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ABSTRACT Heterochromatin protein 1 (HP1), associated with heterochromatin formation, recognizes an epigenetically
repressive marker, trimethylated lysine 9 in histone H3 (H3K9me3), and generally contributes to long-term silencing. How
HP1 induces heterochromatin is not fully understood. Recent experiments suggested that not one, but two nucleosomes pro-
vide a platform for this recognition. Integrating previous and new biochemical assays with computational modeling, we provide
near-atomic structural models for HP1 binding to the dinucleosomes. We found that the dimeric HP1« tends to bind two
H3K9me3s that are in adjacent nucleosomes, thus bridging two nucleosomes. We identified, to our knowledge, a novel
DNA binding motif in the hinge region that is specific to HP1« and is essential for recognizing the H3K9me3 sites of two nucle-
osomes. An HP1 isoform, HP1+, does not easily bridge two nucleosomes in extended conformations because of the absence of
the above binding motif and its shorter hinge region. We propose a molecular mechanism for chromatin structural changes

caused by HP1.

INTRODUCTION

Heterochromatin protein 1 (HP1) is a nonhistone chromo-
some protein with versatile functions (1-4), including
heterochromatin formation, gene silencing in pericentric
heterochromatin, control of gene expression, and stabiliza-
tion of telomeres (1,5). As such, HP1 is found in diverse
eukaryotic organisms, with the exception of budding yeast.
Heterochromatin spread is supposed to rely on the ability of
HP1 self-association (6-8).

Related to its broad range of functions, HP1 has isoforms;
for mammals, three isoforms, HP1«, HP1(3, and HP1+, have
been identified (2,4). Despite the apparent similarity in se-
quences and architectures of the three isoforms, they are
known to show different localizations, and their deletions
lead to different phenotypes (9—11). HP1« localizes to het-
erochromatic regions, whereas HP1( is observed in both
heterochromatic and euchromatic regions. HP1vy, but not
HP1a and HP1g, associates with actively transcribed genes
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and plays a role in the transcription elongation (12,13).
Despite HP1’s broad range of functions and properties, little
is known about the molecular mechanisms that realize these
versatile functions.

HP1 consists of two highly conserved globular domains,
the chromo-domain (CD) and chromoshadow-domain
(CSD), which are linked by a less-conserved disordered
hinge region (HR) of various lengths (Fig. 1 A). The CD
is known to recognize the trimethylated lysine 9 in the
histone H3 tail (H3K9me3), a major epigenetic marker of
heterochromatin (14,15). The CSD forms homo- or hetero-
dimers with CSDs of the same or different isoforms of HP1
(16,17). Although HP1 has been considered to function as a
dimer (18), the isoform-specific oligomerization of HP1
has also been reported. Fission yeast HP1 (swi6), as well
as human HP1«, is dimerized via CD and is tetramerized
(18,19), whereas HP1( has been revealed to be only dimer-
ized via CSD (20). The dimeric CSD also provides a plat-
form for the assembly of other related proteins, thus
working as a hub-like protein (21). The hinge region is
enriched with positively charged amino acid residues and
disordered (22), which makes HP1 a highly flexible mole-
cule. Notably, the affinity of the CD to an H3K9me3 pep-
tide is rather weak, which implicates more collaborative
recognition involving other parts of molecules. Indeed,
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much evidence shows that the hinge region of HP1 binds
to DNA in a non-sequence-specific manner, which may
facilitate HP1 loading to chromatin (20,23-25). Mouse
HP1 (CBXI, 3, and 5) binds not only to a methylated
histone tail, but also to the histone-fold domain of histone
H3 (17).

Although the molecular architecture of HP1 and the
domain-specific functions have been relatively well charac-
terized, how the biochemical features of HP1 lead to versa-
tile phenotypes is largely unknown. This is partly due to
the limited number of studies concerning the interaction
between nucleosomes and HP1 (6,18,20,24-29). Recently,
energy transfer using fluorescently labeled nucleosomes
and HP1 has elucidated stochastic HP1-chromatin interac-
tion events (28,29). Electron microscopy observation
shows that HP1 clusters on the nucleosomal array (6).
How two CDs of HPI dimer consequently recognize
K9me3 on the chromatin structure is crucial for hetero-
chromatin expansion. However, this point has not been
revealed. We found that the HP1« dimer binds to a dinu-
cleosome containing H3K9me3 with a high affinity, but
not to a mononucleosome containing H3K9me3 (24).
Notably, once linker DNA is attached to both ends of the
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FIGURE 1 Schematic view of HP1 constructs.
(A) The HPI forms the homodimer via CSD
(depicted in green) and recognizes the trimethy-
lated H3K9 (shown as “me3”) via the CD (blue).
Between the two globular domains, a disordered
hinge region is present. (B) A mononucleosome
without linker DNA is shown. One CD is bound
to K9 of one H3, and the other H3 is termed
“A-distal H3.” (C) A mononucleosome with two
linker DNAs of 25 bp connected to both ends of
nucleosomal DNA is shown. (D) A dinucleosome
with linker DNA of 25 bp and one CD bound to
K9 in a proximal H3 of nucleosome A (designated
as “A-prox-bound”) is shown. An unbound CD is
termed “free CD.” The other three H3 tails are
labeled. (E) A dinucleosome with one CD bound
to K9 in a distal H3 of nucleosome A (“A-dist-
bound”) is shown. To see this figure in color,
go online.

mononucleosome, it interacts with HPla with a higher
affinity than in the case without the linker DNA. The affin-
ities with HPl« are at the same level between di- and tet-
ranucleosomes with the H3K9me3 marker. These together
suggest that the dinucleosome provides a basic platform for
the HP1a dimer to bind on. Remarkably, HP1y does not
strongly bind to an extended form of tetranucleosome to
which HPla binds strongly (26). When the tetranucleo-
some took a more compact form, HPly recognized the
compact tetranucleosome with a high affinity. This pro-
vides us a hint for the phenotype differences among
isoforms.

However, biochemical assays alone do not provide
high-resolution structural insights. For that purpose,
structural biology methods may be desired. Yet, because
of the highly disordered nature of HP1 and histone tails,
standard structural biology methods have not provided
high-resolution information, either. As such, computer
simulations are potentially useful to obtain high-resolution
dynamical structures. But, for this size of molecule that
involves large fluctuations, straightforward atomistic
molecular dynamics (MD) simulations are not efficient
enough to sample a large conformational space. Given
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these facts, the mesoscopic Monte Carlo simulation
approaches pioneered by Langowski, Schlick and others
have opened up structural modeling studies of polynucleo-
some systems (30-35). More recently, multiscale MD sim-
ulations have also been applied to provide structural and
dynamical insights into nucleosomes and their interaction
with other proteins (36-41). Notably, computer simula-
tions for this size of molecule always need to be verified
experimentally.

In this study, using multiscale molecular simulations and
biochemical assays, we clarified binding modes of HP1 with
mono- and dinucleosomes, from which we obtained a near-
atomic resolution structural model of the HP1-dinucleo-
some complex. We also tested the current computational
results by biochemical experiments.

MATERIALS AND METHODS

Biochemical experiments expression and
purification of proteins

The cDNA of human wild-type HPla and y or mutated HP1 were
subcloned from pGEX-6P1, as described by Mishima et al. (26). Full-
length and mutagenized HP1 were expressed and purified as described
(26). Recombinant histones and H3K9me3 were prepared as described
elsewhere (24).

Preparation of dinucleosomes

The 601.2 tandemly repeated DNA templates with 25-bp linker DNA are
shown in Fig. SI. Nucleosomes were reconstituted with histone octamers
prepared with recombinant histones and the template by a salt-dialysis
method (42,43). The reconstituted dinucleosomes were purified by
glycerol density-gradient centrifugation as described (42). The concentra-
tions of dinucleosomes were determined by measuring the absorbance at
260 nm.

Pull-down assay

The binding activity of HP1 to dinucleosomes was determined as described
by Mishima et al. (26). Briefly, 80 pmol of glutathione S-transferase (GST),
GST-HPl« (wild-type (WT) or mutant (mut)), and GST-HP1y bound glu-
thathione Sepharose (GE Healthcare, Little Chalfont, UK) of 10 uL packed
volume was mixed with 1 pmol reconstituted nucleosomes in 20 uL of a
binding buffer comprising 50 mM NaCl, 0.2 mM dithiothreitol, 0.2 mM
phenylmethylsulfonyl fluoride, 1 mM ethylenediaminetetraacetic acid,
0.1% (v/v) Nonidet P-40, 20% (v/v) glycerol, and 20 mM Tris-HCl
(pH 7.4). The input, unbound, wash, and bound fractions were subjected
to sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE), and proteins
were fluorescently detected by using Lumitein (Biotium, Fremont, CA).
The density of histone bands was quantitated with Image Gauge V4.0
software (GE Healthcare).

Gel shift assay

GST-HP1 (1, 2, or 4 uM) was mixed with 25 nM of mononucleosomal
DNA without linker, of length 147 bp, in the binding buffer. After the in-
cubation, the mixtures were electrophoresed in a 0.7% agarose gel with
0.5 Tris-borate-ethylenediaminetetraacetic acid, and then DNA bands
were stained with GelGreen (Biotium) and quantitated with a fluoro-
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imager, FLA9500 (GE Healthcare, Massachusetts), as described by Mis-
hima et al. (26).

Reference structures for computer modeling

For nucleosome structures, we refer to the x-ray crystallographic struc-
tures, for which the Protein Data Bank (PDB) code is 1KXS5 (44).
Combining the structures with the 25-bp-long standard B-type DNA
model, we generated dinucleosome structures. The native structures for
the CD and CSD were taken from 3FDT and 313C, respectively. The com-
plex structure of the CD with the H3K9me3-containing peptide was also
taken from 3FDT (45).

Coarse-grained MD simulations

We briefly describe the simulations method here. We used a total energy
function that consists of three terms,

Vtotal = Vprotein + VDNA + VproteinfDNA7

where the first, the second, and the third terms represent potential energies
for proteins, DNA, and the interaction between them, respectively.

For proteins, we utilized the atomic interaction-based CG model 2+
(AICG2+) developed by Li et al. (46,47):
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Here, the first term means virtual bonds between adjacent amino acids,
and the second term represents the sequence-dependent bond-angle and
dihedral-angle potentials defined below. The third and fourth terms are
structure-based local potentials giving biases to the native local structures.
The fifth term is the native contact potential that binds amino acid pairs that
are found in the native structures. The last term is a simple short-ranged
repulsion. The third term, V],Z’:., is a sum of the two contributions: the
bond-angle potential and the dihedral-angle potential, both of which were
obtained via the Boltzmann inversion of the probability distributions in a
loop library from the PDB, specifically,
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where P(6) and P(¢) are the probability distributions of the corresponding
variables estimated from a loop library of PDB structures. See the original
work for a more detailed description of the AICG2+ potential (46). For
intrinsically disordered regions, we did not include the structure-based
term and thus used only the first, the second, and the last terms. For his-
tones, the N-terminal 43, 23, 15, and 33 residues in H3, H4, H2A, and



H2B were treated as the intrinsically disordered regions. For HP1, we set
residues 1-19, 69-120, and 181-191 as disordered regions.

For DNA, we used the 3SPN.1 model developed by the de Pablo
group (48):
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See the original work for more details.
For protein-DNA interactions, we defined the following energy function,
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where the first term is for the specific interaction imposed between nucle-
osomal DNA and histones, whereas the second and the third terms are
general physical-chemical interactions; the second term is a simple short-
range repulsion, and the third term is the Debye-Hiickel electrostatic inter-
actions. We chose o”°~% —= 6.0A. The €y dna value was determined
to be 0.8x the default contact energy for protems (0.3) for mononucleo-
somes in the previous work (49). Integer charges were set for each CG
particle: +1 for Arg and Lys and —1 for Asp, Glu, and P (the phosphate
group). The dielectric constant is set as ¢ = 78. The Debye screening length
kp is calculated as usual, depending on the in silico ionic strength.

The equation of motion that drives the system is the standard Langevin
equation,
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where the random noise is the Gaussian white noise with the mean and
variance
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respectively. kg is the Boltzmann constant, and 7 is the temperature set
as 300 K. v is the friction coefficient, and we used a low friction
(0.02 in CafeMol unit (50)) to speed up the dynamics. Each MD trajec-
tory contains 10® steps starting from the above-mentioned extended
configuration.

(Vi.m - ,,H) }
12 bpi\ 10
1) ()

1
; lf rij < 260,dna

HP1-H3K9me3 Dinucleosome Interaction

For MD, we used the CG MD software CafeMol developed in our group
throughout the work (50). This software is freely available at http://www.
cafemol.org, and this work is reproducible by CafeMol 2.1. Unless other-
wise denoted, we used the default parameter values in CafeMol.
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Reverse-mapping from a coarse-grained model to
a fully atomistic model

For protein, we constructed a fully atomistic model by a one-to-one threading
method of the PHYRE2 modeling server (51). For DNA, we modeled the fully
atomistic structure by superposing fully atomistic nucleotides on each coarse-
grained nucleotide and replacing the coarse-grained model with the fully
atomistic model. Fully atomistic nucleotides (IAMP, dGMP, dTMP, dCTP)
were obtained from a B-type DNA structure generated by NAB (52,53),
and we superposed three points (center-of-mass of sugar, center-of-mass of
phosphate, N1 or N5 atom) on the corresponding coarse-grained particle.
When we modeled the 5’ nucleotide, we used the center-of-mass of sugar
of 5 nucleotide, the N1 or N5 position of the nucleotide, and the center-of-
mass of the phosphate of the adjacent nucleotide for superposition.

Fully atomistic MD simulations

MD simulations were conducted by GROMACS 5.1.1 (54-56). The simula-
tion system was a triclinic box with periodic boundary conditions, including
proteins, DNA, 350,048 water molecules, 1031 Na™ ions, and 679 C1™ ions.
Tons were added to neutralize the total charge and to set ion concentration to
~0.1 M. We used the Amber99sb force field with parmbscO parameters and
the TIP3P water model (57-61). We used particle mesh Ewald methods
(62) for electrostatic interactions with a 1.0-nm short-range cutoff. The cutoff
for van der Waals interactions was 1.0 nm. First, we conducted energy mini-
mization by the steepest-descent minimization algorithm. Second, we con-
ducted NVT equilibration at 300 K for 100 ps. Next, we conducted NPT
equilibration at 300 K, 1 bar for 1 ns. Finally, the production run was conducted
at 300K, 1 bar for 30 ns. In the equilibration steps, we restrained the position of
all heavy atoms. In the NVT equilibration, NPT equilibration, and production
run, all covalent bonds were constrained by Linear Constraint Solver (LINCS)
(63). For the water molecules, we used SETTLE (64). For the thermostat, we
used the velocity rescaling method (65). For the NPT equilibration and produc-
tion run, the Parrinello-Rahman barostat was used (66).

Analysis

We used the gmx hbond program for counting the number of hydrogen
bonds (54,55). To find atom pairs forming a hydrogen bond, we used the
gmx hbond and inspected visually.
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RESULTS

HP1«a binding to dinucleosome: biochemical
experiments

By using the extended dinucleosomes reconstituted in vitro
as binding substrates, we have recently reported that HP1«
specifically binds to nucleosomes reconstituted with
H3K9me3 (24). In this construct, two nucleosome core par-
ticles are connected by 20-bp linker DNA. If this linker
DNA takes the standard B-type duplex DNA shape with
one turn of 10.4 bp, the histone H3 tails on the two nucleo-
some core particles face almost the same direction (Figs. S1
and S2). To investigate the effect of the rela‘tive orientation
of two nucleosomes, we made a construct with the length of
linker DNA increased by 5 bp. By using the DNA template
with 25-bp linker DNA, we have reconstituted dinucleo-
somes (Fig. S3) and validated the nucleosomes with restric-
tion enzymes and micrococcal nuclease (Fig. S3, B and C).
We then examined the interaction between the dinucleo-
some and the beads on which GST or GST-HPla bound
(Fig. S4). The dinucleosome reconstituted with H3K9me3
selectively bound to GST- HPla (Fig. 2 A and B). As a
control, the dinucleosome could not be recovered on GST
bound on beads (Fig. 2 B), irrespective of H3K9 methylation
status. The binding activity was comparable to the reported
results using dinucleosomes with 20-bp linker DNA (24),
suggesting that HPla did not recognize the relative
rotational positioning of core particles. To test a possible
artifact of the GST tag, we used Flag-tagged HPla
(F-HPle), finding that it significantly bound to dinucleo-
somes with 25-bp linker DNA in H3K9me3 dependent
manner (Fig. S5).

Modeling the HP1-dinucleosome complex by
simulations

Both HP1 and dinucleosomes are highly flexible molecules
containing intrinsically disordered regions, and there-
fore computational modeling is useful to characterize
their structural assembly. Yet conventional fully atomistic
MD simulations are currently too time-consuming for
these large systems. Thus, here we used a coarse-grained
(CG) MD approach that we have been developing
(46,50,67,68).

In our CG MD approach, each amino acid in proteins is
simplified as a single particle located at its Ca position,
whereas each nucleotide in DNAs is represented by three
particles, one each for phosphate, sugar, and base. For
proteins, globular domains for which crystallographic
structures are available are biased to their structures with
fluctuations (46), whereas disordered tails are treated as
flexible chains for which conformations depend on their
amino acid sequences (69). We have previously examined
and applied this model to several proteins, including
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FIGURE 2 Biochemical assay of HP1 binding to dinucleosomes with
25-bp linker DNA. (A) A schematic illustration of the pull-down assay is
given. The number of dinucleosomes bound to GSH Sepharose on which
GST-HP1 or GST were anchored were analyzed. (B) HP1 isoform-specific
dinucleosome binding activity is shown. Dinucleosomes reconstituted with
unmethylated H3 (unme) or H3K9me3(K9me3) were mixed with the beads,
and the unbound (U) and bound (B) fractions were separated and then
subjected to SDS-PAGE (upper panel). SDS-PAGE data are taken from
the whole gel image shown in Fig. S11. The amounts of each histone in
the bound fractions over input (%) are shown as mean * standard error
(n = 3) (lower panel).

protein complexes with DNA (46,47,49,70). DNA was
modeled to stabilize the standard B-type DNA with
certain bending rigidity (48), which allows it to bend
spontaneously as well as upon binding to proteins. At
the nucleosome core, interactions between histone cores
and nucleosomal DNA were tuned in our previous work
(49) and are utilized here. Because HP1 is dimerized via
its CSD domain with high affinity, we put attractive inter-
actions between two CSD domains so that HP1 keeps
the dimeric form throughout the simulations. Similarly,
between the H3KO9-trimethylated fragment in H3 tails
and the CD of HP1, we put a structure-based attractive
interaction so that these interactions are kept throughout
the simulations. We note that this attractive interaction is



added purely based on experimental knowledge: The CD
domain has significant affinity to the H3K9-trimethylated
fragment of H3 tails, and there exists a complex crystal
structure of a close homolog of the CD domain with the
H3K9-trimethylated fragment of H3 tail (45). In our cur-
rent structural modeling, the strength of this attractive
interaction would not affect the overall structure. For other
parts, the interactions between HP1 and the dinucleosome
are electrostatic interactions and steric repulsions. The
time propagation in MD was conducted by the standard
Langevin dynamics with the stochastic force.

We begin with a simulation setup of an HPla dimer
bound on a dinucleosome where one of the CDs in the
HP1« dimer is bound to an H3 tail, of which K9 is assumed
to be trimethylated (Figs. | D and 3 A). The other CD is un-

A

A prox bound
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bound to the H3 tail (termed the free CD). The other three
H3K9s are assumed to be unmethylated. (Note that we are
interested in the case where all the four H3K9s in the dinu-
cleosome are trimethylated. Here, to estimate the expected
time that the free CD finds one of the H3K9, we used unme-
thylated H3K9s in this simulation. If all the H3K9s were tri-
methylated in the simulation, the free CD would be bound to
one of the H3K9s first met in the simulation and would not
sample any more. Assumed here is that the expected time
of the free CD to approach the H3K9s is independent of
the methylation state of their H3K9s.) For convenience,
we designate the nucleosome that binds HP1 as nucleosome
A and the other as nucleosome B. Of the two H3 tails in
nucleosome A, we first chose the one that is close to the
linker DNA for the docking to the CD domain and thus
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FIGURE 3 Representative trajectories of HPla on nucleosomes. (A) The construct used is shown. One CD is bound on the trimethylated “A-proximal
H3K9,” and the other CD is free at the initial conformation. The other three H3K9s are assumed to be unmethylated. (B) Time courses of the distances
from the free CD to three H3K9s are plotted. (C) A close-up view of a time window in (B) is shown, in which two snapshots depicted in (E) occur. (D)
For a mononucleosome without linker DNA, the time course of the distance between the free CD and the A-distal H3K9 is shown. To see this figure in color,

go online.
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designate this setup as “bound CD on A-proximal H3 tail”
(Fig. 3 A).

With this setup, we performed 10 independent MD simu-
lations with stochastic forces at 300 K with the monovalent
ion concentration 100 mM. During the simulations, we
monitored distances between the three unmethylated
H3K9s and the free CD (Fig. 3 A for the definition of the
free CD; for the distances, we used the distance between
the Glu52 of HP1 and Lys9 of H3 that are located at the
binding sites). For a representative trajectory, the time series
of the three distances are plotted in Fig. 3, B and C together
with some snapshots in Fig. 3 E (video is available as Video
S1). At the initial configuration (Fig. S6), the free CD
domain was placed far from any of the three unmethylated
H3K9s so that all the distances are large. After a quick
decrease in these distances at the initial phase, they fluctu-
ated largely in the range of 50-150 A. Very rarely, however,
we see the free CD approach some of the unmethylated
H3KO9.

Focusing on these rare approaches of the free CD to the
unmethylated H3K9, we obtained histograms of the dis-
tances between H3K9 and the free CD at a short-distance
range (Fig. 4 A). To avoid possible bias due to an arbitrary
initial structure, in each of the 10 trajectories, we only
used data obtained in the second half of the stimulation
time for statistical analysis. We see in the figure that,
of the three unmethylated H3K09s, the free CD preferentially
approached the K9 in the proximal H3 tail in nucleosome B
(“B-proximal” black curve in Fig. 4 A). Notably, even

though the H3K9 of nucleosome A that is distant from the
linker DNA (“A-distal”) belongs to the same nucleosome
as the H3K9 to which the bound CD is tethered, the free
CD did not approach frequently to the “A-distal” H3K9.
The third unmethylated H3K9, called “B-distal,” was rarely
approached, too.

For statistics, we counted the events of approach of the
free CD to unmethylated H3K9 within 2.5 x 6.6 = 16.5 A
in the second half of the trajectory data (shown in
Fig. 4 C), in which 6.6 A corresponds to the distance be-
tween HP1oES2 and H3K9 at the complex crystal structure
(Fig. S7). Clearly, the approach events of the free CD were
dominated by the “B-proximal” H3K9.

Next, we changed the trimethylated H3K9 site from the
“A-proximal” H3 to the “A-distal” H3 and conducted the
same kind of simulations and analysis as above (this setup
termed the “bound CD on A-distal H3 tail””). The other three
H3K9s are assumed to be unmethylated. Monitoring the
three distances from the free CD to the unmethylated
H3K9s, we obtained an apparently similar time series as
above (Fig. S8). The distances largely fluctuated in the range
of 50-150 A and only rarely decreased so that the free CD
could interact with H3K9s. The histogram of the three dis-
tances depicted in Fig. 4 B shows that the free CD preferen-
tially approached to “B-distal” H3K9. The approaches to
the “A-proximal” and “B-proximal” H3K9s were less
frequent. Using the same threshold as above, the number
of approach events was the largest for the “B-distal”
H3K9 (Figs. 1 E and 4 C). In the same way as above, the
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FIGURE 4 Results of HP1a-dinucleosome mo-
lecular simulations in which one CD is bound on
the trimethylated H3K and the other CD is free.
(A) Statistics of the distances between the free
CD and unmethylated H3K9s are shown. One
CD is bound on the “A-proximal H3K9.” The
red arrows show 6.6 A, corresponding to the dis-
tance at the complex crystal structure of the CD
with an H3K9-trimethylated H3 tail fragment.
(B) The case of “A-distal H3K9” (bottom) is
shown. (C) The number of occurrences in which
the distance was below 16.5 A is given. Results
with larger and smaller cutoffs are given in
Fig. S12. To see this figure in color, go online.




approach to the H3K9 that belongs to the same nucleosome
as the H3K9 to which the bound CD is tethered was notably
rare (“A-proximal”).

We then set up another simulation system in which all
the H3KO9s in the dinucleosome were trimethylated so
that both of the CDs could bind to H3K9s (note that this
setup is similar to Fig. 1 D, in which all the H3K9s in
H3 tails (purple) are now regarded as trimethylated). We
started the simulation with one CD bound on one of
H3K9s and the other CD free, observing if and to where
the free CD binds.

When the CD was bound on “A-proximal” H3K9 at the
initial conformation, we found that, in 9 out of 20 runs,
the free CD was bound to the “B-proximal H3K9.” The
free CD was bound on the “B-distal H3K9” in 4 runs out
of 20. Thus, for 13 of 20 cases, HPl« bridged the two
nucleosomes. In only four runs, the free CD bound on
the “A-distal H3K9” so that HPla bound to two of the
H3K09s in nucleosome A. For the other three cases, the
free CD remained free by the end of simulations. Thus,
the results are consistent with the earlier simulation setup
in which only one of the H3K9 sites was trimethylated.

In summary, the comparative simulations that started
with one CD bound on nucleosome A and the other CD
free of binding suggest that the free CD preferentially ap-
proaches/binds to the H3K9 of nucleosome B, thus bridging
the two nucleosomes.

Modeling HP1-mononucleosome complex by
simulations

A previous in vitro experiment showed that HP1« binds to
the H3K9 trimethylated dinucleosome more preferentially
than its binding to the H3K9 trimethylated mononucleo-
some (24). Notably, for the case of the mononucleosome,
the binding probability markedly increased with the linker
DNA attached to both ends of nucleosomal DNA. This sug-
gests roles of nonspecific interaction of HPl« to the naked
dsDNA. Here, we exemplified these differences and sought
a structural reasoning for them.

For this purpose, we conducted the same kind of simula-
tions for HP1« bound to a mononucleosome with and without
linker DNA (Fig. 1, B and C). For the case with the linker
DNA, we connected a 25-bp linker DNA to each end of the
nucleosomal DNA. In each construct, one H3K9 is trimethy-
lated and one CD is bound at the initial condition. During MD
simulations, we observed distances between the free CD and
another H3K9 that was assumed to be unmethylated. A repre-
sentative time course of the distance between the free CD and
the unmethylated H3K9 is depicted in Fig. 3 D. Similar to the
case of the dinucleosome, the distance fluctuated in the range
of 50-150 A. We performed 10 independent MD runs, each
containing 10® MD steps.

The number of approaches of the free CD to the unmethy-
lated H3K9 was very rare for the mononucleosome without
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the linker DNA (Fig. 4 C). With the linker DNA, the number
of approaches to the unmethylated H3K9 increased greatly
but was still smaller than that for the case of dinucleosomes.
The linker-DNA-dependent binding activity of HPl« to
mononucleosomes is consistent with the biochemical anal-
ysis reported. With the H3K9 trimethylated dinucleosome,
HP1« prefers bridging two nucleosomes. The same binding
mode is not available with the mononucleosome, in which
HP1a cannot effectively bind to the two H3K9s on a single
nucleosome.

Interactions between HP1« and DNA:
computational analysis

Although our molecular simulations gave consistent results
with biochemical experiments, the underlying mechanisms
were not clear yet. Here, we analyze in detail the physical
interactions between HP1 and DNA in dinucleosomes. For
the simulations of the HP1a-dinucleosome system in which
one CD was bound on the trimethylated H3K9 in nucleo-
some A, we obtained the contact frequencies of every amino
acid of HP1 to every nucleotide in the dinucleosome, aver-
aged over snapshots in the second half of all 10 trajectory
data (Fig. 5 A). Here, the contact was defined by the
approach of the amino acid within 10 A to one of the nucle-
otide particles.

Clearly, in Fig. 5 A, the major interactions were found
in the linker DNA region, with some minor interactions
near the dyad in nucleosome A, the position of which is
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~50-75-bp from the 5’ end. The latter’s minor interaction
region is located on the entry/exit site of nucleosome struc-
ture, which is close to the position of the histone H3 tail.

Among the amino acids in HPle, five regions showed
clear interactions with DNA: the first region, around residue
5, is in the N-terminal tail; the second region, around residue
30, is in the CD; and those around residues 70, 90, and 105
are within the disordered hinge region. Both the sequences
KKTKRT at 3-8 and DRRVVK at 27-32 are basic and
thus are expected to be attracted to DNA in a non-
sequence-specific manner. In these two regions of the two
HP1a molecules, only the first monomer showed significant
contacts with DNA.

More notable interactions are found in the three segments
in the hinge region of HP1« that interacted with DNA; their
sequences are KYKKMK at 69-74, SNKRKS at 87-92,
and KSKKKR at 102-107, highly positively charged. This
strong nonspecific interaction in the hinge region with
DNA is consistent with earlier experimental reports: in
more detail, of the three segments, the latter two have
been investigated based on their high sequence conservation
among HP1 isoforms (24,25,71). However, the first one,
whose sequence is not conserved, has not been characterized
before. These segments in the hinge region interacted pri-
marily with the linker DNA, with some minor interactions
with the near-dyad region of DNA. Notably, not only the
hinge region in the bound HPl« but also that in the free
HPla showed marked interaction with the linker DNA.
With these interactions, both of the hinge regions are near
the linker DNA, and thus the free HP1« must be directed
toward nucleosome B. Naturally, the free CD approaches
most frequently to the “B-proximal” H3K9, as we observed
in our comparative simulations above. For another construct
in which the CD is bound on the distal H3 of nucleosome A,
we found rather similar interaction patterns (Fig. 5 B).

Interactions at the N-terminal region KKTKRT at 3-8
with DNA are consistent with the report that the N-terminal
region of HPla enhances the DNA binding activity of
the hinge region (25). Recently, it was reported that this
segment KKKTKR intramolecularly interacts with the
following acidic segment, EDEEE at 15-19, and Tyr20/
Val2l in a recombinant HPl« that contains CD and the
N-terminal tail (72). In this study, this intramolecular inter-
action was not observed in the presence of nucleosomes,
indicating that KKKTKR dominantly binds to DNA when
HP1a binds to nucleosomes. Together, these results suggest
that the basic segment contributes to the binding of HP1«
with multilayered regulations.

Thus, in summary, when one CD is bound on nucleosome
A with the trimethylated H3K9, the preferential approach of
the free CD to nucleosome B can be understood by the elec-
trostatic attractions between basic segments of the hinge
region of HP1 and the linker DNA. Interactions found in
the current simulations are consistent with previous experi-
ments. On top of this, we found what is to our knowledge a
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new interaction at KYKKMK at 69-74, which will be
assessed biochemically below.

Interactions between HP1«a and DNA: biochemical
assays

Of the three basic segments in the hinge region of HP1, two
patches, KKK around residue 105 and KRK around residue
90, have been investigated (24,25,71), because the patches
are conserved among HP1 isoforms (Fig. S9 A). These
two patches are crucial for the nucleosome binding to
H3K9me3 in a specific manner in vitro (24) and for the
intranuclear localization in vivo (71). Here, we examine
the newly found third basic patch around residue 70 sug-
gested in Fig. 5 A, KKYKKMK, which is located at vicinity
of the C-terminal end of CD and is specific to HP1« but not
to other isoforms.

To verify the possible function of these basic amino
acids on the interaction between HPl« and nucleosomes,
we prepared several HP1«a mutants (Fig. 6 A; Fig. S4) and
examined their binding activity (Fig. 6). The binding
activity of GST-HPla 1mut, in which lysine at 68 (K68)
was substituted with alanine, to the dinucleosome was
significantly reduced (Fig. 6 B) compared with WT HPla
(Fig. 2 B). When two mutations, K68A and K69A, were
simultaneously introduced in GST-HPla (GST-HPl«
2mut), the amount of dinucleosome recovered in the
bound fraction was significantly reduced, irrespective of
K9 methylation status (Fig. 6 B). The GST-HPl«a 3mut in
which K68, 69, 71, and 72 were substituted with alanine
did not bind to dinucleosomes (Fig. 6 B).

In our previous study, mutations in basic amino acid
patches (KRK or KKK) in the middle region of HP1« hinge
region reduced the binding activity to naked DNA and to the
nucleosome (24). Here, we examined the effect of the above
three mutations on the naked-DNA binding activity by
gel shift assay (Fig. 6 C). GST-HPla 1mut showed signifi-
cant DNA binding activity, but the activity was reduced
(Fig. 6 C, lanes 5-7) compared with WT (Fig. 6 C, lanes
2-4). The binding activities of GST-HP1« 2mut and 3mut
were below the detection level (lanes 8-10 and 11-13 in
Fig. 6 C). In the absence of the GST tag, Flag-HP1a 3mut
also did not show the binding activity to dinucleosomes,
irrespective of K9 methylation status (Fig. S5). Together,
as expected by computer simulation, the basic amino acids
existing in the vicinity of the C-terminal region of CD are
crucial for the binding to DNA and nucleosomes. Notably,
these basic residues are not conserved among HP1 isoforms
(Fig. S9 A), suggesting this region could contribute to iso-
form-specific binding. On the other hand, the basic residues
of HP1« are conserved from fish to human (Fig. S9 B), sup-
porting its biological relevance.

It has been reported that K69, K71, K72, K84, K104, and
K106 in HP1« are identified to be potentially sumoylated
in vitro (73). Maison et al. also reported that the sumoylation
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promotes initial targeting of HPla to pericentromeric
domains and consequently to seeding further HP1 localiza-
tion, allowing HP1« to specifically associate with the RNA
transcript (73). Accompanying our results, it is suggested
that this basic patch could play crucial roles in vivo with
multilayered regulations.

HP1+y cannot bridge the dinucleosome without
compacting agents

We have reported that HP1+, in contrast to HP1«, does not
bind to extended tetranucleosomes with a linker DNA of
20 bp, even when H3KD9 is trimethylated, unless additional
compacting agents, such as linker histone H1 or Mg”",
are added (26). Here, using the dinucleosome with 25-bp
linker DNA, we examined whether the same discrimination
could be found. Indeed, we found that HP1+y did not bind
to the dinucleosomes with a linker DNA length of 25 bp,
irrespective of H3K9 methylation status (Fig. 2 B).

Next, we computationally addressed how HP1vy binding
to the H3K9 trimethylated dinucleosome is different from
that of HP1a. We conducted the same kind of simulations
as above with HP1y bound on the dinucleosome. Assuming
that one CD can transiently bind to the trimethylated H3K9,
we set up the simulation so that, in the same way as the case
of HPl«, one CD is bound on the trimethylated K9 in the
proximal H3 of nucleosome A, whereas the other CD is
free to move. Using the second half of time series data
from 10 trajectories, we obtained the histogram of the
distances between the free CD and unmethylated H3K9
(Fig. 7, A and B) and the frequency of the approaches within
2.5 x 6.6 = 16.5 A of the unmethylated H3K9 (Fig. 7 C).
Relative to the same plot for HPla, the free CD of the
HP1+y did not come as close to the H3K9 as the case of
HP1a. The number of approaches within 16.5 A was mark-
edly fewer. This was consistent with our previous experi-
mental observation. Without the contact between the free
CD and one H3K9, HP1+ transiently bound on the dinucleo-
some solely by the interaction between one CD and one
H3K9 would not maintain this complex stably.

Seeking mechanisms for this less-frequent approach, we
performed the same type of interaction analysis of HP1y
with DNA in dinucleosomes as before. In the results de-
picted in Fig. S10, we find only two segments in the hinge
region of HP1v interacting with DNA, which is in contrast
to the three segments of interactions found in HP1«. Of the

three segments in HP1«, the first one, KYKKMK at 69-74,
is not present in HP1+, in which the corresponding sequence
is NSQKAGK. This less positively charged segment in
HP1vy did not interact with DNA significantly (Fig. S10).
Thus, less frequent approaches of the free CD in HPly
to the unmethylated H3K9 can be attributed partly to the
absence of basic residues around 69-74 (number based on
HP1la) and partly to the shorter length of the hinge region
than in the case of HPla.

To examine the role of KYKKMK at 69-74 in HPl«a
further, we constructed a mutant of HPly in which
NSQKAG at 68-73 was replaced with KKYKKM
(Fig. 6 D). The mutated HP1 was expressed and purified
as described, and the pull-down assay was performed
as described by Materials and Methods (Fig. S4 B). The
mutated HP1y partly recovered the binding activity
(Fig. 6 E; Fig. S9), which confirms the importance of
this positively charged segment in HP1« for the binding.
Notably, the mutated region does not overlap the regions
reported by Mishima et al. (26). Thus, it is suggested that
this novel hinge region contributes to the binding together
with the following hinge regions.

How dinucleosome structures are affected
by HP1«

An in vitro assay showed that H3K9-trimethylated polynu-
cleosome arrays become more compact upon addition of
HP1 (27). Here, we test whether the binding of HPl« to
an H3K9-trimethylated dinucleosome induces compaction
or not. We estimated the distance between the centers of
two nucleosomes for the three constructs: a dinucleosome
without bound HP1, one with one CD of HPla bound to
the H3K9me3 in nucleosome A, and one with two CDs of
HPla bound to the H3K9me3 of nucleosomes A and B.
Fig. 8 plots the histograms of the nucleosome-nucleosome
distances for the three constructs. First, for all the cases,
we find bimodal distributions: a population with a shorter
distance contains partial docking of the two nucleosomes,
and the other population, with a longer distance, corre-
sponds to more extended conformations without internu-
cleosome interactions (representative snapshots depicted
in Fig. 8). We see that, when one CD is bound to nucleosome
A, the population of the extended conformation increased
by ~20%. For this case, HP1 often is sandwiched by
the two nucleosomes, which may stabilize this extended

dinucleosomes are shown. The binding activity was examined as described in Fig. 2 A. The activity of WT HP1« is taken from Fig. 2 B. (C) The DNA binding
activities of WT and mutated HP1« are shown. Naked DNA was incubated without protein (lane 1), with GST-WT HP1a (WT) (lanes 2—4), Imut (lanes 5-7),
2mut (lanes 8—10), 3mut (lanes 11-13), or GST (lanes 14—16). To the DNA, 40 (lanes 2, 5, 8, 11, and 14), 80 (lanes 3, 6, 9, 12, and 15), or 160 (lanes 4, 7, 10,
13, and 16) molar excess of protein was added, and a gel retardation assay was performed. The arrowhead and bracket indicate the position of free DNA and
shifted DNA, respectively. (D) The sequence of HP1vy is given. The CD is underlined, and the mutation sites are shown as bold blue letters. The mutated
sequence is denoted in red. (E) Dinucleosomes reconstituted with unmethylated H3 (unme) or H3K9me3(K9me3) were mixed with the beads, and the binding
assay was performed as described in Fig. 2 B. Three unbound (U) and bound (B) fractions were separated and then subjected to SDS-PAGE, and each histone
is indicated. The experiments were repeated three times, and the binding activity was summarized in the right panel. The binding activity of GST-HP1y WTis

taken from Fig. 2 B. To see this figure in color, go online.
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FIGURE 7 Comparison between HPly and
HP1« binding to dinucleosome in molecular sim-
ulations. (A) The results of HP1+y-dinucleosome
simulations in which one CD is bound on the tri-
methylated K9 of the A-proximal H3 and the other
CD is free are shown. The dashed line is the result
of HP1« for comparison. (B) The results when one
CD is bound on K9 of the A-distal H3 are given.
(C) The number of occurrences in which the
distance was below 16.5 A are given. To see this
figure in color, go online.
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conformation. For the case in which two CDs of HP1 bridge
the two nucleosomes, the population with partial docking of
nucleosomes is larger than the case of only one CD bound
on nucleosome A and is at a similar level to the case without
bound HP1. By the direct bridge by HP1, extended confor-
mations become less probable.

In summary, we did not observe marked compaction of
the dinucleosome upon HP1 binding in our computational
modeling. At this moment, this is speculative and should
be examined in future by biochemical experiments such as
the sedimentation assay. As Azzaz et al. reported that human
HP1« dimers promote the interactions in both intra- and in-
ternucleosome array (27), HP1 could bridge two chromatin
fibers in trans to induce higher-order compaction when the
concentration of nucleosomes is high.

Near-atomic structure model of HP1«a bound to
dinucleosomes

Finally, from a CG model of HP1 bound on dinucleosomes,
we constructed an atomic resolution model and conducted a
30-ns-long atomistic MD simulation (a video is available as
Video S2). For simplicity, we used unmodified lysine in
H3K9; even with this simple modeling, the histone H3 tail
kept bound to HPI1 stably in this short simulation, and
thus it would not affect the overall structures.

In the atomistic MD simulation, a hinge region of HP1 re-
mains bound to DNA. The final structure of the simulation is
shown at Fig. 9 A. HRs of HP1 contact the linker DNA. We

found that lysine and arginine play important role for
hinge-DNA interaction. Some of them form hydrogen bonds
(Fig. 9 B), and lysine and arginine are generally near DNA
(Fig. 9 A); the representative basic residues involved are
K106 and R107, which coincide with experimentally identi-
fied key residues. The time course of formation of hydrogen
bonds between the hinge region and linker DNA is shown in
Fig. 9 C. The number of hydrogen bonds gradually increased.
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FIGURE 8 Distributions of the distance between centers of two nucleo-
somes in molecular simulations. Dinucleosome without HP1 (green), dinu-
cleosome with one CD of HPI bound to A-proximal H3K9 (red), and
dinucleosome with two CDs of HP1 bound to two nucleosomes (blue)
are shown. To see this figure in color, go online.
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FIGURE 9 Atomistic MD simulation of HP1 binding to dinucleosome system. (A) The final structure of a 30-ns atomistic MD simulation is shown. DNA is
in light gray. Histone tails are in red and the other parts of histone proteins in pink. The CD of HP1 is in light green. The CSD of HP1 is in dark blue or cyan.
Arginine and lysine in hinge region (K69-G120) of one of HP1 are in dark green. These regions are also indicated by arrows. The other parts of HP1 are in
yellow. (B) A close-up view of interactions between HP1 hinge region and DNA is shown. Hydrogen bonds are shown by cyan dotted lines. Molecules are
shown by cartoon model, except around the hydrogen bonding part, which is shown by stick model. For visibility, some important atoms are colored differ-
ently. Oxygen atoms are in red and nitrogen in blue. Hydrogen atoms are in white and phosphorus in orange. (C) The number of hydrogen bonds between HP1
hinge region and DNA is given. The hinge region we analyzed is one at a central and upper part in (A), whose arginine and lysine are colored by dark green. To

see this figure in color, go online.

To sum up, HP1«-dinucleosome structure led to electrostatic
contact between the hinge region and the linker DNA. These
results are consistent with the CG simulation.

DISCUSSION

In this study, employing a hybrid approach of multiscale
computational modeling and biochemical experimental as-
says, we provide near-atomic structural models for HP1
binding to H3K9me3-containing dinucleosome. The previ-
ous biochemical assays suggested that the fundamental
binding unit of the dimeric HP1 is not a mononucleosome,
but a dinucleosome. Consistent with this, using CG molec-
ular simulations, we found that the dimeric HP1« tends to
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bind two H3K9me3 that are in different nucleosomes, thus
bridging two nucleosomes. By computational analysis,
we found that this tendency was caused by electrostatic at-
tractions between some positively charged residues in the
disordered hinge region of HP1 and the linker DNA. By
reverse-mapping from the CG model, we obtained a fully
atomic model of the HP1 dimer bound to dinucleosome,
showing several hydrogen bonds between the hinge regions
and DNA. Biochemical mutation assays confirmed these
site-specific interactions. Moreover, consistent with the pre-
vious experiment, our computational analysis clarified that
HP1y does not easily bridge two nucleosomes in extended
conformations because of the lack of one basic segment in
the hinge region and its shorter hinge region.



For the compaction of polynucleosome arrays with more
than two nucleosomes, some population of two nonadjacent
nucleosomes must be directly bridged by HP1, for which the
compaction mechanism would be similar to that seen in the
case with two CDs bound to two neighboring nucleosomes
on a DNA double strand.

Recently, it has been reported that the phosphorylation
on HP1 modulates its binding activity. Phosphorylation of
HP1y by PKA impairs its silencing activity (12), and phos-
phorylation in the N-terminal region of HPla by casein
kinase?2 is crucial for the heterochromatin localization (74)
and for its binding specificity (25). In contrast, HP1§ phos-
phorylated at either S89 or S175 does not show compro-
mised chromatin binding activity (75). For analyzing the
effect of the posttranslational modification on the HP1 bind-
ing, the modeling described in this study could be useful,
and this type of study will further elucidate its molecular
mechanisms.

As the study was in the review process, Machida et al.
reported the structure model of HP1 in complex with the
H3K9 trimethylated dinucleosome obtained by cryogenic
electron microscopy (cryoEM) (76). In the cryoEM model,
homodimeric HP1«, HP13, and HP1+y all bridge the two
H3K9 trimethylated nucleosomes in the same way as we
show here for HP1w. In the current work, however, HP1y
did not interact with the extended H3K9 trimethylated dinu-
cleosome significantly. Moreover, the cryoEM structure
model shows that the HP1 does not directly interact with
the linker DNA, which is in sharp contrast to our model
here. Although the molecular systems used and preparations
in the two studies are similar, they are significantly different
as well; notably, the length of the linker DNA is 15 bp in the
cryoEM study and 25 bp in the current study. The cryoEM
structure models do not identify all the domains in the
HP1 dimer, which makes a detailed argument difficult.
Possibly a short linker DNA enables the dimeric HP1 to
bridge the two nucleosomes without interacting with the
linker DNA. Further studies are required to figure out the
effect of the linker DNA length on the interaction of HP1.

The current simulations revealed the dynamic and fragile
nature of the HPla dimer that bridges the dinucleosome.
This dynamic view is consistent with a recent report that
also appeared during the review process of this article (77).
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