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1. Further details on our computational methodology

Our integrated mesoscale model has been extensively validated against
experimental measurements of sedimentation and diffusion coefficients, linear
mass values, and other static and dynamic properties (1–4). For example,
it reproduces salt-dependent sedimentation coefficients and packing ratios
of chicken erythrocyte chromatin over a broad range of ionic environments
with/without linker histones (3); salt-dependent extension of histone tails (2);
the topology of chromatin fibers (2, 5, 6); and chromatin’s internucleosome
interaction patterns (4, 6).

Below, we provide further details in the different coarse-grained model-
ing strategies used for each component, the specific oligonucleosome energy
expression, the Monte Carlo (MC) simulation protocol developed to sample
equilibrium ensembles of chromatin configurations, and the analysis tools
employed.

1.1. Chromatin Mesoscale Model

1.1.1. Nucleosome with flexible tails model

The nucleosome core, including the histone octamer without protruding
tails and the 147 bp of DNA wound around it, is modeled as an irregularly-
shaped electrostatic charged object. We use the discrete charge optimization
(DiSCO) algorithm (7, 8) to define the values and positions of 300 Debye-
Hückel charges evenly distributed over an irregular surface based on the nu-
cleosome crystal structure (protein data bank entry 1KX5) (6). The DiSCO
algorithm uses an optimization procedure that minimizes the error between
the Debye-Hückel approximation and the electric field of the full atom rep-
resentation of the nucleosome core at distances > 5Å. The optimization is
achieved through the truncated-Newton TNPACK algorithm (9–11), as de-
scribed in (7, 8). The electric field is computed using the nonlinear Poisson-
Boltzmann equation solver QNIFFT 1.2 (12–14). The atomic radii input for
QNIFFT is taken from the default extended atomic radii loosely based on
M. Conolly’s Molecular Surface program (15), and the charges taken from
the AMBER 1995 force field (16). As discussed elsewhere (17), agreement
between the Debye-Hückel electric field and that obtained by solving the
complete Poisson-Boltzmann equation is excellent for this number of pseudo-
charges.

We attach ten flexible histone tails to their idealized positions in the nucle-
osome crystal structure. Each tail is treated with a protein-bead chain model
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as developed in (2). In this model, five adjacent amino acids are represented
using a single bead located at the Cβ atom of the central amino acid. The
number of beads for each of the two H2A1 (N-termini), H2A2 (C-termini),
H2B, H3 and H4 histone tails is 4, 3, 5, 8, and 5, respectively, yielding a total
of 50 beads per nucleosome (Figure 1) (2, 18). The parameterized histone tail
bead stretching and bending harmonic potentials reproduce configurational
properties of the atomistic histone tails via Brownian dynamics simulations
(2). Each histone tail bead is assigned a charge equal to the sum of the
charges on the five amino acids it represents. The electrostatic interactions
in the presence of salt are modeled by multiplying the charges by a scaling
factor close to unity that reproduces the electric field of the atomistic model
(18). For the salt concentration of 0.15 M used here, the scaling factor is
1.12.

1.1.2. Linker DNA model

The entering and exiting DNA linkers attached to each nucleosome (other
than the first) are modeled as elastic worm-like chains of NDNA spherical
beads each (19, 20). The repeating sequence of one nucleosome particle
followed by NDNA DNA beads forms the main Nc-core oligonucleosome chain;
the first bead in the chain (i = 1) represents the first core, and the last bead
(i = N with N = Nc∗(NDNA +1)) the last linker DNA bead (as illustrated in
Supporting Figure 1a). The nucleosome points of attachment of the exiting
and entering DNA linkers enclose an angle φ0=108◦ about the center of the
nucleosome and are separated by a distance 3.6 nm normal to the plane of
the nucleosome core, consistently with the nucleosome crystal structure (21).
Each DNA linker bead has an internal force field comprising of stretching,
bending, and twisting potential energy terms. Each bead also carries a salt-
dependent negative charge assigned through the Stigter’s procedure to mimic
the electrostatic potential of linear DNA (22). The DNA inter-bead segments
have an equilibrium length (l0) of 3 nm, which determines the values of the
NRL that we can model (6). The NRL is calculated from the number of
inter-bead segments (NS = NDNA + 1) as NRL = 147 bp + NSl0/a, where
a = 0.34 nm/bp is the rise per base pair. Here, we study systems of 3 and
7 inter-bead segments (2 and 6 DNA beads), which correspond to NRLs of
173 and 209 bp, respectively.

In chromatin, the double stranded linker DNA is twisted about the DNA
axis with a helical repeat of 10.3 bp/turn (lr) (23, 24). Thus, the DNA
linker length determines the number of turns between nucleosome cores. The
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number of turns can be calculated as (NRL − 147 bp)/lr (6). When a linker
DNA makes m integral turns (m = 1, 2, . . . ), its average twist is zero, and
when it makes a non-integral m + r (with r ∈ (0, 1)) number of turns, its
average twist is equal to 360◦(r − 1). Our approach assigns the appropriate
average equilibrium twist value per DNA linker segment (φNS) through a
twisting energy deformation (6). For example, our DNA linkers of 7 and 3
segments (NRLs ∼209 and 173 bp, respectively) studied here, complete 6
and 2.43 turns, respectively. This corresponds to φNS=0 for NRL = 209 bp,
and φNS= 51.7◦, or an average DNA twist of −0.57 × 360◦ = 155◦ for the
whole 173-bp linker segment. See more details in Ref. (6).

1.2. Initial configurations

For our initial configurations, we have used representative equilibrium
conformations simulated previously in the presence of LH (1 per core) at
0.15 M NaCl and 293 K, and zero pulling force (6). These equilibrium con-
formations were obtained by running MC trajectories for 35 million steps
starting from idealized zigzag and interdigitated solenoid conformations. For
the NRLs studied here, both starting conformations (zigzag and solenoid)
give equilibrium structures with interaction patterns and geometrical de-
scriptors characteristic of zigzag fibers (6). Therefore, although our initial
configurations in this work have dominant zigzag interactions, these are con-
figurations determined by modeling as the most favorable and not idealized
two-start conformations.

1.3. Analysis tools

1.3.1. Force-Distance curve

The main output of a single-molecule stretching assay is the so-called
Force-Distance or Force-Extension (F-D) curve, that gives information of
the force necessary to stretch a system by a specific distance. We compute
F-D curves by applying a constant pulling force and evaluating the ensemble
average of the resulting end-to-end distance in the direction of the applied
force. This distance here is the end-to-end distance in the z-direction between
the geometric centers of the first and last nucleosome cores.

1.3.2. Patterns of internucleosome interactions

To describe the internal organization of the nucleosomes in an oligonucle-
osome we construct a two-dimensional interaction-intensity matrix, I ′(i, j)
that measures the intensity of histone-tail mediated interactions between
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nucleosomes i and j. Each matrix element is obtained by calculating the
fraction of MC iterations that the two cores are in contact with one another:

I ′(i, j) = mean [δi,j(M)] , (1)

where M is the MC configurational frame. The mean is calculated over the
converged MC frames used for statistical analysis, with

δi,j(M) =

{
1 if cores i and j are ‘in contact’ at MC frame M,

0 otherwise.
(2)

Nucleosomes i and j are ‘in contact’ if the shortest distance between the
tail-beads directly attached to i and the tail-beads or core-charges of core j
is smaller than the excluded volume distance (σt=1.8 nm) (2). Finally, these
matrices are projected into unnormalized one-dimensional maps

I(k) =
1

NC

NC∑
i=1

I ′(i, i± k) (3)

that describe the relative intensity of the interactions between cores separated
by k DNA linkers and reveal the pattern of internucleosome interactions
(dominant, moderate, weak) in a chromatin fiber. The ideal two-start zigzag
configuration has dominant i± 2 and moderate i± 5 interactions, while the
ideal 6-nucleosomes per turn solenoid model has dominant i± 1 interactions
(6).

1.3.3. Internucleosome interaction energy

We monitor the behavior of the stabilizing internucleosome interaction
energy during the pulling process. We define this term as the ensemble
average of the total electrostatic interaction energy between nucleosome pairs
divided over the total number of cores.

2. Chromatin energy

The total potential energy of our oligonucleosomes is a sum of twisting,
stretching and bending energy of the linker DNA, stretching and intramolecu-
lar bending of the linker histones and histone tails, total electrostatic energy,
and excluded volume contributions:
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E = ET + ES + EB + EtS + EtB + ELH + EC + EV . (4)

The mechanical potential of the DNA is implemented by assigning local
coordinate systems to all DNA linker beads and the nucleosome cores. The
center position of each chain bead i (nucleosome core or DNA linker bead)
is described by the vector ri = (xi, yi, zi), and its coordinate system is spec-
ified by three orthonormal unit vectors {ai,bi,ci}, where ci = ai × bi (see
Figure 2). Each nucleosome core i has three additional coordinate systems
that describe the DNA bending and twisting at their points of attachment to
the nucleosome: {aDNA

i ,bDNA
i ,cDNA

i } represents the direction from the attach-
ment point of the exiting linker DNA to the center of the i + 1 DNA bead;
{a+

i ,b+
i ,c+

i } represents the local tangent on the nucleosome core at the point
of attachment of the exiting linker DNA; and {a−i ,b−i ,c−i } represents the tan-
gent vector corresponding to the entering linker DNA. The Euler angles αi,
βi, and γi 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
oligonucleosome chain (i.e., {ai,bi,ci} → {ai+1,bi+1,ci+1}); angles α+

i , β+
i ,

and γ+
i transform the coordinate system of the nucleosome core to that of

the exiting linker DNA (i.e., {ai,bi,ci} → {aDNA
i ,bDNA

i ,cDNA
i }). Further de-

tails on the Euler angles and a geometric description of the oligonucleosome
chain are provided in (3, 6, 17).

The first term in Eq. (4) is the twisting energy of the DNA. This term
incorporates the appropriate equilibrium twist per DNA linker segment to
accommodate non-integral numbers of DNA turns:

ET =
s

2l0

N−1∑
i=1

(αi + γi − φNS)2 , (5)

where s is the twisting rigidity of DNA, n is the number of beads in the
oligonucleosome chain, φNs is the twist deviation penalty term per segment,
and the sum αi + γi gives the linker DNA twist at each bead location. The
next two terms denote the stretching,

ES =
h

2

N−1∑
i=1

(li−l0)2 , (6)
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and bending energy of the linker DNA,

EB =
g

2

[
N∑
i=1

(βi)
2 +

N∑
i=i∈IC

(
β+
i

)2

]
. (7)

Here h and g are the stretching and bending rigidities of DNA, li = |ri+1−ri|
the separation between consecutive DNA beads, and IC denotes a nucleosome
particle within the oligonucleosome chain (see Supporting Table 1). The Eu-
ler angles βi and β+

i are bending angles, and l0 is the equilibrium separation
distance between beads of relaxed DNA, as given above.

The fourth term, EtS, represents the total stretching energy of the histone
tails:

EtS =
n∑

i∈IC

NT∑
j=1

Nbj−1∑
k=1

kbjk
2

(lijk−ljk0)2 +
htc
2

N∑
i∈IC

NT∑
j=1

|tij−tij0|2 . (8)

Here NT = 10NC is the total number of histone tails, Nbj is the number
of beads in the j-th tail, and kbjk is the stretching constant of the bond
between the k-th and k + 1-th beads of the j-th histone tail. lijk and ljk0

represent the distance between tail beads k and k+ 1, and their equilibrium
separation distance, respectively. In the second term, htc is the stretching
bond constant of the spring attaching the histone tail to the nucleosome core,
tij is the position vector of the first tail bead in the coordinate system of its
parent nucleosome, and tij0 is the position vector of the attachment site to
the nucleosome core.

The fifth term, EtB, represents the intramolecular bending contribution
to the histone tail energies:

EtB =
N∑
i∈IC

NT∑
j=1

Nbj−2∑
k=1

kθjk
2

(θijk−θjk0)2 , (9)

where θijk and θjk0 represent the angle between three consecutive tail beads
(k, k + 1, and k + 2) and their equilibrium angle, respectively, kθjk is the
corresponding bending force constant.

The sixth term, ELH , represents the intramolecular stretching and bend-
ing energy of the linker histone beads:

ELH =
N∑
i∈IC

2∑
k=1

kLHS
2

(
lLHik −lLH0

)2
+

N∑
i∈IC

kLHθ
2

(
θLHi − θLH0

)2
. (10)
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Here, kLHS is the stretching constant between consecutive LH beads of a given
core, and lLHik and lLH0 = 2.6 nm represent the distance between histone beads
k and k + 1, and their equilibrium separation distance, respectively. In the
second term, θLHi represents the angle between the three consecutive histone
beads (k, k+1, and k+2) of core i, θLH0 = 2π is the equilibrium angle between
LH beads, and kθLH is the corresponding bending force constant. To allow
only a moderate stretching and bending flexibility among LH beads, the force
constants have been empirically set to be one order of magnitud higher than
the equivalent constants for histone tail motions (i.e. kLHS = 10 max(kbjk)
and kθLH = 10 max(kθjk)).

The total electrostatic interaction energy of the oligonucleosome is given
by EC . These include ten types of interactions: nucleosome / nucleosome,
nucleosome / linker-DNA, nucleosome / tail, nucleosome / linker-histone,
linker-DNA / tail, linker-DNA / linker-DNA, linker-DNA / linker-histone,
tail / tail, tail / linker-histone, and linker-histone / linker-histone. All these
interactions are modeled using the Debye-Hückel potential that accounts for
salt screening:

EC =
∑
i

∑
j 6=i

qiqj
4πεε0rij

exp (−κrij), (11)

where qi and qj are the ‘effective’ charges separated by a distance rij in a
medium with a dielectric constant of ε and a salt-concentration dependent in-
verse Debye length of κ, ε0 is the electric permittivity of vacuum. Within an
individual linker-DNA chain or histone-tail chain, the beads belonging to the
same chain do not interact electrostatically with each other as their interac-
tions are already accounted through the intramolecular force field (harmonic
spring). Finally, linker DNA beads, linker histone beads, and histone tail
beads directly attached to the nucleosome do not interact electrostatically
with their parental nucleosomal pseudo-charges. This is required to ensure
that the attachment tail and linker DNA beads remain as close as possible
to their equilibrium locations.

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

EV =
∑
i

∑
j 6=i

kij

[(
σij
rij

)12

−
(
σij
rij

)6
]
, (12)

where σij is the effective diameter of the two interacting beads and kij is an

8



energy parameter that controls the steepness of the excluded volume poten-
tial. These parameters are taken from relevant models of the components as
tabulated in Supporting Tables 1 to 3 below (see further details on parame-
ters in (3)).

2.1. Monte Carlo sampling

To sample the ensemble of oligonucleosome conformations at constant
temperature we use MC simulations with five different MC moves (global
pivot, local translation, local rotation, tail regrowth and LH reorganization)
and one optional MC move (LH on and off). These moves are detailed below.

• Pivot, translation, and rotation chain moves. The global pivot move
is implemented by randomly choosing one linker DNA bead or nucleo-
some core and a random axis passing through the chosen component.
The shorter part of the oligonucleosome about this axis is rotated by
an angle chosen from a uniform distribution within [0, 20◦]. The lo-
cal translation and rotation moves also select randomly a oligonucleo-
some chain component (linker DNA bead or core) and an axis passing
through it. In translation, the component is moved along the axis by
a distance sampled from a uniform distribution within [0, 0.6 nm]. In
the rotation move, the component is rotated about the axis by an angle
sampled from an uniform distribution in the range [0, 36◦]. All three
MC moves are accepted or rejected based on the Metropolis criterion.

• Tail regrowth move. The tail regrowth move is implemented to sam-
ple histone-tail conformations based on the configurational bias MC
method (25, 26). It randomly selects a histone tail chain and regrows
it bead-by-bead using the Rosenbluth scheme (27). To prevent histone
tail beads from penetrating the nucleosome core, the volume enclosed
within the nucleosome surface is discretized, and any trial configura-
tions that place the beads within this volume are rejected automatically.

• LH reorganization move. The LH reorganization move is implemented
by randomly selecting one LH bead and and axis passing through it,
and then translating the bead along that axis by a distance sampled
from a uniform distribution within [0, 0.3 nm]. As done in the tail
regrowth move, any trial configurations that place the LH beads within
the nucleosome discretized volume are rejected automatically. The rest
of the trial configurations are selected based on the Metropolis criterion.
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• LH on and off move. This LH stop-and-go move attaches or detaches
a full LH chain from its parent core. One LH is selected at random.
If the LH is bound to a core, a trial configuration is formed by either
leaving the LH bound or, with a probability pd ∈ (0, 1), detaching it
and diffusing it to infinity so that the contribution to the total energy
of the selected LH is zero. If the LH is unbound, the trial configuration
is formed by reattaching the LH to its core with a probability pa ∈
(0, 1). The trial configuration is then accepted or rejected based on
the Metropolis criterion. The values of pd and pa give the dissociation-
and-diffusion and association probabilities, respectively, and affects the
average number of LH-core bonds present in a fiber at a given MC time.
Here, we model two cases: (a) pa >> pd (i.e., pa=1 and pd=0.25), and
(b) pa = pd (i.e., pa=1 and pd=1). When pa = pd = 1, the LH follow
a slow rebinding scenario and produce oligonucleosome conformations
in which LH follow a slow binding mode and ∼50% of LH are bound
to cores. When pa=1 and pd=0.25, we reproduce LH’s fast binding
mode behavior, in which the unbound LH molecules have a much higher
probability of rebinding to cores than diffusing to infinity; this produces
an equilibrium oligonucleosome conformations in which the majority
(∼80%) of LH proteins are bound to cores, and the LH-core bonds are
exchanged among the ensemble of conformations.

The pivot, translation, rotation, tail regrowth, and LH reorganization
moves are attempted with probabilities of 0.2, 0.1, 0.1, 0.4, and 0.2, respec-
tively (3). In simulations that consider LH dynamic binding, the probabilities
for the pivot, translation, rotation, tail regrowth, LH reorganization, and LH
on and off moves are 0.2, 0.1, 0.1, 0.4, 0.1, and 0.1, respectively.
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Parameter Description Value
T Temperature 293.15◦ K

CS Monovalent salt concentration (NaCl) 0.15 M

l0 Equilibrium DNA segment length 3.0 nm

Lp Persistence length of linker DNA in monovalent salt 50 nm

h Stretching rigidity of linker DNA 100kBT/l2o
g Bending rigidity of linker DNA LpkBT/lo

s Torsional rigidity constant of linker DNA 3.0×10−12 erg.nm
θ0 Angular separation between linker segments at core 108◦

2w0 Width of wound DNA supercoil 3.6 nm

r0 Radius of wound DNA supercoil 4.8 nm

σtt Excluded vol. distance for tail/tail interactions 1.8 nm

σtc Excluded vol. distance for tail/core interactions 1.8 nm

σcc Excluded vol. distance for core/core interactions 1.2 nm

σtl Excluded volume distance for tail/linker DNA interactions 2.7 nm

σcl Excluded vol. distance for core/linker DNA interactions 2.4 nm

σgLHc Excluded vol. distance for globular link. hist./core interactions 2.2 nm

σgLH1 Excluded vol. distance for globular link. hist./link.DNA interactions 3.4 nm

σcLHc Excluded vol. distance for C-term. link. hist./core interactions 2.4 nm

σcLH1 Excluded vol. distance for C-term. link. hist./link.DNA interactions 3.6 nm

kev Excluded vol. energy param for all components except for tail beads 0.001 kBT

kevt Tail/tail excluded volume interaction energy parameter 0.1 kBT

qgLH Charge on the globular linker histone bead 13.88e

qcLH Charge on the C-terminal linker histone bead 25.62e

σLHLH Excluded volume distance for link.histone/link.histone interactions 2.0 nm

Supporting Table 1: Parameters employed in mesoscale modeling/simulation.
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Bond kb Average SD
Tail i-j (kcal/mol/Å2) [Å] [Å]
N-ter H3 1-2 0.09 15.6 2.3

2-3 0.06 15.0 3.0
3-4 0.07 15.6 2.9
4-5 0.07 16.1 2.6
5-6 0.07 16.1 2.6
6-7 0.07 15.1 2.9
7-8 0.11 14.9 2.4

N-ter H4 1-2 0.10 14.1 2.6
2-3 0.10 15.2 2.4
3-4 0.06 14.8 2.8
4-5 0.20 14.7 1.8

N-ter H2A 1-2 0.08 14.1 2.6
2-3 0.09 15.3 2.5
3-4 0.03 14.5 3.4

C-ter H2A 1-2 0.07 15.7 2.6
2-3 0.07 13.7 2.6

N-ter H2B 1-2 0.08 14.7 3.1
2-3 0.10 14.1 2.3
3-4 0.08 16.2 2.4
4-5 0.08 15.1 2.7

Supporting Table 2: Protein bead stretching parameters.

Angle kθ Average SD
Tail i-j-k (kcal/mol/rad2) [◦] [◦]
N-ter H3 1-2-3 1.1 108.6 28.8

2-3-4 1.0 108.1 28.6
3-4-5 1.7 111.3 25.4
4-5-6 1.2 117.6 27.8
5-6-7 1.2 110.4 29.3
6-7-8 1.5 110.5 27.2

N-ter H4 1-2-3 1.0 103.2 25.4
2-3-4 1.1 106.0 25.8
3-4-5 0.5 103.6 35.5

N-ter H2A 1-2-3 1.1 108.5 29.0
2-3-4 0.6 100.1 29.3

C-ter H2A 1-2-3 1.0 100.7 31.8
N-ter H2B 1-2-3 0.9 104.9 35.1

2-3-4 0.6 103.9 28.4
3-4-5 1.6 113.8 26.7

Supporting Table 3: Protein bond-angle parameters.
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5. Schlick, T., and O. Perǐsić, 2009. Mesoscale simulations of two
nucleosome-repeat length oligonucleosomes. Phys Chem Chem Phys
11:10729–10737.
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Supporting Figure 1: Mesoscale model of the basic chromatin building block.
The nucleosome core surface with wrapped DNA without histone tails is mod-
eled as an irregularly shaped rigid body with 300 optimized pseudo surface
charges (small 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 spheres / H2A1:
yellow, H2A2: orange, H2B: magenta, H3: blue, H4: green). The LH is
modeled as 3 charged beads rigidly connected to the nucleosome (turquoise
spheres).
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Supporting Figure 2: Top: Geometry of the mesoscale oligonucleosome
model. (a) Shown is the assembly of oligonucleosome components into a
chain, entering/exiting linker DNA, and individual coordinate systems for
the linker DNA beads and nucleosome core, and Euler angle β depicting the
linker DNA bending. For nucleosome core i, ai and bi lie in the nucleosome
core plane, with ai pointing along the tangent at the attachment site of the
entering DNA, and bi in the direction normal to this tangent. For linker
DNA bead i, the vector ai points from the geometric center of i to either the
center of the following DNA bead or to the attachment point in the nucleo-
some (if i+ 1 is a core). The vector aDNA

i points from the attachment point
of the exiting linker DNA to the center of the following DNA linker bead.
The vectors a+

i and a−i represent the local tangents on the nucleosome cores
at the exiting and entering points of attachment, respectively. (b) Schematic
representation of a pulling experiment.
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Supporting Figure 3: Behavior of the end-to-end distance for 24-unit 209-bp
oligonucleosomes with/without LH subjected to different pulling forces: (a)
without LH at low force (1 pN), (b) without LH at moderate force (5 pN),
(c) without LH at high force (10 pN), (d) with 1 fixed LH/core at low force
(10 pN), (b) with 1 fixed LH at moderate force (27 pN), and (c) with 1
LH/core at high force (39 pN). Convergence is evident well before 45 million
MC steps for all cases shown.

18



Thermal
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Supporting Figure 4: Force-extension curve of 209-bp 24-unit oligonucleo-
some chains at 0.15 M monovalent salt with 0.5 fixed LH/core and 0.25 fixed
LH/core. The space filling models are based on MC stretching simulation
snapshots of 0.5 fixed LH/core arrays. Alternating nucleosomes are colored
white and navy, with wrapped DNA as red. LH is shown as three turquoise
spheres. Lower LH stoichiometries of 0.5 and 0.25 fixed LH/core decrease
significantly the stiffness of medium-NRL fibers, as revealed by their lower
elastic moduli (σ ∼5 pN and σ ∼2 pN, respectively) compared to that of 1
LH/core fibers (σ ∼10 pN); note that the stiffness of fibers with 0.25 LH/core
is comparable to that of fibers without LH. Moreover, the detailed unfold-
ing mechanism also changes when the LH/core ratio decreases. Fibers with
0.5 LH/core unfold by forming a two-stack conformation (dominant i ± 2
contacts in Figure 5c) with a limited presence of superbeads, followed by
an irregular array with dominant i ± 1 contacts at 10 pN. LH removal thus
offers greater conformational flexibility for local adjustments and loosens the
chromatin fiber.
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Supporting Figure 5: Unnormalized internucleosome interaction patterns for 24-unit
oligonucleosome 209-bp chains at 0.15 M monovalent salt: (a) no LH, (b) 1 LH/core, (c)
0.5 LH/core, (d) fast LH binding, and (e) slow LH binding. The patterns help interpret
the transition between structures with diverse dominant internucleosome contacts. Rep-
resentative simulation snapshots (space filling models) are shown to illustrate structural
transitions.
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Supporting Figure 6: Simulation and experimental force-extension curves of
single chromatin fibers. For comparison purposes the extension is divided
by the total number of nucleosomes in each fiber. The solid lines represent
simulation results of this work (discussed in detail in the main text) for 24-
core 209-bp fibers at 0.15 M monovalent salt with: 1 fixed LH/core (red) and
fast LH binding molecules (green). The dashed lines represent experimental
stretch (magenta) and release (blue) curves for 280-core 210-bp fibers with
LH at 0.04 M monovalent salt taken from (28).
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