bond between the positively charged ε-amino group of H4K91 and the phenolic group of H2BY83, 

with a hydrogen bond lifetime of approximately 0.34 ps and a bond distance of 2.0 Å. Like the WT 

system, this hydrogen bond promotes the 𝛑-𝛑 association of the two tyrosine rings at this interface 

(Figure 2e). At a high salt concentration of 2.4 M, the hydrogen bond lifetime at the H4-H2B 

interface was lower compared to physiological salt concentration of 0.15 M. At the same time, the 

H4Y88-H2BY83 𝛑-𝛑 interaction was conserved for the WT and the H4R92T system (Figure S2).  

The H4Y88-H2BY83 𝛑-𝛑 interaction is not conserved for the H2BE76K system. 
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Overall, the total number of hydrogen bonds between H2B-⍺2 and H4-⍺3 helices at the H4-H2B 

interface was higher in the WT systems when compared to the H2BE76K and H4R92T mutants at 

all salt concentrations (Figure S3). Similarly, the interacting amino acids were closer to each other 

in the WT system when compared with the mutant systems (Figure S4-S5). The orientation 

between the two phenolic rings of H4Y88 and H2BY83 is shown in Figure S6. 

Figure 2: (a) The hydrogen bond frequency and lifetimes of interacting amino acids at the H4-

H2B helix interface for WT, H2BE76K and H4R92T systems at 0.15 M NaCl. At the H2B-⍺2 

and H4-⍺3 helix interface, the salts bridge between H2BE76 and H4R92 was the most 

prominent interaction (light-blue) with a 97% frequency and a lifetime of ≈ 3.3 ps. This salt 

bridge is absent in the mutant systems (H2BE76K and H4R92T). The key shows amino acids 

labeled in the H4-H2B format. (b) Time autocorrelation function for hydrogen bonds between 

the H2B-⍺2 and H4-⍺3 helices at the H4-H2B interface. A double exponential curve fit is used 

to calculate the lifetime using the method of Gowers et al., 2015. (c)Amino acid configuration 

in the WT system at 0.15 M showing the salt bridge, hydrogen bonds, and 𝛑-𝛑 interaction 

between interacting amino acids on the orange H2B-⍺2 helix and the blue H4-⍺3 helix (d) The 

𝛑-𝛑 interaction and salt bridge between the interacting amino acids are broken in the H2BE76K 

system at 0.15 M (e) The 𝛑-𝛑 interaction and some hydrogen bonds are conserved in the 

H4R92T system, but H4T92 is too short to retain a hydrogen bond with H2BE76. 
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Mutations alter the dihedral angle between ⍺2 and ⍺3 helices at the H4-H2B interface. 

Disruption of the salt bridge between the H2B-⍺2 helix and H4-⍺3 helix in the mutant H2BE76K 

and H4R92T systems results in a slight shift in the dihedral angle (𝛉) between the helices (Figure 

3a). The peak in the distribution of the dihedral angle between the plane of the helices in the 

H2BE76K system is similar to the WT system at 0.15 M (Figure 3b-c).  However, the width of the 

distribution widens. At 2.4 M (Figure S7a-b), there is a shift in the dihedral angle peak for both 

mutations. The H4R92T system shows a shift in the dihedral angle at 0.15 M and 2.4 M compared 

to the WT (Figure 3b-c, Figure S7a-b). The slight shift in the hydrogen bond dynamics between 

H2BE76 and H4R92 upon mutation in the H2BE76K and H4R92T is accompanied by this shift in 

the dihedral angle between the planes of H2B-⍺2 and H4-⍺3 helices at the H4-H2B interface 

(Figure 3d-f). This shift in the dihedral angle helical plane in the H4R92T system was stabilized 

by a bifurcated hydrogen bond formed by H4Y72 linking H4T92 and H2BE76 (Figure 3f). 

 

 

 

 

 

 

 

PCA shows higher interhelical distances in the mutant systems. 

Principal component analysis (PCA), a dimensionality reduction technique, reveals that the ⍺2 

helix of H2B and ⍺3 helix of H4 adopt different helical arrangements in the WT and mutated 

systems. These helix arrangements differ in the dihedral angle between the plane of the helices 

Figure 3: (a) The dihedral angle between the orange H2B-⍺2 helix and the blue H4-⍺3 helix 

at the H4-H2B interface. The alpha carbon atoms of H2BE76K, H2BY83, H4D85, and 

H4R92T were used to calculate the dihedral angle between the axes of the helices. (b) 

Probability density of the dihedral angle and (c) Average and standard error of the mean of the 

dihedral angle. There is a shift in the helix angle for the H2BE76K and  H4R92T systems. 

The configuration of amino acids that affect the helix dihedral angle for (d) WT, (e) 

H2BE76K, and (f) H4R92T systems. A bifurcated hydrogen bond linking H2BE76 and H4T92 

by H4Y72 is seen in the H4R92T system. 
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and the interhelical distances. Figure 4a is the free energy landscape of the first two principal 

components (PC1, PC2) for the WT and mutated systems combined. The free energy landscape 

indicates four minima (I, II, III, and IV).  The first minimum corresponds to the WT system.  

Minima II and III correspond to the H2BE76K system.  Minima IV corresponds to the H4R92T 

system.  In the WT system at 0.15 M NaCl (Minimum I), the helices adopt a conformation with the 

dihedral angles of -25.0°±2.5° and an average distance of 8.6 ± 0.3 Å between the plane of H2B-

⍺2 and H4-⍺3 helices (Figure 4a-b). At the same concentration, the interhelical distance in the 

H2BE76K system (Minimum III) was 10.3± 0.4 Å while the H4R92T system (Minimum IV) had a 

9.4± 0.3 Å separation between the helices (Figure 4a-b). The helices drift approximately 1.7 Å 

apart in the H2BE76K system and approximately 0.3 Å in the H4R92T system compared to the 

WT. The dihedral angles for the H2BE76K system (-24.5°±3.8°) are similar to the WT system, 

while the H4R92T shows a change from WT in the dihedral helix angle (-21.3°±2.0°) larger than 

the WT and H2BE76K systems (Figure 4b). Analysis of the eigenvectors of the first principal 

component (PC1) and the magnitude (eigenvalues) of PC1 reveal that the H2B-⍺2 and H4-⍺3 

helices at the site of mutation in the H2BE76K system have the highest magnitude of motion 

(Figure 4c). Also, the direction of PC1 shows that the helices move away from each other (Figure 

4e). However, the WT and H4R92T systems exhibit a more correlated movement at the H4-H2B 

helix interface (Figure 4d-f). 

 

The WT and mutant systems adopt different helical arrangements at high salt concentrations. The 

interhelical distance of the WT (Minima I and II) are statistically similar to the H4R92T system 

(Minimum IV) but are different from the H2BE76K system (Minimum III) as shown in Figure S8a-

b. The interhelical distance in the H2BE76K system increases by approximately 0.7 Å compared 

to the WT (SI text III). The dihedral angle for the H4R92T (-17.9±5.0°) is different from the WT 

(-22.3±3.0°) and the H2BE76K system (-25.0±1.9°). Like the system at 0.15 M, there is a similar 

increase in the magnitude (eigenvalues) of motion of the H2B-⍺2 and H4-⍺3 helices in the mutant 

systems (Figure S8c-f) 
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Correlated movement of amino acids at the H4-H2B interface decreases with mutation. 

Dynamic cross correlation between core histone residues reveals that the relative movement of 

amino acids between H2B-⍺2 and H4-⍺3 helices changes with the mutations at 0.15 M salt (Figure 

5a-c). There is a higher correlated movement of interacting amino acids at the H4-H2B interface 

in the WT system than in the mutant systems (H2BE76K and H4R92T), as shown in Figure 5d-f. 

The H2BE76-H4R92 salt bridge and the H2BY83-H4Y88 𝛑-𝛑 interaction promote the correlated 

movement between the H2B-⍺2 and H4-⍺3 helices as circled in magenta in Figure 5a. The 

H2BE76K system has the least correlated movement of amino acids at this interface as the charge 

reversal mutation destroys the salt bridge, hydrogen bond, and 𝛑-𝛑 interaction of the interacting 

amino acids (Figure 5b, 5e). In the H4R92T mutant system, there is higher correlated motion 

when compared with the H2BE76K system (Figure 5c, 5e-f). The H4R92T mutant preserves the 

aromatic H2BY83-H4Y88 𝛑-𝛑 interaction and the weaker H4T92-H2BE76 bifurcated hydrogen 

bond bridged by H4Y72 (Figure 3f). These weaker but relevant interactions in the H4R92T system 

promote the correlated movement of the amino acids at the H2B-⍺2 and H4-⍺3 interface more 

than the H2BE76K system but less than the WT system. 

Figure 4: (a) Principal component analysis (PCA) for the combined systems using the coordinates of ⍺2 

and ⍺3 helices of both H4 and H2B at the H4-H2B interface at 0.15M of NaCl. The free-energy landscape 

shows energy minima as I, II, III and IV. (b) The ⍺2 and ⍺3 helix conformations at the H4-H2B interface 

for WT, H2BE76K and H4R92T systems. The distance and dihedral angles between the plane of the 

helices are shown. H2BE76K and H4R92T mutations increase the interhelical distance by approximately 

1.7 Å and 0.8 Å respectively. (c) Eigenvalues at the H4-H3B interface show H2B-⍺2 and H4-⍺3 in 

H2BE76K have the highest magnitude of fluctuation. Eigenvector representation of the PC1 for (d) WT, 

(e) H2BE76K and (f) H4R92T systems. The helices move away from each other in the H2BE76K system, 

but move towards each other in the WT and H4R92T systems. 
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Analysis of the normal modes shows that the H2BE76K mutation increases the frequency of 

fluctuation of histone H2B, while that of histone H4 is somewhat similar (Figure 5g-h). A decrease 

in the propensity to form and sustain hydrogen bonds and salt bridges increases the equilibrium 

fluctuation of helices and loops in the H2BE76K mutant compared to the other systems. 

Ramaswamy et al. showed that the correlated movement of helices and loops in the histone 

depends on the amino acid sequence of the histone (84).  

 

 
 

 

 

 

 

 

 

  

Figure 5: Dynamic Cross-Correlation of the core histone for (a) WT, (b) H2BE76K and (c) 

H4R92T systems. The mutation changes the overall dynamics of the helices and loops in the 

histone core. The magenta encircled region is the H4-⍺3 and H2B-⍺2 helix interface. Normal 

mode analysis ⍺2 and ⍺3 helices at H4-H2B interface showing the magnitude interhelical 

correlation (d-f). The E76K system has the least correlated motion while the WT system has the 

most correlated motion.  Frequency of motion (fluctuations) at the H4-H2B interface for histone 

(g) H4 and (h) H2B. Histone H2B in the H2BE76K mutation has the highest fluctuation when 

compared to other systems. Disruption of hydrogen bonds and salt bridges promote fluctuation.  
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Mutation decreases the binding free energy between histone H2B and H4. 

Molecular mechanics with generalized Born and surface area solvation (MM/GBSA) calculations 

reveal that the H4-H2B and tetramer (H3-H4)-dimer(H2A-H2B) interfaces in the WT system are 

more stable than the mutant systems at both concentrations (Figure 6a-c). Other histone variants 

have been characterized using similar approaches(85). Locally at the site of mutation (H4-H2B) 

and globally at the tetramer (H3-H4) and dimer interfaces for one copy (T-D) or both copies (T-

DD) of the H2A-H2B dimer(s), the WT system is more stable than the H4R92T systems, which in 

turn is more stable than the H2BE76K systems. The electrostatic contribution to the molecular 

mechanics component of the binding free energy is positive. In contrast, the electrostatic 

contribution to the generalized born solvation component of the binding free energy is negative 

(Figure S9). With the H2BE76K mutation, the electrostatic contribution to the molecular 

mechanics component of the binding free energy increases, while the electrostatic contribution to 

the generalized born solvation component of the binding free energy becomes more negative. 

Overall, the mutation results in a less negative binding free energy.  Energy decomposition 

calculations show that the mutation affects the energy contribution of specific amino acids at the 

⍺2 and ⍺3 helical interface in both H4 and H2B (Figure 6d-e). The global energy contribution of 

amino acids to the binding at other interfaces besides the H2B-H4 interface are also affected 

(Figure S10). The amino acids H4H75, H4R92, H2BR99, and H2BL100 are the main contributors 

to the binding free energy at the H4-H2B interface (Figure S11). Mutating H2BE76 to H2BK76 

at 0.15 M NaCl decreases the residue contribution of H4H75, H4Y88, H4K91, H4R92, H2BK76 

(H2BE76 in WT), and H2BY83 to the binding free energy. However, the residue contribution of 

H4T71 and H2BR99 increases (Figure 6d-e). There is a significant difference in the free energy 

of association between a single H2A-H2B dimer and the sugar-phosphate backbone of the double-

stranded DNA, as shown in Table 1; however, no significant difference in the free energy of 

association when including both H2A-H2B dimers.  This suggests that while the strength of the 

overall DNA-histone interaction is maintained, the strength of the interaction between the 

H2A/H2B with the E76K is locally increased.  This suggests that DNA accessibility may be more 

increased more closely to the mutated H2A/H2B. 

Table 1: Free Energy at the Tetramer-Dimer and Dimer-DNA Interface at 0.15 M NaCl (kJ/mol) 

 

Systems 

Nucleosome Interface 

T-D T-DD D-DNA DD-DNA 

Wild-Type (WT) -487.57±2.14 -868.97±3.17 -1032.96±6.48 -2263.94±7.56 

H2BE76K -385.03±2.12 -693.04 ±2.79 -1205.03±3.55 -2258.08±7.12 

H4R92T -385.92±1.91 -830.84±2.84 -1031.33±3.64 -2129.63±5.00 

Results reported in Mean ± SEM 

Note: 

T-D = H3/H4 Tetramer and single H2A/H2B dimer interface 

T-DD = H3/H4 Tetramer and both H2A/H2B dimers interface 

D-DNA = Single H2A/H2B dimer and DNA interface 

DD-DNA = Both H2A/H2B dimers and DNA interface 
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Figure 6: The binding free energy between (a) histone H4 and H2B (b) H3-H4 tetramer and  

the H2A-H2B dimer with mutant (c) H3-H4 tetramer and both H2A-H2B dimers, including 

mutant and WT. The WT system was more stable than the mutant system at all concentrations. 

Also, the H4R92T system was more stable than the H2BE76K system. (d) and (e) Variation 

of the amino acid’s contributions to the binding free energy at the H4-H2B interface upon 

mutation. Locally at the H2B-H4 interface, the amino acids most affected are at the ⍺2 and 

⍺3 helices of H4 and H2B. The amino acid contribution to the binding free energy for H4R92, 

H4Y88, H2BE76 and H2BY83 decreases with the H2BE76K and H4R92T mutations. The 

contribution of H4T71 and H2BR99 increases with mutation.  
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At a high salt concentration of 2.4 M NaCl, both H2BE76K and H4R92T result in a less negative 

binding free energy. A similar trend compared to physiological salt was seen in the amino acid 

interaction at was seen at high salt concentration (Figure S12). This suggests that the individual 

free energy contributions of the interacting amino acids influence the binding free energy at the 

H2B/H4 interface. This agrees with Arimura and colleagues, who saw that the H2BE76K mutation 

shifts the melting temperature that correlates with dimer dissociation from the nucleosome core 

(27,30,82,86). The H4R92T and H2BE76K mutations alter the interaction of the nucleosome with 

histone-binding proteins, as this mutation occurs spatially near a post-translational modification 

site (H4K91). The amino acid H4K91 is an acetylation site whose mutation affects the interaction 

between the NCP and histone acetyltransferases; hence, it mediates DNA protection and chromatin 

assembly (87,88). 

 

Core Mutations Differentially Affect Thermal Stability and Enthalpy of NCPs. 

In complement with our computational work, we desired to probe the stability of the WT, 

H2BE76K, and H4R92T NCP systems using in vitro experimental studies. The fluorescence based 

thermal stability assay (TSA) developed by Arimura et al. can determine the relative thermal 

stability of NCP mutants (28,30). In this assay, a fluorescent dye (SYPRO Orange™) is mixed 

with NCP in low salt buffer. When the dye binds to hydrophobic regions of proteins, it fluoresces 

with excitation/emission wavelengths of 470/570 nm (89). While the histones are contained in the 

intact NCP, these binding sites are unavailable. While the complex dissociates these regions are 

exposed and the dye can bind to the free histones, increasing the fluorescence signal. Using a 

quantitative PCR (qPCR) system, the temperature is increased uniformly, and fluorescence is 

monitored as the NCP dissociates, with higher fluorescence representing an increase in free protein 

in solution due to dissociation. This process occurs in two stages. First, the dimer is released at a 

lower temperature, followed by the tetramer release at a higher temperature due to its higher 

affinity for DNA (Figure 7a). Histone mutations, which affect the stability of the NCP, have a 

correlated effect on the melting temperatures of dimer dissociation. We performed TSA on the WT, 

H2BE76K, and H4R92T NCP systems to assess the relative stability of these complexes and 

compare these results with our computational findings. Our NCP samples were prepared using 

recombinant human core histones (or human mutants) and Widom-601 147 bp DNA. In each of 

these cases, we see the expected biphasic dissociation process of the dimer and tetramer from the 

DNA. WT NCP displayed the highest H2A/H2B dimer melting temperature of 71.5 °C. E76K NCP 

showed the lowest H2A/H2B dimer melting temperature at 66.3 °C. H4R92T NCP showed an 

intermediate dimer melting temperature of 70.3 °C (Figure 7b-e). The strong destabilization of 

E76K and intermediate destabilization of R92T NCP, compared to WT, are in line with our 

MM/GBSA calculations of the binding free energy between dimer/tetramer, as shown in Figure 

6b. These results also provide us with reliable values for the dimer and tetramer melting 

temperatures, which prove essential for our next set of experiments.  
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To further explore the effects of these mutations, we perform differential scanning calorimetry 

(DSC) on our NCP systems. In DSC, the difference in heat flow required for even heating of the 

sample and a buffer only reference cell is measured. If an event with an associated enthalpy change 

occurs (such as the breaking of intermolecular bonds in a complex), the heat flow to the sample 

cell will differ from that of the reference cell. This difference, plotted as a function of temperature, 

appears as a peak corresponding to the thermal transition. The local maximum of this peak 

represents the melting temperature (Tm) for this event. Converting the heat flow into molar heat 

capacity and integrating over the peak provides the enthalpy change (ΔH) associated with the 

event.  

Previously, Bina et al. performed DSC on isolated NCPs under varying salt conditions and 

compared with free DNA, suggesting that the complexation of histone with DNA is driven 

primarily by the entropic stabilization of DNA (90).  This study found three peaks in the range 

from 45 – 95 °C. Several studies in the 1980s and 1990s used DSC to study the thermal 

denaturation of nucleosomes and chromatin derived from animal tissue (91-93).  The breakdown 

of the complex was found to be a multistep process made up of distinct, resolvable events between 

45-95 °C, which are highly sensitive to the ionic strength of the solution. More recently, 

Kolomijtseva et al. used DSC to characterize chromatin melting in animal nuclei and found that 

the concentration of Mg2+ ions can shift the melting profile and affects the separation of the three 

resolvable peaks (91).  This study used rat hepatocyte-derived chromatin and found that the two 

main observable peaks had the highest resolution in 1 mM EDTA. However, the identity of these 

Fig 7: (a) Schematic illustrating the biphasic melting of the nucleosome core particle (NCP) 

resulting in the binding of the SYPRO Orange™ dye and subsequent increase in fluorescence. 

(b) Bar chart comparison for the dimer melting temperatures of the three systems as 

determined by TSA (c) WT NCP (d) H2BE76K NCP and (e) H4R92T NCP TSA data with 

normalized fluorescence plotted against temperature. Each plot demonstrates two sigmoidal 

curves, where the first represents H2A-H2B dimer dissociation and the second represents H3-

H4 tetramer dissociation. 
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peaks was not completely clear.  The tissue-derived nature of the samples in the studies listed 

above means that the chromatin contains heterogeneous DNA sequences. It is possible that 

differences in sequence affinity for the histones could reduce resolution in resultant thermograms. 

We perform the DSC studies of recombinant NCPs and identify four resolvable peaks for our WT 

and mutant systems. Additionally, by comparing with our TSA data, we can assign the identity of 

these peaks. 

By comparing the melting temperature values of our DSC and TSA results, we identify DSC peaks 

I and III as the dimer and tetramer dissociation, respectively. The characteristics of dimer 

dissociation are of great interest to this study. The WT NCP system has the highest ΔH for the 

dimer dissociation at 1105 kJ/mol. The E76K NCP system has a ΔH value of 31% of the WT NCP 

value at 344.0 kJ/mol. While the R92T NCP system’s ΔH value is 61% of the WT NCP value at 

672 kJ/mol (Table 2). The reduction in ΔH between the WT and E76K NCP systems reflects the 

high levels of destabilization caused by the repulsion of K76 and R92, as seen in our simulations. 

The intermediate reduction in ΔH between WT and R92T NCP can likely be attributed to the 

compensatory intermolecular forces we have identified in R92T, but not E76K NCP. These results 

vindicate our hypotheses about the stability of these systems and indicate that dimer-tetramer 

interactions drive the destabilization in these mutations. 

A comparison of the values for tetramer dissociation shows that WT and E76K NCP have similar 

values at 790 and 744 kJ/mol, respectively. This is expected since both systems contain WT 

tetramer. Interestingly, the R92T NCP had a ΔH of 346 kJ/mol, a marked 56% reduction in 

comparison with WT NCP. We can infer that conformational changes seen in the R92T tetramer 

affect the complex’s affinity for DNA. We suggest that peak II is a rearrangement of DNA around 

the tetramer after the dimer has dissociated. This is supported by the similar values of ΔH seen for 

peak II in the WT and E76K systems, since both contain WT tetramer. However, we see 

significantly lower values of ΔH for this peak in the R92T NCP system. It is likely that 

conformational changes in the tetramer driven by this mutation prevent the reorganization seen in 

the other systems.  We suggest that peak IV is the denaturation of the double-stranded DNA. This 

is evidenced by the similar melting temperatures and ΔH values for all three systems.  
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Figure 8: Differential scanning calorimetry of (a) WT, (b) H2BE76K, and (c) H4R92T 

nucleosome core particle. Peaks I and III correspond to H2A-H2B dimer and H3-H4 tetramer 

dissociation, respectively.  Melting temperature and enthalpy (ΔH) for the H2A-H2B dimers for 

WT are higher than for all mutant systems.  

  

Table 2: DSC Melting temperatures and enthalpy changes for all systems 
 

Systems 
DSC Dissociation Peaks 

I II III IV 
Temp 

(°C) 

∆H 

(kJ/mol) 

Temp 

(°C) 

∆H 

(kJ/mol) 

Temp 

(°C) 

∆H 

(kJ/mol) 

Temp 

(°C) 

∆H 

(kJ/mol) 

WT 73.2 1105 81.8 453 86.8 790 88.6 366 

H2BE76K 66.5 344 83.1 473 86.8 744 88.7 440 

H4R92T 69.8 672 81.1 73.7 86.1 346 88.7 350 
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Conclusion 

 

Here, we report molecular dynamics simulation to explore H2BE76K and H4R92T oncogenic 

mutations in the histone core of the NCP at different salt concentrations and predict how these 

mutations affect the hydrogen bond dynamics of core amino acid residues. We performed multiple 

microseconds-long all-atomistic simulations of the WT and mutant (H4R92T and H2BE76K) NCP 

systems at two different concentrations of NaCl (0.15 M and 2.4 M). We observe that H2BE76K 

and H4R92T mutations destabilize the H4-H2B interface in the core of the NCP to various degrees. 

At all salt concentrations, these mutations weaken the electrostatic interaction between amino acids 

in the H2B-⍺2 and H4-⍺3 helices. Shifts in hydrogen bond dynamics characterize this 

destabilization. As expected, with the H2BE76K charge-reversal mutation, the electrostatic 

contribution to the binding free energy between the H2A/H2B dimer and H3/H4 tetramer becomes  

more repulsive at all salt concentrations. The H4R92T system has an intermediate dimer-tetramer 

binding free energy between the H2BE76K system and WT. Thus, we hypothesize that the 

H2BE76K and H4R92T mutations may affect nucleosome assembly and disassembly 

thermodynamics. Upon mutation, the weakened electrostatic interaction at the H4-H2B interface 

will favor nucleosome disassembly with the H2A-H2B dimer dissociation at lower temperatures.  

This is consistent with the mechanism of increased dimer exchange (28).  

 

Our TSA and DSC results agree with and corroborate our computational findings. We show that 

the H4R92T NCP has an intermediate H2A/H2B dimer dissociation temperature between WT and 

H2BE76K NCP.  Destabilization of the histone core may also alter how nucleosome binding 

proteins interact with and regulate the dynamics of the NCP in vitro and in vivo (94). The stability 

of the helices at higher temperatures with mutations may decrease.  We can hypothesize that this 

is why the melting temperature shifts.  The increase in histone DNA binding free energy that is 

centered on the H2A/H2B with the mutation suggests that the DNA may be less accessible.  This 

may also modulate the binding with transcription factors or chromatin remodelers.  While 

numerous mutations have been mapped, very few oncogenic mutations and their impact on the 

structure of the NCP and its assemblies have been probed using structural methods (95).  Very few 

oncogenic mutations have been probed computationally (96).  The impact of this work is to reveal 

how distinct sites in neighboring regions of the histone core can lead to similar structural 

modifications at key protein-protein interfaces, yet functionally different modifications in the 

dissociation pathway.  We hypothesize that these same mutations may modulate the accessibility 

of the DNA through the expansion of the histone core.  Gene expression characterized by 

chromatin accessibility can also increase in the mutant systems because the destabilized histone 

core may promote stress in the double helix DNA, which affects DNA repositioning and, in turn, 

can alter gene expression (82).  Nucleosome assembly and disassembly are essential in maintaining 

cellular homeostasis and allowing the continuous responsiveness of the nucleosome to external 

and cellular stimuli (97). The assembly and disassembly of the NCP is characterized by histone 

exchange aided by chaperones, allowing RNA polymerase II (Pol II) to access the open reading 

frames (ORFs) of genes (98-101). Pol II can also access the transcribable DNA portion of 

nucleosome when the double-stranded DNA slides over the octameric histone, especially in 

moderately transcribed genes (97). In all of these processes, reassembly of the nucleosome is 
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needed to prevent cryptic transcription initiation by Pol II, which may synthesize deleterious 

truncated proteins (101).  We suggest that reassembly in the oncogenic mutants is also inhibited 

because their stability is reduced and that this could be another mechanism for the mutations’ 

oncogenic effects.  
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