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The nucleosome is the basic unit of eukaryotic DNA compaction. It consists of about 147
base pairs wrapped around an octamer of histone proteins. Nucleosomal dynamics provides the
availability of packaged DNA for various factors that carry out the vital processes associated with
chromatin. It is not completely known how the structure and dynamics of the nucleosome de-
pends on the ionic environment. The current researches do not give an unambiguous answer and
often contradict each other. In this paper, we demonstrate supercomputer molecular dynamics
simulations of nucleosome models surrounded by monovalent sodium and potassium cations. An-
alyzing the trajectories, we have shown the details of the distribution of sodium and potassium
ions around the linker DNA, nucleosomal DNA at the sites of nucleosomal opening, and histone
residues involved in the process of nucleosomal breathing. We have demonstrated the mobility of
DNA linkers and the process of nucleosomal unwrapping in various ionic environments, and also
assessed the probable mechanisms of the dependence of nucleosome unwrapping on the type of
ions in the system. Our study is intended to emphasize the importance of understanding the role
of the ionic environment in the functioning of chromatin.

Keywords: molecular modeling, molecular dynamics simulations, nucleosomes, protein-DNA
interactions, monovalent cations, sodium, potassium.

Introduction

The length of DNA in a human cell is about 2 meters, which is 200,000 times the diameter
of the nucleus . To fit DNA in the nucleus, it must be packed into a compact structure —
chromatin, the elementary unit of which is the nucleosome. The nucleosome is formed by a
histone octamer (two H2A-H2B dimers in complex with a tetramer H3-H4/H3-H4), which is
wrapped by DNA about 147 base pairs long in a 1.67-turn of a left-handed superhelix (Fig..
This structure is also called nucleosome core particle (NCP) . Neighboring nucleosomes
are connected by the so-called linker DNA with a length of 10 to 90 bp depending on the type
of organism, cell type, stage of the cell cycle, and location in the cell nucleus .

The nucleosome is dynamic . Its dynamic plays a key role in the vital processes that take
place in the nucleus. An important part of nucleosomal dynamics is nucleosome breathing, which
is the unwrapping of up to twenty base pairs from the NCP. The process of nucleosomal breathing
is driven by dynamic interactions between neighboring DNA strands, as well as interactions
between DNA and histones. The main meaning of nucleosomal breathing is to regulate the
availability of DNA for factors that carry out chromatin-associated processes.

The nucleosome is a charged structure , and most of the contacts between DNA and his-
tones are electrostatic. This causes the dependence of nucleosome structure and dynamics on the
ionic environment. In living systems, the main monovalent ions are Na®™ and K. While sodium
prevails in the extracellular environment, potassium dominates in the intracellular environment,
being an essential element of the DNA environment. One of the hypotheses for such distribu-
tion of ions in eukaryotic cells, suggests a more efficient implementation of chromatin-associated
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Figure 1. Nucleosome model in simulated system

processes in the potassium environment compared to sodium . Nevertheless, due to the sim-
ilarity of Na™ and K™ ions, most of the experimental work related to the study of nucleosomes
is carried out in media containing sodium ions. Some works demonstrated the identity of exper-
imental results obtained in potassium and sodium solutions . However, today, more
and more researchers are declaring significant differences between these ionic environments. The
key difference between sodium and potassium is the diameter of the ions: sodium has a smaller
diameter than potassium. At the same time, the diameter of the hydration shell of sodium is
larger than that of potassium. This difference can affect the features of ions interactions with
the nucleosome and their distribution around it. As a result, structure and dynamics of the
nucleosome, which determine the efficiency of various processes associated with chromatin, can
be affected.

For example, the question of the comparative affinity of sodium and potassium ions for DNA
has not yet been unambiguously resolved. Some computational work suggests a higher affinity for
sodium . In turn, the results of experimental work are contradictory. Earlier studies suggest
a greater affinity for potassium . More recent studies, including works made with the ion
counting method, indicate that the affinity of sodium and potassium ions for DNA does not
differ or differs slightly [EI

Molecular dynamics and experiments show that sodium ions pack DNA and polynu-
cleosomal chains more effectively than potassium ions. Thus, sodium ions can suppress the
natural dynamics of chromatin. However, at the level of mononucleosomes the opposite effect
is observed: the nucleosome acquires a more compact conformation in the potassium environ-
ment .

The type of ions in the medium can also influence the contacts between DNA and histones.
Binding of DNA and histones is primarily due to electrostatic interactions between the neg-
atively charged phosphate groups of DNA and the positively charged side chains of arginine
and lysine amino acids through ion pairs . It was shown that in the presence of mono- and
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divalent cations, these interactions weaken, and their geometry changes due to the polarization
of the phosphate groups charges towards ions . Thus, the main role of cations in interactions
between DNA and histones is the regulation of these interactions, in particular, the modulation
of the dynamics of nucleosomal DNA opening and closing by weakening intermolecular contacts.

One of the powerful tools for studying the structure and dynamics of nucleosomes is the
molecular dynamics (MD) method, which makes it possible to interpret and supplement the
results of experimental studies. MD simulations have been applied to study the structure and
dynamics of nucleosomal DNA , nucleosomal unfolding , functions and dynamics
of histone tails @, the role of histone post-translational modifications ,
DNA-DNA and DNA-protein interactions , counterion distribution around nucleosomes ,
role of DNA sequence in nucleosome dynamics , etc. However, a detailed analysis of the ionic
environment of the nucleosome and the dependence of the nucleosomal structure and dynamics
on it has not been previously carried out. Due to the complexity and computation time, models
often require various approximations such as removing parts of the system (e.g. histone tails),
using implicit solvent models, or representing the system as a coarse-grained model to achieve
significant simulation times. At the moment, the duration of the longest trajectory of an all-
atom nucleosome model with intact histone tails, obtained using supercomputing, is about
15 us . However, many important dynamic processes of the nucleosome occur in the range
from microseconds to milliseconds , which requires an increase in speed and efficiency of
computational methods.

In this work, motivated by the ambiguity of the available evidence about the effect of the
monovalent cations type on the nucleosome structure and dynamics, we aimed to use all-atom
supercomputer molecular dynamics simulations to model nucleosome dynamics in different ionic
environments. Simulating the time trajectory of such a large all-atom model as the nucleosome
with ions requires considerable computing power. Thus, the most efficient way is to carry out
MD calculations on supercomputers, which make it possible to achieve significant computational
speeds and trajectory lengths. Using the Lomonosov-2 supercomputer, we obtained eight tra-
jectories for nucleosome models (including 20 bp linker DNA segment) in solution with Na™
and KT ionic concentrations of 150 mM and 3 M. In our work, we analyzed the details of the
distribution of sodium and potassium ions around DNA of the nucleosome, and assessed the
possible effect of ions on the process of nucleosomal breathing.

1. Methods

1.1. Simulation Preparation

The work was carried out using the molecular dynamics simulations method. The systems
were based on the initial X-ray structure 1KX5 from the PDB database . The 1KX5 structure
was modified by adding 20 bp DN A-linkers with identical sequence and truncating histone tails.
Sites of truncation were chosen in order to remove histone tails‘ flexible parts and avoid removing
parts near the globular core that make stable contacts with DNA and histones. The final modified
structure was placed in rhombododecahedral cell with periodic boundary conditions and minimal
distance from nucleosome to cell wall 2 or 3 nm depending on the system. Then water molecules
(TIP3P model) and Kt or Na® and Cl~ ions were added to reach the desired concentration
for the whole cell volume (150 mM or 3 M) (Fig. . In order to avoid possible fraying of base
pairs at the ends of DNA, an additional harmonic potential (with a force constant of 1000 kJ
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mol~! nm~2) was applied to the distance between glycosidic nitrogen atoms of the terminal
base pairs. Simulations were performed with the GROMACS 2020.2 software package . An
AMBER {f14SB force field with parmbscl DNA parameter correction and CUFIX ion
parameter correction was used. The prepared systems were energy minimized and step-
by-step equilibrated with a gradual relaxation of harmonic positional restraints imposed on
all atoms except hydrogens. Minimization was carried out using the steepest descent gradient
method with positional restraints of 500 kJ mol~! nm~2. Then the five stages of equilibration
were performed: 1. 100 ps with positional restraints of 500 kJ mol~! nm~2 with a step of 0.5 fs;
2. 200 ps with positional restraints of 50 kJ mol~! nm~? with a step of 2 fs (then the step
was kept); 3. 200 ps with positional restraints of 5 kJ mol™! nm~2; 4. 200 ps with positional
restraints of 0.5 kJ mol~! nm~2; 5. 200 ps free simulation. The systems were modeled in an NPT
ensemble with a temperature of 300 K using the velocity rescale scheme and with a 1 bar
pressure coupling using Parrinello-Rahman barostat . The molecular dynamics simulation
step was 2 fs, and frames in the molecular dynamics trajectory simulation were saved every
1 ns. Detailed simulated systems description and production run protocol files may be found at
https://github.com/intbio/Kosarim_et_al_2022.

Simulations were performed on the Lomonosov-2 supercomputer using 1 computing
node, having 14 CPU cores and one NVidia Tesla K40 GPU. Average speed of simulation was
6 ns per day. For calculation of non-bonded interactions GPU was used.

1.2. Trajectory Analysis

The resulting trajectories were analyzed using Gromacs , MDAnalysis and VMD
programs, as well as algorithms developed by our scientific group using Python 3.

The unwrapping of nucleosomal DNA during nucleosome breathing was measured as the
length of a DNA fragment in which all base pair centers were more than 7 angstroms further
from the centers of any base pair in the initial structure.

Radial distribution functions (RDF) of the of sodium and potassium ions were plotted
around two regions of the nucleosome DNA, namely, around any atom of DNA linkers (74-
92 bp, “linker”) and nucleosomal DNA in the region of the exit from the nucleosome (54-73 bp,
“core”). The functions were normalized in such a way as to converge to 1 at large values of the
distance.

Survival probability (SP) reflects the probability of finding ions within a given radius from
DNA within a certain time. In our case, we considered the probability of detecting sodium and
potassium ions at concentrations of 150 mM and 3 M within a radius of 5 angstroms from any
DNA atom around DNA linkers (74-92 bp, “linker”) and nucleosomal DNA (54-73 bp, “core”).

For a comparative analysis of the spatial distribution of sodium and potassium ions around
DNA, the occupancy of ions near the nucleosomal DNA in the region of the DNA exit from
the nucleosome (base pair number 54-73) was plotted. The occupancy values are obtained as
follows: the space is divided by a cubic lattice in a certain cell size (in this case, 1 angstrom);
during the analysis the lattice nodes are assigned the values 0 or 1 depending on whether one
or more of the considered atoms intersect with them; then the results are averaged along all the
trajectory. For this analysis, we selected pairs of systems that demonstrate the greatest opening
of the DNA in nucleosome (K150/Nal50 and K3000a/Na3000a).
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2. Results and Discussion

The study of the influence of the monovalent cations type on the process of nucleosome
breathing was carried out on eight systems, mainly differing in the type of cations, their con-
centration and simulation time (Tab..

Table 1. Simulated systems

System K150 K3000 K3000a K3000b Nal50 Na3000 Na3000a | Na3000b
Atom number 319435 302890 397389 302890 323520 302890 397389 302890
Water molecules 99490 89184 119461 89184 99490 89184 119461 89184
Cation type Kt K+ K+ Kt Na™ Nat Nat Nat
Tons number, cation/Cl | 577/271 | 5723/5417 | 7557/7251 | 5723/5417 | 577/271 | 5723/5417 | 7557/7251 | 5723 /5417
Cation concentration, mM 150 3000 3000 3000 150 3000 3000 3000
Distance to the box, nm 2 2 3 2 2 2 3 2
Time, pus 1.37 0.92 0.94 0.16 0.88 0.80 0.93 0.16

2.1. DNA Unwrapping

DNA unwrapping was observed in trajectories at timescales of greater than 1 microsecond
for ion concentrations of 150 mM and at timescales of hundreds of nanoseconds for 3M concen-
trations (Fig.. The obtained results clearly demonstrate the asymmetric nature of nucleosome
breathing in our simulations, that was experimentally shown by Ngo and colleagues . De-
spite the fact that the nucleosome unwrapping in the obtained graphs is observed mainly in
the potassium environment, this, unfortunately, cannot serve as unambiguous evidence of the
influence of the ions type due to the probabilistic nature of nucleosome breathing and the short

duration of simulations.
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Figure 2. Profiles of the extent of DNA unwrapping during MD simulations and corresponding
overlays of MD snapshots spaced 50 ns apart
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2.2. Radial Distribution of Ions

According to the radial distribution function (RDF) plots (Fig., several important obser-
vations can be made: firstly, the plots of the ionic distribution around DNA linkers are higher
than around nucleosomal DNA, which indicates a greater probability of potassium and sodium
ions binding to the linker DNA than to the nucleosomal DNA; secondly, the plots for sodium
and potassium ions do not differ significantly, which indicates a similar probability of detecting

potassium and sodium ions near both linker and nucleosomal DNA.
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Figure 3. Radial distribution functions of Na™ and K* ions around linker (“linker”) and nucle-

osomal (“core”) DNA

The first observation can be explained due to the fact that some of the ion-binding sites on
nucleosomal DNA can be occupied by the amino acid residues of the adjacent histones or by
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adjacent DNA gyres. The second observation may be a consequence of the fact that both types

of ions have similar interaction patterns with the DNA.

2.3. Survival Probability of Ions

The calculated survival probability (SP) plots demonstrate higher values of the SP for
sodium ions compared to potassium ions near the linker and nucleosomal DNA, both at a con-
centration of 150 mM and at 3 M (F ig.. This indicates a longer interaction of sodium ions with
DNA. We would also like to note the increased SP of both types of ions near nucleosomal DNA
compared to the SP near linker DNA. This observation indicates a relatively longer residence
time of both types of ions near nucleosomal DNA. This can be explained by the interactions of

ions with histones or the neighboring gyres of the nucleosomal DNA, preventing their movement.
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Figure 4. Survival probability of Nat and K* ions in 5 A around linker (“linker”) and nucleo-
somal (“core”) DNA in simulation pairs
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2.4. ITonic Occupancy

In systems with a sodium environment, where the nucleosomal DNA is predominantly
wrapped on both sides during the entire simulation, the occupancy of sodium ions does not
significantly differ (Fig. . At the same time, in systems with potassium ions, and especially
in the K3000a system, there is a clear difference in the ion occupancy in the space between
adjacent DNA gyres.
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(a) K150 system
Linker 1 Linker 2

(b) K3000a system
Linker 1 Linker 2

(c¢) Nal50 system (d) Na3000a system

Linker 2
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Figure 5. Occupancy of Nat and K* ions around nucleosomal DNA at entry/exit regions and
corresponding scheme of nucleosome
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The occupancy is increased on the non-unwrapping side of the nucleosome (“Linker 27”),
where the DNA segment of the upper and lower DNA gyre reside closer together throughout the
entire trajectory. At the same time, occupancy on the unwrapping side (“Linker 17) is lower.
This may indicate both that the approach of DNA segments leads to the accumulation of ions
in the intermolecular space, and the opposite — ions, accumulating between and around the
adjacent DNA segments, prevent their repulsion and, in this case, the nucleosome breathing.

Conclusion

As a result of this work, we have made important observations concerning the distribution
of monovalent sodium and potassium cations around the nucleosomal DNA, as well as their
influence on the structure and dynamics of the nucleosome linker region. In particular, plots
of nucleosome unwrapping, radial and temporal distribution functions, and populations of both
types of ions near linker and nucleosomal DNA were obtained. We showed that the concentration
and mobility of both types of ions near the nucleosomal DNA is lower than around the linker
DNA, which can be explained by the interactions of DNA with histones and interactions between
neighboring DNA gyres. The noted longer residence time of sodium ions near the DNA presum-
ably indicates their greater affinity for DNA compared to potassium ions at least within the force
field model used in our simulations. Among other things, it has been demonstrated that ions
tend to accumulate in the space between the nucleosomal DNA gyres, probably contributing to
their attraction and thus preventing nucleosome breathing. The problem of monovalent cations
type effect on nucleosome requires further examination due to its ambiguity. Nevertheless, the

use of potassium, which is predominant in vivo, may be preferred in computer simulations.
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