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Histone tail acetylation is a key epigenetic
marker that tends to open chromatin
folding and activate transcription. Despite
intensive studies, precise roles of
individual lysine acetylation in chromatin
folding have only been poorly understood.
Here, we revealed structural dynamics of
tri-nucleosomes with several histone tail
acetylation states and analyzed histone
tail interactions with DNA by performing
molecular simulations at an

unprecedentedly high resolution.
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In coarse grained (CG) molecular
dynamics (MD) simulation of this work,
histone globular domains were mostly
restrained to their crystal structures by
AICG2+

disordered histone tails were modeled as

potential. Intrinsically
flexible chains depending on local
structural propensities. The DNA was
modeled with 3SPN.1 model, which biases
double stranded DNA to the B-type form
and can bend by interacting with histones.
As for the salt concentration, we used 100
mM which
compatible with the small-angle X-ray

reproduces structures

scattering (SAXS) experimental profiles

(Takagi et al, under review). Simulations

are performed by CafeMol.

(EES
We found versatile acetylation-dependent
landscapes of tri-nucleosome folding. The
H4 and H2A tail acetylation reduced the
contact between the first and third
nucleosomes mediated by the histone tails.
The H3 tail acetylation reduced its
interaction with neighboring linker DNAs
resulting in increase in the distance
between consecutive nucleosomes. Notably,
two copies of the same histone in a single
nucleosome have markedly asymmetric
interactions with DNAs suggesting specific
pattern of nucleosome docking albeit high
inherent flexibility. Estimated transcription
factor accessibility was significantly high for

the H4 tail acetylated structure.
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We investigated histone tail acetylation
dependence of the free energy landscape of
tri-nucleosome folding wusing molecular
simulations that has the reside-level
resolution. We found that the tail
acetylation in each histone alters the energy
landscape in distinct manner. Of the four
histones, the H4 acetylation showed the
largest change; the open and loose states
became dominant. The H3 acetylation
increased the distance between neighboring

nucleosomes. In  the analysis  of
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un-acetylated histone tail interactions with
DNA, we found that two copies of each
histone tail in each nucleosome show
markedly different interactions, suggesting
specific pattern of nucleosome docking. We
also showed that the change in
tri-nucleosome folding is correlated with
altered accessible surface area of generic
transcription factors: The H4 acetylated

system showed the largest accessibility.
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Protein-DNA interactions are ultimately sources
of all kinds of genetic processes at molecular
level. Protein binding to DNA can reshape DNA
structure, whereas altered DNA structure could
modulate protein dynamics bound on the DNA.
Molecular mechanisms of such mutual
dependences have not been well understood yet.
Experiments have characterized the effect of
protein binding on the apparent bend and twist
flexibilities of DNA. Additionally, it was found
that very subtle variances in the DNA backbone
topography can result in distinguishable binding
properties for different proteins belonging to the
same family. However, due to the limitations of
experimental time resolution, they focused on
rather long-time behavior with specific DNA

environment. In this study, we address more

dynamic coupling among protein binding to DNA,

protein sliding on DNA, and DNA bending for
more general and thus ubiquitous situations
employing molecular dynamics (MD) simulation
approaches.
HARBY R ANG . FHREGIE
To address the issue, as a model system, we
use the histone-like protein from strain U93
(HU). HU is one of the most abundant
DNA-binding proteins in £E. coli, and is
involved in many important cellular processes,
such as transcription repression, DNA repair,
and most basically, DNA compaction.
In the

present work, we employed

coarse-grained molecular models, where each
amino acid in protein is represented by one
particle located at its Ca position, while each
nucleotide is simplified as three particles,
representing phosphate, sugar, and base. For
energy functions, we used the AICG2+ model
for HUa2 homodimer, and the 3SPN.2C model
for DNA.

In this work, by performing extensive MD
simulations of HU binding to DNA with
different sequence or structural properties, we
first confirmed that the sequence-dependent or
topology-dependent  deviations of DNA
conformation affect the preferred binding site
of HU. Then, we revealed that the binding of
HU enhances bending angle of DNA, while the
curvature changes of DNA in turn result in
different diffusion modes of HU.

(EES

We first performed coarse-grained MD
simulations for HU on five DNA sequences of
90 bp long. These DNAs have different C/G
contents or topologies. For the case of DNA
composing of purely C and G, HU did not show
any preference to particular positions on DNA.
Whereas for DNAs with A/T regions, we found
weak preference of HU binding to A/T
sequences. Besides, we found that in the
simulations of HU binding to DNA with gap or
nick, HU preferentially binds to nucleotides at
the opposite side to the gap, and then forms

interactions that stabilize the bound
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conformation. By comparing the results of HU
binding to purely C/G, DNA with A/T-rich
region, and gapped/nicked DNA, we showed
that HU has weak preference to the AT-rich
region, but strongly favors binding to the
near-gap/nick regions. These results are all in
good agreement with the experiments.
Moreover, the experimental work classified HU
as a structure-specific DNA binding protein
rather than a sequence specific one.
Consistently, we observed much of DNA
bending upon strong binding of HU.

On the other side, to quantitatively evaluate
the conformational changes of DNA upon HU
binding, we monitored the local curvature of
DNA during the simulations. We found that
upon HU binding, the curvature of DNA
without any nick or gap is slightly increased
from that in the bare DNA, especially for the
regions with higher HU contact probabilities.
However, for HU-bound gapped DNA, we
found that the binding of HU drastically
enhanced the bending extent of DNA,
especially at low ionic strength.

Our results also revealed that the bending of
DNA affects the binding position of HU.
Actually, the negative charge density at the
concave of DNA bending is more prominent
than the convex so that HU adopts interactions
with nucleotides in the concave region.

We next address the coupling of HU binding
and DNA bending in dynamics. We found that
the highly curved DNA regions are largely
overlapped with the binding position of HU,
indicating that the protein binding and the
DNA bending are dynamically coupled. Our
results also indicate that the HU movements
are not simple diffusion, but are divided into
pauses and transitions that occur
intermittently and that the pauses and
transitions correspond to high and low DNA

curvature, respectively.
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For HU binding to the gapped DNA, we then
looked into structures of HU-DNA complexes
choosing two HU binding positions, one at the
gap region, and the other that is far from the
gap. At the two HU binding positions, we
computed the DNA contact probability for each
amino acid. We found that HU residues have
higher probabilities to form contacts with DNA
when HU binds to the gap region. Our results
reveal that the residues of which the contact
probabilities were distinct were spatially close
each other, and are on the “flanking” surface of
HU. Based on these results, we conclude that
DNA tends to form contacts with these
flanking residues of HU and consequently
stabilizes largely curved DNA, provided that
DNA is sufficiently bendable.

ERa-0)

In summary, we investigated the dynamic
mechanism of sequence-nonspecific
interactions between protein and DNA using
HU as a model protein. The electrostatic
interactions between positively charged
protein residues and negatively charged DNA
backbone groups dominate the binding, sliding
behavior of HU as well as the bending of DNA.
The HU-DNA binding interface is dynamically
coupled to the curvature of DNA. Forming
more contacts between HU and DNA facilitates
the bending extent of DNA. We found that the
HU motion on DNA has two distinct modes,
sliding and pause. HU pauses when DNA is
sharply bent. This type of complex interplay
between protein binding, DNA bending, and
protein sliding may be a general mechanism in
protein-DNA interactions ranging from target
searching processes of transcription factors to
compaction of DNA by sequence-non-specific
architectural DNA-binding proteins.
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In the next stage, we will test large amount of

other DNA-binding proteins to evaluate the
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generality of our current conclusions,
especially the relation between
binding-induced-bending of DNA and possible

pauses of protein diffusion on DNA.
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