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Nucleosome breathing facilitates cooperative
bindingof pluripotency factorsSox2andOct4 toDNA
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ABSTRACT Critical lineage commitment events are staged by multiple transcription factors (TFs) binding to their cognate mo-
tifs, often positioned at nucleosome-enriched regions of chromatin. The underlying mechanism remains elusive due to difficulty
in disentangling the heterogeneity in chromatin states. Using a novel coarse-grained model and molecular dynamics simula-
tions, here we probe the association of Sox2 and Oct4 proteins that show clustered binding at the entry-exit region of a nucle-
osome. The model captures the conformational heterogeneity of nucleosome breathing dynamics that features repeated wrap-
unwrap transitions of a DNA segment from one end of the nucleosome. During the dynamics, DNA forms bulges that diffuse
stochastically and may regulate the target search dynamics of a protein by nonspecifically interacting with it. The overall search
kinetics of the TF pair follows a ‘‘dissociation-compensated-association’’ mechanism, where Oct4 binding is facilitated by the
association of Sox2. The cooperativity stems from a change in entropy caused by an alteration in the nucleosome dynamics
upon TF binding. The binding pattern is consistent with a live-cell single-particle tracking experiment, suggesting the mechanism
observed for clustered binding of a TF pair, which is a hallmark of cis-regulatory elements, has broader implications in under-
standing gene regulation in a complex chromatin environment.
SIGNIFICANCE Binding of pluripotency transcription factors (TFs), Sox2 and Oct4, to nucleosome targets orchestrate
gene expression programming and cell fate transitions. However, the biophysical principle of their binding to nucleosome
remain incompletely understood. Here, using a structure-based ‘‘double-basin’’ model that successfully captures the
nucleosome breathing dynamics, we performed coarse-grained simulations and investigate the interplay between
breathing dynamics and the binding of Sox2-Oct4 pairs. Our finding reveals that the Sox2-Oct4 pair exhibits a cooperative
binding, where Sox2 engages the target DNA first, which facilitates the Oct4 binding. The cooperative origin stems from an
allosteric mechanism without any conformational change in DNA and is primarily entropically driven. The study, thus,
provides a plausible framework of target search mechanism on nucleosomal DNA by multiple TFs.
INTRODUCTION

Transcription factors (TFs) regulate gene expression by
recognizing specific DNA sequences among a large num-
ber of nonspecific DNA sequences within the genome
(1). In eukaryotic nuclei, genomic DNA exists in an array
of the nucleosome in which 147 basepair of genomic DNA
is tightly wrapped into � 1:65 superhelical turns around
the octameric histone protein (2,3). The association be-
tween the nucleosomal DNA and the histone core largely
restricts the access of DNA sites to the non-histone proteins
and, therefore, serves as an important regulatory layer for
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determining cell identity and controlling gene expression
(4,5). A subset of TFs, referred to as pioneer factors
(PFs), however, have the ability to invade nucleosomes
and bind to their motif sequences, creating permissive
states for other chromatin-binding proteins, that together
initiate cell fate transitions and transcriptional reprogram-
ming (6,7). Any aberrant behavior in activation or
inhibition of PFs thus is directly linked to the defects in
large-scale chromatin structure and human health (6). For
instance, many forms of cancer have reported misregula-
tion or amplification of genomic locus of PFs (6,8). In gen-
eral, not one PF, rather combinatorial binding of PFs, is
responsible for the manifestation of such diseases and
therefore their mutual relationship, the order of their bind-
ing events, and the underlying mechanisms that may direct
these TFs homing in on a cis-regulatory DNA element to
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Nucleosome invasion by TFs
form an enhanceosome complex pose serious challenges in
understanding their precise action. One such example of
PFs that are involved in shaping the pattern of gene expres-
sion is the Yamanaka factors (Klf4, Sox2, Oct4, and
c-Myc) that can transform mammalian somatic cells into
induced pluripotent stem cells (9). These factors coopera-
tively target specific enhancers to activate or repress the
expression of specific genes during the reprogramming to-
ward pluripotency (10,11). Among such pluripotency TFs,
Sox2 and Oct4 play a crucial role also in the transcriptional
regulatory network that regulates embryogenesis and the
perpetuation of embryonic stem cell growth (12,13).
High-throughput methods have been employed to system-
atically unravel the binding patterns of TF pairs on DNA
(14–19). However, understanding the spatiotemporal
regulation of gene expression that underpins the finely
balanced lineage specification and morphogenetic events
during early embryonic development (14,20,21) remains
obscured.

The issue has been investigated previously using single-
molecule fluorescence microscopy and live-cell single-
molecule imaging technique to report a cooperative binding
of the two PFs on nucleosomal DNA but with contradictory
results in their order of binding. The major cause of the
discrepancy between the two results was proposed due to
the poor characterization of the heterogeneous chromatin
states. A molecular simulation study along the line affirms
that the pioneer activity of Sox2 is sensitive to the rotational
positioning of its cognate motif compared with that of Oct4
(22). The binding of the former is suggested to trigger a rota-
tional phase shifting in nucleosomal DNA resulting in DNA
sliding on the histone proteins, allowing Oct4 to access its
binding motif. Interestingly, a recent cryoelectron micro-
scopy (cryo-EM) resolved structure of the Sox2-Oct4-nucle-
osome (23) complex shows adjacent positioning of the
Sox2-Oct4 cognate motifs at the entry-exit region of a
nucleosome, which rules out the nucleosome sliding-
induced allosteric binding mechanism of the pairs of PFs.
Furthermore, nucleosome sliding is an energetically
demanding process (24) because of simultaneous breaking
followed by the making of multiple DNA-histone contacts
during the slithering motion of DNA over histone proteins.
In fact, most of the studies so far either elucidated a force-
induced sliding of the DNA over histone core protein or re-
ported only marginal displacement (1 or 2 basepairs) by
sliding of nucleosomal DNA (25–27). This means that, in
the absence of any external driving force, nucleosome
sliding motion is not an efficient mode of dynamics that
can strongly modulate the DNA site accessibility (more
than a couple of basepairs) for DBPs. On the contrary, spon-
taneous nucleosome breathing has been reported (28–34) in
which a segment of DNA from one end of the nucleosome
partly dissociates from the histone core due to thermal fluc-
tuation and permits transient access to the otherwise his-
tone-occupied DNA sites. A recent cryo-EM study has
successfully characterized the conformational heterogeneity
of fully wrapped and partially unwrapped structures with
varying unwrapped lengths (35). Nucleosome breathing dy-
namics have also been suggested to play a pivotal role in
maintaining the plasticity of the chromatin fiber inside the
cell nucleus (36). However, how the nucleosome breathing
dynamics interplay with multiple PFs and what determines
the biophysical basis for cooperative binding of the two
PFs on nucleosomal DNA remains unknown.

To discern the issue, we recast a state-of-the-art coarse-
grained model of DNA, used extensively previously by us
(37–44) and others (45–49), on to a multi-basin potential en-
ergy landscape to explicitly mimic the nucleosome breath-
ing dynamics. Using two tunable parameters, we regulate
the free energy difference between the partially unwrapped
and the fully wrapped conformations of a nucleosome and
match that with the experimentally observed range. Com-
bined with the validated nucleosomal DNA model and a
coarse-grained description of protein, we perform extensive
molecular dynamics simulations to probe the biophysical
basis for cooperative PF binding and the relationship of
chromatin targeting between a pair of PFs. We show that,
although both are classified as PFs, Sox2 and Oct4 exhibit
notably distinct dynamics on nucleosomal DNA. Individu-
ally, the POUS domain of Oct4 diffuses faster compared
with Sox2, although kinetically the former is less efficient
in specifically recognizing the cognate motif. Nucleosome
breathing dynamics play a pivotal role in such differential
association kinetics of the PFs. Combined, the Sox2-Oct4
pair displays a novel cooperative binding mechanism to
their respective motifs. Our results agree with the observa-
tions of a single-particle tracking experiment in living cells
including the order of nucleosome association by the pair of
PFs (50). This study helps clarify the biophysical rules gov-
erning the Sox2-Oct4 (in general, a pair of TFs) partnership
in the presence of local conformational heterogeneity of
chromatin fiber and greatly broadens the potential scope
of this model in explaining the patterns of differential
gene regulation by the same set of TFs in the nucleosomal
context.
MATERIALS AND METHODS

In silico modeling of nucleosome breathing
dynamics

To model wrap-unwrap dynamics during nucleosome breathing, we rely

on a Go like model (51), formerly used extensively for studying protein

folding (51) and protein-protein interactions (52). We start by considering

the distinct wrapped and partially unwrapped conformations of the nucle-

osome, solved in a recent cryo-EM experiment (35). Identifying the native

contacts present in each conformation allows us to construct a funnel-

shaped energy landscape for each conformation that occupies the basin

of the funnel. Our motivation is to construct a hybrid two-basin energy

landscape by connecting together the landscapes corresponding to wrap-

ped and unwrapped conformations of the nucleosome (see Fig. 1).

A similar approach has been employed previously to construct a
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FIGURE 1 Computational model of nucleosome

breathing. Schematic representation of the double-

basin energy landscape of nucleosome breathing.

Two single basins used for model construction are

depicted by dashed lines. Basin 1 corresponds to

fully wrapped nucleosome, whereas basin 2 indi-

cates partially unwrapped nucleosome structure.

Both the fully wrapped and partially unwrapped

nucleosome structures (shown at the bottom) are

obtained from a recently resolved cryo-EM struc-

tures with PDB: 6ESF and 6ESH, respectively.

The DNA segment colored in green (� 15 bp of

DNA) is partially detached from the histone sur-

face, forming the partially unwrapped nucleosome

conformation. G and D are the two model parame-

ters. The former modifies the energy barrier and the

latter modulates the relative stability between the

two basins. To see this figure in color, go online.
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multiple-basin energy landscape for capturing the large-scale conforma-

tional transition of proteins by Okazaki et al. (53). The combined poten-

tial for the two-basin model can be presented as EðR1Þ and EðR2Þþ D

(dashed lines in Fig. 1), where R1 and R2 represent the coordinates of

the reference structures of fully wrapped and partially unwrapped nucle-

osome conformations, respectively. The parameter D is introduced to

modulate the relative stability of the two basins. A larger D value makes

basin 1 more stable than basin 2. We then introduce a coupling constant G

that directly modifies the energy barrier between the two potentials and

creates a smooth double basin potential EDB (see Fig. 1). Such a smooth

potential for a double basin model can be obtained from the eigenvalue

of the characteristic equation (53):�
EðR1Þ G

G EðR2Þ þ D

��
v1
v2

�
¼ EDB

�
v1
v2

�
; (1)

where ðv1; v2Þ are the eigenvectors. The above equation has a nontrivial

solution if the following condition satisfies����EðR1Þ � EDB G

G EðR2Þ þ D � EDB

���� ¼ 0: (2)

Equation 2 gives rise to two solutions and we use the solution that corre-

sponds to the lower energy for the double-basin potential:
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EDB ¼ EðR1Þ þ EðR2Þ þ D

2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
EðR1Þ � EðR2Þ � D

2

�2

þ G2

s
: (3)

The double-basin potential EDB is continuous and differentiable

and, therefore, can be directly used for molecular dynamics simu-

lations. The force Fi acting on the ith atom can, therefore, be

calculated as

Fi ¼
X
n ¼ 1;2

~dnnF
ðnÞ
i

, X
n ¼ 1;2

~dnn; (4)

where ~dnn is the minor determinant obtained from Eq. 2 and F
ðnÞ
i ¼

vEðRnÞ=vri.
The eigenvectors ðv1; v2Þ decide whether the system resides in basin 1 or

basin 2. We use a parameter c (defined below) as the reaction coordinates

for the transition between two basins:

c ¼ ln

�
v2
v1

�
: (5)
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From Eq. 1 one can find the two eigenvectors and using Eq. 5, the func-

tional form of c can be obtained as:
c ¼ ln

0
B@ 2G

EðR1Þ � EðR2Þ � Dþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4G2 þ ðD � EðR1Þ þ EðR2ÞÞ2

q
1
CA: (6)
The usefulness of this parameter is that it allows to freely tune the

coupling constant G that modifies the energy barrier and the parameter D

associated with the relative stability of the two basins.

To characterize the nucleosome breathing, the double-basin potential

EDB in Eq. 3 is described in terms of the single-basin potentials EðRnÞ,
where Rn ðn ¼ 1; 2Þ represents the reference structure of fully wrapped

and partially unwrapped nucleosome at the bottom of each basin n. For

the single-basin model, we use the Ca model of protein and the 3SPN.2C

model of nucleosomal DNA. Below we briefly describe the salient features

of the protein and DNA model and their interactions.
Protein model

In this study, the structure of the histone protein in each basin is described

by a coarse-grained Ca model, where each amino acid is represented by a

single bead centered on its a-carbon ðCaÞ position (39). The energetics

of the histone protein is described by a native topology-based model that

uses a Lennard-Jones potential to incorporate the native contacts found in

the reference structure (51). Such structure-based potential represents a fun-

nel-like energy landscape for protein folding (51) and has been extensively

used for studying large-scale conformational motion of proteins (53) and

the biophysical problems related to protein-protein (52) and protein-DNA

interactions (37,38,40–44,54). Similar to histone protein, the same Ca

model is also used to model the non-histone proteins (Sox2 and Oct4). It

should be noted that the Ca model for non-histone protein is independent

of any basin and therefore, the double-basin potential is not applicable to

model the energetics for non-histone proteins. Further details of the protein

model with the explicit form of the potential energy functions are given in

the supporting material.
DNA model

For nucleosomal DNA, we adopted the 3SPN.2C coarse-grained model of

DNA developed in de Pablo’s group, where each nucleotide is represented

by three spherical beads: phosphate, sugar, and a nitrogenous base (55).

Each bead is placed at the geometric center of the corresponding moiety.

The model successfully captures the correct structural, mechanical, and

thermodynamic properties of DNA (56). For instance, the model accu-

rately estimates structural features of DNA that agree well with the exper-

imental values. These include the helix width, the base rise, the number of

basepairs per turn, and the major and minor groove widths. Special

emphasis was given to the mechanical properties of DNA, such as the ef-

fect of sequences on the measurement of persistence lengths for capturing

the correct sequence-dependent flexibilities of DNA. It also predicts the

persistence lengths for different ionic strengths that are consistent with ex-

periments. Besides, the model provides good agreement with experimental

measures of melting temperatures for duplex DNA. The model also has

been shown to successfully reproduce the rate constants for DNA hybrid-

ization with varying sequences under different ionic concentrations. All

these intriguing properties and the resolution of the DNA model make it
a suitable candidate to study the DNA dynamics at the molecular level.

The complete details of the DNA energetics are elaborately described in
the supporting material along with all the reference parameter values listed

in Tables S1–S6.
Protein-DNA interactions

The interactions between histone protein and nucleosomal DNA are

modeled by the following two potential energies: 1) structure-based contact

potential that stabilizes the histone-DNA complex in the reference structure

Rn and 2) the electrostatic interactions between negatively charged phos-

phate beads and charged amino acids (Arg, Lys, Glu, Asp). The struc-

ture-based potential controls the specific attraction between histone

octamer and nucleosomal DNA, while the electrostatic interactions provide

sequence-nonspecific attraction between charged residues of histone and

DNA. The structure-based term considers both the specific attractive and

repulsive interactions between the histone-DNA native contact pairs

and also includes the generic repulsive interactions for the rest of the pairs.

For identifying the histone-DNA native contact pairs, we choose sugar and

base atoms in DNA and ignore phosphate atoms because phosphates are pri-

marily represented by their charge. Here, we consider an i � j pair to form
a ‘‘native-contact’’ if at least one sugar or base atom of the ith nucleotide is

within 10 Å of any nonhydrogenous atom of the jth amino acid. These

native pairs in the fully wrapped and partially unwrapped nucleosome refer-

ence structure are not equivalent to the double-basin model. Incorporating

these differences in native contact pairs in the double-basin model will lead

to the simultaneous breaking and formation of native contacts in the two ba-

sins 1 and 2 during the breathing dynamics of nucleosomal DNA. The elec-

trostatic interactions are modeled using Debye-H€uckel potential that

accounts the salt effect. For that, we assigned a unit negative charge on

both Asp and Glu residues and a unit positive charge on both Arg and

Lys amino acid residues. A negative charge of 0.6 is assigned to each phos-

phate DNA bead to take into account the effect of counterion condensation.

It is important to note that the Debye-H€uckel theory is valid only for low

salt conditions and does not hold for an ionic concentration greater than

0.5 M (39). Despite the limitations, the Debye-H€uckel potential has been
successfully used to investigate partial unwrapping of nucleosomal DNA

(46), force-induced free energy landscape of nucleosome unwrapping

(57), nucleosome allostery in TF binding (22), protein binding induced

DNA bending (45), sequence-dependent nucleosome sliding (58), modeling

specificity in protein-DNA interactions guided by binding assay and struc-

tural data (59), and several aspects of protein-DNA recognition problem

(37,38,40–44,60). Further details for the energetics of histone-DNA interac-

tions can be found in the supporting material.

For interactions between non-histone protein (Sox2 or Oct4) and DNA,

we incorporated both the specific and nonspecific interactions. The former

includes sequence-dependent specific interactions between amino acids and

nucleobases, whereas the latter considers the nonspecific electrostatic and

repulsive excluded volume interactions. For specific interactions, it requires

the formation of a specific protein-DNA complex upon reaching the target

site. By analyzing the cryo-EM structure of the Sox2-Oct4-nuleosome

specific complex (PDB: 6T90), we identified sequence-specific contacts
Biophysical Journal 121, 4526–4542, December 6, 2022 4529
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between amino acids of Sox2/Oct4 and nucleobases of DNA.When the pro-

tein reaches the target/specific nucleosomal DNA sites, it starts forming the

specific contacts and quickly forms the final bound complex. The formation

of these specific contacts is modeled by a short-range Lennard-Jones poten-

tial (see supporting material for details). The nonspecific interactions be-

tween non-histone protein and DNA are mainly governed by electrostatic

and excluded volume interactions. While the former interaction is modeled

by Debye-H€uckel potential, the latter is modeled by a purely repulsive

potential (for detailed energetics, see supporting material). Since the

phosphate beads are assigned a negative charge of 0.6 in the DNA model,

the effective charge of interactions between Sox2/Oct4 protein and nucleo-

somal DNA is scaled by a factor of 1.67 to bring the local charge of

phosphate beads back to � 1, as used in the previous work (57). For pro-

tein- interfaces, namely interactions between Sox2 and histone or between

Oct4 and histone or between Sox2 and Oct4, we also applied the same elec-

trostatic and excluded volume interactions.
Simulation protocol

We first choose the reference structure of fully wrapped and partially un-

wrapped nucleosome, as solved by cryo-EM techniques with the corre-

sponding PDB entries 6ESF and 6ESH, respectively (see Fig. 1).

Incorporating the structural features obtained from both the structures in

the double-basin model, we calibrated the parameters G and D in the model

and observe the nucleosome breathing motion. Initially the partially un-

wrapped nucleosomewas placed at the center of a simulation box of dimen-

sion 350 � 300 � 250 Å with periodic boundary conditions. The time

evolution of the system was studied using Langevin dynamics with friction

coefficient g ¼ 0:05 kg/s and temperature 300 K. The partially unwrapped

structure features an unwrapped length of � 15 bp. At this unwrapped

length, the parameters G and D are tuned in such a way that the values of

free energy change (obtained from the population of wrapped and unwrap-

ped states) fall within the experimentally measured ranges. We fix the pa-

rameters as G ¼ 180 and D ¼ � 20 (in units of kcal/mol) and proceed

to see the behavior of nucleosome breathing upon changing the length of

unwrapped DNA segment l. We varied the unwrapped length l from 15 to

50 by reducing the histone-DNA native contacts and characterized the

length-dependent nucleosome breathing dynamics. We performed 15 inde-

pendent simulations of 1� 108 MD steps long for each unwrapped length l

at a physiological salt concentration of 140 mM using our in-house code on

a 7.74 teraflop high-performance cluster. The integration time step used to

perform the simulation was 0.05, which corresponds to a real timescale of

� 1 ps following the prescription of Veitshans et al. (61). Therefore, 1� 108

MD steps long simulation in our coarse-grained simulations is equivalent to

100 ms in physical timescale. During the simulation, the double basin poten-

tial allows the unwrapped segment to form and break the histone-DNA

native contacts in basins 1 and 2, resulting in the transition from one basin

to another and vice versa.

Next, we considered the pluripotency TFs Sox2 and Oct4, the structures

of which are shown in Fig. 2 A, and performed simulations of their binding

to nucleosomes with different unwrapped lengths l ranging from 15 to 40.

The nucleosomal DNA contains a strong positioning Widom 601L

sequence (see Figs. 2 B and S1 for structure and sequence), where we in-

serted the Sox2 target motif (7 bp, red colored bases in Fig. 2 B) close to

the SHL�6 end, as found in the cryo-EM structure of the Sox2-Oct4-nucle-

osome complex (Fig. 2 C, PDB: 6T90). In the simulation, Sox2 was placed

at different positions around the nucleosome as the initial structure. For the

kinetic experiment, we select a position in such a way that Sox2 has to visit

the whole unwrapped length (l ¼ 40 bp) to reach its target site, thereby

experiencing the breathing motion while diffusing along the DNA. All of

these simulations were performed at a salt concentration of 140 mM. For

each unwrapped length, we performed 50 independent simulations (in total,

6� 50 ¼ 300 independent runs), each of 1� 108 MD steps long (or equiv-

alently 100 ms long). We also applied the same procedure to simulate the

Oct4 binding to nucleosomes with variable unwrapping lengths. Finally,
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we simulated both Sox2 and Oct4 proteins together in the presence of a Wi-

dom 601L sequence having an unwrapping length of l ¼ 40 bp to observe

their binding order and also the cooperativity in their binding to nucleo-

somal DNA.
RESULTS AND DISCUSSION

Characterizing nucleosome breathing dynamics

To illustrate how our model captures the heterogeneous
chromatin states at local scale, we study the transition be-
tween nucleosome wrapped and unwrapped conformations
during its breathing dynamics. For this, two structures
with PDB: 6ESF (resolution 3.7 Å) and 6ESH (resolution
5.1 Å) are selected as representatives of a fully wrapped
and a partially unwrapped conformation of the Widom
601L nucleosome (see Fig. 1), respectively. The unwrapped
structure features an unwrapped length of 15 basepairs. De-
noting the wrapped state for basin 1 and basin 2 as the un-
wrapped form as fiducial structures, we tune G to regulate
the population of the nucleosome in each basin during our
simulation. The transition from one basin to the other occurs
infrequently, but very rapidly, without any detectable inter-
mediate state at a simulation temperature of 300 K (see
Fig. 3 A and Video S1). We construct a histogram based
on the reaction coordinate c and from its probabilities at
different bins, a free energy profile GðcÞ is generated as
shown in Fig. 3 B. By regulating the parameters G and D

carefully, a free energy difference of DGz 1.3 kcal/mol is
achieved between the wrapped and unwrapped conforma-
tions at c � 5 1.0. The value corresponds to the range
of DG of nucleosome breathing dynamics observed experi-
mentally (28). Keeping the G and D unchanged, we next
proceed to see how the DG of nucleosome breathing
changes with the unwrap length. For this, we consider struc-
tures corresponding to basin 2 with reduced histone-DNA
native contacts, where the involvement of DNA residues
from the unwrapped DNA segment in establishing contacts
with histone proteins is ignored. Table S7 lists the number of
contacts that are not considered to open a length of the un-
wrapped DNA segment. The partially unwrapped conforma-
tions considered in our study are consistent with the recently
reported nucleosome conformations resolved by cryo-EM
(35). In Fig. 3 C, we elucidate the change in free energy
ðDGÞ as a function of unwrapped DNA length ðlÞ. The trend
suggests that, for l ¼ 15 bp, DG< 0 denotes the wrapped
state is more stable compared with the unwrapped state of
the nucleosome. With increasing l DG increases and, at
l ¼ 25 bp, it shows a shift in population from wrapped
to unwrapped state of the nucleosome. Corresponding
DG> 0 indicates that the partially unwrapped state of the
nucleosome is more favored compared with the wrapped
conformation for l > 25 bp. Another reversal of DG is
observed when the length of the unwrapped DNA segment
is significantly longer, i.e., for l > 40 bp. The observation
is entirely counter-intuitive since the enthalpy ðHÞ of the
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FIGURE 2 Pluripotency TFs and Widom 601L nucleosome. (A) The structural representation of the Sox2 and Oct4 proteins, obtained from PDB: 1GT0

and 3L1P, respectively. The Oct4 protein consists of two DNA binding domains, POUS (cyan color) and POUHD (purple color), connected by a linker as

shown in white. (B) The cryo-EM structure of the 147 bp Widom 601L nucleosome (PDB: 6ESF). The target DNA sites for Sox2 and the POUS domain

of Oct4 protein are colored in red and blue, respectively. The DNA base indices with 10 bp periodicity are highlighted. (C) The cryo-EM structure of

the Sox2-Oct4-nuleosome complex at 3.1 Å resolution (PDB: 6T90). Sox2 protein binds to the DNA minor groove with sequence ‘‘CTTTGTT’’ and the

POUS domain of Oct4 binds to DNA major groove with sequence ‘‘ATGC.’’ To see this figure in color, go online.
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partially unwrapped state is expected to increase (i.e., low
stability) due to disruption of increasing number of his-
tone-DNA contacts with longer l in the unwrapped state
(see Table S7). DH therefore, should have decreased with
l. Interestingly, our result in Fig. 3 D suggests a significantly
different behavior of DH with l. The DH between the wrap-
ped and partially unwrapped states of nucleosome shows an
initial decrease with l up to 25 bp as per expectation, indi-
cating that the wrapped state is enthalpically more stable
(low H) compared with the partially unwrapped conforma-
tion (high H). The trend, however, reverses for l > 25 bp,
suggesting that the unwrapped state is enthalpically more
stable compared with the wrapped state. With a further in-
crease in l (> 40 bp), DH does not increase anymore and
shows a decreasing trend instead.

To understand the rationale behind this, we examine the
conformations sampled during our simulations and reveal
that the unwrapped DNA segment is not necessarily always
off from the histone surface, rather a part of it may be close
to the nucleosome core particle, resulting in mediating few
nonspecific histone-DNA contacts. The corresponding snap-
shot, shown in Fig. 3 E illustrates the formation of a DNA
bulge. Such bulges form both in the wrapped and unwrapped
states of a nucleosome during its breathing and the propen-
sity of their formation increases with the length of the un-
wrapped DNA segment, l (see Fig. S2). To confirm that
the formation of such bulges are not an artifact of our pre-
sent model, where the spring constants for bending in the
unwrapped segment of the nucleosomal DNA are lowered
(see Eq. S13 and related discussion) to avoid any large-
amplitude conformational strain caused by the transitions
between two nucleosome structures, we performed new
sets of simulations with DNA sequence-specific spring con-
stants (as given in Table S1, supporting material) for both
the nucleosome states. Our result suggests formation of
the DNA bulges even in the absence of altered angular re-
strictions, implying the generality of our findings related
to bulge formation. A similar DNA bulge formation on
nucleosome has also been reported in previous studies
(62,63). Interestingly, we note that the formation of bulges
Biophysical Journal 121, 4526–4542, December 6, 2022 4531



FIGURE 3 Characterization of nucleosome breathing and DNA bulge. (A) A trajectory of conformational changes between fully wrapped (FW) and

partially unwrapped (PU) states is shown for the reaction coordinate c defined in Eq. 5. A positive value of c represents PU nucleosome conformation,

whereas a negative c value signifies FW nucleosome conformation. We fixed the two parameters G and D introduced for the double-basin model in such

a way that the associated changes in free energy between the two states reside within the experimentally measured ranges. The parameters obtained are

as follows (in units of kcal/mol): G ¼ 180 and D ¼ � 20. (B) The free energy profile of conformational changes between FW and PU states (shown

in the inset) is plotted as a function of the reaction coordinate c. (C) Change in free energy ðDGÞ between wrapped and unwrapped nucleosomal states

as a function of the unwrapped DNA length ðlÞ. DG is defined as DG ¼ Gwrap � Gunwrap, where Gwrap and Gunwrap are the free energies in the FW and

PU states, respectively. The free energies of different states (FW or PU) are evaluated from the relation Gi ¼ � RT lnðpiÞ, where pi is the probability

of the system being in FWor PU state,Gi is the free energy of that state, R is the gas constant and T is the temperature. (D) Change in enthalpy ðDHÞ between
wrapped and unwrapped nucleosomal states as a function of the unwrapped DNA length ðlÞ. DH is defined as DH ¼ Hwrap � Hunwrap, where Hwrap and

Hunwrap are the enthalpies in the FWand PU states, respectively. The error bar for each symbol is defined as the standard error. (E) Snapshot of a bulge formed

on the nucleosomal DNA. To see this figure in color, go online.
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imparts opposite influence on the nucleosome enthalpy
compared with the contribution from histone-DNA specific
contacts. For instance, in the wrapped state, a higher number
of specific histone-DNA contacts increase the enthalpy of
the state, whereas the formation of bulges prevents satis-
fying some of those specific contacts, resulting in lowering
of the enthalpic stability (high Hwrap value, see Fig. S3). The
unwrapped state usually features a significantly reduced
number of histone-DNA contacts compared with that in
the wrapped nucleosome conformation. However, in the
presence of bulges, a flanking DNA segment may establish
few histone-DNA contacts, reducing the enthalpy gap be-
tween the unwrapped and the wrapped states of nucleosome.
Combined, the relative impacts of DNA bulges in the wrap-
ped and unwrapped nucleosome conformations determine
the thermodynamic profile of nucleosome breathing:
for small l, when the average bulge size is very small, the
differences between specific histone-DNA contacts primar-
ily confirms higher stabilityðDH < 0Þ/lower free energy
ðDG < 0Þ of the wrapped state compared with the unwrap-
ped conformation of nucleosome. With the increasing l,
bigger sizes of bulges simultaneously stabilize the unwrap-
ped nucleosome state while destabilizing the wrapped
conformation, as shown in Fig. S3, resulting in a shift of
the population more toward the unwrapped state overpower-
4532 Biophysical Journal 121, 4526–4542, December 6, 2022
ing the contribution of differences in specific histone-DNA
contacts. This reflects both in DG> 0 and DH> 0 values for
l ranges between 25 and 35 bp. With further increase in the
length of the unwrapped DNA segment ðlÞ, the large differ-
ences in specific histone-DNA contacts (see Table S7) be-
tween the wrapped and unwrapped state offsets the
influence of bulge formation, leading to a substantial reduc-
tion in the DH and a reversal in the free energy profile
ðDG < 0Þ at l > 40 bp (as shown in Fig. 3, D and C).
Interplay between nucleosome breathing and
protein search dynamics

Having seen the DNA bulge formation during nucleosome
breathing and the influence of such bulges in regulating
the thermodynamics of breathing dynamics, we next move
to understand the role of nucleosome breathing dynamics
on the target search dynamics of Sox2 and Oct4 separately.
For this, we simulate Sox2 and Oct4 separately with the Wi-
dom 601L nucleosome using our two-basin model of nucle-
osome breathing dynamics. To probe how the nucleosome
breathing dynamics influence the target search process of
the pioneer TFs Sox2 and Oct4, we first estimate their indi-
vidual diffusion coefficients on the nucleosomal DNA ðD1Þ.
To this end, we note that Sox2 generally binds at the DNA
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minor groove, whereas the POUS domain of Oct4 binds at
the DNA major groove. By monitoring the distance of the
center of mass of the binding protein/domain from the
closest DNA basepair ðrCMÞ, we identify if the protein scans
the DNA one-dimensionally or diffuses three-dimension-
ally. In a snapshot, if rCM is greater than 10 Å compared
with the distance during specific association ðrspCMÞ, the pro-
tein is considered to be significantly off from the nucleo-
some surface, diffusing three-dimensionally. The protein
otherwise, reads the DNA basepairs in a 1D transport
mode. We estimate the mean-squared displacement (MSD)
of the protein as a function of simulation time while it dif-
fuses one-dimensionally along the nucleosomal DNA and
FIGURE 4 Diffusivity of Sox2 and Oct4 on nucleosome and their interplay w

POUS domain of Oct4 as a function of the unwrapped DNA length l. The error ba
of Sox2 protein (black) and the POUS domain of Oct4 protein (red) during its 1D

(light gray) positions of the DNA bulge. (D) Schematic representation of the resi

nucleosomal DNA sites. The asterisk denotes the starting position of the protei
measured D1 from the slope of MSD plots and present it
as a function of the length of the unwrapped DNA segment,
l in Fig. 4 A. The result suggests 1) D1 increases with
increasing l, indicating nucleosome breathing facilitates
protein diffusion on nucleosomal DNA; 2) the POUS

domain of Oct4 shows approximately two times faster diffu-
sivity on nucleosome compared with Sox2. To understand
the underlying reason, we follow the footprints of the pro-
teins during 1D scanning of the nucleosomal DNA and
find that the DNA bulge and Sox2 dynamics are intercon-
nected. We verify this by following the position of Sox2
and the beginning and end positions of the DNA bulge at
a short timescale. The result presented in Fig. 4 B shows
ith breathing dynamics. (A) 1D diffusion coefficient ðD1Þ of Sox2 and the

r for each symbol is defined as the standard error. (B and C) Binding position

translocation on nucleosomal DNA and the beginning (dark gray) and end

dence time of Sox2 (top) and the POUS domain of Oct4 protein (bottom) on

n at the beginning of the simulation. To see this figure in color, go online.
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that the protein is either positioned inside the bulge or adja-
cent to it. The corresponding correlation between their indi-
vidual dynamics is significantly high ðR � 85%Þ, ensuring
that Sox2 and DNA bulge dynamics are dynamically
coupled and that diffusion of the former on nucleosomal
DNA depends on the diffusion of the latter. Since forma-
tion and dissolution of the bulge is a stochastic process,
restricted within the unwrapped segment of the nucleosomal
DNA, it confines the 1D mobility of Sox2 mostly on the un-
wrapped segment of nucleosomal DNA. To this end, it is
noteworthy that, with the altered angular restrictions for
the unwrapped DNA segment, we also note a correlated dy-
namics between the DNA bulges formed and the Sox2 pro-
tein (see Fig. S4), which validates our findings related to
their connected dynamics. In contrast, either of the domains
of Oct4 is bigger to be fit inside an average-sized bulge
formed on the unwrapped DNA segment, excluding the pos-
sibility of a dynamically correlated 1D diffusion of the Oct4
protein domain and the DNA bulges. This is also evident
from Fig. 4 C, which suggests a much-focused presence of
Sox2 on nucleosomal DNA compared with a highly diffused
nonspecific binding positions of the POUS domain of Oct4.
Molecular principle governing target search
kinetics of pioneer TFs on nucleosomal DNA

It is noteworthy that the recently resolved Sox2-Oct4 bound
complex of nucleosome suggests a clustered binding of
these two TFs at the entry-exit region (SHL�6) of a nucle-
osome, which is a trademark of cis-regulatory elements,
such as promoters and enhancers that integrate multiple
TF inputs to direct gene expression. The underlying mech-
anism regulating the binding order of these TFs and the
impact of their interrelation, however, remain elusive. We
address this question by investigating the individual kinetics
of Sox2 and Oct4 on a nucleosome first followed by their
combined dynamics. In Fig. 5 A, we present the fraction
of specific contacts formed by Sox2 and the POUS domain
of Oct4 as a function of simulation time. The Sox2 binding
motif is positioned at the 6 � 12 site and that for the POUS
A B

FIGURE 5 Molecular mechanism of nucleosome invasion by Sox2 and Oct4

tained from the simulation (for l ¼ 40 bp) of individual kinetics of Sox2 and O

consider the kinetics of the POUS domain. The propensities of 1D and 3D sea

for (B) the Sox2 protein and (C) the POUS domain of the Oct4 protein. The er

in color, go online.
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domain of Oct4 is placed at the 13 � 16 site at the entry-
exit region of the nucleosome, as illustrated previously in
the resolved structure of the nucleosome bound protein
complex red (PDB: 6T90) (23). Our result suggests that
Sox2 finds its binding motif and establishes 80% of its spe-
cific contacts with the nucleosomal DNA approximately 1.5
times faster compared with that of the POUS domain of
Oct4. The result is interesting because Sox2, which exhibits
slower diffusion on the nucleosome compared with that
by the POUS domain of Oct4, manages to execute faster
binding kinetics. What could be the underlying molecular
principle for the faster target search kinetics of Sox2
compared with the multidomain Oct4?

To investigate, we dissect their trajectories and identify
their most probable mode of transportation to reach their
binding motifs. Our results, presented in Fig. 5, B and C,
suggest that the time partition for a 1D search in Sox2 is
40 � 50%, and that for a 3D search is 50 � 60%, which
match with the time partitions for 3D and 1D search modes
of proteins that lead theoretically to the fastest target search
(64). For the POUS domain of Oct4, the same time partitions
for 3D and 1D search modes are found to be 25 � 35% and
65 � 75%, respectively, indicating a substantially higher
time spent by the POUS domain of Oct4 in scanning the
nucleosomal DNA via slower 1D diffusion. To analyze the
rationale behind this, we track the complete Oct4 (both
POUS and POUHD domains) and find that POUHD spends
� 90% time on the nucleosomal DNA surface, searching
the DNA one-dimensionally, which is substantially higher
compared with the 1D search time of the POUS domain.
Notably, the POUHD domain carries a net six unit positive
charges that help the domain to remain associated with the
DNA for a longer time via strong attractive electrostatic in-
teractions, restricting the free diffusion of a tethered POUS

domain. Two distinct search modes of the Oct4 protein are
captured during such dynamics: one in which both the do-
mains simultaneously scan the two lanes of the nucleosomal
DNA as shown in Fig. S5 A and, second, in which POUHD

remains associated with nucleosomal DNA, permitting the
POUS domain to interact nonspecifically with the acidic
C

. (A) Fraction of average specific contacts ðCQspDÞ as a function of time ob-

ct4 proteins with the Widom 601L nucleosome. For the Oct4 protein, we

rch modes are presented as a function of the unwrapped DNA length ðlÞ
ror bar for each symbol is defined as the standard error. To see this figure



FIGURE 6 Kinetics of the target search process of both Sox2 and Oct4

on the nucleosome. Fraction of average specific contacts ðCQspDÞ as a func-
tion of time obtained from the simulation (for l ¼ 40 bp) of both Sox2 and

Oct4 proteins together with theWidom 601L nucleosome. For the Oct4 pro-

tein, we consider the kinetics of the POUS domain. The binding motifs of

the proteins are positioned near SHL�6 (bp 6–16) of the nucleosome.

The error bar for each symbol is defined as the standard error. To see this

figure in color, go online.
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patches (65) of histone proteins (see Fig. S5 B). The result is
consistent with a recent computational study by Tan et al.
(22). Probing further, we estimate the average nonspecific
association and dissociation rates of the Sox2 protein and
the POUS domain of Oct4 from their average residence
time in single 1D and 3D events. The results shown in
Fig. S6 indicate that the average nonspecific association
ðkNucon Þ and dissociation rates ðkNucoff Þ of Sox2 are very much
comparable (kNucon ¼ 1=Ct3DD ¼ 2:6� 10� 5 time�1 and
kNucoff ¼ 1=Ct1DD ¼ 3:1� 10� 5 time�1), whereas thekNucon

of the POUS domain of Oct4 is � 10 times higher than its
kNucoff (kNucon ¼ 6:4� 10� 5 time�1 and kNucoff ¼ 2:4� 10� 6

time�1). To this end, it is noteworthy to mention that, using
a theoretical model based on a discrete-state stochastic
approach (66), recently we discovered the molecular princi-
ple for the successful invasion of nucleosomal target sites by
pioneer TFs. The model explicitly considered the nucleo-
some breathing dynamics and relevant biophysical and
biochemical transition of pioneer TFs such as binding, un-
binding, and diffusion rates along with the nucleosomal
DNA and analyzed the first-passage events in the system.
On the basis of a rigorous analytical analysis of the target
search process of pioneer TFs on nucleosomal DNA, we
report a ‘‘dissociation-compensated-association’’ mecha-
nism as the molecular principle for efficient nucleosome in-
vasion by pioneer TFs. The mechanism suggests that, for a
slow kNucon rate, a dissociation rate of a similar degree com-
pensates such that the protein gets enough time to scan the
DNA. Alternatively, if a protein associates very fast (high
kNucon ) with the nucleosomal DNA, it may get trapped at the
wrong DNA sites or may search in a completely opposite di-
rection to the position of the binding motif. A befitting fast
dissociation rate (high kNucoff ) resets the search process,
thereby lowering the stochasticity of the protein dynamics
and speeding up the search kinetics. By examining the
kNucon and kNucoff rates of two PFs, namely Sox2 and the
POUS domain of Oct4 from our simulations, we confirm
that the same dissociation-compensated-association mecha-
nism is responsible for the faster target search kinetics of
Sox2 compared with the POUS domain of Oct4, high-
lighting the generality of the principle.
Hierarchical and cooperative binding of Sox2 and
Oct4 to nucleosomal DNA

We next turn to investigate the complex relationship of the
pluripotency TFs Sox2 and Oct4 in exhibiting their pioneer
activity and targeting binding at nucleosomal binding mo-
tifs. We simulate both Sox2 and Oct4 proteins together in
the presence of the Widom 601L nucleosome (see Video
S2). The unwrapped conformation with l ¼ 40 bp is
considered. We first investigate the order of binding of
the two TFs to their binding motifs placed adjacently
near SHL�6 (entry-exit region) of the nucleosome. Our
result in Fig. 6 shows the fraction of specific contact forma-
tion tendency with simulation time. The trend clearly
shows a hierarchical binding of Sox2 and Oct4 to their
cognate sites. Sox2, being able to meditate at least 80%
of all its specific contacts � 3:7 times faster compared
with that of Oct4, is clearly kinetically more efficient in
its pioneering activity. It should be mentioned here that
the Widom 601L nucleosome features a palindromic
sequence, but exhibits asymmetric breathing dynamics
(32,33). Interestingly, Thom€a and co-workers have
resolved two different cryo-EM structures corresponding
to two different orientations of the binding motifs (23).
One, which we already considered, can be found in PDB:
6T90, which features the binding motifs at the SHL�6 re-
gion of the nucleosome (bp index 6–16, entry-exit region).
The second structure (PDB: 6YOV, see Fig. S7) suggests
the position of the binding motifs on the opposite side
(bp 123–133) and more close to the dyad region. To inves-
tigate if the order of the target search kinetics of Sox2 and
Oct4 regulated by nucleosome breathing dynamics is gen-
eral for both orientations of the binding motifs, we further
considered two scenarios: 1) we melted a 40 bp long nucle-
osome arm from SHLþ6 end while keeping the other arm
wrapped around histone surface. The binding motifs are
positioned at bp 123 � 133 as was suggested in the struc-
ture given in PDB: 6YOV. (ii) Both the nucleosome arms
are allowed to breathe simultaneously (symmetric breath-
ing) with binding motifs positioned near the SHL�6 region
(6–16 bp) of the nucleosome. In both cases, Sox2 reaches
its cognate site faster compared with Oct4, suggesting
nucleosome breathing is the key to regulating the order of
search kinetics of the two PFs. In the first case, Sox2 estab-
lishes at least 80% of all its specific contacts � 1:7 times
faster compared with that by Oct4 (see Fig. S8), which is
comparatively slower compared with when binding motifs
are positioned at the SHL�6 end. This is because binding
motifs at bp 123 � 133 are more close to the dyad region
than the entry-exit region of the nucleosome and the
Biophysical Journal 121, 4526–4542, December 6, 2022 4535
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more buried the motifs are, the more difficult it is to reach
at the sites by the TFs, resulting in a slower target search
kinetics. A slightly faster target search kinetics (� 2:0
times) is observed for Sox2 in the case of symmetric breath-
ing (see Fig. S9) of the nucleus, despite the binding motifs
being positioned at the entry-exit region of the SHL�6
side. This is because both melted arms of the nucleosome
can interact with the search proteins easily, making it diffi-
cult for them to select the correct arm featuring the binding
motifs. Thus, our results suggest that the spatial orientation
of the binding motifs on nucleosomal DNA regulates the
target search efficiency of TFs, which is consistent with
the experimental observations (23).

The observed order of binding of the two PFs at their
respective motifs is in line with a single-cell single-molecule
imaging study by Chen et al. (50), irrespective of the studied
orientations of the motifs. Interestingly, an in vitro study (67)
has reported an entirely opposite result, suggesting that Oct4
precedes in the association process and permits room for
binding of Sox2. Such discrepancy could be due to the poor
characterization of the heterogeneous chromatin states
(nucleosome wrapped/unwrapped conformations) inside a
living cell, which is difficult to mimic in an in vitro study.
Moreover, the biotinylated nucleosome substrates used in
the invitro study are immobilized through streptavidin-biotin
linkage to perform single-molecule experiment, which may
have cost the nucleosome dynamics. As a controlled test,
we perform simulations of the Sox2-Oct4 pairwith a partially
unwrapped nucleosome state alone (l ¼ 40 bp). The study
thus discards the influence of the conformational heterogene-
ity of nucleosomes originating from its breathing dynamics.
Our result suggests that, in the absence of nucleosomebreath-
ing, no predominant binding order is observed, rather both
the binding orders, i.e., Sox2 followed byOct4 and vice versa
are equally possible, highlighting the importance of nucleo-
some breathing dynamics in regulating the binding pattern of
cis-regulatory TFs.
FIGURE 7 Partitioning of the free energy terms. DGa ¼ ðGNuc� S

ðGNuc� Sox2 þGOct4Þ; DDG ¼ DGb � DGa ¼ GFree�Nuc þ GNuc� Sox2�Oct4 �
osomal DNA;GSox2 is the free energy of the free Sox2;GOct4 is the free energy of

and GNuc� Sox2�Oct4 is the free energy of the nucleosome-Sox2-Oct4 complex.
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We also investigate the thermodynamics of the binding
of these TF pairs by estimating the difference between
the free energy changes ðDDGÞ associated with the first
and second binding events from our simulations (see
Fig. 7 and Table 1). The free energy of each system can
be written as:

G ¼ H � TS: (7)

The first term, H, represents the enthalpy of the system
(DNA or DNA-protein complex), and the second term is
the configurational entropy ðSÞ times the temperature ðTÞ.
The difference in free energy between Sox2 and Oct4 bind-
ing events is as shown below:

DDG ¼ DDH � TDDS: (8)

We compute the enthalpic contributions of individual sys-
tems, such as the free nucleosomal DNA, the DNA-Sox2
complex, and the DNA-Sox2-Oct4 complex, from the
respective equilibrated portions of our simulation trajec-
tories. The results are presented in Table 1, which estimates
DDH ¼ 12:951:65 kcal/mol. Thus, based on enthalpy
considerations alone, the binding of Oct4 followed by
Sox2 is predicted to be anticooperative.

We next calculate the configurational entropies of indi-
vidual nucleosomal DNA, the DNA-Sox2 complex, and
the DNA-Sox2-Oct4 complex by diagonalization of the
Cartesian coordinate covariance matrix using the pre-
scription described by Schlitter (68). The method was
previously tested in protein systems by Sch€afer and co-
workers (69,70). It should be noted that the calculated
entropies ðSÞ are dependent on the length ðtÞ of the trajec-
tory that is analyzed, indicating a convergence issue in
sampling. The longer the time window of the simulation,
the entropy value clearly tends to a limit ðSNÞ. We find
that the entropies calculated for a long enough time
ox2 þGOct4Þ � ðGFree�Nuc þGSox2 þGOct4Þ; DGb ¼ GNuc� Sox2�Oct4 �
2GNuc� Sox2 þ GSox2 � GOct4. GFree�Nuc is the free energy of the free nucle-

the free Oct4;GNuc� Sox2 is the free energy of the nuleosome-Sox2 complex,

To see this figure in color, go online.



TABLE 1 Thermodynamic parameters calculated from the simulations of the free nucleosomal DNA, the DNA-Sox2 complex, and

the DNA-Sox2-Oct4 complex (see Fig. 7)

System H DH DDH TSN TDSN TDDSN

1. Free nucleosomal DNA 2559:8150:56 185:5850:14

186:4251:13 � 121:750:20

2. DNA-Sox2 complex 2373:3950:98 12:951:65 307:2850:14 23:2450:29

173:5251:20 � 144:9450:21

3. DNA-Sox2-Oct4 complex 2199:8750:70 452:2250:15

All values are in kcal/mol 5 standard errors, for T ¼ 300 K.

Nucleosome invasion by TFs
window may be fitted well by using an empirical relation-
ship (71):

SðtÞ ¼ SN � a

t2=3
; (9)

where a is the slope of Eq. 9. From the resulting values (see
Table 1), we calculate TDDS at 300 K to be 23:245 0:29
kcal/mol. This implies that the binding of Sox2 to the nucle-
osomal DNA is associated with a considerably high entropic
penalty than the binding of Oct4. During the calculations,
the changes in translational and rotational entropy are
ignored since they are dependent on the mass, and the mo-
ments of inertia of the binding proteins, which has a negli-
gible impact on the binding process. Combined with the
value of DDH, we finally estimate DDG for this system to
be � 10:3451:68 kcal/mol. The analysis clearly suggests
that Sox2 and Oct4 bind to their binding motifs on nucleo-
somal DNA cooperatively. The binding of Sox2 first at its
cognate site on the DNA facilitates specific association of
the POUS domain of Oct4. In this case, the cooperativity
is the result of the balance of entropic factors, which offsets
the anticooperative nature of the enthalpic terms involved.

What is the molecular mechanism of such entropic coop-
erative binding? To investigate, we performed principal-
component analysis (PCA) (72,73) from the trajectories of
the free nucleosomal DNA, and the nucleosome-Sox2 and
nucleosome-Sox2-Oct4 complexes. The methodology for
PCA analysis is described in the supporting material. Our
analysis in Fig. 8 shows the major groove width variations
associated with the principal eigenvectors of the dynamics
of the free nucleosomal DNA and the nucleosome-Sox2
and nucleosome-Sox2-Oct4 complexes. The results produce
a striking picture of the mechanism of information transfer
between DNA sites. For the top 3 eigenvectors, the free
nucleosomal DNA structures were generated associated
with the minimum and maximum eigenvalues observed.
Calculating the major groove width difference between
these structures (Fig. 8) shows a pattern that is reminiscent
of the modes of vibration of a string. This clearly suggest
that interference with the motion of the major groove at
one DNA site will be transferred through these modes to
other DNA sites. After Sox2 binds specifically to its cognate
motif on the nucleosome, the modes of vibration become
highly asymmetric and higher harmonics predominate,
which is largely restored after the binding of Oct4 and the
lower harmonics are evident again. The existence of such
a symmetric mode of motion of the nucleosomal DNA in
the nucleosome-Sox2-Oct4 complex compared with the
asymmetric nucleosome-Sox2 complex, provides some
qualitative explanations for the entropic origin of the coop-
erative binding of Sox2 followed by Oct4. A similar analysis
was also performed previously to describe the cooperative
binding of two drug molecules to two sequentially different
DNA sites (71). To confirm our claim regarding the entropic
origin of cooperative binding of the PFs, we move one step
ahead and examine the information transfer landscape of the
free nucleosome, the specific nucleosome-Sox2 complex,
and the specific nucleosome-Sox2-Oct4 using Schreiber’s
formulation of entropy transfer (74). The details of the
method are described in the supporting material. The advan-
tage of this approach is that it allows us to find the entropy
sink and the source upon binding of Sox2 to nucleosomal
DNA, and explains how the information of protein binding
is communicated along the unwrapped DNA segment
(75–78). Based on the Shannon formulation of entropy
(79), but taking into account the time-delayed conditional
probabilities of time series (74), we quantify the allosteric
communication of the PFs through the nucleosomal DNA.
Results are presented in Fig. 9, which shows that the net en-
tropy transfer landscape between residues of the DNAwhen
the nucleosome is in the apo state, Sox2 is bound specif-
ically to the nucleosome, and both Sox2 and Oct4 are bound
to their respective cognate motifs on nucleosomal DNA. In
the apo state of the nucleosome (Fig. 9 A), the net entropy
transfer ðTNETði/jÞÞ estimates to zero on average. The sit-
uation changes drastically upon binding of Sox2 specifically
to its cognate site on the nucleosomal DNA positioned in a
range of basepairs (Fig. 9 B). The result depicts a sizable net
entropy transfer toward the entry-exit region of the nucleo-
some from its inner core, involving several basepairs. The
effect is clearly nonlocal. The result further illustrates that
Sox2 binding to its cognate site significantly ceases the flex-
ibility of the open end of the unwrapped DNA segment and
acts as a sink (see also Fig. 9 D). On contrary, the basepairs
near the tethered end of the unwrapped DNA segment
feature a comparatively higher entropy and thus behave
like an entropy source. Analyzing the provenance of these
Biophysical Journal 121, 4526–4542, December 6, 2022 4537



FIGURE 8 Principal-component analysis of major groove width varia-

tion. Patterns of major groove width variation corresponding to the top 3

eigenvectors of the dynamics of the free nucleosomal DNA, nucleosome-

Sox2 and nucleosome-Sox2-Oct4 complexes.

FIGURE 9 Transfer entropy. Net entropy transfer from each base to the

rest of the DNA bases is calculated when (A) Sox2 is not specifically bound

with the DNA, (B) when only Sox2 is specifically bound but Oct4 is not, and

(C) when both Sox2 and the POUS domain of Oct4 are specifically bound to

their respective target motifs. DNA indices with positive values of net en-

tropy transfer are entropy sources, whereas bases with negative values are

entropy sinks. The error bar for each symbol is defined as the standard error.

(D) Values of net entropy transfer in (B) are mapped onto the 3D structure

of the nucleosome. Blue is for basepairs that are stronger entropy sources

and red is for basepairs that behave more like entropy acceptors when the

Sox2 protein is bound to its target motif. To see this figure in color, go on-

line.
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changes, as shown in the information transfer landscape of
Fig. 9 B, our result suggests a directionality in the transfer
of the information along the unwrapped DNA segment
(see also Fig. 9 D). Oct4, if positioned nearby, adjusts its dy-
namics along with the flow of the information and diffuses
toward its binding motif. Interestingly, upon binding of
the Oct4 at the site adjacent to specifically bound Sox2
(Fig. 9 C), we notice that the net transfer entropy again



FIGURE 10 Entropy-driven cooperative binding of TF pairs on nucleosomal DNA. Left: the two TFs search for their target sites on nucleosomal DNA. The

nucleosomal DNA (colored light green) exhibits a transition between the wrap and the partially unwrapped conformations (‘‘breathing dynamics’’). The target

site for TF1 is colored in red and for TF2 in blue. Histone protein is represented as a gray sphere. Middle: the binding of TF1 to its target DNA site reduces the

flexibility of the open end of the unwrapped DNA segment and acts as an entropy sink, whereas the DNA bases near the tethered end of the unwrapped DNA

segment feature a higher entropy and behave like an entropy source. Upon binding of TF1 to its specific site, the information is passed through transfer entropy

from source to sink, which, in turn, facilitates the binding of TF2 to its target site on nucleosomal DNA (right). To see this figure in color, go online.
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averages to zero, suggesting an entropic switch that controls
the binding of Oct4 upon binding of Sox2. In Fig. 10, we
present a schematic view summarizing the underlying
mechanism of entropy-driven cooperative binding of TF
pairs on nucleosomal DNA.
CONCLUSION

The positions of cognate motifs for TFs are usually clas-
sified into nucleosome-enriched and nucleosome-depleted
regions. While the target search process of TFs for bind-
ing to an endogenous single copy of genes at the nucleo-
some-depleted region has been extensively studied in the
last four decades, the biophysics of the search mechanism
at nucleosome-enriched sites remains elusive. In partic-
ular, how TFs invade nucleosomes and how their relation-
ship results in cooperative association on DNA to
integrate individual inputs of TFs in influencing the
gene expression are still under debate. The crux of the
problem is the poor characterization of the chromatin
states at the nucleosome level. In this study, we develop
a computational framework to precisely model the nucle-
osome breathing dynamics during which nucleosomal
DNA undergoes a spontaneous transition between wrap-
ped and partially unwrapped conformations, as character-
ized in a cryo-EM study. By mapping the Widom 601L
nucleosome structure on this model, we investigate the
binding of the Sox2-Oct4 pluripotency TF pair. A recent
cryo-EM study suggests that the mutual relationship of
these TFs direct them, homing in on a cis-regulatory
DNA element by binding to adjacent cognate motifs posi-
tioned at the entry-exit region of nucleosomal DNA and
forming an enhanceosome complex that plays a pivotal
role in the transcriptional regulatory network in embryo-
genesis and the maintenance of embryonic stem cells
(12,13). Our study sheds new light on their binding mech-
anism and suggests that, although both TFs possess the
pioneering ability to invade the nucleosome, their diffu-
sion and kinetic efficiency in recognizing the cognate
motif is significantly different. While the Oct4 protein dif-
fuses much faster on nucleosomal DNA compared with
the Sox2 protein, the association kinetics of the latter is
noticeably faster due to directed search induced by
DNA bulges formed during the nucleosome breathing dy-
namics. We emphasize that the formation of the DNA
bulges on the nucleosome surface during its breathing dy-
namics is critical. A previous study has highlighted that
binding of Sox2 induces sharper bending of nucleosomal
DNA to form DNA bulges and local disruption of
DNA–histone contact (23). However, the causality be-
tween the DNA bulges and the association of Sox2 was
not clear. In this study, we show the formation of DNA
bulges on nucleosomal DNA even in the absence of
non-histone protein. While the claim warrants suitable
experimental investigation, we note that the formation of
DNA bulges/loops on nucleosomal DNA was previously
reported in an atomistic molecular dynamics simulation
study (62) in the absence of non-histone protein, where
DNA kinks were observed that lead to small, irregularly
shaped loops that are asymmetrically positioned with
respect to the nucleosome core, supporting our observa-
tions. The authors also found that loop position can influ-
ence the dynamics of the DNA segments at the extremities
of the nucleosome. Furthermore, in a separate 5-ms-long
atomistic simulation study (63), condensation of the
H2B N-terminal tail into the minor groove of DNA is
Biophysical Journal 121, 4526–4542, December 6, 2022 4539
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noted to promote the formation of a 10 bp loop of nucle-
osomal DNA. As the loop forms, this increases the flexi-
bility of the DNA in this particular region. Along with
bulging, the authors in this study have reported a wave-
like motion of the nucleosomal DNA because of the
inward breathing of the DNA tail region (SHL�6) and
outward stretching of the SHL�5, which corroborates
the formation and dissipation pattern of DNA bulges in
our study.

The overall search kinetics of the TFs follows a dissocia-
tion-compensated-association mechanism that we previ-
ously proposed as a molecular principle for nucleosome
invasion (66). Combined, the TF pair exhibits a cooperative
binding pattern on nucleosomal DNA headed by the associ-
ation of Sox2, which facilitates the binding of Oct4 to its
binding motif. Interestingly, the TFs need not interact
directly with one another to trigger their activity, rather a
nucleosome breathing dynamics mediated cooperativity is
noticed, where the cooperativity stems from a change in
the entropy caused by an alteration in the nucleosome dy-
namics upon TF binding. It is noteworthy that, for widely
separated binding motifs of Sox2 and Oct4, a previous mo-
lecular simulation study has also suggested cooperative
binding of the TFs, where binding is Sox2 is suggested to
trigger a rotational phase shifting in the nucleosomal DNA
resulting in DNA sliding on the histone proteins, allowing
Oct4 to access its binding motif (22). However, for a clus-
tered binding of a TF pair, as was suggested for Sox2-
Oct4 pairs by Thom€a et al. (23), which is also a hallmark
of cis-regulatory elements, we suggest that the nucleosome
dynamics play a pivotal role, and that the entropy-driven
cooperative mechanism of TF pair binding may explain
the gene regulation orchestrated by several other TF pairs
homing together on nucleosome-enriched sites of chro-
matin. Future research seeking direct evidence for this para-
digm will help us better understand how TF-chromatin
association and its variation underpin normal cell physi-
ology and disease (80) and how the dynamic and stochastic
molecular interactions lead to deterministic and precise
gene expression programs.
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