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            Abstract
ATP-dependent chromatin remodellers regulate access to genetic information by controlling nucleosome positions in vivo1. However, the mechanism by which remodellers discriminate between different nucleosome substrates is poorly understood. Many chromatin remodelling proteins possess conserved protein domains that interact with nucleosomal features2. Here we used a quantitative high-throughput approach, based on the use of a DNA-barcoded mononucleosome library, to profile the biochemical activity of human ISWI family remodellers in response to a diverse set of nucleosome modifications. We show that accessory (non-ATPase) subunits of ISWI remodellers can distinguish between differentially modified nucleosomes, directing remodelling activity towards specific nucleosome substrates according to their modification state. Unexpectedly, we show that the nucleosome acidic patch3 is necessary for maximum activity of all ISWI remodellers evaluated. This dependence also extends to CHD and SWI/SNF family remodellers, suggesting that the acidic patch may be generally required for chromatin remodelling. Critically, remodelling activity can be regulated by modifications neighbouring the acidic patch, signifying that it may act as a tunable interaction hotspot for ATP-dependent chromatin remodellers and, by extension, many other chromatin effectors that engage this region of the nucleosome surface4,5,6,7,8,9.
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                    Figure 1: A diverse library of modified nucleosomes.[image: ]


Figure 2: A high-throughput nucleosome remodelling assay for ISWI family chromatin remodellers.[image: ]


Figure 3: Specialization of ISWI remodellers for diverse nucleosome modifications.[image: ]


Figure 4: The nucleosome acidic patch is crucial for remodelling and regulatable by histone PTMs.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Characterization of barcoded 601 (BC-601) DNA.
a, BC-601 DNA prepared for all 115 nucleosome library members as described in Methods (Barcoded 601 (BC-601) DNA preparation). Ligation products are 192 bp in size and were visualized by polyacrylamide gel electrophoresis (5% acrylamide, 0.5× TBE, 200 V, 40 min) and staining with SYBR Safe DNA gel stain. A faint band corresponding to unligated 601 DNA (601) is slightly visible in certain cases. b, BC-601 DNA for nucleosome 99 (Supplementary Table 1) was CpG methylated by the M.SssI methyltransferase (NEB) according to the manufacturer’s instructions and characterized by digestion with the RsaI restriction enzyme, which is sensitive to CpG methylation, and PstI, which is not. For gel source data, see Supplementary Fig. 1.


Extended Data Figure 2 Analysis of the quality and integrity of the nucleosome library.
a, b, Analysis of individual nucleosome preparations (a) and the final library after pooling of nucleosomes (b) by native gel electrophoresis and staining with ethidium bromide. c, Antibody pull-down of library members using an anti-H3K4me3 antibody. Every nucleosome member containing an H3K4me3 mark (red) was efficiently isolated relative to other library members (black). Notably, the antibody was also able to pull down a nucleosome possessing solely the H3K4me2 mark (blue), indicating a lack of antibody specificity in this case. This experiment was performed once. For gel source data, see Supplementary Fig. 1.


Extended Data Figure 3 Characterization of recombinant ISWI chromatin remodellers.
a, Purified chromatin remodellers were run a 4–20% Mini-PROTEAN TGX gel (Bio-Rad) and for 35 min at 180 V. Proteins were stained with Coomassie. The composition of each remodeller–remodelling complex is depicted above each respective lane on the gel. Expected molecular weights: SNF2h: 122 kDa, ACF1: 179 kDa, CHRAC-15: 14.7 kDa, CHRAC-17: 16.9 kDa, WSTF: 171 kDa, TIP5: 208 kDa, RSF1: 164 kDa; migrates at higher apparent molecular weight, SNF2L: 121 kDa, BPTF: 338 kDa, RbAp46: 47.8 kDa. b, All remodellers display ATP-dependent nucleosome remodelling activity as detected by a restriction enzyme accessibility assay. For gel source data, see Supplementary Fig. 1.


Extended Data Figure 4 Nucleosome remodelling activity is negligible in the absence of ATP.
Bar graphs show individual DNA cleavage rates (kMN, remodelling rates in the case of nucleosomes; see Supplementary Table 3) from library remodelling experiments for each member of the library in the presence of the indicated chromatin remodeller with and without ATP. Rate values were rank ordered and are displayed from low to high. The dashed red line represents the rate of remodelling of unmodified nucleosomes. The related graphs for the ACF complex can be found in Fig. 2d. Data are represented as the mean of experimental replicates ± s.e.m. (n = 3).


Extended Data Figure 5 Principal component (PC) analysis of library remodelling data.
Percentages show the fractions of the variance accounted for by each PC. Individual nucleosomes are shown in light blue, and PC weight values for each remodeller are shown in either orange or black. Weights are scaled by a factor of 2 for visibility. a, PC1 vs. PC2 and PC1 vs. PC3 are plotted. b, PC2 vs. PC3 are plotted as in Fig. 3a. Nucleosomes driving differences in remodeller activity were numbered as in Supplementary Table 1 and grouped by their location in PC space (Supplementary Table 4).


Extended Data Figure 6 Alteration of histone–DNA contacts affects remodelling activity.
a, Modified histone residues in the nucleosome library that lie under the DNA (tan) are highlighted on the nucleosome (PDB: 1KX5) in red. PTMs are numbered and labelled on the nucleosome structure. Values were capped at −2 and 2 for display purposes. b, Histone mutants present in the nucleosome library that lie under the DNA (tan) are highlighted on the nucleosome (PDB: 1KX5) in red. The heatmap is displayed as in a. Locations of each mutation are individually labelled on the nucleosome structure. Values were capped at −3 and 3 for display purposes. All histones are unmodified unless otherwise specified.


Extended Data Figure 7 Remodelling of nucleosomes containing modifications preferred by histone recognition domains.
Library remodelling data generated by the NoRC (a), WICH (b), and NURF (c) complexes for nucleosomes containing residues known to interact with histone binding modules in accessory subunits of each complex (NoRC: TIP5; WICH: WSTF; NURF: BPTF). Literature binding specificities are displayed in corresponding tables on the right. Bar graphs display log2 values of the rate of remodelling of individual nucleosome library members (kMN) relative to unmodified nucleosomes (kunmod.). Data are represented as the ratio of the mean of experimental replicates ± s.e.m. (n = 3). Note that H3KpolyAc includes the H3K14ac modification (Supplementary Table 1). All histones are unmodified unless otherwise specified. BRD, bromodomain; PHD, PHD-finger; PHD–BRD, tandem PHD-finger–bromodomain module; ND, not determined.


Extended Data Figure 8 Remodelling assays carried out on individual nucleosomes measured via standard gel-based read-out to validate library data.
a, Activity of the NURF complex towards H3K4me3+H4K16ac relative to unmodified nucleosomes as measured in the context of the nucleosome library (library) or individual assays (individual). b, Activity of the ACF complex on unmodified and acidic patch mutant nucleosomes. c, Remodelling of unmodified nucleosomes is inhibited by the presence of the LANA peptide when compared to a LANA peptide with key binding residues mutated (LRS to AAA). d, Activity of the ACF complex towards nucleosomes modified near the acidic patch (H2BK108ac and H2BS112GlcNac) relative to unmodified nucleosomes as measured in the context of the nucleosome library (library) or individual assays (individual). Gel images of example replicates used to generate densitometry measurements in each subpanel are shown above respective graphs. a, c, and d use a restriction enzyme accessibility assay. b uses a nucleosome repositioning electrophoretic mobility shift assay. All histones are unmodified unless otherwise specified. All data are represented as the mean of experimental replicates ± s.e.m. (n = 3). For gel source data, see Supplementary Fig. 1.


Extended Data Figure 9 High-throughput chromatin remodelling and binding data.
a, Heat-map displaying ISWI remodelling data (as in Fig. 2b) against the nucleosome library with CHD4 data for comparison. Rows were sorted on the basis of values for SNF2h (low to high). b, Heat map displaying binding of chromatin factors RCC1 and Sir3 against the nucleosome library relative to unmodified nucleosomes. Values were capped at −4 and 4 for display purposes. All data are represented as the mean of experimental replicates (n = 3).
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This file contains Supplementary Figures 1–6. (PDF 11328 kb)
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Supplementary Table 1
Histone Composition of Nucleosome Library Members. Individual histone composition of each member of the nucleosome library. Modifications include lysine acetylation (Kac), lysine mono, di, and trimethylation (Kme, Kme2, Kme3), arginine mono, asymmetric and symmetric dimethylation (Rme, Rme2a and Rme2s, respectively), lysine ubiquitylation (Kub), serine and tyrosine phosphorylation (Sph and Yph, respectively), serine modified with N-acetylglucosamine (SGlcNAc), and lysine crotonylation (Kcr). * = CpG methylation of nucleosomal DNA. (XLSX 33 kb)


Supplementary Table 2
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