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DNA Packaging and Electrostatic Interactions

Nikolay Korolev and Lars Nordenskiold

School of Biological Sciences, Nanyang Technological Ersity,
60 Nanyang Drive, 637551 Singapore
E-mail: korolev@ntu.edu.sg

In cell nucleus, all DNA exists as a highly packed nucleogirotomplex called chromatin.
DNA is highly negatively charged polyelectrolyte and asssmuence DNA-DNA repulsion
must be overcome to form chromatin. The first level of DNA kg is the nucleosome core
particle (NCP), composed of 150 bp of DNA wrapped around @h&octamer core and flexi-
ble positively N-terminal domains (histone tails) protinglout from the NCP. Linear arrays of
the NCP are further folded into higher level chromatin strues with the histone tails playing
important roles in their formation. Theoretical modelsnfr@oisson Boltzmann (PB) approxi-
mation to all-atom molecular dynamics simulations are usetescribe chromatin/nucleosome
statics and dynamics. Applying the PB theory we show that éeergy of NCP formation is
extremely favorable that challenges established opirtimutmarginal stability of the NCP. To
describe the influence of the histone tails on aggregatidrdgnamics of the NCPs, we carried
out molecular dynamics simulations with coarse-grainggt@pmation of the NCP. Our results
are in good agreement with experimental neutron scattenX-ray diffraction data. To re-
veal molecular details of the histone tail-DNA binding anhamics, all-atom MD simulations
were undertaken in a system comprising several DNA oligsmaed fragments of the histone
tails. Correlation between DNA-DNA distance and binding tistone tails to DNA is clearly
observed. At the same time, binding of the tails does naticesiternal dynamics of the DNA.

In eukaryotic cell, long DNA (roughly 2 m in humans) is packaabut 400,000 times
inside a cell nucleus of 10-20m in diameter. DNA packaging is performed by nuclear
proteins and this specific nucleoprotein complex calle@wetatin performs contradictory
functions keeping DNA compact and protected while remajsielectively accessible and
dynamic. About 85% of DNA in chromatin is represented by amif units, the nucleo-
somes, which are the complex of 160-230 base pairs (bp) of Ddlisble helix with five
histone proteins (H2A, H2B, H3, H4, and H1). The most regadantral part of the nucle-
osome is called the nucleosome core particle (NCP) andstsrefi147 bp DNA wrapped
as a 1.75 turn superhelix around the histone octamer fornoed dne (H3/H4) tetramer
and two H2A/H2B dimers:2 Variable length (10-80 bp) of the DNA (called linker DNA)
connects the NCPs to each other and binds to the linker leidtdn Linear arrays of the
NCP are further folded into higher level chromatin struesuawith the histone tails playing
important roles in their formation. The histones are resjiga for the first step of DNA
compaction in chromatin and pose a major obstacle for daecess to the DNA of pro-
teins responsible for DNA replication, transcription, agpand recombination. Variable
length double stranded linker DNA connects the NCPs witlh esdlser to form nucleoso-
mal arrays which condense into the 30-nm chromatin fibérgach of the core histones
has unstructured N-terminal domain called “histone taiBtpuding through the DNA su-
perhelix. The tails are able to interact with DNA of the NCiRkér DNA and variety
of nuclear proteins. The structure of the histone tailsdbrg@scapes detection by X ray
crystallography and by other experimental methods, inmgiyhat they are highly flexible
and dynamic. The histone tails are essential for maintemahthe higher order compact
folded structures of chromatin and for regulation of traipgimn and replicatiorf:® These
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functions of the histone tails are regulated by covalentiffeadions of the amino acids,
which may change the net charge and distribution of the @ubggoups in the tails.

DNA is highly negatively charged polyelectrolyte and tHere huge repulsive force
between the DNA molecules must be overcome to form chroma&isitively charged
amino acids Lys and Arg" of the “histone-fold” domains form a distinct charged suga
which direct DNA wrapping in the NCP. The histone tails arghty basic. One might
imagine that huge forces of electrostatic origin are inedlin all transitions of chromatin.
However, the role of electrostatic interactions contiifigito chromatin/nucleosome struc-
ture and dynamics, has received less attention comparkd titier phenomena (e.g. DNA
bending properties, topological problems related to th&mDRwinding and twisting). Our
work analyses and models contribution of electrostaticdsito formation of the nucleo-
some and ability of the nucleosomes to aggregate and maediattithe charged groups of
the histone tails in close DNA-DNA contacts.

1 Estimation of the NCP Stability Using Poisson Boltzmann
Polyelectrolyte Model

In the process of unwrapping DNA from histones two strondigirged polyelectrolyte en-
tities are formed: the negatively charged DNA and posiyivdlarged histone core. Elec-
trostatic interactions arising in such a case must have faynd influence on the course
of whole process and on equilibrium between the two phases dingle-molecule ex-
periments; the electrostatic forces resist the detachment of the DN#fthe histones
during the single-chromatin fiber stretching under the @flee of a mechanical pulling
force. The degree of this resistance is dependent not onthi@strength of the individ-
ual histone core — DNA contacts but also on the ionic conadgim the solution as well
as on the balance between the positively and negativelygedagroups in the chromatin.
Other important contributions to the detachment procédss niechanical bending force
and specific short-range DNA-histone interactions, aredependent on the ionic condi-
tions. Despite the fact that the electrostatic interactimust have a significant influence
on DNA unwrapping, their role is rarely discussed in theréitare. Recently, we ana-
lyze the electrostatic component of the DNA-histone intioas within the NCE:° Using
the mean theory (Poisson Boltzmann) approximation, théribation of the electrostatic
forces to a formation of the elementary structural unit afochatin, the nucleosome was
estimated. Results of the modeling were discussed inoel&tithe recent DNA stretching
experiments$:”

Figure 1 shows contribution of the electrostatic force®ined in gradual removal of
the DNA from the histone proteins in chromafii.Results from the PB theory challenge
an established opinion that the free energy of the NCP foomét small and that the forces
related to the bending of the DNA double helix plays make tlagomcontribution to the
NCP energetics. Instead, calculations within the PB moelaal that of the electrostatic
free energy of the NCP formation is extremely favorable @ige 1). Remarkably, sim-
ple polyelectrolyte model is in a semi-quantitative agreatwith recent optical tweezers
stretching experiments measuring the force necessarywoapnDNA from the histone
core®’ Our analysis shows that the electrostatic interactionsést the highly nega-
tively charged polymeric DNA and the positively chargeddrigs play a determining role
in stabilizing the nucleosomes at physiological cond#ion
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Figure 1. (A) Estimation of electrostatic free energy of @P dissociation. Degree of the nucleosome unwind-
ing (abscissa) is measured as change of the total charge BGR (histone octamer + bound DNA). Dash-dotted
line shows the free energy contribution from DNA, releasexnfthe octamer; dotted line is the electrostatic
free energy of the NCP, approximated as a sphere d Eius; solid line is a sum of the two terms. Vertical
bar shows the position when one full turn of DNA is wrappeduarbthe histone core. PB cell model has been
applied with conditions modeling chromatin stretchingerxments. Vertical bars 1-3 are estimations of the DNA
bending energy given in the literature and are drawn to klybhthe importance of the electrostatic interactions
relative to the DNA bending. (B). Change of the energy of tl@&Nn the process of the chromatin fiber unwind-
ing. The thin line displays a hypothetical equilibrium DNAwrapping from the histone core; solid and dashed
curves are estimations of energy passes in single-fibéing@xperiments from refs. and, respectively. Cartoons
illustrate the NCP state at different stages of the DNA filbatshing. See ref. 8 for details.

2 Coarse-Grained Molecular Dynamics for Salt-Dependent
NCP-NCP Interaction

Molecular dynamics (MD) computer simulations of chargegidme tail-DNA interactions
in systems mimicking nucleosome core particles (NCP) haealzonducted using coarse-
grained model of the NCP. The nucleosome is approximated as a negatively charged
spherical particle with flexible polycationic histone adlttached to it in a dielectric con-
tinuum with explicit mobile counterions and added salt. $tee, charge and distribution
of the tails relative to the core were built mimicking real RQn this way, attractive ion-
ion correlation effects due to fluctuations in the ion clond ¢he attractive entropic and
energetic tail bridging effects were incorporated. MD diations in a dielectric continuum
model containing explicit mobile counterions and varioosant of added salt describe
the effect of changing experimental conditions were cdraiet!® In agreement with ex-
perimental datdl ' increase of monovalent salt content from salt-free to phygical
concentration leads to formation of NCP aggregates; apa/lge in the presence of Mgl
the NCPs form condensed systems via histone tail bridginigaaocumulation of counte-
rions (Fig. 2). The simulations give insight into the tail adieted bridging between core
particles and are also of relevance for the mechanism ohskecy and tertiary condensa-
tion of nucleosomal arrays. To our knowledge this is the firebretical demonstration of
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Figure 2. Top: Snapshots showing distribution of the NCRiglas at the end of the four 200 ns coarse-grained
MD simulations with increasing concentration of k3 cartoones to the left) and in the presence ofMgight).
Bottom: RDFs calculated from the last 25% of the four coapsened MD simulations. Left: NCP-NCP cor-
relation function. Maxima between 100-12&0indicate NCP-NCP aggregation. Right: Intermoleculak-K&P
RDF. Appearance of maximum below Baeveals crosslinking of the histone tails in the aggred&€Ps. Insert
displays the dependence of the maximum of the RDF on siroulditine. See ref. 11 for details.

nucleosome-nucleosome tail bridging attraction withirtagistical mechanical treatment
which (within the model) gives the equilibrium descriptiVT ensemble simulations)

for a system whose parameters model the NCP and which ekpliatludes all charged

mobile particles taking into account salt dependent ianeimrrelation and flexible charged
tails.

3 All Atom MD Simulation of DNA-DNA Attraction Mediated by
the Histone Tails

To investigate atomic details of the histone-tail medi@@®&@#-DNA interaction, two series

of all-atom MD simulations were performed during 30-50 nsdcsystem of 3-4 identi-
cal DNA 22-mers, 14-20 short fragments of the charged Héhestail peptide fragments
(amino acids 5-12, [KGGKGLGHKY,*? and 13-19, [GGAKRHRK]* (unpublished work))

with K* counterions and explicit water. The simulation setup marie crowded con-
ditions of DNA in eukaryotic chromatin. To assess the infheewnf tail fragments on
DNA structure and dynamics, ‘control’ MD simulations weaaged for systems with the
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Figure 3. Distribution of the average DNA-DNA distance in Mnulations with 3 (left) and 4 (right) DNA
22-mers in the simuation cell. Short-dashed lines show A distance in the absence of the H4 histone tail
fragments. Thin dotted lines (Taill, Tail2) in the left gnagisplay DNA-DNA distance in the presence of the
5-12 a.a. [KGGKGLGK}* fragment. Solid line in the left graph (“3DNA”) and Run1-Rnurves in the right
graph show DNA-DNA distance in the presence of the 13-19 [E&AKRHRK]** fragments. In the absence
of the tail fragments DNA-DNA distance is determined by timaehsion of the simulation cell; presence of the
histone tail fragments makes DNA-DNA distance 846horter.

same DNA and water content but in the absence of oligopeptidBlA structure and dy-
namics, DNA-DNA interaction and its interplay with the et tail fragments binding
are described®*® MD simulations allow capturing typical features of the bis tail-
counterion-DNA structure, interaction and dynamics.

Binding of the tail fragments to the DNA is dynamic. The cledgide chains of
the lysines and arginines play a major role in mediating DDINA attraction by forming
bridges and coordinating to phosphate groups and elegiabine sites in the minor groove.
Correlation of the DNA-DNA distance with the presence ansbamtion of the histone
tail between the DNA molecules is observed. Figure 3 congpdistance between DNA
molecules in the absence (dashed lines with maximum at %}md in the presence of
the tails (all other data). In the systems without tails DNAletules tend to distribute as
far as possible from each other. In the systems with the réstail fragments, the most
populated DNA-DNA distances are in the range 24A3fig. 3).

Detailed investigation of the histone tail-DNA interactishows that tail bridging is
performed through numerous contacts of Lysid Arg" with the phosphate groups com-
bined with penetration of the charged lysine side chairgstimt minor groove of the DNA.
Experimental and computational work is in progress whislegtigates interplay between
covalent madification of the histone tails and compactiorclmomatin, NCP-NCP and
DNA-DNA interaction.
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