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            Abstract
The cell is a multi-scale structure with modular organization across at least four orders of magnitude1. Two central approaches for mapping this structure—protein fluorescent imaging and protein biophysical association—each generate extensive datasets, but of distinct qualities and resolutions that are typically treated separately2,3. Here we integrate immunofluorescence images in the Human Protein Atlas4 with affinity purifications in BioPlex5 to create a unified hierarchical map of human cell architecture. Integration is achieved by configuring each approach as a general measure of protein distance, then calibrating the two measures using machine learning. The map, known as the multi-scale integrated cell (MuSIC 1.0), resolves 69 subcellular systems, of which approximately half are to our knowledge undocumented. Accordingly, we perform 134 additional affinity purifications and validate subunit associations for the majority of systems. The map reveals a pre-ribosomal RNA processing assembly and accessory factors, which we show govern rRNA maturation, and functional roles for SRRM1 and FAM120C in chromatin and RPS3A in splicing. By integration across scales, MuSIC increases the resolution of imaging while giving protein interactions a spatial dimension, paving the way to incorporate diverse types of data in proteome-wide cell maps.
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                    Fig. 1: Overview of data fusion strategy.[image: ]


Fig. 2: The multi-scale integrated cell.[image: ]


Fig. 3: MuSIC captures subcellular components and diameters.[image: ]


Fig. 4: Different data informs different scales of information.[image: ]


Fig. 5: Exploration of MuSIC using physical and functional assays.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Single-cell multiplex chromatin and RNA interactions in ageing human brain
                                        
                                    

                                    
                                        Article
                                         Open access
                                         27 March 2024
                                    

                                

                                Xingzhao Wen, Zhifei Luo, … Sheng Zhong

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Bridging structural and cell biology with cryo-electron microscopy
                                        
                                    

                                    
                                        Article
                                        
                                         03 April 2024
                                    

                                

                                Eva Nogales & Julia Mahamid

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        High-throughput prediction of protein conformational distributions with subsampled AlphaFold2
                                        
                                    

                                    
                                        Article
                                         Open access
                                         27 March 2024
                                    

                                

                                Gabriel Monteiro da Silva, Jennifer Y. Cui, … Brenda M. Rubenstein

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              A web portal is available at http://nrnb.org/music with links to all major resources used for this study. These include the MuSIC map (https://doi.org/10.18119/N9188W); the immunofluorescence (HPA) and AP–MS data (BioPlex 2.0) on which the map is based; and data for the AP–MS pull-down experiments performed as follow-up. The new AP–MS data have also been included as part of the larger compendium of protein interactions in the next version of the BioPlex resource (BioPlex 3.029). AP–MS data, including filtered and unfiltered interaction lists as well as raw mass spectrometry data, are also available at http://bioplex.hms.harvard.edu. The image data and associated metadata can also be found in the HPA database (https://www.proteinatlas.org). The Gene Expression Omnibus (GEO) accession number for eCLIP data generated in this study is GSE171553. Source data are provided with this paper.

            

Code availability

              
              The MuSIC pipeline is available at https://github.com/idekerlab/MuSIC along with a detailed step-by-step guide to building a MuSIC map.
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Extended data figures and tables

Extended Data Fig. 1 Characterization of image data used in this study.
a, Histogram showing distribution in number of antibodies per protein over 661 proteins included in MuSIC. b, Histogram showing distribution in antibody quality scores over antibodies used in this study. c, Immunofluorescence images for alternative antibodies (columns) targeting the same protein (rows). Colours represent immunostained protein (green), cytoskeleton (red), or nucleus (blue). Images show high reproducibility for different antibodies against the same protein. d, Comparison of localizations for proteins in MuSIC (HEK293 cells, red) versus all proteins assayed by HPA in any cell line (grey). Localizations as defined by the HPA project4.


Extended Data Fig. 2 Embedding immunofluorescence images and AP–MS data.
a, Embedding immunofluorescence (IF) images using DenseNet. The 1024-dimension feature vector for each IF image was extracted from a DenseNet-12131 model trained to classify the IF image into one or several of 28 pre-defined protein localization classes from HPA. b, Two-dimensional visualization (UMAP, n_neighbours = 5) for the 1,451 image embeddings associated with the 661 proteins in MuSIC. c, Ability of different image embedding methods (coloured curves) to generate image-image similarities (cosine similarity) in agreement with protein-protein interactions in BioPlex 2.0. d, Node2vec8 workflow. The feature vector generated by node2vec captures the pattern of interaction neighbourhood for the respective node in input network. e, Embedding AP–MS data using node2vec. The input network to node2vec was constructed by treating each protein as a node and assigning edges between protein pairs that were identified as physically interacting in the AP–MS data. The two-dimensional visualization (UMAP, n_neighbours = 5) for AP–MS embeddings associated with 661 proteins in MuSIC is shown at right. f, Network showing all proteins (grey) that physically interact with SNRPC and SNRPB2 (blue) in BioPlex 2.0. SNRPC and SNRPB2 do not physically interact, but the cosine similarity of their embedded features is 0.93 due to shared interaction neighbourhood. In many cases of two proteins with high node2vec similarity but without direct interaction in AP–MS data, we found that neither protein had yet been tagged as bait for an affinity purification experiment. In these cases, the node2vec embedding suggests gaps in existing AP–MS data. g, Ability of different AP–MS embedding methods to generate protein-protein similarities (cosine similarity) in agreement with protein pairwise similarities computed from HPA images.


Extended Data Fig. 3 Fusing protein distances from immunofluorescence and affinity purification.
a, b, Protein pairs ranked by similarity in AP–MS embedding enrich for the most similar protein pairs in IF (a), and vice versa (b). c, Calibrating physical diameter, D, of subcellular components against the number of proteins, C, assigned to the corresponding Gene Ontology (GO) terms. d, Supervised model (random forest) estimates physical proximity (nm) of all pairs of proteins from their IF and AP–MS embeddings. e, Performance of model in recovering protein-protein distances in GO in five-fold cross validation (red, Pearson’s r). Equivalent calculation for random feature sets (grey). Statistics calculated using two-sided paired t-test. Data are presented as mean values +/- standard deviation.


Extended Data Fig. 4 Selection of parameters for community detection.
a, Using multi-scale community detection, protein systems of increasing sizes are discovered as the threshold for protein-protein distance is progressively increased. b, CliXO community detection has four parameters (depth 𝛼, y-axis; breadth β, x-axis; minimum modularity m and modularity significance z, red circle backslash) that affect the sensitivity with which communities are identified and thus the size of the hierarchy. c, d, Dot plots in which each dot is a community hierarchy generated with a particular set of parameters. The selection for MuSIC is highlighted in red. This selection was among several that were optimal based on enrichment for protein-protein interactions in Human Cell Map (c) and co-essentialities from DepMap (d). Examples of other parameter sets are shown in blue. e, Map from Fig. 2 with system colour showing enrichment for co-essentialities among protein pairs that are specific to that system. Enrichment of each system is assessed empirically, using 1,000 randomized hierarchies, followed by Benjamini–Hochberg multiple test correction to obtain FDR (orange gradient).


Extended Data Fig. 5 Supporting analyses for PRRPA.
a, Distributions of protein-protein distance z-scores among the seven proteins in the PRRPA system for IF (top, red) or AP–MS (bottom, blue) modalities, calibrated to all such distances, respectively (grey). Statistics calculated using one-sided Mann–Whitney U test. b, Specific recovery of new AP–MS interactions within PRRPA is shown (dark blue bar), in comparison to interactions between proteins in PRRPA and other proteins organized under the same parent systems (“Ribosome” and “Ribosome biogenesis assembly”, light blue bar), or between proteins in PRRPA and those organized elsewhere in MuSIC (grey bar). c, Mature 28S/18S rRNA ratio under siRNAs targeting each PRRPA protein (green) versus scrambled siRNA (grey), n = 3 biological replicates. FDR from two-sided t-test with Benjamini–Hochberg correction. Data are presented as mean values +/- standard deviation. d–i, Western blot analysis (d, e, Simple western assay; f–i, SDS–PAGE) of target protein abundance after treating HEK293T cells with respective siRNA for 72 h (Supplementary Tables 6, 7). The siRNAs highlighted in red were selected to assess the perturbation of mature rRNA ratio (28S/18S rRNA) when knocking down target protein, with protein knockdown efficiency confirmed using western blot in three additional biological replicates. For source data, see Supplementary Fig. 1 (gel; d–i) and Supplementary Fig. 2 (total RNA profiles; c).


Extended Data Fig. 6 Supporting analyses for ribosomal systems.
a, Categorization of proteins in “Ribosome biogenesis community” by whether they have been previously identified in human ribosome biogenesis. Excludes PRRPA proteins described in Fig. 5b–d. b, Structure of human pre-rRNA and probes used for northern blot. In eukaryotes, 3 out of 4 mature rRNAs (18S, 5.8S, and 28S rRNAs) are produced from a single long polycistronic precursor (47S) synthesized by RNA polymerase I. The mature rRNAs are interspersed with the 5′ and 3′ external transcribed spacers (ETS) and internal transcribed spacer (ITS) 1 and 2. The probes used in the northern blot (5′-ETS, ITS1, and ITS2) are indicated and colour-coded. c, Total RNA extracted from the indicated cell line, which was transfected with a DsiRNA specific to the target protein for 72 h and analysed by northern blotting with probes specific to the 5′-ETS, ITS1, and ITS2 sequences (Supplementary Table 8). As controls, cells were either untreated, transfected with a scrambled silencer, or transfected with a silencer targeting UTP18 (positive control involved in small ribosomal subunit biogenesis). Heat map colour shows the percentage of each pre-rRNA species with respect to the scramble control. For gel source data, see Supplementary Fig. 1. d, For protein baits in new AP–MS experiments (x axis), fraction of interacting preys that fall within the Ribosome biogenesis community (blue bars) versus elsewhere (grey bars). Only new AP–MS interactions are considered for this analysis. RNPS1 does not belong to Ribosome biogenesis community and serves as a negative control. e, IF images showing similar cytoplasmic staining for proteins in “Mito-cyto ribosomal cluster.” Cytoplasmic staining is dim for MRPS9, MRPS14 and MRPS31 compared to their predominant mitochondrial locations. Colours represent immunostained protein (green), cytoskeleton (red) and nucleus (blue). f, g, Corresponding distributions of protein-protein distance z-scores for IF (f, red) or AP–MS (g, blue), calibrated to all such distances, respectively (grey). Statistics calculated using one-sided Mann–Whitney U test. h, Two-dimensional projection of proteins in Mito-cyto ribosomal cluster, as in Fig. 5f. Proteins coloured according to known affiliations to cytoplasmic ribosome or mitochondrial ribosome. i, Validated AP–MS interactions in Mito-cyto ribosomal cluster. Note that only one out of seven proteins was previously tagged as bait in BioPlex 2.0 (light blue node), thus most physical associations (dark blue edges) among protein pairs were newly identified in this study.


Extended Data Fig. 7 Supporting analyses for chromatin regulation and splicing systems.
a, IF images showing similar nucleoplasm and nuclear speckles signals among proteins in the “Chromatin regulation complex.” Colours represent immunostained protein (green) and cytoskeleton (red). b, Distributions of pairwise protein distance z-scores among the proteins in the Chromatin regulation complex for IF (top, red) or AP–MS (bottom, blue) modalities, calibrated to all such distances, respectively (grey). Statistics calculated using one-sided Mann–Whitney U test. c, Immunofluorescent proteins (rows) imaged in HEK293 cells, untreated (left) or treated (right) with in situ fractionation to remove soluble cytoplasmic and loosely held nuclear proteins. Chromatin-binding proteins remain after treatment. Blue, nucleus; other colours as in a. For image source data, see Supplementary Fig. 3. d, IF images showing similar nucleoplasm signals among proteins in “RNA splicing complex 3.” e, Similar display for RNA splicing complex 3 as in b. f, Comparison of 500 top differentially expressed mRNAs (absolute fold change) resulting from shRNA knockdown of each of five genes (see Supplementary Table 9 for file accessions). Bar chart shows number of differential mRNAs shared by different gene groups indicated by black dots beneath each bar. One-sided one-sample t-test. g, Comparison among the top 10 pathways (Gene Ontology Biological Process) returned from Gene Set Enrichment Analysis using the top 500 differentially expressed transcripts. Bar chart shows number of enriched pathways shared by different gene groups indicated by black dots beneath each bar. One-sided one-sample t-test. h, eCLIP workflow. RBP, RNA-binding protein. NGS, next generation sequencing.


Extended Data Fig. 8 Supporting analyses for Discussion.
a, b, Examples of proteins with strong AP–MS protein interactions that have very different IF localization patterns. Colours represent immunostained protein (green) and cytoskeleton (red). c, Degree of co-essentiality for gene pairs within PRRPA (teal bar) shown in comparison to remaining pairs of genes assigned to the more general system that contains it, “Ribosome biogenesis community” (green bar), as well as all other gene pairs in MuSIC (grey bar). d, Similar analysis as in (c) for “RNA splicing complex 3.” Parent systems are “RNA processing complex 1” and “RNA splicing complex family.” e, Protein co-abundance for MuSIC systems, calculated from the median Pearson correlation of pairwise protein abundance over 375 diverse cell lines32. The plot shows all systems with fewer than 20 proteins and co-abundance measurements for >50% of protein pairs. Significance is assessed empirically (one-sided), using 1,000 randomized MuSIC hierarchies, followed by Benjamini–Hochberg multiple test correction to obtain FDR (colour of bar). Protein co-abundance for a system provides evidence for its presence in cell types beyond HEK293.
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