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To elucidate the role of the histone tails in chromatin compaction and in higher-order folding of chromatin
under physiological conditions, we extend a mesoscale model of chromatin (Arya, Zhang, and Schlick. Biophys.
J. 2006, 91, 133; Arya and Schlick. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 16236) to account for divalent
cations (Mg2+) and linker histones. Configurations of 24-nucleosome oligonucleosomes in different salt
environments and in the presence and absence of linker histones are sampled by a mixture of local and global
Monte Carlo methods. Analyses of the resulting ensembles reveal a dynamic synergism between the histone
tails, linker histones, and ions in forming compact higher-order structures of chromatin. In the presence of
monovalent salt alone, oligonucleosomes remain relatively unfolded, and the histone tails do not mediate
many internucleosomal interactions. Upon the addition of linker histones and divalent cations, the
oligonucleosomes undergo a significant compaction triggered by a dramatic increase in the internucleosomal
interactions mediated by the histone tails, formation of a rigid linker DNA “stem” around the linker histones’
C-terminal domains, and reduction in the electrostatic repulsion between linker DNAs via sharp bending in
some linker DNAs caused by the divalent cations. Among all histone tails, the H4 tails mediate the most
internucleosomal interactions, consistent with experimental observations, followed by the H3, H2A, and H2B
tails in decreasing order. Apart from mediating internucleosomal interactions, the H3 tails also contribute to
chromatin compaction by attaching to the entering and exiting linker DNA to screen electrotatic repulsion
among the linker DNAs. This tendency of the H3 tails to attach to linker DNA, however, decreases significantly
upon the addition of linker histones due to competition effects. The H2A and H2B tails do not mediate
significant internucleosomal interactions but are important for mediating fiber/fiber intractions, especially in
relatively unfolded chromatin in monovalent salt environments.

1. Introduction

All eukaryotic organisms store their genome (DNA) inside
cell nuclei in the form of chromatin. Chromatin is the array of
nucleosomesscylindrical units composed of DNA wrapped
around histone proteinssseparated by protein-free DNA (linker
DNA) that folds in a zigzag or solenoidal-like arrangement to
yield a ∼30-nm-thick fiber. The tightly packed and organized
structure of the chromatin fiber in eukaryotes serves two
essential cellular functions: it condenses meters-long genomic
DNA by several orders of magnitude to enable its packaging
into micrometer-sized cell nuclei and it regulates the template-
directed transcription of genes through local unfolding of
chromatin.1,2 The fully compact state of the 30-nm chromatin
fiber at physiological conditions is stabilized by a complex
interplay of each constituent histone tail as well as the linker
histone and cellular counterions (monovalent and divalent).

The histone tails are positively charged, unstructured termini
of the core histones (H3, H4, H2A, and H2B) that project

outward from the nucleosome core. The histone tails play a
critical role in chromatin compaction by mediating internucleo-
somal interactions, i.e., attaching to the wound DNA or acidic
histone domains of neighboring nucleosomes to bring them into
closer proximity. Without these tail-mediated attractive interac-
tions, the repulsive electrostatic interactions between the
negatively charged DNA (wound and linker DNA) would
dominate and trigger the unfolding of chromatin. Indeed,
sedimentation coefficient measurements on in vitro reconstituted
chromatin with intact and missing histone tail regions reveal a
dramatic unfolding of chromatin upon the removal of histone
tails.3-5 It is also likely that the histone tails mediate interactions
across distant portions of the fiber to promote higher-order
folding through fiber interdigitation. The histone tails play an
equally important role in the regulation of gene transcription
through chemical modification of their residues. These modi-
fications alter the compaction state of chromatin to either
promote gene transcription through partial unfolding of chro-
matin or inhibit transcription by stabilizing tightly packed
chromatin. Such epigenetic factors have been linked to human
disorders, including cancer.

The linker histones (H1 and H5) are highly positively charged
proteins consisting of a structured globular domain, a highly
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charged unstructured C-terminal domain, and a short N-terminal
domain.6 Experiments suggest that the globular domain of the
linker histone (LH) binds to the nucleosome core at or near the
dyad axis between the entering/exiting linker DNAs,7-9 while
the C-terminal domain extends outward and triggers formation
of linker DNA “stems”10,11 (i.e., the first 20 bp of the entering/
exiting linker DNAs juxtapose with the C-terminal of the linker
histone). By constraining the path of the linker DNAs, these
stems could cause a reduction in the entry/exit angle of the linker
DNAs at the nucleosome core.10,12,13 It is not clear, however,
how this linker DNA stem promotes the global condensation
of chromatin.

Physiological salt conditions, containing monovalent (K+,
Na+) and divalent cations (Mg2+) at roughly 150 mM and 1
mM concentrations, respectively, also help compact chromatin
by screening electrostatic repulsion between the linker DNAs.14

It is well-known that Mg2+ at physiological concentrations
causes dramatic compaction of chromatin15,16 that cannot be
achieved with elevated levels of monovalent cations. This
suggests that Mg2+ ions play roles other than merely providing
an increased level of screening to linker DNA electrostatic
repulsion. Recent studies on DNA bending in the presence of
multivalent ions17,18 lead us to speculate that the magnesium
ions help reduce the persistence length of DNA to promote
bending of linker DNAs, but how this could lead to better
packing of nucleosomes within chromatin remains unknown.

Furthermore, the contribution of each histone tail and that of
the linker histone and physiological salt in chromatin folding
is also unclear. Many experimental studies have attempted to
dissect the role of histone tails in chromatin compaction over
the past decade. Most have examined in vitro reconstituted
chromatin to assess the impact of tail removal on chromatin
folding through sedimentation coefficient analyses.3,4,19 All
studies point to the greater importance of the H3 and H4 tails
in chromatin compaction, as compared to the H2A and H2B
tails. Furthermore, sophisticated chemical cross-linking ap-
proaches have attempted to quantify the number of inter- and
intranucleosomal interactions mediated by the histone tails
within chromatin.5,20,21 Recent studies have shown that the H4
tails, and especially the H4K16 residue, play a critical role in
compacting chromatin by mediating interactions with an acidic
patch on the nucleosome surface.22,23 However, because experi-
mental approaches cannot resolve the positional distribution of
each histone tail as well as their energetic interactions within
chromatin, the detailed structural changes in chromatin ac-
companying each histone tail modification are not understood.

Computational approaches have the potential to dissect
histone tail interactions and dynamics at molecular lengths and
time scales. However, conventional approaches based on
atomistic simulations such as molecular dynamics cannot probe
the dynamics of systems as large as a nucleosome, let alone a
short chromatin fiber composed of tens of nucleosomes. This
argues for more specialized coarse-grained approaches that
attempt to significantly reduce the total number of degrees of
freedom by grouping clusters of atoms into “interaction” sites
involved with other sites through “effective” energetic interac-
tions. Though atomistic details of chromatin are lost, essential
physicochemical interactions, such as electrostatics, excluded
volume interactions, solvation, and conformational flexibility,
can be captured through careful modeling. The many innovative
macroscopic and mesoscale models of chromatin developed thus
far have captured the mechanics of DNA and nucleosomes but
out of necessity have either neglected to model the histone tails
or approximated them as rigid bodies.14,24-29

Recently, we have developed a mesoscale model of chromatin
that captures the essential physics of chromatin, such as its
electrostatics, DNA and nucleosome mechanics, structural
irregularity, and histone tail flexibility, and which averages over
other effects: protein/DNA sequence effects, hydrogen-bonding,
atomistic fluctuations, and solvation effects.30-32 The model
makes chromatin fibers as large as 48 nucleosomes amenable
to long-time, large-scale simulations by Brownian dynamics and
Monte Carlo (MC) methods and allows generation of a
representative ensemble of thermodynamically feasible struc-
tures of chromatin. Calibrations to experimental sedimentation
and diffusion coefficients of oligonucleosomes over a broad
range of monovalent salt concentrations30,31 have indicated the
reasonableness of the model; analyses of the histone tails have
shed insights into the positional fluctuations and roles of each
histone tail in compacting chromatin to a moderately folded,
irregular zigzag morphology.31 The model, however, does not
account for the binding of linker histones and the effect of
divalent cations such as Mg2+ on chromatin architecture.

Here, we systematically investigate the role of histone tails
in chromatin compaction under different salt conditions, as well
as a function of the presence and absence of linker histones, to
dissect the role of the tails in chromatin compaction. Specifically,
we seek answers to the following questions: How frequently
does each histone tail attach to neighboring nucleosomes, parent
nucleosomes, and linker DNA in physiological conditions? What
is the individual role of each component? Which regions of the
nucleosome mediate the highest number of interactions with
the histone tails? What is the positional distribution of the
histone tails, and how is it affected by the binding of linker
histones?

We investigate these questions here by extending the me-
soscale model of Arya and Schlick30,31 to incorporate the effects
of divalent cations and linker histones and to modify the DNA
entry/exit geometry to better reproduce the internucleosomal
interaction patterns and linker DNA trajectories obtained
experimentally under monovalent salt conditions. We then
analyze configurational ensembles generated from Monte Carlo
simulations of oligonucleosomes with one linker histone mol-
ecule per nucleosome, 1 mM divalent salt, and 150 mM
monovalent salt and compare their structural features and the
tails’ positional distributions and interactions to those obtained
for linker-histone inclusive but divalent cation-deficient oli-
gonucleosomes, as well as to both linker histone and divalent
ion deficient oligonucleosomes. An elaborate mechanism of how
the histone tails combine with the linker histones and physi-
ological salt to promote chromatin compaction emerges. The
biological implications of our results are also discussed.

2. Computational Methods

Our first-generation macroscale models of chromatin devel-
oped in 200126,33 captured the essential monovalent-salt-de-
pendent mechanics of chromatin and the thermal fluctuations
of the nucleosome and linker DNA but did not account for the
irregular surface of the nucleosome and also neglected the effect
of histone tails and linker histones. The next generation
mesoscale models developed in 2005-0714,30,31,34 treated both
the irregular surface of the nucleosome and the role of histone
tails in mediating internucleosomal interactions and reproduced
most experimental data very well. The latest mesoscale model
of chromatin developed and used in the present study further
improves upon these models by (a) treating linker histones bound
to nucleosomes, (b) treating divalent salt/cations (Mg2+), and (c)
improving the handling of the nucleosome-DNA geometry and
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mechanics. Details of these modeling developments are described
below, followed by a description of the Monte Carlo methodology
used to generate equilibrium ensembles of oligonucleosome
configurations. We also summarize for completeness the various
tests conducted against experimental measurements.

2.1. Mesoscale Oligonucleosome Model.
Modeling of Oligonucleosome Components. The nucleosome

core, linker DNA, histone tails, linker histone, and the physi-
ological environment (salt + solvent) are treated using separate
mesoscale modeling strategies, which are all integrated to yield
the final mesoscale model of the oligonucleosome.

Nucleosome Core Modeling. The nucleosome core, defined
as the histone octamer and wound DNA minus the N-termini
of all four histones and short C-termini of H2A, is treated as a
charged, rigid body (Figure 1). Using the irregular discrete
surface charge optimization (DiSCO) algorithm,33,34 300 “pseudo”
charges are uniformly distributed across the surface of the
nucleosome core to mimic the surrounding electrostatic potential
and electric field. The charge magnitudes are optimized at each
salt concentration so that their electric field obtained via a
Debye-Hückel formulation approximates closely the salt-
dependent electric field of the atomistic nucleosome core at
distances >5 Å away from the surface of the core. This is
achieved through minimization of an objective function that
represents this error, with the optimization performed numeri-
cally using the truncated-Newton (TNPACK) routine35,36 inte-
grated within the DiSCO software. The electric field landscape
of the atomistic nucleosome is computed using the nonlinear
Poisson-Boltzmann equation solver QNIFFT 1.2,37-39 where
the atomic radii are assigned using the default extended atomic
radii based loosely on Mike Connolly’s Molecular Surface
program,40 and the charges are assigned using the AMBER 1995
force field.41 In general, we obtain excellent agreement between
the Debye-Hückel electric fields and the electric field obtained

by solving the complete Poisson-Boltzmann equation (>90%
accuracy) as analyzed in detail elsewhere.26 In addition, each
nucleosome charge is assigned an effective excluded volume
modeled using a Lennard-Jones potential to account for the
excluded volume of the nucleosome core. Overall, the above
treatment results in a significant reduction in the number of
degrees of freedom (from ∼75 000 corresponding to the
∼25 000 atoms in the nucleosome core to six degrees of freedom
of a rigid body) and significantly reduces the number of
charge-charge interaction computations (from ∼25 000 atomic
partial/full charges in the atomistic nucleosome to 300 charges
in the mesoscale nucleosome).

Linker DNA Modeling. The linker DNA connecting adjacent
nucleosome cores is treated using the discrete elastic wormlike
chain model of Allison et al.,42 that is, as a chain of charged
beads in which each bead represents 3 nm (∼10 bp) of relaxed
DNA (Figure 1). Each bead is assigned a salt-concentration-
dependent negative charge (see Table 1) to mimic the electro-
static potential of linear DNA using the procedure of Stigter43

and an excluded volume using the Lennard-Jones potential to
prevent overlap with other components of chromatin. Each linker
bead chain is also assigned an internal force field comprising
stretching, bending, and twisting potential energy terms, as used
for macroscopic models of supercoiled DNA. Again, this
mesoscopic modeling approach to the DNA leads to significant
reduction in the degrees of freedom (from ∼800 atoms per DNA
twist to 1 bead per twist).

Histone Tail Modeling. The 10 histone tails, which include
eight N-termini of H2A, H2B, H3, and H4 and two C-termini
of H2A, are treated using a protein bead-chain model. In this
model, we represent five residues using a single bead located
at the C� atom of the central amino acid (Figure 1). Thus, 50
tail beads per nucleosome are used to model ∼250 histone tail
residues (∼4000 tail atoms) associated with each nucleosome.

Figure 1. Mesoscale modeling of linker-histone bound oligonucleosomes. The nucleosome core is modeled as an irregularly shaped rigid body
with 300 pseudo charges on its surface. The linker DNA is treated using the discrete version of the wormlike chain model. The linker histone is
treated as charged beads connected rigidly to the nucleosome, and the histone tails are treated using the protein bead model. The bottom figure at
center shows the final integrated mesoscale model.
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Each bead is assigned a charge equal to the sum of the charges
on the five amino acids it represents, multiplied by a scaling
factor, ftc, close to unity that accounts for salt dependence in
the “effective” charge. See Table 1 and text of Arya et al.30 for
the charge values assigned to each tail bead and the magnitude
of ftc as a function of monovalent salt concentration, respectively.
Each tail bead is also assigned an excluded volume treated via
the Lennard-Jones potential. Finally, each tail unit is assigned
a customized intramolecular force field comprising bond stretch-
ing and bond-angle bending terms. The parameters for this force
field (i.e., equilibrium bond lengths and bond angles and the
related force constants) are optimized to reproduce the con-
figurational properties of the atomistic histone tails. See Tables
3 and 4 of Arya et al.30 for the values of intramolecular force
field parameters.

Linker Histone Modeling. The linker histone is modeled on
the basis of the structure of rat H1d linker histone predicted by
Bharath et al.44,45 via fold recognition and molecular modeling.
H1d consists of a N-terminal region of 33 residues, globular-
shaped central region of 76 residues, and highly charged
C-termini of 110 residues. In our model, we represent the
globular domain by a single charged bead and the C-terminal
domain by two charged beads. The three beads are positioned
in a straight line and separated by a distance of 2.6 nm (see
Figure 1). Each bead is assigned an optimized charge at its center
such that the resulting Debye-Hückel electric field of the model

reproduces the electric field of the atomistic linker histone at
distances >5 Å from the linker histone surface, obtained by
solving the nonlinear Poisson-Boltzmann equation using
QNIFFT 1.2.37-39 In addition, each bead is assigned a Lennard-
Jones potential to account for the excluded volume of the two
domains. We neglect the short, relatively uncharged, N-terminal
region. The linker histones beads interact with all chromatin
components except their parent nucleosomes through excluded
volume interactions (Lennard-Jones potential) and electrostatic
interactions (Debye-Hückel potential), as detailed below. The
charge values and excluded volume parameters for the linker
histone beads are provided in Table 1.

MonoValent and DiValent Salt Modeling. The solvent sur-
rounding oligonucleosomes is treated as a continuum with a
dielectric constant of 80. The screening effect of monovalent
salt on electrostatic interactions within an oligonucleosome is
treated using the Debye-Hückel formulation (i.e., via the
Debye-Hückel potential given in eq 7 below, where the
magnitude of κ depends strongly on the salt concentration).

The effect of divalent salt (e.g., Mg2) on chromatin calls for
a different treatment. The analytical estimate of the electrostatic
screening length of 150 mM NaCl and 1 mM MgCl2 using the
Debye-Hückel theory (κ ) 1.31 nm-1) is only nominally larger
than that obtained for 150 mM monovalent salt alone (1.27
nm-1) and not sufficient to account for the extensive chromatin
compaction obtained with the addition of Mg2+. This has also
been verified through simulations of our mesoscale model where
κ has been set to this value. Such dramatic condensation likely
arises due to underestimation of the condensed magnesium ion
concentration at the DNA surface due to the Debye-Hückel
formulation (leading to substantial underestimation of salt-
screening) as well as the charge-correlation effects described
in detail below.

To account for this divalent-ion-induced effect as well as the
concomitant increase in the flexibility of DNA (decrease in
persistence length) with divalent cations,17,18 we resort to a first-
order approximation. First, we further reduce the repulsion
among linker DNA by setting an inverse Debye length of κ )
2.5 nm-1, based on the argument that at the fully condensed
state of chromatin, the linker DNAs are almost touching each
other (which can be deduced directly from the nucleosome
packing ratios of 10-11 nucleosome/11nm exhibited by chro-
matin in the presence of linker histone and Mg2+). Note that
this modified value κ is only employed when computing linker/
linker interactions. The original value of κ ) 1.27 nm-1 is still
used for the remaining electrostatic interactions. Second, we
reduce the persistence length of the linker DNAs from 50 to 30
nm according to several studies.17,18 With this phenomenological
model, we expect to capture the essence of Mg2+-ion-induced
chromatin compaction. A more specialized modeling of Mg2+

effects that includes charge correlation effects is not compatible
with the mesoscale chromatin model and would be far more
computationally intensive. This limitation, along with others
related to proper treatments of specific interactions and solvation
energies, is described in more detail below.

Physicochemical Interactions Not Treated in the Mesoscale
Model. The mesoscale model described here neglects the effect
of three physicochemical interactions: charge-charge correla-
tion, specific protein-protein interactions (hydrogen bonding),
and solvation (desolvation) energies, on chromatin compaction.

Charge-charge correlations arise from the ability of mobile
counterions within the diffuse layer surrounding a charged
surface to dynamically orient themselves in an arrangement that
minimizes their mutual repulsion and/or maximizes favorable

TABLE 1: Parameter Values for the Linker-Histone
Inclusive Mesoscale Oligonucleosome Model

parameter description value

l0 equilibrium DNA segment length 3.0 nm
Lp persistence length of DNA 50 nm
h stretching constant of DNA 100 kBT/l0

2

g bending constant of DNA LpkBT/l0

s torsional rigidity constant of DNA 3.0 × 10-12

erg nm
θ0 angular separation between linker

segments at core
108°

2w0 width of wound DNA supercoil 3.6 nm
r0 radius of wound DNA supercoil 4.8 nm
htc stretching constant for tail bead attached

to core
h

σtt excluded volume distance (EVD) for
tail/tail interactions

1.8 nm

σtc EVD for tail/core interactions 1.8 nm
σcc EVD for core/core interactions 1.2 nm
σtl EVD for tail/linker interactions 2.7 nm
σcl EVD for core/linker interactions 2.4 nm
σgLHc EVD for globular linker histone

bead/core interactions
2.4 nm

σgLHl EVD for globular linker histone
bead/linker interactions

3.6 nm

σcLHc EVD for C-terminal linker histone
bead/core interactions

2.2 nm

σcLHl EVD for C-terminal linker histone
bead/linker interactions

3.4 nm

kev excluded volume interaction energy
parameter

0.001 kBT

kevt
tail/tail excluded volume interaction
energy parameter

0.1 kBT

ql charge on linker DNA bead at 0.15 M
monovalent salt

- 24.1e

ql charge on linker DNA bead at 0.01 M
monovalent salt

- 7.5e

qgLH charge on globular linker histone bead at
0.15 M monovalent salt

12.4e

qcLH charge on C-term linker histone bead at
0.15 M monovalent salt

29.9e

ε dielectric constant of solvent 80
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interactions with an external charged surfaces.46,47 Such charge
correlations generally become significant in systems with closely
spaced and highly charged surfaces and multivalent counterions
(valency >2), leading to the remarkable attraction observed
between like-charged particles in multivalent ions. Mean field
theories such as the Poisson-Boltzmann/Debye-Hückel for-
mulations fail to account for such correlation effects, despite
their excellent handling of salt-induced electrostatic screening.
Hence, our mesoscale model based on the Debye-Hückel
formulation does not account for charge-correlation effects that
are likely to be important for chromatin at physiological
conditions (highly charged macromolecule in the presence of
Mg2+ (multivalent) ions. However, an exact description of these
effects would entail an explicit treatment of Mg2+ ions and
detailed calculations (via Monte Carlo sampling) to determine
their positions within chromatin for each Monte Carlo sampled
chromatin configuration, a task that would be prohibitively
expensive. Though related simulations were performed by
Nordenskiold and co-workers48,49 for two DNA-based systems
(nucleosome models in the presence of divalent ions and double-
stranded DNA in the presence of linear polyamines), the systems
studied were too small or highly simplified as compared to our
oligonucleosome system. Implicit treatment of charge-correlation
effects, on the other hand, may not be as computationally
expensive but will lack in accuracy and will be difficult to
implement for such a large macromolecule.50 To this end, we
have resorted to the above-mentioned phenomenological ap-
proach that accounts for Mg2+ ion condensation and charge-
charge correlation that lead to linker DNAs’ almost touching
each other.

Specific protein-protein interactions, such as hydrogen
bonding, are also omitted in our mesoscale model. Such
interactions must be accounted either at the atomistic level and/
or through high-resolution mesoscale approaches.51,52 Most of
these protein-protein interactions across nucleosomes are
expected to be relatively weak compared with the dominating
electrostatic interactions; however, some specific interactions,
such as those between the H4 tails and the acidic patch on
nucleosomes, may be quite strong.53 As discussed below, our
neglect of this specific interaction likely prevents our oligonu-
cleosomes from achieving complete compaction in the presence
of linker histones and magnesium ions.

Finally, our model also neglects desolvation effects that are
also assumed to be secondary with respect to strong electrostatic
interactions within chromatin. Again, a proper treatment of
solvation effects in our mesoscale model is impractical because
it requires either a molecular-scale treatment of the solvent and
protein/DNA or, at minimum, a residue-level description of the
proteins and DNA.54 The simplest approaches will also involve
fairly detailed calculations at each Monte Carlo step involving
surface area determination for computing desolvation energies
for nonpolar contributions and Poisson-Boltzmann calculations
for the electrostatic contributions.55

Integration of Oligonucleosome Components. The mesoscale
models for the nucleosome cores, linker DNA, histone tails,
and linker histone are integrated to yield the repeating oligo-
nucleosome motif shown in Figure 1. The histone tail bead
chains are attached to the nucleosome core via stiff harmonic
springs at locations consistent with the nucleosome crystal
structure. The three beads corresponding to the globular and
C-terminal domains of the linker histone are placed on the dyad
axis of each nucleosome at distances r ) 6.2, 8.8, and 11.4 nm
from the nucleosome center, as suggested by Sheng et al.56 and
Bharath et al.45 We consider that the linker histone beads, similar
to the nucleosome pseudo charges, are rigidly attached to their
parent nucleosomes. Each nucleosome core other than the first
nucleosome core of the nucleosomal array is attached to two
linker DNAs, termed the “entering” and “exiting” linker DNA,
to yield the oligonucleosome chain in Figure 2. The two points
on the nucleosome at which the entering and exiting linker beads
are attached enclose an angle θ0 about the center of the
nucleosome core and are separated by a distance of 2w0 normal
to the plane of the nucleosome core, consistent with the
geometry of the nucleosome crystal structure of Luger et al.53

Hence, if the oligonucleosome contains NC nucleosomes and
each linker is z nm long, the number of beads in one linker
DNA is (z/3) - 1, and the total number of linker DNA beads
is ND )(z/3)NC. The total number of linker histone beads is NL

) 3NC, and the total number of histone tails and histone tail
beads is NT ) 10NC and NTb ) 50NC, respectively. The
nucleosome and linker DNA beads are numbered/indexed in
the direction of the oligonucleosome chain starting from i ) 1
for the first nucleosome core to i ) NC + ND () N), the last
linker DNA bead. IC and IL denote the subset of indices that

Figure 2. Mesoscale oligonucleosome model showing (a) assembly of oligonucleosome motifs into a chain, (b) entering and exiting linker DNA
geometry at the nucleosome core, and (c) linker-DNA/nucleosome mechanics in terms of individual coordinate systems for the linker DNA beads
and the nucleosome core.
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represent the nucleosomes and linker DNA beads, respectively.
The nucleosome center of mass positions and linker DNA bead
positions are denoted by vectors ri, and the center of mass
positions of the linker histone beads and histone tail beads are
denoted by vectors hi and ti, respectively.

Refinement in Linker DNA Attachment Positions. Our earlier
oligonucleosome model30,31 was based on 1.75 turns of the
nucleosome-wound DNA; consequently, θ0 was set to 90°.
Although the model correctly reproduces many experimental
observations of chromatin in monovalent salt conditions (e.g.,
irregular zigzag morphology, salt-dependent folding/unfolding,
histone tail dynamics, diffusion coefficients, internucleosomal
interaction energies), it predicts dominant interactions between
nucleosome i and nucleosomes i ( 3 and i ( 4 at monovalent
salt conditions, whereas recent experiments by Grigoryev and
co-workers57 indicate dominant interactions between nucleo-
somes i and i ( 2. The model also does not yield the correct
mixture of open and crossed linker DNA conformations seen
experimentally by Toth and co-workers.58 We have improved
this model on the basis of recent crystal data that suggest a
reduced wrapping of 1.7 turns of wound DNA59 or a corre-
sponding value of θ0 ) 108° for the linker DNA entry/exit
trajectory orientation. These parameters produce a mixture of
crossed and uncrossed linker DNA geometries at high monova-
lent salt (20% open and 80% crossed) and an internucleosomal
interaction pattern dominated by (i ( 2) interactions, in
agreement with the experimental findings of Toth et al.58 We
have verified that this parameter adjustment did not affect other
properties, such as sedimentation coefficients and internucleo-
somal interaction energies, as reported previously.30,31

Linker-DNA/Nucleosome Mechanics. Each linker DNA
bead and nucleosome is allowed to twist about the DNA axis
with a twisting energy penalty. This is implemented by assigning
local coordinate systems to all linker DNA beads and the
nucleosome core, as shown in Figure 2. The coordinate system
for component i consists of three orthonormal unit vectors {ai,
bi, ci}, where i ) 1, 2,..., N. If i is a nucleosome core (i ∈ IC),
ai and bi lie in the plane of the nucleosome core, where ai points
along the tangent at the attachment site of the exiting linker
DNA and bi points in the direction normal to this tangent and
inward toward the nucleosome center. The vector ci lies normal
to the nucleosome plane: ci ) ai × bi. For the linker DNA, the
vector ai points from ri toward ri+1 when i + 1 is also a linker
DNA bead. When i + 1 is a nucleosome core, the vector ai

points from ri in the direction of the linker bead’s attachment
point. When i is a nucleosome core and i + 1 is a linker DNA
bead, we have to define another coordinate system {ai

DNA, bi
DNA,

ci
DNA}. Here ai

DNA points along the exiting linker DNA, i.e.,
toward ri+1 from its point of attachment at the nucleosome
core i.

Two additional coordinate systems are required to describe
the trajectory of the wrapped DNA on the nucleosome cores at
the point where it diverges from the core to form the two linker
DNA, as given by {ai

+, bi
+, ci

+} and {ai
-, bi

-, ci
-}. The former

represents the local tangent on the nucleosome core at the point
of attachment of the entering linker DNA, whereas the latter
represents the tangent corresponding to the exiting linker DNA.
Note that with this formalism, {ai

+, bi
+, ci

+} ) {ai, bi, ci}. These
additional coordinate systems are required for determining the
DNA bending and twisting at their points of attachments to the
nucleosome cores.

We also define Euler angles Ri, �i, and γi (where i ) 1,..., N
- 1) that transform the coordinate system of one linker DNA
bead to that of the next along the oligonucleosome chain, that

is, {ai, bi, ci} f {ai+1, bi+1, ci+1}. When the i + 1 component
is a nucleosome, Ri, �i, and γi transform {ai, bi, ci} to {ai

-, bi
-,

ci
-}, and when i is a nucleosome, Ri, �i, and γi transform {ai

DNA,
bi

DNA, ci
DNA} to {ai, bi, ci}. An additional set of Euler angles

Ri
+, �i

+, and γi
+ are required to transform the coordinate system

of the nucleosome core (i.e., when i ∈ IC) {ai
+, bi

+, ci
+} to that

of the exiting linker DNA trajectory {ai
DNA, bi

DNA, ci
DNA}. The

linker DNA twist at each bead location is then calculated as
the sum of Euler angles Ri and γi, and the linker DNA bending
angle is given by �i. Further details on Euler angles and their
determination is provided elsewhere.26,30

Oligonucleosome Energy. The total potential energy, E, of
the oligonucleosome is given by the sum of seven different
components:

The first three terms denote the stretching, bending, and torsional
energy of linker DNA given by

where h, g, and s denote the stretching, bending, and torsional
modulus of DNA, li denotes the separation between the DNA
beads, and l0 denotes the equilibrium separation distance
between beads of relaxed DNA () 3 nm).

The fourth term represents the total stretching energy of the
histone tails, which is composed of two terms: stretching of
tail beads and stretching of the histone tail bead from its assigned
attachment site, as given by

where Nbj is the number of beads in tail j, kbjk
is the stretching

constant of the bond between the k and k + 1 beads of the jth
histone tail, and lijk and ljk0 represent the distance between tail
beads k and k + 1, and their equilibrium separation distance,
respectively. In addition, htc is the stretching bond constant of
the spring attaching the histone tail to the nucleosome core, tij

is the position vector of the “attachment” tail bead in the
coordinate system of its parent nucleosome, and tij0 is its ideal
position vector in the crystal configuration.

The fifth term represents the intramolecular bending contribu-
tion to the histone tail energies, as given by

E ) ES + EB + ET + EtS + EtB + EC + EV (1)

ES ) h
2 ∑

i)1

N-1

(li - l0)2 (2)

EB ) g
2( ∑

i)1

N-1

(�i)2 + ∑
i∈ IC

(�i
+)2) (3)

ET ) s
2l0

∑
i)1

N-1

(Ri + γi)2 (4)

EtS ) ∑
i∈ IC

N

∑
j)1

NT

∑
k)1

Nbj-1 kbjk

2 (lijk - ljk0)2 +
htc

2 ∑
i∈ Ic

N

∑
j)1

NT

|tij - tij0|2
(5)

EtB ) ∑
i∈ IC

N

∑
j)1

NT

∑
k)1

Nbj-2 kθjk

2
(θijk - θjk0)

2 (6)
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where θijk and θjk0 represent the angle between three consecutive
tail beads k, k + 1, and k + 2, and their equilibrium angle,
respectively, and kθjk

is the corresponding bending force constant.
The sixth term, EC, represents the total electrostatic interaction

energy of the oligonucleosome, which includes ten types of
interactions: nucleosome/nucleosome, nucleosome/linker, nu-
cleosome/tail, nucleosome/linker histone, linker/tail, linker/
linker, linker/linker-histone, tail/tail, tail/linker-histone, and
linker-histone/linker-histone. All these interactions are mod-
eled using the Debye-Hückel potential that accounts for salt
screening

where qi and qj are the charges on two interacting components
separated by a distance rij in a medium with a dielectric constant
of ε and an inverse Debye length of κ, and ε0 is the electric
permittivity of vacuum. The parameter κ depends on salt
concentration and is computed as 0.736�(Cs/0.05)(298/T) nm-1,
where Cs is the monovalent salt concentration (molal units) and
T is the temperature (Kelvin). We note that the charges on the
nucleosome and on the linker histone beads belonging to the
same parent nucleosome do not interact electrostatically among/
with each other as the nucleosome charges, and linker histone
beads are rigidly attached to the nucleosome, making these
interactions redundant. Neighboring linker DNA beads and
histone tail beads belonging to the same chain also do not
interact electrostatically with each other as their interactions are
already accounted through the intramolecular force field (har-
monic spring). Finally, linker DNA beads and histone tail beads
directly attached to the nucleosome also do not interact
electrostatically with the nucleosomal pseudo charges. This is
required to ensure that the attachment tail and linker DNA beads
remain as close as possible to their equilibrium locations/
trajectories prescribed by the nucleosome crystal structure.

The last energy term, EV, represents the total excluded volume
interaction energy of the oligonucleosome. It is composed of
eight interactions: nucleosome/nucleosome, nucleosome/linker,
nucleosome/tail, nucleosome/linker-histone, linker/tail, linker/
linker-histone, tail/tail, and tail/linker-histone. Note that the
linker DNA beads carry a large negative charge, making them
strongly repulsive. Thus, they do not require any additional
linker/linker excluded volume interactions to prevent their
mutual overlap. Likewise, we do not require any excluded
volume interactions between separate linker histone beads
because each linker histone bead carries a large positive charge.
The excluded volume interactions are modeled using the
Lennard-Jones potential and the total excluded volume energy
is given by

where σij is the effective diameter of the two interacting beads
and kij is an energy parameter that controls the steepness of
the excluded volume potential. For the same reasons cited in
the case of electrostatic interactions (see above), the nucleosome
pseudo charges and the linker histone beads belonging to the
same parent nucleosome, neighboring tail beads belonging to
the same histone chain, and linker DNA beads and histone tail
beads directly attached to the nucleosome do not interact through

excluded volume interactions. Table 1 lists the values of kij and
σij used in the modeling.

2.2. Monte Carlo Simulations. Monte Carlo simulations are
well-suited for sampling large biomolecular systems that exhibit
a wide range of thermally accessible states. Over the past few
years, we have developed a tailored MC methodology to
efficiently sample the ensemble of oligonucleosome conforma-
tions under constant temperature conditions.31,32 The four MC
moves consist of the following.

(1) Global PiVot Rotation. For one randomly chosen linker
bead or nucleosome core and selected axis that passes through
the chosen component, we rotate the shorter part of the
oligonucleosome about this axis by an angle chosen from a
uniform distribution within [0, 20°]. The attempted move is then
accepted/rejected on the basis of the standard Metropolis
criterion.

(2) Local Translation. A chosen component (linker bead or
core) is shifted along a randomly oriented axis passing through
that element by a distance sampled from a uniform distribution
in the range [0, 0.6 nm]. The move is then accepted/rejected
on the basis of the standard Metropolis criterion.

(3) Local Rotation. A chosen component (linker bead or
nucleosome core) is rotated about a randomly selected axis by
an angle uniformly sampled from the range [0, 36°]. The MC
move is accepted/rejected on the basis of the standard Metropolis
criterion.

(4) Tail Regrowth. For efficient sampling of histone-tail
conformations, on the basis of the configurational bias MC
method,60-62 we regrow a randomly selected histone tail bead-
by-bead by using the Rosenbluth scheme,63 beginning with the
bead attached to the nucleosome core. To prevent histone tail
beads from penetrating the nucleosome core during tail regrowth,
the volume enclosed within the nucleosomal surface is dis-
cretized, and any insertion attempts that place the tail beads
within this volume are rejected automatically.

The four MC movesspivot, translation, rotation, and tail regro-
wthsare attempted with relative frequencies of 0.2:0.1:0.1:0.6,
respectively, in all our simulations of mesoscale oligonucleo-
somes. Typical ensemble sizes vary from 50 to 100 million MC
steps. We employ four different oligonucleosome configurations
(zigzag with parallel and perpendicular nucleosomes and
solenoid with parallel and perpendicular nucleosomes) as starting
configurations in our MC simulations, as described in detail
elsewhere.31 Because inspection of representative oligonucleo-
somes reveals that fiberlike morphologies representative of
chromatin fibers emerge more clearly for longer arrays (24 and
48 nucleosomes),31 we employ 24-unit or longer oligonucleo-
somes for our analyses, except for the computation of sedi-
mentation coefficients, for which we use 12-unit oligonucleo-
somes for direct comparison to experimental data.

To assess the role of histone tails in chromatin folding in
this study, we have conducted Monte Carlo simulations of the
enhanced mesoscale oligonucleosomes at both physiological and
nonphysiological conditions, that is, with/without monovalent
and divalent salt, and with/without linker histones at a temper-
ature of 300 K. Specifically, we conduct simulations under four
conditions: (a) 10 mM monovalent salt only (loMS); (b) 150
mM monovalent salt only (hiMS); (c) 150 mM monovalent salt
+ linker histone (MS+LH); and (d) 150 mM monovalent salt
+ linker histone + 1 mM divalent salt (MS+LH+Mg). We
have also performed preliminary calculations for the case with
150 mM monovalent salt and 1 mM divalent salt (i.e.,
MS-LH+Mg without linker histone), and the results (not

EC ) ∑
i)1

∑
j>i

qiqj

4πεε0rij
exp(-κrij), (7)

EV ) ∑
i)1

∑
j>i

kij[(σij

rij
)12

- (σij

rij
)6] (8)
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shown) do not provide any additional insights into the role of
histone tails, linker histones, and magnesium ions.

2.3. Model Validation. Extensive validation studies are
summarized below.

(1) Salt-Induced Compaction of Chromatin. Our mesoscale
oligonucleosome model reproduces the experimental salt-
dependent sedimentation coefficients of 12-unit oligonucleo-
somes representing chicken erythrocyte chromatin over a broad
range of monovalent salt concentrations,64 as discussed in detail
in our earlier study.30 Here, we show that our model also
qualitatively reproduces the dramatic increase in the sedimenta-
tion coefficients of 12-unit oligonucleosomes upon the addition
of linker histone and magnesium ions (Table 2, Figure 3). We
have also computed the compaction of 12-unit oligonucleosomes
in terms of the nucleosome packing ratio, resulting in excellent
agreement with measurements from various experimental
groups65-67 (see Table 2). Taken together, these results suggest
that the mesoscale oligonucleosomes display global structure
(size and compaction) similar to the experimental nucleosomal
arrays under different conditions.

(2) Dynamics of Short Oligonucleosomes. The diffusion
coefficients of mesoscale mononucleosomes, dinucleosomes, and
trinucleosomes computed via Brownian dynamics simulations
match the experimental diffusivity values,68-70 as discussed in
our earlier study.30 Our modeling/simulations also reproduce
the salt-dependent behavior of the diffusion coefficient observed
experimentally.

(3) Salt-Dependent Extension of Histone Tails. We have
quantified the salt-dependent extension of histone tails for
mononucleosomes over a broad range of monovalent salt

concentrations through the quantities Dmax and Rg that denote
the maximum diameter of the nucleosome and the radius of
gyration of the nucleosome, respectively.30 We find that both
Dmax and Rg match the values measured by Livolant and co-
workers via small-angle X-ray scattering71 and also reproduce
the salt-dependent extension of histone tails from the nucleo-
some core.

(4) Irregular Zigzag Topology of Chromatin. Our mesoscale
oligonucleosomes exhibit an irregular zigzag topology with
straight or slightly bent linkers under monovalent salt conditions
in the absence of the linker histone,31 consistent with the models
proposed by Bednar et al.67,70,72,73 The structure consists of a
mixture of open and crossed linker DNA conformations, also
in agreement with recent experiments.58 Our current work,
discussed below, suggests that this irregular structure becomes
more regular upon linker histone binding, very similar to the
two-start zigzag structure proposed by Schalch et al.72 We can
also capture using our model the mean entry/exit angle of the
linker DNAs at the nucleosomes measured via electron micros-
copy. For example, we obtain an entry/exit angle of 71° at 200
mM monovalent salt without linker histones that reduces to 39°
upon addition of the linker histone, consistent with angles
measured experimentally.10,13,67

(5) Internucleosomal Interaction Pattern and Energies. A
detailed analysis of the internucleosomal interactions mediated
by the histone tails from our latest mesoscale model suggests
an interaction pattern dominated by i ( 2 interactions (i.e.,
interactions between alternate nucleosomes along the oligonu-
cleosome chain dominate) and followed by i ( 3 interactions.
The pattern becomes more sharply peaked at i ( 2 with the
addition of the linker histone. The above interaction patterns
are consistent with the latest experimental measurements by the
Grigoryev et al.57 and with the two-start zigzag structure of
Schalch et al.72 Our simulations also allow a direct measurement
of the strength of tail-mediated internucleosomal interactions.
We obtain a value of -1.5 kcal/mol per nucleosome at 200
mM monovalent salt with linker histone, close to the experi-
mentally measured value of -2.0 kcal/mol per nucleosome by
Cui and Bustamante using optical tweezers.74

3. Results

We discuss the role of histone tails in chromatin compaction
at the different external conditions (loMS, hiMS, MS+LH,
MS+LH+Mg, where MS, LH, and Mg denote monovalent salt,
linker histone, and magnesium ions, respectively) obtained from
conducting various analyses on the ensemble of oligonucleo-
some configurations generated by Monte Carlo simulations.
Specifically, we describe the impact of the addition of monova-

TABLE 2: Chromatin Compaction Assessment by Sedimentation Coefficients of 12-Unit Oligonucleosomes at Four Different
Conditions with Regular Tails, Selectively Neutralized Tails, and All Tails Neutralized (Experimental Values Are Provided in
Square Brackets)

S20,w, ∆S20,w (S)a

array type loMSb hiMSc MS+LHd MS+LH+Mge

regular 30.0 ( 0.2 [29.8f] 38.5 ( 1.2 [37.5f] 48.8 ( 1.7 [55.6g] 53.2 ( 2.5 [60g]
all tails neutral 25.8 ( 0.2 (-4.2) [25h] 31.2 ( 0.2 (-73) [32h] 44.9 ( 1.3 (-3.9) 48.7 ( 1.9 (-4.5)
H3 neutral 25.8 ( 0.2 (-4.2) 33.2 ( 0.3 (-5.3) 45.6 ( 1.2 (-3.2) 49.5 ( 2.0 (-3.7)
H4 neutral 29.7 ( 0.2 (-0.3) 34.9 ( 0.5 (-3.6) 46.2 ( 1.5 (-2.6) 49.4 ( 1.9 (-3.8)
H2A neutral 29.6 ( 0.2 (-0.4) 36.3 ( 0.8 (-2.2) 48.5 ( 1.5 (-0.3) 52.1 ( 2.2 (-1.1)
H2B neutral 29.6 ( 0.2 (-0.4) 35.1 ( .6 (-3.4) 48.0 ( 1.4 (-0.8) 52.3 ( 2.3 (-0.9)

a ∆S20,w shown in parenthesis is computed as the change in the sedimentation coefficient of tail neutralized oligonucleosomes relative to
regular oligonucleosomes under same salt/linker histone conditions. b loMS ) 0.01 M Na+. c hiMS ) 0.15 M Na+. d MS+LH ) 0.15 M Na+,
with linker histones. e MS+LH+Mg ) 0.15 M Na+, with linker histones and Mg2+ f Experimental values obtained from Hansen et al.64 and
Moore et al.19 g Experimental values from Grigoryev et al.57 h Experimental values from Fletcher et al.79

Figure 3. Sedimentation coefficients of 12-unit oligonucleosomes with
regular tails and neutralized tails at the four conditions: loMS, hiMS,
MS+LH, and MS+LH+Mg (see Table 2). The open circles represent
experimental results.19,57,79
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lent salt (low ) 0.01 M, high ) 0.15 M), linker histones, and
magnesium ions on the global structure of chromatin. Our focus
is on explaining the roles of the histone tails in compacting
chromatin by determining the following: (a) contribution of each
tail to chromatin compaction via selective neutralization of each
tail, (b) positional distribution of each tail relative to its parent
nucleosome, (c) frequency of internucleosomal and intranu-
cleosomal interactions mediated by each tail, (d) positional
distribution of the tails’ interaction sites on nonparent nucleo-
somes, and (e) strength of internucleosomal interactions medi-
ated by the histone tails. A separate work focuses on the internal
structure of chromatin as influenced by linker histones and
divalent cations.57 We conclude by discussing the relevance our
results in the context of chromatin function and regulation.

3.1. Global Oligonucleosome Features. We assess the
global extent of compaction of chromatin from sedimentation
coefficients, S20,w, of 12-unit oligonucleosomes obtained from
the ensemble average, using the Kirkwood-Bloomfield for-
mulation30,75,76 and the overall nucleosomal packing ratios.
Analyses of our oligonucleosome ensembles reveal that the
sequential addition of monovalent salt, linker histone, and
divalent salt causes dramatic condensation of chromatin (Table
2 and Figures 3 and 4). Specifically, an increase in monovalent
salt from low (loMS) to physiological concentrations (hiMS)
causes the sedimentation coefficient and nucleosome packing
ratio to rise from 30 S (2.5 nucleosomes/11 nm) to 38.5 S (4.0
nucleosomes/11 nm). Addition of linker histones (MS+LH)
followed by magnesium (MS+LH+Mg) causes further compac-
tion to 48.8 S (6.7 nucleosomes/11 nm) and 53.2 S (7.8

nucleosomes/11 nm), respectively. The sedimentation coef-
ficients are in excellent agreement with experimental values at
low and physiological monovalent salt,64 but the slightly smaller
computed values (by ∼5 S) with the linker histone and
magnesium ions77,78 possibly reflect sampling limitations and
additional interactions (such as hydrogen bonding that are not
in the model) that compact chromatin further53 (see Figure 3).

Figure 4 shows representative oliognucleosome configurations
for each of the four conditions examined. As discussed
earlier,14,30,31 the oligonucleosomes adopt an extended “beads-
on-a-string” conformation at low monovalent salt concentrations
due to the strong electrostatic repulsion between the linker DNAs
(Figure 4a). At physiological salt, these repulsive interactions
are considerably screened and balanced by electrostatic attraction
between nucleosomes mediated by the histone tails. This results
in compaction of chromatin to a moderately folded state with
an overall irregular zigzag topology with straight/gently bent
linker DNA (Figure 4b), consistent with EM measurements.67,70

The oligonucleosomes also reveal a high degree of sharp
bending, resulting in significant long-ranged (fiber/fiber) interac-
tions, bridged by histone tails (see below). Further addition of
linker histones and magnesium ions results in more dramatic
compaction of the oligonucleosomes, as seen clearly in Figure
4c and d.

As detailed earlier,57 the linker histone compacts chromatin
by significantly reducing the entry-exit angle of the linker DNA
at the nucleosome (“triplet angle”), consistent with experi-
ments.10,13,70 This effect leads to the formation of a rigid linker
DNA “stem” that promotes strong internucleosomal interactions

Figure 4. Representative oligonucleosomes obtained from our simulation ensemble highlighting the differences in the global morphology and
internal structure of chromatin at the four conditions investigated in this study: (a) low monovalent salt (loMS), (b) high monovalent salt (hiMS),
(c) high monovalent salt + linker histones (MS+LH), and (d) high monovalent salt + linker histone + magnesium cations (MS+LH+Mg). For
clarity, a 12-unit oligonucleosome is presented in part a and 24-unit oligonucleosomes are presented in parts b-d. In parts c and d, odd and even
numbered nucleosome cores are colored white and blue, respectively, to highlight the predominant i ( 2 interactions; and severely bent linker
DNAs are colored green, as characterized by an angle of bending greater than 90°. This bending angle is defined by the angle formed between the
linker DNA exiting one nucleosome and entering the next nucleosome.
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between alternate nucleosomes (i.e., between nucleosomes i and
i ( 2) and brings them into closer proximity. Magnesium
(divalent) cations enhance chromatin compaction in two ways:
First, they help neutralize the linker DNA and significantly
reduce mutual repulsion among them. Second, they promote
bending of a fraction of linker DNAs that reduces the number
of linker DNAs crossing at the chromatin fiber axis. The severely
bent linker DNAs are colored green in Figure 4d, as character-
ized by bending angles greater than 90°. Both effects facilitate
packing of linker DNAs along the chromatin axis, leading to
greater compaction of chromatin. The addition of linker histones
and magnesium also causes the oligonucleosomes to becomes
stiffer, as determined by the reduced fluctuations in the ensemble
of oligonucleosome configurations, consistent with the highly
increased internucleosomal interactions of histone H3 tails in
the presence of magnesium ions.21

3.2. Histone Tail Contributions to Chromatin Compac-
tion. To dissect the contribution of each histone tail in chromatin
compaction at different conditions, we have selectively neutral-
ized each tail and studied its impact on the sedimentation
coefficient (Table 2). The extent of the decrease in the
sedimentation coefficient (∆S20,w) helps interpret the importance
of the modified interaction; a large decrease signifies an
important tail contribution and a small change, a lesser effect.

Table 2 suggests that at low monovalent salt, only the H3
tails seem to be important for chromatin compaction because
their neutralization results in a 4.2 S decrease in S20,w, whereas
neutralization of the other three tails results in little change. At
physiological monovalent salt conditions, both the H3 and H4
tails become more important for compaction; their neutralization
results in unfolding of chromatin by ∆S20,w ) -5.3 and - 3.6
S, respectively. With the addition of the linker histone and
divalent ions, the H3 and H4 histone tails remain most important
for chromatin compaction. Less important are the H2A and H2B
tails, under all conditions. Our analyses also suggest that the
histone tails are collectively more important for chromatin
compaction at physiological (high) monovalent salt conditions
without linker histone (∆S20,w ) -7.3). They become less
important at low monovalent salt conditions (S20,w ) -4.2) or
in the presence of linker histones (S20,w ) -3.9) and divalent
cations (S20,w ) -4.5). This makes intuitive sense, since both
the linker histones and the histone tails have neutralizing effects,
but their combined effects are not additive.

The above results at low and physiological monovalent salt
agree well with experimental sedimentation coefficient measure-
ments of reconstituted nucleosomal arrays with trypsinized
histone tails.19,79 Our results with linker histones and magnesium
ions cannot be directly compared with experiments. However,
the results can be compared with two experiments conducted
at slighly different conditions: one with tail-free linker-histone
bound nucleosomal arrays at low magnesium concentration80

and another with acetylated H4 tails without linker histone and
high magnesium concentration.23 Both of these experiments
observe greater unfolding of nucleosomal arrays upon the
removal of tails or acetylation of H4 tail (from 55 S to 40-44
S), as compared with our predictions (49-45 S). This discrep-
ancy may arise from inherent sampling limitations as well as
neglect of specific interactions between the H4 tail and the
nucleosomal acidic patch that may prevent our oligonucleosomes
from compacting to their full extent. Our sedimentation coef-
ficients of tail-free arrays, however, agree well with experimental
measurements, suggesting that macroscopic properties are
reasonable.

Further analyses (discussed in detail elsewhere)57 suggest that
linker-histone-induced chromatin compaction is driven by the
following features in decreasing order of importance: (a)
geometrical constraints imposed on the linker DNA through
stem formation, (b) internucleosomal interactions mediated by
the histone tails, and (c) screening of electrostatic repulsion
between linker DNAs belonging to different nucleosomes due
to linker histones.

3.3. Histone Tail Positional Distribution. We can also
compute the distribution in the positions of each histone tail as
a function of salt concentration and the absence/presence of the
linker histone from oligonucleosome ensembles. We analyze
these distributions by determining the position vector of each
tail bead, tij, in the frame of reference of the parental nucleosome
core with center of mass position ri and orientation {ai, bi, ci}.
The resulting “projected” distribution is then denoted by tij

′ )
(t′ ij,x, t′ ij,y, t′ ij,z), where t′ ij,x ) ai · (tij - ri), t′ ij,y ) bi · (tij - ri),
and t′ ij,z ) ci · (tij - ri). This three-dimensional distribution may
be viewed in two dimensions along the “nucleosomal” plane
given by (t′ ij,x, t′ ij,y) or along the “dyad” plane given by (t′ ij,x/
�2 - t′ ij,y/�2, t′ ij,z).

Figure 5 shows the distribution of the histone tail beads for
loMS chromatin (Figure 5a, d), hiMS chromatin (Figure 5b, e),
and MS+LH chromatin (Figure 5c, f). The individual dots in
the figure represent the collection of projected tail bead positions
sampled in our simulations. All tails except H3 exhibit narrow
distributions, close to the parent nucleosome, at low salt,
indicating that the tails remain near the nucleosome core (Figure
5a, d). As the salt concentration is increased to physiological
levels, the histone tail distributions become broader and extend
further away from the core (see Figure 5b, e). Thus, the
electrostatic attraction between the tails and nucleosome core
at low salt dominates their entropic freedom, and they collapse
onto the parent nucleosome. With the addition of salt, enhanced
salt-screening reduces the attractive electrostatic interactions
between the tails and the nucleosomal core, and tails extend
farther outward from the core. These results are in close
agreement with the observations from Livolant and co-workers,71

who noted an increase in the maximal diameter of the nucleo-
somes with monovalent salt concentration from their diffraction
data. In addition, the broad distributions of the tails underscore
their highly flexible and dynamic nature, which is generally
neglected in the models of chromatin with fixed tails.14,33

Figure 5. Positional distribution of histone tails under different
conditions: low monovalent salt (a, d), high monovalent salt (b, e),
and high monovalent salt with bound linker histones (c, f). The upper
panel (a-c) represents the histone tail positions projected onto the
nucleosomal plane of the parent nucleosomes, and the lower panel (e-f)
represents the positions projected onto the dyad plane of the parent
nucleosomes. The tails are colored as H2A, yellow; H2B, red; H3, blue;
and H4, green. The nucleosome boundaries are indicated by the solid
black lines.
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We also note intriguing differences between the positional
distribution of the four histone tails. Due to their origin from
the flat side of the nucleosome, the H4 and H2A tails spread in
the direction normal to the nucleosomal plane, whereas the H3
and H2B tails spread along the nucleosomal plane, primarily
due to their point of origin between the wound DNA gyres.
Significantly, the H3 tail distribution centers around the mean
position of the linker DNAs, suggesting that the H3 tails prefer
to attach to the entering/exiting linker DNAs. Thus, the H3 tails
help screen electrostatic repulsion between the linker DNAs,
facilitating the compaction of chromatin. The H3 tails’ tendency
to attach to linker DNAs also explains why their neutralization
among all tails results in unfolding of chromatin at low salt
(Table 2). Since linker/linker repulsion dominates over nucleo-
some/nucleosome attraction at low salt, a reduction in nucleo-
some/nucleosome attraction due to tail neutralization results in
little additional unfolding, whereas an increase in the linker/
linker repulsion due to H3 tail neutralization causes greater
unfolding. We also note that the H4 tails spread the most among
all tails and are the most likely to mediate interactions with
neighboring nucleosomes.

The addition of the linker histone slightly affects the
distribution of the H3 tails (Figure 5c, f). The H3 tails no longer
attach as strongly/frequently to the linker DNA because the
strongly positively charged linker histone takes over that role.
This allows the H3 tails to spread more in the direction normal
to the nucleosomal plane, increasing their tendency to mediate
internucleosomal interactions. The other tails’ distributions
remain unaffected by the addition of the linker histone because
they are located at distances farther than the Debye screening
length (8 Å) at physiological salt concetrations. Further addition
of Mg2+ does not alter the distribution of any histone tail in
our model, likely because we only treat the magnesium ions’
impact on the screening of linker DNA repulsion and their
bending but neglect interactions with the histone tails and
nucleosome core. A finer resolution model is required to study
such effects.

3.4. Histone Tail Interactions within Chromatin. We also
compute in Figure 6 the frequencies, f, with which histone tails
interact with the various components within chromatin: parent
nucleosomes, neighboring nucleosomes (internucleosomal in-
teractions), parental linker DNAs, and nonparental linker DNAs.
The interaction frequencies for each histone tail are analyzed
for the four conditions loMS, hiMS, MS+LH, and MS+LH+Mg,
as calculated by the number of times a histone tail attaches to
the chromatin component divided by the total number of
sampled tail configurations. “Attachment” here refers to a
distance approach within 0.8σ, where σ is the size parameter
associated with the excluded volume interaction between the
tail beads and the core charges. Such a strict distance criterion
ensures that only tail beads that are strongly attracted to other
components (nucleosome core charges or linker DNA beads)
are counted, and tails waving in the solvent that do not generally
overlap are not counted.

Clearly, the histone tails mediate very few internucleosomal
interactions at low monovalent salt (Figure 6a; green diamonds,
flat pattern). Because the zigzag fiber is so open, all tails interact
with the parent nucleosomes or the linker DNAs of parent
nucleosomes and not neighboring nucleosomes (Figure 6b, d;
green diamonds). An increase in monovalent salt to physiologi-
cal concentrations increases the amount of internucleosomal
interactions (Figure 6a, red circles), but the overall tail interac-
tions remain fairly low, as indicated by the nearly flat red

patterns in Figure 6a and d (∼4% and ∼2% for H4 and H3
tails, respectively).

Upon the addition of linker histones and Mg2+ ions, the
histone tails mediate significantly more internucleosomal inter-
actions, a direct result of the closer proximity of nucleosomes
to each other (Figure 6a and d, blue triangles and black squares).
This effect is especially striking for the H3 and H4 tails, which
spend as much as ∼27% and ∼18% of their time mediating
internucleosomal interactions when both the linker histone and
Mg2+ are present. Thus, we find that the H3 and H4 tails mediate
the highest and the H2A and H2B tails mediate the lowest
number of internucleosomal interactions under all external
conditions assessed here.

The above analyses also indicate that the H4 tails uniformly
mediate the highest number of internucleosomal interactions
within chromatin, especially in chromatin compacted by mag-
nesium ions and linker histone. This property of H4 tails arises
from their optimal location on the flat region of the nucleosome
surface close to the linker DNA and the chromatin fiber axis
(Figure 5c,f ), which makes them highly suited for interacting
with either the wound DNA or the acidic patch53 of neighboring
nucleosomes oriented almost parallel to the parent nucleosome.
Our results agree with several experimental observations from
different groups that capture significant unfolding of chromatin
upon complete removal of the H4 tail or mutation/modifition
of some of its residues.22,23

The H3 tails, on the other hand, display a more complex
behavior. In the absence of linker histones and irrespective of
monovalent salt concentration, the H3 tails attach almost 60%
of the time to the linker DNAs, in agreement with the observed
tails’ positional distribution (Figure 5a-c). This may be
explained by their nucleosomal location close to the linker
DNAs and their large extension length. However, the addition
of linker histones at the nucleosome dyad decreases their
propensity to attach to linker DNAs due to electrostatic
repulsion. This allows the H3 tails to mediate more internu-

Figure 6. Histone tail interactions within chromatin captures in terms
of the frequency with which they mediate (a) internucleosomal
interactions, (b) attach to parent nucleosomes, (c) attach to linker DNA
associated with the parent nucleosome, and (d) linker DNA not
associated with the parent nucleosome. The results are presented for
the four conditions: chromatin at low monovalent salt (green down
triangles); high monovalent salt (red circles); high monovalent salt with
linker histones (blue up triangles); and high monovalent salt with linker
histone and Mg2+ (black squares), respectively. The frequencies are
calculated as the number of times a histone tail attaches to the chromatin
component divided by the total number of sampled tail configurations.
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cleosomal interactions (from ∼2% for hiMS to ∼18% for
MS+LH+Mg) and to attach to other linker DNAs at positions
far from the linker histone (from ∼7% for hiMS to ∼32% for
MS+LH+Mg). Still, the H3 tails attach frequently to the linker
DNA (30%) and help reduce the electrostatic repulsion between
linker DNA in the middle of the chromatin fiber. Thus, the H3
tails facilitate compaction via two mechanisms: through inter-
nucleosomal interactions and by screening the electrostatic
repulsion between the linker DNA.

The H2A and H2B tails mediate very few internucleosomal
interactions because they originate from the curved face of the
nucleosome cores (H2B), are located far from fiber axis (N-
terminal H2A), or are too short to mediate interactions (C-
terminal H2A). Only in the most compact form of chromatin
does the C-terminal of H2A tail begin to mediate some
internucleosomal interactions (∼10% for MS+LH+Mg). In-
terestingly, we observe that interdigitation of fibers occurs at
high monovalent salt (hiMS) (see, for example, the representa-
tive configuration in Figure 4b), and these sharply bent
configurations are almost always stabilized through the H2A
and H2B tails, which mediate attractive interactions between
distant portions of the fiber. In the presence of linker histones
and magnesium ions, the oligonucleosomes become stiffer, and
these fiber/fiber interactions disappear. The above observations
suggest that the H2A and H2B tails likely play important roles
in mediating fiber/fiber interactions in higher-order structures
of chromatin.

3.5. Positional Distribution of H3 and H4 Tails’ Inter-
nucleosome Attachment Sites. To further investigate internu-
cleosomal interactions mediated by the H3 and H4 tails, we
compute the positional distribution of the sites on the nucleo-
somal surface at which the histone tails of neighboring nucleo-
somes attach and mediate internucleosomal interactions. A
nucleosomal attachment site is defined as the position of the
nucleosomal surface in close proximity to the histone tail beads
of neighboring nucleosomes, where |tij - rc,kl| < σtc. Here, tij

refers to the position of tail bead j of nucleosome i, rc,kl is the
position of the lth pseudocharge on the surface of nucleosome
k (k * i), and σtc is the effective excluded volume of tail bead/
nucleosome charge interactions. We compute this distribution
of nucleosomal attachment sites in the same spirit as the
positional distribution of the tails outlined in Section 3.3; i.e.,
we project the absolute positions of these nucleosomal attach-
ment sites from our ensemble of oligonucleosome configurations
onto the nucleosome’s coordinate frame.

Figure 7 plots these distributions along the nucleosomal plane
{a, b} for compact oligonucleosomes (MS+LH+Mg). Clearly,
the H3 tail mediates internucleosomal interactions through the
wound DNA of nucleosomes. Moreover, these attachment sites
are concentrated on the portions of wound DNA nearest to the
linker DNA. The H4 tails, on the other hand, mediate internu-
cleosomal interactions through two regions: the entire wound
DNA segment and a region located near the center of the
nucleosome defined by seven acidic residues (glutamic acids)
belonging to core H2A and H2B domains (circled in Figure 7).
This so-called “acidic patch”53 has previously been implicated
in mediating internucleosomal interactions through the H4 tail
and, more specifically, the 16-23 H4 tail residues.22,23

3.6. Internucleosomal Interaction Energy. The magnitude
of internucleosomal interactions as mediated by the histone tails
can also be estimated for the three conditions: hiMS, MS+LH,
MS+LH+Mg. Since the excluded volume energies in our model
are weak compared to electrostatic energies, we report only the
electrostatic component of the internucleosomal energies. We

compute the average electrostatic component of the histone-tail/
nucleosome-core interaction energy from the ensemble of
oligonucleosomes configurations and divide it by the number
of nucleosomes. These energies per nucleosome result in the
following values: -0.75 kcal/mol (hiMS), -1.5 kcal/mol
(MS+LH), and -1.9 kcal/mol (MS+LH+Mg). Thus, the
absolute strength of internucleosomal interactions mediated by
the histone tails in our oligonucleosomes increases with the
degree of compaction. Our electrostatic internucleosomal in-
teraction strength at MS+LH condition can also be compared
with energy values obtained via optical tweezers by the
Bustamante group (∼2.0 kcal/mol).74 Note that the experimental
values contain contributions to the internucleosomal energies
from specific (hydrogen-bonding) interactions between the H4
tail and the acidic patch and solvation/desolvation energies that
are not included in our model. Hence, our somewhat smaller
values compared to the experimental values may be attributed
to these missing specific and solvation energies in our model.
No experimental data exist for comparing the computed
internucleosomal energies at the other two conditions.

4. Discussion

The results presented here from mesoscale modeling/simula-
tion have several implications in chromatin biology and raise
several important questions regarding the role of histone tails
and linker histones in chromatin compaction and regulation.

First, our analyses propose a detailed mechanism by which
H4 tails make chromatin compact and why their chemical
modification or removal triggers dramatic unfolding of nucleo-
somal arrays in in vitro reconstituted chromatin.22,23 Our results
suggest that the H4 tails mediate the largest number of
internucleosomal interactions (Figure 6), likely due to their
favorable point of origin from the flat face of the histone octamer
(Figures 5,7). Our model also predicts that most of H4 tails’
internucleosomal interactions are mediated through the wound
DNA on neighboring nucleosomes (Figure 7), and a smaller
fraction of them are mediated through the so-called acidic patch
on nucleosomes. Experimental results, however, indicate a more

Figure 7. Distribution of the histone tails’ (H3, blue and H4, green)
attachment sites on the surface of nonparental nucleosomes for
MS+LH+Mg conditions. The distributions have been projected onto
the plane of the nucleosome. The black circle denotes the acidic patch.
The figure in the lower right corner shows the atomistic nucleosome
with the same color coding as Figure 1.
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critical role of the acidic patch in maximal compaction of
chromatin.81,82 To capture these detailed effects and achieve the
fully compact 60 S state, all-atom details might be needed.
Nonetheless, it is encouraging that our mesoscale model
correctly predicts the propensity of the H4 tails to occupy
locations close to the acidic patch and also to mediate the largest
number of internucleosomal interactions among all histone tails.

Our results also suggest how the H3 tails could promote
chromatin compaction by both mediating internucleosomal
interactions and attaching to linker DNAs and screening their
electrostatic repulsion to allow them to better pack along the
chromatin axes. This observation also supports suggestions by
Kan et al.21 that the H3 tails likely serve multiple functions in
chromatin compaction and regulation. This common function
of the H3 tail and the linker histone in electrostatic screening
of linker DNAs also explains the postulated redundancy between
the H3 tails and the linker histone observed by Leuba et al.12

We have also confirmed previous experimental observations
that the H2A/H2B tails are much less important for chromatin
compaction.22 Interestingly, we have uncovered a new possible
role of the H2A and H2B tails: that of mediating fiber/fiber
interactions across distant portions of the chromatin fibers, an
effect with direct implications on the higher-order folding of
chromatin. This new role of the H2A/H2B tails explains recent
experimental observations by Gordon et al.5 that oligonucleo-
somes lacking the H2A and H2B tail regions fail to oligomerize
into aggregates, even at high magnesium concetrations. On the
other hand, oligonucleosomes missing the H3 and H4 tails still
oligomerize at higher magnesium concentrations.

Our tail neutralization analysis of Table 2 suggests that
removal of individual tails or all tails does not result in complete
unfolding of chromatin when the linker histones are present
(both with and without magnesium ions). This implies that the
linker histones possibly play the important role of stabilizing
moderately folded fiber states (S20,w ∼ 45 S) during processes
such as chromatin remodeling to compensate for the loss of
internucleosomal interactions through contacts with external
proteins. Template-directed transcription of genes, on the other
hand, requires a greater degree of chromatin unfolding for gene
accessibility and might require dissociation of linker histones
from their binding regions on the nucleosome. Recent evidence
indicates that linker histone binding is, indeed, a very dynamic
process involving rapid binding and dissociation of linker
histones from the nucleosomes, where their residence time is
modulated by post-transciptional modifications.83

It is also interesting to note that the correlation between the
total charge carried by a histone tail and the degree to which
chromatin unfolds (∆S20,w) upon its neutralization is only
moderate (see Table 2). This observation may be explained by
realizing that the tails do not condense chromatin through the
electrostatic screening effect alone (which would lead to a strong
correlation between charge and compaction), but also by
intermittently attaching to linker DNAs and nucleosome cores,
a phenomenon which depends strongly on the location and
length of the histone tail in addition to their charge. We also
note that the individual contributions from each tail toward
chromatin folding are not additive. For example, in hiMS
conditions, the sum of ∆S20,w from each tail () 14.5) exceeds
the actual compaction brought by the tails collectively () 7.3).
This implies that there is a fair degree of redundancy in the
role of each tail toward chromatin compaction. Furthermore,
since∆S20,w isanonlinear functionof thenucleosome-nucleosome
distances, which themselves are complex functions of the
nucleosome and tail charges, we do not anticipate the combined

effect of histone tails to be additive. In sum, Nature has designed
the tails to serve very specific purposes, but there is some
redundancy involved in their function, which likely serves to
make chromatin structure more robust toward perturbations.

Our study also postulates and expands a detailed mechanism
by which linker histones and magnesium ions consort to produce
highly compact chromatin.57 Briefly, the linker histones contrict
the entry-exit angle of the linker DNA at the nucleosome and
reduce the electrostatic repulsion between linker DNAs to
promote a compact two-start zigzag arrangement of nucleosomes
in which the strongest internucleosomal interactions occur
between alternate nucleosomes. Indeed, our oligonucleosome
configurations agree well with the various zigzag models
proposed in the literature; for example, by Dorigo et al.,84 Wong
et al.,85 Bednar et al.,70,67 Williams and Langmore,65 and Kepper
et al.29 Magnesium ions further enhance compaction by strongly
screening electrostatic repulsion among linker DNAs, promoting
sharp bending of a small fraction, similar to linker DNA bending
proposed in various solenoid models of chromatin by Thoma
et al.,86 McGhee et al.,87 Widom and Klug,88 and Robinson et
al.78 Both effects result in a denser packing of linker DNAs
along the chromatin axis. Significantly, this proposed hetero-
geneous structure of chromatin consisting of straight and bent
linker DNAs, also verified by cross-linking experimental stud-
ies,57 reconciles the apparently divergent models proposed for
chromatin; namely, the solenoidal and zigzag.72,78 A detailed
analysis of chromatin conformations in the presence of linker
histone only and both the linker histone and magnesium ions is
described separately.57

Finally, our results also pave the way to new experimentation
for testing our additional predictions. For example, our model
indicates a dramatic increase in the bending stiffness of
chromatin fibers upon the addition of linker histones, suggesting
a plausible mechanism by which the higher-order folded
structure of chromatin could be modulated by linker histone
binding and dissociation. Indeed, the cis entanglement between
distant fiber portions that we capture without linker histones
(Figure 4b) becomes unfavored due to loss of order and
accessibility of the genome template (Figure 4c, d). This could
be tested through measurement of the bending stiffness of
chromatin associated with and deficient of linker histones. A
systematic experimental study on the impact of histone tail
removal on the sedimentation coefficient of nucleosomal arrays
and higher-order folding under the different conditions inves-
tigated here could also be conducted and compared with our
predictions of ∆S20,w. Our predictions on the frequencies of
various interactions mediated by the histone tails (internucleo-
somal, intranucleosomal, parent linker DNA, neighboring linker
DNA) could also be tested via experimentation. Further, details
about the internucleosomal attachment sites of histone tails could
also be verified experimentally.

5. Conclusions

Mesoscale modeling and simulation was used to systemati-
cally dissect the role of histone tails, linker histone, and
magnesium ions in compacting physiological chromatin. Our
model extends upon the prior mesoscale oligonucleosome model
by incorporating both linker histones and magnesium ions and
improving the nucleosome-DNA geometry according to the
latest nucleosome geometry. The refined chromatin model was
simulated using a tailored Monte Carlo methodology consisting
of local and global moves to obtain a thermodynamically
consistent ensemble of oligonucleosome configurations at dif-
ferent conditions in terms of low/physiological monovalent salt
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concentration and presence/absence of linker histone and
magnesium ions. The resulting ensembles were examined using
different analyses: positional distributions of histone tails relative
to parent nucleosomes; attachment sites, frequencies, and
energetics of internucleosomal interactions mediated by the
histone tails; sedimentation coefficient calculation of regular
oligonucleosomes and modified oligonucleosomes with selec-
tively neutralized histone tails and linker histone domains; and
global and internal oligonucleosome structure.

Our analyses uncover a detailed physical mechanism for
chromatin compaction: linker histones alter the trajectory of
linker DNAs emerging from the nucleosomes to promote greater
interactions between alternate nucleosome, divalent ions allow
sharp bending of a small portion of linker DNAs to allow greater
compaction by reducing the number of linker DNA crossings
at the chromatin axis, H2A and H2B tails mediate internucleo-
somal interactions across distant portions of the fiber (fiber/
fiber interactions), and the H3 and H4 histone tails stabilize a
compact state of chromatin by mediating attractive internucleo-
somal interactions (H3 and H4) and attaching to linker DNAs
(H3). We also find that the H2A and H2B tails may be more
important for mediating fiber/fiber interactions than internu-
cleosomal interactions. Our results highlight the dynamical
nature of histone tails and suggest how chemical modifications
of their residues could alter chromatin morphology to regulate
gene transcription. Such epigenetic factors are of great current
interest.
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