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Chromatin fibers encountered in various species and tissues are character-
ized by different nucleosome repeat lengths (NRLs) of the linker DNA
connecting the nucleosomes. While single cellular organisms and rapidly
growing cells with high protein production have short NRL ranging from
160 to 189 bp, mature cells usually have longer NRLs ranging between 190
and 220 bp. Recently, various experimental studies have examined the effect
of NRL on the internal organization of chromatin fiber. Here, we investigate
by mesoscale modeling of oligonucleosomes the folding patterns for
different NRL, with and without linker histone (LH), under typical
monovalent salt conditions using both one-start solenoid and two-start
zigzag starting configurations. We find that short to medium NRL
chromatin fibers (173 to 209 bp) with LH condense into irregular zigzag
structures and that solenoid-like features are viable only for longer NRLs
(226 bp). We suggest that medium NRLs are more advantageous for
packing and various levels of chromatin compaction throughout the cell
cycle than their shortest and longest brethren; the former (short NRLs) fold
into narrow fibers, while the latter (long NRLs) arrays do not easily lead to
high packing ratios due to possible linker DNA bending. Moreover, we
show that the LH has a small effect on the condensation of short-NRL arrays
but has an important condensation effect on medium-NRL arrays, which
have linker lengths similar to the LH lengths. Finally, we suggest that the
medium-NRL species, with densely packed fiber arrangements, may be
advantageous for epigenetic control because their histone tail modifications
can have a greater effect compared to other fibers due to their more
extensive nucleosome interaction network.

© 2010 Elsevier Ltd. All rights reserved.
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fiber condensation

the organism's growth and development. Intrigu-
ingly, the DNA storage and manipulation mechan-
isms have to satisfy two antagonistic requirements:
a high compaction ratio and facile access to the
genome. Understanding how the internal organiza-
tion of DNA achieves both factors is crucial for our

Introduction

The genome of every living organism contains the
complete information and guidelines required for
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understanding of the most basic cellular processes.
DNA storage in eukaryotic cells is achieved
through the chromatin fiber. The basic chromatin

building block is the nucleosome: a histone core :

composed of four pairs of protein dimers (histone
proteins H2A, H2B, H3, and H4) around which
147 bp of DNA are wound 1.75 turns." Every histone
dimer has two protruding tails (H2A has four),

0022-2836/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
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Fiber Structure as a Function of DNA Linker Length

which are highly positively charged and thus
readily available for interactions with the DNA
polyelectrolyte.

The length of the DNA wrapped around the
nucleosome core (147 bp) plus the length of the
DNA linker (or ‘linker’ for short therein) connecting
each nucleosome to the next [nucleosome repeat
length (NRL)] varies within and between organisms
(see Table 1).22 While some simple organisms have
short DNA linkers ranging from 18 to 45 bp, the
typical DNA linker length for mature, transcription-
ally inactive eukaryotic cells, between 50 and 60 bp,
leads to NRL values between 197 and 207 bp. Table
1 shows that rapidly growing cells with high protein
production are associated with a relatively short
NRL ranging from ~160 to 189 bp; these include
unicellular organisms, embryonic stem (ES) cells,
and tumor cells. Mature cells tend to have longer
NRL ranging between 190 and 220 bp. An exception
to this trend is NRL in rat neurons, which is long
before b1rth 200 bp, and drops to 170 bp and less
later on. Longer NRL chromatin (220 bp) appears in
starfish,” which resides in higher salt env1ronments

Monovalent (K*, Na*) and divalent (Mg>*) ions,
as well as linker histone (LH) proteins Hl /HS5, are
essential for chromatin fiber compaction.” Chroma-
tin depleted of H1 is decondensed with a decreased
sedimentation velocity.” At low ionic strengths, this
leads to a more open and randomly orgamzed
beads-on-a-string form of the chromatin fiber.®
Spadafora et al. showed that the lack of H1 in the
presence of highly concentrated monovalent ions
(0.6 M) is associated with chromatin with very
short NRL.” Recent experimental data also show a
strong linear relationship between the number of
LHs H1 per nucleosome and NRL.”> H1 in living
cells binds dynamically to both euchromatin and
heterochromatin, in a  ‘stop-and-go’ mode,'’ and
switches its carrier nucleosome every several
minutes."’ Low H1 stoichiometry and short NRL
also characterize newly replicated eukaryotic HeLa
cells (NRL 165 bp).'? H1 concentrations and NRL
values in those cells rapldly evolve to the values
present in mature chromatin.'”> The same behav1or
was observed in Ehrlich ascites tumor cells,'*
suggesting a relationship between these factors and
certain tumors.

The detailed structure of the chromatin fiber has
been a puzzle for more than three decades.'>'® Early
on, the first proposed structure for the 30-nm
chromatin fiber was a one-start helix (solenoid)
where every nucleosome is in contact with its
immediate neighbors, i+1. 17 The DNA linkers in
this model are bent in the fiber interior. Such linker
bending offers a relatively constant fiber width for
different NRLs and can easily produce a 30-nm fiber
with a packing ratio of 6 to 8 nucleosomes per 11 nm
of fiber length. However, in this solenoid model, the
role of LH is not clarified because the wide angle

Table 1. NRL within and between organisms

Species/tissue NRL
Aspergillus nidulans"! 154
Rat neuron''? 162

Saccharomyces cerevisiae'' 165

Neurospora crassa 170
Hlc, H1d, Hle null ES'*? 174
Amoebae'® 176
Chinese hamster ovary cells® 178
Plasmodia'*® 181
Hel.a cells® 188
Hepatoma cells” 188
Teratoma cells” 188
P815 cells (rnouse mastocytes) 188
Myoblast cells” 189
CV1 cells (African green monkey) 189
Wild-type mouse ES cells'"* 189
H1° Hic, Hle null mouse thymus 189
BHK (Syrian hamster kidne ¥ 190
Rat kidney primary culture 191
H1° Hlc, Hle null mouse liver'' 191
Rat bone marrow” 192
Rat fetal liver (14 days) 193
Wild-type mouse liver''® 195
Wild-type mouse thymus'"” 196
Rat liver’ 196
Rat kidney” 196
Syrian hamster liver” 196
Syrian hamster l<1d1'1ey2 196
Chick oviduct® 196
Rat glia'"” 201
Chicken erythrocyte”7 212
Echinoderm sperm?® ~220

between the bent linkers of entering and exiting
nucleosomes generally excludes close interactions
with the LH, though interactions between LH and
non-parental DNA linkers are possible.

The second major type of proposed model for the
30-nm chromatin fiber is a two-start helix (zigzag
structure) in which straight DNA linkers crisscross
the fiber axis and thus promote i+2 interactions
between nucleosomes.'®22 The straight linkers
make the width of zigzag fiber model more strongly
dependent on the NRL. In addition, the LH in this
model has a clearly defined role, to attract the DNA
linkers exiting / entermg the parent nucleosomes and
form rigid stems.”

Since 1980, many studies have supported aspects
of both models. The early results by Williams et al.
based on electron micrographs supported the two-
start cross-linker model.!"” Their measurements
indicated a strong linear relationship between the
linker length and the fiber width for both Necturus,
where the DNA linker length is 48 bp and fiber
width is 31 nm, and Thyone, with a DNA linker
length of 87 bp and a fiber width of 39 nm, in a
buffer with monovalent and divalent ions. Later, the
same group produced similar results usmg cryo-
electron microscopy (EM) imaging.” They also
showed that h1ghly compacted chromatin fiber has
solid centers,” which supported the idea that DNA
linkers cross the fiber axis.
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Fiber Structure as a Function of DNA Linker Length

Electron tomography”' showed that chromatin
fibers under moderate salt concentration (0.15 M
NaCl) have asymmetric zigzag structures deter-
mined by the properties of the nucleosome-linker
unit. Irregularity in fiber structure is supported by
many modeling studies.** *°

The correlated breaks in DNA produced by
ionizing radiation offer an indirect way to view
arrangements of nucleosomes.” The end-labeled
fragments induced by correlated breaks and sepa-
rated by gel electrophoresis exhibited characteristic
peaks at 78 bp (one helical turn around histone core)
and between 175 and 450 bp; these values reflect the
positions of nearest neighbor nucleosomes and
suggest a zigzag organization for chromatin.

The influence of LH on chromatin structure in
higher eukaryotes was investigated by Bednar et al.”
They showed that LH leads to the formation of a
zigzag-promoting stem motif by mediating the close
contact of the exiting and entering linker DNA.
More recently, EM imaging combined with sedi-
mentation coefficient measurements by Routh et al.
demonstrated that short-NRL (167 bp) arrays form
narrow fibers (21 nm diameter) in the presence of
LH.*® For medium-NRL arrays (197 bp), highly
compact 30-nm fibers result.

Later, X-ray crystallography made an important
contribution to the high-resolution nucleosome
structures,"* by producing a low-resolution image
of a cross-linked tetranucleosome,”*® which sup-
ported a two-start zigzag. However, that structure
was based on a fiber with short linkers (20 bp) and
without LH.

The structure of chromatin has also been probed
by disulfide bridging.>" In such experiments, H2A /
H2B and H4 histones are targets for cysteine
replacement because their tail bases are crucial for
compaction via interaction with H2A /H2B tails of
neighboring nucleosomes." Following endonuclease
cleavage, the initial 10 to 12 nucleosome fibers were
reduced to 5 to 6 nucleosome constructs that
constitute the individual starts of the two-start
configurations. This result was interpreted as
evidence for zigzag configurations because one-
start solenoids would preserve the initial connectiv-
ity (i1 contacts) and retain the 12-nucleosome
repeat pattern.

Initially, the one-start helical structure also had its
proponents,®?> % and recent results by Rhodes et al.
have renewed this view.?®** These results sug-
gest that for longer NRL with Mg”** and LH,
chromatin folds into an interdigitated one-start
helix. The studies show that the chromatin fiber
has a fairly constant diameter of 33-35 nm for
moderate-length linkers (NRL between 177 and
207 bp) and 44 nm for long linkers (NRL between
217 to 237 bp). The moderate to long NRL fibers they
analyzed have a high packing ratio, indicative of
solenoid-like topology: 11 nucleosomes per 11 nm

for moderate-length linkers and 15 to 17 nucleo- 210
somes for long-linker arrays.”®*” However, for short 211
NRL (167 bp), their experiments®®*”® indicate that 212
chromatin adopts a two-start helical arrangement 213
with less compact (6.1 nucleosomes per 11 nm) and 214
thinner (21 nm diameter) fibers. 215

Recent computational studies using a coarse- 216
grained model described by several tunable para- 217
meters such as the linker DNA opening angle and 218
twisting angle between successive nucleosomes™ 219
found periodic patterns in fiber dimensions for NRL 220
from 202 to 222 bp, a strong effect of NRL on the 221
viable chromatin conformations (two-start and 222
three-start were found), and increased structural 223
irregularity for NRL>214 bp. While such patterns 224
agree with X-ray scattering studies,'” they differ 225
from the above-cited work.” Modeling based on 22
EM measurements of reconstituted fibers, however, 227
show a range of possible conformations as NRL 228
changes;*® the authors emphasize ‘the multiplicity 229
of fiber structures!” tuned by the NRL. Moreover, 230
Monte Carlo (MC) simulations of coarse-grained 231
models of chromatin with NRL ranging from 155 to 232
211 bp have revealed densely compacted fibers with 233
possible one-, two-, and three-start structures.*° 234

Over the past few years, we have developed a 235
mesoscale model for studying chromatin 236
structure™ *° (see Fig. 1). Our mesoscale model 237
essentially captures the basic physics of chromatin 238
such as its electrostatics, DNA and nucleosome 239
mechanics, structural irregularity, and histone tail 240
flexibility and averages out other effects: protein/ 241
DNA sequence effects, hydrogen bonding, atomistic 242
fluctuations, and solvation effects.*> The model 243
details, including simulation methods, validation 244
studies, and prior applications, were recently pre- 245
sented in the work of Arya and Schlick,* where the 216
role of histone tails in compacting fiber structure 247
was analyzed. In our recent study in collaboration 248
with experimentalists,46 we examined the effect of 249
LHs and divalent ions (the latter by a first-order 250
approximation) on chromatin structure. The cross- 251
linking experimental procedure and modeling both 252
provided evidence for an organized, compact zigzag 253
model at monovalent salt with LH and an ordered 254
zigzag accented with some bent linker DNA at 235
divalent salt conditions. The heterogeneous nature 256
of chromatin emerged as an important feature that 257
helps condense chromatin as well as possibly 258
transition the 30-nm fiber into higher-order con- 259
densed forms.** Many other modeling studies of 260
nucleosomes and oligonucleosomes have been 261
reported, for example, Refs. 25,26, and 47-54. Each 262
model is suitable for a different level of questions 263
and resolution, and all have advanced our under- 264
standing of chromatin organization and experimen- 265
tal structures. 266

Here, we present results of our mesoscale chro- 267
matin model for chromatin structure as a function of 268
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Fig. 1. Mesoscale model of the basic chromatin building block. The nucleosome core surface with wrapped DNA
without histone tails is modeled as an irregularly shaped rigid body with 300 optimized pseudo-surface charges (smallest
white, pink, magenta, and blue spheres). The linker DNA (large red spheres) is treated using the discrete worm-like chain
model. The histone tails are coarse grained as bead models (medium red, yellow, green, and blue spheres). The LH is
modeled as three charged beads rigidly connected to the nucleosome (turquoise spheres).

. n '| .
Histone tai model Linker histone

linker DNA length (NRL=173, 182, 191, 200, 209, 0.15 M. Additionally, we show representative
218, or 226 bp) and LH. For each condition, we start results for different monovalent ion concentrations,
simulations from solenoid and zigzag structuresand ~ with/without Mg”*, for three NRLs, as well as
compare structural features of the converged fibers.  representative snapshots of 48-core arrays. The
We use mainly 24-core arrays as typically studied in ~ effect of magnesium ions on a fixed linker DNA
a laboratory,® at monovalent ion concentrations of ~ length was presented separately,” and an initial
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Fiber Structure as a Function of DNA Linker Length 5
Table 2. DNA twisting angles as a function of NRL
Number of segments, g

3 4 5 6 7 8 9
Linker length, Lpna op) 26.47 35.29 4412 52.94 61.76 70.59 79.41
Closest NRL (bp) 173 182 191 200 209 218 226
Number of turns, 7, 2.57 3.43 4.28 5.14 6 6.85 7.71
Deviation from integral turns, int(t,,) — 7, -0.57 -0.43 -0.28 -0.14 0 -0.85 -0.71
Whole linker twist, nse,, (=int(t,)—7,,) (°) 154.82 205.20 259.20 309.60 0 54.00 104.40
Whole linker twist, ns@,,, (radian radian & [—,7]) 2.7021 —2.7018 -1.7593 0.8778 0 0.9425 1.8221
Twist per segment, ¢, (rad) 0.9007 —0.6754 —0.3519 —0.1463 0 0.1178 0.2025

study for two NRL values with divalent ions was
presented elsewhere.™®

Our present results show that nucleosome arrays
with short NRL tend to fold into conformations with
intense two-start interactions regardless of LH
presence. Specifically, arrays with very short DNA
linkers (173 bp), with and without LH, and arrays
with short DNA linkers (182 bp) without LH, form
narrow ladder-like structures in which cores i
interact mainly with their i=1 and i+2 neighbors.
Arrays with short DNA linkers (182 bp) and LH
form slightly thicker fibers with intense i+2 and i+3
contacts.

The presence of LH (roughly the length of 30 bp*”)
has the strongest structural effect on arrays with
medium NRL (i.e., for NRL 191-209 bp). In these
arrays, the linker DNA length is not much greater
than twice the LH length, and this promotes
formation of the rigid stem. Independent of the
starting (solenoid or zigzag) conformation, arrays
with medium NRL and LH fold into compact two-
start configurations characterized by strong i£2 and
moderate i+5 interactions, which reflect their tightly
packed two-start structure. This result suggests that
by promoting the formation of the DNA stem for
medium-sized DNA linkers, LH straightens and
stiffens the DNA linkers and in turn destabilizes
solenoid-like features.

Our investigations also indicate that, in the
absence of LH, medium (191 to 209 bp) to long
(218 to 226 bp) NRLs encourage chromatin struc-
tural heterogeneity. Chromatin fibers with these
DNA linkers without LH fold into loose structures
with either solenoid-like or zigzag-like features. LH
cannot prevent long DNA linkers from bending
in their middle section and, thereby, promotes a
wide variety of nucleosome neighbors to come
into close contact. Arrays with very long linkers
(NRL =226 bp) and LH can adopt either a topology
with dominant zigzag features characterized by
strong i+2 and i+5 contacts or a heteromorphic
topology in which i+3 and i£5 neighbors interact
intensely followed by i+2 and higher-order pairs.
The heterogeneous structure of longer NRL arrays
makes packing into a tight fiber architecture more
difficult due to their much larger accessible config-
urational space.

We also address the role of histone tails for s2s
various NRLs. We show that the tails may be 329
evolutionary optimized for NRL between 191 and 330
209 bp, which are the lengths usually encountered in 331
nature. 332

Finally, we also show that fiber compaction 333
increases with increasing monovalent ion concen- 334
tration and inclusions of divalent ions for medium to 335
long NRL, where the linker length is long enough to 336
reorganize the nucleosomes to allow close spatial 337

proximity while also avoiding steric clashes. 338
Results 339
Overall analyses 340

For each NRL we examine (Table 2), we perform a 341
thorough analysis for 24-core oligonucleosomes at 342
monovalent salt concentration (Cs) of 0.15 M. For 343
each NRL, we use four conditions (combinations of 314
interdigitated solenoid or zigzag starting forms 345
with/without LH; see Supplemental Fig. S1 for 346
starting forms). For each of these four conditions, 12 347
trajectories of length 35 to 50 million steps are 348
performed with combinations of 4 random initial 349
seeds and 3 twist deviations (0, +12°) about the 350
mean DNA twist (see Table 2). Our MC simulations 351
converge rapidly as indicated by convergence of 352
global and local quantities (see Fig. S2) as also 353
analyzed previously.”® We use the last 5 million 351
steps for ensemble averages and statistical analyses 355
(Data collection). For visualization purposes, we 356
additionally conduct a limited number of simula- 357
tions for 48-core oligonucleosomes, as shown in 3ss
Figs. 2 and 3, as a function of NRL. We also conduct 359
simulations in three other conditions for selected 360
NRLs: low monovalent salt: Cs=0.01 M; high 361
monovalent salt: Cs=0.2 M; and both monovalent 362
and divalent ions: C5=0.15 M monovalent salt with 363
moderate divalent ions, to obtain general trends of 364
altered ionic environment. 365

Important to our overall analysis is a description 366
of the internal organization of nucleosomes (see Fig. 367
3 for illustration of contacts) in a chromatin fiber by s6s
a two-dimensional interaction-intensity matrix, I'(i,j) 369

at

St

St
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226 bp

zigzag start

Fig. 2. Space-filling models based on MC simulations of 48-unit oligonucleosome chains of all NRL compacted at
0.15 M monovalent salt with LH (turquoise beads). Alternating nucleosomes are colored white and navy, with
corresponding wrapped DNA as red and burgundy. In the 182-bp array, nucleosomes i, i+1, and i+ 2 are colored white,
navy, and light blue, with corresponding DNA as red, burgundy, and purple, to highlight the three-start structure. LH is

turquoise.

(Supplemental Fig. S3). This matrix measures the
intensity of histone-tail-mediated interactions
between nucleosomes i and j, as described in detail
in Internucleosome interactions. For an Nc-core array,
the accompanying normalized one-dimensional pro-
jection I(k) = 337, I'(i,i + k) / 357, 1(j) depicts

the relative intensity of interactions between nucleo- 376
somes separated by k neighbors (Fig. 4).**> Thus, the 377
ideal two-start zigzag configuration has dominant 378
i+2 and moderate i+5 interactions (Fig. Sl),22 while 379
the ideal 6-nucleosomes-per-turn solenoid model 3s0
has dominant i+1 and i£6 interactions (see Fig. 3 381
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(a) NRL = 173 bp (b) NRL = 191 bp

DNA stems

DNA stem

\

Bent linker

Fig. 3. Selected models from Fig. 2 analyzed for internucleosome contacts and linker DNA bending. (a) Arrays with
very short NRL (173 bp) and LH fold into a narrow structure with low linear packing ratio regardless of LH presence. (b
and c) Arrays with medium-length NRL (191 and 209 bp) and LH fold into zigzag structures with straight linkers and
DNA linker stems. (d) Arrays with longest NRL (226 bp) fold into irregular structures with both DNA stems and bent
linkers. Alternating nucleosomes are colored white and navy, with correspondingly wrapped DNA as red and burgundy.
LH is turquoise.

in Ref. 46). The interdigitated solenoid model,  nucleosomes, and dihedral angle between the
which we use here, is characterized by i+5 and i+6  geometric centers of four consecutive nucleosomes.
interactions®” (Fig. S1). All these quantities are detailed in Bending, triplet,

Other quantities that characterize fiber structure  and dihedral angles and Supplemental Fig. S4. The
are the ensemble averages of the following: dimer  dimer and triplet distances reflect the proximity of
distance between consecutive nucleosomes, triplet  i+1 and i+2 neighbors, respectively; zigzag struc-
distance between i+2 nucleosome neighbors, DNA  tures are characterized by smaller triplet than dimer
bending angle between the vector ‘leaving’ one  distances, and for solenoid forms, it is the reverse.
nucleosome and the vector ‘entering’ its consecutive =~ The bending angle helps describe linker DNA
neighbor (as introduced in Ref. 45), triplet angle  bending: the angle is larger for solenoid fibers
between the geometric centers of three consecutive ~ with bent linkers than for zigzag arrays. Classic
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081 (a) Short NRL, -LH

Y -

2 3 4 5 6 7 8 9
k — nucl. num.

10 11

(b) Short NRL, +LH
= © = 173 bp, zigzag
=== 173 bp, solenoid

- ¥ — 182 bp, zigzag
—— 182 bp, solenoid

(d) Med. NRL, +LH;

= © = 191 bp, zigzag
=== 191 bp, solenoid

f \ — @ = 200 bp, zigzag
/ 200 bp, solenoid
e = =209b i
o v p, zigzag

—&A— 209 bp, solenoid

(f) Long NRL, +LHj

-|- - © =218 bp, zigzag
==&~ 218 bp, solenoid

Q - ¥ = 226 bp, zigzag

—— 205 bp, solenoid

e

2 3 4 5 6 7 8 9 10 11 12
k — nucl. num.

0o 1

Fig. 4. Internucleosomal interaction patterns at 0.15 M monovalent salt. Interaction intensities versus nucleosome
position separation k for 24-core arrays: (a) short NRL (173 and 182 bp) without LH, (b) short NRL (173 and 182 bp) with
LH, (c) medium NRL (191, 200, and 209 bp) without LH, (d) medium NRL (191, 200, and 209 bp) with LH, (e) long NRL
(218 and 226 bp) without LH, and (f) long NRL (218 and 226 bp) with LH. Results for trajectories started from idealized
zigzag and interdigitated solenoid conformations are shown separately.

zigzag fibers also have small average triplet angles
that allow strong i+2 interactions, while solenoid
fibers have very wide triplet angles by construction.
The average dihedral angle is 180° when the
distance between nucleosomes i and i+3 is maximal.
As the fiber components reorient bringing nucleo-
somes i and i+3 closer, this dihedral angle decreases.
Thus, while small dihedral angles indicate close
proximity of four consecutive nucleosomes, large
dihedral angles signal weak interactions between
nucleosomes separated by two or more neighbors.

Additionally, we describe the degree of compac-
tion of the oligonucleosomes by the sedimentation
coefficient (Spg), overall nucleosomal packing
ratios (number of nucleosomes per 11 nm of fiber
length), fiber width, fiber volume, percentage of
‘filled’ fiber volume, and curvature of the fiber axis
(see Calculation of sedimentation coefficients and
Calculation of fiber packing ratio, curvature, and
volume for details).

Figures 4, 5, and 6 show the main results for
24-core arrays: internucleosome interaction patterns

and geometrical features. Figure 7 assesses chroma- 426
tin compactness as a function of the salt concentra- 427
tion, and Fig. 8 describes tail-mediated interactions. 423
All these features will be detailed in the subsections 429
below. 430

Overall fiber structure as a function of a DNA 431
linker length 432

Overall, we recognize three separate NRL ranges: 433
(a) short NRL: 173 bp to 182 bp, (b) medium NRL: 434
191 bp to 209 bp, and (c) long NRL: 218 to 226 bp. 435
The fibers with shortest NRL fold into narrow 436
ladder-like structures regardless of the presence of 437
LH and show no increase in packing ratio upon the 438
addition of LH. Arrays with medium NRL with LH 439
strongly resemble shapes of highly compacted 40
arrays visualized by the EM-assisted nucleosome 441
interaction capture technique.*® These are regu- 42
larly shaped with dominant two-start zigzag 443
configurations. Arrays with medium NRL also 444
show the highest linear packing density increase 445
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Fig. 5. Chromatin fiber dimensions as a function of NRL. (a) Nucleosome linear packing ratio, (b) fiber width, and
(c) sedimentation coefficients, (d) fiber volume, (e) fiber curvature, and (f) percentage of filled volume, all as functions of
NRL for 24-core oligonucleosomes. Results shown for simulations started from zigzag configuration and modeled
without LH, started from solenoid without LH, started from zigzag with LH, and started from solenoid with LH at 0.15 M
monovalent salt. Nucleosome packing ratios are measured as the number of nucleosomes per 11 nm of fiber axis length.
The fiber width is calculated as an average distance of nucleosomes (+nucleosome half radius) from the fiber axis

(Supplemental Fig. S6).

and sedimentation coefficients upon addition of
LH. For arrays with medium NRL, LH leads to a
moderate increase in the fiber diameter. In contrast,
fibers with long NRL with LH have a more
heterogeneous structure, with both bent DNA
linkers and straight DNA linkers due to stems
formed by the interaction of the exiting/entering
DNA with LH. The DNA linkers tend to bend
because the total length of two LHs (~60 bp) is
shorter than the length of a single DNA linker (see
Fig. 3 for an illustration of a 226-bp array, where
linker DNA length is 79 bp).

Short NRL: 173 and 182 bp

Our simulations suggest that chromatin fibers
with the shortest (NRL=173 bp) DNA linkers, both
with and without LH, fold into a two-start ladder-
like structure characterized by strong i+1 and i+2

interactions (Figs. 3a and 4a and b), a low linear
packing density (~3.8 nucleosomes/11 nm; Fig. 5a),
and a narrow width (~24-25 nm; Fig. 5b), regard-
less of the starting conformation. Further support for
a ladder-like structure for these arrays comes from
the large dihedral angle observed regardless of LH 468
presence (Fig. 6d). 469

The interaction patterns for arrays with 182-bp 470
NRL without LH also show strong i+1 and i£2 471
contacts and large dihedral angles (~80°), resem- 472
bling the arrays with the shortest linker DNA 473
described above (Figs. 4a and 6d). 474

The addition of LH to the 182-bp arrays slightly 475
straightens the linker DNAs (as indicated by a small 476
decrease in the bending angles; Fig. 6c) and 477
reorganizes the nucleosome contacts, increasing 473
the relative intensity of i+2 and i+3 interactions at 479
the expense of that of i+1 (Fig. 4b). This indicates 4s0
that 182-bp arrays with LH fold into a fiber that 4s1

463
464
465
466
467
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Fig. 6. Geometric parameters for different NRL systems 24-core arrays: (a) dimer distances (between i+1 nucleosome
neighbors), (b) triplet distances (between i+2 neighbors), (c) bending angles, (d) dihedral angles, and (e) triplet angles for
24-core arrays at 0.15 M monovalent salt. The bending angle is defined as the angle between vectors passing through the
first two and last two DNA linker beads. The triplet angle is an angle between the geometric centers of three consecutive
nucleosomes. The dihedral angle is the angle between two planes defined by four consecutive nucleosomes (see

Supplemental Fig. S54).

interconverts between a two-start and a three-start
structure. LH also reduces the dihedral angles to
~65° consistent with the increase of i+3 contacts
(Fig. 6d). The addition of LH, however, does not
increase fiber compaction significantly; the packing
ratios, sedimentation coefficients, fiber width, fiber
volume, and percentage of filled volume remain
almost constant (Fig. 5). The triplet angles also
remain constant (50-60°; Fig. 6e) regardless of the
starting conformation.

Medium NRL: 191, 200, and 209 bp

The structure of medium-NRL arrays depends on
the presence of LH. Without LH, these arrays exhibit
structural heterogeneity. When started from zigzag
configurations, they converge to arrays with irreg-
ular zigzag-like features: intense i£2, notable i+1,
and higher contacts (Fig. 4c); medium dihedral

angles (~70°; Fig. 6d); and medium triplet angles
(<65° Fig. 6e). When started from solenoid config-
urations, they converge to structures with irregular
solenoid-like characteristics: intense i+1 and i+2
contacts combined with multiple other prominent
higher-order interactions (Fig. 4c), large triplet
angles (>80° Fig. 6e), and smaller dihedral angles
(~50°; Fig. 6d).

When LH is added to medium-NRL arrays,
solenoid interactions are destabilized in favor of
zigzag-like forms. Simulations started from both
zigzags, and solenoids form a compact zigzag fiber
with uniform features that include straight DNA
linkers (reduced bending angles) that stabilize a
DNA stem (see Fig. 3c for stem illustration).
Independent of NRL, this zigzag fiber has dominant
i+2 interactions and moderate i+5 contacts (Figs. 3b
and c and 4d), consistent with smaller triplet than
dimer distances (Fig. 6a and b). These fibers exhibit
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Fig. 7. Chromatin fiber measurements as a function of the salt environment for 24 oligonucleosomes: (a) nucleosome
linear packing ratio and (b) sedimentation coefficients. Ensemble averages over trajectories started from zigzag and
interdigitated solenoid configurations. The three new salt environment corresponds to monovalent Cs=0.01 M without
LH (-LH), monovalent Cs=0.2 M with LH (+LH), and moderate monovalent salt at Cs=0.15 M with LH and divalent

ions (+LH+Mg).

the smallest dihedral (~50° Fig. 6d) and triplet
(<50°; Fig. 6e) angles. The tightness of these medium
NRLs with LH fibers is also supported by the
relatively high packing ratios (~5.0 nucleosomes/
11 nm), sedimentation coefficients, and the percent-
age of filled volumes, as well as small curvature
(straighter fibers) observed in Fig. 5.

Long NRL: 218 and 226 bp

Long DNA linker arrays exhibit structural diver-
sity. Without LH, both zigzag and solenoid-like
features are viable. Namely, arrays started from
zigzag conformations converge to an irregular two-
start structure with dominant i+2 and i+3 interac-
tions and intense i+5 contacts (Fig. 4e), as well as
medium dihedral and triplet angles (Fig. 6); arrays
started from solenoid converge to structures with
zigzag and solenoid characteristics. Specifically, the
218-bp arrays started from solenoid possess equally
intense i£2 and i+5 interactions, while the 226-bp
arrays have stronger i+5 and i+6 interactions
followed by i+2 contacts (Fig. 4e). Both have small

dihedral angles and large triplet angles (Fig. 6), 539
characteristic of solenoid conformations. 540

The effect of LH in favoring a zigzag structure 541
weakens for long NRL. This is because the DNA 512
linker is much longer than twice the size of the LH. 543
While LH still triggers the formation of a DNA stem, 544
increasing the intensity of i+2 interactions (Fig. 4f), it 545
cannot prevent the long DNA linkers from bending 546
in their middle section (see Fig. 3d for illustration), 547
and this promotes a wider range of nucleosome 543
interactions. The 218-bp arrays with LH started from 519
zigzag and solenoid conformations converge to 550
different structures with dominant i+2 and intense 551
i+3 and i+5 interactions. The different relative 552
intensities of these interactions between the struc- 553
tures started from solenoid and zigzag reflect the 554
structural diversity favored by long DNA linkers. 555

Thus, we observe that, as the NRL increases, the 556
effectiveness of LH in forming a DNA stem and 557
promoting two-start contacts decreases. In our 538
longest NRL systems (226 bp) with LH, both 5359
solenoid-like and zigzag-like characteristics are 560
viable (Fig. 4f). When started from zigzag, the 226- 561
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Fig. 8. Frequency analyses and cartoon images of different tail interactions in 24-core oligonucleosomes with LH at
0.15 M monovalent salt: (a) nucleosome/nucleosome interactions, (b) interactions with parent linker DNA, (c) interactions
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termini, respectively, of the H2A tails.

bp arrays with LH converge to a structure with
dominant i+2 interactions, intense i+5 contacts, and
small dihedral and triplet angles, all of which are
consistent with a compact zigzag structure. How-
ever, when started from solenoid, the 226-bp arrays
with LH lead to heteromorphic structures with
zigzag interaction patterns (intense i+3 and i£5 and
strong i+2 contacts) but small dihedral angles (>40°;
Fig. 6d) and large triplet angles (>90° Fig. 6e),
consistent with the solenoid form.

0
173

182 191 200

NRL (bp)

209 218

226

The long linker lengths of these fibers, however, 572
restrict their compaction relative to medium-NRL 573
fibers. This is reflected by their smaller packing 574
ratios, sedimentation coefficients, and percentage of 575

filled volume in Fig. 5.

LH role

576

577

As discussed above, the interaction patterns and 578
linear packing density (Figs. 4a and b and 5) of the 579
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shortest linker arrays (NRL=173 bp) weakly depend
on the presence of the LH because the LH's length is
longer than the DNA linker and the DNA stem
cannot form. As the NRL increases to 182 bp, the LH
induces DNA stem formation” (Fig. 2) because the
DNA linker and LH become comparable in size.
However, as for the 173-bp arrays, LH cannot
increase fiber compaction; the DNA linkers in arrays
with these low NRL values reorient themselves to
avoid collision with neighboring cores as well as
linker DNAs when LH is present. The nucleosome
reorientation also prohibits the formation of one-
start solenoid structures.

LH has the strongest influence on arrays with
medium NRL (NRL between 191 and 209 bp).
Addition of LH to arrays with this NRL range
encourages a zigzag organization and increases
compaction. These linker lengths are sufficiently
long to form a DNA stem and consequently
reorganize in a compact zigzag structure avoiding
steric clashes (Fig. 3b and c).

The effect of LH is smaller for arrays with longer
NRL values (218 and 226 bp) because the LH's
length is less than half the DNA linker's length. This
allows the base pairs in the center of the linker DNA
to bend in the folded fibers (Figs. 3d and 6c¢). This
bending, in turn, increases the i+3 and i+5 interac-
tions at the cost of the i+2 interactions.

Role of ionic concentration

The results reported above are for 0.15-M
monovalent salt concentration (Cs). The compac-
tion of chromatin depends on the ionic environ-
ment. To show that fiber compaction increases in
high monovalent ionic concentrations and upon
addition of divalent ions, we present representative
data for 24-core arrays in three additional condi-
tions: (i) low monovalent salt (Cs=0.01 M) without
LH, (ii) Cs=0.2 M with LH, and (iii) Cs=0.15 M
with Mg®* and LH. The divalent ion treatment is a
simple first-order approximation as introduced in
Ref. *°, implemented by reducing the DNA
persistence length to 30 nm and allowing the
DNA linker beads to touch one another (see details
in Computational Methods). Figure 7 shows the
increase in packing ratio and sedimentation coeffi-
cients as a function of the salt environment for
NRL=173, 209, and 226 bp. Representative snap-
shots for 48-core arrays are presented in Supple-
mental Fig. S5 to illustrate the change in
compaction at different salt environments. The
compaction of the 173-bp arrays does not increase
because the linkers are too short. The compaction in
the 182-bp and 226-bp arrays increases at higher
monovalent salt and most significantly upon
addition of magnesium ions. Thus, we expect the
values shown in Figs. 4-6 to change accordingly in
these altered salt environments.

Role of histone tails

Three types of tail interactions are responsible for
bridging contacts: (i) nucleosome/nucleosome inter-
actions, (ii) tail interactions with parental DNA, and
(iii) tail interactions with non-parental DNA. The
H3/H4 tails are known to have a key role in
chromatin compactior143'58*66 while H2A,/H2A,/
H?2B tails are involved in histone core aggregation,®”
transcription control, and possible mediation of
inter-fiber interactions due to their position on the
periphery of the nucleosome™ (H2A; and H2A, are,
respectively, the N-termini and C-termini of the
H2A tails).

In our simulations, we dissect the role of the
different tails in fiber-bridging contacts as a function
of the NRL by measuring the fraction of configura-
tions that specific tails are attached to a chromatin
component (i.e., parent core, non-parent core, parent
DNA linker, or non-parent linker). A tail is
considered to be attached to a component if it is
closer than the excluded volume distance for tail/
particle interactions (1.8 nm) (see Tail interactions).

Tail/nucleosome interactions (H3 and H4 dominant)

For compact chromatin with LH and linkers
comparable to the LH size (173-200 bp), the H3
tails mediate the largest number of internucleosomal
contacts, followed by H4 (Fig. 8a). In these arrays,
the H3 and H4 tails spend 19-28% and 11-18% of
their time interacting with other cores, respectively.
The time spent by tails mediating internucleosome
interactions can be analyzed in light of the inter-
nucleosomal contact patterns (Fig. 4). In the 173-bp
arrays with LH, nucleosomes spend 39% of time in
the vicinity of their immediate sequential neighbors
(i£1) and thus 61% with i+2 and higher contacts
(Fig. 4b).

As NRL increases to 200 bp, the nucleosomes
spend 81-97% of the time interacting with i+2 and
higher neighbors (Fig. 4c). Interactions with imme-
diate neighbors are not essential for fiber bridging in
moderate-NRL arrays because their DNA linkers
hardly bend. Effectively, this means that the H3 tails
in 173-bp arrays spend only 12% of the time in
contact with i+2 and higher neighbors, while for the
182,191, and 200 bp with LH fibers, they spend 14%,
26%, and 16% of their time mediating fiber-bridging
interactions, respectively.

The interactions of H3 tails with non-parental
cores diminish with the increase of the DNA
linker length (Fig. 8a). The H4 tails, on the other
hand, spend >10% of their time mediating inter-
nucleosome interactions in arrays with NRL up to
218 bp and take over as the most important for
internucleosome interactions at 209 and 218 bp.
Such internucleosome contacts contribute to fiber
bridging.
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The H3 and H4 contact probabilities in arrays with
longest NRL fall to less than 5% due to looser
conformations. Interactions of other tails (H2A and
H2B) are negligible.

Interactions with parent DNA linker (H3 and
H2A, dominant)

The tail interactions with parent linker DNAs are
mostly mediated by the H3 and H2A, tails (Fig. 8b).
Their proximity to the linker DNA, length, and
highly positive charge allow them to screen the
electrostatic repulsion among the negatively
charged DNA linkers. Besides the dominant H3
and H2A, tails, the shorter H4 tails interact
moderately with parental DNA because they are
close to the entry/exit positions of the parental DNA
linkers. All these three types of tails, in cooperation
with LH, create a positively charged region that
neutralizes the negatively charged DNA linkers. The
screening of the electrostatic repulsion between
linkers enables formation of a DNA stem.”

The efficiency of the H3 tails in screening
electrostatic repulsions between parental DNA
linkers strongly depends on the linker length. For
short NRL (173 bp), the H3 tails have intense
interactions with neighboring nucleosomes by con-
struction and consequently reduced interactions
with parental DNA linkers. The intensity of the H3
tail interactions rises with the increase of the DNA
linker length and reaches a maximum for NRL
between 209 and 226 bp. The lengths (4.7 nm) and
placement of the H2A, tails close to the nucleosome
dyad axis allow them to interact with parental DNA
strongly at a wide range of linker lengths.

Interactions with non-parental DNA linkers
(H3 dominant)

The tail interactions with non-parental DNAs in
fibers with LH are mostly mediated by the H3 tails
(Fig. 8c) because they are sufficiently long (12.6 nm
in our model). The interaction intensity reaches its
peak at NRL=200 bp. The 200 bp with LH fibers
have the highest packing ratios overall and are also
among the most compact as reflected by their high
sedimentation coefficient.

Other tails are much shorter (4.7 to 7.8 nm) and
positioned at the periphery of the nucleosome, and
this restricts their interaction with non-parental
DNA linkers.

Interactions with parent nucleosome

The short H2A; and H2B tails are not involved
significantly in fiber bridging. They spend most of
the time in the vicinity of the parent nucleosome
(Fig. 8d). Other tails (H2A,/H3/H4) spend less time
interacting with their parent nucleosome because

they are involved in interactions with other nucleo-
somes and with DNA.

Configurational homogeneity

As discussed above, the structural organization of
chromatin can be characterized through the analysis
of the spatial orientation of consecutive nucleosomes
(two, three, and four; see Bending, triplet, and
dihedral angles and Supplemental Fig. S4). In a
compact zigzag configuration, the i and i+2 cores
are close, which implies small triplet distances and
angles; the straight linkers produce small bending
angles, and the dihedral angles are expected to be
small if the fiber is compact enough to bring
nucleosomes i and i+3 into intimate contact. In
comparison, a compact solenoid fiber would have
small dimer distances, larger triplet distances and
angles, and, if compact enough, also small dihedral
angles that allow cores separated by more than two
neighbors to interact.

Our analysis confirms that arrays with short
linkers (NRL=173 bp) are homogeneous, regardless
of LH presence or starting conformation; all quan-
tities computed are statistically equivalent for the
four conditions. As expected, these arrays show
small dimer and triplet distances and medium
triplet angles. Their dihedral angles are large and
have wider error bars due to narrow fiber widths
and short average distances between nucleosomes.
The size of all error bars decreases upon the addition
of LH, confirming that LH promotes structural
homogeneity.

Arrays with medium NRL (191 to 209 bp) and LH
prefer zigzag configurations characterized by smal-
ler average triplet than dimer distances; small
bending, triplet, and dihedral angles; and smaller
error bars (Fig. 6). These quantities show that
LH strongly stabilizes zigzag fiber arrangements.
Medium-NRL arrays without LH are heterogeneous
and can adopt loose zigzag (with smaller triplet than
dimer distances, larger bending angles, medium
triplet angles, and large dihedral angles) or solenoid
(smaller dimer than triplet distances, larger bending
angles, large triplet angles, and small dihedral
angles) conformations.

Arrays with long NRL (218-226 bp) and LH
exhibit an increased heterogeneity when compared
to their shorter brethren (Fig. 6). The 218-bp arrays
with LH converge to two states characterized by
dominant zigzag interactions; each state has slightly
different average values of the dimer and triplet
distances and triplet and dihedral angles. Moreover,
the higher error bars in the bending angles reflect
these differences. For 226-bp arrays with LH, the
large bending angles in the trajectories started from
solenoid indicate that some entering/exiting DNA
linkers are widely separated, with LHs not neces-
sarily interacting with both parental nucleosome

Please cite this article as: Perisi¢, Q., et al., Modeling Studies of Chromatin Fiber Structure as a Function of DNA Linker Length,
J. Mol. Biol. (2010), doi:10.1016/jjmb.2010.07.057

746
747

748

749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775

801
802


http://dx.doi.org/10.1016/j.jmb.2010.07.057

Q1

803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828

829

830

834

839

844

Fiber Structure as a Function of DNA Linker Length

15

linkers. This can be explained by the decreased
ability of LHs to produce DNA stems for long DNA
linkers (Fig. 3d).

Note that as shown in Supplemental Fig. S2, the
24-core short-NRL ensembles converge by 20
million MC steps, while the 24-core long-NRL
systems converge by 40 million MC steps, for both
starting conformations. Thus, the different viable
fibers discussed above reflect actual heterogeneity
in the chromatin fiber architecture and the existence
of multiple minima in certain conditions rather than
the lack of convergence; such variations in chroma-
tin structure are expected for a floppy polymer in
solution.”®*® Our simulations also suggest that
there is a large energetic cost for structural
interconversion between solenoid and zigzag states
for long NRL.

In sum, our results indicate that zigzag con-
formations are always viable and that solenoid-like
characteristics are viable in either chromatin with-
out LH or in systems with long DNA linkers. Even
within one form, there are substantial fluctuations
in internal geometric values. Our results also
support the recent experimental findings that
chromatin flbers are spontaneously dynamic even
when compact.®®

Discussion

Our modeling reveals that, in the presence of LH,
fibers with a wide range of NRL have strong i+2
interactions, consistent with the classical zigzag
configuration. Very short linker arrays
(NRL=173 bp) have strong i+1 and i+2 interactions
with or without LH, simply by construction. They
also exhibit much wider dihedral angles than the
longer NRL fibers, commensurate with their narrow
widths and ladder-like structure regardless of LH
presence (Figs. 3, 5, and 6). These characteristics
underscore the primary role of LH as a bridge
between neighboring DNA linkers. Our observation
is consistent with the experimentally measured
stoichiometry of H1 in wild-type ES cells.> Even
smaller values are found in simple unicellular
organisms such as yeast ® Further, in vivo experl—
ments show that H1 does not have a crucial role in
such orgamsrns, that is, its substantial reduction
causes minor phenotypical changes.”"”!

We also find that LH has a notable structural effect
in fibers with slightly longer NRL (182 bp). Here, LH
forms the DNA stem, decreasing the exposure of the
DNA and enhancing the intensity of i+2 and i+3
contacts. LH, however, does not increase the
packing ratio or sedimentation coefficient at the
moderate monovalent ion concentration considered
(0.15 M).

For fibers with medium NRL (191 to 209 bp), LH
tends to favor zigzag structures. Higher packing

ratios can be achieved only with fibers of medium
NRL in the presence of LH. These fibers also show
the highest increase in sedimentation coefficients
and linear packing ratios, and the smallest dihedral
angles, suggesting that LH is evolutionary opti-
mized for NRL between 191 and 209 bp, most often
encountered in nature.”

Our packing ratios are smaller than the experi-
mentally reported values for several reasons. First,
our model does not account for ion correlation effects
beyond simple screening as discussed previously,*
and most of our results correspond to moderate
monovalent salt. We have shown that for medium to
long NRL, the packing ratios are very sensitive to the
ionic environment: higher concentrations of mono-
valent salt as well as added divalent ions increase
compaction significantly (Fig. 7). Second, our LH
model is a simple geometric one and does not
consider explicit electrostatic interactions with non-
parental DNA linkers or the nucleosome or the
binding—unbinding of LH. While this description
accurately reproduces the most important structural
role of LH—formation of the DNA stem—further
model refinements could help describe these other
effects. It should also be noted that experimental
measurements for packing ratios are conducted
manually and differ from the procedure we use
(Supplemental Fig. S6). Namely, manual procedures
consider the chromatin fiber as a flat two-dimen-
sional object, while our procedure considers the
chromatin as a three-dimensional entity.

The longer linker lengths (NRL=218 bp and
higher) are less often encountered in nature. Our
modeling suggests that those arrays have complex
internal structure with multiple stable conforma-
tions and small relative packing ratios.

Though short DNA linkers are not desirable as
they do not offer high packing density, they have
one advantage over the longer linkers. Nucleosome
arrays with short linkers expose their DNA to
transcription and replication machinery; their
higher standard deviations of dihedral angles
indicate that they are less stable and more prone to
opening, as experimentally shown. % The ladder-like
structures require just one or two displacements to
expose DNA to the environment.

Facile access to the DNA may be important in
simpler organisms, such as yeast, slime molds, and
ciliates, which have a very short life span and very
high reproduction rates.””>”®> These organisms
require access to all protein sequences in one cell.
Interestingly, chromatin can fold into a compact
structure without LH when linkers are short.®

Simpler organisms also have smaller concentra-
tions of LH per nucleosome than found in higher
organisms.” Moreover, covalent histone tail modifi-
cations that increase the attraction between nucleo-
somes have much stronger influence on chromatin
arrays with medium linkers, characterized by i+2
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and i+5 interactions, compared to very short (NRL =
173 bp or less) or long (NRL=218 bp or longer)
linkers. Our interaction-intensity averages indicate
that, in short linker arrays with LH, a tail modifica-
tion will likely affect only its nearest neighbors. In
contrast, a tail modification in a highly compacted
chromatin fiber with medium-length linkers could
affect multiple nonadjacent nucleosomes. This sce-
nario might explain the versatility of the epigenetic
control in higher organism.

Computational Methods

Model overview

Our multiscale mesoscopic model was recently
detailed in a study of the role of histone tails** along
with a summary of prior validation studies.****** In
the sections below, we present the main features of
the model, including modeling of chromatin's
structural elements, treatment of ionic screening,
details of energy terms, and validation of model. We
also summarize the MC conformational sampling
algorithm, chromatin simulation program, and data
analysis tools.

The mesoscopic model incorporates all key struc-
tural elements of chromatin represented at various
levels of accuracy (see Fig. 1) using different
modeling strategies: the nucleosome core with
wrapped DNA excluding protruding tails is repre-
sented as an electrostatic object by Debye—Hiickel
charges;*'”*”> the DNA linker is represented by
beads in the worm-like chain model;*”® and the
histone tails and LH are coarse grained as beads.*’
The geometry of the basic chromatin unit is derived
from available structural data.”” Despite inherent
limitations of the coarse-grained approach, the
combined model matches the experimentally mea-
sured sedimentation and diffusion coefficients,
linear mass values, and other experimental mea-
surements of static and dynamic properties.** *°
Here, we systematically probe chromatin fiber
configurations at linker lengths relevant to biology
(26 to 79 bp) with 24-nucleosome arrays. We have
also performed simulations for 48-core arrays for
illustrative purposes.

Nucleosome core model

Our oligonucleosome chain contains N¢ nucleo-
some cores. Each nucleosome represents the four
histone dimers without protruding tails and the 147
DNA base pairs tightly wound 1.75 times around
them, as an electrostatically charged object (Fig. 1).
Specifically, 300 charges are evenly distributed over
the nonuniform surface based on the nucleosome
crystal structure (Protein Data Bank code: 1KX5).%

The irregular discrete charge optimization (DiSCO)
algorithm®' is used to define the values of those
charges through a Debye—Hiickel approximation of
the electric field by an optimization procedure that
minimizes the error between the Debye—Hiickel
approximation and the electric field of the full
atom representation of the nucleosome core (more
than 13,000 atoms) at distances >5 A. The
optimization is achieved through the truncated
Newton TNPACK optimization routine,”” 7 inte-
grated within the DiSCO package, as described by
Beard and Schlick” and Zhang et al.*' The electric
field is computed using the nonlinear Poisson—
Boltzmann equation (PBE) solver QNIFFT 1.2.80-82
The atomic radii input for QNIFFT is taken from
the default extended atomic radii based loosely on
M. Connolly's Molecular Surface program,® and
the charges are taken from the AMBER 1995 force
field.** Representative charges and positions of
the 300 pseudocharges within the nucleosome are
given in Supplemental Table S1 for the monova-
lent ion concentration C5=0.15 M. Data for other
salt concentrations are available from the authors
upon request. The excluded volume of the whole
nucleosome is treated through the effective
excluded volumes of each charge by a Lennard-
Jones potential (Supplemental Table S2).

DNA linker model and the oligonucleosome chain

Each nucleosome core, other than the first core, is
attached to (is ‘parent of’) two DNA linkers (the
‘exiting’ and ‘entering’ linker DNA). The double-
stranded DNA linker connecting two adjacent
nucleosome cores is modeled as an elastic worm-
like chain of m;, discrete spherical beads.”””® Each
inter-bead segment has an equilibrium length (ly) of
3 nm, and each bead carries a salt-concentration-
dependent negative charge assigned through Stig-
ter's procedure developed on the basis of the charged
rod approximation.8> The resulting DNA bead
charges at monovalent salt concentrations of 0.01,
0.15, and 0.2 M are —7.54e, —24.09¢, and —29.77e,
respectively.

The sequence of Nc nucleosomes and 1, DNA
beads forms the oligonucleosome chain, starting
from i=1 for the first nucleosome to i=N
(N=Nc(n,+1)) for the last linker DNA bead, as
illustrated in Supplemental Fig. S7a. Consistent
with the crystal structure, the points of attachment
of the exiting and entering linker DNA to the
nucleosome define an angle 0, about the center of
the nucleosome core and are separated by a
distance 2wy normal to the plane of the nucleosome
core (see Supplemental Table S2 and Supplemental
Fig. S7b and c). Each bead is assigned an excluded
volume through the Lennard—Jones potential to
prevent a possible overlap between DNA beads
and other components of the chromatin array
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(Supplemental Table S2). This approach significant-
ly reduces the number of degrees of freedom (from
around 800 atoms to approximately 1 bead per
DNA twist). The dynamics of DNA chains are
governed by the internal force field comprising of
stretching, bending, and twisting energy terms as
described in Ref. 45 (see energy function in
Chromatin energy function).

Within the oligonucleosome chain, each linker
DNA bead and nucleosome is allowed to twist
about the DNA axis. This is implemented by
assigning local coordinate systems to all DNA
linker beads and nucleosome cores. As detailed in
Supplemental Fig. S7, the coordinate system of each
chain component i is specified by three orthonor-
mal unit vectors {a; b; ¢;}, where ¢;=a;xb;. For
each nucleosome core i, three additional coordinate
systems are defined to describe the DNA bending
and twisting at their points of attachment to the
nucleosome: {aPN4, bPNA - ¢PNAY represents the
direction from the attachment point of the exiting
linker DNA to the center of the i+1 DNA bead;
{a;", b/, ¢/} represents the local tangent on the
nucleosome core at the point of attachment of the
exiting linker DNA; and {a;, b;, ¢;} represents the
tangent corresponding to the entering linker DNA.

To transform the coordinate system of one linker
DNA to that of the next (or to that of the entering
point of attachment to the core) along the oligonu-
cleosome chain (i.e., {a; b; ¢} —{a;.1, bi11, €ii1}),
we define the Euler angles o, 3;, and v; as follows:

7

-1
pi=cos “(aj-aj+1) (1)
_1( Qi@ 41 .
cos 1(%) if aj . 1¢;>0
sin(p;
% = a-a .. (2)
— + .
—cos | —L— if a; , 1¢,<0
sin(p;)
and
_y(bibiy1+ciciin
cos -0
1+ai-ai4+1
ifci'bi+1+bi'ci+1>0
i = 1+a;-a41

3
1 (bi"bii1+ciciiq )
—cos - o
1+a;-ai,1
" Ci-biy1+bi-ciig <0
1+a;-ai41

The Euler angles o/, «f, and v/ are defined
equivalently and transform the coordinate system
of the nucleosome core to that of the exiting linker
DNA (ie., {a; b;, ¢;} —> {aP™?, bPNA ¢PNAY Further
details on the Euler angles and a geometric
description of the oligonucleosome chain are pro-
vided in Ref. 42, 45, and 75 and the supplementary
material of Ref. 74.

The 3-nm equilibrium length of each DNA inter-
bead segment in our chromatin model determines
the values of the NRL that we can model. For a given
number of inter-bead segments, ng=mn;,+1, the linker
length measured in base pairs is simply computed as
1, PNA=ngly/a, where a=0.34 nm/bp is the rise per
base pair. Thus, for 3 to 9 bead segments, the linker
lengths 1, ”N* are 26.47, 35.29, 44.12, 52.94, 61.76,
70.59, and 79.41 bp (Table 2). Since the NRL is
defined as the linker length plus the 147 bp of DNA
wound around the nucleosome core, the DNA linker
lengths we can model are closest to integer NRL of
173,182,191, 200, 209, 218, and 226 bp. The shortest
theoretical DNA linker length of two segments (one
DNA bead) was not considered because it is too
short for the worm-like chain model. NRL longer
than 226 bp were also not considered because they
rarely occur in nature.

To implement the correct non-integral twist for
each DNA segment, we first estimate the actual
number of turns, 7, that each DNA linker should
make according to its length by dividing the linker
length over the number of base pairs per turn for
DNA in chromatin (I,); that is, 7,,=1, P°N4/I.. Here,
we use [,=10.3 bp/turn for DNA in chromatin,
based on experimental observations.**®” Note that a
range of 10.2-10.5 bp/turn has been reported for
DNA of chromatin, which is different from the twist
for nucleosome-free DNA. The resulting 7, values
in Table 2 are non-integral for all the NRL studied,
except for NRL=209 bp, where the linker length
corresponds to six full helical turns. When the length
of the linker DNA corresponds to an integral
number of turns, the average mean twist of that
DNA section is exactly zero. However, a non-
integral number of turns shifts the average twist of
the DNA linker involved.

Thus, to model the different DNA linker lengths,
we incorporate the appropriate equilibrium twist
per DNA linker segment to accommodate non-
integral numbers of DNA turns. In practice, we
accomplish this by including a penalty term in the
total torsional energy of the bead segments. This
torsional energy is

¢ N1
Er= Z_IOZ (o + Yz"‘/’ns)z (4)

i=1

where s is the torsional rigidity of DNA, N is the
number of beads in the oligonucleosome chain, o,
is the twist deviation penalty term per segment, and
a; and +y; are two of the Euler angles defined above.
The sum o;+y,E[—7,7] gives the linker DNA twist
at each bead location. Thus, subtracting ¢,,. from this
sum of angles shifts the average linker DNA twist
per segment from zero to the required value.

The values of the twist penalty term per segment
are obtained as follows: first, the difference between
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the required number of turns for the DNA linker and
an integral number of turns is calculated (e.g., int
(Tng) —Tny); second, the obtained fractional number of
turns is converted into radians €[~,7]; finally, the
resulting twist deviation of the DNA linker is
divided by ng to obtain the twist deviation per
segment. Given that the sign of ¢, only affects the
direction of the relative rotation between consecu-
tive DNA beads, both +¢,_ and —¢,, produce the
same behavior in our simulations. In other words,
the fractional number of turns can be computed as a
difference from the higher or lower integer turn
value. For example, our shortest DNA linker of
173 bp NRL is modeled by two beads or three inter-
bead segments, which corresponds to an actual
linker length of IPN*=(9 nm)/(0.34 nm/bp)
=26.47 bp and 13=(26.47 bp)/(10.3 bp/turn)=2.57
helical turns around the DNA axis. The difference
from 2 or 3 turns (—0.57 or +0.43) yields the same
twist deviation of 2.7 rad for a whole linker DNA
and a penalty term per DNA segment of ¢, ,=2.7/
ns=0.9 rad. For consistency, in Table 2, we define
the difference as the lower integer minus the actual
number of turns.

Flexible histone tail model

There are 10 histone tails per nucleosome core:
tails belonging to N-termini of H2A (denoted H2A,),
H2B, H3, and H4 histones, plus C-termini tails of
H2A histones (denoted as H2A,). The histone tails
are modeled as chains of spherical beads with each
bead representing five adjacent amino acids.®****
Each of the two H2A;, H2A,, H2B, H3, and H4
histone tails is represented using 4, 3, 5, 8, and 5
beads, respectively, for a total of 50 tail beads per
nucleosome to model the 250 or so histone tail
residues that comprise each nucleosome. The
lengths of the H2A,, H2A,, H2B, H3, and H4 tails
are 6.2,4.7,7.8,12.6, and 7.8 nm, respectively.

Each histone tail is rigidly fixed to its idealized
position in the nucleosome crystal structure by a stiff
spring between the core and the first tail bead
(Fig. 1). For tail beads not attached to the core,
the stretching and bending harmonic potentials
between beads and bond angles between three
consecutive beads are tuned to reproduce configu-
rational properties of the atomistic histone tails
obtained via Brownian dynamics simulations;**%8
the derived force constants are given in Supple-
mental Tables S3 and S4. The excluded volume of
each tail bead is modeled through a Lennard-—
Jones potential with fixed parameters ko, and oy
(Supplemental Table S2).

The electrostatic interactions of histone tails in the
presence of salt are modeled by rescaling the charges
to reproduce the atomistic potential. For salt
concentrations of 0.01, 0.15, and 0.2 M, the scaling
factors for the bead charges are 0.75, 1.12, and 1.2.

The tails interact with all of the chromatin compo-
nents, except for the few components listed below,
by means of excluded volume and electrostatic
interactions. The interactions between neighboring
tail beads belonging to the same chain do not
interact electrostatically with each other as their
interactions are already accounted for through the
intramolecular force field. To ensure that the tail
bead attachment remains as close as possible to the
equilibrium location, we made sure that histone tail
beads directly attached to the nucleosome do not
interact with the nucleosome pseudocharges.*

LH model

The rat H1d LH was the basis for the LH model.*®
Its structure was predicted through fold recognition
and molecular modeling.***” H1d is made of three
domains, an N-terminal region of 33 residues, a
central globular domain of 76 residues, and a highly
charged C-terminal domain of 110 residues. In our
model, we neglected the short, relatively uncharged
N-terminal region and interpret only central globular
and C-terminal domains. We model the C-terminal
domain by two charged beads and globular domain
by a single bead. The three beads are rigidly fixed for
each nucleosome and placed on the dyad axis
separated by a distance of 2.6 nm.***

The DiSCO approximation developed for the
nucleosome core modeling”* was applied to assign
charges to each linker bead as well.*¢ The Debye—
Hiickel potential of a coarse-grained model of each
domain (globular and C-terminal) was fitted to the
full atom electrostatic potentials obtained by solving
the complete nonlinear PBE. Consequently, the
globular bead carries an effective charge of
+13.88e and each C-terminal bead carries a charge
of +25.62e at 0.15 M salt. The LH also interacts
electrostatically with the other chromatin compo-
nents except for the nucleosome charges and non-
parental DNA linkers. Unlike histone tails or DNA,
the three LH beads hold fixed relative positions with
respect to each other and their parent cores, making
the core and LH a unified object that moves as a
whole. Compatible with this ‘unified core-linker-
histone object’, interactions between LHs and core
charges and between non-parent DNA linker and
LH are excluded.

Apart form electrostatic interactions, each LH
bead interacts with all chromatin components
except their parent nucleosome through a Len-
nard—Jones excluded volume potential.

Chromatin interaction energies

Below, we summarize our treatment of chromatin
electrostatics with monovalent and divalent ions,
followed by energy terms for interactions among
chromatin constituents.
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Chromatin electrostatics with monovalent and
divalent ions

Physiological salt conditions with monovalent and
divalent cations are indispensable for compacting
chromatin by screening the highly charged chromatin
components (e.g., nucleosomal and linker DNA). We
treat the counterions implicitly using mean field
theories. Specifically, our DiSCO algorithm*"”> para-
meterizes the screening potential from the PBE using
a Debye—Hiickel approximation with salt-dependent
effective charges, obtained by minimizing the differ-
ence between the electric fields from PBE and the
(linear) Debye—Hiickel approximation using our
efficient TNPACK (truncated Newton) optimization
package.”””® Thus, DiSCO is used to evaluate the
effective charges on the nucleosome core, LHs, and
histone tails; the effective charges for DNA beads are
obtained using an analytical method by Stigter.® For
the nucleosome core, we typically use 300 effective
charges uniformly distributed across the nucleosome
surface; this produces a robust approximation, with
<10% error in the DH approximation over a large
range of salt concentrations.*"””

The DiSCO approach has been implemented for
monovalent ions and assumes that the screening
potential is independent of chromatin conformation.
To treat divalent ions, we developed a first-order
approximation following experimental studies on
DNA bending,”"** which suggest a reduction of the
DNA persistence length to promote linker bending.
Specifically, we reduce the repulsion among linker
DNA in linker/linker interactions by setting an
inverse Debye length of 2.5 nm™' to allow DNA to
almost touch one another and reduce the persistence
length of the linker DNA sequences from 50 to
30 nm according to experimental findings.”" "> A
refinement of this simple approach has recently been
developed.”

Chromatin energy function

The total potential energy is expressed as the sum
of stretching, bending, and torsional components of
linker DNA, stretching of histone tails, intramolec-
ular bending of the histone tails, total electrostatic
energy, and excluded volume terms:**

E=E5+EB+ET+Et5+EtB+Ec+EV (5)
The first three terms denote stretching,
RN
Es=5> (i=h)’ (6)
i=1
bending,
g% 2 = 2
Es=51> B+ > (6) 7)
i=1 i=iclc

and torsional energy of the linker DNA [Eq. (4)].
Here, h and g denote the stretching and bending
rigidities of DNA, [; denotes the separation between
the DNA beads, and I- denotes a nucleosome
particle within the oligonucleosome chain (see
parameters in Supplemental Table S2). As men-
tioned above, N is the total number of beads in the
chromatin chain, p; and p; are bending angles, and
Iy is the equilibrium separation distance between
beads of relaxed DNA.

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

N N Nb] | kb]‘k 2
Es=)_ > >, 5 (lxlo)
ielc j=1 k=1 (8)
e~ N
+ 72 Z |t —tio |
fEIC j=1

Here, Nt=10Nc is the total number of histone tails,
ij is the number of beads in the jth tail, kb]_k is
the stretching constant of the bond between the
kth and (k+1)th beads of the jth histone tail, and /;;
and o represent the distance between tail beads k
and k+1 and their equilibrium separation distance,
respectively. In the second term, /. is the stretching
bond constant of the spring attaching the histone tail
to the nucleosome core, t;; is the position vector of
the first tail bead in the coordinate system of its
parent nucleosome, and t;o is the ideal position
vector in the crystal configuration.

The fifth term, Ep, represents the intramolecular

bending contribution to the histone tail energies:
N Ny Npi—2 ko 5
ik
Es=» > > > (65— 8j10) )
icle j=1 k=1

where 0;; and 0;j) represent the angle between three
consecutive tail beads (k, k+1, and k+2) and their
equilibrium angle, respectively, and k¢ is the
corresponding bending force constant. The sixth
term, Ec, represents the total electrostatic interaction
energy of the oligonucleosome. All these interac-
tions are modeled using the Debye—Hiickel potential
that accounts for salt screening:

- q:19j e
Fe = z Z dreepr exp (~ier)

i jEI

(10)

where ¢; and g; are the ‘effective’ charges separated
by a distance r; in a medium with a dielectric
constant of k and an inverse Debye length of 1/, €9
is the electric permittivity of vacuum, and ¢ is the
dielectric constant (set to 80). As described above,
the salt-dependent effective charges are calculated
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using DiSCO*"”® by matching the electric field from
the PBE (solved using the DelPhi software) to the
field parameterized using the Debye—Hiickel form
[see Eq. (10)].

The last term, Ey, represents the total excluded
volume interaction energy of the oligonucleosome.
The excluded volume interactions are modeled
using the Lennard—Jones potential, and the total
energy is given by:

ORI

iojFi

where o;; is the effective diameter of the two
interacting beads and k;; is an energy parameter
that controls the steepness of the excluded volume
potential. These parameters were all taken from
relevant models of the components as described
fully and tabulated in Supplemental Tables S2—-54
and Ref. 45.

MC sampling algorithm and model validation

Sampling of the chromatin configurations is
performed by MC simulations as developed
previously.*> ** We employ four different MC
moves (pivot, translation, rotation, and tail re-
growth) to efficiently sample from the ensemble of
oligonucleosome conformations at constant temper-
ature. Global pivot moves are implemented by
randomly choosing one of the linker beads or
nucleosome cores, selecting 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 rotation moves
also begin 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 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 standard Metropolis criterion.
The tail regrowth move is implemented to enhance
sampling of histone tail conformations. This move
employs the configurational bias MC method”**” to
randomly select a histone tail chain and regrow it on
the other end using the Rosenbluth scheme.”® The
volume enclosed within the nucleosomal surface is
discretized to prevent histone tail beads from
penetrating the nucleosome core during tail re-
growth, and any insertion attempts that place the
tail beads within this volume are rejected automat-
ically. Typically, the pivot, translation, rotation, and
tail regrowth moves are attempted with probabili-
ties of 0.2, 0.1, 0.1, and 0.6, respectively.*>43

Our mesoscale chromatin simulation program has
been validated for many experimentally measured
properties (see Refs. 24, 42, 43, and 45). These
properties include salt-induced compaction of oli-
gonucleosomes to reproduce experimental sedimen-
tation_coefficients®>> and nucleosome packing
ratios;”?”?8 diffusion and salt-dependent behavior
of mononucleosomes, dinucleosomes, and
trinucleosomes; /100101 salt-dependent extension
of histone tails measured via the tail-to-tail diameter
of the core and radius of gyration for mononucleo-
somes over a broad range of monovalent salt
concentrations;'? the irregular zigzag topology of
chromatin fibers consistent with experimental
models” %1919 and its enhanced compaction
upon LH binding;* linker crossing orientations in
agreement with various experiments;”'** % and
internucleosome interaction patterns consistent with
cross-linking and EM experiments.*® Importantly,
the refined model with tails improved the agree-
ment with experimental results compared to the
rigid-tail model.*

Data collection

We conducted MC sampling with variable linker
lengths with 24 nucleosome arrays. Every experi-
mental set (number of nucleosomes, DNA linker
length, LH presence) includes a set of 24 simula-
tions divided into two groups according to the
starting configuration, zigzag, and interdigitated
solenoid. Each group covers the mean DNA twist
angle (Table 2) and two DNA twist deviations,
—12°, and +12° from the mean twist to mimic
natural variations, by four independent MC trajec-
tories. The additional DNA twist variations ac-
count for natural variations. We conducted
experiments with and without LH. Additionally,
we conducted simulations with 48 cores for
visualization purposes. The starting configurations
for 48-core oligonucleosomes were generated from
the compacted 24-core oligonucleosomes. The bulk
of our simulations were performed under identical
experimental conditions: temperature of 293.15 K
and 0.15 M monovalent salt concentration (Cs). To
analyze salt effects, for selected NRL, three
additional experimental sets were essayed (via 24
trajectories each): low monovalent salt (Cs=0.01 M)
without LH, high monovalent salt (Cs=0.2 M) with
LH, and moderate monovalent salt (Cs=0.15 M)
with divalent ions and LH. Each simulation
trajectory was 35 to 50 million MC steps long.
The last 5 million steps were used for statistical
analysis. Simulations were run on a 2.33-GHz Intel-
Xeon machine. Typically, a 10-million step simula-
tion of 24-core oligonucleosomes takes 4-6 CPU
days. Convergence was monitored by global and
local geometric and energetic terms (Supplemental
Fig. S2).
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Calculation of interaction patterns

Internucleosome interactions

The internucleosome interactions matrices I'(i,f)
describe the fraction of MC iterations that cores i
and j are in contact with one another. Each matrix
element is defined as:

I'(i,j) = mean|[d;j(M)], (12)
where M is the MC configurational frame, and the

mean is calculated over converged MC frames used
for statistical analysis where

1 if cores i and j are 'in contact’

at MC frame M,
0 otherwise

6ij(M) = { (13)

At a given MC step M, we consider nucleosomes i
and j to be in contact if the shortest distance
between the tail beads directly attached to 7 and the
tail beads or core charges of core j is smaller than the
tail-tail (oy) or tail-core (oy) excluded volume
distance, respectively.” In our computations, we
use this cutoff value of 1.8 nm. Supplemental Fig. S3
shows a typical two-dimensional map [I'(i,j)] of the
frequency of histone-tail-mediated interactions for a
zigzag fiber.

These matrices can be projected into normalized
one-dimensional maps

SN (i £ k)
> 1)

that depict the relative intensity of interactions
between cores separated by k neighbors. These maps
reveal the pattern of internucleosome interactions
(dominant, moderate, weak) in a chromatin fiber,
providing key insights into structural organization.

I(k) = (14)

Tail interactions

To calculate the interactions of tails with different
nucleosome components, we follow a similar
procedure to that described above. Namely, we
measure the fraction of the time that tails of a
specific kind t (t=H2A,, H2A,, H2B, H3, and H4) in
a chromatin chain are ‘in contact’ with a specific
component ¢ of the chromatin chain (c=its parent
nucleosome, a non-parental nucleosome, parent
DNA linkers, or non-parental DNA linkers) by
constructing two-dimensional matrices with the
following elements

T'(t,c) = mean N(lzNZ f: Gi(M)|  (15)

iEIC j= 1

with the average taken over the converged MC
configurations used for statistical analysis with

1 if jis a c—type component 'in contact’
with atail of kind t of nucleosome

i at frame M
0 otherwise (16)

57 (M) =

For a given frame M, we consider a specific ¢t-kind
tail of core i to be either free or in contact with only
one of the N chromatin components of the oligonu-
cleosome chain. The t-tail is in contact with a
component of type c if the shortest distance between
its beads and the beads or core charges of ¢ is smaller
than the shortest distance to any other type of
component and also smaller than the relevant tail-
component excluded volume distance (Supplemen-
ental Table 52). The resulting normalized patterns of
interactions provide crucial information into the
frequency by which different tails mediate chroma-
tin interactions.

Bending, triplet, and dihedral angles

The local bending angle between consecutive
nucleosomes is defined as in Ref. 45 as the angle
formed between the vector exiting one nucleosome
and the vector entering the next nucleosome. The
former connects the centers of the first two linker
DNA beads and the latter connects those of the last
two linker DNA beads (Supplemental Fig. 54).

The local triplet angle for three consecutive
nucleosomes is the angle defined by nucleosome
centers {i,j+1,i+2}.

The local dihedral angle is defined for four
consecutive nucleosome centers {i,j+1,i+2,i+3}
(see Supplemental Fig. S4).

For a given MC frame, we calculate the bending,
triplet, and dihedral angles of a fiber by taking the
average of the local angles over all the nucleosome
pairs, triplets, or quadruplets, respectively. We then
repeat this procedure for each simulation frame and
average the values to obtain mean bending, triplet,
and dihedral angles.

Calculation of sedimentation coefficients

We applied the method developed by Bloomfield
et al. 197108 to calculate the sedimentation coefficient
of a given oligonucleosome array conformation,
from the inter-core distances.” %’ The sedimentation
coefficient Sy, is approximated from Sy, where

Sne R, 1
RS DD I -

i N

(17)

Here, Sy represents Sy, for a rigid structure
consisting of N¢ nucleosomes of radius Ry, R;; is the
distance between the centers of two nucleosomes,
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and S; is Sy for a mononucleosome. This
approach assumes spherical nucleosomes, a rea-
sonable approximation. We use R;=5.5 nm and
S1=11.1 Svedberg (1 S=10""> s) as done
previously.'” Similar results can be obtained by
a more complex procedure implemented in the
program HYDRO,!'® which calculates Sy, using
the radii of both the nucleosome core particle
(5.0 nm) and the DNA bead (1.5 nm).

Calculation of fiber packing ratio, curvature, and
volume

To calculate the fiber packing ratio (number of
nucleosomes per 11 nm of fiber length) for each
simulation frame, we first compute the length of the
fiber axis passing through a chromatin fiber core
(Supplemental Fig. S6). At each simulation frame,
we define the fiber axis as a three-dimensional
parametric curve r® (i)=(r7* (i),r5* (i),r5* (i)), where
(i) (=1, 2, and 3) are three functions that return
the center positions of the ith nucleosome (r;1, i,
and r;3) in the x, y, or z direction, respectively. We
approximate these functions with polynomials of
the form

T?X(i) zP](l) = plﬁjl’z + PZ]Z + P3j (18)
by fitting the data sets [r;] by a least-squares
procedure. We have chosen second-order polyno-
mials to approximate the fiber axis because higher-
order polynomials tend to produce highly nonlinear
fiber axis curves with small packing ratios. We
determine the coefficients of the polynomial P;(i) by
minimizing the sum of the squares of the residuals /;

Nc

=Y (ry=Pi)’

i=1

(19)

which account for the differences between a
proposed polynomial fit and the observed nucleo-
some positions. After determining the polynomial
coefficients, we use Eq. (18) to produce N points
per spatial dimension and compute the fiber length
Leiper as follows:

(Nc-1)/2

>

i=1

Lfiber = [¥™(2i = 1)—r™(2i + 1)| (20)

where the distances are between every two consec-
utive nucleosome centers. The packing ratio (number
of cores per 11 nm) is then calculated as the number
of cores multiplied by 11 nm/Lgpe,. From the fiber
axis, we define the local fiber radius for a given
nucleosome core to be the perpendicular distance
between a nucleosome core center and its closest
linear fiber axis segment plus the nucleosome radius
(Reore=5.5 nm). We then average over all local fiber

radii in a given fiber to obtain the fiber radius at each
simulation frame. Finally, we repeat this procedure
for each simulation frame and average the value to
obtain a mean fiber radius. The fiber width, Dgpe,, is
twice that value. Additionally, from the parametric
definition of the fiber axis, we identify the mean
curvature of the chromatin fiber at each simulation
frame as:

X

1 i SOES S
Kfiber = NC — fax(i)

where £ (i) = (2p1,11+ P2,1,2p1 20+ P2,2,2P1,31 + P2,3),
and ¥%()) = 2(p1,1,1,201,3)-

In calculating the fiber volume, Ve, for simplicity,
we use the fiber length and width described above
and assume a cylindrical geometry.

We also approximate the percentage of filled
volume or the volume occupied by the N¢ nucleo-
somes and linker DNAs divided by the total fiber
volume. The volume of each nucleosome is approx-
imated by that of a cylinder with height /.o;.=5.5 nm
and radius R;. The volume of each linker DNA has
been approximated as that of a cylinder with
diameter [y and height equal to the segment length
lp multiplied by the number of inter-bead segments
ng (e.g., for NRL=209 bp, ng=7 segments or 21 nm
of height).

(21)
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