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            Abstract
Interactions between biomolecules underlie all cellular processes and ultimately control cell fate. Perturbation of native interactions through mutation, changes in expression levels or external stimuli leads to altered cellular physiology and can result in either disease or therapeutic effects1,2. Mapping these interactions and determining how they respond to stimulus is the genesis of many drug development efforts, leading to new therapeutic targets and improvements in human health1. However, in the complex environment of the nucleus, it is challenging to determine proteinâ€“protein interactions owing to low abundance, transient or multivalent binding and a lack of technologies that are able to interrogate these interactions without disrupting the protein-binding surface under study3. Here, we describe a method for the traceless incorporation of iridium-photosensitizers into the nuclear micro-environment using engineered split inteins. These Ir-catalysts can activate diazirine warheads through Dexter energy transfer to form reactive carbenes within an approximately 10â€‰nm radius, cross-linking with proteins in the immediate micro-environment (a process termed ÂµMap) for analysis using quantitative chemoproteomics4. We show that this nanoscale proximity-labelling method can reveal the critical changes in interactomes in the presence of cancer-associated mutations, as well as treatment with small-molecule inhibitors. ÂµMap improves our fundamental understanding of nuclear proteinâ€“protein interactions and, in doing so, is expected to have a significant effect on the field of epigenetic drug discovery in both academia and industry.
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                    Fig. 1: Development of a catalytic labelling platform using inteins.[image: ]


Fig. 2: Development of a chromatin-localized ÂµMap proximity-labelling platform.[image: ]


Fig. 3: ÂµMap as a method to uncover oncogenic function of the somatic mutation H2A E92K.[image: ]


Fig. 4: Interactome mapping of nuclear proteins to assess ligand interactions.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Supporting data for H3.1 vs CENP-A and H2A WT vs H2A E92K experiments.
Anti-FLAG western blot for the expression of H3.1-HA-CfaN-FLAG, H3.1 (4xAla)-HA-CfaN-FLAG (not used in MS experiment) and CENP-A-HA-CfaN-FLAG. H4 visualized by coomassie blue stain is provided as a loading control. MW of H3.1-HA-Cfa-N-FLAG = 29,365 Da. B) GO analysis of proteins enriched in H3.1 samples. Data shows significant GO terms related to Chromatin organization, remodelling, and epigenetic control of gene expression. Analysis performed using metascape. C) Anti-FLAG western blot for the expression of H2A-HA-CfaN-FLAG and H2A-E92K-HA-CfaN-FLAG. H4 visualized by coomassie blue stain is provided as a loading control. D) In-nuclei splicing reactions for H2A (WT) and H2A (E92K) constructs in the presence of CfaC-Ir (referred to as Int) and control as visualized by anti-HA and anti-FLAG western blot. H4 visualized by coomassie blue stain is provided as a loading control. MW of H2A-HA-CfaN-FLAG = 28,121 Da. For blot source data, see Supplementary Fig. 1.


Extended Data Fig. 2 Interactome of acidic patch triple mutant and comparison to H2A E92K.
A) Left: Anti-FLAG western blot for the expression of H2A-HA-CfaN-FLAG and H2A-3xAla-HA-CfaN-FLAG. Note, 3xAla refers to the acidic patch mutations E61A, E90A and E92A in H2A. Right: In-nuclei splicing reactions for H2A (WT) and H2A (3xAla) constructs in the presence of CfaC-Ir as visualized by anti-HA and anti-FLAG western blot. B) Graphic representing a comparative experiment between H2A (WT) and H2A (3xAla). C) Volcano plot derived from a two-sided t-test showing proteins enriched in a comparative proteomics study between H2A (WT) and H2A (3xAla) using the ÂµMap workflow. Proteins are highlighted that represent acidic patch binders and chromatin remodelers, and are colour coded according to the remodelling complex they belong to. FDR values were calculated using the Benjaminiâ€“Hochberg procedure, as described in Methods. D) Table showing known chromatin remodelling complexes that are enriched in the ÂµMap dataset between H2A (WT) and H2A (3xAla). Proteins are colour coded by enrichment. Blue = Log2FC >0.5, FDR <0.05. Cyan = Meets FDR requirement, FDR <0.05. Red = Not enriched. Black = Not in dataset. Data shows that nucleosome binding for most (80%) of all complex members is affected by the deletion of the H2A acidic patch. E) Venn diagram showing overlap in the loss of function proteins in the H2A (WT) vs H2A (E92K) and H2A (WT) vs H2A (3xAla) datasets. Approximately two thirds of the hits (Log2FC >0.5, FDR <0.05) observed in the H2A (E92K) experiment are also hits in the H2A (3xAla) experiment. For blot source data, see Supplementary Fig. 1.


Extended Data Fig. 3 Measurement of relative quantities of transfected histone H3.1.
A) Representative western blot showing relative concentrations of native H3 and transfected H3.1-HA-CfaN-FLAG. B) Bar graph showing relative intensities of transfected and native H3. Nâ€‰=â€‰6 independent biological replicates, (**** = Pâ€‰<â€‰0.0001). Over 6 replicates transfected histones make up â‰ˆ1/12 of all histone H3. For blot source data, see Supplementary Fig. 1.


Extended Data Fig. 4 Comparison of proteomics data obtained from stable cell lines.
To compare the effects of stable expression on ÂµMap we conducted our two core workflows in HEKÂ 293T cells expressing H2A-HA-CfaN-FLAG and/or H2A(E92K)-HA-CfaN-FLAG. A) Anti-FLAG western blot showing stable expression of H2A-HA-CfaN-FLAG and H2A(E92K)-HA-CfaN-FLAG at the indicated viral titre. Ponceau staining is provided as a loading control. B) Left: Volcano plot derived from a two-sided t-test showing ÂµMap target ID experiment with JQ-1 in stably expressing cells with 1â€‰ÂµM JQ-1. Data is consistent with transiently transfected cell lines. Right: Volcano plot derived from a two-sided t-test showing ÂµMap experiment comparing wild-type and E92K interactomes. C) Comparison of H2A (WT) vs H2A (E92K) proteomics hits from transiently transfected cells compared to stably expressing cells. Table shows the four proteins investigated in this study. D) Venn diagram showing all proteins in common between datasets (Log2FC >0.5, FDR <0.05). Overlap is observed for key chromatin modifying proteins. For blot source data, see Supplementary Fig. 1.


Extended Data Fig. 5 ATAC-Seq extended data.
A) Hierarchical clustering analysis: Read counts in merged peaks are used to calculate distances between samples and generate a heatmap of sample-to-sample relationships. Data shows strong association between replicates. B) Differential binding analysis: The R package DiffBind is used for differential region of interest (ROI) detection using FDR <= 0.05 as a cutoff. Peaks that have a fold change below zero and FDR <= 0.05 indicate regions with lower accessibility. Peaks with a fold change greater than zero and FDR <= 0.05 indicate regions with higher accessibility. C) Average ATAC-seq profile across all samples at annotated transcription start sites (TSSâ€™s): Data shows the average profile of ATAC-seq peaks falling within +/âˆ’ 3Kb of annotated TSS sites genome-wide. D) Differential peak annotation: Peaks are annotated based on genomic features they overlap. When annotations overlap, assignment priorities are Promoter > 5â€²UTR > 3â€²UTR > Exon > Intron > Downstream > Intergenic. E) Histogram of overlapping features under merged peaks, ranked by number of peaks. F) Distribution of genomic distance from peak summits to the nearest TSS.


Extended Data Fig. 6 APEX2 comparison â€“ Validation.
Comparison of Î¼Map to APEX approaches: A) Key experiments in this study were repeated using previously reported APEX2 methodology according to the published procedure: Hung, V., Udeshi, N., Lam, S. et al. Spatially resolved proteomic mapping in living cells with the engineered peroxidase APEX2. Nat Protoc 11, 456â€“475 (2016). 10.1038/nprot.2016.018. B) Western blot showing relative levels of biotinylation in the fractionated nuclear, cytosolic and membrane proteome. Data shows that the APEX construct is localized to the nucleus. C) Western blot showing data from a 9-plex experiment representing two different experiments (H2A (WT) vs. H2A (E92K) and H2A Â± JQ-1; each Nâ€‰=â€‰3). H2A-APEX2 expression and levels of biotinylation are even across all replicates. MW: H2A-HA-APEX2-FLAG = 41,981 Da. D) Fractionation of HEK 293T cells transfected with either H2A-APEX or H2A-CfaN shows that expressed HA-tagged histone fusion proteins are localized to the chromatin fraction. Left) Anti-HA western blot showing H2A-HA-APEX2-FLAG localization in different cellular fractions. Appropriate loading controls are provided. Right) Anti-HA western blot showing H2A-HA-CfaN-FLAG localization to different cellular fractions. Appropriate loading controls are provided. E) Volcano plots derived from a two-sided t-test showing comparison of results obtained from APEX2 proximity labelling and ÂµMap experiments for H2A (WT) vs H2A (E92K). F) Model for interactomes detected using APEX2 and Iridium conjugated nucleosomes. The short radius of ÂµMap only allows labelling of proteins directly interacting with the expressed nucleosome. The longer radius of APEX2 leads to additional labelling of the wild-type nucleosomal interactomes that border the expressed histone, leading to significant reduction in signal to noise. For blot source data, see Supplementary Fig. 1.


Extended Data Fig. 7 Supporting data for H2A Â± JQ-1 and Pinometostat.
A) In nucleo splicing reactions for H2A-CfaN constructs in the presence of CfaC-Ir as visualized by anti-HA/anti-FLAG western blot. Left (untreated cells), middle (cells treated with JQ-1), right (cells treated with Pinometostat). MW of H2A-HA-CfaN-FLAG = 28,121 Da. B) Treatment of HEK 293T cells with pinometostat for 24â€‰h (0, 0.5, 2.5 Î¼M) results in â‰ˆ60% decrease in H3K79 dimethylation, as visualized by western blotting with an anti-H3K79me2 antibody. Histones H3, H2A, and H2B, stained by coomassie blue, are provided as a loading control. C) Volcano plots derived from a two-sided t-tests comparing APEX2 target ID proximity labelling to ÂµMap target ID for H2A Â± JQ-1. D) Volcano plot derived from a two-sided t-test for comparison of H2A Â± JQ-1 at two different treatment concentrations (5â€‰ÂµM (left) and 1â€‰ÂµM (right)). E) Chart comparing the observed log2 (fold change) values returned for BRD2/3/4 at the indicated treatment concentrations. For blot source data, see Supplementary Fig. 1.


Extended Data Fig. 8 RNA-Seq data.
A) The global transcriptional change across the groups (WT vs JQ-1) compared was visualized by a volcano plot derived from a two-sided t-test. Each data point in the scatter plot represents a gene. The log2 fold change of each gene is represented on the x-axis and the log10 of its adjusted p-value is on the y-axis. Genes with an adjusted p-value less than 0.05 and a log2 fold change greater than 1 are indicated by red dots. These represent up-regulated genes. Genes with an adjusted p-value less than 0.05 and a log2 fold change less than âˆ’1 are indicated by blue dots. These represent down-regulated genes. B) A bi-clustering heatmap was used to visualize the expression profile of the top 30 differentially expressed genes (WT vs JQ-1) sorted by their adjusted p-value by plotting their log2 transformed expression values in samples. This analysis is useful to identify co-regulated genes across the treatment conditions. C&D) The same analysis was performed on (WT vs Pinometostat) samples. E) Table showing RNA-seq fold changes and P values for proteomic hits in from H2A vs H2A +JQ-1 experiment. Data strongly suggests that enrichment is due to proximity and not global changes in gene expression. F) Table showing RNA-seq fold changes and P values for proteomic hits in from H2A vs H2A + Pinometostat experiment. Data strongly suggests that enrichment is due to proximity and not global changes in gene expression Importantly, genes enriched in proteomic analysis were NOT enriched in RNA-seq, showing enrichment is based on proximity, rather than changes in gene expression caused by ligand treatment.


Extended Data Fig. 9 Validation of RBP1 expression and splicing.
Left: Anti-HA western blot for the expression of RBP1-HA-CfaN-FLAG. H4 visualized by coomassie blue stain is provided as a loading control. Middle: In nucleo splicing reactions for RBP1-HA-CfaN-FLAG in the presence of CfaC-biotin (+) as visualized by streptavidin-800. H4 visualized by coomassie blue stain is provided as a loading control. Right: Labelling of nuclear proteins after installation of Ir photocatalyst (45 and 90â€‰s irradiation with blue LEDs) versus free Ir control as visualized by streptavidin-800. MW of RBP1-HA-CfaN-FLAG = 231,290 Da. For blot source data, see Supplementary Fig. 1.


Extended Data Fig. 10 Volcano plots of all proteomics experiments analysed with two unique peptide filter.
Volcano plots derived from a two-sided t-tests for MS experiments. All proteins presented require two unique peptides found across all replicates. Cut-offs are Log2FC >0.5 and FDR <0.05. For blot source data, see Supplementary Fig. 1.
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