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SUMMARY

Chromatin remodeling complexes mobilize nucleosomes and promote transcription factor (TF) binding. Us-

ing ensemble and single-molecule assays combined with cryo-electron microscopy (cryo-EM), we studied 
the interaction between pioneer TFs OCT4–SOX2 and the human BRG1/BRM-associated factor (BAF) com-

plex on nucleosomes. BAF engages TF-bound substrates in two orientations, placing OCT4–SOX2 at either 
the remodeler ENTRY or EXIT site. At the ENTRY site, OCT4–SOX2 initially coexists with BAF without struc-

tural interference. However, continued DNA translocation is expected to cause collisions with bound TFs, 
which can trigger remodeling direction reversals or may induce TF dissociation. To accommodate TFs at 
the EXIT site, BAF undergoes structural rearrangements, and ensemble assays reveal a nucleosome subpop-

ulation translocating away from TF-binding sites. Moreover, single-molecule experiments show that nucleo-

some-bound BAF frequently changes remodeling direction, and we identify an ADP-bound remodeler 
conformation as a potential intermediate. Together, these findings reveal key aspects of the conformational 
dynamics and remodeling outcomes underlying BAF processing of TF-bound nucleosomes.

INTRODUCTION

The repeating nucleosome units in chromatin limit access to 

genomic DNA and act as a barrier for transcription factor 

(TF) binding. 1,2 When faced with nucleosome-embedded 

DNA motifs in vitro, most TFs tested bind, albeit with lower 

apparent affinity compared with free DNA. 3 Those TFs 

engaging nucleosomal DNA predominantly bind solvent-

exposed motifs near the nucleosomal entry/exit sites (end 

binders). 3,4 One of the best-studied examples is the mamma-

lian pluripotency factors OCT4 and SOX2, pioneer factors 

shown to exhibit highly synergistic end-binding behavior in

biochemical assays and within mouse embryonic stem 

cells. 5–8

While TFs can engage nucleosomes in vitro, in vivo they typi-

cally reside in nucleosome-depleted regions (NDRs) of the 

genome. 9,10 Current models invoke TF-mediated recruitment 

of chromatin remodeling complexes, including the SWI/SNF 

(switch/sucrose non-fermentable) family of remodelers, which 

subsequently slide or evict nucleosomes to generate nucleo-

some-depleted binding sites. 11,12 The hematopoietic TF PU.1, 

for example, exhibits cell-fate-changing pioneering proper-

ties 13–15 while also being dependent on remodeling complexes 

to modulate chromatin structure. 15,16 Although PU.1 can interact
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with its target sites independent of chromatin remodelers, small 

molecule SWI/SNF inhibitors impair the formation of NDRs 

around PU.1 binding sites and reduce expression of PU.1-

controlled genes. 16 Similar functional cooperations between 

SWI/SNF members and TFs have been described for other 

pioneer factors, including OCT4–SOX2. 11,17–28 Beyond their 

essential role in generating NDRs, SWI/SNF remodelers are 

crucial for retaining TFs at binding sites and for maintaining the 

surrounding chromatin in an open state. 19,28 Interactions of 

TFs and remodelers with chromatin are transient, 29,30 and TFs 

themselves are also subject to remodeling and remodeler-

dependent removal. 31 How remodelers and TFs interplay to 

govern TF occupancy at promoters and enhancers is currently 

unclear. 32

Chromatin remodeling complexes are grouped into evolu-

tionary conserved subfamilies, each centered on a unique 

ATPase core and accompanied by accessory subunits that 

confer target specificity and functional diversity. 33–37 In humans, 

the 29 SWI/SNF subunits give rise to three main configurations: 

canonical BRG1/BRM-associated factor (BAF), polybromo-

associated BAF (PBAF), and non-canonical BAF (ncBAF). 38 

BAF is the most abundant and highly mutated remodeling 

complex in human cancers. 39 Despite considerable subunit vari-

ability, SWI/SNF remodelers share a conserved modular organi-

zation, comprising a DNA-translocating ATPase module, a 

histone-engaged BASE module, and an actin-related protein 

(ARP) module, which bind nucleosomes by multiple interaction 

sites. 40–48 Binding sites on nucleosomal DNA are denoted with 

reference to superhelix locations (SHLs), with the dyad defined 

as SHL0 and the minor grooves facing the histone core from 

the dyad to the entry/exit sites numbered as SHL ± 1–7 

(Figure S1A). 2 The ATPase catalytic domain engages and trans-

locates nucleosomal DNA near SHL ± 2, a position conserved 

across SWI/SNF, ISWI, and CHD1 remodelers. 49–53 Recent 

structural and functional studies detail how ATP hydrolysis-

driven conformational changes of the ATPase lobes pull DNA 

in 1 bp steps from the nucleosome entry site toward SHL2, 

creating torsional strain that drives DNA propagation to the 

dyad and release at the distal exit site. 54–59 BAF ‘‘sandwiches’’ 

the nucleosome (Figure S1C) with the C-terminal region of the 

ATPase (SnAC/post-SnAC) occupying one nucleosomal acidic 

patch, and the BASE module subunit BAF47 (SMARCB1) con-

tacting the opposite face. The ARP module is located near 

SHL ± 6, close to the ends of the nucleosomal DNA. Comparison 

of this SWI/SNF chromatin remodeler footprint with that of nucle-

osome-bound TFs, for example OCT4–SOX2, reveals potential 

structural overlaps (Figure S1D). Similar clashes between TFs 

and SWI/SNF remodelers are in principle expected for most 

end-binding TFs on nucleosomes. 4,60

To investigate how remodelers read out TF-bound nucleo-

somes and crosstalk with DNA-binding proteins, we performed 

in vitro ensemble and single-molecule chromatin remodeling re-

actions and solved the corresponding cryo-electron microscopy 

(cryo-EM) structures of nucleosome-bound OCT4–SOX2 in the 

presence of the human BAF chromatin remodeling complex. 

This uncovered a highly dynamic remodeling process in which 

BAF frequently changes the direction of nucleosome movement 

and where pioneer TFs OCT4–SOX2 impact the remodeler

activity and directionality. In line with the observed functional 

plasticity, cryo-EM reveals a remarkable structural flexibility of 

the remodeler, allowing for simultaneous binding of TFs and 

BAF to a single nucleosome. Together, our structural and func-

tional data provide important insights into the mechanistic cross-

talk between TFs and chromatin remodelers.

RESULTS

To study how SWI/SNF chromatin remodeling complexes are 

impacted by nucleosome-bound TFs, we first characterized 

the dynamics of remodeler-catalyzed nucleosome movement 

in the absence of bound factors. Asymmetric nucleosomes, con-

taining a Cy3-labeled H2A–H2B dimer, were assembled on a Wi-

dom 601 positioning sequence, 61 inserting the nucleosome 

adjacent to a matching fluorescence resonance energy transfer 

(FRET)-acceptor dye (Cy5) at the DNA end (Figures 1A, S2A, and 

S2B). The 601 sequence is inherently asymmetric, consisting of 

two half-sides with differing histone-DNA interaction strengths 62 

(Figure S1G). In this bulk assay setup, remodeling by the endog-

enously purified human BAF complex (see STAR Methods; 

Figure S1B) led to a time-dependent decrease in FRET signal 

(Figure 1A), consistent with overall nucleosome movement 

away from the FRET-acceptor fluorophore, toward the longer 

linker and across the weaker 601 half-side (a direction we desig-

nate as the 3’ DNA end from here on).

The observed nucleosome movement, as evident by a 

decrease in FRET efficiency, either arises from nucleosomes 

slowly moving toward their equilibrium positions or from a 

more rapid, dynamic back-and-forth movement. Both processes 

can give rise to similar net histone core shifts and to indistin-

guishable equilibrium positions. To differentiate between the 

two, we monitored remodeling dynamics at the single-molecule 

level. Labeled nucleosomes were immobilized on a polyethylene 

glycol (PEG)-coated quartz surface using a biotin anchor 

attached to the DNA end opposite of the FRET-acceptor fluoro-

phore 63 (Figures 1B and S2B), and fluorescent signals were 

monitored by total-internal-reflection fluorescence (TIRF) micro-

scopy. Interestingly, we observed that the majority (80%) of sin-

gle-molecule remodeling traces initially showed a decrease in 

FRET efficiency, in line with remodeling away from the FRET 

acceptor, to subsequently reverse direction and return to higher 

FRET values (Figures 1C and 1E). In many cases, these sponta-

neous direction changes occurred repeatedly within the same 

remodeling trace (Figures 1C and S2C), suggesting a highly dy-

namic and reversible remodeling process driven by nucleosome 

sliding rather than eviction. Given the pseudosymmetric nature 

of the nucleosome, the catalytic lobes of the remodeler 

ATPase can engage nucleosomal DNA either at SHL + 2 or 

SHL − 2. The direction of nucleosome movement, in turn, de-

pends on which of the two SHLs is engaged. One possible expla-

nation for the observed directional changes in single-molecule 

experiments, hence, is frequent dissociation of the remodeler 

from one SHL ± 2 position, followed by re-engagement of a 

different BAF molecule to the other SHL ± 2 (Video S1). Alterna-

tively, the reversal could occur within a single BAF binding event, 

where a bound remodeler switches the ATPase location from 

SHL + 2 to SHL − 2 (or vice versa) without complete dissociation
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(Video S2), resulting in nucleosome movement in the opposite di-

rection. To distinguish between these scenarios, we carried out 

single-molecule FRET experiments allowing for only a single 

BAF-nucleosome engagement event while preventing re-associ-

ation of dissociated or external BAF molecules. To this end, 

complexes between nucleosomes and remodelers were pre-

formed in the presence of ATP but absence of MgCl 2 , and un-

bound free BAF was removed in the microfluidic setup by flush-

ing the flow channel. The remodeling reaction was subsequently 

initiated by a single buffer exchange to a solution containing 

MgCl 2 , after which data were acquired under no-flow conditions. 

Strikingly, in this setup, we retained a significant fraction (41%) of 

single-molecule remodeling traces that change directionality 

(Figures 1D, 1F, and S2D). Considering the removal of unbound 

and excess remodeler complexes, these results support the abil-

ity of BAF to change remodeling directionality without full disso-

ciation from the nucleosome. Such changes in directionality are 

frequent events, occurring at least once in nearly half of all pro-

ductive remodeling traces. We cannot formally exclude the pos-

sibility that rapid rebinding of the same BAF molecule after disso-

ciation contributes to some reversal events. However, given the 

restricted availability of free remodelers in this assay, we 

consider a reorientation mechanism that does not involve 

complete dissociation as the predominant pathway under our 

experimental conditions. Notably, the residence times of nucle-

osome-bound BAF observed here often exceed those reported 

in vivo 29,64 (<30 s) but align well with previous single-molecule 

studies on other remodelers using DNA and mono-nucleosome 

substrates. 65

To reverse the direction of nucleosome sliding, the ATPase 

driving the DNA translocation must relocate to its pseudo-sym-

metric binding site on the nucleosome. Since BAF has additional

A B

D 
E

F

G

C

Figure 1. BAF frequently changes the direction of nucleosome movement

(A) Ensemble FRET experiment probing nucleosome sliding by the human BAF complex. Asymmetric nucleosomes containing a Cy3-labeled H2A-H2B dimer are 

positioned 12 bp from the Cy5 FRET-acceptor fluorophore at the 5 ′ DNA end. Incubation with human BAF results in a time-dependent decrease of FRET signal, in 

line with nucleosome movement toward the longer linker (78 bp).

(B) Experimental setup for single-molecule remodeling experiments. Nucleosomes were immobilized on a PEG-coated quartz slide using a biotin anchor, and 

fluorescent signals were monitored using a TIRF microscopy setup.

(C) Representative trace from a single-molecule remodeling experiment with BAF in solution, displaying transitions between high and low FRET efficiency states. 

The upper panel shows the raw Cy3 and Cy5 fluorescence intensities, while the lower panel depicts the corresponding FRET efficiency over time.

(D) Same as (C) but performed under conditions that restrict remodeling to a single BAF binding event. Remodeler is pre-bound to surface-immobilized nu-

cleosomes in the presence of ATP, but without Mg 2+ . Unbound BAF molecules in solution are washed away with the reaction buffer (containing ATP but without

Mg 2+ ), and the reaction is initiated by filling the flow chamber with the reaction buffer supplemented with both ATP and Mg 2+ .

(E) Quantification of single-molecule FRET experiments shown in (C). 80% of traces exhibit at least one direction reversal event (217 out of 271 remodeling traces).

(F) Quantification of single-molecule FRET experiments shown in (D). 41% of traces exhibit at least one direction reversal event (134 out of 329 traces).

(G) Schematic representation of BAF reversing the direction of nucleosome movement. The ATPase lobes shift from SHL + 2 to SHL − 2, while BAF47 relocates 

from acidic patch A to B, and the ATPase SnAC domain switches from acidic patch B to A.
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contact points with the histone core, a directional switch also im-

plies the rearrangement of these interactions. Hence, BAF47 

must shift from acidic patch A to B, while the ATPase C-terminal 

domains (SnAC/post-SnAC) in turn relocate from B to A 

(Figure 1G).

OCT4–SOX2 affects the directionality of BAF 

nucleosome movement

To explore the impact of TFs on nucleosome translocation dy-

namics, we used a restriction enzyme-based remodeling assay, 

which allowed monitoring of bidirectional nucleosome move-

A

C

E

F

B

D

Figure 2. OCT4–SOX2 influences the direction 

of BAF-catalyzed nucleosome movement

(A) Schematic representation of nucleosome sub-

strates used in restriction enzyme-based remodeling 

assays. A 3 ′ shift of the nucleosome exposes the MfeI

site, producing a labeled 70 bp DNA fragment and an

unlabeled 157 bp fragment. Conversely, a 5 ′ shift 

exposes the PmlI site, yielding a labeled 155 bp 

fragment and an unlabeled 72 bp fragment.

(B) Restriction-based remodeling assay of SHL + 6.0-

motif-containing nucleosome. The gel shows fluo-

rescently labeled DNA fragments resulting from re-

modeling reactions with simultaneous restriction 

enzyme digestion. NCP, nucleosome core particle; 

OS, OCT4-SOX2.

(C) Same as (B) with nucleosomes containing the 

motif at SHL − 6.0.

(D) Quantification of remodeling assays from (B). 

Mean values ± SD of restriction enzyme cleavage 

were calculated from the uncut band intensities and 

normalized to the control condition without BAF and 

TFs (lane 1 or 4). Mean values are based on three 

independent replicates (n = 3). Statistical significance

was assessed using an unpaired two-tailed t test. 

*p < 0.05, **p < 0.01.

(E) Quantification of remodeling assays from (C). 

Statistical analysis was performed as in (D).

(F) Ensemble FRET remodeling assay using nucleo-

somes either lacking a motif or containing the com-

posite OCT4–SOX2 motif at SHL + 6.0. Fluorescence

signals were recorded over 30 min in the presence or

absence of OCT4–SOX2, and FRET efficiency is 

plotted in the graph.

ment. Building on a prior study describing 

the nucleosome-binding properties of 

the pluripotency TFs OCT4–SOX2, 8 we 

assembled nucleosomes with the TF com-

posite motif at either SHL − 6.0 or SHL + 

6.0. These nucleosomes were flanked by 

40 bp DNA overhangs on both sides 

of a centered nucleosome positioning 

sequence. To monitor nucleosome move-

ment bidirectionally, we introduced two re-

striction enzyme sites: an MfeI site posi-

tioned 30 bp into the stronger half of the 

601 sequence, which becomes accessible 

following a 3 ′ shift of the nucleosome onto 

the linker DNA, and a PmlI site positioned 

32 bp into the weaker half-side, exposed following a 5 ′ shift of 

the nucleosome (Figure 2A). In the absence of OCT4–SOX2, 

we observe a strong increase of MfeI digestion, with negligible 

PmlI cleavage following 30 min of BAF-mediated remodeling 

with simultaneous restriction enzyme digest (Figure 2B, compare 

lane 1 with lane 2 and lane 4 with lane 5). This indicates a 

preferred shift of nucleosomes toward the 3 ′ DNA end. Since 

the linker DNA lengths are identical on both sides of the nucleo-

somes, this directional bias is likely governed by the intrinsic 

asymmetry of the Widom 601 sequence, with BAF preferentially 

shifting nucleosomes toward the weaker half-side. Similar
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asymmetric movement of nucleosomes on Widom 601 tem-

plates has been previously reported for a related SNF2-type 

remodeler. 62

We then added OCT4–SOX2 to the remodeling reaction with 

nucleosomes containing the TF motif at SHL + 6.0. This resulted 

in a reduction of MfeI digestion by ∼21% (Figure 2B, compare 

uncut DNA in lanes 2 and 3; Figure 2D), in line with decreased 

nucleosome movement toward the 3 ′ end. TFs hence function 

as DNA-bound barriers that reduce BAF-mediated nucleosome 

movement over the TF-binding site. Concomitantly, the efficiency 

of PmlI cleavage increased by ∼12% in the presence of OCT4– 

SOX2 (Figure 2B, compare lanes 5 and 6; Figure 2D), consistent 

with more overall nucleosome movement toward the 5 ′ end in 

the presence of TFs. OCT4–SOX2 thus partially opposes the 

directional remodeling preference and triggers a change in direc-

tionality. The full extent of their impact on BAF-mediated nucleo-

some movement is likely camouflaged by the intrinsic bias 

imposed by the Widom 601 sequence. Accordingly, TF-induced 

remodeling away from the TF site was also observable with nucle-

osomes containing the OCT4–SOX2 motif at SHL − 6.0 

(Figures 2C and 2E), yet here the influence of the TFs is reduced, 

as nucleosome movement away from the TF motif is already 

aligned with the directional bias of BAF remodeling. Together, 

these data suggest that TFs can act as DNA-bound barriers, 

modulating nucleosome movement by BAF and introducing a 

TF-induced directional preference, reflected by a subset of nucle-

osomes moving away from the TF-binding site. We anticipate that 

the observed 12% effect, when extrapolated genome-wide, will 

significantly impact gene regulatory regions.

To further quantify the ability of TFs to serve as roadblocks, 

we carried out ensemble FRET experiments assessing BA-

F-induced nucleosome sliding in the presence and absence 

of TFs. The OCT4–SOX2 motif was introduced at SHL + 6.0 

and is positioned such that it faces the long linker DNA 

(Figures 2F, S2A, and S2E). Thus, to mobilize nucleosomes to-

ward the 3 ′ end of the DNA template, as observed in 

Figure 1A, BAF would have to shift nucleosomes toward the 

OCT4–SOX2 binding site. Fluorescence signals were recorded 

for 30 min during these ensemble remodeling experiments. To 

account for unspecific binding of OCT4–SOX2, nucleosomes 

lacking a TF motif served as a negative control. Experiments 

with or without TFs showed a reduction of FRET efficiency 

over time, consistent with an overall nucleosome movement 

toward the 3 ′ DNA end (Figure 2F). In the presence of 

OCT4–SOX2 with the composite motif at SHL + 6.0, however, 

the decrease in FRET efficiency was markedly slower, indi-

cating reduced nucleosome sliding toward the longer linker 

(Figure 2F). Although OCT4–SOX2 does not completely block 

BAF-mediated nucleosome movement toward the TFs motif, a 

significant decrease in the change of FRET efficiency is 

observed following 20 min of remodeling in the presence 

versus the absence of the TFs (Figure S1E). This effect is spe-

cific to OCT4–SOX2 binding to SHL + 6.0, as no impact of TF 

addition was observed for nucleosomes lacking a TF motif 

(Figure 2F). These findings suggest that OCT4–SOX2 bound 

at the edges of the nucleosome reduces sliding toward the 

TFs yet does not entirely abolish histone octamer movement 

in that direction.

This in turn raises the intriguing possibility that BAF can tolerate 

a TF bound at the DNA ENTRY site of the remodeler-nucleosome 

complex, although nucleosome translocation across the 

TF-binding site is expected to ultimately lead to TF collision and 

displacement. To gain further mechanistic insights into the TF/ 

BAF interplay, we determined structures of complexes formed be-

tween BAF and nucleosomes bound by OCT4–SOX2.

BAF nucleosome engagement places TFs at the

ENTRY site

We first solved a cryo-EM structure of the remodeler-bound 

nucleosome in the presence of pioneer factors OCT4–SOX2 

at SHL − 6.0. Unless otherwise stated, samples for cryo-EM 

were prepared in the presence of the non-hydrolysable ATP 

analog, adenyl-5 ′ -yl imidodiphosphate (AMP-PNP), followed by 

chemical cross-linking in gradient fixation (GraFix) using glutaral-

dehyde. 66 Cryo-EM structure determination revealed densities 

for both BAF and OCT4–SOX2 located on the same nucleosome. 

Thus, binding of both transcriptional regulators to nucleosomes 

is not mutually exclusive, a finding further confirmed under non-

crosslinking conditions in electrophoretic mobility shift assays 

(EMSA) (Figure S1F). The cryo-EM map was refined to an overall

resolution of 3.5 A ˚ , with subsequent local refinements on nucle-

osome-OCT4/SOX2-ATPase yielding 3.2 A ˚ and 2.9 A ˚ maps, and

local refinement on the BASE and ARP modules giving a 3.1 A ˚ 

reconstruction (Figure S3; Table 1) (see STAR Methods). Local

resolutions were between 2.5 and 5 A ˚ for the BASE, ARP, and

the nucleosome, and between 7 and 10 A ˚ for the ATPase and

TFs (Figures S3D, S3E, and S3F).

Density for OCT4–SOX2 in this cryo-EM map can be found 

at the ENTRY site of the remodeler-nucleosome complex 

(Figures 3A and 3B), without evidence for direct interactions be-

tween the TFs and BAF. Comparison to the published structure 

of OCT4–SOX2 at SHL − 6.0 in the absence of the remodeler 8 

finds the TF-nucleosome module largely unaffected by the pres-

ence of BAF (Figure S4A). Furthermore, the remodeler engages 

the nucleosome in a conformation that resembles previously 

solved structures of nucleosome-bound BAF in the absence of 

TFs 40,41 (Figure S4B). The ATPase catalytic domain engages 

nucleosomal DNA near SHL − 2.0 (Figures 3A and S4C), while 

the C-terminal SnAC domain of the BRG1/BRM (SMARCA2/4) 

ATPase gave rise to a defined cryo-EM density, engaging acidic 

patch A of the nucleosome and sitting in proximity of the SOX2 

HMG domain (Figures 3C and S4C). The αC helix of BAF47 as 

part of the HEAD submodule of BASE 40 engages acidic patch 

B of the nucleosome (Figure S4C). The structured core of the 

BASE module also gave rise to a defined density, highlighting 

the strongly interwoven assembly of different subunits of the 

BAF complex (Figures 3A and S4D). In addition, we observed 

density consistent with the β-stranded YEATS-like domain of 

BAF60 (SMARCD) in the BASE module, not modeled in previous 

BAF structures (Figure S4D).

Our cryo-EM structure reveals that BAF can engage TF-bound 

nucleosomes, circumventing potential structural clashes be-

tween the TFs and the ARP module/HSA (helicase-SANT-asso-

ciated) helix of the remodeler by placing the TFs at the ENTRY 

site. Taking into consideration the mechanism of DNA transloca-

tion by the BAF ATPase from a fixed location at SHL − 2 toward
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the nucleosome dyad (Figure S4C), this predicts that BAF-medi-

ated DNA translocation toward the TF motif ultimately results 

in steric clashes, potentially leading to TF removal via BAF-

induced remodeling. While we indeed observed a slowdown or 

stalling of nucleosome translocation toward the TFs binding 

site (Figure 2F), we also found a subpopulation of nucleosomes

Table 1. Statistics of cryo-EM data collection and refinement

BAF-OS +6 class 1 BAF-OS +6 class 2 BAF-OS +6 ADP BAF-OS − 6

Data collection and processing

Detector Falcon 4i Falcon 4i Falcon 4i Falcon 4i

Magnification 75,000 75,000 75,000 75,000

Voltage (kV) 300 300 300 300

Electron exposure (e–/A ˚ 2) 50 50 50 50

Defocus range (μm) − 0.5 – − 2.5 − 0.5 – − 2.5 − 0.5 – − 2.5 − 0.5 – − 2.5

Pixel size (A ˚ ) 0.845 1.69 0.845 0.845

Symmetry imposed C1 C1 C1 C1

Initial particle images (no.) 5,154,573 5,154,573 2,420,264 1,744,128

Final particle images (no.) 30,808 27,074 83,832 179,373

Consensus map resolution (A ˚ ) 4.2 4.1 5.9 3.5

Local refinement, base module (A ˚ ) a 4.0 6.5 3.1

Local refinement, NCP module (A ˚ ) a 3.3 4.05 2.9

Local refinement, ARP module (A ˚ ) a 3.7

FSC threshold 0.143 0.143 0.143 0.143

Map resolution range (A ˚ ) 3–20 3–20 3–20 3–10

Refinement

Initial models used (PDB codes) 6YOV, 6LTJ 6YOV, 6LTJ BAF-OS + 6 class 1 + 7VDT 6T90, 6LTJ, and 7VDT

Map sharpening B factor (A ˚ 2) N/A. N/A. N/A. N/A.

Model composition

Non-hydrogen atoms 27,965 23,423 29,773 38,125

Protein residues 3,626 3,092 4,202 4,342

Nucleotides 262 276 268 284

Ligands 1 0 0 17

B factors (A ˚ 2) 260.18 352.37 477.45 158.45

Protein 258.81 411.11 516.58 147.78

DNA 265.99 167.96 304.55 218.65

Root mean square (RMS) deviations

Bond lengths (A ˚ ) 0.006 0.009 0.005 0.006

Bond angles ( ◦ ) 1.057 1.355 0.978 1.146

Validation

MolProbity score 0.89 0.98 0.94 0.77

Clashscore 0.46 0.91 0.63 0.40

Poor rotamers (%) 0.52 0.28 0.30 0.49

Ramachandran plot

Favored (%) 96.49 96.77 96.44 97.35

Allowed (%) 3.42 3.10 3.39 2.56

Disallowed (%) 0.08 0.13 0.17 0.09

Model-to-data fit b

CCmask 0.6739 0.6651 0.7845 0.8337

CCbox 0.8353 0.7348 0.8468 0.8696

CCpeaks 0.5312 0.5903 0.6082 0.7468

CCvolume 0.6550 0.7057 0.7818 0.8257

a Local refined cryo-EM maps used to build the composite map in Chimera (vop maximum).
b Map-model correlation coefficients (Phenix v1.20.1-4487) calculated using the model fitted into the composite cryo-EM map.
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moving in the opposite direction in restriction-based remodeling 

experiments (Figures 2B–2E). This demonstrates that BAF can 

translocate nucleosomes away from DNA-bound factors and 

suggests the existence of a directionality inversion point 

following initial BAF engagement and TF translocation toward 

the nucleosome.

BAF can also accommodate OCT4–SOX2 at the EXIT site 

To better understand the potential modes of BAF engagement 

with TF-nucleosome complexes, we turned our attention to a 

second nucleosome substrate carrying the composite OCT4– 

SOX2 motif at SHL + 6.0 (another location formerly characterized 

structurally). 8 Here, the TF motif orientation is inverted compared 

with the SHL − 6.0 position, with SOX2 facing the nucleosome 

dyad and OCT4 pointing toward the DNA end (Figure S1G). 

Once again, cryo-EM structure determination revealed densities 

for both BAF and OCT4–SOX2 located on the same nucleosome. 

In this dataset, however, we could distinguish between two 

binding modes in 2D and 3D classifications. The first 3D class 

(BAF-OS +6.0 class 1) shows the TFs positioned at the ENTRY 

site of the remodeler-nucleosome complex (Figure 4), consistent 

with the BAF-OS − 6.0 structure presented above. Surprisingly, in 

the second 3D class (BAF-OS +6.0 class 2), OCT4–SOX2 is posi-

tioned proximal to the remodeler at the nucleosome EXIT site, 

and BAF underwent large, albeit localized, conformational 

changes to accommodate the TFs (Figure 5). The number of 

particles assigned to both 3D classes is roughly comparable 

(Figures S5 and S7), indicating that the two distinct binding 

modes exist in equilibrium.

Class 1 was solved to an overall resolution of 3.8 A ˚ in conven-

tional refinement and of 4 A ˚ in 3D Flex flexible refinement 67 per-

formed in cryoSPARC 4.1 (Figure S5; Table 1) (see STAR 

Methods). In conventional refinement, local resolutions ranged

from 3 to 7 A ˚ for the nucleosome and 8 to 20 A ˚ for the ARP mod-

ule, the ATPase, and the TFs (Figure S5B). In flexible refinement,

the reported resolution ranged from 3 to 5 A ˚ for the nucleosome

and 7 to 20 A ˚ for the ARP module, the ATPase, and the TFs

(Figure S5C). Density for the SHL + 6.0-bound TFs OCT4– 

SOX2 can be found at the ENTRY site of the remodeler-nucleo-

some complex, supporting simultaneous binding of both tran-

scriptional regulators to the same nucleosome without direct 

physical contacts (Figures 4A and 4B). The TF-nucleosome 

module again remains largely unaffected by the presence 

of BAF (Figure S6A) and closely resembles the published 

OCT4–SOX2 nucleosome structure in the absence of the remod-

eler. 8 As a result of the altered location of the TFs motif, BAF 

binds the nucleosome in an inverted orientation compared with 

the BAF-OS − 6.0 structure (Figures 4B and 4C), with the ATPase 

catalytic lobes engaging nucleosomal DNA around SHL + 2.0 

(instead of SHL − 2.0 in BAF-OS − 6.0 ). Since OCT4–SOX2 is again 

positioned at the nucleosome ENTRY site, ATPase-driven DNA 

translocation would result in a directed movement of the TFs 

into the nucleosome core. In addition to the ATPase catalytic 

domain, the ARP module, the HEAD submodule of the BASE, 

and the armadillo repeats domain (ARM) region of BAF250 

(ARID1) could also be fitted in the density, while other BASE 

subunits could not be reconstructed, likely because of 

flexibility, as is evident in 3D Flex analysis (Figure S6B; Videos 

S3 and S4). Overall, the structure observed in class 1 closely 

mirrors the configuration obtained with OCT4–SOX2 at SHL − 

6.0, and the functional consequences—namely, TF-directed 

translocation into the nucleosome core and collision—remain 

consistent.

Class 2 was solved at an overall resolution of 4.2 A ˚ . Following

local refinement, the ATPase, nucleosome, and OCT4–SOX2

were refined to 3.3 A ˚ resolution, while the ARP and BASE

Figure 3. BAF engages the OCT4–SOX2 SHL – 6.0 nucleosome in an orientation that places the TFs at the ENTRY site

(A) Composite cryo-EM map and model of BAF-OS SHL− 6.0 colored by subunit. Density for OCT4–SOX2 can be found at the ENTRY site of the remodeler-

nucleosome complex.

(B) Cryo-EM map of a focused classification on the TF-bound nucleosome, highlighting the density of the OCT4 POUs DNA binding domain and the SOX2 HMG 

domain.

(C) Cryo-EM map of a focused classification on the TF-bound nucleosome, highlighting the density of the ATPase SnAC domain meandering on the nucleosome 

acidic patch.
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modules together were refined to 4.0 A ˚ (Figure S7; Table 1) (see

STAR Methods). The local resolutions ranged from 3 to 6 A ˚ for

the BASE module, nucleosome, and HSA helix, and 8 to 20 A ˚ 

for the ARP module, the ATPase, and the TFs (Figures S7B 

and S7C). The resultant composite map (Figure 5A) allowed 

building of an atomic model for the ternary complex, detailing 

the structural rearrangements of the BAF remodeler that enabled 

the accommodation of OCT4–SOX2 close to the EXIT site 

(Figure 5B). Comparison of this model to previously determined 

TF-free BAF-NCP structures 40,41 found that the ARP module 

(comprising its subunits BAF53 [ACTL6A] and β-ACTIN [ACTB]) 

and the HSA alpha-helix of the BRG1/BRM ATPase underwent 

the most significant conformational changes (Figures 5C–5E).

In particular, the HSA α-helix translated 30 A ˚ toward the nucleo-

some dyad. This conformational change resolves the expected 

clash between OCT4–SOX2 and the remodeler, accommodating 

the OCT4–SOX2 footprint at the EXIT site (Figures 5C–5E; Video 

S5). As an integral element of the SWI/SNF architecture, the 

ARP-HSA helix module bridges the ATPase catalytic domain 

and the BASE module. Accordingly, changes in the ARP-HSA 

helix directly affect the ATPase position. The two ATPase lobes 

are displaced from their canonical sites. Lobe 1 (the N-terminal 

lobe) is in proximity to SHL + 4.5 adjacent to SOX2 and is not 

engaging in any discernible DNA contacts (Figures 5A, 5B, and 

5D). Lobe 2 (the C-terminal lobe) is located adjacent to SHL

− 3.5 yet is shifted toward the histone surface rather than sitting

on top of nucleosomal DNA (Figures 5A and 5D). A similar struc-

tural organization with fully separated ATPase lobes and move-

ment of lobe 2 toward the histone face has been recently 

described for the related SNF2-type ATPase SNF2H. 68 The 

conformational changes in the ARP-HSA module in the presence 

of OCT4–SOX2 at SHL + 6.0 also affect the remodeler BASE 

module. Compared with the published TF-free BAF-NCP struc-

tures, 40,41 the HSA helix in BAF-OS +6.0 class 2 undergoes a 

55 ◦ –75 ◦ rotation relative to ATPase lobe 1, which puts the 

ATPase, the HSA helix, and the BAF250 ARM region of the 

BASE module roughly co-planar on the same longitudinal axis

(Figure S8A). This results in a ∼35–45 A ˚ lateral shift of the

BAF250 ARM region and of the closely associated subunits 

(the coiled-coil domains of BAF155/BAF170 (SMARCC1/2), 

BAF57 (SMARCE1), the SWIB domain of BAF60, and the winged 

helix domain of BAF47) (Figure S8B). The extensive conforma-

tional changes of the remodeler are contrasted by only minor 

changes in the interaction between OCT4–SOX2 and the nucle-

osome. The overall structure of nucleosome-bound OCT4–SOX2 

in BAF-OS +6.0 class 2 again strongly resembles that observed in 

the absence of the remodeler 8 (Figure S8C).

Together, our structural analysis reveals that BAF can 

engage the SHL + 6.0 nucleosome in two distinct orientations. 

Depending on the mode of engagement, OCT4–SOX2 is located 

either at the ENTRY site (class 1), expected to be remodeled onto 

the nucleosome, or at the EXIT site (class 2), poised to be
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Figure 4. Class 1 structure of BAF bound to the SHL + 6.0 nucleosome, showing OCT4–SOX2 positioned at the ENTRY site

(A) Overlay of cryo-EM map in gray and model of BAF-OS SHL+6.0 class 1 colored by subunit. ARM, armadillo repeats domain; SWIRM, SWI3/RSC8/MOIRA 

domain.

(B) Focused view of the cryo-EM model on the nucleosome and schematic representation of the BAF-OS-nucleosome complex highlighting the engagement 

orientation of the remodeler in BAF-OS +6.0 class 1. The white arrow indicates the direction of DNA translocation toward the nucleosome dyad.

(C) Focused view of the cryo-EM model on the nucleosome and schematic representation of the BAF-OS-nucleosome complex highlighting the engagement 

orientation of the remodeler in BAF-OS − 6.0 . BAF engages the nucleosome upside down compared with BAF-OS +6.0 class 1 in (B); however, the direction of 

remodeling in respect to OCT4–SOX2 remains unchanged (remodeling of the nucleosome toward the TFs). The direction of DNA translocation is indicated by the 

white arrow in the schematic representation.
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remodeled away from the nucleosome. When OCT4–SOX2 is 

accommodated at the EXIT site, the ATPase catalytic domain 

in our AMP-PNP-bound structural snapshot adopts a non-

DNA-engaged conformation, reminiscent of an inactive remod-

eler state. This exact conformation, however, is not strictly 

dependent on the TFs, as it has been previously observed as 

part of the Snf2H ATPase cycle 68 and therefore does not neces-

sarily reflect an allosterically inhibited remodeler state. Accord-

ingly, restriction enzyme-based remodeling assays demonstrate 

that BAF remains fully active in the presence of OCT4–SOX2 at 

the EXIT site, driving nucleosome movement away from the 

TFs. Reconciling the structural and functional data, we cannot 

at present distinguish whether BAF remains competent to 

remodel EXIT site-bound TFs in a conformational state not

captured in our structure, or whether BAF instead translocates 

TF/nucleosome substrates during transient TF dissociation 

within their normal binding equilibrium. On the other hand, 

when BAF initially engages TF-bound nucleosomes in an orien-

tation that places the TFs at the ENTRY site, remodeling is likely 

to cause TF dissociation due to steric clashes in a subset of en-

counters. Alternatively, the TFs may induce a reorientation of the 

remodeler on the nucleosome, thereby changing the transloca-

tion direction, a behavior frequently observed in single-molecule 

remodeling experiments performed in the absence of TFs. Such 

an orientation switch would again place the TFs at the EXIT site, 

providing an opportunity for BAF to translocate nucleosomes 

away from the TFs, as observed for a subset of nucleosomes 

in restriction-based assays.
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Figure 5. BAF accommodates TFs at the EXIT site in BAF-OS +6.0 class 2

(A) BAF-OS +6.0 class 2 composite cryo-EM map, colored by subunit. Left: the higher threshold map shows the features of the BASE module and the relative fading 

out of the ATPase due to conformational flexibility, induced by the displacement. Right: the same map at a lower threshold, upon local amplitude scaling, reveals 

the density for the ATPase lobes.

(B) Left: structural model BAF-OS +6.0 class 2 colored by subunit. Right: graphical representation highlighting the structural rearrangements of BAF to enable the 

accommodation of OCT4–SOX2 at the EXIT site. ARM, armadillo repeats domain.

(C) Close-up view on the ATPase-ARP region for the published BAF-NCP structure in the absence of TFs (PBD: 6ltj). 40 The ATPase catalytic lobes contact

nucleosomal DNA around SHL − 2.5 (lobe 2) and SHL + 6 (lobe 1), while the ARP module is positioned near nucleosomal DNA around SHL + 6.

(D) Close-up view on the ATPase-ARP region for BAF-OS +6.0 class 2. A rotational movement of the ARP module and HSA helix of the ATPase by ∼30 A ˚ enables the

accommodation of OCT4–SOX2 at SHL + 6.0. As a result, ATPase lobe 1 shifts toward SHL + 4.5, while lobe 2 relocates toward the histone face, approaching

nucleosomal DNA near SHL − 3.5.

(E) Superposition of the ATPase-ARP-HSA regions of BAF-OS +6.0 class 2 (solid surface) with those from the published BAF-NCP structure in the absence of TFs

(PBD: 6ltj; pale mesh surface). 40 The arrows highlight the rotational movement of the ARP-HSA module in BAF-OS +6.0 class 2 and the subsequent displacement of

the ATPase lobes. The structures were aligned to the nucleosome of BAF-OS +6.0 class 2 (alignment of chains A–D of PDB: 6ltj with chains A–D of BAF-OS +6.0

class 2).
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BAF47 can release from the acidic patch

The conformational states of the SWI/SNF ATPase throughout 

the ATP cycle are well characterized, 46,55–58,69 yet it is not well 

known whether and how these structural changes impact 

different parts of the fully assembled complex. When preparing 

a BAF-OS +6.0 cryo-EM sample in the presence of ADP, we 

observed the two previously described conformational states 

of BAF (class 1 and class 2), as well as a third distinct class 

in 2D and 3D reconstructions (class 3, Figure S9). There, the 

BASE module has lost its key interaction with acidic patch A 

of the nucleosome, previously mediated by the BAF47 αC-he-

lix (Figures 6A, 6B, and 6C). Consequently, the BASE module 

repositioned to the opposite side of the nucleosome, where 

its HEAD submodule established a new contact with the 

ATPase C-terminal catalytic lobe (lobe 2). The ATPase cata-

lytic domain can be found tightly engaged with nucleosomal 

DNA around SHL + 2.0 and consistent with previous structures 

of ADP-bound SNF2 ATPases 56–58,70 induces a DNA bulge 

around its binding site (Figures S10A and S10C). Additionally, 

the C-terminal SnAC domain of the ATPase remains bound to 

acidic patch B of the nucleosome. In this previously uncharac-

terized BAF conformation, density for OCT4–SOX2 can be pri-

marily found at the ENTRY site of the remodeler-nucleosome 

complex (Figures 6A and S10B). The structure was solved at

an overall resolution of 4.6 A ˚ , with local resolutions ranging

from 4 to 5 A ˚ for the nucleosome, the ATPase, and the contact

between the HEAD submodule and the ATPase, and 6.5 A ˚ for

the BASE module (Figure S9; Table 1). The cryo-EM map al-

lowed building an atomic model, detailing the interaction inter-

face formed by the HEAD submodule of the BASE and lobe 2 

of the ATPase (Figure 6A). In class 3, the ATPase catalytic 

domain is better resolved than in class 1 and class 2 confor-

mations bound to AMP-PNP (Figure S10A). It engages 

the BASE module via two helices previously assigned to the 

SnAC domain 55,69 but which are structurally part of the 

ATPase lobe 2, located immediately after Brace helices I and 

II. The interaction on the BASE module side is mediated exclu-

sively by BAF47 as part of the HEAD submodule, with the 

interface consisting of the BAF47 RPT2 domain, the αC-helix, 

and a newly formed beta-sheet bridging the two domains 

(Figure 6A).

Further expansion of the 2D classes for the AMP-PNP-con-

taining samples for BAF-OS +6.0 and BAF-OS − 6.0 revealed that 

the class 3 conformation is present in all datasets collected 

(Figure S11). Using a low-pass filtered map of the structure ob-

tained from the ADP datasets as input for heterogeneous 

refinement, we could further separate, enrich, and individually 

reconstruct the class 3 conformation in BAF-OS +6.0 and BAF-

OS − 6.0 AMP-PNP-containing samples (Figures S11C–S11G). 

Although 3D reconstruction was possible, resolution was

Figure 6. BAF releases a key histone interaction in an ADP-bound state

The structures and graphical representations are aligned relative to the nucleosome (NCP plane), illustrating the conformational changes observed in the BAF-

OS +6.0 ADP class 3 structure.

(A) Upper panel: focused view of the newly formed interface between BAF47 and ATPase lobe 2. Overlay of BAF-OS +6.0 ADP class 3 cryo-EM map (gray) and model 

(colored by subunit). Lower panel: overlay of BAF-OS +6.0 ADP class 3 cryo-EM map (gray) and model (colored by subunit), illustrating how BAF47 released from 

acidic patch A and relocated to ATPase lobe 2. The ATPase catalytic lobes remain stably engaged with nucleosomal DNA at SHL + 2.0, while OCT4–SOX2 is 

positioned at the ENTRY site.

(B) Overlay of BAF-OS − 6.0 AMP-PNP cryo-EM map (orange) with BAF-OS +6.0 ADP class 3 cryo-EM map (gray), highlighting the structural rearrangement of the BASE 

and ARP module to the opposite face of the nucleosome.

(C) Graphical representation illustrating the conformational rearrangements of BAF as it transitions from a canonical nucleosome engagement state (orange) to 

the ADP-bound state (gray). The transparent conformation (orange-gray) represents a proposed intermediate, in which BAF47 disengaged from acidic patch A 

and relocated to the opposite side of the nucleosome. ARM, armadillo repeats domain.
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limited by the low number of particles. In the case of the ADP-

containing samples, the ratio between the sum of particles that 

gave rise to class 1 and class 2 versus particles in class 3 was 

∼2:1, while in the presence of AMP-PNP, the ratio was ∼10:1. 

The class 3 conformation comprises up to 40% of the ADP-

bound particles, arguing that this is a frequent intermediate in 

the ATP cycle.

The BAF-OS +6.0 ADP class 3 structure details how BAF can 

disengage from one of its primary interaction points on the 

nucleosome while at the same time remaining stably bound 

to its nucleosome substrate. To achieve a directional switch, 

as observed in single-molecule assays (Figure 1D) and sug-

gested for TF-bound nucleosomes initially engaged with 

OCT4–SOX2 at the ENTRY site, BAF must invert all its contact 

points with the nucleosome (Figure 1G). The release of BAF47 

from the acidic patch constitutes a necessary intermediate in 

directional switching, providing a recurring opportunity for 

BAF to change its orientation on a nucleosome during the 

ATP cycle.

DISCUSSION

Pioneering TFs mark gene regulatory regions genome-wide and 

drive chromatin opening. 71 Many TFs rely on coactivators such 

as epigenetic modifiers and chromatin remodeling complexes 

to establish NDRs and activate transcription, 4,11,12 yet the nature 

of their crosstalk is poorly understood. In this study, we exam-

ined how pioneer TF-bound nucleosomes are processed by 

the BAF chromatin remodeler. When BAF encounters a nucleo-

some that is pre-engaged with TFs OCT4–SOX2 (with motif 

positions at SHL ± 6), the remodeler complex can accommodate 

TFs both at the remodeler DNA ENTRY or EXIT site. At the 

ENTRY site, OCT4–SOX2 are initially held without structural 

interference (Figures 3, 4, and 7) yet are expected to eventually

Figure 7. Model figure illustrating the inter-

play between BAF and OCT4–SOX2-bound 

nucleosomes

BAF can engage a TF-bound nucleosome in two 

orientations. While TFs at the ENTRY site do 

not structurally interfere with BAF, the remodeler 

undergoes conformational rearrangements to 

accommodate TFs at the EXIT site. TFs at the EXIT 

site are poised for translocation away from the 

nucleosome, while at the ENTRY site, OCT4– 

SOX2 is initially remodeled toward the remodeler. 

This can result either in TF displacement or, 

alternatively, in a reversal of BAF orientation on the 

nucleosome, enabling remodeling away from 

the TFs.

collide with the remodeler once further 

translocated. Accordingly, we observed 

reduced nucleosome movement toward 

the TFs motif in the presence of OCT4– 

SOX2 (Figure 2F), indicating that the 

translocation of the TFs onto the nucleo-

some is possible yet disfavored. Restric-

tion enzyme-based remodeling assays 

further identified an alternative outcome, where OCT4–SOX2 

bias BAF-mediated nucleosome movement away from the TFs 

by inverting the remodeling directionality (Figures 2B–2E). The 

translocation of a TF onto nucleosome-bound BAF hence has 

two principal outcomes: removal of the TF (or BAF) from the 

nucleosome or a switch in the translocation direction 

(Figure 7). Such directional switching is also observed spontane-

ously in single-molecule assays in the absence of TFs, where we 

found the BAF ATPase changing directionality in 41% of 

observed traces without complete dissociation of BAF from the 

nucleosome (Figures 1D and 1F). The ability to alternate engage-

ment between the two symmetry-related SHL2 sites has previ-

ously been observed for two yeast remodelers: the nucleo-

some-sliding, single-subunit remodeler Chd1, and the histone 

dimer-exchanging SWR1. 65,72 Our observation now suggests 

that this is a more general strategy by which chromatin remodel-

ers can achieve specific remodeling outcomes within a single 

binding event. Our corresponding BAF structures now identify 

the BAF47-nucleosome contact as being frequently disengaged 

in the ATP hydrolysis cycle (up to 40% of particles), providing a 

rationale for how such a directionality switch can be initiated 

(Figure 6). Taken together, functionally, we find that moving a 

TF motif onto a nucleosome can initiate, or at least facilitate, a 

sequence of events that switches remodeler directionality, which 

in turn requires the breakage of BAF/nucleosome contacts, 

including the BAF47-nucleosome interaction.

What are the implications of this model for TF deposition and 

maintenance in open chromatin? BAF colocalizes with diverse 

TFs through protein-protein interactions such as AP-1, 

C/EBPα, GR, PU.1, OCT4, etc. 15,23,24,26,73 (reviewed in Ho 

et al. 27 ). These interactions may simply help recruit the remod-

eler to nucleosomes pre-loaded with interacting TFs. When 

placed at the EXIT site, the TFs will be translocated away from 

the remodeler, generating open sites unobstructed by
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chromatin. When placed at the ENTRY site, the possibilities 

include TF removal or inversion of directionality, with the latter 

also rendering the TF motif nucleosome-depleted and acces-

sible (Figure 7; Video S6). The directional remodeling response, 

as well as the ability to attenuate nucleosome movement toward 

the TFs binding site as we observed for OCT4–SOX2 (Figure 2), 

are expected to be exacerbated by arrays of TFs, found for 

example in super enhancers whose function particularly de-

pends on BAF. 19 Multiple TFs are expected to act cooperatively, 

such that with each successive TF molecule encountered by 

BAF, the probability of nucleosome movement onto the TF array 

decreases exponentially. These enzymatic properties are in line 

with the genome-wide role for BAF in helping TF access sites 

through a continuous cycle of chromatin remodeling coupled 

to TF association/dissociation.

Limitations of this study

We find the BAF chromatin remodeling complex frequently 

changing the direction of remodeling while remaining nucleo-

some-associated. We further provide an ADP-bound BAF struc-

ture consistent with an intermediate conformation during such a 

switch of remodeler orientation. Moreover, we find a strong cor-

relation between the presence of the pioneer TFs OCT4–SOX2 

and a change in the remodeling direction for a subset of nucleo-

somes. While we infer from these data that the collision between 

the TF and BAF likely triggers a change in directionality, we do 

not directly observe all required intermediates and hence cannot 

fully exclude that other mechanisms, such as transient dissocia-

tion of BAF or displacement of the TFs, at least in part, contribute 

to the observed change in directionality.
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• Any additional information required to reanalyze the data reported in this 

paper is available from the lead contact upon request.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli BL21-CodonPlus(DE3)-RIL Agilent Cat# 230245

NEB Stable Competent E. coli NEB Cat# C3040H

NEB 5-alpha Competent E.coli NEB Cat# C2987H

Chemicals, peptides, and recombinant proteins

Protease inhibitor cocktail Sigma (Merck) Cat# S8830

Phusion™ High-Fidelity DNA Polymerase (2U/ul) Thermo Fisher Scientific Cat# F530L

Phusion™ HF Buffer Pack Thermo Fisher Scientific Cat # F518L

dNTP Mix (10mM each) Thermo Fisher Scientific Cat# R0192

Cellfectin™ II Thermo Fisher Scientific Cat# 10362100

Desthiobiotin IBA Cat# 2-1000-005

SYBR GOLD Nucleic acid stain Invitrogen Cat# S11494

Biotin IBA Cat# 2-1016-005

H2A K119C (Xenopus laevis) The Histone Source, 

Colorado

State University

XH2A_K119C

H2B (Xenopus laevis) The Histone Source, 

Colorado

State University

XH2B

H3 (Xenopus laevis) The Histone Source, 

Colorado

State University

XH3

H4 (Xenopus laevis) The Histone Source, 

Colorado State University

XH4

T4 DNA Ligase BioConcept Cat# M0202L

Acrylamide:bisacrylamide 37.5:1 Thermo Fisher Scientific Cat# 330225000

TEMED Huberlab Cat# 110-18-9

APS Huberlab Cat# 131138.1211

DDM Anatrace Cat# D310

AMP-PNP Sigma Cat# 10102547001

ADP Promega Cat# V6930

ATP Promega Cat# V6930

ATP-γ-S Roche/Sigma Cat# 11162306001

Glutaraldehyde Electron Microscopy 

Sciences

Cat# 16220

Proteinase K Thermo Fisher Scientific Cat# EO0491

Acetylated BSA Promega Cat# R3961

Streptavidin Invitrogen Cat# S-888

Trolox Sigma Cat# 238813

glucose oxidase Sigma Cat# G2133

catalase Sigma Cat# C1345

MfeI-HF restriction enzyme 500U BioConcept Cat# R3589S

PmlI restriction enzyme 2000U BioConcept Cat# R0532S

Cy3-maleimide Amersham Cat# PA23031

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

BAF-OS -6.0 model This study PDB: 9RL4

BAF-OS -6.0 map This study EMD-54030

BAF-OS +6.0 class1 model This study PDB: 9RN2

BAF-OS +6.0 class1 map This study EMD-54078

BAF-OS +6.0 class2 model This study PDB: 9RMC

BAF-OS +6.0 class2 map This study EMD-54056

BAF-OS +6.0 ADP model This study PDB: 9RN1

BAF-OS +6.0 ADP map This study EMD-54077

OCT4-SOX2-bound nucleosome – SHL+6 Michael et al. 8 PDB: 6YOV

OCT4-SOX2-bound nucleosome – SHL-6 Michael et al. 8 PDB: 6T90

Structure of nucleosome-bound human BAF complex He et al. 40 PDB: 6LTJ

Motor-nucleosome module of human PBAF-nucleosome 

complex

Yuan et al. 47 PDB: 7VDT

Nucleosome Core Particle containing the Widom 601 

DNA sequence

Vasudevan et al. 74 PDB: 3LZ0

Structure of endogenous human BAF complex bound 

to nucleosome

Mashtalir et al. 41 PDBDEV_00000056

Experimental models: Organisms/strains

E.coli BL21-CodonPlus(DE3)-RIL Agilent Cat# 230245

Sf9 Insect cells Thermo Fisher 

Scientific

Cat# 11496015

High-Five Insect cells Thermo Fisher 

Scientific

Cat# B85502

Expi293F™ mammalian cells Thermo Fisher 

Scientific

Cat# A14527

Oligonucleotides

Primers for ensemble FRET remodeling assays, see 

Table S1

This study N/A

Primers for single-molecule FRET remodeling assays, 

see Table S1

This study N/A

Primers for cryo-EM templates, see Table S1 This study N/A

Primers for restriction enzyme-based remodeling assays 

and EMSAs, see Table S1

This study N/A

Recombinant DNA

pHR-CMV-TetO2_3C-Twin-Strep_IRES-EmGFP Elegheert et al. 75 Addgene Cat# 113884

pHR-CMV-TetO2_3C-Twin-Strep-Dpf2_IRES-EmGFP This study N/A

pAC8-STREPII-GFP-OCT4-Sortase-His(6x) This study N/A

pAC8-STREPII-SOX2(aa. 37-118) This study N/A

pTwist-601-nuclesome-positioning-sequence Twist Bioscience N/A

pTwist-OS SHL-6 40bp overhangs Twist Bioscience N/A

pTwist-OS SHL+6 40bp overhangs Twist Bioscience N/A

pTwist-OS SHL-6 RE 40bp overhangs Twist Bioscience N/A

pTwist-OS SHL+6 RE 40bp overhangs Twist Bioscience N/A

Software and algorithms

FEI EPU v2.7.0 Thermo Fisher 

Scientific

https://www.thermofisher.com/

CryoFLARE Schenk et al. 76 https://www.cryoflare.org/

Warp Tegunov and Cramer 77 https://github.com/cramerlab/warp

Relion Scheres 78 https://github.com/3dem/relion
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mammalian cell culture conditions

Expi293F™ mammalian cells were grown in Expi293™ expression medium at 37 ◦ C in a humidified incubator (80% humidity) with 8% 

CO 2 and gentle agitation at 120 rpm. Cells were routinely passaged to maintain exponential growth and harvested at a final cell den-

sity between 6x10 6 cells/mL and 8x10 6 cells/mL. Expi293F™ cells were obtained from Thermo Fisher Scientific and were not inde-

pendently authenticated by the authors. Cells were routinely tested for mycoplasma contamination.

Bacterial culture conditions

Human histones were expressed in Escherichia coli BL21-CodonPlus(DE3)-RIL cells (Agilent). Cells were cultured in LB medium at 37
◦ C with shaking at 200 rpm. At an optical density at 600 nm (OD 600 ) of 0.6, protein expression was induced by the addition of isopropyl 

β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM, followed by 4 h of expression at 37 ◦ C.

Insect cell culture conditions

Trichoplusia ni insect cells were maintained at 27 ◦ C with shaking at 120 rpm in SF4 Baculo Express Media (BioConcept). For 

protein expression, cells were infected with recombinant baculovirus encoding OCT4 or SOX2 and cultured for 48 hours prior to 

harvest.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

cryoSPARC v3-v4 Punjani et al. 79 https://cryosparc.com/

3DFlex Punjani and Fleet 67 https://cryosparc.com/heterogeneity

ChimeraX Pettersen et al. 80 https://www.rbvi.ucsf.edu/chimerax/

Coot Emsley et al. 81 https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

ISOLDE v1.3 Croll 82 https://isolde.cimr.cam.ac.uk/

AlphaFold v2.3 Jumper et al. 83 https://github.com/deepmind/alphafold

Phenix v1.20 Afonine et al. 84 https://phenix-online.org/

Rosetta Wang et al. 85 https://www.rosettacommons.org/

Molprobity Williams et al. 86 https://github.com/rlabduke/MolProbity

PyMol v2.3.3 Schrodinger, LLC https://pymol.org/2/

UCSF Chimera Pettersen et al. 87 https://www.cgl.ucsf.edu/chimera/

Fiji ImageJ Schindelin et al. 88 https://imagej.net/software/fiji/

Micromanager Edelstein et al. 89 https://micro-manager.org

MATLAB Sabantsev et al. 90 https://www.mathworks.com/

products/matlab.html

Other

Expi293™ Expression Medium Thermo Fisher Scientific Cat# A1435101

SF4 Baculo-Express Media BioConcept Cat# 900F38

HiLoad Superdex™ 200pg preparative SEC column Cytiva Cat# 28989335

POROS™ Heparin Thermo Fisher Scientific Cat# 4329435

POROS™ HQ Thermo Fisher Scientific Cat# 82077

Mono Q™ 5/50 GL Cytiva Cat# 17-5166-01

Superose™ 6 Increase 10/300 GL Cytiva Cat# 29091596

STREP-Tactin® Sepharose 50% suspension IBA Cat# 2-1201-010

Strep-TactinXT® 4Flow® high-capacity column, 5 mL IBA Cat# 2-5028-001

HiTrap™ Q HP 1ml Cytiva Cat# 17115301

HisTrap™ HP, 5ml Cytiva Cat# 17-5248-02

Repligen Spectra/Por® RC Dialysis Tubing, MWCO: 6–8kDa Spectrum Cat # 132665

Amicon Ultra-4 Centrifugal Filter Unit, Ultracel, 30kDa, 4ml Merck (EMD Millipore) Cat# UFC803024

Amicon Ultra-15 Centrifugal Filter Unit, Ultracel, 30kDa, 15ml Merck (EMD Millipore) Cat# UFC903024

Amicon Ultra-4 Centrifugal Filter Unit, Ultracel, 100kDa, 4ml Merck (EMD Millipore) Cat# UFC810008
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METHOD DETAILS

Protein expression and purification

OCT4 and SOX2

Full-length human OCT4 (Uniprot ID Q01860, aa. 1-360) was expressed from a previously described pAC-derived expression 

plasmid encoding an N-terminal StrepII-tag, a N-terminal EGFP-tag, and a C-terminal sortase-6xHis-tag. 8,91 The DNA-binding 

domain of human SOX2 (Uniprot ID P48431, aa. 37-118) was produced using a pAC-derived expression construct encoding an N-ter-

minal StrepII-tag. 8,91 Protein expression was performed using a baculovirus expression system in Trichoplusia ni High Five insect 

cells which were cultured for 48 hours at 27 ◦ C following infection. Cells were harvested and resuspended in lysis buffer containing 

50 mM Tris-HCl pH 8.0, 1 M NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 mM TCEP, and SIGMAFAST™ Protease Inhibitor 

Cocktail, and lysed by sonication. Clarified lysates were subjected to affinity purification using Strep-Tactin Sepharose (IBA), fol-

lowed by heparin ion-exchange chromatography and size-exclusion chromatography using a Superdex™ 200 column (Cytiva). Pu-

rified proteins were stored in a final buffer containing 20 mM HEPES pH 7.4, 150 mM NaCl, 5% glycerol, and 0.5 mM TCEP. Related 

protocols have been described previously. 8

Human BAF

For the expression of human canonical BAF (BAF), a subunit of the complex encoding a C-terminal Twin-Strep tag was stably inte-

grated in the genome of the target cells under the control of a CMV promoter, and the other endogenous subunits of the complex 

were purified using the tagged subunit as a bait. In detail, wild-type full-length Dpf2/BAF45d (UNIPROT ID Q92785, aa. 1-391) 

was cloned in the lentiviral transfer plasmid pHR-CMV-TetO2_3C-Twin-Strep_IRES-EmGFP (Addgene plasmid n.113884) and a sta-

ble cell line was generated by lentiviral transduction of Expi293™ mammalian cells (Thermo Fisher Scientific), following the method-

ology outlined in the published protocol describing this lentiviral plasmid suite. 75 Successfully infected cells – expressing GFP from 

the same mRNA as the transgene under control of an IRES (internal ribosome entry site) – were enriched by FACS (Fluorescence-

activated cell sorting). Cells were scaled up in Expi293™ expression medium and harvested when the cell density reached a value 

between 6x10 6 cells/mL and 8x10 6 cells/mL. Nuclear extraction was performed on the basis of the previously published protocol 

for endogenous cBAF purification, 41 with several modifications. First, cell pellets were resuspended in hypotonic buffer (10 mM 

HEPES pH 8, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM DTT, SIGMAFAST™ Protease Inhibitor Cocktail) and homogenized with a Dounce 

homogenizer at 4 ◦ C. The homogenate was then centrifuged for 30 minutes at 4000 xg at 4 ◦ C. The packed nuclear volume (pnv) 

was measured using a graduated tube and the pellet was resuspended in 2 pnv of pre-extraction buffer (20 mM HEPES pH 8, 

100 mM KCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.1% NP-40, 1 mM DTT, SIGMAFAST™ Protease Inhibitor Cocktail). The suspension 

was centrifuged for 10 minutes at 4000 xg at 4 ◦ C. The pellet was resuspended in ½ pnv of low-salt buffer (20 mM HEPES pH 8, 

20 mM KCl, 10% glycerol, 1.5 mM MgCl 2 , 0.2 mM EDTA, 1 mM DTT, SIGMAFAST™ Protease Inhibitor Cocktail); ½ pnv of high-

salt buffer (20 mM HEPES pH 8, 1.2 M KCl, 10% glycerol, 1.5 mM MgCl 2 , 0.2 mM EDTA, 1 mM DTT, SIGMAFAST™ Protease Inhibitor 

Cocktail) was added dropwise. The solution was incubated for 1 hour at 4 ◦ C under rotation and centrifuged in a Ti45 rotor (Beckman 

Coulter) for 1 hour at 48900 xg. The supernatant was filtered sequentially trough 1.2-, 0.45- and 0.2-mm filters and loaded on a 5 mL 

Strep-TactinXT® 4Flow® high-capacity column (IBA). The column was washed with wash buffer (20 mM HEPES pH 8, 300 mM KCl, 

1.5 mM MgCl 2 , 0.2 mM EDTA, 1 mM DTT) and the protein was eluted in 20 mM HEPES pH 8, 100 mM KCl, 1.5 mM MgCl 2 , 0.2 mM 

EDTA, 1 mM DTT, 50 mM biotin. The protein was further purified by loading the eluate onto an ion-exchange 1 mL Mono Q™ 5/50 GL 

column (Cytiva) with binding buffer composed of 20 mM HEPES pH 8, 100 mM KCl, 1 mM MgCl 2 , 1 mM DTT and elution buffer by 

20 mM HEPES pH 8, 1 M KCl, 1 mM MgCl 2 , 1 mM DTT. Finally, peak fractions from the Mono Q were loaded onto a Superose 6 In-

crease 10/300 GL column (Cytiva) equilibrated in 20 mM HEPES pH 8, 100 mM KCl, 0.5 mM MgCl 2 , 5% glycerol, 0.5 mM TCEP. 

Human histone expression, purification and octamer reconstitution

Human histones were expressed and purified using a previously reported bacterial expression and refolding workflow. 92 Individual 

histones (H2A, H2B, H3, and H4) were expressed in Escherichia coli as N-terminally His 6 -tagged proteins, solubilized under dena-

turing conditions, and purified by Ni 2+ -affinity chromatography using a HiTrap His column (Cytiva). Eluted histones were buffer-

exchanged to remove denaturant prior to proteolytic removal of the His 6 -tag by thrombin. Following tag cleavage, histones were 

further purified by anion-exchange chromatography on a Poros Q column, buffer-exchanged to remove salt and urea, and subse-

quently lyophilized. Lyophilized histones were mixed at equimolar ratios in denaturing buffer containing 6M Urea and were dialyzed 

into refolding buffer (20mM Tris-HCl, pH 7.5, 2M KCl, 1mM DTT). The resulting histone complexes were purified by size exclusion 

chromatography (Superdex™ 200, Cytiva).

Cy3-H2A labeling and purification of labeled H2A-H2B dimer and H3-H4 Tetramer

H2A K119C, H2B, H3 and H4 (Xenopus laevis) were purchased from the histone Source Protein Expression and Purification Facility, 

Colorado State University, Fort Collins, CO. For labeling, one milligram of lyophilized H2A K119C was diluted in unfolding buffer 

(20 mM Tris-HCl pH 7.0, 7 M guanidine-HCl, 5 mM EDTA, 1.25 mM TCEP) and incubated for 2 h at room temperature in the dark. 

Cy3-maleimide was dissolved in DMSO and added to the protein at a final concentration of 0.75 mM. After 3 h in the dark at 

room temperature, the reaction was quenched with a final concentration of 80 mM β-mercaptoethanol. The labeled protein was dia-

lyzed nine times against dialysis buffer (20 mM Tris-HCl pH 7.0, 7 M guanidine-HCl, 1 mM DTT) and then used in H2A/H2B dimer 

assembly. The labeling efficiency was >70%.
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The histone tetramer was refolded by mixing equimolar amounts of H3 and H4 dissolved in the unfolding buffer (20 mM Tris-HCl pH 

7.5, 6 M guanidine HCl, 5 mM DTT) and dialyzing the mixture against refolding buffer (10 mM Tris-HCl pH 7.5, 2 M NaCl, 1 mM EDTA,

5 mM 2-mercaptoethanol) three times throughout 20 h. The resulting histone tetramer was concentrated and purified by size exclu-

sion chromatography on a Superdex™ 200 column (Cytiva).

Nucleosome assembly and purification

DNA amplification

The DNA fragments for nucleosome assembly were amplified from template DNA (plasmid or gene block) by PCR in 96-well plates 

using Phusion polymerase, Phusion HF buffer and primers at a final concentration of 1 μM each. DNA-sequences and oligonucleo-

tides used in this study are listed in Table S1. PCR products were pooled and purified by anion-exchange chromatography on a 

HiTrap Q HP column (Cytiva) by loading the sample onto the column at a flow rate of 1 mL/min in 50 mM Tris-HCl pH 8.0, 

100 mM NaCl, and 0.1 mM EDTA. Elution was performed using a linear gradient to 1 M NaCl over 20 column volumes. Appropriate 

fractions were identified by native PAGE on a 10% polyacrylamide gel, pooled, and either subjected to ethanol precipitation followed 

by resuspension in pure water, or buffer-exchanged by dialysis using a 6-8 kDa molecular-weight cut-off membrane into 10 mM Tris-

HCl pH 7.5.

Nucleosome assembly for cryo-EM, restriction enzyme-based remodeling assays, and EMSAs

DNA and histone octamer complex were mixed in a 1:1.5 molar ratio in the presence of 2 M KCl. The samples were transferred into 

6–8kDa dialysis tubing and placed into high-salt buffer (10 mM Tris-HCl pH 7.5, 2 M KCl, 1 mM EDTA, and 1 mM DTT). The KCl con-

centration was gradually reduced from 2 M to 0.25 M using a peristaltic pump with 3 L low-salt buffer (10 mM Tris-HCl pH 7.5, 250 mM 

KCl, 1 mM EDTA, and 1 mM DTT) at 4 ◦ C. After dialysis, nucleosomes were incubated at 55 ◦ C for 1–2 hours and purified by a Mono Q 

5/50 ion exchange gradient (Cytiva). Purified nucleosomes were dialyzed in no-salt buffer (20 mM Tris-HCl pH 7.5, 0.5 mM TCEP) 

overnight, concentrated using a 30kDa molecular-weight cut-off Amicon concentrator, and stored at 4 ◦ C.

Nucleosome assembly for FRET experiments

Oriented nucleosomes for single-molecule FRET experiments were assembled using a hexasome-based assembly strategy adapted 

from Levendosky et al. 93 The DNA construct comprises the Widom 601 nucleosome positioning sequence, 9 bp of linker on one side, 

which is 5 ′ -labeled with Cy5 and 78 bp linker on the other side, which is 3 ′ -biotinylated. First, hexasomes were assembled by mixing 

DNA, H3/H4 tetramer and H2A(K119C-Cy3)/H2B dimer in a 1:1.2:0.5 molar ratio in a high-salt buffer (10 mM Tris-HCl pH 7.5, 2 M 

NaCl, 1 mM EDTA, 1 mM DTT) and slowly lowering the NaCl concentration by dialysis over the course of 12 hours. 94,95 Hexasomes 

were purified over a 7% native acrylamide column (60:1 acrylamide:bisacrylamide) using a MiniPrep Cell (BioRad) apparatus. Com-

plete nucleosomes were assembled before the experiment by adding unlabeled H2A/H2B dimer to hexasomes in 1.2-fold molar 

excess and incubating at 20 ◦ C for 20 minutes. This allowed for a controlled incorporation of the labeled H2A(K119C-Cy3)/H2B dimer 

on the side of the nucleosomes that is closest to the Cy5-labeled DNA end.

Oriented nucleosomes for ensemble FRET experiments were assembled using a hexasome-based assembly and ligation strategy 

adapted from Dao et al. 95 Hexasomes were first reconstituted by salt gradient dialysis on a truncated version of the Widom 601 posi-

tioning sequence (‘‘core’’) that is too short to enable nucleosome formation (Figure S2A). Next, a ‘‘stem’’ DNA piece was ligated to 

the hexasomes (0.8 μM hexasomes, 1.5x excess of the ‘‘stem’’ DNA, T4 DNA ligase, 5.5-hour linear temperature gradient from +4 ◦ C 

to +37 ◦ C in 10 mM Tris-HCl pH 7.5, 6 mM MgCl, 1 mM ATP, 1 mM DTT). The reaction was stopped by addition of EDTA to a final 

concentration of 10 mM. Finally, complete nucleosomes were assembled before the experiment by adding H2A/H2B dimer to hex-

asomes in 1.25-fold molar excess and incubating at +20 ◦ C for 20 minutes.

Ensemble FRET remodeling experiments

Nucleosome ensemble remodeling kinetics were measured by monitoring the Cy5 (under 620 nm and 520 nm excitation) and Cy3 

(under 520 nm excitation) fluorescence emission signals of a solution of FRET-labeled nucleosomes using a CLARIOstar (BMG Lab-

tech) multimode microplate reader in 384-well plates (sample volume 20 μL). Ensemble nucleosome remodeling assays were per-

formed with 7.5 nM nucleosomes, 0.5 mM ATP and 2.5 mM ATP-γ-S in remodeling buffer (20 mM Tris-HCl 7.5, 50 mM KCl, 

0.25 mM EDTA, 5 mM MgCl 2 ). Where indicated, 750 nM SOX2 and OCT4 were added to the reactions. Samples were incubated 

for 5 min at +20 ◦ C and remodeling was initiated by adding 25 nM BAF. ATP-γ-S was included to slow down the remodeling reaction 

which otherwise was too fast for reliable observation. Under these experimental conditions, remodeling of a nucleosome template in 

the absence of TFs results in a moderate decrease in FRET efficiency from ∼0.35 to ∼0.25. The elevated FRET baseline (∼0.2 in con-

ditions with 1mM ATP and no ATP-γ-S) in these ensemble experiments likely stems from a small fraction of unligated nucleosomes, 

incomplete Cy3 labeling of the histone hexamer used for reconstitution, and free Cy5-labeled DNA in solution.

Single-molecule FRET experiments

Biotinylated FRET-labeled nucleosomes were immobilized on a PEG (poly[ethylene glycol])-coated quartz slide saturated with strep-

tavidin. 63 Cy3 and Cy5 fluorophores were excited with 532 nm Nd:YAG and 638 nm diode lasers, respectively, and fluorescence 

emissions from Cy3 and Cy5 fluorophores were detected using a custom-built prism-based TIRF microscope. To check the presence 

of an intact donor fluorophore, the sample was alternately excited with 532 nm and 638 nm lasers during the experiment. Starting 

FRET histograms for both the +9bp-nucleosome used in single-molecule experiments and the +12bp-nucleosome used in ensemble 

FRET experiments were recorded using this setup (Figure S2B). Data acquisition was controlled by MicroManager. 89 Data were 

analyzed using custom scripts in the Fiji distribution of ImageJ, 88 IDL, and MATLAB. 90 Remodeling experiments were carried out
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in the imaging buffer containing 40 mM Tris-HCl pH 7.5, 60 mM KCl, 0.32 mM EDTA, 100 μg/mL acetylated BSA (Promega), 10% 

(v/v) glycerol, 10% (w/v) glucose, supplemented with 2 mM trolox to reduce photoblinking of the dyes, 96 125 μg/mL streptavidin 

(Invitrogen) to prevent interactions between the Strep-tag on BAF and streptavidin on the surface, as well as an enzymatic oxygen 

scavenging system (composed of 800 μg/mL glucose oxidase and 50 μg/mL catalase). To conduct experiments that allow only for a 

single nucleosome binding event of BAF, surface-immobilized nucleosomes were first incubated with the imaging buffer supple-

mented with 20 nM BAF and 0.75 mM ATP for 5 min at +20 ◦ C, washed with the imaging buffer supplemented with 0.75 mM ATP, 

and finally remodeling was initiated by injecting the imaging buffer supplemented with 1.5 mM ATP and 3 mM MgCl 2 . Switching 

of the remodeling direction was determined by visually inspecting the FRET traces. Traces were scored as showing direction reversal 

if an initial FRET decrease was followed by a reproducible FRET increase that rose clearly above the noise level of that trace, prior to 

donor or acceptor bleaching or the end of the observation window (see example traces in Figure S2C and S2D). To avoid ambiguity 

due to the non-monotonous behavior of the FRET signal as a function of nucleosome position during movement toward the Cy5-

labeled DNA end, only traces starting with a FRET decrease (corresponding to the movement away from the Cy5-labeled DNA 

end) were included in the analysis.

Restriction enzyme-based remodeling assays

20 μL reactions containing 167 nM nucleosome (3 ′ FAM labeled), 100 nM (0.6X) BAF remodeler complex, 500 nM (3X) of OCT4-SOX2, 

1.3 uM competitor DNA, 20U restriction enzyme (MfeI/PmlI), and 1 mM ATP were prepared in 1X assay buffer (20 mM Tris-HCl pH 7.5, 

50 mM KCl, 3 mM MgCl2, 0.1 mg/mL BSA, 0.5mM TCEP). For control samples, BAF and OCT4-SOX2 were replaced by SEC buffer 

(20 mM HEPES pH 7.4, 150 mM NaCl, 5% glycerol, 0.5 mM TCEP), and ATP was exchanged with H 2 O. Remodeling reactions were 

started by the addition of ATP and subsequently incubated for 30 minutes at 30 ◦ C. Reactions were stopped by the addition of 2 μL of 

stop buffer (10X; 100 mM EDTA pH 8, 5% SDS) and samples were chilled on ice for 10 minutes. Finally, proteins were digested with 

20 μg Proteinase K (Thermo Fisher Scientific) for 4 hours at 50 ◦ C and DNA fragments were separated on a 6% non-denaturing poly-

acrylamide gel (acrylamide:bisacrylamide: 37.5:1) in 0.5X TGE buffer for 1 hour in the dark (120V, room temperature). Fluorescence 

signals were analyzed on a Typhoon imager (Typhoon FLA 9500; Cytiva). Marker bands were visualized by subsequent staining with 

SYBR Gold nucleic acid stain (∼10 min, Invitrogen) and re-imaged on the Typhoon Imager.

EMSAs

EMSAs were performed in 20 μL reactions containing 100 nM nucleosomes (3’ FAM-labeled), 250 nM OCT4-SOX2, and 100 nM BAF, 

prepared in 1X binding buffer (20 mM Tris-HCl pH 7.5, 75 mM NaCl, 10 mM KCl, 1 mM MgCl 2 , 0.1 mg/mL BSA, and 1 mM DTT). For 

control samples lacking specific components, OCT4-SOX2 and BAF were replaced with SEC buffer (20 mM HEPES pH 7.4, 150 mM 

NaCl, 5% glycerol, 0.5 mM TCEP). Reactions were incubated at room temperature for 1 hour, then loaded onto a 4% non-denaturing 

polyacrylamide gel (acrylamide:bisacrylamide = 37.5:1) in 0.5X TGE buffer. Gels were run at 120V for 1 hour at room temperature in 

the dark. Fluorescence signals were detected using a Typhoon FLA 9500 Imager (Cytiva). Marker bands were visualized by subse-

quent staining with SYBR Gold nucleic acid stain (∼10 min, Invitrogen) and re-imaged on the Typhoon Imager.

BAF-NCP-TFs complex formation and cryo-EM sample preparation

The BAF-NCP-OCT4/SOX2 complexes were formed by mixing the components in a molar ratio of 1:1.5:4.5 (remodeler:nucleoso-

me:TFs). First, OCT4 and SOX2 were added to the nucleosome and incubated for 30 minutes at 4 ◦ C. Then, BAF was added, the 

mixture was supplemented with 1 mM of the non-hydrolysable ATP-analogue adenyl-5’-yl imidodiphosphate (AMP-PNP, Sigma) 

or ADP (Promega) and incubated for 2 hours at 4 ◦ C. The sample was loaded on top of a 4 mL 10-40% sucrose and 0%-0.1% glutar-

aldehyde gradient following the GraFix protocol 66 (top solution: 20 mM HEPES pH 8, 100 mM KCl, 0.5 mM MgCl 2 , 0.5 mM TCEP, 10% 

w/v sucrose; bottom solution: 20 mM HEPES pH 8, 100 mM KCl, 0.5 mM MgCl 2 , 0.5 mM TCEP, 40% w/v sucrose, 0.1% glutaral-

dehyde). Gradient ultracentrifugation was carried out at 140000 xg for 14 hours at 4 ◦ C using a Beckman SW60Ti rotor. 100 μL frac-

tions were collected from the gradient using a Biocomp Piston Gradient Fractionator™ system and quenched by the addition of 

100 mM Tris-HCl pH 7.5. Peak fractions containing the ternary complex were selected by native PAGE stained with SYBR gold 

(Invitrogen), pooled and dialyzed overnight in buffer containing 20 mM HEPES pH 8, 100 mM KCl, 0.5 mM MgCl 2 , 0.5 mM TCEP 

to remove the excess sucrose. The sample was concentrated to approximately 1.5 mg/mL to prepare cryo-EM grids, using Amicon® 

Ultra centrifugal filters (Millipore) with a molecular-weight cut-off of 100 kDa. For EM grids prepared in presence of detergent, 0.003% 

w/v DDM (n-Dodecyl-β-D-Maltoside, Anatrace) was added to the sample just before grid freezing, and the final protein concentration 

was about 2.5 mg/mL. For cryo-EM grid preparation, Quantifoil holey carbon grids (R 1.2/1.3, 200-mesh, Quantifoil Micro Tools) were 

glow discharged using a GloQube Plus (Quorum Technologies Limited) for 30 seconds, and 3.5-4 μL of sample were applied on the 

grids. After a 5-second waiting time at 4 ◦ C, the grids were subsequently blotted for 3-4 seconds at 100% humidity and plunge-frozen 

into liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific).

Cryo-EM data collection

Data were collected automatically with EPU (Thermo Fisher Scientific) on a Cs-corrected (CEOS GmbH, Heidelberg, Germany) 

Titan Krios (Thermo Fisher Scientific) electron microscope operated at 300 kV. The data acquisition was performed at a nominal 

magnification of 75,000× with a Falcon 4i direct electron detector (Thermo Fisher Scientific). All datasets were recorded with an accu-

mulated total dose of 50 e – /A ˚ 2 and the exposures were fractionated into 50 frames. The targeted defocus values ranged from -0.25

to -2.5 mm. For the BAF-OS -6.0 complex, 20,104 EER movies were recorded. For the BAF-OS +6.0 complex, 39,572 EER movies were
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recorded. A subset of 16,394 movies were recorded with the stage tilted to 30 degrees. For the BAF-OS +6.0 ADP complex two sessions 

with a total of 18,456 EER movies were recorded. For all datasets, the raw EER movies were grouped into 50 frames and converted to 

4k LZW-TIFF using relion_convert_to_tiff.

Cryo-EM data processing

Real-time evaluation along with acquisition with EPU (Thermo Fisher Scientific) was performed with CryoFLARE. 76 Within 

CryoFLARE, drift correction was performed with the Relion motioncor implementation, 97 where a motion corrected sum of all frames 

was generated with and without applying a dose weighting scheme. CTF was fitted using GCTF 98 on the non-dose-weighted sums.

After CTF estimation, only the data that showed a CTF fit better than 5 A ˚ was exported from CryoFLARE and used for further pro-

cessing with Warp 77 , Relion 78 and cryoSPARC. 79

For the BAF-OS -6.0 complex, the raw movies were imported into Warp and subjected to patch motion correction, ctf fitting and 

particle picking. Two rounds of 2D classification were used to remove bad particles from the datasets. Ab-initio reconstruction 

(four classes) followed by heterogeneous refinement were performed to obtain an initial three-dimensional model at 4.1 A ˚ 

(147,556 particles). This reconstruction was used as a seed model (six times) for one round of heterogeneous refinement using all 

the particles initially picked in Warp (1,744,128 particles). In the attempt to improve the local EM densities for OCT4-SOX2 and 

the BASE module, the data processing followed two distinct paths. First, the largest class with 371,823 particles showed unambig-

uous density for OCT4-SOX2 and was used to obtain a consensus map at 3.2 A ˚ resolution. 3D focus classification (eight classes)

followed by particle subtraction and local refinement around the nucleosome-OCT4-SOX2 part of the complex led to a structure

at 3.2 A ˚ resolution (46,160 particles), where the TFs bind in a similar fashion as the same assembly in isolation (i.e., without the

BAF remodeler, PDB: 6t90). Second, the best two classes (670,056 particles) showing defined density for the BASE module were

selected and further homogeneous refinement led to a consensus map at 4.1 A ˚ resolution. To improve the BASE part of the complex,

3D focus classification (four classes) followed by non-uniform refinement from the 670,056-particle subset led to a consensus struc-

ture at 3.5 A ˚ resolution (179,373 particles). Further BASE EM density improvement was obtained with local refinement, leading to a

BASE structure at 3.1 A ˚ resolution. Likewise, further density improvement on the nucleosome via local refinement led to a nucleo-

some-focused map at 2.9 A ˚ resolution. To improve the ARP part of the complex, a mask including ARP and the ATPase was

used in 3D focus classification (ten classes) were the best two classes (129,082 particles) showing clear EM density for ARP were

selected for further processing using homogeneous refinement, leading to a consensus structure at 5.6 A ˚ resolution. Particle sub-

traction, re-window particles to a smaller box size (from 480 pixels to 360 pixels) and local refinement around the ARP part of the

complex led to a structure at 3.7 A ˚ resolution.

For the BAF-OS +6.0 AMP-PNP complex, the drift corrected averages were imported into Warp and subjected to patch ctf fitting and 

particle picking. The data from the tilted and untilted stage were initially processed with two independent Warp sessions. After im-

porting the corresponding particles into cryoSPARC, four rounds of 2D classification were used to remove bad particles. To improve 

the homogeneity of the dataset, ab-initio reconstruction (four classes) followed by heterogeneous refinement were performed on 

442,529 and 311,094 particles for the zero- and 30-degree tilt subsets respectively. Both subsets revealed the presence of two com-

plex conformations, labeled as class 1 and class 2 (Figures S5 and S7). All class 1 particles were merged, and homogeneous refine-

ment gave rise to a consensus map with an overall resolution of 3.1 A ˚ . 3D classification into 10 classes improved the EM density

around the OCT4-SOX2 region. Particles included in the best class were imported into Relion for one round of 3D focused classifi-

cation using a soft mask around the nucleosome-OCT4-SOX2 region. The particles included in the most populated class (84%) were 

finally re-imported into cryoSPARC to perform 3D flexible refinement, 67 which confirmed the high degree of flexibility present in this 

protein assembly. All class 2 particles were merged and subjected to heterogeneous refinement leading to a consensus map at 4.2 A ˚ 

resolution (30,808 particles). Local refinement was used to improve the EM densities for the ARP-BASE and the nucleosome-OCT4/ 

SOX2-ATPase modules separately.

For the BAF-OS +6.0 ADP complex, the drift corrected averages were imported into Warp and subjected to patch ctf fitting and par-

ticle picking. After importing the corresponding particles into cryoSPARC, three rounds of 2D classification were done and particles 

from unambiguously distinguishable 2D classes were assigned either as class 1 and 2 type particles or as class 3 type particles. Ab-

initio was used to separately reconstruct the conformational classes, and several 3D classes of each conformation were considered 

for further processing. Noise traps (K=12 classes) were generated from particles unaligned in 2D classification and used together with 

the eight reconstructions representative of all BAF classes as inputs for further refinement and class separation. The volumes (BAF 

classes and noise traps) were used as input in heterogeneous refinement using all the particles (2,420,264) initially picked in Warp. 

Particles clustering with either class 1 and 2 or class 3 type BAF conformations were merged with previously assigned particles of the 

same type and analyzed by 2D classification (2 rounds). Particles that changed class type were re-analyzed by 2D classification 

(2 rounds) separately and re-assigned accordingly. Ab-initio reconstitutions of each type 1,2 or 3 final particle stacks (after 2D clas-

sification) were performed separately for each class type including generation of noise traps representative of the particle clustered in 

each BAF class type. Another heterogenous refinement was performed within each BAF class type 1 and 2 or 3 separately, together 

with their respective noise traps and particles clustering with BAF classes were re-analyzed by 2D classification (1 round) and 

selected distinguishable BAF classes were merged with the final particle stack. Additionally, particles that did not align in 2D clas-

sification but had a 3D-class probability of a given BAF 3D class higher than 99.9% were also merged to the final particle stack of the 

respective BAF class type resulting in 145,519 (37.1%) BAF class 3 and 246,791 (62.9%) BAF class 1 and 2 particles. Ab-initio (K=5) 

of the final class 3 type particle stack resulted in three full reconstructions that were subjected to distinct processing paths to improve
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the EM densities for either the OCT4/SOX2 TFs, the ATPase or the BASE module respectively based on initial EM densities for each 

respective parts in ab-initio. 3D-classification, focused on the OCT4/SOX2 TFs revealed classes (Figure S9E) where OCT4/SOX2 

density is clearly resolved. Non-Uniform and local refinement, focused on the NCP-ATPase was used to improve the final EM

maps, giving reconstructions at 3.95 A ˚ and 4.05 A ˚ respectively (Figure S9F). Non-Uniform and local refinement, focused on the

BASE module was used to improve the final EM maps, giving reconstructions at 5.93 and 6.49 A ˚ respectively (Figure S9H) with

the latter shown in two different orientations. Maps stemming from the focus-refined maps of the NCP-ATPase (4.05 A ˚ ) and

BASE module (6.49 A ˚ ) respectively were merged to a composite map.

Structural model building and structural analysis

Model coordinates for BAF were extracted from PDB ID 6ltj and fitted together with OCT4/SOX2-bound nucleosome (PDB: 6t90) into 

the cryo-EM map using ChimeraX fit-in-map. 80 The structure of pBAF (PDB: 7vdt) including parts of the BRG1 SnAC domain was 

aligned using the nucleosome as reference and the SnAC domain was copied into the BAF-OS -6.0 model. The SMARCD1 YEATS-

like domain was derived from a predicted model (AlphaFold database, AF-Q96GM5-F1) and rigid-body fitted into the cryo-EM 

map as above. Chains were trimmed or extended based on available density using COOT 81 and corresponding predictions from 

the AlphaFold database. The models were combined and subjected to MDFF (Molecular Dynamics Flexible Fitting) in ISOLDE. 82 

Throughout MDFF self-restraints were employed. Finally, PHENIX real-space refinement was used to minimize the model coordi-

nates (in the presence of coordinate constraints). 84 Model B-factors were refined with Rosetta (BfactorFitting Mover 85 ). Molprobity 

was used for validation. 86

To obtain a model for BAF-OS +6.0 (class 2), the previous BAF-OS -6.0 model was used as template and the nucleosome coordinates 

were replaced by SHL+6-OCT4/SOX2-bound nucleosome (PDB: 6yov). Due to low local resolution, the BRG1 C-terminal lobe was 

omitted from the model. Further refinement and validation of the model was as described above. In case of BAF-OS +6.0 (class 1), 

BAF-OS +6.0 (class 2) was used as template and BAF was re-fitted in ChimeraX. Refinement was again as described before. Map 

and model representations in the figures were prepared using UCSF ChimeraX.

In case of BAF-OS +6.0 ADP (class 3), the ATPase lobes of BRG1 were extracted from pBAF (PDB: 7vdt) and for the remaining model, 

BAF-OS +6.0 (class 1) was used as template. Subunits were rigid body-fitted followed by refinement and validation as described 

above. The structures were analyzed using UCSF Chimera, 87 UCSF ChimeraX, 80 and Pymol.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis of restriction enzyme-based remodeling assays

Gel images were analyzed using ImageJ 88 by measuring the intensities of uncut DNA bands. For each condition, values were normal-

ized to the uncut band in the absence of remodeler or transcription factor, which served as the 100% reference, allowing calculation 

of the relative change in cutting rate. Statistical comparisons between conditions were performed using an unpaired two-tailed Stu-

dent’s t-test, based on three technical replicates per measurement (n=3). P-values are indicated as p < 0.05 (*) and p < 0.01 (**). All bar 

graphs display mean values ± standard deviation (SD).

Statistical analysis of ensemble FRET-based remodeling experiments

For ensemble FRET experiments, fluorescence signals were recorded continuously during the reaction. Baseline FRET efficiencies 

were determined as the mean value over a 1-minute period preceding reaction initiation by addition of BAF. FRET efficiencies 

following nucleosome remodeling were determined as the mean value over a 1-minute window at 20 minutes after reaction start. 

For each condition, mean FRET efficiencies were calculated from three independent replicates (n=3). Data are presented as 

mean ± standard deviation (SD). Statistical significance between conditions was assessed using an unpaired two-tailed Student’s 

t-test. A p-value < 0.05 was considered statistically significant.
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