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Pioneer transcription factors have the ability to access DNA in compacted chromatin'.
Multiple transcription factors can bind together to aregulatory elementina
cooperative way, and cooperation between the pioneer transcription factors OCT4
(also known as POU5F1) and SOX2is important for pluripotency and reprogramming?®*.
However, the molecular mechanisms by which pioneer transcription factors function

and cooperate on chromatin remain unclear. Here we present cryo-electron
microscopy structures of human OCT4 bound to a nucleosome containing human
LIN28B or nMATNI DNA sequences, both of which bear multiple binding sites for
OCT4. Our structural and biochemistry data reveal that binding of OCT4 induces
changes to the nucleosome structure, repositions the nucleosomal DNA and
facilitates cooperative binding of additional OCT4 and of SOX2 to their internal
bindingsites. The flexible activation domain of OCT4 contacts the N-terminal tail of
histone H4, altering its conformation and thus promoting chromatin decompaction.
Moreover, the DNA-binding domain of OCT4 engages with the N-terminal tail of
histone H3, and post-translational modifications at H3K27 modulate DNA positioning
and affect transcription factor cooperativity. Thus, our findings suggest that

the epigenetic landscape could regulate OCT4 activity to ensure proper cell

programming.

DNA-bindingtranscription factors (TFs) target distinct DNA sequences
at gene regulatory regions, thus ensuring specificity in transcription
machinery assembly"’. DNA packaging into nucleosomes can hinder
TFbinding to target sequences®, but asmall set of so-called pioneer TFs
canaccess DNA even within compacted chromatin®'°, Once bound to
their target sites, pioneer TFs can facilitate the recruitment of other
TFs by creating accessible chromatin, a property that underlies their
function as master regulators in embryo development, cell differen-
tiation and reprogramming. In fact, overexpression of four pioneer
TFs — OCT4, SOX2, KLF4 and MYC — promotes the reprogramming
of cells to pluripotency? with OCT4 expression being necessary and
sufficient to reprogram cells*™. In vitro SOX2, KLF4 and MYC bind to
nucleosomes more efficiently in the presence of OCT4 (ref. 8), and
cooperativity between OCT4 and SOX2 is critical for early develop-
mentand reprogramming®? '8, but the molecular mechanismsinvolved
remain unclear.

OCT4 has two DNA-binding domains: OCT4-POUgand OCT4-POUy,.
Previous X-ray structures showed the two domains wrapping around
naked DNA, but such a binding mode would be incompatible with
the nucleosome architecture!®?. In recent cryo-electron microscopy
(cryo-EM) work?, OCT4-POU and the DNA-binding domain of SOX2
were seen unwrapping a nucleosome containing binding sites for those
TFsinserted into the DNA positioning sequence 601 (ref.22). The inserts
were placed to promote optimal binding and stability of the complex,
butthe 601sequenceis known to suppress the nucleosome dynamics
that are typical of biologically relevant sequences?. In recent efforts
to capture OCT4 bound to a nucleosome with an endogenous DNA

sequence, the density for OCT4 could not be observed®?*. Hence, a
structure of OCT4 in complex with a nucleosome containing a physi-
ologically relevant DNA sequence remained elusive, limiting our mecha-
nistic understanding of pioneer TF function. For instance, although
OCT4 and other TFs bind to nucleosomes, it remains unclear whether
theyinteract with histones and whether epigenetic marks would affect
thatinteraction. Previous crosslinking and mass spectrometry analyses
of the reconstituted OCT4-nucleosome complex with endogenous
DNA have shown that OCT4 binds near to the N-terminal tail of histone
H3 (ref. 24), which would require proper positioning of the DNA-binding
site on the nucleosome. Moreover, chromatin occupancy by OCT4
correlates with histone marks found in enhancers, such as H3K27ac
and H3K4mel, but silent marks such as H3K27me3 are also found at
OCT4-binding sites*°; it remains to be determined whether and how
those modifications regulate OCT4 binding.

Toaddressthese gaps, we present cryo-EM structures of human OCT4
bound to nucleosomes containing DNA sequences from human LIN28B
or near the matrilin 1 gene (nMATNI) loci, along with biochemistry
assays. The LIN28B sequence has three binding sites for OCT4, as well as
binding sites for SOX2, KLF4 and MYC®, whereas nMATNI has multiple
OCT4-bindingsites. Both sequences are thus anideal platformto study
cooperative assembly of multiple pioneer TFs.

0CT4 binding to the LIN28B nucleosome

To investigate the mechanism for cooperativity between the pioneer
TFs OCT4 and SOX2, we assembled a complex containing full-length
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Fig.1|OCT4 binds to the nucleosome at the exposed DNA site.a, Acomposite
cryo-EM map (left) and the structural model (right) of human OCT4 (green)
bound toanucleosome (grey) assembled with a182-bp DNA fragment from the
LIN28Blocus.b, Schematic representation of DNA positioning on the LIN28B
nucleosome. Binding sites for OCT4 (OBS1, OBS2 and OBS3) and SOX2, and the
MnlIrestrictionsiteare shown. The nucleosomeis ‘fuzzy’asthe DNA adopts

human OCT4 and SOX2 and a nucleosome with DNA from the human
LIN28B locus® *, This DNA fragment contains three binding sites for
OCT4 (OBS1-3) and one for SOX2 (ref. 8). Using native gel electropho-
resis assays, we observed an association of OCT4 and SOX2 with nucle-
osomes assembled with LIN28B DNA fragments that were 162-bp or
182-bplong (Extended DataFig.1a). However, using cryo-EM analyses,
we could only visualize the proteins bound to the 182-bp nucleosome,
whichindicates that the complex onthe nucleosome with shorter DNA
is less stable?*. Hence, for the remainder of this work, we exclusively
used the 182-bp nucleosome.

The initial cryo-EM reconstructions showed a density bound to the
linker DNA (Extended Data Table 1 and Extended Data Fig. 1b-h), but
the resolution was limited because of flexibility of the complex. To
improve the resolution, we used focused classification followed by
local search refinements and obtained maps with resolutions of 2.8 A
inthe nucleosome portion (Extended Data Fig. 1g-i) and of 3.9 A for a
30-kDaregion of OCT4 bound to linker DNA (Extended DataFig. 2a-g).
We did not observe clear density for SOX2, which suggests that it might
have dissociated during sample preparation. The two maps had suf-
ficient overlapping densities to allow assembly of a composite map
and model (Fig. 1a, Extended Data Table 1 and Extended Data Fig. 2h).
Inthestructure, OCT4 isboundto thelinker DNA near the nucleosome
entry-exit site (Fig. 1a and Extended Data Fig. 2h), in agreement with
previous crosslinking mapping of reconstituted complexes?. Of note,
the DNA bases are well resolved along the nucleosome-wrapped region,
indicating minimal movement of the LIN28B sequence in complex with
OCT4 (Extended Data Fig. 1i). The high resolution of the nucleosomal
DNA allowed us to precisely position the sequence, with OBS1 placed
at the exact location of the OCT4 density (Fig. 1a and Extended Data
Figs.liand 2i).

Todetermine whether OCT4 stabilizes DNA positioning on the LIN28B
nucleosome, we determined a cryo-EM structure of that same nucleo-
someintheabsence of any TFs (Extended Data Table 1). This structure
had an overall resolution of 3.1 A, similar to the OCT4-bound nucleo-
some, but the DNA bases were not well resolved and hence the DNA
position could not be determined (Extended Data Fig. 3a-f). We also
observed thatin some particle classes, the linker DNA protrudes from
bothsides of the histone octamer (Extended Data Fig. 3g), whereas in

Linker DNA l OCT4-binding sites

H3 N-terminal tail
OCT4-POUg

multiple positions due to spontaneoussliding (top). OCT4 binding stabilizes
DNA atadefined position on the nucleosome (bottom). ¢, Close-up view of
OCT4 (green) bound to the nucleosomal DNA (grey; the red line shows the path
of the DNA helix axis), showing thekinkin thelinker DNAintroduced by
OCT4-POU,y,.

the OCT4-bound structure, it protrudes from only one side. Together,
these observations indicate that the LIN28B DNA could adopt several
positions on the free nucleosome (Extended Data Fig. 3g), in contrast
toits well-defined positioning inthe OCT4-bound nucleosome (Fig. 1a).
These findings are consistent with in vivo data showing that the nucleo-
someatthe LIN28Blocusis ‘fuzzy’ and occupies approximately 200 bp
(ref. 34). Thus, the naturally occurring LIN28B sequence is able to move
along the histone octamer, transiently exposing OBS1. Once OCT4
binds to OBS], it traps the DNA in that position and stabilizes the oth-
erwise flexible linker DNA into a more defined conformation (Fig. 1b
and Extended Data Fig. 4a). Of note, we observed that hexasomes are
threefold more abundant in OCT4-bound samples than in the free
LIN28B nucleosomes (Extended Data Figs. 1g and 3f).

Inthestructure, both DNA-binding domains of OCT4 engage with the
LIN28B nucleosome: OCT4-POUjs is bound to the linker DNA, close to
the nucleosome dyad, whereas OCT4-POU,y is located distally from the
nucleosome (Fig.1a and Extended Data Fig. 2h). These observations are
consistent with the requirement for both OCT4 DNA-binding domains
to efficiently bind to chromatin in vivo® (Fig. 1a,c). The OCT4 interac-
tions with DNAin our structure are overall similar to those observedin
the crystal structure of OCT4 bound to naked DNA', but we observed
that OCT4-POUy;, introduces akink in the linker DNA, due to arginine
residues widening the DNA major groove (Fig. 1c and Extended Data
Figs.2g and 4b,c); such DNA distortion could disrupt local chromatin
organization and affect binding of other proteins. Overall, the OCT4~-
DNAinteractionsin our structure differ considerably from those seen
inthe cryo-EM structure of OCT4 bound to a 601-based nucleosome, in
which only OCT4-POU, was observed tointeract with the nucleosome?®.

0CT4 modifies H4 tail conformation

Having shown that OCT4 binding stabilizes the positioning of nucleo-
somal DNA, we examined whether it induced other changes to the
nucleosome structure. We observed in our cryo-EM data that the H4
N-terminal tail on the OCT4 proximal side of the nucleosome adopts
multiple conformations, whereas the H4 tail on the opposite side is
predominately found in the canonical conformation, following the
DNA pathat SHL2 (refs. 35,36) (Extended Data Fig. 4d). Furtherimage
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Fig.2|0CT4 activation domainremodels the N-terminal tail of histone H4.
a, Overlay of the two distinct conformations of the H4 tail on the OCT4 proximal
side of the nucleosome: canonical conformation (blue) and OCT4-remodelled
conformation (grey). Theinteraction of the disordered region of OCT4 (green)
with the H4 tail rearranges Asp24, leading to repositioning of the whole tail.

b, Mononucleosome compactionby Mg?", assessed by native gel electrophoresis;
arepresentative gelisshownin Extended Data Fig. 5a. Compaction was
quantified by thereductioninthe intensity of the nucleosome band, due to
nucleosome precipitation. Datashown are mean +s.e.m. of fourindependent

classification revealed two major conformations for the H4 tail on
the OCT4 proximal side of the nucleosome: the first one resembles
the canonical conformation, whereas in the second one, the H4 tail
is rotated 90° towards SHL1 and an additional density can be seen
interacting with the H4 tail and a2 helix (Fig. 2a and Extended Data
Fig. 4d-f). This density was not observed on the LIN28B nucleosome
or on the OCT4 distal side of the OCT4-bound nucleosome, and we
hypothesized thatit could originate from the OCT4 activation domain,
which consists of flexible N-terminal and C-terminal regions. The
density alters the conformation of Asp24 at the beginning of the
H4 tail, which in turn changes the conformation of the whole H4 tail
(Fig.2a), moving residues that are essential for chromatin compaction
by more than 30 A and potentially disrupting interactions between
nucleosomes.

These observations suggest that OCT4 binding affects the interac-
tions between two nucleosomes. To examine this effect further, we
induced nucleosome compaction with Mg** (refs. 37,38) and found
that the presence of OCT4 substantially reduced association between
mononucleosomes as assessed by native gel electrophoresis (Fig. 2b
and Extended Data Fig. 5a). We also assembled chromatin arrays using
alonger1,022-bp DNA fragment from the LIN28B locus and examined
their compaction with Mg? by negative-stain EM imaging. We found
that the nucleosome arrays are more open in the presence of OCT4
(Fig. 2c and Extended Data Fig. 5b,c).

Finally, we tested the roles of the N-terminal and C-terminal flex-
ible regions of OCT4 on chromatin decompaction by deleting them
individually. Neither deletion reduced the interaction of OCT4 with
the LIN28B nucleosome (Extended Data Fig. 5d). However, OCT4 lack-
ing the N-terminal region lost the ability to reduce nucleosome com-
paction and internucleosome interactions, whereas deletion of the
C-terminal tail did not affect those properties (Fig. 2b,c and Extended
DataFig. Se). Together, our structural and biochemical data suggest
that the N-terminal region of OCT4 remodels the H4 tail and contributes
to chromatin decompaction.

H3K27acincreases OCT4 cooperativity

Inourstructure ofthe OCT4-bound nucleosome, boththe OCT4-binding
sites OBS2 and OBS3 have partial internal motifs exposed, whichwould
allowbinding of OCT4-POU,,, to OBS2 and OCT4-POU, to OBS3 (Fig. 3a).
Binding to partial DNA motifs has been previously proposed® and our
datasuggest that DNA positioning induced by binding of OCT4 to OBS1
facilitates binding of additional OCT4 molecules to their internal sites.
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measurements. *P=0.04 for2mM Mg?*, ***P=0.006 for 5 mM Mg?* and
***p=17x107° for10 mM Mg*', one-sided Student’s t-test comparing
OCT4-bound nucleosome to nucleosome. ¢, Quantification of negative-stain
EM data showing Mg*-induced compaction of nucleosome arrays assembled
onal,022-bp-long DNA fragment from the LIN28Blocus. The graph shows the
distribution of the area occupied (size) by nucleosome arrays, measured from
micrographs with the different samples; 300-450 arrays were analysed per
sample. Representative micrographs are shownin Extended DataFig. Sc.

To test this hypothesis, we mutated each of the OCT4-binding sites
inthe LIN28B sequence and examined binding of OCT4 to nucleosomes
by native gel electrophoresis. This setup allows us to distinguish nucle-
osomes with one or more OCT4 bound (Extended Data Fig. 5f). With
the wild-type LIN28B nucleosome, we detected strong binding of one
OCT4butalsoasecond and weaker binding of the third OCT4 (Extended
DataFig. 5f,g). Mutation of either OBS2 or OBS3 did not affect the for-
mation of a complex with one OCT4 bound, indicating that the first
OCT4 binds to OBS1 as in the wild-type LIN28B nucleosome, whereas
asecond OCT4 bindsto either OBS2 or OBS3 (Extended DataFig. 5h,i).
By contrast, when we mutated OBS1to generate the LIN28B-1M nucleo-
some, OCT4 binding to OBS2/3 was considerably reduced compared
with the wild-type LIN28B nucleosome (Fig. 3b). Thus, OCT4 binding
to OBS2/3is stimulated when afirst OCT4 is bound to OBS1, whichisin
agreement with our structural data showing that binding of OCT4 to
OBSl stabilizes nucleosomal DNA and exposes partial motifsininternal
OBS2/3 sites.

We turned our attention back to OCT4 DNA-binding domains bound
to OBS1and observed interactions between OCT4-POUgand histones
H3and H2A. Thetip of helix 1 (residues 159-163) contacts the C-terminal
tail of histone H2A and the N-terminal tail of histone H3; the latter is
also contacted by small helix 5 (residues 213-222) (Fig.3c and Extended
DataFig. 5j). The dipole moment of helix1and negatively charged helix
5together form an acidic patch on OCT4 that faces the nucleosomal
dyad andinteracts with positively charged histone tails there, mediat-
ingadditional interaction between the OCT4 DNA-binding domain and
the nucleosome (Fig. 3d).

In our structure of the OCT4-bound nucleosome, histone H3K27 is
in close proximity to the acidic patch of OCT4, specifically to the tip
of helix 1, suggesting a potential electrostatic interaction between
positively charged H3K27 and the negative dipole moment of helix 1
(Fig.3c,d). This observation prompted us to examine whether H3K27
modifications would affect OCT4 binding to the nucleosome. H3K27ac
isanactive mark associated with enhancers that was found to colocalize
with OCT4 on chromatin® %, Acetylation of H3K27 would neutralize the
positive charge of the Lys residue and would be expected to affect the
interaction between the histone H3 tail and the OCT4 acidic patch. To
test this possibility, we assembled nucleosomes with H3K27ac-modified
histone H3 and examined binding of OCT4 by native gel electrophoresis
(Fig.3e and Extended Data Fig. 6a). The H3K27ac modification showed
only asmall effect on binding of the first OCT4, which directly interacts
with the H3K27 residue, indicating that this interaction is not required
for stability of the OCT4-nucleosome complex (Fig. 3e). However,
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Fig.3|Histone modifications modulate OCT4 cooperativity. a, Model of
OCT4 boundto the LIN28B nucleosome. OCT4-binding sites arein green, OCT4
boundto OBSlisinsolid green, and the OCT4 structure superimposed on OBS2
and OBS3isintransparentgreen.b, Representative native gel electrophoresis
showing OCT4 binding to LIN28B or LIN28B-IM nucleosomes (left). The asterisks
mark the number of OCT4 bound: the nucleosomeisinblack,1-OCT4 (one OCT4
molecule bound)isinred,and 2-OCT4 (two OCT4 molecules bound) isin blue.
Band composition was validated by immunoblotting (Extended Data Fig. 5g).
Quantification of binding of OCT4 to OBS2 and OBS3 is also shown (right).
Datashownare meants.e.m., n=4independentexperiments;**P=0.008,
one-sided Student’s t-test. For quantification, we used 2-OCT4 and 1-OCT4
bands for the LIN28B nucleosome, or 1-OCT4 and input nucleosome bands for
the LIN28B-1M nucleosome (see Methods and Supplementary Table 3). ¢, View
ofthe nucleosome entry-exitsite showing theinteraction of OCT4-POUwith
the histone H3 N-terminal and the histone H2A C-terminal tails. d, Electrostatic
potential surface map of OCT4-POUginteracting with the positively charged
histone H3 tail. e, Representative native gel electrophoresis showing OCT4

binding of the second and third OCT4 was increased with H3K27ac
nucleosomes compared with unmodified nucleosomes (Fig.3e). Dea-
cetylation of H3K27ac abrogated the increased binding of the second
and third OCT4, resulting in levels comparable with the unmodified
nucleosome (Extended Data Fig. 6b,c). Thus, cooperative OCT4 binding
to OBS2/3isincreased by H3K27ac.

This finding prompted us to examine whether the interactions of
OCT4 with histone H3 contribute to DNA positioning by OCT4 in the
LIN28Bnucleosome. We first developed an assay to directly assess DNA
positioning, taking advantage of an endogenous Mnl I restriction site
between OBS1and OBS2 (Fig. 1b); this site should be accessible to Mnl
Iwhen the LIN28B DNA is positioned as in our OCT4-bound nucleo-
somesstructure (Fig. 3c). Using LIN28B nucleosomes, we only observed
partial digestion by Mnl I (Fig. 3f and Extended Data Fig. 6d), which is
consistent with LIN28B DNA adopting multiple conformations on the

binding tothe LIN28B or LIN28B-H3K27ac nucleosomes (left). The asterisks are
asinpanelb, withthe green asterisk marking 3-OCT4 (three OCT4 molecules
bound). Quantification of OCT4 binding to H3K27ac relative to unmodified
nucleosomesis also shown (right); 1st, 2nd or 3rd OCT4 (horizontal axis)
indicates binding of the 1st, 2nd or 3rd molecule of OCT4, respectively. Data
shownare mean ts.e.m.,n=4independent experiments;**P=0.008 and
***P=0.004, one-sided Student’s -test. f, Quantification of Mnl 1 digestion of
free or OCT4-bound nucleosomes, unmodified or with H3K27ac. The y axis
shows the intensity of nucleosome bands after digestion, normalized to input.
Datashownare mean t+s.e.m.,n=4independent experiments. Representative
gelsare shownin Extended DataFig. 6d. g, Quantification of sequencing of
MNase I-digested OCT4-bound nucleosomes, unmodified or with H3K27ac.
Thexaxis shows the position of the first base pair relative to the most abundant
position (O asobservedinthestructure). Dataare mean and spread of two
independent experiments. A more detailed representationisshownin
Extended DataFig. 6f.

nucleosome. By contrast, the Mnl I restriction site was fully accessible
in OCT4-bound nucleosomes, indicating that OCT4 binding stabi-
lizes the nucleosomal DNA in a conformation in which the Mnl I site
is exposed (Fig. 3f and Extended Data Fig. 6d). H3K27ac did not alter
the sensitivity of nucleosomes alone to Mnl I digestion (Fig. 3f and
Extended DataFig. 6d); however, OCT4-bound H3K27ac nucleosomes
showed higher protection from Mnl I digestion than OCT4-bound
unmodified nucleosomes (Fig. 3f and Extended Data Fig. 6d). These
results suggest that OCT4 induces an inward movement of the DNA
on the H3K27ac nucleosome compared with the unmodified nucleo-
some. Such movement might be induced by the loss of electrostatic
interaction between the H3K27 residue and the OCT4 acidic patch,
anditwould probably have limited range, until OCT4 gets close to the
nucleosome; further DNA movement would require DNA unwrapping
or OCT4 dissociation. The DNA movement would increase exposure of
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OBS2/3, leading to higher binding of second and third OCT4 (Fig. 3a).
To test this hypothesis, we digested OCT4-bound nucleosomes with
MNase and sequenced the protected DNA (Extended Data Fig. 6e).
We found that 70% of OCT4-bound unmodified nucleosomes were in
adefined position, in agreement with our structural and biochemical
data (Fig. 3g). By contrast, OCT4-bound H3K27ac nucleosomes were
less well positioned, with a major species (20%) shifted by 1 bp inwards
(Fig. 3g and Extended Data Fig. 6f).

To mimic the changes in the DNA positioning caused by OCT4 on
H3K27ac nucleosomes, we moved OBS2/3 by 1 bp (LIN28B-OSO+1) or
2 bp (LIN28B-0SO+2) relative to OBS1. Modelling revealed thatinward
sliding of DNA for 1 bp would expose the binding site for OCT4-POUg
at both OBS2 and OBS3, thus changing the interaction at OBS2 from
OCT4-POU, to OCT4-POU, (Extended Data Fig. 6g). We used unmodi-
fied nucleosomes bearing those constructs to test OCT4 binding and
observedincreased binding to OBS2/3 with the LIN28B-OSO+1 construct
compared with LIN28B (Extended Data Fig. 6h). The LIN28B-OSO+2
construct showed binding of OCT4 comparable with LIN28B (Extended
Data Fig. 6i). These data show that OCT4 binds to LIN28B-OSO+1ina
manner similar to its binding to the H3K27ac LIN28B nucleosome and
supportour conclusion that DNA movement of approximately 1 bp on
OCT4-bound H3K27ac nucleosomes increases binding to internal sites.
Totest thismodel further, we examined the binding of OCT4 to H3K27ac
LIN28B-0SO+1 nucleosomes, which would mimic a +2 bp movement
(Extended Data Fig. 6j), and observed that acetylation of H3K27 in the
LIN28B-0SO+1nucleosome abrogated the increased binding of OCT4
to LIN28B-OSO+1relative to the LIN28B nucleosome.

H3K27 methylation is a silent mark that would increase the bulki-
ness of the Lys residue, which could affect the interaction between
the histone H3 tail and the OCT4 acidic patch. To test whether H3K27
methylation modulates OCT4 binding, we assembled nucleosomes
with H3K27me3 and examined binding of OCT4 by native gel electro-
phoresis. We found that H3K27me3 did not significantly change OCT4
binding (Extended Data Fig. 7a). Consistent with that observation, we
did not observe change in DNA positioning of OCT4-bound H3K27me3
nucleosomes by Mnlldigestion and MNase sequencing compared with
unmodified nucleosomes (Extended Data Figs. 6e and 7b,c).

H3K27ac enhances 0CT4-S0X2 cooperativity

Inthe LIN28B sequence, the SOX2-binding site islocated between OBS2
and OBS3, forming acomposite site with the latter.In our OCT4-bound
nucleosome structure, the SOX2-binding site faces outwards, and mod-
elling showed that SOX2 could bind to that site, with minor clashes
with H2A (Extended Data Fig. 7d). Thus, OCT4 binding to the LIN28B
nucleosome should facilitate SOX2 binding, by stabilizing the exposure
of its binding site. We tested this hypothesis using native gel electro-
phoresis and observed that SOX2 could bind more efficiently to the
OCT4-bound LIN28B nucleosome thanto the LIN28B nucleosome alone
(Extended Data Fig. 7e-g).

Theinward DNA movement caused by OCT4 binding to the H3K27ac
nucleosome would further increase exposure of the SOX2 site and
alleviate the small clash between SOX2 and histone H2A (Extended
Data Fig. 7d). Indeed, we found that SOX2 was able to bind better to
OCT4-bound H3K27ac nucleosomes than to OCT4-bound unmodi-
fied nucleosomes (Fig. 4a). To validate our finding, we moved the
SOX2-binding site to be 5 bp closer to OBS2, which would reduce
its exposure in OCT4-bound nucleosomes but not in unbound
nucleosomes that can slide. We observed that this shifting of the
SOX2-binding site strongly reduced binding of SOX2 to OCT4-bound
H3K27ac nucleosomes, indicating that OCT4 binding to OBS1 deter-
mines DNA positioning and OCT4-SOX2 cooperativity (Fig. 4b). Of
note, SOX2 binding to free H3K27ac nucleosomes was not affected
when its binding site was shifted by 5 bp, showing that DNA slides
on free nucleosome, transiently exposing the SOX2-binding site and
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allowingits binding. By contrast, when OCT4 isbound to the H3K27ac
nucleosomes, DNA is positioned and cooperative binding with SOX2 is
determined by the distance between OBS1and the SOX2-binding site.

OCT4 binding to the nMATNI nucleosome

Toinvestigate whether our findings with the LIN28B nucleosome apply
to other human DNA sequences, we assembled nucleosomes with a
186-bp-long DNA from the regulatory region nMATNI (ref. 3) (Extended
DataFig. 8a), which contains multiple OCT4-binding motifs. The initial
cryo-EMreconstructions of the nMATNI nucleosome in complex with
OCT4 showed a density near the linker DNA, similar to the density of
OCT4 boundto LIN28B DNA (Extended Data Fig. 8b-g and Supplemen-
tary Table 1). Focused classification and refinements improved the
resolutionto2.3 Ainthe nucleosome portion (Extended Data Fig. 8c—f)
and to 8.1 A for an approximately 20-kDa OCT4 region bound to the
linker DNA (Extended Data Fig. 9a-d). We performed MNase sequenc-
ingto determine the position of the nMATNI DNA onthe OCT4-bound
nucleosome and combined thatinformation with the cryo-EM map to
build amodel for OCT4 bound to the nMATNI nucleosome (Extended
DataFig.9d-g).

Our structural and MNase sequencing data revealed that, despite
the presence of multiple OCT4 motifs in the nMATNI DNA, OCT4 pre-
dominantly binds to one bindingsitein the linker DNA, near the nucleo-
some entry-exit site (mOBS1) (Fig. 5a and Extended Data Fig. 9h), a
position overall similar to that in the LIN28B nucleosome structure.
Both DNA-binding domains of OCT4 engage the nMATNI nucleo-
some; whereas OCT4-POU,;, is bound close to the nucleosome dyad,
OCT4-POUg is located distally from the nucleosome (Fig. 5a,b). This
arrangement differs from that with the L/N28B nucleosome, in which
OCT4-POUg was bound to the linker DNA, close to the nucleosome
dyad, whereas OCT4-POU,,, was located distally from the nucleosome
(Fig.1aand Extended DataFig. 2h). Nevertheless, despiteits distal posi-
tion relative to the nMATNI nucleosome, OCT4-POUs interacts with
the histone H3 tail via a smaller acidic patch of OCT4 formed by the side
chains of helices 4 and 5 (Fig. 5a,b and Extended Data Fig. 9i). Of note,
the H3 tail fromthe entry-exit site opposite to the OCT4-binding side
interacts with OCT4 (Fig. 5a,b and Extended Data Fig. 9i), in contrast
to the LIN28B nucleosome.

OCT4 interaction with the H3 tail in the nMATNI nucleosome
prompted us to test whether H3K27 modifications also modulate his-
tone cooperativity on this human sequence, as it does for the LIN28B
sequence. We found that both H3K27ac and H3K27me3 modifica-
tions increased binding of the second and especially the third OCT4
(Fig.5c¢,d).

Together, our biochemical and structural data reveal the mecha-
nism for cooperativity of OCT4 and SOX2. OCT4 binding to OBS1on
LIN28B or nMATNI nucleosomes stabilizes the positioning of nucleo-
somal DNA, to expose internal TF-binding sites, thereby facilitating
binding of additional OCT4 and of SOX2. The internal binding sites
are distant from OBSI1 (Fig 3a and Extended Data Fig. 7d), pointing
to an allosteric mechanism for TF cooperative binding, mediated by
DNA positioning on the nucleosome. Moreover, H3K27 modifications
canmodulate cooperativity of OCT4 and downstream factors, such as
other OCT4 molecules or SOX2, by altering the interaction between the
OCT4 acidic patch and the H3 tail, which in turn affects the position-
ing of the nucleosomal DNA and exposure of internal binding sites for
downstream factors.

Discussion

Our cryo-EM structures captured OCT4 bound to nucleosomes assem-
bled withendogenous LIN28B and nMATNI DNA and unveiled previously
unknown OCT4 interactions with histones. A previous structure of
OCT4 bound to engineered nucleosomes did not reveal interactions
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tion of a stable OCT4-nucleosome complex. Our findings support
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DNA sliding to achieve stable OCT4 binding via its two DNA-binding
domains (Extended Data Fig. 9j,k). This model is consistent with recent
invivo datashowing that pioneer TFs bind preferentially next to nucle-
osomes*,

Our findings show that a pioneer TF can directly alter the chromatin
environment by stabilizing DNA on the nucleosome. DNAsliding on the
nucleosome can occur spontaneously or be facilitated by chromatin
remodelling complexes. Infact, OCT4 and other TFs canrecruit chroma-
tinremodelling complexes**, which might facilitate nucleosome slid-
ingto properly position DNA-binding motifs. The chromatinremodeller
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BRGlis required for OCT4 binding to a subset of gene regulatory ele-
mentsincells®, and inhibition of the catalytic activity of BRG1reduces
the amount of already bound OCT4 at these elements in vivo®, implying
that chromatin remodellers support OCT4 by properly positioning
nucleosomes at those specific locations. Our findings suggest that at
other sites, OCT4 binding itself could directly position nucleosomal
DNA and alter the accessibility of sites for downstream factors.

Of note, we observed that OCT4 alters the conformation of the
N-terminal tail of histone H4, affecting internucleosome interac-
tions and promoting chromatin decompaction. Recently, the SOX11
DNA-binding domain was proposed to affect the H4 tail position*¢,
but such mode of H4 regulation would limit TF binding to restricted
regions on the nucleosome, where the DNA-binding domain would
directly clash with the H4 tail. By contrast, our data reveal that the
interaction between OCT4 and the histone H4 tail involves the disor-
dered activation domain of OCT4 and takes place 70 A away from the
site where its DNA-binding domains interact with the nucleosome,
indicating that interaction with the H4 tail does not depend on the
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location of the OCT4-binding site. In agreement with our findings on
OCT4, recent work has suggested that the activation domain of FOXA1
binds to histones and that thisis required for FOXAlto open chromatin,
although the mechanism remains elusive*.

Perhaps our most consequential finding is that TF binding and
cooperativity can be regulated by histone modifications. Of note, our
data show that H3K27 modifications did not affect the binding of the
first OCT4 to the LIN28B or nMATNI nucleosome, but it altered the
cooperative binding of additional OCT4 or of SOX2 to nucleosomal
internalssites. These findings are consistent with previousin vivo data
correlating OCT4-binding sites with H3K27ac?**?, However, positive
correlation with histone marks has not been observed for FOXA2 and
GATA4 (ref. 27), suggesting that not all TFs might be affected by epige-
netic marks. In conclusion, our findings suggest that the pre-existing
epigenetic landscape could tune pioneer TF activity.
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Methods

Protein expression, mutagenesis and purification

Xenopus laevis histones for nucleosome assembly were overexpressed
inthe Escherichia coliBL21(DE3) pLysS strain and purified frominclu-
sion body as previously described*®.

The cellswere grown in LB medium at 37 °C and induced with1 mM
IPTG when OD,,, reached 0.6. After 3 h of expression, the cells were
pelleted down, resuspended in lysis buffer (50 mM Tris-HCI (pH 7.5),
150 mM NaCl,1mM EDTA,1mM DTT and 0.1 mM PMSF) and frozen.
Later, the frozen cells were thawed and sonicated. The pellet contain-
inginclusion bodies was recovered by centrifugationat 5,000 rpm for
20 minat4 °C. Theinclusion body pellet was washed three times with
lysis buffer containing 1% Triton X-100, followed by two washes with
lysis buffer without Triton X-100.

Eachhistone protein was extracted from the purified inclusion body
pellet in a buffer containing 50 mM Tris (pH 7.5), 2 M NaCl, 6 M guani-
dine hydrochlorideand1 mM DTT for overnight at room temperature.
Anyinsoluble components were removed by centrifugation. Proteins
making histone pairs (H2A-H2B and H3-H4) were combined in equi-
molar ratios and dialysed two times in 11 of refolding buffer (25 mM
HEPES/NaOH (pH 7.5),2 M NaCland 1 mM DTT) at 4 °C. Any precipi-
tate was removed by centrifugation for 20 min at 13,000 rpm at 4 °C.
The soluble histone pairs were further purified via cation-exchange
chromatography inbatch (SP Sepharose Fast Flow resin). The samples
were diluted fourfold with buffer without salt (25 mM HEPES/NaOH
(pH7.5)and1mM DTT) and bound to theresin for 30 min. The resin was
extensively washed with 500 mM salt buffer in batch (25 mM HEPES/
NaOH (pH?7.5),500 mMNaCland1 mM DTT) and loaded onto adispos-
able column. On the column, the resin was washed, and pure proteins
were eluted with 25 mM HEPES/NaOH (pH7.5),2 MNaCland1 mMDTT.
Soluble histone pairs were concentrated and purified on a Superdex
$200 size-exclusion column (GE) equilibrated in25 mM HEPES/NaOH
(pH7.5),2MNaCland1 mMDTT. Clean protein fractions were pooled,
concentrated and flash frozen.

For cryo-EM grid freezing of ‘assembly 1’ (see below), commercially
available OCT4 from Abcam (ab134876) was used. The protein (approxi-
mately 52 kDa) was fused with the herpes simplex virus VP16 transac-
tivation domain at the N terminus and a11R tag at the C terminus. For
the ‘assembly 2’ for cryo-EM and all the other assays, His-tagged OCT4
(approximately 39 kDa) was expressed in a pET28 vector and purified
under denaturing conditions from inclusion body using Talon affin-
ity resins. To refold the OCT4 protein, the first overnight dialysis was
carried outin 2 Murea, 50 mM HEPES (pH 7.5), 250 mM NacCl, 50 mM
L-arginine and 2 mM DTT. Then, the second and third dialyses were
carried out for1hinabuffer containing 50 mM HEPES (pH 7.5),100 mM
NaCland1mMDTT.

Allthe OCT4 variants were generated using the inverse PCR strategy.
Oligo primers used for mutagenesis were purchased from Integrated
DNA Technology and are listed in the Supplementary Table 1. The
inverse PCRs were set up in a total volume of 25 pl. After amplifica-
tion, 10 plof purified PCR product was incubated with 5 U of T4 PNK in
20 plof 1x T4 DNA ligase buffer for1 hat 37 °C. Of T4 DNAligase, 200 U
was added to the reaction and incubated for1 h at room temperature.
Finally, 10 U of Dpn I was added to the reaction and incubated for 1 h
at 37 °C. From this mixture, 5 pl was used to transform the competent
XL1-Blue E. coli cells. The clones were selected on kanamycin plates
and were subsequently confirmed by sequencing.

Histone octamer assembly and purification

Histone octamer purification was done using the standard protoco
Inbrief, a2.5-fold molar excess of the H2A-H2B dimer was mixed with
the H3-H4 tetramer in the presence of buffer containing 2 M NaCl
(25 mM HEPES (pH 7.5), 2 M NaCl and 1 mM DTT). After overnight
incubationat4 °C, the assembled octamer was separated from excess

|48,49

dimer using a Superdex S200 Increase 10/300 GL column onan AKTA
FPLC system. The fractions were analysed on SDS-PAGE, pooled and
concentrated for final nucleosome assembly.

LIN28B182-bp DNA amplification

A custom synthesized (Integrated DNA Technology) 162-bp LIN28
genomic DNA®was cloned into the pDuet plasmid. To make the longer
182-bp LIN28B DNA fragment by PCR, two primers were designed so
thateach contained an extra10 bases from the flanking genomicregion
of the canonical 162-bp LIN28 fragment used in previous studies®. The
DNA sequence for the 182-bp extended DNA used in this study is shown
inSupplementary Table1.

Mutant LIN28B DNA
Custom synthesized 182-bp LIN28B DNA was purchased from Inte-
grated DNA Technology with the following mutations in the three
OCT4-binding sites:

LIN28B-IM: ATT AAC AT - GCGTCGAT

LIN28B-2M: ATT AAC AT - GCG GCT AT

LIN28B-3M: ATG CTG AAT - GCG GGT AA

The fragments were later PCR amplified to generate DNA for nucleo-
some assembilies.

0OCT4-binding DNA sequences from the human genome

The 186-bp nMATNI sequence was selected from the human genome
(https://www.ncbi.nlm.nih.gov/genome/gdv) from the position
GRCh38:1:30216402:30217024:1 on chromosome 1 (ref. 3). The DNA
fragment was selected based on the presence of the following OCT4
motifs: ATGCTAAT, ATTAGCAT, ATTAACAT or ATGTTAAT. The 186-bp
nMATNI sequence is shown in Supplementary Table 1.

Nucleosome assembly

Nucleosome assembly was carried out using a ‘double bag’ dialysis
method as previously described®**’. The histone octamer and nucleoso-
mal DNA fragment were mixed in equimolar ratios in abuffer contain-
ing 50 mM HEPES (pH 7.5),2 M NaCl and 2 mM DTT. The mixture was
placed into a dialysis button made with a membrane with a cut-off of
3.5 kDa. The dialysis button was placed inside a dialysis bag (6-8-kDa
cut-off membrane) filled with 50 ml of buffer containing 25 mM HEPES
(pH7.5),2M NaCl and 1 mM DTT. The dialysis bag was immersed into
1lof buffer containing 25 mMHEPES (pH 7.5),1 MNaCland1 mMDTT,
and dialyzed overnight at 4 °C. The next day, the buffer was changed
to 11 of abuffer with 25 mM HEPES (pH 7.5) and 1 mM DTT, and dialy-
sis was continued for 6-8 h. In the last step, the dialysis button was
removed from the dialysis bag and dialysed overnight into a fresh buffer
without any salt (50 mM HEPES (pH 7.5) and 1 mM DTT). The nucleo-
some assemblies were assessed on a 6% native PAGE using SYBR Gold
staining.

Assembly of modified nucleosomes

H3K27ac nucleosomes were assembled using the LIN28B DNA (unla-
belled or Cy5-labelled) and histone octamer with H3K27ac modification
(custom purchased from Epicypher). For H3K27me3 nucleosomes, the
H3K27C-mutant histone was generated using site-directed mutagen-
esisand later expressed and purified from E. coli. The H3K27C-mutant
histone thus obtained was trimethylated using the MLA protocol*?and
was purified using a PD10 column. This trimethylated H3 was used
with other histones for octamer assembly. The purified H3K27me3
octamer was mixed with LIN28B and nMATNI DNA for the assembly of
H3K27me3 nucleosomes.

Nucleosome array assembly

A1,022-bp genomicregion fromthe LIN28 genomic site was synthesized
by DNA synthesis (Codex, Protein Technology Center, StJude Children’s
Research Hospital). For nucleosome array reconstitution, the DNA
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fragment was amplified to a larger scale by PCR. For the assembly,
the DNA and histone octamer were mixed in a 1:5 ratio.

Nucleosome array reconstitution was carried out using the double
bag dialysis salt dilution method described above (see ‘Nucleosome
assembly’).

The synthesized genomic DNA sequence used for array assembly (the
LIN28B182-bp regionshowninbold) isshownin Supplementary Table1.

Assembly of the nucleosome-0OCT4 complex for cryo-EM grid
freezing

The LIN28B complex. Equimolar mixture of histone octamer and
LIN28B DNA (2 uM each) were mixed with 1 uM of OCT4 (ab134876,
Abcam)and 3 pM of SOX2 (50 mM HEPES (pH 7.5),2 MNaCl,20% glyc-
eroland 5 mM DTT). The assembly was carried out with four steps of
buffer changes over 72 h. The buffer changes were carried out to dilute
out the salt concentration from 2 M starting concentration to a final
solvent condition of no salt. The three buffers, used for the assembly
dialysis, contained 50 mM HEPES (pH 7.5),2 mM DTT and varying NaCl
concentrationsof2 M,1 Mand O, respectively. After the assembly, the
samples were centrifuged at 13,000 rpm for 10 min at 4 °C to remove
any precipitates. Following this, the sample was concentrated using
a10 kDa Centricon to the concentrations needed for cryo-EM grid
freezing (0.5-1pg pl™).

The assemblies were checked on 6% native gels followed by native
western blot analysis. For the detection of nucleosomes, OCT4 and
SOX2, anti-H3, anti-OCT4 and anti-His antibodies were used, respec-
tively (see the section ‘Western blot detection’ below).

The nMATN1 complex. For the OCT4 bound to the nMATNI nucleo-
some, 1 uM of pre-assembled nucleosomes were mixed with 2 pM of
His-tagged OCT4 (see above) and incubated at room temperature for
30 min. The sample was then transferred to ice until grid freezing.

Restriction enzyme Mnl 1 digestion assays

For digestion of LIN28B nucleosomes, different dilutions of Mnl1 (NEB)
were made inthe 1x CutSmart buffer (NEB). The digestion was carried
outfor30 minat25 °C.Forthe experimentsinvolving OCT4 and OCT4
variants, the protein was incubated with nucleosomes at 25 °C for 5 min
before the addition of Mnl I. After the addition of Mnl |, the samples
were kept at 25 °C for 30 min. After the digestion, the samples were
runon a 6% polyacrylamide gel to separate all the products and then
imaged by SYBR Gold staining on a Typhoon scanner.

Magnesium precipitation assay

LIN28B nucleosome samples were incubated in varying MgCl, con-
centrations for 10 min at 25 °C. The precipitated nucleosomes were
separated from soluble nucleosomes by spinning at 10,000 rpm for
10 min at 25 °C. The same procedure was followed for nucleosome
samples containing wild-type OCT4 and other variants. However, for
the experiments done in the presence of OCT4 and OCT4 variants,
the nucleosomes were first mixed with fivefold molar excess of OCT4
(or OCT variants) and kept at 25 °C for 5 min before any MgCl, addition.

Binding assays

Thebinding assays with OCT4 were performed at 25 °Cin 50 mM HEPES
(pH7.5),200 MM KCI, 1 mMDTT and 0.005% NP-40. The binding assays
involving both OCT4 and SOX2 were performed in 50 mM HEPES
(pH7.5) and 1 mM DTT. Typically, 20-40 nM of nucleosome was incu-
bated with different amounts of proteins (OCT4, OCT4 variants and
SOX2).Forthe OCT4-binding experiments, the reaction wasincubated
for10 min. For bindinginvolving both OCT4 and SOX2, the reaction was
incubated for 10 min after the addition of OCT4, following which SOX2
was added and kept for an additional 5 min. The bound and unbound
species were separated on a 5% or 6% native polyacrylamide gel and
imaged for Cy5 fluorescence using a Typhoon scanner. In experiments

with nucleosomes without Cy5 label, SYBR Gold staining was used to
visualize the gels.

Analysis of gels

Allthe gels were analysed using Quantity One Basic version (Bio-Rad).
The data were exported and analysed or plotted using Open Office
Calc. Allthe bands were selected using boxes of the same size: 24 mm?
forinput nucleosome and 8 mm?for all other bands. The background
correction was done separately for bands from each lane using boxes
of identical size in the same lane.

Analysis of Mnl I digestion of nucleosomes. In the nucleosome-only
experiment, after background correction, the signal from the nucleo-
some band fromeach concentration point was normalized to the signal
fromthe nucleosome lane in the O Mnlllane. For MnlIdigestionin the
presence of OCT4 or its variants, the signal of the OCT4-bound band
from each of the Mnl I concentration was background corrected and
then normalized to the signal of the OCT4-bound band from the O
MnlIlane.

Analysis of the Mg?* precipitation assays. The relative compaction
was calculated as the fraction of the precipitated nucleosomes. For
this, the following formula was used: relative compaction =S, - S
S, is the signal of the nucleosome band at the 0 Mg?* concentration
normalizedtol,and S, is the signal of all the soluble nucleosome bands
normalized to the signal of nucleosomes at the 0 Mg concentration.
For precipitation experiments inthe presence of OCT4 orits variants,
the signals fromboth the bound and the unbound nucleosomal species
were summed to calculate the soluble nucleosomes.

Analysis of OCT4 binding to wild-type LIN28B versus the LIN28B-1M
mutant. For binding to wild-type LIN28B nucleosomes, allbands were
normalized to input nucleosome. For comparison, we used the fol-
lowing equation: binding to OBS2/3="2-OCT4’/(‘1-OCT4’ + 2-OCT#4’),
where 2-OCT4’ represents a nucleosome with two OCT4 bound
(OBS1+0BS2/3),and ‘1-OCT4’ is anucleosome with one OCT4 bound
(OBS1). ‘1-OCT4’ +2-OCT4’ represents input OCT4 bound to OBS1
nucleosomes, which are substrates for binding of the second OCT4.
For binding to LIN28B-1M nucleosomes, we used the following equa-
tion: binding to OBS2/3 = ‘1-OCT4’/nucleosome, where nucleosome
represents input nucleosomes.

Analysis of SOX2 binding to wild-type LIN28B. Binding of SOX2
to OCT-bound nucleosome was calculated as the fraction of SOX2
bound to the OCT4-bound LIN28B nucleosome: SOX2 = 1-OCT4-
SOX2'/(‘'OCT4 +‘1-OCT4-S0X2’), where ‘1-OCT4-SOX2’ represent
nucleosomes withboth OCT4 and SOX2bound, and OCT4 represents
OCT4-bound nucleosomes. ‘1-OCT4’ +‘1-OCT4-SOX2’' represents input
OCT4-bound nucleosomes, which are substrates for binding of the
SOX2 to OCT4-bound nucleosomes. Binding of SOX2 to the LIN28B
nucleosomeisshown asafraction of free LIN28B nucleosomes: SOX2 =
SOX2/nucleosome), where SOX2 represents SOX2-bound nucleosomes
and nucleosome represents input nucleosomes.

Analysis of OCT4 binding to unmodified, H3K27ac and H3K27me3
nucleosomes. For binding to modified nucleosomes, we used the
following equations: 1st OCT4 = ('1-OCT4’ + 2-OCT4’ + 3-OCT4’)/in-
put nucleosome; 2nd OCT4 = (2-OCT4’ +‘3-OCT4’)/(input nucleo-
some); and 3rd OCT4 = 3-OCT4’/(input nucleosome), where 1st, 2nd
or3rd OCT4 indicates binding of the 1st, 2nd or 3rd molecule of OCT4,
respectively, 1-OCT4 isanucleosome with one OCT4 bound, 2-OCT4’
isanucleosome with two OCT4 bound, and ‘3-OCT4’ is a nucleosome
with three OCT4 bound. The quantificationis shownasaratio of modi-
fied nucleosomes to unmodified nucleosomes (1st OCT4 modified/1Ist
OCT4 unmodified).



Analysis of SOX2 binding to H3K27ac nucleosomes. For binding to
modified nucleosomes, we used the following equation: ‘SOX2-0OCT4' =
‘1-0CT4-S0X2’/(‘1-OCT4-S0OX2’ +‘1-OCT4’), where ‘SOX2-OCT4 rep-
resents SOX2 binding to nucleosome with one OCT4 bound, ‘1-OCT4’
represents a nucleosome with one OCT4 bound, and ‘1-OCT4-SOX2’
is anucleosome with OCT4 and SOX2 bound. The quantification is
shown as aratio of modified nucleosomes to unmodified nucleosomes
(‘SOX2-0CT4’ modified/'SOX2-0OCT4 unmodified).

Westernblot detection

SDS-PAGE gels or native PAGE gels were transferred to a PVDF mem-
brane andblockedin TBST (50 mM Tris/HCI (pH 7.5),150 mM NaCl and
0.1% Tween-20) containing 5% milk for 1 h. Membranes were thenincu-
bated in primary antibody in TBST containing 5% milk for 1h at room
temperature. The membranes were washed three times for 5min with
TBST andincubated in secondary antibody for 1 hat roomtemperature.
Membranes were washed three times (approximately 5 min each) with
TBST before chemiluminescent detection. The following antibodies
were used: anti-OCT4 antibody (1:2,000 dilution; ab109183, Abcam),
horseradish peroxidase-conjugated anti-His antibody (1:3,000 dilu-
tion; R931-25, Invitrogen-Thermo Fisher), anti-H3 antibody (1:3,000
dilution; ab1791, Abcam) and anti-SOX2 antibody (1:2,000 dilution;
ab92494, Abcam), horseradish peroxidase-conjugated anti-rabbit
secondary antibody (1:2,000 dilution; 170-6515, Bio-Rad).

MNase-seq

0CT4 was bound to unmodified, H3K27ac or H3K27me3 nucleosomes
with LIN28B or nMATN1DNA (20 mM HEPES (pH7.5), 50 mMKCl, 2.5 mM
MgCl,and 5 mM CaCl,) and digested by MNase (NEB) for 5 min at 25 °C.
MNase digestion was terminated by 50 mM EDTA. Cleaved nucleosome
was subjected to phenol/chloroform extraction followed by ethanol
precipitation of nuclesomal DNA and used for library preparation.
The sequencing library was prepared using the NEBNext Ultra Il DNA
Library Prep Kit following the manufacturer’s manual. Amplification
of the library for lllumina sequencing was performed by PCR using
NEBNext Multiplex Oligos for the llluminakit. Sequencing was pair
ended with100-bp length. Paired reads were merged and filtered by
the length of reads between 144 bp and 146 bp and mapped to the
LIN28B or nMATNI sequence with Qiagen CLC genomics Workbench
20 software.

MiDAC purification

MiDAC was purified from1.25 | of adherent Flp-In 293 T-REx (R78007,
Thermo Fisher Scientific) cell lines stably transformed with the Flp-In
expression vector carrying FLAG-ELMSAN1/MIDEAS. The cells were
grown in DMEM media (Gibco) supplemented with 10% FBS, 100 pg ml™
hygromycin and induced for 24 h with 1 pg ml™ doxycycline (Thermo
Fisher Scientific). Cells were harvested and lysed using the classical
Dignam protocol®. The complex wasisolated from the nuclear fraction
using anti-FLAG M2 beads from Sigma-Aldrich. The nuclear fraction
was mixed with washed FLAG M2 beads and incubated overnight at
4 °C. The next day, the beads were washed with wash buffer (20 mM
HEPES (pH 7.9),300 mM Nacl, 1.5 mM MgCl,, 10% glycerol, 0.5 mMDTT
and protease inhibitors (Sigma)) four times. The complex was eluted
from the beads in the elution buffer (20 mM HEPES (pH 7.9), 100 mM
NaCl, 1.5 mMMgCl,, 0.5 mMDTT and protease inhibitors (Sigma)) after
30 min of incubation at 4 °C. This complex was flash frozen in liquid
nitrogen and stored at —80 °C.

Deacetylation of H3K27ac nucleosomes

H3K27ac nucleosomes were deacetylated by the human MiDAC dea-
cetylase complex. The deacetylation reaction was carried out for 18 h
at25°Cin the following buffer: 50 mM HEPES (pH 7.5), 100 mM KCl
and 0.2 mg ml™ BSA. A control parallel reaction containing H3K27ac
nucleosomes, but no MiDAC, was also carried out under identical

conditions. The extent of deacetylation was confirmed by western
blot using anti-H3K27ac antibody.

Negative-stain EM

For the experiment looking at array compaction, 20 nM of the LIN28
array was mixed with MgCl, to a final [Mg**] of 3 mM. For analysis of
the effect of wild-type and AN OCT4 proteins, 70 nM (wild type) and
100 nM (AN) proteins were used with the mixture of array and MgCl,.

After approximately 10-15 min of incubation at 25 °C, 3 pl of the
sample wasadded to Lassey carbon or quantifoil grids for 1 min, blotted
dryand stained. For staining, four separate drops (approximately 40 pl)
of uranyl acetate or uranyl formate were added to a parafilmstrip. The
grid was briefly brought into contact with the stain for the first three
drops before quick blotting. The last drop of stain was keptin contact
with the grid for 1 min before the final blot drying.

Thedried grids were imaged on a Talos L 120C microscope (Thermo
Fisher Scientific) at the cryo-EM facility at St Jude Children’s Research
Hospital. Several images were acquired at x73,000-92,000 magnifi-
cation from regions showing good particle distribution. Specifically,
amagnification of x73,000 was used for experiments involving Mg
compacted arraysinthe absence or presence of OCT4; for the experi-
ment with the AN variant of 0CT4, a magnification of x92,000 was
used. The pixel size was 1.94 A (73,000) to 1.54 A (92,000) per pixel
on the object scale. The images were later analysed using the ImageJ
software after matching the scale from the EM images.

Negative-stainimage analysis

Several particles were picked using RELION (n =450 for arraysin3 mM
MgCl,, n =262 for arraysin3 mMMgCl,withOCT4 and n =307 for arrays
in 3 mM MgCl, with the AN variant of OCT4). For particle picking, the
images from the microscope were binned twofold in RELION and saved
as 400 pixel x 400 pixel tiff files, which were later analysed using the
Image] software*. First, the particles were encircled using the free-form
selection tool in ImageJ. Later, the ‘set scale’ tool in ImageJ was used
to set the size of the pixel in the image to 0.4 nm (pixel size of 0.2 nm
at x73,000 magnification multiplied by 2 for binning in RELION). The
particle sizes were measured using theimage analyser optionin Image)
and plotted.

Cryo-EM grid preparation and data collection

For cryo-EM of the OCT4-bound LIN28B nucleosome structure, we
assembled an OCT4-SOX2-nucleosome complex as described. The
sample was concentrated to 0.25 mg ml™ for the cryo-EM grid. To avoid
the extensive aggregation of the complex sample on the cryo-EM grid,
OCT4 and SOX2 were mixed with nucleosomes in a 0.5:1 ratio during
the assembly. The OCT4-bound nMATNI nucleosome was assembled as
described with a2:1ratio of OCT4 to nucleosome. Of the complex sam-
ple, 3 plwas applied to afreshly glow-discharged Quantifoil R2/1holey
carbongrid. The humidity in the chamber was keptat 95% and the tem-
perature at +10 °C. After 5 s of blotting time, grids were plunge-frozen
inliquid ethane using a FEI Vitrobot automatic plunge freezer.

For the LIN28B nucleosome and the OCT4-bound L/N28B nucleo-
some, electron micrographs were recorded on FEI Titan Krios at 300 kV
with a Gatan Summit K3 electron detector using SerialEM* (approxi-
mately 6,000 and approximately 11,000 micrographs, respectively) at
the Cryo-EM facility at St.Jude Childrens’s Research Hospital. Image
pixel size was 1.06 A per pixel on the object scale. Data were collected
inadefocus range of 7,000-30,000 A with a total exposure of 90 e A2,
Fifty frames were collected and aligned with the MotionCorr2 software
using a dose filter*®”, The contrast transfer function parameters were
determined using CTFFIND4 (ref. 58). For the OCT4-bound nMATN1
nucleosome, the data were recorded on the FEI Titan Krios at 300 kV
with a Falcon 4 electron detector using EPU (approximately 35,000
micrographs) at the Cryo-EM facility at the Dubochet Center for Imag-
ing (DCI) at EPFL and UNIL. Data were collected in a defocus range of
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7,000-25,000 A. Image pixel size was 0.83 A per pixel on the object
scale.

Several thousand particles were manually picked and used for train-
ing and automatic particle pickingin Cryolo®. Particles were windowed
and 2D class averages were generated with the RELION software pack-
age®. Inconsistent class averages were removed from further data
analysis. The initial reference was filtered to 40 A in RELION. C1 sym-
metry was applied during refinements for all classes. Particles were
split into two datasets and refined independently, and the resolution
was determined using the 0.143 cut-off (RELION auto-refine option).
Allmaps were filtered to resolution using RELION with a B-factor deter-
mined by RELION.

Initial 3D refinement was done with 2,600,000 particles. Toimprove
the resolution of this flexible assembly, we used focused classifica-
tion followed by focused local search refinements. Nucleosomes were
refined to 2.8 A. Density modification in Phenix improved the map to
2.5 A(ref. 61). OCT4 bound to DNA (30 kDa) was refined to 4.2 A using a
subset of 65,000 particles after extensive sorting. Using density modi-
ficationin Phenix, we improved resolution and the appearance of this
density to3.9 A. The maps have extensive overlapping densities that we
used to assemble the composite map and model. The LIN28B nucleo-
some sample contained 1,000,000 particles, which were refined to
3.1A, andimproved with density modification to 2.8 A.

Forthe second dataset, we collected 1,400 images, yielding 68,000
nucleosomal particles, which refined to 3.7 A. Classification revealed
that approximately 21,000 particles had OCT4 bound, which refined
to4.2A.

Molecular models were built using Coot®2. The model of the nucleo-
some (Protein Data Bank (PDB): 6WZ5)** was refined into the cryo-EM
map in PHENIX®. The model of the OCT4 bound to DNA (PDB: 3L1P)"
were rigid-body placed using PHENIX, manually adjusted and rebuilt
in Coot and refined in Phenix. Visualization of all cryo-EM maps was
done with Chimera®,

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

EM density maps and models have been deposited in the Electron
Microscopy Data Bank and PDB under the following accession codes:
for OCT4 boundto the LIN28B nucleosome, PDB 8G8G was built using
maps EMD-29855 (all particles), EMD-29850 (H3 tail subset), EMD-29852
(H2A tail subset), EMD-29854 (H4 tail A subset), EMD-29854 (H4 tail B
subset) and EMD-29846 (OCT4 focus; PDB 8GS8E).For OCT4 boundtothe
NMATNI nucleosome, EMD-29837 and PDB 8G86 (nucleosome focus);
EMD-29841and PDB 8G87 (OCT4 focus); EMD-29843 and PDB 8G88
(conformation 1); and EMD-29845 and PDB 8G8B (conformation 2).

Allother datasupporting the findings of this study are available within
the article and its Supplementary information files.
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Extended DataFig.1|Assembly and cryo-EM of OCT4 bound to LIN28B
nucleosomes. a) SDS-PAGE showing purification of OCT4 and SOX2 and the
assembly of the OCT4-SOX2-nucleosome complex. From left: ASDS gel
showing purification of OCT4 and SOX2 used in the experiments; a native gel
stained for DNA showing the assembly of the OCT4_SOX2_nucleosome
complex; westernblots withanti-H3 antibody, anti-OCT4 antibody and anti-His
antibody (SOX2).Each of these experiments have beenrepeated >3 times. See
Supplementary Fig.1for original uncropped images. b) Representative cryo-
EM micrograph fromasetof11000 micrographscollected with Titan Krios
electron microscope at 300 keV. Nucleosome particles in multiple orientations
arevisible. c) Representative 2D class averages showing nucleosomes. d) Cryo-
EM map of nucleosome from the entire dataset, refined to 2.8 A. The mapiis
colored by local resolution. The model of the nucleosome (PDB: 6WZ5) was

refined into the cryo-EM map. Angular distribution for nucleosome is shown on
theright. e) Fourier shell correlation (FSC) curve showing the resolution of the
mapind).f) Directional FSC plot showing uniformresolutioninall directions.
g) Classification of the datain b) resulted in three major classes of nucleosomes
and nucleosome like particles (nucleosome, unwrapped nucleosome and
hexasome). Hexasome map is colored by local resolutionand the FSC curve is
shownontheright. Number of particles corresponding to each classisindicated.
h) Classification of the nucleosome subset from g). Classification revealed two
classes, nucleosome and nucleosome with bound OCT4. We did not observe
density for SOX2.i) Left: the representative region showing map quality and fit
ofthe modelis shown for the nucleosome withbound OCT4. Right: basesin the
DNA are well resolved.
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Extended DataFig. 2| Classification of the OCT4-nucleosome complex.

a) Focused refinement of the OCT4 density from the OCT4-nucleosome (left)
compleximproved the resolutionin the OCT4 bound regionto 5.3 A (right).

b) Cryo-EM map of OCT4 region from the OCT4-nucleosome complex. Focused
classificationand refinementsimproved the resolution of this 30 kDa fragment
to4.2A.c) Angular distribution for OCT4. d) The fourier shell correlation (FSC)
curve showing theresolution of the map. e) Directional FSC plot showing
uniformresolutionin all directions.f) The OCT4-DNA density from b) was
modified in Phenix, whichimproved the resolutionto3.9 A. The map is colored
by localresolution. Fourier shell correlation (FSC) curve showing the resolution

isshown on theright.g) The model of the OCT4 bound to DNA (PDB: 3L1P) was
refined into the cryo-EM map. The representative region showing map quality
andfitofthemodelis shownontheright. Red line shows the kinkin the DNA.
h) A composite cryo-EM map of OCT4 bound to the LIN28B nucleosome
containing182bp of DNA at 2.8-3.9 A resolution (left). Model for the cryo-EM
structureisshown ontheright.i) DNA sequence and schematic representation
showing LIN28B DNA positioning on the OCT4-nucleosome complex. OCT4,
SOX2,KLF4and c-MYCbinding sites are labeled. The cleavage site for the
restriction enzyme Mnl I (Fig.3c) is marked with anarrow.
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Extended DataFig.3|Cryo-EM of LIN28B nucleosome. a) Representative
cryo-EM micrograph fromaset of 6000 micrographs collected with Titan
Krios electron microscope at 300 keV. Nucleosome particles in multiple
orientationsarevisible. b) Representative 2D class averages showing
nucleosomes. Many detailsin nucleosomes are visiblein 2D class averages.

¢) Cryo-EM map of nucleosome from the entire dataset, refined to 3.1A. Angular
distribution for nucleosomeis shown on theright. d) Fourier shell correlation
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(FSC) curve showingthe resolution of the mapin c). e) Directional FSC plot
showing uniformresolutionin all directions.f) Classification of the LIN28B
nucleosome dataset resulted in three classes of nucleosome like particles
(nucleosome, unwrapped nucleosome and hexasome). Number of particles
correspondingto eachclassisindicated. g) Classification of LIN28B nucleosome
particles fromf) showing that DNA protrudes on both sides of nucleosomein
some classes.
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Extended DataFig. 4 |Intrinsically disordered region of OCT4 binds to
histone H4. a) Cryo-EM maps of OCT4_nucleosome complexand L/N28B
nucleosome. DNA extends only on OCT4 boundsside of the nucleosomein

the OCT4 bound sample. Linker DNA is more defined and stabilized by OCT4.

b) Schematicrepresentation of OCT4 domains. The POUgand POU,,, domains
arestructured, whereas the N-and C-terminal tails are disordered. ¢) Model of
OCT4bound to the linker DNA showing thekink inthe DNAintroduced by
binding of OCT4-POU,,;. Argin OCT4-POU,,, interact with DNA. d) Classification
ofthe cryo-EM datarevealed two conformations of the H4 tail on the OCT4
proximalside.Red dots depict the H4 tail. The class with the re-positioned H4

tail, which goes to the SHL1, contains an additional density whichis labeled
with blue dots. Maps are colored by local resolution. e) Cryo-EM maps and
fitted models showing two positions of the H4 tail. Note different orientation
of H4D24 whichinteracts with the OCT4 density. OCT4 density is shownin
green.f) Detailed views of the H4 a2 and N-terminal tail on the OCT4-proximal
side of the nucleosome, showing the two distinct conformations of the H4 tail,
canonical (blue, left) and OCT4 remodeled (grey, right). The disordered region
of OCT4 thatinteracts with H4 isrepresentedingreen, and it contacts Asp24
and Asn27in H4 tail and Asp52 and Arg55in H4 a2.
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Extended DataFig.5|N-terminal disordered region of OCT4 is required for
chromatin de-compaction. a) Native gels showing Mg?' induced compaction
of nucleosomes and nucleosomes bound to OCT4 (n =4), OCT4ANtail (n =4)
and OCT4ACtail (n =3).0CT4 binding reduces nucleosome compaction.
Deletion of OCT4 N-terminal disordered region eliminates OCT4 effect on
nucleosome compaction. b) Native agarose gel showing assembly of
nucleosome and nucleosome array (n > 3). ¢) Negative stain micrographs
showing Mg?' induced compaction of the LIN28B nucleosome array (n =26
micrographs), the OCT4 bound LIN28B nucleosome array (n=32 micrographs)
and the OCT4ANtail bound LIN28B nucleosome array (n =23 micrographs).
Most nucleosomes are compacted (red circle) in sample containing LIN28B
arraysand OCT4ANtail bound LIN28B arrays. Many more open arrays (green
circle) are detectable when OCT4 is bound to LIN28B arrays. d) Native gels
showing binding of OCT4ANtail (n = 4) and OCT4ACtail (n =2) to the LIN28B
nucleosome. OCT4ANtail and OCT4ACtail binds nucleosome comparably to
wild type OCT4. e) Quantification of data fromd). Deletion of OCT4 C-terminal
disordered tail does not reduce Oct4 effect on nucleosome compaction. Data

aremeanands.e.m.,n=4.f) Anative gel stained for DNA showing OCT4 binding
tonucleosome and DNA. Binding to DNA and nucleosome generates distinct
bands. g) A native gel stained for DNA showing OCT4 binding to nucleosome
and westernblot with anti-H3 showing presence of histones in these complexes
(left). A native gel stained for DNA showing OCT4 binding to nucleosome and
western blot with anti-OCT4 showing presence of OCT4 in these complexes
(right). Eachexperiment has been performed >3 times. h) Native gel showing
OCT4 bindingto the LIN28B nucleosome and LIN28B nucleosome with mutated
binding site 2 (LIN28B-2M). Mutation of the binding site 2 did not affect binding
of 1" OCT4. i) Native gel showing OCT4 binding to the LIN28B nucleosome and
LIN28Bnucleosome with mutated binding site 3 (LIN28B-3M). Mutation of the
bindingsite 3 did not affect binding of 1°* OCT4.j) Cryo-EM maps from a subset
of datashowing OCT4 interaction with H3 and H2A tails. The maps are colored
by local resolution. Histone tails are marked with red dots. Model showing
interaction of OCT4 with histone tailsis shown below. Model of OCT4-
nucleosome complex was rigid body fitted into cryo-EM maps.
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Extended DataFig. 6 | Histone modifications modulate OCT4 cooperativity.
a) Representative native gel from Sindependent experiments showing assembly
ofunmodifiedand H3K27ac LIN28B nucleosomes. b) Left, arepresentative
SDS-PAGE from 3independent gels showing purification of MiDAC complex.
Right, westernblot with anti-H3 and anti-H3K27ac showing deacetylation of
H3K27ac. ¢) Left, representative native gel electrophoresis showing OCT4
bindingtothe deacetylated L/IN28B-H3K27ac or LIN28B-H3K27ac nucleosomes.
The composition of the OCT4-bound bands was validated by Western blot
(Extended DataFig. 5g). Colored asterisks indicate the number of OCT4
moleculesbound to the nucleosome:red,10CT4; blue, 2 OCT4; and green,

3 0CT4.Right, quantification of OCT4 binding to LIN28B-H3K27ac nucleosome
relative to the deacetylated LIN28B-H3K27ac; dataare mean ands.e.m. of
4independent experiments;**p =0.001and p = 0.005 for 2" and 3" OCT4, one-
sided Student’s t-test. d) Representative gel from 4 independent experiments of
Mnlldigestion of unmodifed and H3K27ac nucleosomes bound to OCT4.
Binding of OCT4 to nucleosomes increases Mnll digestion of nucleosome
indicating exposure of Mnl I site. OCT4 bound to H3K27ac nucleosomes shows
decreased degradation at MnlIsite compared to unmodified nucleosomes
boundto OCT4.e) Native gel showing OCT4 binding and MNase digestion

of OCT4 bound unmodified and H3K27ac LIN28B nuclesomes. f) Quantification
ofsequencing of Mnase I digested OCT4-bound nucleosomes (unmodified and

H3K27ac). The y-axis shows fraction of nucleosome size reads starting at
defined position, the x-axis shows position of the first base pair relative to the
most abundant position (0 asobserved in the structure). Data are mean and
spread of2independent experiments. g) Model of OCT4 bound to the LIN28B
nucleosome with OBS2/3 and SOX2 binding sites moved for +1bp (0OSO+1),
showing OCT4-binding sitesonDNAingreen. OCT4 bound to OBSlisinsolid
green; OCT4 structure was superimposed on OBS2 and on OBS3. In this
conformation, OCT4-POUscan bind to OBS2 and OBS3. Note, shift of 1bp
exposes OCT4-POUgbinding site at OBS2 instead of OCT4-POU,,;, h) Left,
representative native gel electrophoresis showing OCT4 binding to the LIN28B
or LIN28B nucleosomes with OBS2/3 and SOX2 binding sites moved for +1bp
(0SO+1).Right, quantification of the native gel electrophoresis, data showns as
s.e.m.of3independent experiments. Bands marked with * were used for
quantification.*p=0.02, one-sided Student’s t-test. i) Representative native gel
electrophoresis from 2independent experiments showing OCT4 binding to the
LIN28B or LIN28B nucleosomes with OBS2/3 and SOX2 binding sites moved for
+2bp (0SO0+2).j) Left, representative native gel electrophoresis showing OCT4
binding to the LIN28B or H3K27ac LIN28B nucleosomes with OBS2/3 and SOX2
binding sites moved for +1bp (OSO+1). Right, quantification of the native gel
electrophporesis, datashowns ass.e.m. of 3independent experiments. Bands
marked with * were used for quantification.
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Extended DataFig.7 |Histone modifications modulate 0CT4 and SOX2
cooperativity. a) Left, representative native gel electrophoresis showing
OCT4 bindingto the LIN28B or H3K27me3 LIN28B nucleosomes. Colored
asterisksindicate the number of OCT4 molecules bound to the nucleosome:
red,10CT4;blue,20CT4;and green, 3 OCT4. Right, quantification of OCT4
binding to H3K27me3 LIN28Brelative to unmodified LIN28B, data shown as
s.e.m.of4independent experiments. Bands marked with * were used for
quantification. b) Left, quantification of Mnl I digestion of free and OCT4-
bound nucleosomes (unmodified, H3K27ac and H3K27me3). The y-axis shows
intensity of nucleosome bands after enzyme digestion, normalized to the input
(withoutenzyme). Dataare meanands.e.m. of 4 independent experiments.
Representative gels are shown in Extended DataFig. 6d. Right, comparison of
Mnlldigestionbetween unmodified and H3K27me3 OCT4 bound nucleosomes.
¢) Quantification of sequencing of Mnase I digested OCT4-bound nucleosomes
(unmodified or H3K27me3). The y-axis shows fraction of nucleosome size
reads starting at defined position, the x-axis shows position of the first base
pairrelative to the most abundant position (0 as observed in the structure).
Dataare meanand spread of 2independent experiments. d) Model of OCT4
boundto the LIN28B nucleosome with SOX2 binding site showninblue. OCT4
boundto OBSlisinsolid green; OCT4 structure was superimposed on OBS2

and on OBS3. SOX2 binding site and SOX2 model are shownin blue.

e) Arepresentative native gel from >6 independent experiments stained for
DNA showing SOX2 and OCT4 binding to nucleosome. f) Left, native gel stained
for DNA showing SOX2 and OCT4 binding to nucleosome. Center, western blot
with anti-H3 showing presence of histones in the complexes. Right, western
blot withanti-Sox2 showing presence of Sox2 inthese complexes. Each
experiment hasbeenreplicated >3 times. g) Left, representative native gel
electrophoresis showing OCT4 and SOX2 binding to the LIN28B nucleosome.
OCT4 and SOX2 were mixed and added to nucleosomes as indicated. SOX2
binding to nucleosome was validated by westernblot analyses (Extended Data
Fig. 7f). Colored asterisksindicate the molecules bound to the nucleosome:
black, nucleosome alone; red,10CT4; gray,1SOX2; orange,10CT4 and 1SOX2.
Right, quantification of SOX2 binding, with datashown as meanands.e.m. of 5
independent experiments; **p = 0.003, one-sided Student’s t-test. To assess
SOX2binding to OCT4-bound nucleosome, we used 1-OCT4-SOX2 (orange
asterisk) and1-OCT4 (red asterisk) bands; to assess SOX2 binding to nucleosome,
we used SOX2-bound nucleosome (gray asterisk) and input nucleosome

(black asterisk) bands. See Methods and quantification datain Supplementary
Table 3.
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Extended DataFig. 9 |Histone modifications modulate 0CT4 and SOX2
cooperativity onvarioushumanDNA. a) Cryo-EM map of OCT4 region from
the OCT4_nucleosome complex from Fig. 8g). Focused classification and
refinementsimproved the resolution of this 20 kDa fragment to 8.1A.

b) Fourier shell correlation (FSC) curve showing the resolution of the map in a).
c) Directional FSC plot showing uniformresolutionin all directions.

d) Representative regions showing map quality and fit of the model are shown
for the nucleosome with bound OCT4. Right: basesinthe DNA are well resolved.
e) Quantification of sequencing of Mnase I digested OCT4-bound nMATNI
nucleosomes. They-axis shows fraction of nucleosome size reads starting at
defined position, the x-axis shows position of the first base pair relative to the
most abundant position (0 asobserved in the structure). Data are mean and
spread of 2independent experiments. f) The model of the OCT4 bound to DNA
(Extended DataFig.2g) wasrefined into the cryo-EM map. Therepresentative
regionshowing map quality and fit of the modelis shown. g) Cryo-EM models
of OCT4 bound to the nMATNI nucleosome containing 186bp of DNAat 2.2-5.6 A
resolution for two most dominant conformations. h) DNA sequence and
schematicrepresentation showing nMATNI DNA positioning onthe OCT4_
nucleosome complex. Potential OCT4 binding sites are labeled ingreen.

OCT4 bindingsite occupiedinthe structureislabeledin orange.i) Close-up views
ofthe nucleosome entry/exit site showing interaction of the OCT4_POUsdomain
with the H3 N-terminal tail. Ribbon representation shows OCT4_POUs helix 4
and helix Sinteracting with histone H3 N-terminal tail. j) In L/IN28B nucleosome
OCT4 (lightgreen) and SOX2 (light blue) binding sites are wrapped around the
histone octamer. LIN28B nucleosomes are mobile, and nucleosomesliding
transiently exposes the OCT4 binding site 1 (green), which leads to binding of
OCT4 (greenbox). OCT4 binding (green box) traps DNA inamore defined
position, which exposesinternal OCT4 and SOX2 binding sites (blue). OCT4
bound tothe OBSlinteracts with the histone H3 tail. H3K27ac modifies this
interactionleading to DNA movement towards the histone octamer, which
exposesinternal OCT4 and SOX2 sites even more, leading to increased binding.
k) The canonical H4 tail conformation (yellow, facing outward) favorsinter-
nucleosome interactions by interacting with the acidic patch of neighboring
nucleosomes. Theseinteractions are essential for chromatin compaction.
OCT4 DNAbinding domain binds linker DNA whereas disordered activation
domain binds H4 near the H4 tail. This repositions the H4 tail to aninward
conformation thatreducesinter-nucleosomeinteractionsin chromatin.



Extended Data Table 1| Cryo-EM data collection, refinement, and validation statistics

OCT4 bound LIN28B ~ OCT4/linker LIN28B OCT4 bound OCT4/linker
nucleosome DNA nMATN1 nucleosome nMATN1 DNA
EMD-29850 EMD- 29846 EMD-29843 EMD-29841
PDB ID 8G8G PDB ID 8G8E PDB ID 8G88 PDB ID 8G87

Data collection and
processing
Magpnification
Voltage (kV) 300 300 300 300
Electron exposure (e— 90 90 50 50
/A?)
Defocus range (um) -0.7--2.5 -0.7--2.5 -0.7--2.5 -0.7--2.5
Pixel size (A) 1.06 1.06 0.805 0.805
Symmetry imposed C1 C1 C1 C1
Initial particle images ~ 2620000 ~ 2620 000 ~ 850 000 ~ 850 000
(no.)
Final particle images ~ 1000 000 ~ 65 000 ~ 450 000 ~ 18 000
(no.)
Map resolution (A) FSC 2.8 3.9 2.3 8.1
threshold
Map resolution range 2.5-35 3.5-5.0 2.2-35 8-15
(A)
Refinement
Initial model used 6WZ5
Model resolution (A) 2.8 3.9 22 8.1

FSC threshold
Model resolution range ~ 235-2.6 235-3.6 235-2.2 235-6
(A)
Model composition

Nonhydrogen atoms 14667 2484 14183

Protein residues

Nucleotide 935 143 904

352 64 347

B factors (A%

Protein 335.97 22542 250.90

Nucleotide 377.41 243.60 268.11
R.m.s. deviations

Bond lengths (A) 0.01 0.007 0.019

Bond angles (°) 0.987 0.935 1.5
Validation

MolProbity score 1.89 2.05 2.04

Clashscore 23.96 25.42 35.74

Poor rotamers (%) 0.13 0 0
Ramachandran plot

Favored (%) 97.92 97.12 98.08

Allowed (%) 2.08 2.88 1.92
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PDB 8G8E. For Oct4 bound to n Matnl nucleosome following maps and coordinates were deposited: EMD-29837 and PDB 8G86 (Oct4 _Nucleosome, nucleosome
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(Oct4 _Nucleosome, conformation 2).
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Antibodies

Antibodies used

Validation
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