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Burcu Ozden,○ Ramachandran Boopathi,○ Aysȩ Berçin Barlas, Imtiaz N. Lone, Jan Bednar, Carlo Petosa,
Seyit Kale, Ali Hamiche,* Dimitar Angelov,* Stefan Dimitrov,* and Ezgi Karaca*

Cite This: J. Chem. Inf. Model. 2023, 63, 3839−3853 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Pioneer transcription factors (PTFs) have the remarkable
ability to directly bind to chromatin to stimulate vital cellular processes. In
this work, we dissect the universal binding mode of Sox PTF by combining
extensive molecular simulations and physiochemistry approaches, along with
DNA footprinting techniques. As a result, we show that when Sox consensus
DNA is located at the solvent-facing DNA strand, Sox binds to the compact
nucleosome without imposing any significant conformational changes. We
also reveal that the base-specific Sox:DNA interactions (base reading) and
Sox-induced DNA changes (shape reading) are concurrently required for
sequence-specific nucleosomal DNA recognition. Among three different
nucleosome positions located on the positive DNA arm, a sequence-specific
reading mechanism is solely satisfied at the superhelical location 2 (SHL2).
While SHL2 acts transparently for solvent-facing Sox binding, among the
other two positions, SHL4 permits only shape reading. The final position, SHL0 (dyad), on the other hand, allows no reading
mechanism. These findings demonstrate that Sox-based nucleosome recognition is essentially guided by intrinsic nucleosome
properties, permitting varying degrees of DNA recognition.

■ INTRODUCTION
The nucleosome core particle (NCP) is the basic repeating
unit of the eukaryotic genome.1 The NCPs, connected with the
linker DNA, make up the 10 nm chromatin filament, which
folds into higher-order chromatin structures upon binding to
the linker histone.2−5 The NCP comprises a core histone
octamer (twice the H2A, H2B, H3, and H4 proteins) and 147
base pairs (bp) of DNA. The 147 bp DNA wraps around the
histone octamer in 1.67 left-handed helical turns,1 of which
positioning on NCP is described by the superhelical locations
(SHLs). The SHLs are counted in the positive and negative
directions, starting from the central DNA sequence, i.e., the
nucleosomal dyad (SHL0). They are separated by ∼10 bp
nucleotides while running from ±7 to ±1 positions.6 At each
SHL, the accessibility of DNA for proteins is regulated by
chromatin remodelers.7 The remodelers aid the freeing of
nucleosomal DNA from histones to make specific recognition
sequences available for transcription factors (TFs).8,9 In the
absence of remodelers, nucleosomes present an impediment to
transcription, as the vast majority of TFs cannot overcome the
nucleosomal barrier to recognize their binding sequence.10−15

An exception to this rule is the pioneer transcription factors
(PTFs). Unlike conventional TFs, PTFs directly bind to
nucleosomally organized DNA to assist the assembly of
complex transcriptional machineries.16−18 This fact delegates
PTFs a central role in essential chromatin-templated processes,

such as establishing competence for gene expression and
initiating cellular programming.19

During the past decade, several studies explored the
interaction landscape between PTFs and NCP.16−18,20

Accordingly, PTFs are proposed to have a high mobility
group (HMG), forkhead, Pit-Oct-Unc (POU), zinc finger
(ZF), and basic helix−loop−helix (bHLH) DNA-binding
domains.21,22 Among these, the HMG domain is composed
of 79 amino acids. It folds into a simple three-helix architecture
arranged in a boomerang L-shape, residing between 10
residues long N- and C-terminal tails23−26 (Figures 1A and
S1). Like the other PTFs, HMGs are demonstrated to guide a
diverse range of vital processes.27−32 For example, the HMG
domain carrying Sox2 was shown to be a part of the TF
cocktail, capable of inducing pluripotent stem cells from
somatic human cells.33,34 Another HMG protein, Sox4, is a
crucial factor in the epithelial-to-mesenchymal transition, a
fundamental process operating in cancer progression and
metastasis.35,36 Together with the other 18 proteins, Sox2/4
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make up the Sox family, the so-called “ultimate utility player of
the cell”.33,37 For the sake of simplicity, from this point and on,
we will refer to Sox-HMG as Sox. The Sox proteins recognize
their cognate 5′-TTGT-3′ sequence, positioned at a DNA
minor groove, through the base and shape reading
mechanisms, i.e., they form base-specific hydrogen bonds
with 5′-TTGT-3′ while imposing an extreme DNA distortion
induced by two hydrophobic residues of Sox37−43 (Figure 1A).
The bent DNA is further stabilized through ionic interactions,
established between the basic residues of N- and C-terminal

tails of Sox and the DNA backbone (Figure S1). This base and
shape DNA reading mechanisms of Sox is invariant among all
Sox:DNA complexes.44

In 2020, Dodonova et al. unveiled the nucleosome
recognition mode of Sox2 and Sox11 at the atomistic detail.45

In their experiments, they used a nucleosomal DNA obtained
by the NCAP-SELEX method.20 This DNA sequence harbored
Sox-binding-enriching patterns, where the cognate 5′-TTGT-
3′ was located at several solvent-exposed intergyre positions
(Figure 1B). Among different SHL sites, Sox2 and Sox11 could

Figure 1. (A) Important Sox:DNA interactions. The Sox:DNA interactions reported to be critical to Sox:DNA recognition are demonstrated in
sticks on Sox11:DNA complex (PDB id: 6T78). The core 5′-TTGT-3′ and its complementary Sox binding motif are specifically recognized by
hydrogen bonds formed by Arg51, Asn54, and Tyr118 and hydrophobic interactions by Phe56 and Met57. Hydrophobic interactions and base-
specific hydrogen bonds are colored in green and purple, respectively. (B) Sox cognate sequence can be placed either on the solvent-facing or
intergyre-facing strand. The representative coordinates of each positive SHL are highlighted with a box. The corresponding solvent-facing (salmon)
or intergyre-facing (orange) Sox cognate sequence (5′-TTGT-3′) positioning at SHL2 is shown on the nucleosomal DNA. (C) Solvent-facing
Sox11:SHL2 complex (front and side views). Histones and nucleosomal DNA are represented in surface and colored in light and dark gray,
respectively. Sox is depicted as cartoon and colored in salmon. (D) Sox11:DNA (dark blue) and Sox11:SHL2 (salmon) interaction profiles of the
essential Sox amino acids. Each barcode plot shows the presence of the denoted amino acid interaction with the DNA (within the equilibrated
simulation time frame). The prevalent base-specific interactions formed by Arg51, Asn54, and Tyr118 are presented for Sox11:DNA and
Sox11:SHL2, respectively, and highlighted with an asterisk. (E) Molecular dynamics (MD)-driven phosphate root-mean-square deviations (P-
RMSDs) from the native Sox-bound-DNA conformation (PDB id 6T78). The P-RMSD distributions of the Sox cognate sequence, derived from
Sox11:DNA (dark blue, N = 1200), free nucleosomal SHL2 601 DNA (green, N = 3000), free nucleosomal SHL2 NCAP-SELEX DNA (purple, N
= 1200), and Sox11:SHL2 model (salmon, N = 1200) simulations. The persistence rate of each interaction is provided in Table S1.
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bind only to SHL2 (PDB ids: 6T7A and 6T7B). In both
Sox:nucleosome complexes, the binding of Sox was accom-
panied by a strong local distortion of the nucleosomal DNA,
involving a 7 Å widening of the minor groove. The tight
interactions between Sox and nucleosomal DNA resulted in
the pulling of DNA away from the histone octamer by ∼4 Å. In
this way, Sox could bind at SHL2 in the same way as in free
DNA. As an intriguing observation, in both structures, the
binding-induced detachment of 25 bp double-stranded (ds)
DNA end (at SHL-5, SHL-6, and SHL-7 positions) was
observed due to the steric clashes formed between Sox11 and
the adjacent gyre (Figure S2A,B). At higher Sox11
concentrations, a second Sox11 could specifically bind to
NCP, but this time, at SHL2. This binding resulted in the
freeing of an additional 25 bp dsDNA from the other
nucleosomal DNA end (at SHL5, SHL6, and SHL7). The
binding of Sox11 also was associated with a displacement of
the N-terminal H4 tail as Sox C-terminal tail’s conformation
was not compatible with it. By utilizing these structural
displacements, Sox was proposed to alter the canonical
nucleosome−nucleosome contacts to locally open the
chromatin fiber.45

In 2020, Michael et al. resolved another mode of Sox2
interaction with NCP, this time in the presence of Oct4.46 In
their experiments, they used coupled Oct4−Sox2 binding
motifs at several intergyre-facing SHLs within 601 nucleosomal
DNA. The 601 nucleosome has a strong positioning DNA
sequence, which ensures having the same histone−DNA
registry in every experiment.47 The 601 DNA has a
nonpalindromic sequence, where the two DNA halves share
28% sequence similarity. As a result of their experiments,
Michael et al. could detect a significant Sox2 binding only in
cooperation with Oct4 at SHL±6 sites. At the SHL-6 site, Sox
binding motif was placed toward the entry/exit site of the
nucleosome, while at the SHL6 site, the nucleosomal DNA
ended with Oct4 binding sequence. Their high-resolution
cryoelectron microscopy (cryo-EM) structure showed that at
the left DNA end (SHL-6), the binding of Sox2−Oct4 led to
the release of DNA from the histone octamer, while binding at
the other end (SHL6) resulted in local DNA distortions. These
results highlight the impact of the order in motif placement
(Sox2−Oct4 or Oct4−Sox2) in determining the differential
perturbation effects on nucleosomal DNA.

Expanding on these structural investigations, in 2022,
Malaga Gadea and Nikolova utilized NMR and other
biophysical experiments to unravel the nucleosome recognition
mechanism of Sox2.48 Like in Michael et al.’s experiments, they
made use of a modified 601 nucleosome. In this case, they
systematically inserted Sox2 and Oct4 binding sequences in
different orders on the positive nucleosomal DNA arm. As a
result, they revealed that Sox2 binding is strongly position-
dependent, where the most stable (high affinity) Sox binding

was detected at the intergyre-facing SHL5 motif. Here, high-
affinity SHL5 binding was characterized by two aspects, large
DNA bending and stable Sox tail−histone interactions. A
weaker Sox binding was also observed at SHL2 and SHL6. At
other positions, nonspecific Sox binding was observed as well.
In this work too, only cooperative Sox2 and Oct4 interaction
led to a coupled Sox2−Oct4 binding at the DNA entry−exit
sites. Finally, Malaga Gadea and Nikolova did not detect
extreme DNA end detachment in their experiments.

In parallel to these experimental efforts, a handful of
computational approaches investigated how PTFs could
recognize their cognate sequence on a compact nucleosome.
Within this context, Huertas et al. investigated how sequence-
dependent nucleosomal DNA dynamics could impact PTF
binding.49,50 For this, they carried out several 1 μs long
atomistic molecular dynamics (MD) simulations of 601 NCP
and two natural nucleosomes, ESRRB and LIN28B, in the
presence and absence of histone tails. ESRRB contains one
Oct4 binding site and the same AT content as the 601
nucleosome (45.2% vs 42.3%). LIN28B has a higher AT
content (59.5%) and multiple Oct4 and other TF binding sites.
The exploration of comparative dynamics of these nucleo-
somes revealed that (1) the DNA flexibility of these
nucleosomes follows LIN28B > 601 > ESRRB, (2) the overall
nucleosome flexibility is similar in complete and tail-less
nucleosomes. These outcomes elucidated that the nucleosome
dynamics is predominantly impacted by the thermal
fluctuation range of nucleosomal DNA. They also showed
that a natural sequence such as ESRRB could be less flexible
compared to the strong positioning 601 sequence. Following
the exploration of their comparative nucleosomal DNA
dynamics, Huertas et al. modeled Oct4 binding on a
LIN28B nucleosome, where only certain Oct4 orientations
could fit the structural restrictions posed by the nucleosomes.

In another computational study, carried out by Tan and
Takada,51 coarse-grained MD was used to dissect the binding
mechanism of Sox2 and Oct4 to 601 and LIN28B
nucleosomes. By having the 5′-TTGT-3′ sequence integrated
at multiple SHL sites, they found that Sox2 can stably bind to
its intergyre-facing sequence in 601, placed at SHL3. They also
observed off-target binding at various locations, including the
dyad. Tan and Takada also claim that the specific recognition
of Sox cognate sequence is directly correlated with the
bendability of DNA, which is coupled with the local disruption
of histone−DNA contacts. For the SHL3 binding, they did not
observe any large-scale DNA end detachments. In the case of
the LIN28B nucleosome, Sox2 could not stably bind to its
cognate sequence as its binding motif was only partially solvent
exposed. Interestingly, Tan and Takada could not detect a
position dependency for Oct4. They also discussed that Sox
binding induces allosteric effects for Oct4 recognition, as
observed in the other studies.

Table 1. Described Sox:Nucleosome Binding Patterns

reference approach
nuc. DNA
sequence

motif
placement observed binding site Sox type outcome

Dodonova et al.45 cryo-EM NCAP-SELEX intergyre SHL±2 Sox2, Sox11 25 bp DNA end detachment
Michael et al.46 cryo-EM modified 601 intergyre SHL±6 Sox2, Oct4 DNA end detachment when

Sox binds toward entry/exit
Malaga Gadea
and Nikolova48

NMR, cross-linking,
EMSA, footprinting

modified 601 intergyre SHL5 (strong), SHL2
(weak), SHL6 (weak)

Sox2 local DNA distortions
nonspecific binding

Tan and Takada51 coarse-grained MD modified 601 intergyre SHL3 Sox2 local DNA distortions
nonspecific binding
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Thanks to the above-described experimental and computa-
tional efforts, we now know that the mononucleosome
invasion capacity of Sox depends on two factors, i.e., the
location of Sox binding motif and the nucleosomal DNA
dynamics (Table 1). Though, to completely grasp the universal
binding rules of Sox, the following fundamental question
should be answered: Can Sox read its binding sequence, even
when it is placed on the DNA strand complementary to what
has been already probed (i.e., the intergyre-facing strand, Table
1)? To explore this fundamental question, we designed a
dynamic integrative modeling (DIM) approach focused on the
detailed investigation of nucleosomal DNA dynamics at
different resolutions. For this, we combined in silico
(integrative modeling and classical MD simulations) and
experimental (•OH and UV laser DNA footprinting)
techniques. With these tools, we initially explored whether
the solvent-facing Sox binding at SHL2 could be realized in a
sequence-specific manner, as in Dodonova et al.45 We then
researched whether solvent-facing motif placement would
allow Sox binding at two other locations on the positive DNA
arm, i.e., SHL4 and SHL0 (dyad), for which specific Sox
binding has not been recorded.

■ RESULTS
MD Simulations of Sox:DNA Complex Reveals the

Essential Protein−DNA Interaction Dynamics. The ear-
liest Sox:DNA complex dates back to 1995.43 Since then, a
number of other Sox:DNA complexes have been characterized.
These complexes showed that Sox binds to the minor groove,
while inducing a dramatic deformation at its recognition
sequence, 5′-TTGT-3′ (Figure 1A). In all of these complexes,
the regions inducing these changes were defined as the
hydrophobic FM wedge (Phe56, Met57) and the polar Asn54
(numbering follows the one in 6T78 PDB).39−43,45 Among
these amino acids, Phe56 triggers the minor groove opening,
while the 60−70° bending is maintained by the base-specific
Asn54:DNA interactions with the central 5′-TG-3′ motif
(Figure 1A). In Sox-bound state, the maximum DNA minor
groove opening increases up to 22.5 Å. Next to these shape-
preserving essential contacts, the core 5′-TTGT-3′ Sox
sequence is further read by Arg51 and Tyr118. All of the
critical amino acids except for one are positioned at the core of
Sox, while the exception, Tyr118, is located on the C-terminal
tail of Sox. These three residues form base-specific hydrogen
bonds with the target and the complementary binding motif, as
presented in Figure 1A. To understand the specificity and
persistence of these interactions, we performed (two replicas of
500 ns long) MD simulations of the Sox11:DNA complex
(PDB id: 6T78).45

As a result, we observed that Arg51, Asn54, and Tyr118
interact with 5′-TTGT-3′ during the whole simulation time in
a base-specific manner (Figure 1D�blue profiles and Table
S1). Furthermore, we saw that, from the FM wedge, Phe56 is
the one making persistent hydrophobic interactions, while
Met57 contacts DNA during 50% of the simulation time
(Figure 1D�blue profiles and Table S1). This analysis places
Phe56, Arg51, Asn54, and Tyr118 as indispensable to specific
Sox11:DNA recognition. We also noted that the Sox-bound-
DNA backbone conformation fluctuates around its initially
crystallized state within 0.7−2.2 Å phosphorus root-mean-
square deviation (P-RMSD (Methods section, Figure 1E�
blue distribution)), defining the DNA thermal fluctuation
range permitted by Sox binding. We expect that any native

Sox:nucleosome complex should reflect the same base-specific
contact (base reading) and DNA thermal fluctuation (shape
reading) profile.

Sox Can Exert Its Fingerprint Base and Shape DNA
Reading at SHL2. To probe the universal nucleosome
recognition mechanism of Sox, we structurally modeled a new
nucleosome upon concurrently inserting the core 5′-TTGT-3′
Sox binding sequence at dyad, SHL2, and SHL4 sites of the
601 nucleosome (PDB id: 3LZ047). Here, we placed an SHL
gap between the Sox binding sequences to ensure that these
newly incorporated sites will be distant enough not to “feel”
each other. At each mutated SHL site, the core Sox-binding
sequence was inserted on the solvent-facing nucleosomal DNA
strand (Figures 1B and S2A,B). Our motivation in constructing
a derivate of the stable 601 nucleosomal DNA sequence was,
first, to have a well-behaving system for experimental
validation, and second, to focus only on the conformational
freedom injected into the system upon incorporating Sox-
binding sites. In its initial conformation, neither the mutated
601 nor any available free nucleosome structure could
accommodate solvent-facing Sox binding due to the natural
narrow geometry of their minor grooves (Figure S2C, D). To
explore the thermal fluctuation range of mutated 601 beyond
the known conformational space of nucleosomal DNA, we
performed two 1 μs long MD simulations of the mutant 601.
During our simulations, we did not explicitly model histone
tails to save sampling time and to alleviate potential force field
problems that could occur due to the suboptimal tail−DNA
interaction modeling.52−54 This choice is also backed up by the
literature information on comparative nucleosomal DNA
dynamics explored by Huertas et al., as highlighted in the
Introduction section.50

As an outcome of our mutated 601 simulations, we saw that
Sox-binding sites very rarely open wide enough to match the
0.7−2.2 Å Sox-bound-DNA P-RMSD range (SHL2 site in
Figure 1E�blue profile, SHL0/2/4 sites in Figure S2F).
Furthermore, 22.5 Å minor groove widening was never
observed across the nucleosome positions (Figure S3A). To
serve as a reference, we simulated the free 6T79 NCAP-SELEX
nucleosome, the nucleosomal DNA sequence of the intergyre-
facing Sox:nucleosome complex20 (two 500 ns long MD
simulations). The comparative analysis of our mutated 601 and
6T79 simulations revealed that (1) both complexes reflect
similar global RMSDs from their initial states (Figure S3A),
(2) in both nucleosomes, at the SHL2 site, DNA minor groove
widening and lowest P-RMSD values point to a too-narrow site
for Sox binding (Figures 1E�green and purple distributions
and S3A), (3) the position-specific DNA fluctuation ranges are
similar (Figure S3B). These similarities underscored the
validity of using our mutant nucleosome for further modeling.

Since we know that Sox can recognize its binding sequence
at SHL2, from our mutated 601 nucleosome simulations, we
isolated the nucleosome state fitting best to Sox-bound-DNA
at the SHL2 site (with 1.9 Å P-RMSD, Figure S2E). By taking
this best-fitting SHL2-nucleosome and the bound conforma-
tion of Sox11 (from 6T78), we imposed the known
Sox11:DNA interactions in HADDOCK and obtained an
initial Sox:SHL2 model55,56 (Figure 1C, Methods section).
This model was subjected to two rounds of 500 ns long MD
simulations to allow enough time for Sox11 to find its native
binding pose. As a result, we observed that the Sox11:SHL2
complex behaves stably during the last 300 ns of the
simulations (Figure S4A), which we took as a basis for the
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rest of our analyses. Tracing the P-RMSD profile of the
Sox11:SHL2 complex and comparing it to the 601-SHL2 P-
RMSD profile revealed something very striking: Sox binding is
indispensable to induce the extreme minor groove geometry
(Figures 1E and S4B). So, only when Sox11 is located at its
binding site, the P-RMSD distribution of Sox-bound-DNA
profiles could be replicated. In this state, the minor groove
widths fluctuate around the one of experimental Sox11:nu-
cleosome structure. When we concentrated on the specific
interaction profiles of Sox, we observed that at SHL2, the
critical amino acids of Sox behave exactly the same as in the
case of Sox:DNA complex (Figure 1D and Table S1). This
implies that SHL2 acts transparently to Sox binding when Sox
cognate motif faces the solvent. This observation told us that
the persistent Sox:DNA interaction network directed by
Phe56, Arg51, Asn54, and Tyr118 is required to induce the
extreme minor groove deformation also on the nucleosome. As
obtaining these observations on the Sox11:SHL2 model
required the incorporation of integrative structural modeling,
as well as running several cycles of MD simulations, we named
our protocol after dynamic integrative modeling (DIM,
Methods section). At SHL2, our Sox-bound nucleosomal
DNA and Dodonova et al.’s Sox-bound nucleosomal DNA

structures are of the same distance to Sox:free DNA complex
(P-RMSD: 1.4 Å), endorsing the robustness of our approach.

To reveal the position-dependent dynamic behavior of
nucleosomal DNA, we modeled Sox11 binding at SHL4 and
dyad (Figure 2A) following the same DIM protocol as
described above. Comparing the global RMSD profiles of all
Sox11 complexes showed that the highest RMSD fluctuations
are visited by Sox11:SHL4 (Figure S4A). This global analysis
also revealed that the Sox11:SHL4 complex could barely satisfy
the fingerprint minor groove width profile of Sox-DNA (Figure
S4B). Accordingly, Sox11:SHL4 reflects Sox-bound-SHL2-like
DNA conformations only during 28% of the simulation time
(Figure 2B). From the critical interactions point of view, at
SHL4, the hydrophobic Met57:DNA interactions are increased
by 60% (Figure 2D and Table S1). Strikingly, in this case, the
base-specific Asn54 and Tyr118 hydrogen bonds are lost.
Moreover, base-specific Arg51 interactions are observed only
in one replica simulation (Table S1 and Figure S4C). In the
case of Sox:dyad, the simulated conformers could not even
reach the fingerprint minor groove peak at 22.5 Å (Figure
S4B). Accordingly, Sox11:dyad almost never exerts the Sox-
bound-DNA conformation (Figure 2B). We also found that in
the case of Sox11:dyad, the specific Asn54 interactions are lost,
and the specific Tyr118 interactions are reduced by 65%, while

Figure 2. (A) Front and side views of solvent-facing Sox11:dyad (orange) and Sox11:SHL4 (green) complex models. Histones and nucleosomal
DNA are represented as surface and colored in light and dark gray, respectively. (B) MD-driven P-RMSDs of each Sox11:SHL complex compared
to the Sox-bound-DNA conformation. P-RMSD distributions of the Sox cognate sequence, derived from Sox11:dyad (orange, N = 1200),
Sox11:SHL2 (salmon, N = 1200), and Sox11:SHL4 (dark green, N = 1200) complex simulations. The Sox11:SHL2 values are a replicate of Figure
1E and are placed here to serve as a basis for comparison. (C) Sox11:DNA interaction profiles of the essential Sox amino acids at dyad and SHL4
(N = 600). Each barcode plot shows the persistence of the denoted amino acid interaction with DNA (within the equilibrated simulation time
frame). The prevalent base-specific interactions formed by Arg51, Asn54, and Tyr118 are highlighted with asterisks. The persistence rate of each
interaction is given in Table S1.
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the hydrophobic Met57 interactions are increased by 38%
(Figures 2C�left and S4C and Table S1). These findings
indicate that the more specific Sox:DNA interactions are lost,
the more hydrophobic nonspecific interactions prevail. They
also imply that SHL4 permits solely shape reading during

∼30% of simulation time, and dyad allows no reading
mechanism at all.

Solvent-Facing Sox Binding Is Confirmed by the •OH
Footprinting Experiments. To confirm the solvent-facing
Sox binding at the dyad, SHL2, and SHL4, we used hydroxyl
radical (•OH) footprinting. The •OH footprinting is a versatile

Figure 3. (A) Left panel: •OH radical footprinting patterns of Sox:DNA and Sox:nucleosome complexes bearing the three recognition sites of Sox
(601-SHL024). After •OH treatment of the complexes, the cleaved DNA fragments were purified and separated on 8% sequencing gel. They were
then visualized by autoradiography. (−, +) sign indicates the presence and absence of Sox6 protein. Right panel: Vertical colored lines correspond
to Sox-binding sites, where the oval representes the nucleosome. Higher magnification and quantification of the indicated Sox-binding sites. •OH
cleavage patterns of unbound (−) and Sox6-bound particles (+), containing the three Sox recognitions sites. (B) Left panel: UV laser footprinting
patterns of Sox6:DNA and Sox6:nucleosome complexes (601-SHL024). The first line shows the •OH cleavage patterns of the unbound particle.
The complex was irradiated with a single 5 ns UV laser 266 nm pulse (Epulse, 0.1 J/cm2), and DNA was purified from the samples. After treatment
of the purified DNA with Fpg glycosylase, the cleaved DNA fragments were separated on 8% sequencing gel and visualized by autoradiography.
Red vertical lines and red squares mark the Sox-binding sites, M marks the molecular mass, the oval represents the schematics of the nucleosome,
and the dyad is indicated with an arrow. −UV refers to the control, non-UV irradiated, and Fpg-treated sample. Right panel: (left) Sox6
concentration dependencies of the footprinting intensities, representing the normalized cleavage band intensity of the GG run within the binding
site; (right) The normalized intensity profiles based on our gel quantifications were plotted as a function of Sox6 concentration. The equation used
for the curve fitting was f1(x) = a exp(b × x) + c exp(d × x). The equation parameters for each curve fitting are provided in the Methods section.
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technique to analyze the binding of Sox to NCP, as •OH
radicals attack DNA via the minor groove.57−59 As Sox binds to
the DNA minor groove, a footprint should be visible at each
relevant SHL site. Expanding on this, we performed •OH
footprinting on our mutated 601 sequence, in isolation and
when wrapped around the histones (Methods section; Figures
3A and S5). In these experiments, instead of Sox11, we used
Sox6 to trace Sox binding, as it stably behaved during our
experiments. Even though Sox6 does not have any
experimentally determined structure, we permitted this as
Sox binding to DNA is strictly conserved across the Sox family.
This is also reflected by the identity and similarity percentages
of HMG domains shared between Sox11 and Sox6 (59% and
86%, respectively). During our experiments, both naked DNA
and nucleosomes were allowed to interact with the increasing
amounts of Sox. Here, the Sox amount used for the analysis of
its binding to NCP was ∼3-fold higher than used in the naked
DNA experiments. Then the samples were used for •OH
radical footprinting. As shown in Figure 3A, upon increasing
the Sox amount in the reaction mixture, a very clear protection
of all three Sox recognition sequences is observed on the naked
DNA. Protection is also observed at Sox-binding sequences in
histone-wrapped mutated 601 DNA (Figure 3A, insets). Albeit,
the protection at SHL2 and SHL4 is not so well visible. Here,
the protected sites coincide with the maximal cleavage of the
DNA in the nucleosome. Of note, a very specific footprinting
of Sox is detected at the nucleosome dyad, where the four
middle DNA bands exhibit a strong decrease in the intensity
compared to the flanking bands (see the magnified recognition
sequence footprint as well as their quantification at the right
inset of Figure 3A). This Sox-protected •OH cleavage pattern
is very similar to the one of globular linker histone H1 domain
in the H1-bound nucleosome3,5,60 (also see Figure S6), which
implies that the global 3D organization of the Sox−dyad
complex is analogous to the complex formed between the
globular domain of H1 and the nucleosome dyad.3,5,60

UV Laser Footptinting Validates That DNA Shape
Reading Is Realized at SHL2 and SHL4 but Not at the
Dyad. To analyze the local DNA changes occurring at the
minor groove of nucleosomal DNA, we performed UV laser
footptinting of Sox-bound mutated 601 DNA in free and
histone-wrapped states. UV laser footprinting measures the UV
laser-induced alterations in the nucleotide photoreactivity,61

which could affect the spectrum and the amount of DNA
lesions. Since binding of Sox to DNA alters the local structure
of Sox recognition sequence, it should lead to changes in the
spectrum of lesions. Such lesions are extremely sensitive to the
local DNA structure and can easily be mapped by alkali or
enzymatic DNA strand cleavage, followed by electrophoresis
under denaturing conditions at the single nucleotide
resolution.62 Since a single nano- or picosecond laser pulse is
used for irradiation, the generation of the lesions is achieved in
an interval of time, which is shorter than the conformational
transitions of the protein:DNA complex.63 So, the laser
footprinting is taking a snapshot of the complex structure
while recording the Sox-induced structural signature.63 We
used this method successfully in the past for mapping
productive protein:DNA interactions.14,64 Followingly, we
mapped UV laser-specific biphotonic 8-OxoG lesions by
using Fpg glycosylase (formamidopyrimidine [fapy]-DNA
glycosylase). These lesions are observed on a GG sequence,
located right after the 5′-ACAA-3′, complementary to Sox
cognate 5′-TTGT-3′ (Figure S7A,B and the Methods section).

As expected, with the increase in Sox concentration, the
disappearance of 8-oxoG bands is traced in the mutated 601
(601-SHL024) DNA constructs, indicating a deformation at
the Sox cognate sequence (Figures 3B and S7C). In the case of
the 601-SHL024 nucleosome, the same behavior was observed
at SHL2 and SHL4, while at the dyad, no footprint was spotted
(Figure 3B). Also, apparent dissociation constant (Kd

app)
values of specific Sox binding to its target sequence (Table 2)

were evaluated by Sox titration footprinting and gel
quantification (Figures 3B (right) and S8). Interestingly, the
measured apparent binding affinities for SHL2 and SHL4
nucleosomes were only 3−4 times higher than in naked DNA.
The higher binding affinity of SHL2 compared to SHL4 in
nucleosomes, together with the absence of specific binding at
the dyad, is fully consistent with the data obtained by our
computational approach. Important to note that this apparent
(measured) dissociation constant (Kd

app) must not be
associated with the true dissociation Kd. Indeed, the two
orders of magnitude higher concentrations (R = 50 nM) of the
constant component (DNA or nucleosomes) with respect to
the true Kd < 1 nM,17 as well as the unavoidable presence of
several lower-affinity binding sites per ∼200 bp DNA fragment
(due binding motif degeneracy) precluded the true Kd
determination under our experimental conditions (see ref
65). Strikingly, identical footprinting profiles were observed
when the Sox cognate sequence was incorporated at the dyad,
SHL2, and SHL4 separately (Figures S5, S7, and S8). We
should also note that our computational results for Sox11 were
reproduced when we performed our DIM protocol with a
structural model of Sox6, which endorses the general
applicability of our findings (Methods section; Figure S9).

■ DISCUSSION
Our work is based on the hypothesis that PTFs follow a
universal binding mechanism independent of the strand-
positioning of their cognate sequences. So far, several studies
presented different SHL bindings of Sox when its cognate
motif faces intergyre. To complement this view, we focused on
the solvent-facing binding mode of Sox. Accordingly, we found
that, in this mode, Sox can comfortably fit in the DNA gyre
and thus will not induce major conformational changes. We
also showed that among the probed SHL0/2/4 sites, Sox base
and shape reading mechanisms can be realized efficiently only
at SHL2. This is in line with what was observed by Zhu et al.,
where, among many SHLs, Sox always selected SHL2.20

As we move away from the dyad toward the entry/exit sites
of the nucleosome, histone−DNA interaction strength

Table 2. Apparent Dissociation Constants (Kd
app) of Sox6

Binding to Naked and Nucleosomal DNA, Representing the
Concentrations of Sox6 at the Half Maximum Signal
Intensity Change, Extrapolated by the Least-Squares Fitting
Procedure of Data in Figures 3B (Right) and S8

SHL region DNA Kd
app (nM) Nuc Kd

app (nM)

SHL0 100 a

SHL2 136 374
SHL4 180 490
3x SHL0 198 a

3x SHL2 275 550
3x SHL4 245 680

aDenotes the absence of binding to the target sequence.
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Figure 4. (A) SHL2 is transparent to Sox binding. Sox is far enough from the basic histones for not to feel them only at the SHL2 binding site. The
nucleosomal DNAs are demonstrated as a cartoon and colored in dark gray. Histones are shown as surface and colored according to their
electrostatic potentials. Here, red represents negatively charged (−5) regions and blue represents positively charged (+5) regions. (B) Sox binding
is the most stable at SHL2. Sox thermal fluctuations deduced from the MD simulations of Sox11:dyad (left), Sox11:SHL2 (middle), and
Sox11:SHL4 (right) are colored according to their temperature factors. Blue and red colors depict the most rigid and the most flexible regions,
respectively. The cartoon thickness linearly scales with the degree of thermal fluctuations (averaged over N = 600 conformations). (C) Among the
probed SHLs (marked with arrows), at SHL4 the N-terminal tail of H2A forms stable interactions with the nucleosomal DNA. As a result, Lys15 of
H2A and His75 of Sox face each other, even in the most Sox-binding-complementary binding mode (with P-RMSD = 1.34 Å, minor groove width
= 18.5 Å, where Sox-DNA fingerprint interactions were observed for critical Sox amino acids, except for Asn54).
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gradually decreases. This mechanistic property lowers the
energy barrier for histone−DNA detachment during nucleo-
some sliding or unwrapping.66 If Sox:NCP recognition would
have been only a function of histone−DNA interactions, the
SHL4 site should have turned out to be the most “bendable”
site (as it is the closest one to the DNA entry/exit site). To
understand why this is not the case, we investigated
Sox:histone interactions. As a result, we uncovered that only
at SHL2, the core domain of Sox does not establish any
contact with the surrounding histones (Table S2). Strikingly, at
SHL4, the same Sox domain forms the most histone contacts.
This observation is directly reflected in the electrostatic
properties of each binding site: at SHL2, Sox’s globular HMG
domain is far enough not to directly feel the basic nature of
histones (Figure 4A). This leads to a stable Sox11 (with the
least thermal fluctuations) at SHL2 (Figure 4B). In the case of
SHL4, Lys15 from the H2A N-terminal tail interferes with the
conserved His75 of Sox11, resulting in a local destabilization at
the tip of the Sox (Figure 4B,C). So, at SHL4, Sox binding
could not induce enough perturbation to lower the energy
barrier for detaching H2A’s structured N-tail from nucleosomal
DNA. This is in line with a recent computational study
utilizing discrete stochastic simulations, where a stable binding
of PTF to the nucleosomal DNA was found to be compensated
by the weakening in histone−DNA interactions.67,68 The same
hypothesis was also formulated by Tan and Takada.51

Stemming from these observations, we hypothesize that,
even though it harbors tighter histone−DNA interactions,
SHL2 can accommodate specific Sox binding since there
would be no interference of Sox with histones and its tails (H3
and H4) on this site (Figure 4C). Though, this was not the
case for the intergyre-facing binding at SHL2, where H4 N-tail
displacement was observed upon Sox binding,45 another
indication of strand-positioning dependence of Sox binding.
To clarify the exact roles of histone tails in intergyre-facing Sox
binding, at the atomistic scale, though, more detailed
experiments should be carried out. In this work, we did not
consider the computational investigation of this phenomenon
due to our concerns about the accountability of available force
fields to address the intricate tail−protein−DNA interaction
dynamics.52−54,69 Further experiments would be also needed to
clarify whether 1.3 times better affinity at SHL2, compared to
SHL4, could correspond to the energetic contribution of base-
specific reading. To explore this experimentally at the atomistic
scale, NMR would be the best-suiting approach. However, for
this, we would need to wait until the selective nucleotide
labeling in NMR experiments is established, which could
alleviate the size and geometry limitations posed by the
nucleosomal DNA.70,71

Over the various sites where nucleosomal DNA and histones
are touching, the dyad contains the strongest histone−DNA
interactions.66 This explains the inability of Sox to bend/open
its binding site at the dyad, where only nonspecific binding is
observed, both by us and by other groups.48,51 The fact that
Sox •OH radical footprinting at the dyad is very similar to the
one of H1 globular domain at the dyad suggests that different
HMG proteins could be able to efficiently bind in vivo to the
dyad without requiring the presence of recognition.5,60 Thus,
globular H1 domain-like dimensions of Sox HMG could be
sufficient for the nonspecific binding of HMG proteins to the
dyad. This could explain why the nonspecific and highly
abundant HMGB1/B2 chromatin proteins and the linker
histone would have a shared structural role in organizing linker

DNA in the nucleosome,72 while PTFs of different shapes,
such as Oct4, were never observed as a nonspecific nucleosome
binder.51

To explore the molecular mechanism of Sox binding, we
developed a DIM approach. In this approach, we used several
cycles of classical MD to explore the thermal fluctuation ranges
spanned by free and Sox-bound nucleosomes. We wanted to
stick to unbiased simulations here due to the similar force field
concerns we had for addressing histone tail dynamics. We also
made use of data-driven modeling to place Sox at its binding
spot in an accurate manner. This stepwise modeling procedure,
together with the exclusion of histone tails, gave us the
opportunity to reach convergence in rather short time scales.
To further save compute time, we incorporated all three Sox
binding sequences into 601 at once. The relevance of this was
underscored by the identical footprinting profiles observed
when Sox cognate sequences were incorporated separately at
dyad, at SHL2, and at SHL4 or at once. Also, to access a wider
sampling space, we pooled our replica simulations in our
analyses. The analysis tools we used were discriminative
enough to explain the determinants of high-affinity Sox
binding, which expands on the evaluation of base-specific
hydrogen bonding, minor groove width, and P-RMSD profiles,
as well as the thermal fluctuations of bound Sox. The latter two
were also outlined as major determinants in high-affinity Sox
binding by Malaga Gadea and Nikolova.48 Next to these, with
our work, we also add the strand placement of Sox cognate
sequence as a new parameter in explaining high-affinity binding
spots for Sox. As a final note, the transferability of ours and
other findings obtained on the unnatural nucleosomal DNA
sequences to the natural ones is yet to be explored.

In summary, our in silico and experimental observations in
combination reveal that the binding of Sox is strongly
nucleosomal-context-dependent, where not only histone−
DNA interactions but also Sox−histone interactions dictate
the binding capacity of Sox. A similar mechanism could be
valid for other PTFs, which could be researched with the DIM
protocol proposed in this work.

■ METHODS
Dynamic Integrative Modeling. To explore Sox:nucleo-

some interactions (both for Sox11 and Sox6), we performed a
series of modeling and MD simulation cycles, making up our
dynamic integrative modeling (DIM) approach. Our DIM
protocol is composed of three steps (Figure S11): (Step 1)
Inserting the Sox cognate sequence into the 601 Widom DNA
sequence (PDB id: 3LZ047) at different SHLs, i.e., SHL0
(dyad), SHL2, and SHL4, followed by their MD simulations
(free mutated nucleosome). (Step 2) Isolating the Sox-
binding-compatible nucleosome conformer of each SHL to
model Sox-bound nucleosomes. (Step 3) Simulating the
constructed Sox-bound nucleosome structures. We also
simulated the Sox11:(free)DNA complex (PDB id: 6T7845)
and the free NCAP-SELEX nucleosome (PDB id: 6T7945) to
serve as a reference. The technical details of each step are
provided below.

(Step 1) The MD simulations of the 601 Widom DNA
sequence: We inserted a special sequence bearing the Sox
consensus sequence 5′-GGACAATGGAGG-3′ at dyad, SHL2,
and SHL4 by using 3DNA.73 The mutated sequence
corresponds to (−4th)−7th, 16th−27th, and 37th−48th
nucleotides in the forward DNA chain, leading to: 5′-
A T C A G A A T C C C G G T G C C G A G G C C G C T -
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CAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACG-
CACGTAGGACAATGGAGGCGCGTTTTGGACAATG-
GAGGCATTACTCCGGACAATGGAGGCACGTGTCAGA-
TATATACATCGA-3′

(Steps 2 and 3) The modeling and simulation of the
Sox:NCP complexes: The free nucleosome conformers,
reflecting the lowest P-RMSD to Sox-bound-DNA conforma-
tion for each binding site, were. Sox11 isolated from
Sox11:DNA complex (PDB id: 6T7845) was located at three
binding sites by template-based modeling. The initial crude
Sox:nucleosome complexes were refined within HADDOCK
2.2,55,56 while imposing the critical Sox:DNA interactions as
restraints.74 Here, we imposed the crystal Sox11:DNA
distances, measured between 56th, 57th (FM) residues of
Sox11 and 0th, 20th, and 41st nucleotides (forward strand),
respectively. The best HADDOCK models were then
subjected to two parallel MD simulations. In the end, the
conformations with the lowest P-RMSDs were isolated and
kept as final Sox11-bound nucleosome structures (for
Sox:dyad, Sox:SHL2, and Sox:SHL4). The same procedure
was carried out with the homology model of Sox6.

Molecular Dynamics Simulations and Analysis Pro-
tocols. All of the MD simulations were performed with the
GROMACS simulation packages (Gromacs 5.1.4, Gromacs
2019, and Gromacs 2020.4)75 under the effect of the Amber
ff14SB (protein) and Parmbsc1 (DNA) force field.76 We used
TIP3P as a water model. The NaCl concentration was kept at
0.15 M. A dodecahedron simulation box was used while having
a minimum distance of 12 Å between the biological molecule
and the edges of the simulation box. We used the PME method
to address electrostatic interactions (with 1.2 nm nonbonded
cutoff) and Lennard Jones potential to account for the van der
Waals interactions (with 1.2 nm nonbonded cutoff). The
temperature was kept at 310 K throughout the simulation. We
carried out two replica simulations of each system, specifically
of free 601 nucleosome (PDB id: 3LZ0) (2 × 1 μs), free
NCAP-SELEX nucleosome (PDB id: 6T79) (2 × 0.5 μs),
Sox11:DNA complex (PDB id: 6T78) (2 × 0.5 μs), and
Sox11-bound nucleosome models, i.e., Sox11:dyad (2 × 0.5
μs), Sox11:SHL2 (2 × 0.5 μs), and Sox11:SHL4 (2 × 0.5 μs).
We also carried out one simulation for each Sox6-bound
nucleosome model, i.e., Sox6:dyad (1 × 0.5 μs), Sox6:SHL2 (1
× 0.5 μs), and Sox6:SHL4 (1 × 0.5 μs). The homology model
of Sox6 was generated with Modeller.77 The complete list of
our simulations is provided in Table S3.

Before running the simulations, complexes were minimized
by using the steepest descent algorithm in the vacuum. Then,
they were solvated in TIP3P water, and the concentration was
kept at 0.15 M by adding NaCl to the system (460 Na+, 240
Cl− for the free 601 nucleosome; 421 Na+, 201 Cl− for the free
NCAP-SELEX nucleosome, 49 Na+, 38 Cl− for Sox11:DNA;
427 Na+, 218 Cl− for Sox11:dyad; 438 Na+ and 229 Cl− for
Sox11:SHL2; 477 Na+ and 268 Cl− for Sox11:SHL4; 396 Na+
and 184 Cl− for Sox6:dyad; 418 Na+ and 206 Cl− for
Sox6:SHL2; 438 Na+ and 226 Cl− for Sox6:SHL4). The
number of ions was added to the topology files accordingly,
and then the solvated systems were minimized. The systems
were relaxed for 20 ps at 310 K under the constant volume. To
generate replicas, random seeds were changed. Then, another
20 ps MD simulations were performed under constant pressure
at 1 bar. Finally, position restraints were released gradually
from 1000 to 100, 100 to 10, and 10 to 0. The integration time
step was set to 2 fs. For the analysis, coordinate files were

recorded every 0.5 ns. The initial 200 ns of all simulations
(except for the free 601 nucleosome) were set as the
equilibration time and discarded before the analysis stage.
The equilibration time for 601 free nucleosome was set as 350
ns.

At the end of MD simulations, minor groove widening and
P-RMSD (root-mean-square deviations of the DNA phospho-
rus atoms) metrics were calculated over all of the conformers.
Minor groove widths were measured with 3DNA.73 P-RMSD
values were computed over the phosphorus atoms of seven
nucleotides involving the Sox recognition sequence (5′-
GACAATG-3′). The reference seven nucleotides correspond
to (−3rd)−3rd, 17th−23rd, and 38th−44th nucleotide
positions at dyad, SHL2, and SHL4, respectively. During all
of these measurements, the DNA of Sox11:DNA complex
(PDB id: 6T7845) was taken as a reference. The fitting and P-
RMSD computations were performed with Profit (Martin,
A.C.R., http://www.bioinf.org.uk/software/profit/). The in-
dividual fitting profiles of each simulation are provided in
Figure S10.

Molecular interaction profiles of complexes were calculated
in each replica simulation by using the Interfacea Python
library (https://github.com/JoaoRodrigues/interfacea).78 This
library was used to provide the non-covalent hydrophobic,
ionic interactions, and h-bonds for every coordinate file. From
these output files, we extracted the interactions between
essential Sox amino acids (Arg51, Asn54, Phe56, Met57,
Tyr118) and DNA. We isolated the base-specific interactions
among all interactions, which are the interactions between the
Sox protein and the respective DNA bases. In the barcode
plots, each vertical line indicated the presence of a given
interaction for a given time. These graphs were plotted in
MATLAB R2022B.79

Sox6 HMG Domain Cloning and Purification. The
HMG domain of the human Sox6 (618−697 amino acids)
gene was cloned in the pET28b vector in between NdeI and
XhoI restriction sites. The N terminal His-tagged Sox6 HMG
domain was produced in Escherichia coli BL21(DE3) pLYsS
cells. Briefly, 200 ng of the plasmid was used to transform it
into E. coli cells; after transformation, bacteria were platted on
Luria−Bertani (LB) agar plates supplemented with kanamycin
and chloramphenicol and incubated overnight at 37 °C. Single
colonies were added to 3 mL of an LB medium (kanamycin +
chloramphenicol) for 12−16 h at 37 °C under shaking at 200
rpm speed. Overall, 1 mL of amplified bacteria was added to
300 mL of LB (kanamycin + chloramphenicol) and left
overnight at 37 °C and 200 rpm. For each liter of LB
(kanamycin + chloramphenicol) needed, 10 mL of trans-
formed bacteria were added. After 3 h of incubation, OD at
600 nm was measured. If the OD600 was comprised between
0. 5 and 0.6, bacteria were induced with 0.2 mM isopropyl-β-D-
thiogalactopyranoside (IPTG) at 37 °C for 3−4 h at 200 rpm.
After induction, bacteria were pelleted at 5000g for 20 min at 4
°C. The recombinant human Sox6 HMG domain was purified
from the supernatant of the bacterial lysate by using NiNTA
resin (Complete His Tag purification Resin, Roche), followed
by SP sepharose column chromatography (GE Healthcare).
The purity of the purified HMG domain of Sox6 protein was
analyzed by using 18% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and stained with coomassie
blue.

Core Histone Purification. Human histones H2A, H2B,
and H3 were subcloned in a pHCE vector system, and human
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histone H4 was subcloned in a pET15b vector system.
Histones H2A, H2B, and H3 were produced in E. coli
BL21(DE3) cells, and human H4 was produced in E. coli
JM109(DE3) cells. Core histones were produced as N-
terminal His-tagged proteins in E. coli cells in the absence of
T7 RNA polymerase by omitting the addition of isopropyl-β-D-
thiogalactopyranoside, which induces the T7 RNA polymerase
production in BL21(DE3) and JM109(DE3) cells. Briefly, 200
ng of the plasmid (for each histone) was used to transform into
respective E. coli strains. Overall, 10 colonies were inoculated
into 2 L of LB broth (ampicillin final concentration 50 μg/mL)
in a 5 L flask and left overnight at 37 °C and 200 rpm. Each
liter of bacteria was pelleted at 5000g for 20 min at 4 °C. The
cells producing recombinant histones were collected and
disrupted by sonication in 50 mL of buffer A (50 mM Tris−
HCl (pH 8.0), 500 mM NaCl, 1 mM phenylmethylsulfonyl
fluoride (PMSF), and 5% glycerol). After centrifugation
(27,216g; 20 min; 4 °C), the pellet containing His-tagged
histones as insoluble forms was resuspended in 50 mL of buffer
A containing 7 M guanidine hydrochloride. After centrifuga-
tion (27,216g; 20 min; 4 °C), the supernatants containing the
His-tagged histones were combined with NiNTA resin
(complete His Tag purification Resin, Roche) (1 mL of
NiNTA per 1 L of bacteria) and were mixed by rotation for 1 h
at 4 °C. The agarose beads were packed into an Econo-column
(Bio-Rad) and were then washed with 100 mL of buffer B (50
mM Tris−HCl (pH 8.0), 500 mM NaCl, 6 M urea, 5 mM
imidazole, and 5% glycerol). The His-tagged histones were
eluted by a 100 mL linear gradient of imidazole from 5 to 500
mM in buffer B, and the samples were dialyzed against buffer C
(5 mM Tris−HCl (pH 7.5) and 2 mM 2-mercaptoethanol).

The N-terminal 6x His tags were removed from the histones
by thrombin protease (GE Healthcare) treatments using 1 unit
per 1 mg of protein for 3−5 h at 4 °C. The removal of the His
tags was confirmed by SDS-16% polyacrylamide gel electro-
phoresis (PAGE); the recombinant histones without the His
tag migrated faster than the His-tagged histones. After
uncoupling of the His tag, each histone was subjected to
Resource S column chromatography (GE Healthcare). The
column was washed with buffer D (20 mM sodium acetate
(pH 5.2), 200 mM NaCl, 5 mM 2-mercaptoethanol, 1 mM
ethylenediaminetetraacetic acid (EDTA), and 6 M urea), and
each histone was eluted by a linear gradient of NaCl from 200
to 900 mM in buffer D. The fractions containing the pure
histone were mixed and stored at −80 °C.

Preparation of Histone Tetramers and Dimers. To
prepare tetramers and dimers, human H3 and H4 and human
H2A and H2B were mixed in an equimolar ratio and dialyzed
overnight in HFB buffer (2 M NaCl, 10 mM Tris pH 7.4, 1
mM EDTA pH 8 and 10 mM β-mercaptoethanol). After
dialysis, the supernatant containing folded tetramers and
dimers were subjected to Superose 6 prep grade XK 16/70 size
exclusion column (GE Healthcare) purification using HFB
buffer. The major fractions containing purified tetramers and
dimers were mixed. For long time storage, tetramers and
dimers were mixed with NaCl-saturated glycerol to achieve the
final glycerol concentration of around 15−20% and stored at
−20 °C.

Preparation of DNA Fragments. The 255 bp of 601
DNA constructs containing Sox6 consensus motif 5′-
GGACAATGGAGG-3′ positioned at different places were
produced by a chemical synthesis method and cloned into
standard vector pEX-A by Eurofins Genomics, Germany. The

positions of Sox6-binding sites in the 601 constructs are
mentioned below:

Sox-SHL0 (dyad): (Sox6-binding motif located at 66 bp
away from the end of nucleosomal DNA)

GCATGATTCTTAAGACCGAGTTCATCCCTTATGT-
G A T G G A C C C T A T A C G C G G C C G C C A T C A -
GAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTA-
GACAGCTCTAGCACCGCTTAAACGCACGTAGGA-
CAATGGAGGCGCGTTTTAACCGCCAAGGGGAT-
TACTCCCTAGTCTCCAGGCACGTGTCAGATATATA-
C A T C G A T G T G C A T G T A T T G A A C A G C -
GACCTTGCCGGTGCCAGTCGGATAGAATTCCGGAC

Sox6-SHL2: (Sox6-binding motif located at 46 bp away from
the end of nucleosomal DNA)

GCATGATTCTTAAGACCGAGTTCATCCCTTATGT-
G A T G G A C C C T A T A C G C G G C C G C C A T C A -
GAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTA-
G AC AGCTCTAGCACCGCTTA A ACGCACG -
TACGCGCTGTCCCCCGCGTTTTGGACAATGGAGG-
CATTACTCCCTAGTCTCCAGGCACGTGTCAGATATA-
T A C A T C G A T G T G C A T G T A T T G A A C A G C -
GACCTTGCCGGTGCCAGTCGGATAGAATTCCGGAC

Sox6-SHL4: (Sox6-binding motif located at 25 bp away from
the end of nucleosomal DNA)

GCATGATTCTTAAGACCGAGTTCATCCCTTATGT-
G A T G G A C C C T A T A C G C G G C C G C C A T C A -
GAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTA-
G AC AGCTCTAGCACCGCTTA A ACGCACG -
TACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGG-
GATTACTCCGGACAATGGAGGCACGTGTCAGATATA-
T A C A T C G A T G T G C A T G T A T T G A A C A G C -
GACCTTGCCGGTGCCAGTCGGATAGAATTCCGGAC

Sox6-SHL024: (Sox6-binding motifs located at 66, 46, and
25 bp away from the end of nucleosomal DNA)

GCATGATTCTTAAGACCGAGTTCATCCCTTATGT-
G A T G G A C C C T A T A C G C G G C C G C C A T C A -
GAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTA-
GACAGCTCTAGCACCGCTTAAACGCACGTAGGA-
CAATGGAGGCGCGTTTTGGACAATGGAGGCAT-
TACTCCGGACAATGGAGGCACGTGTCAGATATATA-
C A T C G A T G T G C A T G T A T T G A A C A G C -
GACCTTGCCGGTGCCAGTCGGATAGAATTCCGGAC

All Sox6-binding motifs harboring 601 constructs were
amplified using 32P end-labeled primers. The labeled DNA
substrates were purified on 5% native acryl amide gel prior to
use for nucleosome reconstitutions.

Nucleosome Reconstitution. Nucleosome reconstitution
was performed by the salt dialysis procedure. Approximately,
250 ng of a 32P-labeled DNA probe containing the Sox6-
binding site and 4.5 μg of chicken erythrocyte DNA (150−200
bp) as a carrier were mixed with human histones−tetramers
and dimers approximately in a 1:0.5:0.5 ratio in HFB buffer (2
M NaCl, 10 mM Tris pH 7.4, 1 mM EDTA pH 8 and 10 mM
β-mercaptoethanol), respectively. The mixtures were trans-
ferred into dialysis tubing, and the reconstitution was done by
dialysis against a slowly decreasing salt buffer. The NaCl
concentration starts at 2 M and decreases slowly up to 500
mM NaCl. Indeed, with the help of a peristaltic pump, low salt
buffer is added to the high salt buffer beaker at the rate of 1.5
mL/min for 18 h. Once finished, the dialysis bags were
transferred to a 300 mM NaCl buffer and left for buffer
exchange for 2 h, which was followed by final dialysis in 10
mM NaCl buffer overnight. All NaCl buffers for reconstitution
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include 10 mM Tris pH 7.4, 0.25 mM EDTA, 10 mM β-
mercaptoethanol, and the desired amounts of NaCl.

Sox6 HMG Domain Binding Reaction. The binding
reaction of the Sox6 HMG domain on DNA or nucleosomes
was carried out at 37 °C. Typically, the Sox6 HMG domain
was mixed with DNA or a nucleosome (50 nM) in a 20 μL
reaction containing 1× binding buffer (10 mM Tris, pH 7.4, 75
mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT), 100
mg/mL bovine serum albumin (BSA), 0.01% NP40 and 5%
glycerol). The naked DNA was supplemented with carrier
nucleosomes to a final concentration equal to those of labeled
nucleosomes. The maximal Sox6 concentration was 1000 and
3000 nM in naked DNA and nucleosome samples, respectively,
and the dilution step was 1.5. An aliquot of this reaction mix
was used to check the formation of the Sox6 HMG
domain:DNA or Sox6 HMG domain:nucleosome complex by
5% native PAGE at room temperature in 0.3× Tris−borate−
EDTA (TBE) buffer. The remaining aliquots were probed by
UV laser footprinting.

Hydroxyl Radical Footprinting. Hydroxyl radical foot-
printing was carried out to check the strong nucleosome
positioning ability of the Sox6-binding site-incorporated 255
bp of 601 constructs. The reaction was carried out in a 15 μL
final reaction mixture in quencher-free buffer placed at the
bottom of an Eppendorf tube. The hydroxyl radicals were
generated by mixing 2.5 μL each of 2 mM FeAmSO4/4 mM
EDTA, 0.1 M ascorbate, and 0.12% H2O2 together in a drop
on the side of the reaction tube before mixing rapidly with the
reaction solution. The reaction was terminated after 2 min by
addition of 100 μL of a stop solution (0.1% SDS, 25 mM
EDTA, 1% glycerol, and 100 mM Tris, pH 7.4), and the DNA
was purified by phenol/chloroform extraction and ethanol/
glycogen precipitation. The DNA was resuspended in
formamide loading buffer, heated for 3 min at 80 °C, and
ran along with UV laser samples on 8% denaturing gel in 1×
TBE buffer. The gels were dried and exposed overnight on a
phosphor imager screen. The gels were scanned on a phosphor
imager and analyzed by Multi-Gauge (Fuji) software.

UV Laser Footprinting. The UV laser-specific biphotonic
lesions 8-oxoG were mapped by Fpg glycosylase, which is
generated in the Sox6 cognate binding sequence upon UV laser
irradiation. The samples were exposed to a single high-
intensity UV laser pulse (Epulse ∼0.1 J/cm2), as described in
previous studies.14,80 The DNA was then purified by phenol−
chloroform and ethanol/glycogen precipitated. The purified
DNA was resuspended in resuspension buffer (10 mM Tris,
pH 7.4, 30 mM NaCl, 1 mM EDTA, 1 mM DTT, 100 μg/mL
BSA, 0.01% NP40) and cleaved with 0.1 units of Fpg
glycosylase. The DNA was lyophilized and resuspended in
formamide loading buffer, heated for 3 min at 80 °C, and
loaded on 8% sequencing gel in 1× TBE buffer. The gels were
dried and exposed overnight on a phosphor imager screen. The

screens were scanned on a phosphor imager and analyzed by
Multi-Gauge (Fuji) software.

Gel Quantification and Apparent Dissociation Con-
stant (Kd

app) Evaluation. Gel quantifications were performed
by integration of rectangles encompassing the cleavage bands
of interest. Signal intensities were determined as the relative
averaged intensities of the footprinted GG cleavage bands. For
a given binding site, these bands were normalized to the
″internal standard″ bands, belonging to four to five other
guanines within the respective DNA ladder in the absence of
Sox6. The averaged and normalized relative intensities were
plotted as a function of the Sox6 concentration together with
the mean deviations. To evaluate the apparent dissociation
constant (Kd

app), the experimental data were fitted mathemati-
cally to smoothly decaying curves by least-squares deviation
procedure using MATLAB R2022B software with a biexpo-
nential function (fitexp2) providing R2 > 0.97 and RMSE <
0.0579 (Table 3). The apparent dissociation constant, by
analogy with the true Kd, was determined as the Sox6
concentration corresponding to the 1/2 level of the signal
intensity change.
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