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Supplementary Figure S1 Flowchart of CryoEM data processing of the Chd1-nucleosome complex in the ADP-BeFx state. (a) Representative micrograph of CryoEM sample. (b) FFT of image in (a) with the Thon rings extending to ~3.5 Å. (c) 2D class averages of characteristic projection views of CryoEM particles. (d) Flowchart of CryoEM data processing. (e) The “gold-standard” FSC curves calculated between two halves of datasets for the complexes.
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Supplementary Figure S2 Density maps of the Chd1-nucleosome complexes in the ADP-BeFx-bound state. (a) Class A complex with unwrapped exit DNA bound by the DBD. (b) Class A’ complex with unwrapped exit DNA without DBD bound. (c) Class B complex with wrapped exit DNA. (d) Class C complex with two Chd1 bound to the same nucleosome. (e) Local density around the bound nucleotide of the Class A complex. (f and g) Local densities of the motor (f) and the bound nucleotide (g) of the Class B complex. 
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Supplementary Figure S3 Additional structural analyses of the Chd1-nucleosome complexes in the ADP-BeFx-bound state. (a) Superimposition of the structure of the Class A complex (color coded) with the previously reported structure of the Chd1-nucleosome complex (color grey, PDB code 5o9g). The alignment was based on the histone cores. (b) Superimposition of the structures of the Class A’ (color coded) and Class A (color grey) complexes. (c) Three different views of the structure of the Class C complex. The 20 bp linker DNA functioned as the entry and exit DNA for Chd1 bound at SHL+2 and SHL−2, respectively. (d) Local density around the EDBL of the Class A complex. (e) Superimposition of the structures of Chd1 (color coded) and Snf2 (color grey, PDB code 5Z3U) bound to the nucleosome. The histone cores were aligned and omitted for clarity.
[image: Supplementary Figure S4]
Supplementary Figure S4 The smFRET analyses of DNA unwrapping and translocation induced by Chd1. (a) Representative fluorescence (color-coded) and FRET (grey) trace curves showing Cy5 intensity decrease and Cy3 increase (Cy3-Cy5 anti-correlation, left panel), and diminished fluorescence of a Cy5 fluorophore (right panel) upon the addition of Chd1. The samples were excited with the 532 nm laser. (b) Labeling scheme of three-color smFRET. Alexa488 (cyan) at the base of 145; Cy3 (green) placed at H2A K119C; Cy5 (red) at phosphate 21 of the tracking strand, and the positions before and after DNA translocation towards the dyad are indicated. (c) Representative fluorescence (color-coded) and FRET (grey) trace curves (left), and Alexa488-Cy3 FRET distributions (right) of the unperturbed nucleosome. The samples were excited with the 488 nm laser. (d) Representative fluorescence (color-coded) and FRET (grey) trace curves (left), and Cy3-Cy5 FRET distributions (right) of the unperturbed nucleosome. The samples were excited with the 532 nm laser. Each histogram was built from >150 traces collected, and fit with Gaussian distributions. (e) Heterogeneity of the samples. The samples with Cy3 attached to the H2A subunit proximal to the FRET acceptor Cy5 on the DNA (colored purple) were selected for further analysis of the FRET distributions, a fraction of which showed increased Cy3-Cy5 FRET signals as illustrated in panel (i). The samples with Cy3 attached to the H2A subunit distal to Cy5 (blue), both H2A subunit labelled by Cy3 (red), not labelled by Alexa488 or quenching (green), and FRET value rising (orange) were excluded for further analysis. Left panel, 1869 traces in total, related to Fig. 5c and 5d; right panel, 2275 traces in total, related to Fig. 5e and 5f. (f) Cy3-Cy5 FRET peak values with the Cy5 probe placed at different positions of the unperturbed nucleosome. (g) Repetitive movement due to the bidirectional DNA translocation. (h) A representative case showing DNA translocation (decreased Cy3-Cy5 FRET value) when the exit DNA was in the unwrapped state (low Alexa488-Cy3 FRET state). (i) A case showing Chd1 (colored grey) bound at SHL-2 and translocated the DNA to a direction opposite to that in Fig. 5f. 
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Supplementary Figure S5 Biochemical analyses of the EDBL mutants. (a) Nucleosome binding of WT and 4E mutant with increasing concentrations of Chd1. Representative gels and the quantification of the binding efficiency were shown. With higher concentrations of Chd1, a heterogeneous population of the protein-bound NCP appeared, and the bound nucleosomes were indicated by the line on the left. Kd of WT and 4E, which were estimated from the protein concentration at 50% saturation (dash line), were 50, 45 nmol/L, respectively. Error bars indicate SD of the means (n = 3 independent experiments). (b) ATPase activities of the WT and 4E mutant. The real-time reaction rate curves (left, inset showed the early reactions) and the relative ATPase activity (right) are shown. The relative activities were calculated using the basal ATPase activity of the WT enzyme in the buffer as the reference. Error bars indicate SD of the means (n = 3 independent experiments). (c) Nucleosome centering activity of the WT and 4A mutant. Representative gels and the quantification of the fraction of the substrate got remodeled are shown. Error bars indicate SD of the means (n = 3 independent experiments). Initial reaction rates estimated by fitting the data are indicated. 
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Supplementary Figure S6 Flowchart of CryoEM data processing of the Chd1-nucleosome complex in the ADP state. (a) Representative micrograph of CryoEM sample. (b) FFT of image in (a) with the Thon rings extending to ~3.5 Å. (c) 2D class averages of characteristic projection views of CryoEM particles. (d) Flowchart of CryoEM data processing. (e) The “gold-standard” FSC curves calculated between two halves of datasets for the complexes. (f) Angular distribution of particle projections of the Chd1-nucleosome complex in the ADP state.
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Supplementary Figure S7 Density maps of the Chd1-nucleosome complexes in the ADP-bound state. (a) Two different views of the overall map. (b) Local maps of the DNA. (c) Local map of the motor domains. (d) Local map of the bound ADP. 
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Supplementary Figure S8 Conformational switches of the motor domains within an ATPase cycle (a) Structural alignment of ISWI bound to the nucleosome complex in the ADP (color coded, PDB code 6IRO) and ADP-BeFx (color grey, PDB code 6JYL) bound states. The histone cores are aligned and omitted for clarity. (b) Structural alignment of Snf2 bound to the nucleosome complex in the ADP (color coded, PDB code 5Z3O) and ADP-BeFx (color grey, PDB code 5Z3U) bound states. 
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[bookmark: OLE_LINK14][bookmark: OLE_LINK27][bookmark: OLE_LINK13][bookmark: OLE_LINK28]Supplementary Figure S9 Examples of three-color smFRET traces before and after correction. Representative Cy3 (green), Cy5 (red), and Alexa488 (cyan) fluorescence time traces before and after corrections for Cy3 and Cy5 bleed through, direct excitation by 488 nm and 532 nm lasers, as well as for differences in fluorescence quantum yields and detection efficiencies between Cy3, Cy5, and Alexa488. The corrected and raw traces for ADP-bound (a and b) and continuous ATP hydrolysis (c and d) conditions, related to Fig. 5c−5f.
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Supplementary Figure S10 Little interference of the ATPase and remodeling activities under the conditions of 10 µmol/L ADP-BeFx and 3 mmol/L ATP. (a) ATPase activities of Chd1 in the absence and presence of 10 µmol/L ADP-BeFx. Error bars indicate SD of the means (n = 3 independent experiments). (b) Nucleosome sliding of Chd1 in the absence and presence of 10 µmol/L ADP-BeFx. Representative gels and the quantification of sliding efficiency were shown. Error bars indicate SD of the means (n = 3 independent experiments). As in the smFRET assays, ATP was added at the last step to initiate the reaction.
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Supplementary Figure S11 Examples of the MNase-seq results over several loci.
	DNA name
	[bookmark: _GoBack]Sequence(5’-3’); the “601” sequence is underlined

	
167-DNA
	CTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGAAGCTTGTCGAGAAGTACTAG

	
	

	
	

	
0N60-DNA
	/5Cy5/CTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGAAGCTTGTCGAGAAGTACTAGAGGATCATAATCAGCCATACCACATTTGTAGAGGTTTTAC

	
	

	
	

	

100N100-
DNA
	/5Cy5/CCATGTATTGAACAGCGAGATAGTGTTCCGAGCTCCCCGGTCCGGGAGATTCTTCACACCGAGTTCATCCCTTATGTGATGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGAAGCTTGTCGAGAAGTACTAGAGGATCATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAT

	
	

	
	

	
	

	
	

	

0N80-DNA
	/5Cy5/CTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGAAGCTTGTCGAGAAGTACTAGAGGATCATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCA

	
	

	
	

	

80N0-DNA
	/5Cy5/TAGTGTTCCGAGCTCCCCGGTCCGGGAGATTCTTCACACCGAGTTCATCCCTTATGTGATGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGA

	
	

	
	

	
MMTV-A DNA
	ATCAAAACTGTGCCGCAGTCGGCCGACCTGAGGGTCGCCGGGGTCTGCGGGGGGACCCTCTGGAAAGTGAAGGATAAGTGACGAGCGGAGACGGGATGGCGAACAGACACAAACACACAAGAGGTGAATGTTAGGACTGTTGCAGATGGTTCCACGCACGTTGGTGG(the MMTV-A sequence is underlined)

	
	

	
	

	
40N30-
DNA
	GAGTTCATCCCTTATGTGATGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAG(Cy5)GCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCT(Alexa488)GAAGCTTGTCGAGAAGTACTAGAGGATCATAA/3Biotin/

	
	

	
	

	
20nt-T 20N30-
DNA
	/5Biotin/TTTTTTTTTTTTTTTTTTTTGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAG(Cy5)GCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCT(Alexa488)GAAGCTTGTCGAGAAGTACTAGAGGATCATAA

	
	

	
	


Supplementary Table S1 DNA sequences used in this work
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