Article

Nucleosome-bound SOX2 and SOX11
structures elucidate pioneer factor function

https://doi.org/10.1038/s41586-020-2195-y
Received: 9 December 2019

Svetlana O. Dodonova', Fangjie Zhu?, Christian Dienemann’, Jussi Taipale? & Patrick Cramer'™

Accepted: 18 March 2020
Published online: 22 April 2020

M Check for updates

‘Pioneer’ transcription factors are required for stem-cell pluripotency, cell
differentiation and cell reprogramming'?. Pioneer factors can bind nucleosomal DNA
to enable gene expression from regions of the genome with closed chromatin. SOX2 is

aprominent pioneer factor that is essential for pluripotency and self-renewal of
embryonic stem cells®. Here we report cryo-electron microscopy structures of the
DNA-binding domains of SOX2 and its close homologue SOX11 bound to
nucleosomes. The structures show that SOX factors can bind and locally distort DNA
atsuperhelical location 2. The factors also facilitate detachment of terminal
nucleosomal DNA from the histone octamer, which increases DNA accessibility.
SOX-factor binding to the nucleosome can also lead to arepositioning of the
N-terminal tail of histone H4 that includes residue lysine 16. We speculate that this
repositioning isincompatible with higher-order nucleosome stacking, which involves
contacts of the H4 tail with a neighbouring nucleosome. Our results indicate that
pioneer transcription factors can use binding energy to initiate chromatin opening,
and thereby facilitate nucleosome remodelling and subsequent transcription.

Transcription of the human genome is controlled by about
1,600 transcription factors®*. Transcription factors recognize DNA
motifs and recruit protein complexes that enable transcription ini-
tiation®. The binding of most transcription factors is restricted to
regions of the genome that are not packaged into chromatin®. Some
transcription factors can, however, bind to chromatin via contacts
toits fundamental unit, the nucleosome’. These pioneer transcrip-
tion factors can initiate transcription in silent chromatin regions®,
and are required for embryo development, cell differentiation and
cell reprogramming’.

SOX2and OCT4 (also known as POUS5F1) are pioneer factors that are
widely used for the reprogramming of adult cells toinduced pluripo-
tent stem cells>'®", SOX2 and OCT4 can interact with nucleosomes
in vitro and in vivo'*"®, SOX2 alone can direct chromatin opening™
and bind target DNA sites before OCT4 in vivo'®, and SOX2 binding to
DNA can also follow OCT4 binding in vitro®. Most factors in the SOX
family (hereafter, SOX factors) show pioneer factor function’ and are
essential for developmental processes'’. The mutation of SOX factors
can lead to severe developmental defects and cancer'®. How pioneer
transcription factors suchas SOX factors bind to the nucleosome, and
how they make DNA accessible for their non-pioneer partner proteins,
isunknown.

To investigate this, we determined the cryo-electron microscopy
(cryo-EM) structure of human SOX2 in complex with a nucleosome
(Methods). We used a 147-bp nucleosomal DNA sequence (hereaf-
ter referred to as DNA-1) (Extended Data Fig. 1) that was previously
selected for binding the closely related factor SOX11”. The DNA-binding
domains (DBDs) of SOX2 and SOX11 share 83% sequence similarity
(Extended Data Fig. 2), and bind the same DNA motif (TTGT)". Base
pairs ofthe TTGT core motif are specifically contacted by amino acid

residuesinthe RPMNAFMVW signature motif of the SOX-factor HMG
box™. SOX2 and SOX11 bind the same target sites in cells, substan-
tially differ only inregions that flank their DBDs, and recruit different
factors'%,

Nucleosomes containing DNA-1bound recombinant SOX2 or SOX11
DBDs (Extended DataFig.3). We added the purified SOX2 DBD in excess
to reconstituted nucleosomes, plunge-froze cryo-EM grids and col-
lected cryo-EM data (Methods). A subset of 32,301 particles resulted
inan approximately 5.5 A resolution map that showed extra density on
the nucleosome surface (Fig. 1, Extended Data Fig. 4, Extended Data
Table1). We fitted the map with structures of the nucleosome* and the
SOX2 DBD* (Extended DataFigs. 4, 5).

The nucleosome-SOX2 structure that we obtained revealed a
single copy of the SOX2 DBD bound to DNA at superhelical loca-
tion (SHL) +2 (Fig.1). The observed SOX binding involves specific
interactions with the DNA motif, as confirmed by site-directed
mutagenesis of involved residues in SOX11 and by mutagenesis of
the DNA-1sequence (Extended Data Figs. 3, 6). In further agree-
ment with our structure, in vivo?® SOX factors preferentially occupy
target sites that are located near the centre of the nucleosome?.
Although DNA-1 contains multiple SOX-binding motifs and can
bind multiple copies of SOX2, nucleosomes containing DNA-1bind
only one copy of SOX2 (Extended Data Figs. 1, 3). In the context
of the DNA-1sequence, binding of the SOX DBD to other sites on
the nucleosome would result in clashes with DNA and histones
(Extended Data Fig. 1d).

Despite extensive efforts, the resolution of our nucleosome-SOX2
structure remained limited. We therefore determined the structure of a
nucleosome bound to the DBD of SOX11 (Methods). The cryo-EM data-
set contained 222,731 particles and resulted ina detailed reconstruction
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Fig.1|Structure of the nucleosome-SOX2 complex. Structure of the
nucleosome-SOX2 complex reveals SOX2binding at SHL +2. Top and side views
arerelated by a90°rotation around the dyad (dashed line). Superhelical
locations -3to+3 are labelled. SOX2 DBD is shownin pink; histones H2A, H2B,
H3and H4 are showninyellow, red, blue and green, respectively; DNAis shown
indark and lightblue. h1-h3, helices1-3.

at 3.7 A resolution (Extended Data Figs. 4, 5). To aid model building,
we additionally determined the crystal structure of the SOX11 DBD
in complex with a DNA fragment at 2.5 A resolution (Extended Data
Fig.2c-f, Extended Data Table 2).

The structure of the nucleosome-SOX11 complex was virtually
identical to that of the nucleosome-SOX2 complex (Extended Data
Figs. 4g, 5).Itis also agood model for nucleosome complexes with
the DBDs of other members of the SOX family, which are highly con-
served (Extended Data Fig. 2). For comparisons, we further deter-
mined the structure of the free nucleosome containing DNA-1from
368,270 particles at 3.2 A resolution (Extended Data Figs. 4, 5). This
structure was highly similar to the canonical nucleosome structure
(Protein Data Bank (PDB) code 6FQ5), root mean square deviation
(r.m.s.d.) (P)=1.0A).

Comparison of the nucleosome-SOX11 structure with the free
nucleosome structure shows that SOX11 binding leads to strong
local DNA distortions at SHL +2 (Fig. 2) (local r.m.s.d. (P) =3.9 A;
calculated for 12 bp of DNA). SOX11 widens the DNA minor groove
by 7 A and pulls the DNA away from the histone octamer by 3-4 A
(coordinate error of approximately 1A), which increases DNA bend-
ing (Fig. 2). These DNA distortions are induced by SOX11 binding,
and are also observed in our SOX11-DNA crystal structure (r.m.s.d.
(P)=1.4 A, for 12 bp of DNA). Thus, the SOX factor uses binding
energy to distort DNA locally, despite competing histone-DNA
interactions.

Inboth nucleosome-SOX-factor structures, approximately 2.5 turns
of both DNA termini are detached from the histone octamer and not

Free
nucleosome

Nucleosome-SOX

Fig.2|Structure of the nucleosome-S0OX11complex, and local DNA
distortion.SOX11is shownin pink,and DNAbound by SOXis shownin darkand
light blue. DNAin the free nucleosomestructure is shownindarkand light
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visible in the cryo-EM densities (Fig. 3, Extended Data Fig. 5). This is
consistent with the observation that several SOX factors facilitate DNA
unwrapping from the nucleosome’, and with the known high dynamics
of the terminal DNA%?%, A DNA cleavage assay supports the increase
in accessibility of the terminal nucleosomal DNA in the presence of
SOX11 (Extended Data Fig. 7). Comparison with the free nucleosome
structure indicates that terminal DNA at SHL -7, SHL -6 and SHL -5 is
detached from the octamer because of a clash with helix 2 of the SOX
factor (Fig. 3c, Supplementary Video 1). Thus SOX factor binding to the
nucleosome facilitates DNA detachment and increases accessibility
of terminal DNA.

Our cryo-EM data also suggest the dynamics that underlie nucle-
osome invasion by SOX factors. A set of particles from a separate
dataset (151-bp DNA-1) (Methods) resulted in an alternative nucle-
osome-SOXI11 structure in which the terminal DNA near SOX11
remained associated with the histone octamer (hereafter, nucleo-
some-SOX11*) (Fig. 3, Extended Data Figs. 4, 5). Thus, SOX factors
may initially bind to their target site without detaching the second
DNA gyre. Movement of the DNA-bound SOX factor to the position
observed in the nucleosome-SOX11 structure would then lead to a
clash that is resolved by terminal DNA detachment. This resulted in
amodel of nucleosome invasion and DNA unwrapping by SOX-factor
binding (Fig. 3, Supplementary Video 1). The proposed mechanism
differs from that used by the yeast pioneer factor Rebl, which binds
and traps terminal DNAZ.,

Inour nucleosome-SOX factor structures, terminal DNA is detached
onboth sides of the nucleosome, which suggests an additional allos-
teric effect of the SOX factor on nucleosome stability. Detachment
of terminal DNA on the other side of the nucleosome may be stabi-
lized by binding of a second copy of the SOX factor at SHL -2, which
we observed in a subpopulation of our cryo-EM particles (Extended
DataFigs. 4, Se). In this nucleosome-SOX11, structure, the orientation
of SOX-factor binding is determined by the asymmetric DNA motifs
atboth SHL +2 and SHL -2, with the latter apparently having lower
affinity (Extended Data Figs. 3, 6). We speculate that SOX factors may
also bind to multiple sites of a nucleosome in vivo. For example, a
well-studied SOX2-binding genomic location (LIN28) contains two
canonical SOX2 DNA motifs within a nucleosome and shows a broad
peak of SOX2 occupancy™.

The nucleosome-SOX11, structure shows that SOX11 binding at
SHL -2isincompatible withbinding of terminal DNA at SHL +7, SHL +6
and SHL +5, although the predicted clash at this locationis with helix 3
and both termini of the SOX-factor DBD. DNA detachment is also
observed with the use of Forster resonance energy transfer experi-
ments when SOX11is present at high concentrations (Extended Data
Fig. 7). Thus, SOX factors can induce detachment of both DNA ends
and can bind to both sides of the nucleosome (Fig. 3, Supplemen-
tary Video 1). These observations agree with the recently described
strong preference for SOX2 binding at approximately +25 bp around
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green. The cryo-EM maps shown here were Gaussian-smoothened. For clarity,
SOX density was segmented out on the right (blue models). TF, transcription
factor.
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Fig.3|Model of nucleosome invasion by SOX factors. a, Nucleosome
invasion by SOX factors and terminal DNA detachment. Schematic of the
structures reported here. From left to right, free nucleosome, nucleosome-
SOX11* nucleosome-SOX11and nucleosome-SOX11, are shown. The histone
octamerisshowninorange, SOXinpinkand DNAinblue.Detached DNA is
showningrey. The dyadis shownasadashed line orasadot.b, Fourstructures,

the nucleosome dyad in vivo*. However, the possibility that SOX fac-
tors may also bind additional nucleosomal positionsin other contexts
isnot excluded.

The nucleosome-SOXI11 structure further shows that binding
of SOX11 repositions the N-terminal tail of H4 (Fig. 4, Extended
Data Fig. 8). In the free nucleosome structure, the H4 tail binds to
its canonical site and follows a trajectory towards DNA at SHL +2.
However, in the nucleosome-SOX11 structure, the binding site of
the H4 tail at SHL +2 is occupied by the SOX11 C-terminal tail (Fig. 4,
Extended DataFig. 8). The H4 tail is displaced, rotated by about 90°
and extends towards SHL +1. The functionally important residue
lysine 16 (K16) moves by around 33 A. However, at SHL -2 SOX11 is
oriented differently and does not displace the H4 tail (Extended
Data Fig. 8c).

We speculate that SOX-factor binding may beincompatible with the
formation of canonical nucleosome-nucleosome contacts®® (Extended
Data Fig. 8). Formation of nucleosome arrays depends on the H4 tail
and is impaired by K16 acetylation or tail truncation® !, Nucleosome

Fig.4|SOX11repositions the H4 tail. Top and side views of SHL +2 with SOX
transcription factor (pink). Histones are grey, except for H4. H4 from the free
nucleosomeisshowningreenwhere the H4 N-terminal (N) tail would clash with
the C-terminal (C) SOX tail. In the nucleosome-SOX structure, the H4 tail is
repositioned (orange). Residue K16 is marked with a coloured circle.

colouredasinFig.1. Detached DNA was modelled asideal B-DNA (grey). The
black box shows acomparison of the nucleosome-SOX* (dark blue) and
nucleosome-SOX (pink) structures. ¢, DNA superpositionin the free
nucleosome and the SOX factor (surface view) from the nucleosome-SOX
structureillustrates the clashbetween SOX and thesecond DNA gyre.

stackingis mediated by H4 tail residues K16—-R19 that interact with the
acidic patch of the H2A-H2B histone dimer of the neighbouring nucleo-
some?*?, Modelling the SOX DBD onto a nucleosome array*’ suggests
thatthe pioneer factor could be accommodated. SOX binding at SHL +2
and SHL -2 might be preferred over binding at the nucleosome dyad,
whichwouldbe occluded by the H1linker histone. However, for efficient
chromatin opening, SOX factors cooperate with other transcription
factors such as OCT4, KLF4, PAX6, Nanog, BRN2, and PRX1', and with
ATP-consuming chromatin remodellers®,
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized and investigators were not blinded
to allocation during experiments and outcome assessment.

Plasmids and strains

Full-length histone sequences from Homo sapiens were incorporated
into the following plasmids: pET22B-H2B, pET22b-H3.2, pET3a-H4
(kindly provided by the W. Fischle laboratory). The H2A construct was
cloned into a LIC1B vector (MacroLabs) and contained an N-terminal
6xHis-tag followed by a tobacco etch virus (TEV) protease cleavage
site (HHHHHHENLYFQS). The SOX2 DBD construct contained residues
36-121of the full-length SOX2 (UniProt ID P48431). The DBD sequence
was codon-optimized and synthesized by IDT as a gBlock. The gBlock
was inserted into a LIC1B plasmid following N-terminal 6 xHis-tag and
aTEV protease cleavage site sequences. The SOX11 DBD with short
flanking sequences contained residues 33-138 of full-length SOX11
(UniProtID P35716). It was inserted into a LIC1B plasmid. The construct
was identical to the SOX11 construct used ina previous study’. Protein
constructs are schematically shown in Extended Data Fig. 2.

Protein purification

Histones were purified according to standard protocols***. Purified
histones were flash-frozen and lyophilized. Histones were resuspended
in unfolding buffer (6 M guanidine hydrochloride, 20 mM HEPES pH
7.5,10 mM dithiothreitol (DTT)). H2A, H2B, H3 and H4 were mixed
in1.2:1.2:1:1 ratios, and dialysed against three changes of refolding
buffer high (RB high: 20 mM HEPES pH 7.5,1 mM EDTA, 2 M NaCl,
2mMDTT). After dialysis, the sample was concentrated and loaded onto
a size-exclusion chromatography column (Superdex 200 10/300 GL,
GE Healthcare). A peak corresponding to the complete octamer was
collected and used for nucleosome reconstitution. The SOX2 DBD was
expressed in BL21 (DE3) RIL Escherichia coli cells and purified over a
sequence of columns: affinity His-Trap HP, cation exchange HiTrap
SP-HP and size-exclusion Superdex7510/300 GL (GE Healthcare). The
His-tag was cleaved off after the affinity purification step. The SOX11
DBD was expressed and purified exactly as the SOX2 DBD. Purified
proteinsin the final buffer (20 mM HEPES pH 7.5,1 mM EDTA, 150 mM
NaCl,1mM DTT) were flash-frozen and stored at -80°.

DNA preparation

DNA-1templatesequence was: ATCTACACGACGCTCTTCCGATCTAATTT
ATGTTTGTTAGCGTTATACTATTCTAATTCTTTGTTTCGGTGGTATTGTTT
ATTTTGTTCCTTTGTGCGTTCAGCTTAATGCCTAACGACACTCGGAGAT
CGGAAGAGCACACGTGAT. This sequence was directly (no changes)
adopted from the NCAP-SELEX experiment with nucleosomes and
SOX transcription factor described previously’.

DNA-lasequencewithallbutone ofthe TTGT motifsreplacedbyaran-
domsequence was: ATCTACACGACGCTCTTCCGATCTAATTTATTCAG
ACTAGCGTTATACTATTCTAATTTCAGACTTCGGTGGTCAGACTTATCAG
ACTCCTTTGTGCGTTCAGCTTAATGCCTAACGACACTCGGAGATCGG
AAGAGCACACGTGAT.

Widom 601 DNA template used as a control was: ATCGAGAATCCC
GGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTA
AACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTA
CTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCGAT. Three bases
ateach end were changed to accommodate an EcoRV restriction site.

The DNA* template used for the nucleosome-SOX* structure
determination was 151 bp long and almost identical to the DNA-1: A
TCCCTACACGACGCTCTTCCGATCTAATTTATGTTTGTTAGCGTTATAC
TATTCTAATTCTTTGTTTCGGTGGTATTGTTTATTTTGTTCCTTTGTGC
GTTCAGCTTAATGCCTAACGACACTCGGAGATCGGAAGAGCACACGTC
TGAT. Two additional nucleotides on each side inthe DNA* template are
highlighted in bold. The rational for using aslightly longer 151-bp DNA

construct was the following. The H2A C-terminal tail regulates nucleo-
some conformation by binding to linker DNA at different locations and
stabilizes the nucleosome®. Whenalonger DNA construct is used, the
H2A C-terminal tail stabilizes the DNA ends better (in comparison with
the shorter constructs), thus shifting the equilibrium towards a ‘closed’
nucleosome conformation evenin presence of SOX transcription factor.

The ‘Widom+1’ DNA template had the following sequence: ATCG
AGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGC
ACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTTCCTTTGTG
CGTTATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCGAT.
The DNA-1b template with all of the TTGT motifs mutated had the
following sequence: ATCTACACGACGCTCTTCCGATCTAATTT
ATTCAGACTAGCGTTATACTATTCTAATTTCAGACTTCGGTGGTCAGAC
TTATCAGACTCTCAGACGCGTTCAGCTTAATGCCTAACGACACTCGGAG
ATCGGAAGAGCACACGTGAT.

A plasmid pMK containing four consecutive copies of a DNA tem-
plate ofinterest separated by ECORV restriction sites was ordered from
GeneArt (Thermo Fisher). The plasmid was produced in large quanti-
tiesin £. coli XL1blue cells, and purified with a NucleoBond PC10000
kit (Macherey Nagel). The plasmid was digested with ECORV enzyme
(NEB) overnight, and produced four copies of the insert per plasmid.
The plasmid was then precipitated with PEG-6000¥. The insert was
further purified by size-exclusion chromatography with a Superose
6 Increase column (GE Healthcare). Peak fractions were pooled and
concentrated by ethanol precipitation. Alternatively, DNA templates
(DNA-1b, Widom+1 and Cy3-labelled DNA-1) were amplified from a
plasmid with one insert copy via PCR. PCR product was purified via
anion exchange on Resource Q 6 ml column (GE Healthcare).

Sample preparation and experiments for Forster resonance
energy transfer

H2A(K119C) was prepared as described above and labelled according to
ref. ®with Cy5-maleimide (GE GEPA25031). Fluorescent DNA-1template
was produced by PCRwitha Cy3 5’ labelled primer (IDT). Nucleosomes
containing both labelled or just the donor Cy3 as control were recon-
stituted. Cy3 label was located at the SHL +7 end of the nucleosome. In
the buffer containing 10 mM HEPES pH 7.5,1 mM MgCl,, 0.01mM ZnCl,,
1mMDTT, 10 mM Nacl, 0.5 mg/ml BSA, nucleosomes (60 nM concen-
tration) and SOX were mixed on ice and the spectra were recorded.
Excitation wavelength of 510 nm was used. Forster resonance energy
transfer (FRET) efficiency was calculated using a standard formula
E=1-I,,/I,.Fourindependent experiments were performed.

Nucleosome reconstitution

Nucleosomes were reconstituted from the histone octamer and
DNA template with a salt gradient as previously described®. In brief,
octamer and DNA were mixed in 1.2:1 ratio in RB high, transferred
into Slide-A-Lyzer MINI Dialysis Units 7,000 MWCO (Thermo Fisher),
and dialysed gradually over a course of 24 h from RB high into RB low
(20 MM HEPES pH 7.5,1mM EDTA, 20 mM NaCl, 2 mM DTT). Freshly
reconstituted nucleosomes were concentrated in Amicon Ultra-0.5
centrifugal filters MWCO 10,000 (Sigma Aldrich).

Cryo-EM grid preparation and data collection

Nucleosomes at 1.6 pM concentration were mixed with 20x molar
excess of SOX transcription factor at 4 °C in the final buffer contain-
ing20 MM HEPES pH7.5,1mMEDTA, 30 mM NaCl,2mMDTT, and used
for cryo-grid preparation. First, R 2/1 Cu 300 mesh grids (Quantifoil)
were glow-discharged with PELCO easiGlow (Ted Pella) device for 120
s.Next, 3.5 pl of sample was applied to the grid in the Vitrobot Mark
IV (FEI) chamber at 100% humidity and 16 °C. The excess of liquid was
blotted away for10s, and the grid was vitrified by plunginginto liquid
ethane. Data collection was performed ona G2 Titan Krios microscope
(FEI) equipped with a K2 Summit direct electron detector (Gatan). Data
were collected with EPU software (Thermo Fisher), with defocus ranging
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from 0.9 to 3.4 pumat anominal magnification of 130,000x and a pixel
size of 1.05 A/pixel. Data were collected with an energy filter slit set to
30eV.Thetotal electron dose of 45 e /A’ was distributed over 40 movie
frames. For allimaged samples at least 50% of the data were collected
at 25° stage tilt to partially compensate for preferred orientation of
particlesonthe grid, and toimprove angular distribution. The quality
of the reconstructions was improved compared to the zero-tilt data.
Data collection was monitored on-the-fly with Warp* and cryoSPARC
2D classification*.

Data processing and analysis

Processing details are summarized in Extended Data Table 1. For every
dataset, particles were picked with gAutomatch, CTF determination was
performed with Getf*. Theinitial reference from the free-nucleosome
set was obtained ab initio in cryoSPARC, low-pass-filtered to 40 A and
used as astarting point for the 3D classification of all datasets. For every
dataset, tospeed up the computation, binned particles with the pixel size
of4.2 Awere extracted and subjected to several rounds of 2D classifica-
tionand 3D classification in Relion*2. Classes showing high-resolution
features were selected for further processing. Next, selected particles
were re-extracted with a pixel size of 2.1 A, and were 3D-classified and
cleaned again. Finally, particles were re-extracted at the final pixel size of
1.05A andbox size of 400 pixels, and subjected to 3D refinement. For all
datasets, processing was performed without symmetry application (C,).
Final Fourier shell correlation (FSC) curves supplied with directional FSC
curves and anisotropy estimates were calculated using 3DFSC server*
(Extended Data Fig. 4). In addition, for each map local resolution was
calculated in Relion (Extended Data Fig. 4).

For the free nucleosome dataset, after CTF refinementand 3D refine-
ment, finalmaps were sharpened using B-factor of =75. The final dataset
contained 368,270 particles. When classified, this dataset showed
typical levels of partial DNA unwrapping (about 10 bp) at the nucleo-
some entry or exit sites in around 15% of the data (similarly to ref. *);
however, the overwhelming majority of particles contributed toa fully
wrapped nucleosome reconstruction.

In case of the nucleosome-SOX2 dataset, classes that showed addi-
tional densities were selected after 3D classification (with global soft
mask applied). Next, a selected subset was subjected to a round of
focused classification with a small soft spherical mask centred at the
additional density near SHL +2 of the nucleosome. A class showing
strong additional density was selected and further refined. The final
dataset was CTF-refined to compensate for local defocus variations.
As afinal step, the dataset was subjected to non-uniform refinement
in cryoSPARC, which led to an improved local resolution distribution
inthe 3D reconstruction. The final map was sharpened using a B-factor
of -100. The final dataset contained 32,301 particles. For an overview
ofthe processing pipelines for both nucleosome-SOX11 datasets, see
Extended Data Figs. 9, 10. The starting number of particles (several
million) was similar for nucleosome-SOX2 and for nucleosome-SOX11
datasets; however, nucleosome-SOX2 yielded a smaller number of
‘good’ particles that resulted in a final reconstruction.

The nucleosome-SOX11 dataset was processed in asimilar way. The
final dataset after initial steps of coarse cleaning was classified into
four classes, out of which two were of high quality. One of the classes
(202,142 particles) showed a clear additional density at SHL +2 and
detached terminal DNA. The corresponding final map was sharpened
using a B-factor of -100. Another class with two additional densities
(nucleosome-SOX11,) contained 114,104 particles. It was refined and
sharpened using a B-factor of -120. In this nucleosome-SOX11, struc-
ture, the SOX factor molecules arelocated at SHL +2and SHL-2, but are
not related by the two-fold pseudo-symmetry of the nucleosome. This
confirms that the density for the second SOX factor is not an artefact
of particle misalignment during data processing. Lower occupancy of
SOX11at SHL -2 may be due to the presence of a weaker binding motif
TTCT in that position. The local curvature induced by SOX binding

at SHL -2 is not as pronounced as at SHL +2, possibly also owing to a
weaker binding motif.

The nucleosome-SOX11* dataset resulted in two distinct classes.
The first class (130,870 particles) resulted in amap virtually identical
to the nucleosome-SOX structure, but with slightly lower resolution
(about 4.0 A). The remaining 63,821 particles resulted in the nucleo-
some-SOX* map. The final nucleosome-SOX* map was sharpened
using B-factor of -100.

Modelfitting and refinement

To model the free nucleosome structure, we started from a canonical
nucleosomesstructure obtained by cryo-EM (PDB code 6FQ5)* and altered
the DNA sequence to correspond to the DNA-1template using Chimera®.
Several amino acid residues in the Xenopus laevis histones were substi-
tuted with ones corresponding to the H. sapiens histones in Coot*¢. Next,
the model wasfitted into the corresponding sharpened cryo-EM map of
the free nucleosome and refined in real space using Phenix*.

The refined model of the free nucleosome was used to generate
models for the nucleosome-SOX complex structures. In case of the
nucleosome-SOX2 complex, boththe nucleosome model and the SOX2
structure (PDB code 104X) were placed into the cryo-EM map, nucleo-
some DNA regions outside of the map were removed and the model was
refined inreal space using Phenix. For the nucleosome-SOX11 models,
the nucleosome and the X-ray structure of SOX11 (determined in this
study) were placed into the density and refined in real space using
Phenix. In both cases, extra reference model restraints (o =1) were
imposed to keep the model close to the available higher-resolution
X-ray structure. In addition, base-pair and base-stacking restraints
were used during refinements, excluding the region near the SOX
transcription-factor binding site because stronglocal DNA distortion
was evident in this region of the map. An equivalent procedure was used
for modelling the other structures described here.

Electrophoretic mobility shift assay
Nucleosomes at afinal concentration of 1.1nM were mixed with purified
proteins (SOX2 or SOX11 DBD). The final buffer contained 10 MM HEPES
pH7.5,1mMMgCl,, 0.01mM ZnCl,,1mMDTT, 10 mM NacCl, 0.5 mg/ml
BSA, 5% glycerol asinref."? (Extended Data Fig. 3). Samples were incu-
bated at10 min at room temperature, mixed with Novex Hi-Density TBE
sample buffer (Thermo Fisher), and loaded onto a 6% TBE PAGE. Elec-
trophoresis was performed at4 °Cat100Vin 0.5x TBE buffer for1.5-2
h. Gels were stained with SYBR Gold dye (Thermo Fisher), washed, and
imaged with Typhoon 9500 FLA Imager (GE Healthcare Life Sciences).
Electrophoretic mobility shift assays (EMSAs) (Extended DataFig. 6)
were performed identically to the procedure described above, but
with higher final glycerol concentration to better observe the effects
of point mutations of SOX11 on the nucleosome-binding properties of
SOX11linawider range of apparent affinities. A control EMSA in the 12%
glycerol buffer is shown in Extended Data Fig. 6a, b.

Digestion assay

Two hundred and fifty nanograms of nucleosome or DNA was mixed
onice with increasing amounts of SOX11in digestion buffer (20 mM
HEPES pH7.5,30 mM NaCl, 10 mM magnesium acetate, 0.1 mg/mlI BSA).
Then, 0.125 units of restriction enzyme BfuCl (NEB) was added to each
reaction. Samples wereincubated at 37 °C for 30 min, and the enzyme
was inactivated by incubating at 65 °C for 20 min. Samples were then
incubated with proteinase K and urea, and then were loaded onto a
4-20% TBE-gel. Electrophoresis was performed at 180 Vin1x TBE buffer
for 40 min. Gels were stained with SYBR Gold dye (Thermo Fisher),
washed, andimaged with a Typhoon 9500 FLA Imager (GE Healthcare
Life Sciences). Two independent experiments were performed both
for the DNA and nucleosome digestion assays. Band intensities for
the digestion product were measured inImageJ according to standard
routine*,



Crystallization and X-ray structure determination
DNA oligonucleotides (TATTGTTTATTTTGTT and AACAAAATAA
ACAATA) were synthesized and PAGE-purified by IDT. Complimentary
oligonucleotides were annealed by heating to 95 °C and stepwise cool-
ingto4 °C (1°per 90s) ata concentration of 1.5 mM. Concentrated puri-
fied SOX11 DBD and 16-mer DNA were mixed in1:1.2 ratio and incubated
onice for 30 min. Crystallization was achieved by the hanging drop
vapour diffusion method at 20 °C by mixing 1 pul of sample solution
with 1 pl of reservoir solution containing 100 mM NaOAc pH 4.5,200
mM CaOAc, 17% PEG400. Crystals were cryo-protected by 35% PEG400
(v/v) inthe final storage solution and flash-frozen in liquid nitrogen.
X-ray diffraction data were collected at beamline X10SA at the Swiss
Light Source using a Pilatus 6M detector. Data were indexed and inte-
grated using XDS and scaled using XSCALE*. The structure was solved
by molecular replacement with PHASER®, using the structure of the free
SOX2 (PDB code 1GT0*) as the search model. The crystals belonged to
spacegroup P6, and diffracted to a resolution of 2.5 A. The asymmetric
unit contained two protein-DNA complexes (Extended Data Fig. 2d).
Density modification and model building was carried out with phenix.
autobuild and manually completed in Coot. The model wasiteratively
refined with phenix.refine and outliers were fixed in Coot. The final
Ry..factor was 26%. The final model contained SOX11 residues 46-122
and DNA nucleotides 1-14. Diffraction data and refinement statistics
aresummarized in Extended Data Table 2.

Estimation of the effect of Mg? on the nucleosome-SOX11
structure

Because nucleosomes are known to be sensitive to Mg concentration,
we wanted to test whether Mg?" affects the nucleosome-SOX11 struc-
ture.Nucleosomes at1.6 UM concentration were mixed with 20x molar
excess of SOX11transcription factor at4 °Cinthe final buffer containing
20 MM HEPES pH7.5,30 mM NaCl,1mM DTT supplied with additional
1mMMgCl,, 0.01mM ZnCl,, 0.5% glycerol. Such sample buffer resembles
the buffer used for our EMSAs except for glycerol and BSA, which should
beavoidedincryo-EMsamples. Next, we used this sample for cryo-grid
preparation. We collected a dataset on the Titan Krios equipped witha
K3 Gatan detector, nominal pixel size 1.07 A. Processing was done simi-
larly to the other datasets described here. The final set contained 93493
particles. After light 3D classification (removing low resolution classes),
the cryo-EM map (at 4 A resolution, with 0.73 sphericity) looked highly
similar to our original nucleosome-SOXI11 structure. The comparison
isshownin the Extended Data Fig. 6g. We concluded that Mg* ions do
notalter nucleosome-SOX structure. Overall, the Mg** sample looked
better than the original one in terms of SOX occupancy and quality: a
higher portion of particles from the original set contributed to the final
reconstruction. We did not further analyse this dataset.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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ATCTACACGACGCTCTTCCGATCTAATTTATGTTTGTTAGCGTTATACTATTCTAATTCTTTGTTTCGGTGGT

ATTGTTTATTTTGTTCCTTTGTGCGTTCAGCTTAATGCCTAACGACACTCGGAGATCGGAAGAGCACACGTGAT
+4 +8 +13 +21 +73

b
Dyad axis Dyad axis
c DNA-1a: (One TTGT SOX site)
-73
ATCTACACGACGCTCTTCCGATCTAATTTATTCAGACTAGCGTTATACTATTCTAATTTCAGACTTCGGTGGT
CAGACTTATCAGACTCCTTTGTGCGTTCAGCTTAATGCCTAACGACACTCGGAGATCGGAAGAGCACACGTGAT
+73

d Clashes between Sox and canonical nucleosome at all positions with TTXT motifs

SHL-2 SHLO ideal
motif position
455 modelled
SHL+2

+8 -14 37 -10 +4 -28 -43 +13 -20 +21 0

Linear position of the TTXT in the nucleosome [-73 ... +73]

Extended DataFig.1|DNA constructs and motif positions. Related to Fig.1. template sequence. Only one TTGT motifis present (red). d, Structure of SOX2

a,DNA-1sequence. Two DNAstrands are coloured indark and light blue, (PDB code104X) was aligned to each of the motifs presentin nucleosomeland
canonical coremotifs TTGT are coloured inred, TTXT motifs are shownin allowing binding of SOX to the minor groove. The number of clashes was
orange. Only motifs that allow SOX binding to the DNA minor groove are calculated using ‘findclash’command in Chimera software. SOX2 binding to
considered. The position of the third nucleotide of each motifin the DNA-1 motifsat SHL+2and SHL -2 givesrise to the leastamount of clashes with DNA

sequenceisindicated. Motifsat SHL+2and -2 areshowninbold.b, Topviewsof  andhistonescompared to otherlocations. Theideal position (modelled) of the
thenucleosome.H2A,H2B, H3 and H4 are shown inyellow, red, blueand green, SOX motif on the dyad would resultinacomparably low number of clashes.
respectively, DNAisshownindarkandlightblue.SHLs arelabelled. ¢, DNA-1a
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Surface electrostatics

Extended DataFig.2|Conservation of SOX-family DBD sequence and
structure, and X-ray structure of the SOX11-DNA complex. Related to Fig. 1.
a,Domain organization of the human SOX protein family. DBDs are shown as
pinkrectangles; unstructured functionally diverse regions are shown as wavy
lines. Protein constructs used in this study are marked. The alignment of DBD
sequences (produced using Clustal Omega) is shown below®2. b, Structural
conservation of SOX factors. Crystal and nuclear magnetic resonance
structures of SOX transcription factors: SOX2 (ref. ??), SOX11 (this study), SOX4

(ref. '), SOX9, SOX18 (ref. 33) and SOX17 (ref.>*); SRY (ref.**) has a similar fold.
Superimposition of all the structures reveals that they are virtually identical.
c,DNAis engulfed by the strongly positively charged inner surface of the SOX11
DBD.d, Ribbonrepresentation of the SOX11 X-ray structure. e, Two copies of
SOX11-DNAin the asymmetric unit. The contact between the two is mediated
by DNA stacking. f, Comparison of the observed DNA conformation with
canonical B-DNA (green). SOX1lintroduces akinkinto DNA that s typical for
HMG box proteins.
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Extended DataFig. 4 |Global andlocal resolution of cryo-EM
reconstructions. Related to Figs.1-3.a, Example micrographreveals
preferred orientation of nucleosomes. Scale bar, 20 nm. b, FSC plots for five
reported reconstructions. ¢, Local resolution distribution. Insome maps, the
resolution varies from 3 A (dark blue) through 4 A (green) to 6 A (red). The lower
resolution of some DNA regions indicates flexibility. d, Angular distribution
plots. Scale shows the number of particles assigned to a particular angle. Blue,
alownumber of particles; yellow, a high number of particles. e, Directional FSC
plots for the reconstructions calculated on the 3DFSC server*s. Sphericity, as
thedegree of anisotropy presentinthe reconstructions, isindicated above

each plot. Histogramsindicate the portion of voxels with a particular
resolution. f, Visualization of different regions of the nucleosome-SOX11 map.
Inthe nucleosome core, histone side chains are clearly visible; SOX density has
alowerresolution, but helical densities are clearly distinguishable.

g, Rigid-body fit of the SOX2-DNA structure (PDB code 104X) into the
nucleosome-SOX2 cryo-EM map (left). Rigid-body fit of the SOX11-DNA X-ray
structureinto the nucleosome-SOX11cryo-EM map (right). The region
containing SOX and ashort DNA stretch wasisolated from the rest of the map
for clarity.
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Extended DataFig. 5| Gallery of cryo-EM sstructures. Related to Figs.1-4. The mapsare coloured on the basis of the fitted model (asin Fig. 1), orare
a-e, Electron microscopy maps and corresponding models of all reported transparent.
structures. Top views (left) and side views (right) are related by a90° rotation.
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Extended DataFig. 6| EMSAs using SOX2, and wild-type or mutant SOX11in
complex with DNA or nucleosomes. Related to Figs.1-3. EMSAsreveal the
formation of SOX-factor complexes with DNA or nucleosomes. All experiments
wererepeated at least twice with similar results. For gel source data, see
Supplementary Fig.1.a, EMSA of DNA-1or nucleosome-1with wild-type SOX2.
b, EMSA of DNA-1or nucleosome-1with wild-type SOX11.c, EMSA of DNA-1or
nucleosome-1with SOX11(H75A/S80A).d, EMSA of DNA-1 or nucleosome-1with
SOX11(Y118A).Relevant bands are labelled. To observe a wider range of the
binding curve for the mutants, alarger amount of glycerol (12% final
concentration) wasused here (as compared to the EMSAs shownin Extended
DataFig.3, which used 5% glycerol)—thus, the apparent affinity is higher. DNA
ornucleosome concentrationis1.1nM. e, EMSAs reveal formation of SOX-DNA

presence (colored) or absence (grey) of Mg®*

or SOX-nucleosome complexes at different concentrations of salt. There is
virtually no difference in binding at 10 or 30 mM NaCl, whereas binding is
weaker at 150 mM NaCl. DNA or nucleosome concentrationis1.1nM. f, EMSAs
reveal formation of SOX complexes with DNA-1a or nucleosome-1a (only one
canonical motif present) as compared to DNA-1b and nucleosome-1b (inwhich
all canonical SOX motifs were mutated). SOX concentrations ranged from 0 to
200 nM, DNA concentration was 1.1nM. g, Superimposition of two
nucleosome-SOX11cryo-EM maps obtained in the presence of 1mM MgCl,
(grey density) orinthe absence of MgCl, (coloured). Magnesium does not
influence the structure of the SOX-nucleosome complex. Cross-correlation
between the two unmasked mapsis 0.94 (Chimera).
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Extended DataFig.7|Nucleosome-DNA end unwrapping. Related toFigs.1,3.
a,DNA-1sequence with BfuCl digestion sites. BfuCl digestion assays (two
independent experiments for each sample, shown here) of the DNA-1,
nucleosome-1or nucleosome-1b (no TTGT motifs) in the presence of increasing
amounts of SOX11. Therestriction site (about 20 nucleotides away from the
entry and exit sites of the nucleosome) becomes more accessible with higher
concentrations of SOX11.In a DNA-1digestion assay, theamount of digestion
productincreasesslightly inthe low SOX11 concentration range, and then stays
constant over abroad concentration range. For gel source data, see

SupplementaryFig.1.b, BfuCl digestion assay plot for free DNA-1 (black),
nucleosome-1(green) and mutated nucleosome-1b (orange) in the presence of
increasing amounts of SOX11. Each experiment was performed independently
twice (n=2). Meanvalues (lines) and individual measurements (dots) are
shown. Band intensity was calculated using standard routine in ImageJ*

¢, Example fluorescence spectra of Cy3-Cy5-labelled nucleosomein the
presence of increasing amounts of SOX11.d, FRET efficiency plot. Mean values
withs.d.areshown (independent experiments, n=4).
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Extended DataFig. 8| Repositioning of the H4 N-terminal tail. Related to
Fig.4.Cryo-EM maps are shown with a Gaussian smoothening filter (Chimera*’)
applied for clarity. SOXis coloured in pink, H4 isshownin green and the
repositioned H4 tailisshowninorange. a, Free nucleosome. Views of SHL +2
andSHL-2areshowntoillustrate the position of the H4 tail (a dashed line).
Residue K16 ismarked with acircle. b, Nucleosome-SOX11with SOX11located
atSHL+2.Ontheright, asuperimposition with the free nucleosome mapis
shown to highlight different orientations of the H4 tail. ¢, Nucleosome-SOX11
complex with SOX11located at SHL-2. In this location, SOX s oriented
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differently and does not clash with or reposition the H4 tail. d, Nucleosome-
SOX11* The H4 N-terminal tail is repositioned compared with thatin the free
nucleosome. Repositioning of the H4 tail was reported in case of strong
distortionsin the nucleosome structure. e, SOX binding repositions the H4
N-terminal tail and mightimpair nucleosome stacking. Side view of two
stacking nucleosomes (from PDB code 1AOI). H4 interacts with the acidic patch
onthe neighbouring H2A-H2B histone dimer. H4 tail repositioningis
incompatible with nucleosome stacking.
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

Free Nucleosome-  Nucleosome- Nucleosome- Nucleosome-
nucleosome SOX2 SOX11* SOX11 SOX11»
(EMD-10390) (EMD- (EMD- (EMD- (EMD-
(PDB 6T79) 10392) 10394) 10391) 10393)
(PDB 6T7B) (PDB 6T7D) (PDB 6T7A) (PDB 6T7C)
Data collection and
processing
Magnification 130 000x 130 000x 130 000x 130 000x 130 000x
Voltage (kV) 300 300 300 300 300
Electron exposure (e— 45 45 45 45 45
/A?)
Defocus range (pm) 0.9-3.4 0.9-34 0.9-34 0.9-3.4 0.9-3.4
Pixel size (A) 1.05 1.05 1.05 1.05 1.05
Symmetry imposed Cl Cl Cl Cl Cl
Initial particle images 451990 2 347 743 2521110 4178 143 4178 143
(no.)
Final particle images 368 270 32 301 63 821 202 142 114 104
(no.)
Map resolution (A) 32 5.1 43 3.7 4.0
0.143 FSC threshold
Map resolution range 3-3.9 4.5-83 4.1-6.6 3555 3.7-5.3
A
Refinement
Initial model used 6FQ5 6T7A 6T7A 6T79 6T7A
(PDB code)
Model resolution (A) 32 5.1 43 3.7 4.0
FSC threshold
Model resolution range ~ 3-3.9 4.5-83 4.1-6.6 3555 3.7-5.3
A)
Map sharpening B -75 -100 -100 -100 -120
factor (A?)
Model composition
Non-hydrogen atoms 12121 7248 8209 10338 7558
Protein residues 776 838 853 847 916
DNA 290 190 234 190 190
B factors (A?)
Protein 33 76 140 89 106
DNA 81 139 210 140 140
R.m.s. deviations
Bond lengths (A) 0.52 0.60 055 0.52 0.56
Bond angles (°) 0.83 0.88 0.93 0.79 0.86
Validation
MolProbity score 1.28 1.84 2.85 1.37 0.94
Clashscore 5 1 3 7 2
Poor rotamers (%) 0 na* na* 0 na*
Ramachandran plot
Favored (%) 99 na* na* 98.1 na*
Allowed (%) 1 na* na* 1.8 na*
Disallowed (%) 0 na* na* 0.1 na*

na*, model is deposited as backbone only (owing to insufficient resolution of the cryo-EM map).



Extended Data Table 2 | Data collection and refinement statistics (molecular replacement)

SOX11-DNA PDB 6178

Data collection

Space group P 6
Cell dimensions

a,b,c(A) 106.1, 106.1, 76.9

o, B,y () 9090 120
Wavelength (A) 1
Resolution (A) 46-2.5(2.6-2.5)
Rumerge 0.13 (2.3)
I/col 17.3 (1.28)
Completeness (%) 99.7 (98.7)
Redundancy 20.5 (20.3)
Refinement
Resolution (A) 25
No. reflections 17033 (1682)
Rwork / Rﬁ'ee 0.23/0.26
No. atoms 2332

Protein 1307

DNA 1019

Water 6
B-factors 96

Protein 83

DNA 114

Water 65
R.m.s. deviations

Bond lengths (A) 0.01

Bond angles (°) 0.8

Number of crystals = 1. Values in parentheses are for the highest-resolution shell.
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