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The role of each histone tail in regulating chromatin structure is
elucidated by using a coarse-grained model of an oligonucleosome
incorporating flexible histone tails that reproduces the conforma-
tional and dynamical properties of chromatin. Specifically, a tai-
lored configurational-bias Monte Carlo method that efficiently
samples the possible conformational states of oligonucleosomes
yields positional distributions of histone tails around nucleosomes
and illuminates the nature of tail/core/DNA interactions at various
salt milieus. Analyses indicate that the H4 histone tails are most
important in terms of mediating internucleosomal interactions,
especially in highly compact chromatin with linker histones, fol-
lowed by H3, H2A, and H2B tails in decreasing order of importance.
In addition to mediating internucleosomal interactions, the H3
histone tails crucially screen the electrostatic repulsion between
the entering/exiting DNA linkers. The H2A and H2B tails distribute
themselves along the periphery of chromatin fibers and are im-
portant for mediating fiber/fiber interactions. A delicate balance
between tail-mediated internucleosomal attraction and repulsion
among linker DNAs allows the entering/exiting linker DNAs to
align perpendicular to each other in linker-histone deficient chro-
matin, leading to the formation of an irregular zigzag-folded fiber
with dominant pair-wise interactions between nucleosomes i and
i*4.

Monte Carlo simulations | nucleosome | DNA/protein complexes |
chromatin structure regulation | irregular zigzag

E ukaryotic double-stranded DNA achieves cellular compac-
tion through several hierarchical levels of organization (1).
The most fundamental of these involves wrapping of DNA
around protein aggregates known as nucleosomes. The nucleo-
some, whose structure has been determined at high resolution
(2), comprises two copies each of the positively charged histones
H2A, H2B, H3, and H4. A large portion of each histone chain
forms the nucleosome core around which DNA makes ~1.75
turns, whereas the terminal portion, the histone tail, extends
outwards from the core and is much floppier than the rest of the
nucleosome. The resulting “beads-on-a-string” nucleosome/
DNA complex compacts further at physiological salt conditions
and, in the presence of highly charged linker histone proteins
(H1 or HY), forms the compact 30-nm chromatin fiber.

The histone tails critically regulate chromatin compaction and
function. Electrostatic arguments alone suggest that the compact
state of chromatin can be achieved only if the strong DNA/DNA
repulsion as well as the entropic penalty loss associated with
folding are alleviated. The positively charged histone tails pro-
vide the necessary driving force for folding by mediating favor-
able internucleosomal interactions and screening DNA repul-
sion. At the same time, gene activation requires that related
regions of chromatin become partially unfolded to allow access
to transcription machinery. Indeed, acetylation of histone tail
residues through the action of histone acetyl transferases results
in unfolding of chromatin, possibly through a partial neutraliza-
tion of charge on the tails (3-5). Histone tail acetylation, along
with other forms of functional modifications, provides further
evidence for the dominant role of histone tails in regulating
chromatin. In addition, the histone tails likely play important
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roles in the subsequent compaction of chromatin into hetero-
chromatin through fiber/fiber interactions.

Experimental studies dissecting the role of histone tails (6-11)
are typically conducted in vitro and rely on self-assembling short
fragments of chromatin (oligonucleosomes) from the compo-
nents: core and linker histones and short “designer” DNA
templates. The histone proteins are modified chemically before
their assembly, and the impact of each modification is observed
directly at the level of the assembled oligonucleosome. These
studies have indicated the greater importance of the H3/H4
dimer over the H2A/H2B dimer for producing compact chro-
matin (7, 8, 9) and the roles of specific lysine residues in the H4
tail in chromatin compaction (10, 11). However, because the tails
are very dynamic and their locations cannot be precisely deter-
mined, these experiments cannot resolve exactly how and why
certain histone tails are more important than others for chro-
matin folding. Advanced techniques employing ligation and
chemical cross-linking can address internucleosomal versus in-
tranucleosomal tail/DNA interactions in chromatin but lack
detailed information on how histone tails regulate chromatin
folding both in the absence and presence of linker histones (12,
13). Theoretical approaches are thus well poised to address some
fundamental questions regarding the nature of interactions
between the histone tail and the rest of chromatin; however, the
complexity of chromatin and the large spatial and temporal
scales involved pose special challenges to modelers.

Most computational/theoretical models of chromatin (14-21)
either have included the effects of histone tails crudely or
neglected them. This approach is reasonable to a first approxi-
mation because of the separation of time scales that exists
between the dynamics of the flexible tails and those of the
nucleosomes/linker DNA segments. Recently, we have devel-
oped a mesoscopic model of oligonucleosomes (Fig. 1) that
comprehensively models the conformational freedom and elec-
trostatics of each histone tail and is amenable to long-time,
large-scale sampling by Brownian dynamics (BD) and Monte
Carlo (MC) (22). Our model represents each histone tail as a
chain of charged coarse-grained beads with customized charges
and forcefield parameters for each tail; the nucleosome core and
linker DNA are treated by using the Discrete Surface Charge
Optimization (DiSCO) model (14, 23, 24) and the discrete elastic
chain model (25), respectively. Thorough testing has already
demonstrated how the incorporation of flexibility into histone
tails leads to better agreement with experimental measurements
(diffusion constants, interaction energies, salt-dependent exten-
sion of histone tails, and folding of nucleosomal arrays) (22).

Here, we employ the flexible-tail model of oligonucleosomes
to elucidate the role of each histone tail in chromatin folding.
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Fig. 1.

Modeling the basic motif c1 (nucleosome core, linker DNA, and
histone tails) to yield the final model c2: the atomistic nucleosome core n1 is
modeled as a rigid body with a uniformly distributed set of charges (n2); the
linker DNA d1 is treated by using the discrete elastic chain model d2; and the
histone tails [(t1), H3 tail isshown] are represented by using the subunit model
t2 and then coarse-grained further to the protein bead chain t3. The tails in c2
are colored blue (H3), green (H4), yellow (H2A), and red (H2B).

Our MC methods, including an end-transfer configurational bias
method, efficiently sample different configurations of oligonu-
cleosomes and prevent local configurational traps, as observed
for Brownian dynamics. The extensive configurational ensem-
bles allow us to extract both the pattern of internucleosomal
interactions within chromatin and the positional distribution of
each histone tail. These patterns reveal that each histone tail has
a special function in regulating chromatin folding and that the
cumulative effect is an irregular zigzag arrangement of nucleo-
somes with regular interaction patterns between each nucleo-
some and its fourth neighbor along the chain.

Results and Discussion

We next analyze various properties related to the distribution
and interaction of the histone tails and the pattern and energetics
of tail-mediated internucleosomal interactions. We describe
the role of each histone tail in chromatin folding and in the
nucleosomal arrangement and evaluate these predictions in light
of available experimental data. The broader biological implica-
tions are discussed.

Global Histone Tail Pattern. The histone tails differ from each other
not only in lengths and charges but also in their location on the
surface of the nucleosome core. The location-dependent functions
of the tails can be deduced directly from analyses of positional
distributions, obtained here by projecting the position vectors of tail
beads (relative to the parent nucleosome’s center of mass) onto the
reference frame of the parent nucleosome described by the orthog-
onal set of unit vectors {a, b, ¢}. Tail distributions along the
“nucleosomal” plane {a, b} and “dyad” plane {(a — b)/ V2, c} at
0.2 M salt are plotted in Fig. 2. Tail distributions at 0.2 M salt for
arrays in which all tail charges are set to zero also help assess the
impact of electrostatics on their distributions.

Fig. 2 shows that all histone tails exhibit fairly broad distri-
butions compatible with their highly dynamic/flexible nature.
The H2A and H4 tails spread mostly in the direction normal to
the nucleosomal plane because of their origin from the flat faces
of the nucleosome core (Fig. 2b). The longer H4 tails extend
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Fig.2. Reference frame of a nucleosome core (a) and positional distribution
of fully charged histone tails along its dyad (b) and nucleosomal planes (c) and
of neutralized tails along a nucleosome plane (d), all at 0.2 M salt. Red arrows
in b indicate the mean position/orientation of H4 and H2A tails. H2A*, C
termini of H2A histones.

— core

further outwards than the H2A tails. On the other hand, the H2B
and H3 tails, which originate from the curved side of the
nucleosome core in between the wound DNA supercoil, spread
predominantly along the nucleosomal plane (Fig. 2¢). The H3
tails, in particular, tend to remain close to the entering/exiting
linker DNA. Their point of origin from the nucleosome core,
proximal to the linker DNA origin, allows entire tails rather than
the ends to participate in strong electrostatic interactions with
the linker DNA. Note how the positional distribution of H3 tails
“hugs” the mean position of linker DNAs (Fig. 2¢) and how their
bias toward the linker DNAs disappears when they are neutral-
ized (Fig. 2d). We show later how this unique property of H3 tails
impacts chromatin folding. Also note the propensity of H2A (N
termini) and H2B tails to distribute along the nucleosome edge
farthest from the linker DNAs.

Role of Each Histone Tail. Next, we quantify the extent to which
each histone tail interacts with the rest of chromatin by com-
puting the frequency of attachment to a specific component of
chromatin (i.e., number of occurrences divided by the total
sampled tail configurations). A tail is considered “attached” if
the shortest distance between its beads and that of the compo-
nent is smaller than 80% of the excluded volume size parameter
(0). Specifically, we compute in Fig. 3 the fraction of time each

tail interacts with: parent nucleosomes (intranucleosomal), fie™;

other nucleosomes (internucleosomal), fie'; entering/exiting

linker DNA of parent nucleosomes, f{i"™; and other linker
DNAs, f11'"; the fraction of time that tails remain unattached/
free is then given by (1 — f18™ — f1& — fii™™ — fi1"). We also
compute the extension of each histone tail, /.x from the average
distance between the last tail bead and the nearest nucleosomal
charge. Tail interactions/extensions are compared for three
folded states of the oligonucleosome: an extended oligonucleo-
some at 0.01 M salt, a moderately folded oligonucleosome at 0.2
M salt, and a highly compact fiber at 0.2 M salt where repulsion
among linker DNAs is set to zero.

Opverall, Fig. 3 shows that, at low salt (0.01 M; red triangles), the
histone tails either remain free (Fig. 3d) or interact exclusively with
parent nucleosomal DNA (Fig. 3¢) and parental linker DNA (Fig.
3f); internucleosomal interactions almost are nonexistent (Fig. 3 b
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Fig.3. Representative 48-unit oligonucleosome at 0.2 M salt (a) and analyses and snapshots of boxed regions in a to highlight different tail interactions (b-g).
Analyzed systems involve oligonucleosomes without linker histones at 0.2 M ({J) and 0.01 M (2), and ““compact” oligonucleosomes at 0.2 M salt (X). In each box
(b—g), a cartoon image depicts the interaction plotted as a frequency for the time that tails mediate: internucleosomal interactions (b), attach to parent
nucleosomes (c), remain unattached (d), attach to linker DNA not associated with parent nucleosome (e), and attach to linker DNA associated with parent
nucleosome (7). Plot (g) provides tail extension lengths. Results are averaged over the two copies of each tail. H2A*, C termini of H2A histones.

and e). At higher salt (0.2 M; blue squares), electrostatic screening
of linker DNA causes the tails to mediate internucleosomal inter-
actions (Fig. 3 b and ¢) with wound and linker DNA of adjacent
nucleosomes (mostly through their ends) at the expense of intranu-
cleosomal interactions (Fig. 3 ¢ and f) (except H3; see below). With
increasing salt, the tails extend outward from the nucleosome as a
result of greater screening of the electrostatic attraction between
tails and wound DNA of parent nucleosomes (22, 26), further
encouraging internucleosomal interactions (Fig. 3g). Still, the frac-
tion of tail-mediated internucleosomal interactions is quite small
(<5%) in linker-histone deficient oligonucleosomes (Fig. 3b). By
setting linker DNA repulsions to zero to crudely mimic the effect
of linker histones, we observe a large number of internucleosomal
interactions upon further compaction of chromatin (Fig. 3b).

Significantly, we can identify a specific role for each histone
tail in regulating chromatin structure and higher-level folding as
follows.

The H3 tails have a unique tendency to attach to the linker
DNA entering/exiting the parent nucleosome cores; in fact, the
tails remain attached 60-65% of their time to the two linker
DNAs (Fig. 2d). The proximity of the H3 tails to the linker DNAs
implies that they may be strongly involved in screening electro-
static repulsion between the linker DNAs in addition to medi-
ating internucleosomal interactions.

The H4 histone tails mediate the largest number of internu-
cleosomal interactions for moderately folded arrays at 0.2 M salt,
and even more so in compact chromatin where they spend as
much as 11% of their time bound to neighboring nucleosomes
(Fig. 3b). We speculate that the H4 tails play equally dominant
roles in mediating internucleosomal interactions within compact
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chromatin that contains linker histones. This dominance of the
H4 tails may be related to their optimal position on the flat
portion of the nucleosome core close to the linker DNAs from
where they can bind to neighboring nucleosomes (Fig. 2b); this
is especially relevant to compact chromatin where nucleosomes
tend to stack themselves parallel to each other. Even though the
N termini of H2A histones also originate from the flat portion
of the nucleosome core, they cannot mediate internucleosomal
interactions to the same extent as the H4 tails because of their
slightly shorter length and distant location from the linker DNAs
(Fig. 2b).

The H2A /H2B tails are less important than the H3/H4 tails
in terms of mediating internucleosomal interactions (Fig. 3b).
The C termini of H2A tails, especially, are too short to mediate
any internucleosomal interactions for moderately folded chro-
matin at 0.2 M but mediate more internucleosomal interactions
in compact chromatin (Fig. 3b). The positional distribution of
the N termini H2A and H2B tails indicates that they are mostly
distributed along the edge of the nucleosome farthest from the
linker DNAs (Fig. 2c; tail snapshots in Fig. 3d) and thereby along
the periphery of chromatin fibers, making them ideal for medi-
ating fiber/fiber interactions during oligomerization of chroma-
tin. In fact, the fiber/fiber interactions we observe in longer
oligonucleosomes indeed are mediated through the H2A/H2B
tails (Fig. 4).

To assess the relative impact of each histone tail in maintain-
ing folded chromatin, we compute the sedimentation coeffi-
cients (Sz,,) of 12-unit oligonucleosomes [for comparison with
experiments (27)] with selectively neutralized tails at 0.01 M and
0.2 M salt concentrations by using the Kirkwood-Bloomfield
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Fig.4. Representative configurations of oligonucleosomes with 6 (a), 12 (b),
24 (c), and 48 (d) nucleosomes at 0.2 M salt. The nucleosome cores are shown
as white cylinders, and the DNAs are shown as red cylindrical tubes. The
histone tails are omitted for clarity.

formula (14, 28, 29) (Table 1). We note a large reduction in the
computed Sz, from 39 S to 33 S between the regular arrays and
those with neutralized H3 tails at 0.2 M salt, suggesting a drastic
unfolding of arrays. Moreover, the impact of H3 neutralization
is more dramatic than that attributable to neutralization of other
tails. In fact, oligonucleosomes in which all tails are neutralized
yield Sz, of 31 S, which is only marginally lower than that
corresponding to H3 neutralized arrays. This finding suggests
that the H3 tails are more important than the H4 tails for
moderately folded oligonucleosomes, possibly because of their
dual role in linker repulsion screening and mediating internu-
cleosomal interactions, even though H4 tails mediate more
internucleosomal interactions. This additional screening role of
H3 tails uniquely posits them to prevent complete chromatin
unfolding at dilute salt (0.01 M). Indeed, the neutralization

Table 1. Sedimentation coefficients (Sz0,w) and tail-mediated
internucleosomal (Etc) and linker/linker electrostatic energies
(Ew) for 12-unit nucleosomal arrays at different salt
concentrations (C;)

Array
type C, M S0 S Etc, kcal/mol Ei., kcal/mol
Regular 0.01 30.0 = 0.1 —1.71 £ 0.04 6.61 = 0.05
0.2 39.0 = 1.2 —0.75 = 0.16 0.72 = 0.09
H3f 0.01 25.8 = 0.1 —0.31 =£0.02 3.50 = 0.01
0.2 33.2+04 —0.13 = 0.01 0.13 = 0.01
H4t 0.01 29.8 = 0.1 —0.58 = 0.01 6.55 + 0.04
0.2 356 =04 —0.14 = 0.02 0.62 = 0.03
H2A* 0.01 29.6 = 0.1 —1.00 = 0.02 6.48 = 0.08
0.2 35.0 = 0.3 —0.19 = 0.03 0.56 + 0.02
H2B* 0.01 29.6 = 0.1 —0.89 = 0.02 6.45 + 0.06
0.2 36.1 = 0.8 —0.24 = 0.08 0.62 = 0.02
H2A** 0.01 30.0 = 0.1 —1.21 = 0.02 6.63 = 0.05
0.2 385+ 1.0 —0.47 = 0.06 0.68 = 0.03
All* 0.01 25.8 £ 0.2 0.0 3.23 = 0.03
0.2 31.2+0.2 0.0 0.14 = 0.01
Compact 0.2 49.7 + 2.3 —2.50 = 0.67 0.0

Tabulated energies are given “per core.” Data are presented as +SD.
fArray segments that have been neutralized. H2A*, C termini of H2A histones.
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effect of H2A and H2B tails, a moderate unfolding of nucleo-
somal arrays (Table 1), suggests certain roles in chromatin
folding other than mediation of fiber/fiber interactions.

Links to Experiments. The tail roles dissected above are in good
agreement with experiments. Many studies have attributed
regulation of moderately folded chromatin in the absence of
linker histones to the H3/H4 tails (7-9). Specifically, a greater
unfolding of arrays with intact H2A/H2B and trypsinized
H3/H4 histones has been observed in 12-unit nucleosomal
arrays than vice versa. Our argument that the H4 tails may be
essential for maintaining highly compact chromatin also agrees
well with recent experimental observations (10, 11, 30). For
example, Dorigo et al. (10) implicate amino acids 14-19 of the
H4 N terminus in mediating strong stacking-type of interactions
with neighboring nucleosomes, and Shogren-Knaak et al. (11)
pinpoint lysine 16 (K16) of the H4 tail as the key residue for
maintaining highly compact chromatin in the presence of linker
histones. This importance of K16 suggests that specific interac-
tions (such as hydrogen bonding and steric interactions) other
than electrostatic attraction may play a key role in mediating
internucleosomal interactions here.

Clearly our oligonucleosome model only considers physical non-
specific effects of the histone tails but neglects the effect of such
specific interactions. Nonetheless, our study correctly predicts the
general tendency of H4 histone tails to electrostatically attach to the
core regions and the wound DNA of neighboring nucleosomes.
Given the crucial role of the H3 /H4 histone tails, it is not surprising
that these tails are excellent candidates for various forms of
modifications constituting the so-called “histone code.” Indeed,
~70% of all modifications, of which acetylation and methylation
are the most common, occur on the H3 and H4 tails (1, 5, 31). Our
prediction that the H2A /H2B tails mediate fiber/fiber interactions
also agrees well with the experiments of Hansen and coworkers,
who demonstrate that these tails are crucial for oligomerization of
nucleosomal arrays at high salt concentrations, whereas the H3 and
H4 tails are dispensable (7, 13).

Energetics. The interplay between various energetic interactions
within an oligonucleosome determines the folded state. The
dominant interactions are the repulsion between linker DNA
(ErL) and attraction between the tails and nonparent nucleo-
some cores (Etc) (Table 1). At low salt (0.01 M), strong
electrostatic repulsion among linker DNAs (=~6.6 kcal/mol per
nucleosome) dominates the entire electrostatic energy, trigger-
ing oligonucleosome unfolding. At high salt (0.2 M), the repul-
sion is reduced by an order of magnitude, and the tail/core
attraction maintains oligonucleosomes in moderately folded
state. Our Brownian dynamics simulations reveal that the his-
tone tails rapidly bind to and detach from nucleosomal DNA
with time scales on the order of a hundred nanoseconds (data not
shown). Interestingly, the linker DNA/linker DNA repulsion of
0.72 kcal/mol per nucleosome here is balanced by the tail-
mediated internucleosomal attraction of —0.75 kcal/mol per
nucleosome. Considering that compact chromatin with linker
histones has been measured to have an internucleosomal energy
of —2.0 kcal/mol per nucleosome (32), our computed value for
the internucleosomal energy without linker histones is reason-
able and is considerably better than that obtained from our
fixed-tail model (14) (—5.8 kcal/mol per nucleosome). The
energy for compact chromatin without the linker DNA repulsion
terms is —2.5 kcal/mol per nucleosome, in excellent agreement
with experiments (32). That the histone tails interactions with
nucleosomes are infrequent, short-lived and relatively weak on
a time-averaged sense (on the order of kg7T) agrees well with the
view of nucleosomal arrays as being highly dynamic and locally
interconverting between compact and extended states. The weak
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Fig. 5. Internucleosomal interactions within a 48-unit oligonucleosome at 0.2
M salt. Color-coded map showing intensity of interaction between nucleosome i
and j (a) and interaction intensity /(k) versus linker DNA separation k (b).

internucleosomal interactions also may be insufficient to main-
tain highly bent linker DNAs as in the solenoid model (33).

Internucleosomal Interaction Pattern. Globally, our longer nucleo-
somal arrays display fiber-like morphologies with an irregular
zigzag arrangement of nucleosomes connected by linker DNAs
that crisscross the fiber axis (Fig. 4). Most linker DNAs are
straight or slightly bent, consistent with the irregular zigzag
model of chromatin (30, 34). The fibers have a radius of gyration
(thickness) of 31 nm and packing of 0.4 nucleosomes per nm at
physiological salt concentrations (0.2 M).

To examine interactions between nucleosomes within a chro-
matin fiber, we present in Fig. Sa a two-dimensional map of the
intensity of histone tail-mediated interactions between nucleo-
somes i and j, I'(i, j), by computing the fraction of time either
nucleosome’s histone tail is “attached” to the other nucleosome,
as defined earlier.

A striking pattern emerges: the strongest interactions occur
along the two parallel lines offset by four nucleosomes from the
diagonal, i.e., nucleosome i interacts most extensively with
nucleosomes i * 4. The same dominant pattern is evident from
Fig. 5b, which shows a one-dimensional projection of map by
using the transformation I(k) = 2; I'(i, i = k), where I(k)
represents interaction intensity between nucleosomes separated
by k linkers. Long-range interactions among nucleosomes (away
from the block diagonal) are caused by sharp bending of
chromatin (e.g., see representative oligonucleosomes, Fig. 4).

This pattern of interactions likely emerges because of the
mean angle of ~92° between consecutive nucleosome triplets
that we observe in the oligonucleosome configurations. This
nucleosome triplet geometry is close to the natural linker DNA
entry/exit angle of 90° built into our model. We can show (see
Appendix 1, which is published as supporting information on the
PNAS web site) that this triplet angle naturally promotes (i, i =
4) interactions; in contrast, triplet angles of 60° promote inter-
actions between nucleosomes i and i = 3. Altering this balance
of interactions (linker DNA repulsion vs. internucleosomal
attraction), through the addition of linker histones, for example,
will alter the interaction pattern markedly.

The results obtained here along with the new model and sampling
approaches open avenues for studying other fascinating problems
dealing with chromatin. Certainly, delineating the mechanism by
which linker histones compact chromatin is still unresolved. Our
analyses suggest that linker histones reduce the effective angle
between the entering/exiting linker DNA and thus alter the global
chromatin morphologies substantially. The details of this effect
present challenges for future studies. Of course, a reasonable
description of the linker histones and their precise location on the
nucleosome is required; setting repulsions between linker DNAs to
zero to mimic the effect of linker histone is a gross simplification.
Our studies to date also suggest the presence of sharp kinks/bends
within chromatin fibers, mostly mediated through H2A/H2B tails.
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A thorough analysis of such fiber/fiber interactions may lead to a
better understanding of chromatin oligomerization and its folding
into heterochromatin.

Conclusion

We have elucidated the physical role of each histone tail in
chromatin folding by using our mesoscopic model of oligonu-
cleosomes in conjunction with tailored MC sampling methods.
Analysis of the positional distributions of histone tails relative to
parent nucleosomes and the nature of their interaction with
other chromatin components reveals: (i) the dominance of the
H4 tails in mediating internucleosomal interactions, (if) the
important role of the H3 tails in screening electrostatic repulsion
between entering/exiting linker DNAs and mediating internu-
cleosomal interactions, and (iii) the tailored role of the H2A/
H2B tails in mediating fiber/fiber interactions and oligomeriza-
tion. These collective interactions lead to a global helical zigzag
arrangement where nucleosomes interact most strongly with
their fourth neighbor nucleosomes. This result immediately
suggests that linker histones compact chromatin fibers further by
altering this interaction pattern.

Computational Methods

Flexible-Tail Model. Fig. 1 sketches our procedure for constructing
the flexible-tail model of oligonucleosomes discussed in more
detail in ref. 22. The nucleosome core minus histone tails is
treated as a rigid body whose surface is uniformly spanned by 300
discrete charges. The charges are optimized by using the Discrete
Surface Charge Optimization (DiSCO) algorithm to reproduce
the electric field around the nucleosome core (24). Each charge
is also assigned an effective excluded volume to prevent overlap
of nucleosome core with the other components. The linker DNA
is represented as a chain of charged beads with appropriate
excluded volume, stretching, bending, and twisting terms in its
forcefield (14, 18, 25). The salt-dependent charge on each bead
is parameterized by using the procedure of Stigter (35). Our
simulations address linker-histone deficient chromatin with 21-
nm-long linker DNA represented by using a chain of six linker
beads. The angle enclosed by entering/exiting linker DNAs at
each nucleosome core is set to 90° (corresponding to 1.75 DNA
turns).

There are 10 histone tails per nucleosome core: the N termini
of H2A, H2B, H3, and H4 histones, and the C termini of H2A
histones (denoted by H2A*). Each histone tail is modeled as a
chain of coarse-grained beads (each bead represents five amino
acid residues) with a forcefield comprising of stretching, bend-
ing, and excluded volume terms (22). The stretching and bending
potentials for interbead lengths and bond angles (defined by three
consecutive beads) are represented by harmonic potentials with
parameters that reproduce configurational properties of the ato-
mistic histone tails. A Lennard-Jones potential models excluded
volume for each protein bead. Appropriate charges assigned to each
protein bead mimic the electrostatics of the atomistic tails. Each
histone chain is attached to the nucleosome core by using a stiff
spring. All parameters follow ref. 22 except for oy (tail/linker DNA
excluded volume parameter), which is 2.9 nm.

MC Methods. Five different MC moves are used to efficiently
sample from the ensemble of oligonucleosome conformations
under constant temperature conditions. Global pivot moves are
implemented by randomly choosing one of the linker beads or
nucleosome cores, picking a random axis passing through the
chosen component, and then rotating the shorter part of the
oligonucleosome about this axis by an angle chosen from a
uniform distribution within [0, 20°]. Local translation and rota-
tion moves also begin first by choosing a randomly oriented axis
passing through randomly picked linker bead/nucleosome core.
In a translation move, the chosen component is shifted along the
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axis by a distance sampled from a uniform distribution in the
range [0, 0.6 nm], whereas in a rotation move, it is rotated about
the axis by an angle uniformly sampled from the range [0, 36°].
All three MC moves are accepted/rejected based on the stan-
dard Metropolis criterion.

For efficient sampling of histone-tail conformations, we em-
ploy the configurational bias MC method (36, 37). The idea is to
randomly select a histone chain and regrow it bead-by-bead by
using the Rosenbluth scheme (38), beginning with the bead
attached to the nucleosome core. We also employ an extension
of the configurational bias approach that we have recently
developed, called end-transfer configurational bias MC, to en-
hance the sampling of oligonucleosome conformations. The
main concept of this method is to transfer randomly picked
terminal portions of an oligonucleosome from one end to the
other and regrow them by using a Rosenbluth scheme (38). As
this method gives extremely low acceptance ratios in low-salt
conditions, we employ it only at high-salt conditions. Details on
the two methods are provided in Appendixes 2 and 3, which are
published as supporting information on the PNAS web site. In
addition, to prevent histone tail beads from penetrating the
nucleosome core during tail regrowth and end-transfer moves,
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.

Simulation Details. All simulations are conducted at 7 = 293 K
and two monovalent salt concentrations: 0.01 M and 0.2 M. For
0.2 M salt simulations, the five MC moves (pivot, translation,
rotation, tail regrowth, and end transfer) are attempted with
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