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Abstract

Nucleosomes cluster together when chromatin folds in the cell to form heterogeneous groups termed
“clutches”. These structural units add another level of chromatin regulation, for example during cell differ-
entiation. Yet, the mechanisms that regulate their size and compaction remain obscure. Here, using our
chromatin mesoscale model, we dissect clutch patterns in fibers with different combinations of nucleo-
some positions, linker histone density, and acetylation levels to investigate their role in clutch regulation.
First, we isolate the effect of each chromatin parameter by studying systems with regular nucleosome
spacing; second, we design systems with naturally-occurring linker lengths that fold onto specific clutch
patterns; third, we model gene-encoding fibers to understand how these combined factors contribute to
gene structure. Our results show how these chromatin parameters act together to produce different-
sized nucleosome clutches. The length of nucleosome free regions (NFRs) profoundly affects clutch size,
while the length of linker DNA has a moderate effect. In general, higher linker histone densities produce
larger clutches by a chromatin compaction mechanism, while higher acetylation levels produce smaller
clutches by a chromatin unfolding mechanism. We also show that it is possible to design fibers with
naturally-occurring DNA linkers and NFRs that fold onto specific clutch patterns. Finally, in gene-
encoding systems, a complex combination of variables dictates a gene-specific clutch pattern. Together,
these results shed light into the mechanisms that regulate nucleosome clutches and suggest a new epi-
genetic mechanism by which chromatin parameters regulate transcriptional activity via the three-
dimensional folded state of the genome at a nucleosome level.
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Introduction

Chromatin structure, at many levels of spatial
and temporal organization, directly impacts gene
expression regulation. At the first structural level,
approximately 147 base pairs (bp) of DNA' wrap
around 8 core histone proteins (2 copies of H2A,
H2B, H3, and H4) to form the nucleosome,’ the
basic repeating unit in chromatin. The auxiliary pro-
tein linker histone (LH) binds to the entry/exit sites
of nucleosomes for further compaction.®*. LHs,
such as H1,” are found in a wide range of densities
(p), from 0.03 to 1.3 LH per nucleosome,® depend-
ing on the transcriptional state and type of cell. For
example, in vertebrates, the highest LH levels are
found in fully differentiated and transcriptional inert
avian erythrocytes’ as well as in heterochromatin
of rod photoreceptors in mouse retina.® On the
other hand, low levels of LH are associated with
transcriptionally active cells, such as pluripotent
cells.” A recent study has shown that besides com-
pacting chromatin directly, LHs also interact with
methyltransferases to promote repressive lysine
methylation.'°

Nucleosome positioning is tightly regulated by
DNA sequence, transcription factors, and
chromatin remodelers that use ATP to facilitate
removal, exchange, sliding, or depletion of
nucleosomes.’’ Nucleosome placement along the
DNA determines the length of the DNA between
adjacent nucleosomes (linker DNA). DNA regions
depleted of nucleosomes are termed nucleosome
free regions (NFRs). NFRs are typically 80—
400 bp and are flanked by well-positioned nucleo-
somes.'? " Moreover, nucleosomes do not occupy
random positions along the genome; specific E)at-
terns have been described for S. Cerevisiae,'> S.
Pombe,'® and mouse embryonic stem cells
(MESC)."” Genome-wide nucleosome mapping
methods have shown that, in general, (1) promoter
regions are depleted of nucleosomes; (2) the first
nucleosome downstream of the transcription start
site is well localized; (3) nucleosomes at the 5
end of the gene are more stable than nucleosomes
in the middle; and g4) the 3’ end is usually depleted
of nucleosomes.'® Thus, nucleosomes are
dynamic and positions alter with cell differentia-
tion,'? cell cycle stage,”® metabolic cycle stage,’
and change in nutrients®.

Recent in vivo and in sifu data suggest that
chromatin fibers are disordered with variable
diameters of 5—24 nm,?*** in contrast to the domi-
nant 30 nm fiber found in vitro.?® Moreover, emerg-
ing evidence from super-resolution microscopy
indicates that nucleosomes fold dynamically, and
groups of nucleosomes cluster together to estab-
lish discrete nanodomains on the kilobase range
with different diameters termed “clutches”.”®*’
Clutch size (number of nucleosomes) and density
(nucleosomes per clutch area) are both heteroge-
neous within a single nucleus. Such groupings of

nucleosomes were identified in cells*® and also
emerge naturally in unfolded trajectories of chro-
matin fibers, where we identified irregular “super-
beads”, involving clusters of nucleosomes.?®
Recent micro-C analyses of chromosome folding
in vivo have shown that tri or tetra-nucleosomal
folding motifs are present in yeast®* and that
small groups of ~3—-10 nucleosomes recur in
mammalian cells.®’ Here, we define nucleosome
clutches as spatial groups of at least three nucle-
osomes no more than 20 nm apart and distinct
from other groups of nucleosomes by more than
20 nm. Our clustering algorithm (see Methods)
measures these precisely as a function of input
parameters.

These nucleosome clutches appear to be
regulated by the differentiation state of the cell, as
their size and density correlates with the cell
pluripotent grade. For instance, somatic cells, with
compact chromatin containing higher levels of LH,
appear to have larger and denser nucleosome
clutches than pluripotent cells,”® which have an
“open” chromatin structure and lower levels of
LH.* In another super-resolution microscopy
study, we further showed that histone tail acetyla-
tion, a common post translational modification
found in active chromatin regions,*® affects DNA
compaction within nucleosomes.** A lower amount
of DNA was found to be associated with nucleo-
some clutches in hyperacetylated cells, linking the
epigenetic state of the clutch to the DNA packing
inside the clutch.®* These findings are in agree-
ment with modeling studies that have shown an
overall chromatin decompaction upon acetylation
due to the impairment of nucleosome/nucleosome
interactions that stabilize chromatin’s tertiary
structure.®>°

When chromatin is highly compact, it becomes
inaccessible to cellular enzymes that control
various genomic functions, such as DNA
transcription, replication, and repair.37 However,
when chromatin is decompacted, the DNA is read-
ily available for transcript-reading processes.®’
Since chromatin structure plays such a key role in
gene expression, new mechanistic insights into
gene regulation during cell differentiation are
valuable.

To gain insight into the mechanisms regulating
nucleosome clutches, we perform a systematic
study to explore the effects of chromatin internal
parameters on clutch patterns. We use our
nucleosome resolution chromatin mesoscale
model®®*? with variable nucleosome positions, lin-
ker histone density, or histone tail acetylation (Ac)
levels in the context of general fibers and specific
genes. We analyze clutch patterns in uniform chro-
matin fibers of 100 nucleosomes (~20 kbp), non-
uniform fibers of 50 nucleosomes (~10 kbp) with
naturally-occurring DNA linker lengths, and two
gene-encoding fibers, HOXC (~50 kbp) and Pou5f1
(~30 kbp).
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Our results reveal that the main factor regulating
clutches in uniform fibers is nucleosome
placement, in particular, the length of nucleosome
free regions. Linker histone density is the next
controlling variable; higher densities produce
larger clutches by a chromatin compaction
mechanism. Finally, the Ac levels appear to
modulate the nucleosome clutches by a
configuration-dependent  chromatin  unfolding
mechanism. With this knowledge, we design in
silico non-uniform chromatin fibers that fold onto
target clutch patterns, such as few large and
small clutches induced by low LH density, several
NFRs, and Ac islands; a “pearl necklace”
structure, encouraged by small and equally
spaced groups of nucleosomes, high LH density,
and several NFRs; and varied-size clutches,
induced by groups of nucleosomes of different
size, several NFRs of different size, and no LH
nor Ac. Finally, our results on the gene-encoding
fibers indicate that the specific combinations of all
these parameters dictates a folding pattern on
both global and local levels that cannot easily be
deduced from the sum of the parts.

Overall, our results highlight the mechanisms
involved in the regulation of clutch patterns and
suggest how such regulation could affect gene
expression. Through the regulation of nucleosome
positions, LH density, and Ac levels, gene
expression can be controlled by the formation of
large/compact or small/loose clutches that hinder
or facilitate accessibility to the cellular
transcriptional machinery.

Methodology

Systems setup

Effect of nucleosome positions, LH density, and
Ac levels on uniform fibers. To determine the effect
of nucleosome positions on clutch formation, we
generate starting configurations for chromatin
fibers of 100 nucleosomes with initial coordinates
corresponding to an ideal zigzag conformation
oriented with the fiber axis parallel to the z-axis,
as we have shown this conformation to have the
lowest energy.*®

We consider the following systems:

(a) Uniform fibers without NFRs. We select short,
medium, and long DNA linker lengths (LLs) of
26, 44, and 79 bp, respectively, based on the
DNA linker lengths distribution in mouse embry-
onic stem cells (MESC) determined by Voong
et al."” and the DNA linker lengths that our model
can represent due to the ~9 bp resolution.'”*".

All fibers are simulated with a linker histone (LH) den-

sity of 0.5 LH per nucleosome, as previously deter-

mined for mESC,® with LHs distributed uniformly.

No histone tail acetylation (Ac) is considered. See

Figure S1 of Sl for starting configurations.

(b) Uniform fibers with NFRs. Each short, medium,
and long uniform fiber is modeled with short, med-
ium, and long NFRs. Based on the typical length of
NFRs, between 80 and 400 bp,">'* we consider
NFRs of 114, 220, and 326 bp, and distribute them
uniformly as 1 NFR every 10 nucleosomes.

The LH density is also set to 0.5 LH per nucleosome,®

with LHs distributed uniformly. No Ac is considered.

See Figure S2 of Sl for starting configurations.

(c) LH density variability. We consider two of the sys-
tems from (b). (1) The uniform fiber with long LLs
(79 bp) and medium NFRs (220 bp) placed every
10 nucleosomes without LH and with 0.25, 0.5,
0.75, and 1 LH per nucleosome. (2) The uniform
fiber with short LLs (26 bp) and short NFRs
(114 bp) placed every 10 nucleosomes without
LH and with 0.5 and 1 LH per nucleosome.

In both systems LHs are distributed uniformly along

the chromatin fiber to satisfy the different densities.

No acetylation is considered. See Figure S3 of SI

for starting configurations.

(d) Ac levels. We consider two of the systems from
(b). (1) The fiber with short DNA linker lengths
(26 bp) and short NFRs (114 bp) placed every
20 nucleosomes, without acetylation and with 25,
50, 75, and 100% of tails acetylated. We reduce
the number of NFRs from 10 to 5 to decrease flex-
ibility. We further study the same system with 10
NFRs without acetylation and with 50 and 100%
of tails acetylated. (2) The fiber with long LLs
(79 bp) and 10 medium NFRs (220 bp) without
acetylation and with 50 and 100% of tails
acetylated.

In all the systems we distribute the acetylations in
two islands at the beginning and at the end of the
fiber, mimicking trends in vivo.** No LH is consid-
ered. See Figure S4 of S| for starting
configurations.

The above studies are performed as the
monovalent salt concentration of 150 mM, typical
for physiological conditions. We also perform a
set of simulations with our first-order
approximation for divalent ion conditions.*® Here
we consider such fiber systems in combination
with: (1) DNA linker length = 26 bp and 10
NFRs = 114, 220, or 326 bp; (2) DNA linker
length = 79 bp and 10 NFR of 220 bp with different
LH densities (0—1 LH/nucleosome); and (3) DNA
linker lenght = 26 bp and 5 NFRs = 114 bp with dif-
ferent Ac levels (0—100%).

Design of fibers with naturally-occurring DNA
linker lengths. We design 50-nucleosome non-
uniform fibers with naturally-occurring DNA linker
lengths and NFRs that fold onto specific clutch
patterns. We mimic the DNA linker length
distribution determined by Voong et al. as
approximately 30% of linker DNA with 26 bp; 18%
with 35 bp; 14% with 44 bp; 12% with 53 bp; 8%
with 62 bp; 8% with 71 bp; and 10% with 79 bp.
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The linker DNAs are distributed randomly.'” We
distribute short (114 and 167 bp), medium
(220 bp), and long (326 bp) NFRs, LHs, and Ac,
as described below.

The designs have the following parameters:

(a) Design 1: One large clutch and one small clutch.
We apply a LH density of 0.7 LH per nucleosome
and position LHs at nucleosomes 1 — 20, 31 — 36,
and 42 — 50. We prescribe 9 NFRs to separate
these three groups of nucleosomes: 5 short NFRs
of 114 bp between nucleosomes 22 and 23, 24
and 25, 26 and 27, 30 and 31, and 39 and 40;
and 4 NFRs of 167 bp between nucleosomes 21
and 22, 28 and 29, 37 and 38, and 41 and 42.
The irregular by values NFRs come from
the ~ 9 bp resolution in our linker DNA model.**
We further acetylate nucleosomes between the
three groups of nucleosomes, namely 21-30 and
37-41.

(b) Design 2: Pearl necklace-like structure. We use a
LH density of 1 LH per nucleosome and no acety-
lation. We include 12 medium NFRs, positioned
every 4 nucleosomes.

(c) Design 3: Variable-sized clutches. We use 5 NFRs
to separate groups of nucleosomes of different
size. Specifically, we prescribe 2 short NFRs of
167 bp between nucleosomes 3 and 4, and
between nucleosomes 45 and 46. Additionally,
we place 3 long NFRs between nucleosomes 11
and 12, 20 and 21, and 31 and 32. No LH nor
acetylation is considered.

Effect of LH density and Ac levels on HOXC and
Pou5f1 genes. To determine how LH density and
Ac levels regulate nucleosome clutches in gene
systems, we study gene-encoding systems with
different LH densities and histone tail acetylation
levels. Specifically, we study the human HOXC
gene locus which encodes proteins involved in
embryonic development*® and the mouse Pou5f1
gene loci that codes for oct4, a transcription factor
involved in cell differentiation. Both systems have
been previously studied by our group.*®*’

The HOXC system was simulated with the same
parameters as before,”” except for changing LH
density or Ac levels when studying their effect on
clutch formation. DNA linker lengths are modeled
using the distribution from chemical mapping in
mESC determined by Voong et al.'’; NFRs are
determined using micrococcal nuclease sequenc-
ing (MNase-seq) data*®; LHs are located to simu-
late trends in MESC"’; and tail acetylations are
located based on Chip-Seq data (Table S1).

Similar to uniform fibers, to determine the effect
of tail acetylation, we model the systems without
acetylation and with increasing levels of
acetylation so as to reach 50% and 100% of tails
acetylated; the acetylated nucleosomes are

distributed in two islands located at the beginning
and end of the gene.

To determine the effect of LH density in the
context of acetylation, we simulate fibers without
LH and with of 0.5 and 1 LH per nucleosome,
distributed uniformly. See Figure S5 of Sl for
starting configurations. We further analyze the
trajectories of the native HOXC*’ to compared it
with the systems studied in this article.

The Poubf1 system represents chromatin in
somatic cells. We simulate it as before,*® except
for changing LH density or Ac levels when studying
their effect on clutch formation. Nucleosome posi-
tions are modeled based on publicly available
MNase-seq data,”® LH density is set to 0.8 LH
per nucleosome with LHs uniformly distributed,>?
and Ac levels are set to 10% with acetylated nucle-
osomes distributed in two islands to mimic realistic
distributions*® (Table S1). Similar to HOXC, we
study three LH densities, 0, 0.5, and 1 LH per
nucleosome, and three Ac levels, 0, 50, and
100%. We also report the average number of
nucleosomes per clutch for the native Pou5f1
determined previously.*® See Figure S6 of Sl for
starting configurations.

Chromatin mesoscale model

Our chromatin mesoscale model has been
developed along with emerging experimental data
for over two decades and validated for various
structural and dynamical measurements.*’>'>*
For example, early fiber structure models repro-
duced sedimentation coefficients and salt-
dependent condensation of fibers.*%°">* By incor-
porating linker histone, we reproduced fibers
obtained with Cryo-EM,>® and by incorporating
magnesium effect implicitly, we reproduced the
magnesium-dependent compaction of chromatin
observed with EMANIC.*® With a dynamic LH bind-
ing model, along with a force-pulling code, we
reproduced experimental force-pulling profiles.”®
Regarding nucleosome clutches, we recently stud-
ied chromatin organization at the nucleosome level
by combining mesoscale modeling of chromatin
fibers with single molecule tracking of nucleo-
somes.*® By simulating chromatin fibers typical of
mouse embryonic stem cells and neural progeni-
tors, we showed agreement between nucleosome
clutches at a single locus level with clutches
observed by super-resolution microscopy®® and
micro-C®' studies at a genome-wide level.

The fibers are simulated using our nucleosome-
resolution coarse-grained mesoscale model that
describes chromatin components at different
levels of resolution.>® The nucleosome core with
147 bp of DNA wrapped around and without his-
tone tails is coarse-grained from the atomistic
nucleosome®’ as an electrostatic rigid body. It con-
tains 300 Debye-Huickel charges computed by our
DISCO algorithm®®°° that correctly and economi-
cally describe the electrostatic field of the atomistic
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nucleosome predicted by the Poisson—-Boltzmann
formulation. Flexible histone core tails are coarse-
grained as 5 amino acids per bead with the
Levitt-Warshel united-atom bead model.>® Acety-
lated tails are modeled as folded and rigid tails fol-
lowing our all-atom and multiscale study of histone
acetylation.®® There, by modeling acetylated tails
with several force fields and all-atom Replica
Exchange molecular dynamics, we found that
acetylation increases the tails secondary-structure
order, producing rigid and folded tails. These folded
tails were coarse-grained and introduced into our
mesoscale model. In practice, this was imple-
mented by increasing the force constants (by a fac-
tor of 100) for the stretching, bending, and torsional
potentials so that the tails maintain their folded
structure. Monte Carlo simulations of chromatin
fibers with these “folded” tails, as well as with flex-
ible tails but with a charge reduction of 1e, revealed
that acetylation marks do not induce fiber decom-
paction through a charge neutralization mechanism
per se, but through a multiscale mechanism that
involves the loss of stabilizing internucleosome
interactions due to a more rigid and folded tails
upon acetylation. Linker DNA is treated with a com-
bined worm-like chain and bead model.** Each
bead has a negative salt-concentration dependent
charge derived by Stigter's procedure,®® and the
model has a resolution of ~9 bp and inter-bead seg-
ment of 3 nm. The LH H1E is derived from the all-
atom structure of the rat H1.4, and coarse-grained
as histone tails: 6 beads for the globular head and
22 beads for the C-terminal domain.>® We neglect
the N-terminal domain since it has a minor role in
organizing higher-order chromatin structure.®’
Finally, the presence of Mg®* is modeled by the
phenological approach we developed in Ref. 43,
where we reduce the electrostatic repulsion among
linker DNAs by increasing the Debye length from
1.52 nm~' to 2.5 nm~' in the Debye-Hiickel term
corresponding to the DNA-DNA interaction. This
allows linker DNA beads to approach each other
closely. We also reduce the DNA persistence
length from 50 to 30 nm based on experimental
data.®?

The total energy function of the model includes
stretching, bending, and twisting modified worm-
like chain terms to describe the DNA beads;
stretching and bending terms to describe histone
tails and linker histones; Debye-Hlickel terms for
all elements of the system to describe
electrostatics; and Lennard-Jones potential terms
to avoid steric clashes for all elements in the
system. Model details and parameters can be
found in Refs. 38,55.

Conformational sampling and ensemble
generation

To obtain an ensemble of configurations in
thermal equilibrium, we perform Monte Carlo
(MC)* sampling of fibers from zigzag starting con-

figurations, dominant under the conditions used
here (intermediate monovalent salt concentration
and presence of linker histone).*®> To approximate
physiological conditions, simulations are performed
at a salt concentration (NaCl) of 150 mM and a
temperature of 293 K.

We use four tailored sampling movements: (1) a
local translation move in which an element (core/
DNA bead) is selected and translated about a
randomly chosen axis by a random distance
(<0.6 nm); (2) a local rotation move in which a
selected element is rotated around one of its
axes; (3) a global pivot move in which an element
is selected and then the shorter end of the
oligonucleosome is rotated randomly about a
randomly selected axis passing through that
element; and (4) a regrowth move for the tails
that uses a configurational bias Monte Carlo
approach in which a histone tail is selected and
fully regrown in a bead-by-bead fashion. Local
translation, rotation, and global pivot movements
are accepted or rejected according to the regular
Metropolis criteria,”® whereas acceptance of a
regrow move is based on the Rosenbluth criteria.®*

All systems are run for 50-80 million MC steps
and the last 10 million steps are used for
analysis, following convergence checks for local
and global geometric and energetic variables.
Each trajectory starts from a different initial
pseudo random number generator and a different
DNA twist value of —12°, 0°, or +12° to mimic
natural variations in the B-DNA twist.®® Results
are averaged over ensembles of 20 trajectories
containing 2000 configurations.

Structural analysis

Clustering analysis. Nucleosome clusters are
quantified using the Density-based clustering
algorithm (DBSCAN),°® as implemented in
MATLAB. DBSCAN discovers clusters in noisy
data by partitioning the n-by-n internucleosome dis-
tance matrix into clusters. This partition is based on
two parameters, the minimal number of data points
to define a cluster (minpts) and the distance that
specifies if two points belong to the same cluster
(epsilon). Here, we use a minpts of 3 nucleosomes
and an epsilon of 20 nm. Thus, nucleosome
clutches are defined as groups of at least 3 nucle-
osomes no more than 20 nm apart. Importantly, the
clustering algorithm is applied to folded fibers, as
we are interested in the spatial clutches established
upon folding.

The algorithm identifies three kinds of points:
core, border, and noise points based on a
threshold for epsilon and the minpts. Any point x
in the dataset with a neighbor count greater than
or equal to minpts is selected as a core point. On
the other hand, if the number of neighbors is less
than minpts, but the point x belongs to an epsilon
neighborhood of some core point z, the point is
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identified as a border point. Finally, if a point is
neither a core nor a border point, which means it
is not reachable through any point from a core
point, it is identified as a noise point and is not
part of any cluster.

The algorithm is implemented as follows:

1. From the input data set, select the observation x1
and assign it to cluster 1

2. Find the set of points within the epsilon neighborhood
of the current point
a. If the number of neighbors is less than minpts,

label the current point as noise. Go to step 4.
b. If not, label the current point as a core point
belonging to cluster 1.

3. Iterate over each neighbor (new current point) and
repeat step 2 until no new neighbors that can be
labeled as belonging to the current cluster are found.

4. Select the next observation, x2, as the current point
and increase the cluster count by 1.

5. Repeat steps 2—4 until all points in the input data set
are labeled.

If the distance between two border points
belonging to different clusters is smaller than
epsilon, DBSCAN merges the two clusters into
one.

The minpts and epsilon parameters were chosen
based on the heuristic provided by the algorithm
developers.®” Minpts was selected as 3 nucleo-
somes as it is recommended to be at
least > D + 1, where D is the number of dimensions
in the data set. However, this parameter does not
significantly affect the overall results of the cluster-
ing.°” The radius, epsilon, was selected as 20 nm
based on the fiber dimensions.

For each ensemble, we calculate the average
number of nucleosomes per cluster and the
number of clusters. We also determine the
average compaction of the nucleosomes inside
the clusters as the ratio of number of
nucleosomes to area for each cluster. The area is
determined with the AlphaShape function native
to MATLAB which creates a bounding area that
represents a polygon that envelops the
nucleosomes of each clutch.

Compaction and fiber morphology parameters.
(1) The sedimentation coefficient (S, 20), in units of
Svedbergs, is used to describe the compaction
of the fiber. It is measured by the relation:
Sw‘20 = ((31 - SO) * LH cone + SO)

*<1+<%>ZZRLI> (1)

where Sy is the sedimentation coefficient for a
mononucleosome with LH bound (12 S),°® S; the
sedimentation coefficient for a mononucleosome
without LH (11.1 S),*® LH..ne the concentration of
LH in the fiber, R; the spherical radius of a nucleo-
some (5.5 nm), Nc the number of nucleosomes in

the fiber, and R; the distance between two nucleo-

somes iand j.

(2) The radius of gyration, which describes the overall
dimension of the polymer chain, is measured as
the root mean squared distance of each nucleo-
some from the center of mass according to the
relation:

R- Ly 2 2
g—m_1(r/*"mean) )
=

where Ncis the number of nucleosomes, r; the center

position of the nucleosome core j, and rpea, the aver-

age of all core positions.*'

(3) Fiber volumes are calculated using the Alpha-
Shape function native to MATLAB that creates a
bounding volume that envelops all the nucleo-
somes of the fiber.

(4) Fiber widths are calculated as twice the average
between the nucleosome center and the fiber axis.
From the fiber axis, we define the local fiber radius
for a given nucleosome as the perpendicular dis-
tance between a nucleosome core center and its
closest linear fiber axis segment plus the nucleo-
some radius (5.5 nm). All local fiber radii in a given
fiber are averaged to obtain the fiber radius.

The fiber axis is defined as a 3D parametric curve

r¥(s) = (r7X(s), 15%(s), 137(s)) where each component

(r,-a"(s), j=1,2, 3,) refers to the x, y, z, are parametric

curve components. The fiber axis is then fitted into a

polynomial form:

ri™(s) = Pi(i) = py"(s) + p""1(8) + -~ + p"(9), ®3)

where the polynomial degree is chosen using the
MATLAB polyfit function so that the fiber axis fits a
standard least-squares fitting procedure.

Nucleosome/nucleosome interactions. Contact
probability matrices describe the fraction of MC
steps in which the tail or core of nucleosome i are
within 2 nm of the tail or core of nucleosome j.
Contacts are written in a base pair or nucleosome
resolution matrix every 1 milion MC steps.
Contact probabilities are normalized across all
frames of the trajectory.

Histone tail interactions. Interactions between
tails and other chromatin elements are calculated
as the fraction of MC steps in which the tail
beads are within 2 nm of parental DNA, parental
core, non-parental DNA, non-parental core, or
tails of a different nucleosome. Distances are
measured from the center of the end tail bead,
from the geometric center of the entire
nucleosome core, and from the center of each
linker bead. The interactions are sampled across
the ensembles of 2000 configurations and
normalized across all the sampled structures. Talil
interactions are averaged over both copies of
each tails.
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Results

Uniform fibers without NFRs do not form
nucleosome clutches and their global folding
is affected by the length of linker DNA

To determine the effect of nucleosome positions
on the regulation of clutch patterns, we simulate
uniform fibers with short (26 bp), medium (44 bp),
and long (79 bp) DNA linker lengths and without
NFRs.

Representative  chromatin  fiber  structures
(Figure 1(a)) do not show discrete nucleosome
clutches, even for the fiber with the longest linker
DNA. This occurs because in fibers without NFRs
all nucleosomes are in close proximity upon
folding, creating a single group of nucleosomes.
To establish a clutch, a group of nucleosomes has
to be separated by more than 20 nm from another
nucleosome or group of nucleosomes. Thus,
NFRs separate nucleosomes into discrete groups
or clutches, in agreement with experimental

observations.”® However, the global folding of the
fiber is affected dramatically by the length of linker
DNA. Internucleosome contact maps (Figure 1(a))
show the presence of only short-range interactions
in the system with short and medium DNA linker
lengths, with mostly i+ 1 and j + 2 interactions, typ-
ical of a ladder-like conformation which arise from
the repulsion due to the short linkers. The fiber with
long DNA linkers exhibits presence of medium and
long-range interactions, with i+ 1, 2, 3, 4, 5, 6, and
>7 interactions, indicative of higher-order folding
motifs such as hairpins and hierarchical looping, or
stacked loops.”®

Corresponding fiber widths are 40 + 2 nm for
long-linker, 32 + 4 nm for medium-linker, and
31 + 1 nm for short-linker DNA. This difference
results from the interdigitation of nucleosomes
from successive helical gyres in fibers with long-
linker DNA, resulting in a more compact fiber, in
agreement with experiments.”’

The radius of gyration (Figure 1(b)) decreases
from 70 + 16 nm in short-linker fibers to
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Figure 1. Equilibrated structural properties for uniform fibers with different DNA linker lengths without nucleosome
free regions (NFRs) show different folding patterns but no discrete clutches. (a) Internucleosome interaction density
matrices of representative uniform fibers with short (red), medium (blue), and long (green) linker lengths. Contact
maps are determined by counting distances between any two nucleosome constituents (core or histone tails) that are
within 2 nm. Representative structures for each system are shown on the corresponding contact map, and the initial
structure for the fiber with medium LL is shown at top. (b) Global compaction parameters: sedimentation coefficient in
Svedberg units (left) and radius of gyration in nm (right) for the chromatin fibers with short, medium, and long DNA

linker lengths.
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63 + 5 nm in medium-linker fibers to 42 + 5 nm in
long-linker fibers. Consistent with these results,
the sedimentation coefficient increases from
145 + 16 S in short-linker fibers to 150 = 3 S in
the medium-linker fibers to 161 + 10 S in the
long-linker fibers (Figure 1(b)).

Overall, these results show that without NFRs,
clutches do not form but the length of the DNA
linker regulates chromatin architecture profoundly.
As we have already shown, irregular linker
lengths’? or nucleosome free regions®’ encourage
long-range internucleosome contacts through hier-
archical looping.

NFRs produce discrete clutches

As NFRs are implicated in the regulation of gene
expression,'®’® we examine their effect in the con-
text of uniform fibers by assigning short (114 bp),
medium (220 bp), and long (326 bp) NFRs posi-
tioned every 10 nucleosomes. We consider all 9
combinations of short/medium/long DNA linker
lengths and 114/220/326 bp NFRs. Figure 2(a)
shows the computed average number of nucleo-
somes per clutch for each system, and (b) shows
representative chromatin configurations for each
system.

For all fibers, there is a pronounced decrease in
the average number of nucleosomes per clutch
when NFRs lengths increase from short to
medium lengths. This decrease in clutch size is
slightly less pronounced in systems with medium
and long-linker DNA. The lower sensitivity to
changes in NFRs lengths in fibers with longer
linker DNA might result from a higher fiber
flexibility, which allows the formation of larger
clutches by long-range nucleosome interactions.

When NFRs are increased from medium to long
lengths, we note a less pronounced effect for all
systems, indicating that the effect of NFRs
becomes limiting at medium lengths.

When NFRs are kept constant but the DNA linker
lengths vary, the effect is more moderate than
when DNA linker lengths are kept constant and
NFRs lengths vary. Indeed, for the short NFRs
systems, a clear trend of smaller clutch size with
larger linker lengths can be observed (three tall
histograms in Figure 2(a)). For medium and long
NFRs, the clutch size is much less sensitive to
the DNA linker length.

As we report in Table S2, the decrease in
nucleosome clutch size is consistent with an
opening of the chromatin fiber that occupies a
larger volume, has a larger radius of gyration,
smaller sedimentation coefficient, and smaller
packing ratio.

Overall, these results show that short DNA linker
lengths and short NFRs are advantageous for the
formation of larger clutches and that the effect of
NFRs is very strong. Moreover, the overall trends
are not affected by changes in salt, such as
consideration of Mg=* (Figure S7).

Importantly, the large standard deviations
observed in the calculation of the average
number of nucleosomes per clutch reflect the
diverse nucleosomes clutches present in each
individual chromatin fiber, rather than a poor
sampling. Figure S8 shows the analysis of
standard deviation fluctuations as a function of
sample size for two different systems, which
indicates that such deviations are independent of
the sample size.

Linker histone density regulates clutch size by
compacting chromatin fibers

Using  super-resolution  microscopy, we
previously showed that nucleosome clutches are
smaller and less compact in mouse embryonic
stem cells (MESC) than in somatic cells like
neural progenitor cells (MNPC).?® To gain insight
into the role of LH on nucleosome clutch organiza-
tion, we study the effect of LH density on clutch size
and chromatin compaction.

Figure 3(a) shows the average number of
nucleosomes per clutch and number of clutches
for fibers with long linker DNA (79 bp) and
medium NFRs (220 bp) without LH (—-LH) and
with a density of 0.25, 0.50, 0.75, and 1 LH
molecule per nucleosome. We see that
nucleosome clutch size increases with the LH
density. In particular, the size of the clutches
increases from an average of 8 without LH to 19
in the fibers saturated with LH. Consistent with
larger clutches, the number of clutches decreases
from an average of 11 without LH to 6 in LH-
saturated fibers. As we see from the chromatin
fiber configurations in Figure 3(b), LH density has
an important role in compacting the fibers, in
agreement with previous results.”***"* Indeed,
the sedimentation coefficient of the fibers increases
from 90 = 11 S without LH to 119 + 13 S in the LH-
saturated system (Figure 3(b)). Supplementary
video shows the folding of the fibers with different
LH densities with nucleosomes colored based on
the clutch they belong to. These trends are overall
maintained when the fibers are modeled in divalent
ion conditions (Figure S7). However, because both
linker histones and divalent ions condense the
fibers, the combined effect is not cumulative
because of a physical limit on compaction.

To determine if the effect of LH density depends
on the length of linker DNA and NFRs, we study a
chromatin fiber with short DNA linker lengths
(26 bp) and short NFRs (114 bp). Figure S9
shows the average number of nucleosomes per
clutch for this fiber studied without LH and with
0.5 and 1 LH per nucleosome. Results show a
similar overall increase in clutch size with the LH
density as in the fiber with long DNA linker
lengths and medium NFRs (Figure 3(a)).

Overall, our results on LH density confirm the
important role of LH in chromatin compaction and



S. Portillo-Ledesma, L.H. Tsao, M. Wagley, et al.

Journal of Molecular Biology xxx (Xxxx) Xxx

26 bp

79 bp

(a)

LL+ NFR

—
IN o © o
s} S o S
T

Number of nucleosomes per clutch
N
o

0
114 220 326 114 220 326 114 220 326
NFR (bp)
(b) 26 bp 44 bp 79 bp
114 bp
220 bp
326 bp

Figure 2. Equilibrated structural properties for uniform fibers with different DNA linker lengths and nucleosome free
regions (NFRs) show dominance of NFR size in resulting nucleosome clutches. (a) Average number of nucleosomes
per clutch for uniform fibers with short (red), medium (blue), and long (green) DNA linker lengths with short, medium,
and long NFRs. At top shown is the initial configuration for the fiber with linker DNAs of 44 bp and NFRs of 220 bp. (b)
Representative fiber configurations for each system, with LHs shown in cyan.

provide further insight on the associated clutch
pattern mechanisms.

Acetylation levels moderately affect
nucleosome clutches

Recently, we showed that the DNA compaction
inside nucleosome clutches is affected by histone
tail acetylation, which might result from the
disruption of the nucleosome/DNA interaction
upon acetylation.>* To further study the effect of
acetylation on nucleosome clutches, we simulate

fibers with short DNA linker lengths (26 bp) and 5
short NFRs (114 bp) without acetylation and with
25, 50, 75, and 100% of tails acetylated.

Figure 4(a) shows the average number of
nucleosomes per clutch at different acetylation
levels. The corresponding chromatin fiber
structures are shown in Figure 4(b). We see that
the average number of nucleosomes per clutch
decreases as Ac levels increase. In fibers without
acetylated tails, most of the nucleosomes are
close to one another, producing an average of 89
nucleosomes per clutch. On the other extreme,
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Figure 3. Equilibrated structural properties for different linker histone (LH) density show clutch size compaction
effect. (a) Average number of clutches (left axis, orange bars) and average number of nucleosomes per clutch (right
axis, blue bars) for the fiber with long DNA linker (79 bp) and medium NFRs (220 bp) simulated with different LH
densities. From left to right: chromatin fiber without LH (—LH), with 0.25 LH per nucleosome (0.25 LH), 0.5 LH per
nucleosome (0.5 LH), 0.75 LH per nucleosome (0.75 LH), and 1 LH per nucleosome (1 LH). At top shown is the
starting configuration for the system with 0.5 LH per nucleosome. (b) Sedimentation coefficient for each LH density.
Representative fibers for each condition are shown, with LHs in cyan.

when 100% of tails are acetylated, the average
number of nucleosomes per clutch is 58. The
fiber configurations and radii of gyration (Figure 4
(b)) show how acetylation of the histone tails
triggers chromatin unfolding, thereby decreasing
the size of nucleosome clutches. As can be seen
in Figure S7, this trend is sensitive to the
presence of Mg®*. As the effects of Mg®* and
acetylation are opposite on fiber compaction,
there is no overall decrease in the number of
nucleosomes per clutch when acetylation levels
increase at divalent ion conditions.

In Figure 5, we further analyze the interactions
established between each H2A, H2B, H3, and H4
tail and other chromatin elements, such as the

10

parental core, parental DNA, non-parental core,
non-parental DNA, and other tails. The
frequencies of such interactions indicate that
when tails are acetylated, interactions between
H4 tails and non-parental cores significantly
decrease (Figure 5(a)). On the other hand,
interactions between the tails and the parental
core (Figure 5(b)) and parental DNA (Figure 5(c))
increase. There is also a commensurate increase
in the interaction between tails of histones H2A
and H3 with non-parental DNA and decrease of
the interaction between H2B and non-parental
DNA (Figure 5(d)). Finally, the interactions among
tails also decrease when they are acetylated
(Figure 5(e)). In general, acetylated tails interact
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Figure 4. Equilibrated structural properties of acetylated fibers show that acetylation (Ac) levels modulate clutch
patterns by unfolding chromatin. a) Average number of clutches (left axis, green bars) and average number of
nucleosomes per clutch (right axis, dark red bars) for the fiber with short DNA linker (26 bp) and short NFRs (114 bp)
simulated with different Ac levels from 0 to 100%. At top shown is the starting configuration for the system with 50% of
tails acetylated. b) Radius of gyration for each acetylation level. Representative fibers for each condition are shown,

with native tails in blue and acetylated tails in red.

less with other chromatin elements, as shown by
the increase of free tails frequency (Figure 5(f)).
Overall, these results indicate that chromatin
unfolding and reduction of nucleosome clutch size
upon acetylation occur due to a loss of
nucleosome/nucleosome interactions. Figure S10
compares the internucleosome interaction contact
maps for a fiber without acetylation and a fiber
with 100% tails acetylated, showing the loss of
short and medium-range interactions upon
acetylation.

We have previously showed that histone tails are
implicated in directing chromatin folding at the
nucleosome level.”” They establish segregated
interactions in which nucleosomes of the same
type (i.e., nucleosomes with native tails) cluster
together and separately from nucleosomes of other
type (i.e., nucleosomes with acetylated tails). As
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observed in the fiber configurations for the system
with 25% and 75% of tails acetylated (Figure 4
(b)), we see this domain segregation in which
acetylated tails (red) cluster together, while native
tails (blue) cluster separately.

When we study the same fiber but with 10
NFRs instead of 5 (Figure S11(a)), and the
fiber with long DNA linker lengths (79 bp) and
10 medium NFRs (220 bp) (Figure S11(b)), we
see that acetylation levels do not significantly
affect the size of nucleosome clutches,
indicating that the effect of NFRs dominates
over the effect of acetylation.

Overall, our results show a moderate effect of
histone tail acetylation on the regulation of
nucleosome clutches. This effect depends on the
length of DNA linker and NFRs, and on the
number of NFRs. Because our model does not
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Figure 5. Tail interaction frequencies for 100% acetylated fiber and native fiber with short DNA linker length (26 bp)
and 5 short NFRs (114 bp). Interaction frequencies (fix,) are calculated by measuring the fraction of Monte Carlo
steps in which each tail is within 2 nm of a non-parental Core (a), a parental Core (b), parental DNA (c), non-parental
DNA (d), or tails of a different nucleosome (e). We also calculate the fraction of MC steps that each tail is not
interacting with any other chromatin element (f). Interactions are calculated along the 2000 configurations ensemble
for each system and normalized by the total number of configurations.

account for nucleosome sliding or explicit
nucleosome/DNA interaction, further implications
of histone tails acetylation cannot be made.

Designed fibers with predicted folding and
nucleosome clutches

Now, we “design” chromatin fibers in silico to
produce target clutch patterns using what we
learned above from the effect of various
parameters on clutch behavior.

Specifically, we design three types of fibers as
detailed in Methods (Section ‘Design of fibers with
naturally-occurring DNA linker lengths’) and
illustrated in Figure 6: (1) fiber with one large and
one small clutch, (2) pearl necklace-like fiber with
equally spaced nucleosome clutches, (3) fiber
with clutches of variable sizes. For all these 3
designs we use the Voong distribution of DNA
linker lengths.'”

To obtain the large clutch in the first design
(Figure 6, Design 1), we promote hierarchical
looping (Figure S12) by using low LH density,
such as found in metaphase chromatin.”® We dis-
tribute LHs in three groups of nucleosomes (Meth-
ods, Section ‘Design of fibers with naturally-
occurring DNA linker lengths’) and produce two
LH-depleted regions located between the three
groups. The LH-depleted regions induce hierarchi-
cal looping, merging two groups of nucleosomes
and producing the large clutch. To produce the
small clutch, we promote chromatin segregation.
We further acetylate the LH-depleted regions
(Methods, Section ‘Design of fibers with naturally-
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occurring DNA linker lengths’) that border one of
the groups of nucleosomes with native tails and
LH. The nucleosomes in the acetylated-rich regions
interact with one another and separate from nucle-
osomes with native tails. We also prescribe short
NFRs (5 of 114 bp and 4 of 167 bp) positioned
before and after the small clutch to separate it from
the large clutch.

To design the pearl necklace-like construct
(Figure 6, Design 2), we use high LH density and
medium NFRs between groups of 4
nucleosomes. The presence of 1 LH per
nucleosome stabilizes each individual group of
nucleosomes.

To create variable-sized clutches (Figure 6,
Design 3), we promote heterogeneity by placing
groups of nucleosomes of different sizes (3, 7, 8,
9, 11, and 12 nucleosomes) along the fiber. We
spread them out using short and long NFRs
(Methods, Section ‘Design of fibers with naturally-
occurring DNA linker lengths’). We omit LH to
discourage compaction, as well as acetylation to
avoid segregation.

Overall, we see that it is possible to anticipate
how clutches in a chromatin fiber form based on
the distribution of NFRs, LH density, and
acetylation levels. Other epigenetic factors likely
have characteristic effects as well.

Regulation of nucleosome clutches in
gene-encoding fibers

To understand how all the factors contribute to
gene structure, we study the effect of different LH
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Figure 6. Designed fibers with specific clutch patterns. (a) Molecular sketches showing the fiber configurations for
each 50-nucleosome chromatin design. Values for DNA linker lengths (black) and NFRs (blue, violet, green, and
orange) are specified. Blue circles represent nucleosomes with LH, red circles acetylated (Ac) nucleosomes, and
black circles nucleosomes without LH or Ac. (b) Top: initial configuration for each designed fiber with LH-rich regions
denoted by cyan circles, Ac-rich regions by red circles, groups of nucleosomes by dashed black circles, and NFRs by
asterisks. Bottom: equilibrated configurations for each designed fiber with nucleosomes colored based on the clutch
they belong to, acetylated tails red, native tails blue, and linker histones cyan.

densities and acetylation levels on two specific
genes, the human HOXC gene locus and the
mouse Pou5f1 locus. When studying LH density
effects, we maintain nucleosome positions and
acetylation levels and positions as in the native
HOXC and Pou5f1 genes.*®*” Similarly, we main-
tain nucleosome positions and LH density and posi-
tions as in the native HOXC and Pou5f1 genes*®™’
when investigating acetylation level effects.

Figure 7(a) shows the average number of
nucleosomes per clutch for the HOXC gene
without LH and with 0.5 and 1 LH molecule per
nucleosome, along with representative fiber
configurations for each system. Similar to the
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trends in the uniform fiber (Figure 3), higher LH
densities increase the size of the nucleosome
clutches. The chromatin fiber configurations in
Figure 7(a) and sedimentation coefficients
(Table S3) show that in HOXC, as well as in
uniform fibers, LHs globally compact chromatin
fibers, favoring the formation of larger
nucleosome clutches. For reference, we indicate
the average number of nucleosomes per clutch
for the native HOXC, calculated by analyzing the
trajectories of our previous study.*” Native HOXC
has an LH density of 0.2 LH per nucleosome and
LHs are positioned based on mouse embryonic
stem cells data®® (Table S1). We see that the
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native HOXC gene follows well the trend observed
for the different LH densities, with an average
nucleosome clutch size that lies in between the
system without LH and with 0.5 LH per nucleo-
some. When the LH density increases from 0 to 1
LH per nucleosome, the clutch size increases 2.5
times fold, similar to the increase of 2.4 times
observed in the uniform fiber (Figure 3(a)).

When we explore histone tail acetylation,
contrary to the effect observed for uniform fibers
(Figure 4), we see that the fibers become more
globular as acetylation levels increase.
Nucleosomes appear to be closer to one another,
so that the average number of nucleosomes per
clutch increases as acetylation levels saturate
(Figure 7(b)). Moreover, the sedimentation
coefficient of the fiber increases (Table S3) and
the fiber volume decreases upon acetylation
(Table S3), compatible with a more globular
structure. Similar to the trend observed for
different LH densities, the average number of
nucleosomes per clutch for the native HOXC
gene, which contains 30% of tails acetylated, lies
between values for the fiber without acetylated
tails and the fiber with 50% of tails acetylated.
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The effect of acetylation appears to depend on
the specific fiber configuration. In fibers with few,
short NFRs, chromatin unfolding occurs upon
acetylation due to disruption of nucleosome/
nucleosome interactions, as we have observed
before for fibers without NFRs.*> On the other
hand, in fibers with more NFRs, even though inter-
nucleosome interactions are disrupted, NFRs allow
folding into higher-order structures, which in turn
increase clutch size. This effect could result from
the combination of chromatin segregation and high
flexibility induced by NFRs. To further characterize
the effect of acetylation on nucleosome clutches,
we measure clutch compaction as the number of
nucleosomes per clutch area. Even though
clutches appear to be larger upon acetylation, their
compaction decreases (Table S3), in agreement
with the fiber structures showing larger but less
compact clutches upon acetylation (Figure 7(b)).

Figure 8 shows the average number of
nucleosomes per clutch for the Pou5f1 gene
studied with different linker histone densities and
acetylation levels. When studying LH density
(Figure 8(a)), we see that higher LH densities
decrease clutch size. This is attributed to a more

1LH

Native
HOXC

a

0.2LH
. 30% Ac

Figure 7. Properties for HOXC gene show that linker histone (LH) density and acetylation (Ac) levels control
nucleosome clutches of the gene. (a) Average number of nucleosomes per clutch for HOXC without LH and with 0.5
and 1 LH per nucleosome. At top shown is the initial configuration for the system with 0.5 LH per nucleosome. At right
are shown the equilibrated structures for each LH density. LHs are shown in cyan. (b) Average number of
nucleosomes per clutch for HOXC without Ac and with 50% and 100% of tails acetylated. At top shown is the initial
configuration for the system with 50% of tails acetylated. At right are shown the equilibrated structures for each
acetylation level. Native tails are shown in blue and acetylated tails in red. In both plots, the blue diamond indicates
the value for the native HOXC obtained by analyzing the simulations of our previous work.*” The native HOXC has a
LH density of 0.2 and LHs positioned based on data for mouse embryonic stem cells*® and an acetylation level of 30%
with acetylation islands positioned based on Chip-seq data.*” A representative structure of native HOXC is also

shown.
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Figure 8. Properties of the Pou5f1 gene show that linker histone (LH) density and acetylation (Ac) levels control
nucleosome clutches of the gene. (a) Average number of nucleosomes per clutch for Pou5f1 system without LH and
with 0.5 and 1 LH per nucleosome. At top shown is the initial configuration for the system with 0.5 LH per nucleosome.
At right are shown representative structures for each LH density. LHs are shown in cyan. (b) Average number of
nucleosomes per clutch for Pou5f1 system without Ac and with 50% and 100% of tails acetylated. At top shown is the
initial configuration for the system with 50% of tails acetylated. At right are shown equilibrated structures for each
acetylation level. Native tails are shown in blue and acetylated tails in red. In both plots, the green diamond indicates
the value for the native Pou5f1 previously determined®” that has a LH density of 0.8 and an acetylation level of 10%. A

representative structure of the native Pou5f1 is also shown.

globular structure in the fiber without LHs, which
favors nucleosomes to be close to one another.
Consistently, there is an increase in the radius of
gyration as LH density increases (Table S4).
These results are in agreement with our previous
study showing that low LH densities, such as in
metaphase chromosomes, can trigger hierarchical
looping, promoting a more flexible, looped, and
globular structure.”® Even though nucleosome
clutches become smaller when LH density
increases, their compaction slightly increases
(Table S4). Similarly, when acetylation levels
increase, the size of nucleosome clutches increase
(Figure 8(b)), commensurate with the structure
becoming more globular (Table S4). However, as
in the HOXC system, their compaction decreases
(Table S4).

Overall, we see that, in general, in gene-
encoding fibers, LH density and Ac levels
produce more compact and less compact
clutches, respectively, with details that depend on
the specific fiber configuration.

Discussion

In this article, we use our nucleosome-resolution
chromatin mesoscale model to dissect nucleosome
clutch patterns in kb chromatin fibers (Figure 9).
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We study clutches in uniform, non-uniform, and
gene-encoding fibers, and focus on their
regulation by nucleosome positions, linker histone
density, and acetylation levels.

Our studies on uniform fibers reveal that
nucleosome positions prominently  regulate
chromatin folding patterns. In general, shorter
linker DNA and/or shorter nucleosome free
regions (NFRs) favor more compact fibers with
larger nucleosome clutches. In Nature, the
average nucleosome repeat length (NRL) is
tightly regulated and varies among organisms,®*’
cell types,’® and along cell stages.®** NFRs are
also regulated by multiple factors, such as proper-
ties of the DNA,”” transcriptional factors,’® and
chromatin regulators.”” Moreover, it has been
shown that nucleosome positions, alone, can dic-
tate chromatin folding and interacting domains in
yeast.®’ Thus, by regulating nucleosome positions,
the cell machinery can determine the size of nucle-
osome clutches and levels of compaction.
Whereas shorter DNA linker lengths are related to
high transcriptional activity, longer NFRs are
thought to facilitate the initiation of transcription.
The NFRs in particular are crucial for defining seg-
regated domains and hence clutch patterns. How-
ever, linker histones, posttranslational
modifications, and binding of proteins also regulate
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Figure 9. Simplified scheme summarizing key findings. In uniform fibers (left, blue boxes), NFRs are necessary to
establish clutches, and longer NFRs produce smaller clutches. Higher LH density produces larger clutches through a
chromatin compaction mechanism. Higher Ac levels produce smaller clutiches through a chromatin unfolding
mechanism, although this effect strongly depends on the fiber configuration. For some fibers, increasing Ac levels do
not affect nucleosome clutches. For gene-encoding fibers (right, orange boxes), higher LH density produces larger or
smaller clutches, but these clutches are more compact. Higher Ac levels produce larger and less compact clutches.

clutch patterns and chromatin global folding. As we
show for the systems studied with different LH den-
sities and Ac levels, if NFRs are kept constant while
other parameters vary, nucleosome clutches are
affected. In systems where LH density and Ac
levels favor a highly compact fiber, the presence
of NFRs might not be sufficient to lead to formation
of clutches. A delicate balance among all these
parameters is important for achieving the chromatin
fiber architecture on both global and local levels.
Beyond regulating chromatin compaction, LHs
have additional im ortant functions, such as
epigenetic regulation®® and regulation of genomlc
functions such as DNA replication and repair.*
Our studies on uniform fibers show that through
compacting the fibers, LHs affect clutch patterns,
mcreasmg the size of clutches. As we reported pre-
viously,?® somatic cells have larger and more com-
pact clutches than pluripotent cells. As somatlc
cells have higher LH denS|ty than pluripotent cells,®
our results indicate that in somatic cells, a high LH
density could help produce larger nucleosome
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clutches by compacting the chromatin fiber,
whereas in pluripotent cells, a low LH density could
favor the formation of open chromatin with smaller
nucleosome clutches, activating transcriptional
activity.”' In agreement with this, some genomic
regions, such as promoters of highly transcribed
genes, have a low LH density, whereas reg|ons
with silenced chromatin are enriched with LHs.”
Moreover, it has been reported that a reduction of
LH density leads to a shortening of the linker
DNA?® and that the combination of both parameters
is i 8portant in determining chromatin fiber struc-
ture.” Thus, the balance between nucleosome
positions and LH density could help regulate nucle-
osome clutches.

Histone acetylation is well known to promote
gene transcription by decompacting the chromatin
fiber and making the DNA more accessible to the
transcriptional machinery.**#3#*  Recently, we
showed that DNA/nucleosome interactions are
affected by histone acetylatlon through reduction
of clutch-associated DNA.*>* Our studies on acety-
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lation levels in uniform fibers show that acetylation
triggers chromatin unfolding and reduces nucleo-
some clutches size moderately. However, this
effect depends on the fiber configuration. In fibers
with more NFRs or longer linker DNAs and NFRs,
no significant effect is observed.

It has been shown that acetylation levels
increase in pluripotent cells, compared to somatic
cells.®> Thus, higher acetylation levels in these
cells could help produce smaller or less compact
clutches, which in turn increase the accessibility
to DNA and favor gene transcription. Depending
on acetylation locations, different dynamic events
like unwrapping or disassembly may occur.®® Both
events could reduce the size of nucleosome
clutches or the clutch-associated DNA.** Though
our model does not account for such nucleosome
dynamics, it is clear that clutch regulation due to
the disruption of nucleosome/nucleosome interac-
tions from histone tail acetylation plays a role.

When we apply what we learned from uniform
fibers to the design of non-uniform fibers, we see
that it is possible to design clutch patterns with
specific combinations of nucleosome positions,
LH density, and Ac levels. Clearly, in gene-
encoding fibers, clutch patterns are more intricate.

Our studies on the HOXC and Pou5f1 genes
indicate that LH density and Ac levels can be
applied to modulate chromatin architecture on
global and local levels. In general, higher LH
density produces more compact clutches, while
higher Ac levels produce less compact clutches.

In a recent study, we explore clutch formation in
chromatin fibers typical of mouse embryonic stem
cells and neural progenitor cells that vary in
nucleosome positions, LH density, and acetylation
levels.”® We observed that clutches were larger
and more compact in somatic cells, in agreement
with our previous experimental results.”® Based
on the present results, we conclude that the mech-
anism regulating nucleosome clutches during cell
differentiation, and possibly related cellular pro-
cesses, reflects a delicate balance of factors aris-
ing from nucleosome positions, LH densities, and
epigenetic marks. Other mechanisms like binding
of regulatory proteins and various epigenetic mod-
ifications may also be involved. Further studies of
such factors on chromatin structure at the nucleo-
some, fiber, and gene levels could further illuminate
these important aspects of genome regulation.
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