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            Abstract
Compartmentalization is a defining characteristic of eukaryotic cells, and partitions distinct biochemical processes into discrete subcellular locations. Microscopy1 and biochemical fractionation coupled with mass spectrometry2,3,4 have defined the proteomes of a variety of different organelles, but many intracellular compartments have remained refractory to such approaches. Proximity-dependent biotinylation techniques such as BioID provide an alternative approach to define the composition of cellular compartments in living cells5,6,7. Here we present a BioID-based map of a human cell on the basis of 192 subcellular markers, and define the intracellular locations of 4,145 unique proteins in HEK293 cells. Our localization predictions exceed the specificity of previous approaches, and enabled the discovery of proteins at the interface between the mitochondrial outer membrane and the endoplasmic reticulum that are crucial for mitochondrial homeostasis. On the basis of this dataset, we created humancellmap.org as a community resource that provides online tools for localization analysis of user BioID data, and demonstrate how this resource can be used to understand BioID results better.
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                    Fig. 1: Generation and analysis of BioID dataset, and validation strategy.[image: ]


Fig. 2: Localization of proteins using prey-centric analysis.[image: ]


Fig. 3: Discovery of new connections using the humancellmap.[image: ]
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                Data availability

              
              Mass spectrometry datasets consisting of raw files and associated peak lists and results files have been deposited in ProteomeXchange through partner Mass spectrometry Interactive Virtual Environment MassIVE (http://proteomics.ucsd.edu/ProteoSAFe/datasets.jsp) as complete submissions. Other files include the sample description, the peptide/protein evidence and the complete SAINTexpress output for each dataset, as well as a ‘README’ file that describes the dataset composition and the experimental procedures associated with each submission. The different datasets generated here were submitted as independent entries.

              Dataset 1 (Supplementary Table 2): Go_BioID_humancellmap_HEK293_lowSDS_core_data set_2019 MassIVE ID MSV000084359 and PXD015530. Dataset 2 (Supplementary Table 2): Go_BioID_humancellmap_HEK293_ highSDS_core_data set _2019 MassIVE ID MSV000084360 and PXD015531. Dataset 3 (Supplementary Table 18): Go_BioID_humancellmap_HEK293_prediction_2019 MassIVE ID MSV000084369 and PXD015554. Dataset 4 (Supplementary Table 17): Go_BioID_humancellmap_HEK293_ER-mito_candidates_2019 MassIVE ID MSV000084357 and PXD015528.

              Negative-control samples were deposited in the Contaminant Repository for Affinity Purification46 (CRAPome.org) and assigned samples numbers CC1100 to CC1185 (Supplementary Table 2); this will be part of the next release of the database.

              The BioGRID47 human database v3.5.169 was downloaded on 13 February 2019 (https://downloads.thebiogrid.org/BioGRID/Release-Archive/BIOGRID-3.5.169/). Human gene annotations were downloaded from the GO on 15 February 2019 (GO version date 1 February 2019, http://release.geneontology.org/2019-02-01/annotations/goa_human.gaf.gz). The GO hierarchy (release date 1 February 2019) was downloaded from GO48,49 on 15 February 2019 (http://release.geneontology.org/2019-02-01/ontology/go-basic.obo). The UniProt database50 release 2019_2 was downloaded on 21 February 2019 (ftp.uniprot.org/pub/databases/uniprot/previous_releases/release-2019_02/knowledgebase/uniprot_sprot-only2019_02.tar.gz). The IntAct51 human database release 2018_11_30 was downloaded on 13 February 2019 (ftp.ebi.ac.uk/pub/databases/intact/2018-11-30/psimitab/intact.txt). Human protein domain annotations and motifs were retrieved from Pfam52 (version 32) on 21 February 2019 (ftp.ebi.ac.uk/pub/databases/Pfam/releases/Pfam32.0/proteomes/9606.tsv.gz). ProteomicsDB53 was queried for protein expression information on 14 January 2020 using their API. Text mining data was downloaded from the Compartments database54 on 21 January 20 (https://compartments.jensenlab.org/Downloads). Source data are provided with this paper.

            

Code availability

              
              Source code used for analysis can be accessed from https://github.com/knightjdr/cellmap-scripts.
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Extended data figures and tables

Extended Data Fig. 1 Overview of the dataset.
a, Cellular compartments targeted for profiling by BioID. Bold numbers on the schematic correspond to the indices in the legend. Italicized numbers in brackets next to the compartment name indicate the number of baits used to profile that compartment after quality control. b, Bait similarity and localization. The Jaccard index was calculated between each pair of baits in the core dataset using the list of high confidence (1% FDR) interactors. Baits were clustered using the Euclidean distance and complete linkage method, and clusters optimized using the CBA package in R. The colour gradient next to the bait labels indicates whether a bait shares an expected localization with both adjacent baits (red), one adjacent bait (light red) or neither adjacent bait (white). Major clusters were manually annotated on the basis of the expected localization of the components.


Extended Data Fig. 2 Factors affecting prey labelling and rationale for prey-wise analysis.
a, After sorting preys by proximity order and grouping by order across baits, the proportion of previously reported preys was calculated for the nth proximity order for n = 1, 2,… 200. b–f, For each bait, the relative proximity of every prey (proximity order) was calculated from the control-subtracted length-adjusted spectral counts (CLSC) (Methods), such that the prey with the highest CLSC value was considered to be the ‘interactor’ most proximal to the bait and the lowest CLSC value the most distal. b, Number of baits with a minimum of n preys at a 1% FDR, for n = 1, 2,… 200. c, Proximity order versus protein turnover rate (hours) in HeLa cells (turnover data are from ref. 55). d, Proximity order versus protein expression as represented by the log10-normalized MS1 iBAQ intensity from ProteomicsDB53. e, Proximity order versus the number of lysine residues per protein. f, The log10-normalized MS1 iBAQ intensity of proteins expressed in HEK293 versus HeLa cells from ProteomicsDB53. The similarity in proteomes supports the usage of HeLa data in c as suitable HEK293 data was not available. Values along the x axis could reflect zero expression or missing data in HeLa cells. These were ignored when calculating the R2 value. g, Bait comparisons for a pair of mitochondrial matrix proteins. Control-subtracted spectral counts are plotted for all high confidence preys (1% FDR) detected with either bait pair under comparison. AARS2 preferentially enriches components of the mitochondrial ribosome and proteins involved in translation, such as GFM1, MRPS9 and TRMT10C, whereas PDHA1 preferentially interacts with the pyruvate dehydrogenase complex component DLAT and the mitochondrial membrane ATP synthase ATP5F1B. h, Pipelines for localizing prey proteins using SAFE40 and NMF42. In our SAFE pipeline, preys with a correlation across baits ≥ 0.65 are considered interactors and these pairs are used to generate a network that is annotated for GO:CC terms (Methods). In NMF, the bait–prey spectral counts matrix is reduced to a compartment-prey matrix and compartments are then defined using GO:CC for the compartment’s most abundant preys. A 2D network is generated in parallel from the compartment–prey matrix using t-SNE44.
Source data


Extended Data Fig. 3 SAFE-based map of the cell and motif enrichment.
a, SAFE-based map of the cell generated from preys with a Pearson correlation score of 0.65 or higher and plotted using Cytoscape with a spring-embedded layout. Each prey is coloured to indicate its primary localization (domain in SAFE terminology) as indicated in the legend. An interactive version of the map can be viewed at humancellmap.org/explore/maps and toggling from NMF to SAFE on the bottom menu. b, Pfam regions or motifs enriched in the indicated SAFE domains. The heat map value represents the log2-transformed fold change between the genes localized to the rank and all preys in the dataset. Only compartments or domains with a significant fold change for at least one motif are displayed on the heat map.


Extended Data Fig. 4 NMF-based correlation map of the cell and motif enrichment.
a, NMF-based map of the cell generated from preys with a Pearson correlation score across NMF ranks of 0.9 or higher and plotted using Cytoscape with a spring-embedded layout. Each prey is coloured to indicate its primary localization (rank in NMF terminology) as indicated in the legend. An interactive version of the map can be viewed at humancellmap.org/explore/maps and toggling from t-SNE to correlation on the bottom menu. b, Pfam regions or motifs enriched in the indicated NMF ranks. The heat map value represents the log2-transformed fold change between the genes localized to the rank and all preys in the dataset. Only compartments/ranks with a significant fold change for at least one motif are displayed on the heat map.


Extended Data Fig. 5 Localization benchmarking and experimental validation.
a, Percentage of genes localized to a previously known compartment for each specificity tier using our NMF and SAFE pipelines, compared with the HPA1 (www.proteinatlas.org) and the fractionation studies of Christoforou2 and Itzhak3. Specificity tiers were defined by binning GO:CC terms on the basis of their information content (Methods). Tier 1 terms are the most specific, and tier 5 the least specific. b, Percentage of preys localized to a previously known compartment relative to the number of baits they were detected with for NMF and SAFE, respectively. c, Percentage of preys localized to a previously known compartment relative to the average number of spectral counts they were seen with for NMF and SAFE. Preys were binned by spectral counts. The left tick mark for each data point indicates the lower bound for the bin (inclusive) and the right tick mark the upper bound (exclusive). d, Localization prediction validation strategy and examples. Confidence rankings are as defined in Fig. 2d. Representative immunofluorescence images are shown. NMF scores across the defined ranks, categories and compartments are displayed as seen on humancellmap.org with the highest NMF category corresponding to the localization prediction.
Source data


Extended Data Fig. 6 Topology and moonlighting analysis.
a–c, Predicted versus annotated proportion of protein exposed to the cytosol or lumen for ER transmembrane proteins. a, Hypothetical examples of proteins with varying proportions of their sequence exposed to the cytosol or lumen. The extent of labelling by cytosolic or lumenal baits should be directly related to proportion of the sequence, and hence lysine residues available for biotinylation, exposed to the respective faces of the membrane that the protein spans. b, All transmembrane domain containing prey proteins localized to the cytosolic face of the ER (NMF compartments 3 and 15) and the lumenal face (NMF compartment 6), were assigned a CLR score on the basis of their NMF profile (313 proteins). The CLR score of a prey is calculated by taking the score in the cytosolic facing compartment/maximum score in that compartment and subtracting the corresponding score in the lumenal compartment. A score closer to 1 would indicate a protein with a signature at the cytosolic face of the ER membrane but little or no signature in the lumen and a score of −1 would indicate the opposite. A similar sequence-based score was calculated as the fraction of the sequence annotated as cytosolic minus the fraction that is lumenal according to UniProt. KTN1 is mis-annotated in UniProt56 and should have a sequence score of +0.9742. c, Three example of proteins and their topology, CLR and sequence scores. Green examples have predictions matching annotated topology. d, e, Moonlighting and connections between compartments. d, Primary and secondary localizations of moonlighting preys. Preys with a score of at least 0.15 in each of two non-contiguous NMF compartments were considered to moonlight (a list of non-contiguous compartments is in Supplementary Table 15). The number of preys with a primary localization defined on the vertical axis and a secondary localization defined on the horizontal axis is shown (maximum 18). e, Inter-compartment edges were counted for each NMF rank/compartment. An interaction edge was defined between prey pairs having a correlation score across all NMF compartments of at least 0.9. Edges were then defined as ‘intra-compartment’ (if the primary localization for the two preys was the same compartment) or ‘inter-compartment’ (if the primary localization for the two preys was in different compartments) (Supplementary Table 15). Most organelles displayed a much greater proportion of intra-compartment interactions, with the extreme case of the mitochondrial matrix having only 15 inter-compartmental edges out of a total of 37,387 edges. The proportion of inter-compartment edges from the source to each target compartment is shown here. Inter-compartmental edges generally conformed with expectations, for example with edges from the chromatin compartment connecting to other nuclear substructures with which they may exchange components. The NMF rank number is shown in brackets next to the source compartment name.
Source data


Extended Data Fig. 7 Comparison of prey profiles for LMNA tagged with BioID, miniTurbo and TurboID.
a, Spectral counts for significant preys (FDR ≤ 0.01) were plotted for LMNA-BioID versus LMNA-miniTurbo. The average spectral counts value found in controls was subtracted from the detected spectral counts for each prey and the resulting value plotted. Zero values were set to 0.05 to create values suitable for log-transformation of the axes. b, LMNA-BioID versus LMNA-TurboID. c, LMNA-miniTurbo vs LMNA-TurboID.
Source data


Extended Data Fig. 8 Analysis of mitochondria–ER contact site candidates.
a, Heat map of genes with a primary localization at the mitochondrial outer membrane and ER membrane/nuclear outer membrane and a secondary localization to the other compartment as computed by NMF. To be included on the heat map, genes required an NMF score of at least 0.15 in the compartments of interest, a score ratio of at least 0.4 between the primary and secondary localization, and a score ratio of at least 2 between the compartments of interest and all other compartments. Bold genes indicate those selected for mitochondrial morphology assays in the following panels. A grey dot on the right side of the plot indicates proteins involved in lipid and cholesterol homeostasis, and a pink dot indicates calcium signalling. b, Dot plot view of BioID data for mito–ER contact site candidates highlighting recovery of mitochondrial fission machinery, mito–ER tethers and outer mitochondrial membrane proteins. Asterisks on the heat map indicate spectral counts for prey genes corresponding to the bait that were ignored by SAINT as peptides from the bait confound accurately evaluating the abundance of itself as an interactor. c, Mitochondrial morphology is altered by transient expression of GFP-tagged CHMP7 and C18orf32, as monitored by confocal immunofluorescence microscopy in HeLa cells. Cells were fixed and probed with antibodies directed against GFP and COXIV (Methods). The white box indicates the zoomed area displayed in the rightmost panels. Scale bars, 10 μm.


Extended Data Fig. 9 Analysis module at humancellmap.org.
a, Screenshot of the analysis report for the bait PIK3R1. Red circles indicate the following (1) Baits from the humancellmap are sorted from most similar to least similar as calculated by the Jaccard distance. (2) The ten most similar baits to the query in the humancellmap. (3) The average spectral counts for each prey averaged across all baits in the humancellmap database. (4) Expected localizations of the ten most similar baits. (5) Overlap or similarity metrics between the query bait and the top ten most similar baits in the humancellmap. The distance is the Jaccard distance, with a score of 0 for complete prey overlap and 1 for no overlap. The intersection refers to the number of shared preys, and the union refers to the combined number of preys between the query and the indicated bait. (6) The most specific preys for the query. The specificity score is calculated as the fold enrichment of a prey in the query relative to the average across the humancellmap baits used for the comparison. (7) The specificity score calculated against the top ten most similar baits to the query. (8) The specificity score calculated against all baits in the humancellmap. (9) Links to open the heat map or specificity plots at the interactive viewer at ProHits-viz39. (10) Links for data downloads. b, Specificity plot for RNGTT showing the control-subtracted spectral counts versus the specificity score (calculation of the specificity score is described in the Methods). RNGTT is a nuclear protein involved in mRNA capping previously profiled by BioID7. Humancellmap analysis reported a nuclear localization, with bait-specific interactions including several RNA polymerase II subunits and components of the catalytic subunit of the PP4 phosphatase, as previously reported57,58. c, Exploratory analysis of FAM171A1 reveals links to the cytoskeleton. FAM171A1 was predicted by our NMF and SAFE analyses to localize to the cell junction and plasma membrane. Consistent with this prediction, its BioID profile when screened as a bait was most similar to junctional and plasma membrane baits, whereas bait-specific preys included several cytoskeletal proteins, in line with a previous study59 that reported a reduction of actin stress fibres after knockdown of FAM171A1. d, Specificity plot of MTFR2 showing the high specificity of proteins involved in mitochondrial dynamics. MTFR2 was associated with the mitochondrial outer membrane and peroxisome as a prey protein, with a weak signature at the mitochondrial inner membrane or mitochondrial intermembrane space. When profiled as a bait, the analysis module reports that it is most similar to peroxisomal baits, followed by mitochondrial outer and inner membrane baits, supporting its predicted localization. Interactions with MTFR1, SLC25A46 and VPS13D were found to be highly specific to MTFR2, consistent with the mitochondrial fragmentation previously observed after overexpression of GFP–MTFR260. e, BRD3 relocalization after JQ1 treatment. BirA-tagged BRD3 was treated with vehicle or JQ1 for 24 h (data from ref. 25) and analysed using the analysis module at humancellmap.org. The Jaccard indices (1 − Jaccard distance) for the top 20 most similar baits were used to create networks in Cytoscape41 using an edge-weighted spring-embedded layout. Humancellmap baits are coloured on the basis of their expected localization to chromatin or the nucleolus.
Source data


Extended Data Fig. 10 BirA*–Flag and GFP–BirA*–Flag control stable cell line, and LMNA-BirA*–Flag and AIFM1-BirA*–Flag bait stable cell line immunofluorescence.
Cell lines were probed by confocal immunofluorescence microscopy in HEK293 Flp-In T-REx stable cells to assay for localization of the fusion construct and general biotinylation. Cells were fixed and then probed with an antibody to the Flag epitope and streptavidin for biotinylated proteins (Methods). The green channel represents nuclear or mitochondrial staining, the red channel denotes Flag and the blue channel represents streptavidin (biotinylated proteins). Scale bars, 10 μm.
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