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While recent experiments revealed that some pioneer transcription
factors (TFs) can bind to their target DNA sequences inside a
nucleosome, the binding dynamics of their target recognitions are
poorly understood. Here we used the latest coarse-grained models
and molecular dynamics simulations to study the nucleosome-binding
procedure of the two pioneer TFs, Sox2 and Oct4. In the simulations
for a strongly positioning nucleosome, Sox2 selected its target DNA
sequence only when the target was exposed. Otherwise, Sox2 entro-
pically bound to the dyad region nonspecifically. In contrast, Oct4
plastically bound on the nucleosome mainly in two ways. First, the
two POU domains of Oct4 separately bound to the two parallel gyres
of the nucleosomal DNA, supporting the previous experimental re-
sults of the partial motif recognition. Second, the POUS domain of
Oct4 favored binding on the acidic patch of histones. Then, simulating
the TFs binding to a genomic nucleosome, the LIN28B nucleosome,
we found that the recognition of a pseudo motif by Sox2 induced the
local DNA bending and shifted the population of the rotational posi-
tion of the nucleosomal DNA. The redistributed DNA phase, in turn,
changed the accessibility of a distant TF binding site, which conse-
quently affected the binding probability of a second Sox2 or Oct4.
These results revealed a nucleosomal DNA-mediated allosteric mech-
anism, through which one TF binding event can change the global
conformation, and effectively regulate the binding of another TF at
distant sites. Our simulations provide insights into the binding mech-
anism of single and multiple TFs on the nucleosome.
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Transcription factors (TFs) read the sequence information
coded in genomic DNA to regulate gene expression. However,

the targets of eukaryotic TFs are often masked by nucleosomes,
which not only act as fundamental units of genome packaging but
also contribute to gene regulation (1). In the core structure of a
nucleosome, two copies of four types of histone proteins (H2A,
H2B, H3, and H4) form an octameric complex and are wrapped
by ∼147 DNA base pairs (bp) for ∼1.7 turns (called nucleosomal
DNA) (2). The nucleosomal DNA is inaccessible to most TFs,
with some exceptions, including the pioneer TFs (3). The pioneer
TFs can recognize their target sequences even in nucleosomes,
which has been implicated to be related to their biological func-
tions in cell differentiation and reprogramming and thus is now
under intensive study (4). For example, high-throughput protein
microarray experiments have shown that the pioneer TFs are
different from normal TFs in the preference of the secondary
structure they use to recognize the nucleosome (5). Comparison of
chromatin immunoprecipitation sequence and MNase results have
revealed distinctive binding patterns and sequence preferences for
the pioneer TFs to identify their nucleosomal targets (6). On the
other side, a recently developed high-throughput technique, nu-
cleosome consecutive affinity purification–systematic evolution of
ligands by exponential enrichment (NCAP-SELEX), has unveiled
some standard features of the general TF−nucleosome binding,
such as the preference for nucleosomal DNA ends or the dyad, the
parallel binding to two gyres, and the periodic binding pattern (7).
Despite the fruitful experimental results, a structure-based quanti-
tative understanding of the TF−nucleosome interacting mechanism

is still missing. Moreover, how TF binding interplays with the dy-
namics of the nucleosomal DNA and histones remains unclear.
Combinatorial binding of multiple TFs on DNA targets adds a

higher layer of gene regulation (8). TFs achieve the cooperativity
in many ways, such as direct interaction through DNA-binding
domains (9), or allostery through DNA conformational changes
(10, 11). When the nucleosome is involved, alternative mecha-
nisms emerge that facilitate nonspecific long-distance cooperative
binding of TFs (12). Nucleosomes undergo spontaneous dynamics
such as partial unwrapping (13), gaping (14), and rotation-coupled
sliding of the nucleosomal DNA (15–18). These dynamics can be
manipulated by TFs to regulate their binding mutually (19, 20).
For example, binding of one TF to the entry/exit changes the
accessibility of inner nucleosomal DNA and then affects the as-
sociation rate of another TF (21). In extreme cases, TFs can dis-
place a nucleosome and expose a range of ∼147 bp of DNA to
other TFs (22). This type of DNA unwrapping mediated coop-
erativity has been illustrated and analyzed by both experimental
and theoretical studies (19, 21, 22). In contrast, the possible re-
lationship between nucleosomal DNA sliding and the TF target
search process is rarely considered.
Here we used two pioneer factors, Sox2 and Oct4, as examples

to study how TFs search for their targets in the nucleosome. Sox2
and Oct4 are two of the four key TFs that cause the conversion
of somatic cells into the induced pluripotent stem cells (23). Sox2
recognizes the DNA sequence “CTTTGTT” with its high-mobility
group (HMG) domain and causes a sharp bending of DNA
by intercalating into the DNA minor groove (Fig. 1 A and B)
(24). The DNA-binding domain in Oct4 comprises two POU
(named after the homology regions found in the TFs Pit-1, Oct-1,
Oct-2, and Unc-86) (25) domains, POU-specific (POUS) and
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POU-homeo (POUHD). Each of the two POU domains, via in-
teractions in the DNA major groove, recognizes four DNA base
pairs, adding up to the 8-bp motif “ATGCAAAT” (Fig. 1 A and
C) (26). Interestingly, the crystal structures of the complex of
Sox2, Oct4, or Sox2/Oct4 with a linear (naked) DNA do not fit
well with the canonical nucleosome structure: The DNA curvature
upon Sox2 binding is much higher than nucleosomal DNA, and
the DNA-encircling binding pattern of Oct4 would clash with the
histones (6). Experiments have shown that both TFs sacrificed
some specificity and bound to partial target motifs for the binding
to nucleosomal DNA (6). Furthermore, nucleosome-binding assays
have also revealed the dependence of Sox2 binding probability on
the rotational positioning of the target motif in the nucleosomal
DNA (7, 27). During the review process of the current work, two
groups reported cryoelectron microscopy (cryo-EM) structures of
Sox2−nucleosome (28) and Sox2−Oct4−nucleosome (29) com-
plexes, respectively. Interestingly, these structures suggested dif-
ferent pioneer TF−nucleosome binding mechanisms, which was
dependent on DNA sequence and the positioning of TFs’ target
motifs. However, these structures revealed a common feature of
Sox2 induced sharp bending of nucleosomal DNA (28, 29).
Despite the above-mentioned experimental results, the dy-

namic target searching mechanism is unknown. Here we used
molecular dynamics (MD) simulations to investigate the binding
of Sox2 and Oct4 on nucleosomes. A recent computational work
used all-atom MD simulations to study the nucleosomal DNA
features and their relationship with Oct4 binding (30). However,
due to the computational cost, the sampling of conformations
was limited and highly dependent on the initial configurations in
the simulations (30). Here we employed the coarse-grained (CG)
models that have gained success in achieving the balance be-
tween accuracy and efficiency (31). Notably, we recently devel-
oped a method, which incorporates both the position weight
matrix and the complex structural information (PWMcos), to
model the sequence-specific interactions between proteins and
DNA (32). Combined with the latest versions of the CG models
for protein [the AICG2+ (33)] and DNA [the 3SPN.2C (34)], we
validated the CGMDmethod for many protein−DNA complexes,

investigating the diffusion of TFs on naked DNAs (35), as well as
the sliding and partial unwrapping of the nucleosomal DNA
(16, 17).
In this work, we utilized the latest CG models to perform MD

simulations on Sox2 and Oct4 binding to both naked DNAs and
nucleosomes. We first confirmed that, in our simulations, Sox2
and Oct4 successfully found their consensus sequences in naked
DNAs. We then inserted the TF target sequences into different
locations of a strongly positioning [“601” (36)] nucleosome and
showed that Sox2 accessed its target motif only at certain rota-
tional phasing positions, whereas Oct4 had its two POU domains
adopting a two-gyre binding pattern on the nucleosomal DNA.
We also found conformations where the POUS domain contacted
the acidic patch on the histones. Finally, by putting multiple Sox2/
Oct4 on a genomic nucleosome, the LIN28B nucleosome, we
revealed an allostery mechanism in which the first bound Sox2
resulted in local bending and global sliding of the nucleosomal
DNA and consequently changed the exposure/burying of distant
binding sites for other TFs to bind.

Results
Sox2 and Oct4 Bind to Naked DNAs with Different Mechanisms. In the
present work, we employed a CGmodel to study the DNA binding
dynamics of Sox2 and Oct4. The CG model has been carefully
calibrated with respect to many experimental data on protein
dynamics (33), DNA mechanics (34), TF-binding on naked DNA
(32, 35), and nucleosome dynamics (17). In our models, each
amino acid in a protein is represented by one particle located at its
Cα position (33), and each nucleotide is simplified as three par-
ticles, each representing phosphate, sugar, and base (34). For
protein−DNA interactions, we considered both direct and indirect
readouts. The former included DNA sequence-dependent inter-
actions between amino acids and nucleobases (32). The latter
included sequence-nonspecific electrostatic and excluded volume
interactions. With these models, we simulated the binding and
diffusion of Sox2 and Oct4 on different DNA sequences.
Before putting the TFs onto nucleosomes, we first studied the

binding of Sox2 and Oct4 to naked double-stranded DNAs
(dsDNAs). The DNA sequences used for Sox2 and Oct4 binding
are both taken from the Hoxb1 regulatory element and are the
same as those used in previous NMR studies (37, 38) (Table 1).
Fig. 2A shows a representative trajectory for Sox2. After the

initial binding to a nonspecific site, Sox2 diffused along DNA
(Fig. 2 A, Upper). During the diffusion, Sox2 paused at pseudo
motifs (the binding position b ≈ 4 and 15) with relatively long
dwell times. Eventually, Sox2 was bound to its consensus se-
quence with the highest stability (after ∼ 3 × 107 MD steps). By
monitoring the bending angle of DNA (Fig. 2 A, Lower), we
found that, only when Sox2 was bound to the consensus se-
quence, it induced a sharp bending of DNA up to ∼ 45°, whereas,
while Sox2 was in the nontarget regions, DNA was bent to ∼ 20°.
These results are consistent with previous experimental obser-
vations of Sox2 binding-induced DNA bend (24, 39). Besides, the
relatively straight DNA conformation during Sox2 sliding in our
simulations can be essential for the efficiency of target search
(35, 40, 41). Overall, these results show the ability of our model
to describe the diffusion and the recognition of sequence-specific

A

B C

Fig. 1. The DNA-binding domains of Sox2 and Oct4. (A) The full-length Sox2
protein (315 amino acids [aa]) uses the HMG domain (79 aa, purple) to bind
to DNA. The Oct4 protein (360 aa) has two DNA-binding domains, POUS (85
aa, orange) and POUHD (51 aa, red) connected by a linker of 15 aa. (B) The
DNA-binding complex structure (Upper) and sequence motif (Lower) for the
Sox2 HMG domain. The complex structure is based on PDB entry 1GT0. DNA
sequence piece “CTTTGTT” is colored in cyan. (C) The complex structure
(Upper) of Oct4 binding to its consensus sequence (Lower). The consensus
sequences of the POUS and POUHD domains are colored in blue and green,
respectively. The structure is based on PDB entry 3L1P.

Table 1. Sequences of the dsDNAs used in the simulations for
Sox2/Oct4 binding to naked DNAs

System DNA sequence

Sox2-naked DNA binding CAGTGTCTTTGTCATGCTAATGCTAGGTG
Oct4-naked DNA binding CATTTGTCATGCTAATGCTTGGTG

The sequences for Sox2 and Oct4 were taken from refs. 37 and 38,
respectively.
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DNA-binding protein on the rugged landscape of the real
genomic sequence.
For Oct4, we show, in Fig. 2B, the binding positions of the two

POU domains as functions of simulation time from a represen-
tative simulation trajectory. After their rapid recognition of the
consensus sequences, both POUS and POUHD can transiently
leave their motif positions. Clearly, the simulated binding affinity
of the POUHD is higher than that of the POUS, which is con-
sistent with the previous experimental results (42). These results
suggest a unique binding mechanism for Oct4 in which one do-
main (POUHD) with higher DNA binding affinity acts as an
anchor, effectively increasing the local concentration of the
weaker domain (POUS). Based on 20 independent MD trajec-
tories, we plotted the two-dimensional (2D) free energy surface
projected onto the coordinates that describe the POUS and
POUHD binding positions (bPOUS and bPOUHD; Fig. 2C). POUHD
had an overwhelmingly high binding probability at its consensus
target. In contrast, POUS had a second highly populated binding
position (S2, with DNA sequence “ATGA” in the complemen-
tary strand) in addition to its consensus sequence (S1, “ATGC”).
We show the representative structures of these two states in
Fig. 2D. The plastic spatial arrangement of the two POU do-
mains on DNA suggests possibly adaptable binding patterns of
Oct4 in different cellular environments.

Sox2 Binding Position on the 601 Nucleosome Is Dependent on the
Rotational Phasing. We next considered the binding of TFs onto
nucleosomes. Although our final target was to get an integrated
picture of TF binding collaborating with the dynamics of the nu-
cleosome, we would like to first concentrate on the target search
process of TFs, without considering drastic DNA sliding in the
nucleosome. Therefore, we started from the binding of Sox2 on
the 601 nucleosome, whose DNA sequence is designed to achieve
the high affinity and specificity of nucleosome positioning (36).
Consistently, with our CG models, we did not observe the evident

sliding of the 601 nucleosome larger than 2 bp during the MD
simulations (17).
One of the most critical features of the nucleosome as a TF

blocker is the rotational phasing of the nucleosomal DNA
(43–45). The pattern of DNA wrapping around the histones in-
troduces a 10-bp periodicity of DNA being buried or exposed in
nucleosomes. As revealed by previous experiments, the intrinsic
phasing of DNA, and the rotational position of the TF target
motif, play essential roles in determining the TF binding sites (7,
27, 43). Inspired by these experiments, we designed our target
nucleosomal DNA sequence by inserting the Sox2 target motifs
into the strong positioning 601 nucleosomes; we inserted the 7-bp
Sox2 motif (“CTTTGTT”) at 10 different positions of the 601
sequence, the DNA index of the first site being from 95 to 104
(hereafter referred to as BS95 to BS104; SI Appendix, Fig. S1).
These 10 sequences covered all of the possible rotational positions
inside a nucleosome.
We performed MD simulations of Sox2 binding to all of these

modified 601 nucleosomes. For each, we ran 20 independent
trajectories for 3 × 107 MD steps. From these simulations, we
analyzed the probability for Sox2 to find the target motif and the
energy contribution of the sequence-specific interactions (Fig. 3 A
and B). We found that Sox2 recognized its consensus motif only in
BS102 and BS103, where the motifs were put at some specific
rotational positions (Fig. 3A). In the other cases, the sequence-
specific−type interaction energy (Especific) between Sox2 and the
nucleosomal DNA (>−20 kcal/mol) was much weaker than in the
consensus motif binding case (∼−35 kcal/mol, BS101 and BS102)
(Fig. 3B).
In Fig. 3 C−F, we show more detailed analysis of Sox2 binding

to two of the above-described nucleosomes, BS102 and BS97. The
former has the highest Sox2 binding probability to the consensus
motif (Fig. 3A), while the latter has the motif positioned 5 bp
shifted from the former. Fig. 3 C and D shows the 2D distribution

A B

C

D

Fig. 2. MD simulations of Sox2 and Oct4 binding to naked DNAs (see Table 1 for DNA sequences). (A) A representative trajectory of the Sox2 binding and
induced bending of DNA. The DNA binding position bSox2 (see Methods for definition) of Sox2 (purple dots in Middle) and the bending angle η of DNA (see SI
Appendix, Supplementary Methods for definition; gray dots in Lower) are plotted as functions of MD steps. The cyan region in Middle (DNA indices 7 to 13)
represents the consensus sequence for Sox2 binding. The black line in Lower is the moving average of the DNA bending angle data. (Upper) Snapshots of
Sox2-DNA sequence-nonspecific (Left, MD step 53106) and specific binding (Right, MD step 43107). The dashed lines on the structures show the direction of
DNA double helix axes. (B) Representative time series of the Oct4 POUS (orange) and POUHD (red) binding positions on DNA. The consensus sequences for
POUS and POUHD are marked by blue and green bars on the right vertical axis. (C) The 2D free energy surface of binding positions of the POUS (bPOUS) and
POUHD (bPOUHD) domains. (D) Representative structures of the two free energy minima (S1 and S2). The color scheme of the structures is the same as Fig. 1.
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of the center-of-mass (COM) of Sox2 around the BS102 and BS97
nucleosomes, respectively.
In the BS102, the minor groove of the Sox2 target motif was

facing outward from the nucleosome and was adequately ex-
posed for TF binding (Fig. 3C). Consequently, we found that
Sox2 was able to recognize its consensus motif target and had the
highest population around this region (Fig. 3C and Movie S1).
To quantitatively measure the dependence of Sox2 binding on
the rotational position of the target motif, we introduced a binary
score ϕminor to describe the phase of the nucleosomal DNA mi-
nor groove, with ϕminor = 1 representing the exposed region and
ϕminor = 0 for the buried region (SI Appendix, Supplementary
Methods and Fig. S2). In Fig. 3E, we plotted the exposure score
ϕminor as well as the binding probabilities of Sox2 on the BS102:
The Sox2 binding positions fit well into the exposed DNA po-
sitions. In particular, the consensus motif in the BS102 is in the
exposed region of nucleosomal DNA, and Sox2 was bound to
this site with the highest probability (Fig. 3E).
Conversely, in the BS97, the Sox2 motif was facing inward and

covered by the histones (Fig. 3D). Sox2 did not find its target
motif in the BS97. Instead, we found that Sox2 bound to a wide
range of exposed DNA minor grooves in a sequence-nonspecific
manner (Fig. 3F), consistent with the energy analysis (Fig. 3B).
Interestingly, we found that Sox2 had a preference for the dyad
in the BS97 (Fig. 3D and Movie S2). Our degree-of-exposure
analysis showed that there was a wider exposed region at dyad

compared with other parts of the nucleosome (Fig. 3D). By
looking at the structure, we found that, at the regions where two
gyres of DNA wrap around the histones, the accessible surface
for Sox2 binding is limited by both histones and the other gyre of
DNA (SI Appendix, Fig. S3A), whereas, near dyad, where only
one gyre of DNA is present, the Sox2 accessible surface is larger
(SI Appendix, Fig. S3B). Considering that, on BS97, Sox2 was
bound nonspecifically to the nucleosomal DNA, entropy played
the crucial role in the distribution of Sox2 binding position.
Therefore, we concluded that the dyad was preferred by Sox2
because of more possible rotational positions to bind to. Our re-
sults provide explanations for the previous observations of the
preference of the nucleosome dyad by the Sox family proteins (7).
These results together quantitatively show that the Sox2 binding

position on the nucleosome is highly dependent on the rotational
position of its target motif. The periodic binding and the prefer-
ence for the dyad are consistent with previously proposed general
features for TF recognition of nucleosomal targets (7).
We also investigated the conformational changes of the nucle-

osomes upon Sox2 binding. Similar to the binding of Sox2 to a
naked DNA (Fig. 2A), we found that the recognition of the con-
sensus motif by Sox2 was coupled with sharper bending of nucle-
osomal DNA and local disruption of DNA−histone contacts (SI
Appendix, Fig. S4). Interestingly, the Sox2 binding-induced local
distortion of DNA curvature was also observed in the recently re-
solved cryo-EM structures of Sox2−nucleosome complexes (28, 29).

A B

D

FE

C

Fig. 3. Sox2 binding to the modified 601 nucleosomes, in which the Sox2 consensus sequence “CTTTGTT” was inserted into the 601 sequence at different
positions, with n in the name BSnmeaning the insertion position. (A) Probability of Sox2 recognizing its consensus motif Pmotif-binding

� �
on the 10 modified 601

nucleosomes. Error bars are based on bootstrapping (SI Appendix, Supplementary Methods). (B) Distribution of the sequence-specific interaction energy
between Sox2 and the nucleosomal DNA EPWMcos( ). (C) The 2D free energy surface of Sox2 center-of-mass (COM) on the BS102 nucleosome. DNA is shown as
sticks, and histone proteins are hidden for clarity. The Sox2 motif is colored cyan. The purple intensity represents free energy value as depicted in the color
bar. (D) The same as C but for Sox2 binding on the BS97 nucleosome. (E) One-dimensional distribution of the mean Sox2 binding positions on the BS102
nucleosomal DNA (P(bSox2), Lower) and the accessibility of the nucleosomal DNA minor groove (ϕminor, Upper). The exposed regions that are accessible to Sox2
are shown in white (ϕminor = 1), whereas the histone covered regions are shown in gray (ϕminor = 0) (see SI Appendix, Supplementary Methods for the detailed
definition). The dyad and the Sox2 motif insertion positions are marked by a black triangle and a cyan rectangle, respectively. (F) The same as E but for
the BS97.
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Our simulation results are quantitatively consistent with these ex-
periments and provide direct support to Sox2’s recognition of its
target on the nucleosomal DNA (SI Appendix, Fig. S4). On the
other side, due to the use of a very strong positioning sequence here
and the relatively deep position of Sox2 motif at SHL3, we did
not observe large-scale conformational changes, such as DNA
unwrapping or disassembly of the nucleosome. Consistently, a cryo-
EM structure of Sox2−Oct4−601 nucleosome complex showed that
Sox2 binding at SHL5 also caused local DNA bending only (29).

Oct4 Binds to the 601 Nucleosome with Flexibly Different Patterns.
Similar to Sox2, we conducted simulations of Oct4 binding to the
601 nucleosomes with the Oct4 target motif inserted at 10 con-
secutive rotational positions, BS95 to BS104 (for each nucleo-
some, 20 trajectories of 3 × 107 MD steps). However, in contrast
to Sox2, Oct4 did not exhibit clear rotation phase-dependent
binding to the target motif. This is probably because the 8-bp
long consensus sequence of Oct4 cannot be sufficiently exposed
in any of the rotation phase. Instead, we found a much more
diverse binding of Oct4 to the nucleosome using the two POU
domains in plastic manners, which was not sensitive to the ro-
tation phase of the target motif. Since each POU domain rec-
ognizes only a 4-bp motif, there can be several consensus or

pseudoconsensus motifs, by chance, in a nucleosomal DNA,
which results in diverse binding. Of numerous binding patterns,
we found the following two modes outstanding.
In the first mode found, interestingly, the POUS domain was

bound to the “acidic patch” on the H2A−H2B histone dimers
(46), whereas POUHD recognized its pseudoconsensus DNA
sequences (a representative structure depicted at the top of
Fig. 4 A, Right; also see Movie S3). Fig. 4A shows probability
distributions of Oct4 binding to the BS104 nucleosome (the 8-bp
target motif was put at the DNA indices 104 to 111 of the 601
nucleosome) in one and two dimensions, where the mean bind-
ing positions of two POU domains are shown as the DNA indices
1 to 147, in addition to the acidic patch binding as the extraindex
148. The probability distribution of the POUS binding position
(the vertical 1D plot in Fig. 4A) shows a high peak at index 148,
indicating its binding to acidic patch. The recognition of the
acidic patch by the POUS is surprising but reasonable, consid-
ering there are electrostatic attractions between the positively
charged surface on the POUS domain and the negatively charged
acidic patch (46). To gain a better understanding of the binding
interface, we analyzed the contact probability between the amino
acids in the POUS domain and the histone. We found that POUS
used the same surface to bind nonspecifically to the nucleosomal

A

B C

Fig. 4. Oct4 binding to the 601 nucleosomes with different patterns. (A) (Left) The 2D distribution of the POUHD and POUS binding positions on the nu-
cleosomal DNA and the histone for the BS104 nucleosome. One-dimensional distributions for each domain are plotted at the top (POUHD) and on the right
(POUS), respectively, of the main graph. On the axis of protein binding positions, 1 to 147 represents the DNA base pair index, whereas 148 indicates the
binding of POU domains on the acidic patch of histone H2A−H2B (separated by the dashed lines). (Right) Representative snapshots of the most populated
binding configurations. The top two structures show the binding pattern with POUS domain binding to the acidic patch and the POUHD domain binding on
DNA. The bottom structure shows a binding pattern in which the two domains bind to two gyres of the nucleosomal DNA. (B) Probability of each residue in
the POUS domain used to bind (Left) the acidic patch and (Right) the nucleosomal DNA. Results averaged over the 10 modified 601 nucleosomes, BS95 to
BS104. (C) Probability distribution of the distance between the binding positions of two POU domains (bPOUHD − bPOUS). Illustrative sequence logos are shown
in Inset for the highest peaks (bPOUHD − bPOUS = −7,   9, and 79 bp). Results averaged over the 10 nucleosomes, BS95 to BS104.

20590 | www.pnas.org/cgi/doi/10.1073/pnas.2005500117 Tan and Takada

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005500117/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2005500117/video-3
https://www.pnas.org/cgi/doi/10.1073/pnas.2005500117


DNA and to recognize the acidic patch (Fig. 4B). Notably, we
did not observe stable binding of the POUHD to the acidic patch.
Interestingly, the POUHD domain (+7e) has more positive net
charges than the POUS domain (+3e). Therefore, we propose
that the positive charge distribution and the geometric shape of
the DNA-binding surface in the POUS domain are uniquely
suitable and specific for the recognition of the acidic patch. We
suggest that this property of Oct4 might contribute to its bio-
logical functions, such as the regulation of chromatin structure
through altering nucleosome packing or chaperone binding, by
blocking the accessibility of the acidic patch (46, 47).
In the second outstanding binding mode, each of the two POU

domains was bound to the different gyres of DNA in the nu-
cleosome. We depicted a snapshot (the bottom structure in
Fig. 4 A, Right) in which the POUHD domain was bound on the
“ATTG” (DNA indices 130 to 134), while the POUS domain was
bound to the “GCAC” (DNA indices 50 to 53) that is only one
base different from the consensus motif (Movie S4). In this two-
gyre binding pattern, the binding sites of the two POU domains
had a gap of ∼80 bp, which can be seen as the off-diagonal high-
density belts in the 2D plot of Fig. 4A. Oct4 used these patterns
to bind to a wide range of different locations on any of the
simulated nucleosomes, BS95 to BS104. As we have shown in
Fig. 2, the linker between the two POU domains is flexible, and
thus the two domains recognized their target motifs plastically
within the restrained distance. Consequently, Oct4 should be able
to simultaneously bind to two distant target sites in the context of
the nucleosome. We further analyzed the distance between the

binding sites of the two POU domains and plotted the distance
distribution in Fig. 4C. As can be seen in both the local and the
nonlocal binding patterns, the two POU domains can have dif-
ferent orders. On the 601 nucleosome, the most probable binding
pattern is that the POUHD domain binds to a site ∼80 bp down-
stream of the POUS binding site (Fig. 4 C, Inset), although this
order should be DNA sequence-dependent and thus is not uni-
versal. We propose that this type of noncanonical motif with a
long spacer can be a possible subject for the high-throughput ex-
periments that determine TF binding motifs in the real genome.
Moreover, our results also provided direct structural evidence for
the previously found “gyre-spanning” TF−nucleosome binding (7)
and extended this mechanism by showing that the binding pattern
of a multidomain TF can be more flexible than simply recognizing
the parallel DNA gyres (Fig. 4C).
We also note that, in contrast to Sox2, both POU domains of

Oct4 disfavored the binding to the dyad region of the 601
nucleosome (Fig. 4A).

Spontaneous Sliding of the LIN28B Nucleosome. In the previous two
sections, we showed that the rotational position of nucleosomal
DNA modulates the binding pattern of TFs, especially in the case
of Sox2. However, in those simulations, we used the 601 sequence,
which almost prohibited the sliding motion of the nucleosomal
DNA. We next move to a nucleosome formed in a regulatory
region of the human lin28b gene, which is important for reprog-
ramming and pluripotency. The nucleosome designated as the
LIN28B nucleosome hereafter includes both Sox2 and Oct4 motifs

A

B

C G

F

D E

H

Fig. 5. Sox2 binds to both pseudo and consensus motifs in the LIN28B nucleosome through DNA allostery. (A) Distribution of the DNA positioning u that
describes the sliding of DNA in LIN28B nucleosome; u is defined by the index of the phosphate that is the closest to Lys64 in the histone H3 (the red ball in
Inset). Error bars are based on bootstrapping (SI Appendix, Supplementary Methods). (B) Structure of the LIN28B nucleosome at the most populated sliding
position u = 104. The consensus motif (“AACAATA” at DNA index 59 to 65, cyan) has its minor groove facing “inward,” whereas a pseudo motif (“GATTGTG”
at 144 to 150, yellow) has its minor groove exposed. (C) Binding probability of Sox2 on the LIN28B nucleosome starting from the u = 104 state (Lower).
Binding energy score (represented by blue intensity) and the exposure score (ϕminor, gray for 0 and white for 1) (Upper and Middle). The positions of the
consensus and the pseudo motifs in B are indicated by the solid and the blank triangles. (D) A representative time series of the Sox2 binding position (bSox2,
Lower) and the sliding of nucleosomal DNA (u, Middle) in the LIN28B nucleosome. Two DNA structures are shown to illustrate the rotational position of the
consensus motif at u = 104 and u = 101, respectively (Upper). (E) A representative structure of Sox2 binding on the pseudo motif. We show a fraction of end
DNA from the superimposed free nucleosome (white) to compare with the sharply bent DNA caused by Sox2 binding. (F) Distribution of the sliding coordinate
u in the simulations that have one Sox2 binding on the pseudo motif as the initial structure. (G) DNA contact probability of the second Sox2, analyzed from
the simulations in which one Sox2 was bound to the pseudo motif in the initial structure. (H) A representative structure of the two Sox2−LIN28B nucleosome
bindings, with the second Sox2 binding on the consensus motif.
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(6). In the simulation, we included the 177-bp sequence taking
into consideration possible nucleosome sliding, in which the Sox2
and Oct4 target sequences are found at 59 to 65 (“AACAATA”)
and 69 to 77 (“ATGCTGAAT”, which contains a 1-bp gap be-
tween two halves and a 1-bp difference in the second half, relative
to the canonical motif “ATGCAAAT”), respectively (see SI Ap-
pendix, Supplementary Methods for the whole DNA sequence used
in the simulation). Before simulating Sox2/Oct4 binding to the
LIN28B nucleosome, we performed simulations of Sox2/Oct4
binding on the naked DNA of the same sequence. Our results
showed that Sox2 was able to find its consensus sequence among
many pseudo motifs, whereas Oct4 favored the several DNA
motifs similar to the POUHD consensus motif, for example,
“ATTA” at 15 to 18 and 39 to 42, “GAAT” at 74 to 77, “ATTG”

at 131 to 134, and “AAAG” at 164 to 167 (SI Appendix, Fig. S5).
These results are consistent with previous DNase experiment
observations that Sox2 and Oct4 used both specific and nonspe-
cific binding on the LIN28B DNA (6). Particularly, a recent all-
atom MD simulation work confirmed that Oct4 stably bound to
the “ATTA” at 39 to 42 and to the “GAAT” at 74 to 77 (30).
Interestingly, we noticed that the DNA sequence at 13 to 22
(“GTATTAACAT”) is identical to that at 37 to 46, which suggests
similar affinities to the “ATTA” sites at 15 to 18 and 39 to 42 for
the POUHD domain. Indeed, our simulation results showed sim-
ilar binding probabilities of the POUHD domain to these two sites
(SI Appendix, Fig. S5B).
As shown in the cases of Sox2/Oct4 binding to the 601 nu-

cleosome, the rotational positioning of the target motifs in the
nucleosomal DNA affected the binding probability. However,
different from the strongly positioning 601 sequence, we have to
consider possible rotation-coupled sliding of the LIN28B DNA
in the nucleosome. Therefore, we performed MD simulations to
study the spontaneous DNA sliding in the LIN28B nucleosome.
To monitor the DNA sliding behavior, we employed a coordi-
nate u, which is defined as the index of the closest phosphate to
H3 Lys64 (practically, we chose one of the two Lys64 residues, as
shown in Fig. 5 A, Inset). We computed the distribution of the
DNA sliding position (u) from MD simulations, which shows a
most highly populated state at the sliding position u = 104
(Fig. 5A and SI Appendix, Fig. S6). This result is consistent with a
structure-based prediction (48) (SI Appendix, Fig. S6D). In the
following simulations for Sox2/Oct4−nucleosome binding, we
used the state of the position u = 104 as the initial structure for
the LIN28B nucleosome.

Sox2 Preferred a Pseudo Motif over the Consensus Sequence on
LIN28B Nucleosome. We then turned to simulate the binding of
Sox2 onto the LIN28B nucleosome, starting from the highest
population u = 104 position. As clarified above, the rotational
position of the Sox2 target motif determines the binding pattern
and position of Sox2. We thus first take a look at the Sox2 motif
position on the LIN28B nucleosome (Fig. 5B). In the u = 104
position, the consensus motif of Sox2 (“AACAATA”) at DNA
indices 59 to 65 was mostly buried. In contrast, we found that a
distant pseudo motif (“GATTGTG”) at DNA indices 144 to 150
near the exit point was in a more exposed state. Quantitatively, we
aligned the Sox2 binding energy score with the exposure extent of
the LIN28B sequence for the u = 104 state (Fig. 5C). The results
suggested a higher probability for Sox2 to bind to the pseudo motif
than the consensus sequence. To test this possibility, we put Sox2
around the LIN28B nucleosome and tracked the binding and
target searching process of Sox2 in MD simulations.
We analyzed the distribution of Sox2’s binding position

(Fig. 5C). Within the nucleosome, Sox2 had the highest proba-
bility to bind to the pseudo motif located at DNA index 146
(Fig. 5 B and C). On the other hand, we observed no binding event
of Sox2 to the occluded consensus motif. These results confirmed
that the intrinsic rotational positioning of the LIN28B sequence

might not favor Sox2’s recognition of its consensus motif, but in-
stead afford a possibility to bind a second site.
Besides, Sox2 had a high contact probability to the linker

DNA (Fig. 5C). This result is reasonable because the linker
DNA was outside of the nucleosome core part. The strong
electrostatic interaction then dominated the attraction of Sox2 to
the exposed regions of DNA. Note that, at the state u = 104, the
177-bp nucleosomal DNA had one end of linker DNA longer
than the other (Fig. 5B). Correspondingly, one end had a higher
binding probability of Sox2 than the other one (Fig. 5C).

Sox2 Pseudo Motif Binding-Induced Nucleosomal DNA Sliding. In
addition to the analysis of Sox2 binding positions, we also looked
into the dynamics of Sox2 as well as the nucleosome. Fig. 5D
shows a representative time series of Sox2 searching on DNA
(bSox2) and the sliding of the nucleosomal DNA (the sliding po-
sition u) (also see Movie S5). After the initial binding to the
nucleosome, Sox2 bound to a position near the entry/exit
(bSox2 = 154). After 1 × 107 MD steps, Sox2 moved to the pseudo
motif at bSox2 = 146. We found that the binding of Sox2 at the
pseudo motif induced the sharp bending of DNA, whose cur-
vature was larger than the regular bending of nucleosomal DNA
(Fig. 5E). We observed this type of stable binding of Sox2 at the
pseudo motif and the consequent sharp bending of DNA in 15
out of 50 independent simulations (see SI Appendix, Fig. S7 for
the other trajectories).
Interestingly, we noticed that the binding event of Sox2 to the

pseudo motif highly correlated with the subsequent sliding of
nucleosomal DNA. In the example trajectory shown in Fig. 5D,
the DNA slid from the u = 104 position toward u = 101 after the
binding of Sox2 to bSox2 = 146. We also observed the same be-
havior of nucleosomal DNA sliding in all of the 15 trajectories
where the Sox2 pseudo motif binding occurred (SI Appendix, Fig.
S7). After DNA sliding to the u = 101 position, the Sox2−nu-
cleosome complex was stable, and we did not observe any
backward sliding. These results show that the Sox2 binding-
induced local conformational change of DNA biased the DNA
sliding in a unidirectional way, from initially u = 104 to a new
position at u = 101, where the Sox2−DNA−histone complex
achieved a stable conformation.
It is then straightforward to consider the change in the phasing

of the consensus motif as a consequence of the DNA sliding.
Interestingly, we found that, as DNA slid from u = 104 to
u = 101, the originally “hidden” consensus motif (“AACAATA”

at 59 to 65) changed to a more “exposed” state (see the struc-
tures in Fig. 5 D, Upper). These results suggested that the Sox2
pseudo motif binding (at bSox2 = 146) might increase the acces-
sibility of the distant consensus motif (DNA indices 59 to 65) for
a second Sox2 to recognize.
To verify our hypothesis, we performed MD simulations, in

which we added one additional Sox2 molecule to the LIN28B
nucleosome where one Sox2 already bound at the pseudo motif.
In Fig. 5 F–H, we show the results of the second Sox2 interacting
with the LIN28B nucleosome. As expected, we found that, dur-
ing these simulations, the nucleosomal DNA was almost
“locked” in a state of b ≈ 101 (Fig. 5F), in which the consensus
motif was adequately exposed and ready for binding. As a con-
sequence, the second Sox2 recognized its consensus motif at
b = 63, indicated by the contact probability of the second Sox2
(Fig. 5 G and H and Movie S6). These results revealed an al-
losteric regulation of TF binding through the rotational position
changes of the nucleosomal DNA (see more in Discussion).

Oct4 Binding to the LIN28B Nucleosome.As discussed in the previous
section, the Sox2 binding-induced rotational position changes of
the nucleosomal DNA could affect the target searching processes
of other proteins. We then tried to find out whether Oct4 had the
same effect or not.
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We first performed MD simulations of a single Oct4 binding
to the LIN28B nucleosome. As the initial structure of these
simulations, we used the nucleosome at the u = 104 position and
put Oct4 at different positions around the nucleosome. Based on
the analysis of 50 independent 5 × 107-step MD trajectories, we
plotted the probability distribution of the binding position of the
POUHD domain (P(bPOUHD)) in Fig. 6 A, Upper. As a control, in
Fig. 6A, we also plotted the distribution of the POUHD domain
binding to the naked LIN28B DNA (Fig. 6 A, Lower, P0(bPOUHD),
also shown in SI Appendix, Fig. S5B), as well as the exposure
score of the major groove of the nucleosomal DNA (Fig. 6 A,
Middle, ϕmajor, defined in SI Appendix, Supplementary Methods) at
the u = 104 state. We found that the highly populated “ATTA”

sites (at 15 to 18 and 39 to 42) and the canonical “GAAT” (at 74
to 77) in Oct4-naked DNA binding were no longer favored
binding positions in the LIN28B nucleosome. Instead, the
“CAAT” sequence piece (61 to 64) inside the Sox2 target motif
became the most probable binding site. Note that, in the u = 104
nucleosome, the major groove of the Sox2 motif, especially the
“CAAT” piece, was facing outward (Fig. 5B) and was well ex-
posed for the POUHD to bind. In Fig. 6B, we showed a repre-
sentative structure of Oct4 binding to the LIN28B nucleosome,
in which the POUHD domain was stably binding to the “CAAT”
and the POUS domain was nonspecifically contacting the major
groove of nearby DNA sequences (also see Movie S7). This
binding pattern of the two POU domains is consistent with what
we observed in the Oct4-naked DNA binding (Fig. 2 B and C). In
addition to the “CAAT” binding site, a second-highest probable
binding site emerged as “ATTG” at DNA indices 145 to 148.
Notably, we found that the difference between Oct4 binding to
the naked and the nucleosomal LIN28B DNA could be well
explained by the rotational positioning and the exposure extent
of the target binding sites in DNA (ϕmajor in Fig. 6 A, Middle).

For example, the high-affinity “ATTA” sites were mostly buried
in the LIN28B nucleosomal DNA and became low-affinity sites
in the POUHD−nucleosome binding, whereas the weaker binding
sites in the naked LIN28B DNA, such as the “CAAT” and the
“ATTG” pieces, were favored by the POUHD in the nucleosome
because of their higher exposure extent (Fig. 6A).
As discussed above, the sliding-coupled rotational positioning

of the nucleosomal DNA affected the binding probability of
Oct4. Therefore, it is important to find out the rotation and
sliding features of the LIN28B nucleosomal DNA upon Oct4
binding. However, in contrast to the significant changes induced
by Sox2, we did not observe compelling sliding of the LIN28B
nucleosomal DNA upon Oct4 binding. The probability distri-
bution of the positioning u in the Oct4−nucleosome complex
showed a single peak at u = 104 (SI Appendix, Fig. S8). These
results suggested that, in the competition with the histones, Oct4
binding was not strong enough to change the rotational posi-
tioning of the nucleosomal DNA.
We next tried to find out the possible allosteric regulatory

effect of Sox2 pseudo motif binding on the Oct4 binding posi-
tion. We added one Oct4 molecule to the Sox2−nucleosome
complex, in which the Sox2 had been bound to the pseudo motif
and the sliding was therefore constrained at u = 101 (Fig. 5E).
We performed 50 independent MD simulations, in which the
Oct4 was initially randomly located around the Sox2−nucleo-
some complex. The resulting contact probability distribution of
the POUHD domain on the nucleosomal DNA (Fig. 6 C, Upper)
exhibited a clearly different pattern from the results of Oct4
binding to the LIN28B nucleosome without Sox2 (Fig. 6 A,
Upper; see SI Appendix, Fig. S9 for the 2D contact probability of
both POU domains). We found that the 3-bp sliding of the nu-
cleosomal DNA from u = 104 to u = 101 prominently changed
the exposure/burying of the POUHD binding sites (Fig. 6 A and

A

B D E

C

Fig. 6. The Oct4 binding position on the LIN28B nucleosome with and without Sox2 prebound to its pseudo motif. (A) Probability distribution of the binding
position of the POUHD domain (bPOUHD) when Oct4 was bound to the free LIN28B nucleosome (Upper, red bars). Middle shows the exposure score of DNA
major groove (ϕmajor; defined in SI Appendix, Supplementary Methods). As a control, we show the binding probability of the POUHD domain to the naked
LIN28B DNA (Lower). Correspondingly, on the top of Upper, we show the sequences and positions of possible high-affinity sites for the POUHD binding, which
are “ATTA” (15 to 18), “ATTA” (39 to 42), “CAAT” (61 to 64), “GAAT” (74 to 77), “ATTG” (131 to 134), “ATTG” (145—148), and “AAAG” (164 to 167). (B) A
representative structure of Oct4 binding to the free LIN28B nucleosome (u = 104)with the highest probability. The POUHD domain recognizes the sequence of
“CAAT” (61 to 64) in the major groove of the Sox2 consensus motif. (C) The same as A except that Upper shows the distribution of the POUHD binding
positions on the Sox2-bound LIN28B nucleosome, in which the nucleosomal DNA was “fixed” at u = 101 by Sox2-binding. (D) A representative structure of
Oct4 binding to the Sox2-bound LIN28B nucleosome, with the POUHD recognizing the “ATTA” piece (15 to 18). (E) A representative structure of POUHD

binding to the canonical consensus sequence, “GAAT” (74 to 77), in the Sox2-bound LIN28B nucleosome. The color scheme of the structures in C–E is the same
as in A and B.
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C,Middle). Consequently, the POUHD was able to find the newly
exposed DNA sequences such as the “ATTA” at 15 to 18
(Fig. 6D and Movie S8) or the “GAAT” at 74 to 77 (Fig. 6E).
These results showed that the prebinding of Sox2 to the pseudo
motif regulated the rotational positioning of the nucleosomal
DNA, which, in turn, adjusted the binding position of Oct4.

Discussion
Sox2 and Oct4 Bind on Nucleosomes as Pioneer Factors. Pioneer TFs
are different from normal factors by the ability to recognize their
target DNA sequences in the closed chromatin structure (3, 5,
49). Previous experiments have tried to link the pioneer factors’
nucleosome-binding capability with their biological function to
regulate the pluripotency of cells (50–52). Although many
nucleosome-binding features of Sox2 and Oct4 have been sup-
ported by our MD simulation results, such as the dependence on
the rotational positioning (7) (Fig. 3) and the partial motif rec-
ognition (6) (Fig. 4), there is missing information about how
these pioneer factors open the compact chromatin structure. Our
results suggest that Sox2 binding can regulate the accessibility of
other TFs’ targets in the nucleosomal DNA. Sox2, together with
the subsequently bound TFs, may interplay with the intrinsic free
energy landscape of nucleosomes (53) and cause possible large-
scale nucleosome conformational changes. Interestingly, the re-
cently solved cryo-EM structures of nucleosome bound by Sox2/
Sox11 and Sox2+Oct4 revealed sequence-dependent different
pioneer TF−nucleosome binding mechanisms (28, 29). On a
modified 601 nucleosome, Sox2 and Oct4 together recognized
their consensus motif at SHL-6 and bent the entry/exit region of
DNA away from histone (29), whereas, when Sox2 bound to its
motif at SHL+5, the DNA conformational change was localized
(29), consistent with our simulation results (SI Appendix, Fig.
S4). In contrast, the structure of Sox2/Sox11 binding to SHL+2
of another nucleosome showed that Sox2/Sox11 facilitated the
detachment of terminal DNA in the second gyre (28). These
results showed that Sox2 binding could affect nucleosome
structure in different ways, which is apparently dependent on the
DNA sequence.
Besides, recent studies of the intrinsically disordered activa-

tion domains of TFs suggested transcription regulation and ge-
nome organization mechanisms based on the liquid−liquid phase
separation (54, 55). These findings suggest that, in addition to
the pioneer factors’ nucleosome-binding features shown in the
current work, study of the disordered activation domains may be
necessary to understand biological functions of the pioneer
factors more thoroughly.

Nucleosome Acts as an Allosteric Scaffold for TF Binding. Nucleo-
some structures are flexible enough to be regulated by other
factors. The spontaneous nucleosome dynamics such as partial
unwrapping and rotation-coupled sliding of the nucleosomal
DNA has been well documented by both experiments and MD

simulations (13, 15–17). The partial unwrapping of DNA opens
up more space for TF to bind (13), whereas TF binding, in turn,
changes the accessibility of deeper nucleosomal DNA for addi-
tional TF binding (21). These regulations can be considered as
allosteric regulation (12). Here our simulation results provided
clues for another possible allosteric mechanism of collaborative
TF−nucleosome binding. We show that one TF (Sox2) binding
on its target can change the rotational positioning of the nucle-
osomal DNA and thus regulate the exposure extent of distant
binding sites for another TF (Sox2 or Oct4) to recognize (Fig. 7).
Compared with the unwrapping-related TF−nucleosome binding
cooperativity, the sliding-mediated mechanism is energetically
more favorable, considering that there is less breakup of hy-
drogen bonds between histone and DNA (12). Besides, the
sliding-mediated allostery may affect more distant TF binding
(∼ 150bp, the length of nucleosomal DNA) than the
unwrapping-related one (tens of base pairs) (12). Interestingly,
our finding of Sox2’s allosteric regulation on Oct4 binding pro-
vided an insightful explanation for previous findings that Sox2
reduced the search time and increased the residence time of
Oct4 (56). We suggest possible high-resolution experiments, such
as fluorescence resonance energy transfer (57), to test the Sox2
controlled nucleosomal DNA sliding and the allosteric regula-
tion of TF binding.

Local Induced Fit and Global Conformational Selection. As discussed
above, Sox2 binding led to much sharper bending of DNA than
observed in normal nucleosome (Fig. 5E and SI Appendix, Fig.
S4). Therefore, on a local scale, we considered this as an induced
fit mechanism for Sox2−nucleosome binding. On a larger land-
scape, the spontaneous sliding of the LIN28B nucleosomal DNA
covered a wide range of the rotational positioning (Fig. 5A),
including u ≈ 101 and u ≈ 101, at which the Sox2’s consensus
motif was highly exposed. Indeed, Sox2 had a probability to find
its consensus motif when nucleosome slid to these states (see SI
Appendix, Fig. S10 for results of the simulations starting from
u = 112). However, these states were less populated, and the
spontaneous sliding of nucleosomal DNA is relatively slow (16,
17), suggesting that free LIN28B nucleosome was not optimized
for Sox2 to recognize its consensus motif. In comparison, Sox2
binding at the pseudo motif drastically narrowed the rotational
positioning to u = 100 to ∼102 (Fig. 5F) and increased the ex-
posure probability of Sox2’s consensus motif. Consequently,
Sox2’s binding probability to its target was up-regulated. These
results show that the binding of Sox2 to the pseudo motif induced
the local conformational changes and selected the global posi-
tioning of nucleosomal DNA. This type of TF-regulated nucleo-
some allostery also emphasizes the importance of pseudo motifs in
TF’s target search process.

Validation of Our CG Models. Apparently, the CG models we used
here sacrificed atomistic details of interactions to gain sampling

Fig. 7. Allosteric regulation of TF binding through nucleosomal DNA. (Left) TF binding probability to their targets in nucleosomal DNA is dependent on both
DNA sequence and the rotational position of the target site. The TF1’s target is more exposed than the TF2’s target. Nucleosomal DNA undergoes spon-
taneous rotation-coupled sliding. (Middle) Binding of TF1 restricts the sliding motion of the nucleosomal DNA and changes the exposure extent of a distant
binding site for TF2, which, in turn, results in a higher binding probability of TF2 (Right).
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efficiency. Although our simulation results are consistent with
experimental results (6, 7, 28, 29), a high-resolution picture of
the physical interactions such as hydrogen bonds and salt bridges
was not provided. To get such information, reconstruction of all-
atom structures from CG models and all-atom simulations might
be helpful. As an example, we rebuilt the all-atom structures for
the POUS domain and the H2A−H2B dimer and performed
simulations to check the stability of the structure of the POUS
recognizing the acidic patch (SI Appendix, Fig. S11). We found
that the POUS−H2A−H2B ternary complex was stable during
50-ns all-atom simulations. We also located several key residues
in the POUS domain that contributed to the binding with
H2A−H2B (SI Appendix, Fig. S11).

Conclusion
We used CG MD simulations to investigate the binding mech-
anisms of pioneer TFs Sox2 and Oct4 on the nucleosomes. We
first studied the Sox2 binding on a strongly positioning sequence
601 and found that the binding position of Sox2 was highly de-
pendent on the rotational positioning of the target motif. Sox2
could only recognize the exposed motifs, whereas, when the
consensus sequence was buried, Sox2 preferentially bound to the
dyad among all of the nonspecific binding sites. As for Oct4, we
found a bridging binding pattern in which the two POU domains
parallelly bound to the two gyres of nucleosomal DNA. Our
simulations also showed a possibility of the POUS domain
binding on the acidic patch on histone. By studying the binding
of Sox2 and Oct4 on the LIN28B nucleosome, we proposed a
nucleosomal DNA-mediated allostery mechanism which com-
bined the induced fit and conformational selection scenarios:
Sox2 binding can induce the local distortion of DNA, which,
consequently, selects the global rotational positioning of the
nucleosomal DNA. The redistributed sliding phase then allo-
sterically regulates the binding of Oct4 and the second Sox2.

Methods
Reference Structures. In the present work, we studied the binding of Sox2 and
Oct4 to both naked DNAs and nucleosomes.We used Protein Data Bank (PDB)
entries 1GT0 and 3L1P as the reference structures of the DNA-binding do-
mains of Sox2 and Oct4, respectively. We used the 3DNA package (58) to
build the reference structures of B-form dsDNAs. As the template structure
of nucleosome, we used PDB entry 1KX5. To construct nucleosome structures
with different DNA sequences, we fixed the histone structure and changed
DNA from that in 1KX5 to the target sequences, followed by an energy
minimization.

Protein and DNA Models. In our CG MD simulations, we used the AICG2+
model (33) for protein, by which every amino acid is represented by one
particle located at the Cα atom. The energy function of the AICG2+ is
expressed as VAICG2+ = Vlocal + VGo + Vexv, where Vlocal involves all bonded
interactions, VGo is the Go-type structure-based term, and Vexv is the ex-
cluded volume interaction (33). For protein−protein interfaces where there
are no Go-type interactions, namely, between Sox2 and histone and be-
tween Oct4 and histone, we applied electrostatic interactions modeled by
the Debye−Hückel theory. More details of the protein CG modeling can be
found in SI Appendix, Supplementary Methods.

For CG DNA, we employed the 3SPN.2C model (34), with every nucleotide
depicted by three particles, each representing phosphate (P), sugar (S), and
base (B). Notably, the potentials and parameters in this model have been
well tuned to capture the sequence-dependent geometric, mechanical, and
thermodynamic properties of dsDNA (34).

Protein−DNA Interactions. The dominant part of protein-DNA interactions is
the electrostatics, for which we used the Debye−Hückel model. The charge of
phosphate was set to −1.0e when we were calculating DNA interaction with
protein, whereas, for internal DNA interactions, the phosphate charge was set
to −0.6e [default value in the 3SPN.2C model (34)]. For accuracy, we employed
the restrained electrostatic potential from atomic charges to CG charges
(RESPAC) method (59) to calculate the partial charge distribution on proteins.
As for the excluded volume effect, we used residue-type-dependent radii for
both protein and DNA particles (35). Besides, we used the newly developed

PWMcos model for Sox2 and Oct4 to enable their specific recognition of DNA
sequences (32). Accordingly, we applied a sequence-nonspecific variation of
the PWMcos model to represent the hydrogen bonds in histone−DNA
interactions (17).

MD Simulations. All of the MD simulations were conducted by Langevin
dynamics at temperature T = 300 K, with the friction coefficient γ = 0.02 and
a step size of ∼1 ps.

We first calibrated parameters in the PWMcos model for Sox2 and Oct4 by
matching their simulated dissociation constant (Kd) with DNA to the ex-
perimental results (37, 38). These simulations were carried out at the ionic
concentration of 150 mM, which was also used in experiments. We moni-
tored the distance between the COM of protein and DNA, based on which
we then calculated Kd from the probabilities of the bound and unbound
states (35) (see more details about the calibration in SI Appendix, Supple-
mentary Methods). The PWM data for Sox2 and Oct4 was downloaded from
the JASPAR database (60).

After parameter calibration, we used our model to simulate binding and
sliding of Sox2 and Oct4 on naked dsDNAs. The binding position of Sox2 or a

POU domain on DNA is represented by a coordinate b = (1=N)∑i, where i is
the index of DNA nucleotide from which at least one particle (P, S, or B) is
within 10 Å of a Cα, and N is the total number of the DNA nucleotides in
contact with the corresponding protein.

We then used the strong positioning 601 sequence (36) as a template and
inserted target motifs of Sox2 (7 bp) into different positions of the 601
nucleosomal DNA (147 bp). We performed simulations of Sox2 binding to
nucleosomes with these designed DNA sequences. A full list of the simulated
nucleosomal DNA sequences can be found in SI Appendix, Supplementary
Methods and Fig. S1. In these simulations, we added a constraint between
the COM of Sox2 and the COM of histone octamer so that their distance was
limited to be smaller than 350 Å. All of these simulations were conducted at
ionic concentration of 200 mM. For every sequence, we performed 20 in-
dependent simulations (in total, 10 × 20 = 200 independent runs), each for

3 × 107 MD steps. In each simulation, we placed Sox2 at a different position
around the nucleosome as the initial structure. We also applied the same
methods to simulate the Oct4 binding on the modified 601 nucleosomes.

We then studied the binding of Sox2 and Oct4 on the LIN28B nucleosome
(see SI Appendix, Supplementary Methods for the DNA sequence), which
contains the target motifs for both TFs. We first performed extensive MD

simulations (64 independent runs, each for 4 × 108 steps; see SI Appendix,
Supplementary Methods for more details) to get the equilibrated sampling
of the rotational positioning of the nucleosomal DNA (Fig. 5A and SI Ap-
pendix, Fig. S6). Then we put Sox2 and Oct4 around the LIN28B nucleosome,
starting from the most populated rotational position of u = 104, to study the

binding and target searching process of the TFs (5 × 107 steps ×100 runs for
each TF). In the simulations of two TFs (Sox2 + Sox2 or Sox2 + Oct4) binding
to the LIN28B nucleosome, we used the Sox2−nucleosome complex (Fig. 5E),
where one Sox2 was bound to a pseudo motif, as the initial structure and

added the other TF (Sox2 or Oct4) around the nucleosome (5 × 107 steps
×100 runs for either Sox2 or Oct4). All of the above simulations for TF
binding on the LIN28B nucleosome were conducted at temperature 300 K
and ionic strength of 200 mM. Besides, we also performed test simulations at
higher temperature (310 K) and salt concentration (410 mM) (SI Appendix,
Fig. S12).

All of the simulations were performed with the CafeMol MD package (61).

Data Availability. The Software CafeMol can be downloaded from www.
cafemol.org/. Data included in the main text and SI Appendix are sufficient
to reproduce the work. All of the large-volume simulation trajectories are
stored on local servers and can be obtained upon reasonable request.
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