







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 17 May 2017



                    Architecture of the human interactome defines protein communities and disease networks

                    	Edward L. Huttlin1, 
	Raphael J. Bruckner1, 
	Joao A. Paulo1, 
	Joe R. Cannon1, 
	Lily Ting1, 
	Kurt Baltier1, 
	Greg Colby1, 
	Fana Gebreab1, 
	Melanie P. Gygi1, 
	Hannah Parzen1, 
	John Szpyt1, 
	Stanley Tam1, 
	Gabriela Zarraga1, 
	Laura Pontano-Vaites1, 
	Sharan Swarup1, 
	Anne E. White1, 
	Devin K. Schweppe1, 
	Ramin Rad1, 
	Brian K. Erickson1, 
	Robert A. Obar1,2, 
	K. G. Guruharsha2, 
	Kejie Li2, 
	Spyros Artavanis-Tsakonas1,2, 
	Steven P. Gygi1 & 
	â€¦
	J. Wade Harper1Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 545,Â pages 505â€“509 (2017)Cite this article
                    

                    
        
            	
                        64k Accesses

                    
	
                        930 Citations

                    
	
                            370 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Mass spectrometry
	Proteinâ€“protein interaction networks


    


                
    
    

    
    

                
            


        
            Abstract
The physiology of a cell can be viewed as the product of thousands of proteins acting in concert to shape the cellular response. Coordination is achieved in part through networks of proteinâ€“protein interactions that assemble functionally related proteins into complexes, organelles, and signal transduction pathways. Understanding the architecture of the human proteome has the potential to inform cellular, structural, and evolutionary mechanisms and is critical to elucidating how genome variation contributes to disease1,2,3. Here we present BioPlex 2.0 (Biophysical Interactions of ORFeome-derived complexes), which uses robust affinity purificationâ€“mass spectrometry methodology4 to elucidate protein interaction networks and co-complexes nucleated by more than 25% of protein-coding genes from the human genome, and constitutes, to our knowledge, the largest such network so far. With more than 56,000 candidate interactions, BioPlex 2.0 contains more than 29,000 previously unknown co-associations and provides functional insights into hundreds of poorly characterized proteins while enhancing network-based analyses of domain associations, subcellular localization, and co-complex formation. Unsupervised Markov clustering5 of interacting proteins identified more than 1,300 protein communities representing diverse cellular activities. Genes essential for cell fitness6,7 are enriched within 53 communities representing central cellular functions. Moreover, we identified 442 communities associated with more than 2,000 disease annotations, placing numerous candidate disease genes into a cellular framework. BioPlex 2.0 exceeds previous experimentally derived interaction networks in depth and breadth, and will be a valuable resource for exploring the biology of incompletely characterized proteins and for elucidating larger-scale patterns of proteome organization.
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                    Figure 1: BioPlex 2.0 substantially increases depth and breadth of interactome coverage.[image: ]


Figure 2: BioPlex 2.0 maps protein complexes with increased resolution.[image: ]


Figure 3: BioPlex communities subdivide the interaction network according to functional properties and fitness effects.[image: ]


Figure 4: Integration of BioPlex 2.0 and the DisGeNET network associates protein complexes with disease processes.[image: ]
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Extended data figures and tables

Extended Data Figure 1 BioPlex network coverage and validation of interactions for a set of poorly studied proteins in BioPlex 2.0 using HCT116 cells.
a, BioPlex network coverage of selected protein classes. Light shades represent total proteins, while dark shades represent baits targeted for APâ€“MS. BioPlex 1.0 is depicted in blue shades while BioPlex 2.0 is highlighted in red. bâ€“m, The indicated bait proteins (teal) were expressed in HCT116 cells and anti-HA immune complexes analysed by mass spectrometry. HCIPs were determined using CompPASS-Plus. Interactions observed in both HCT116 and HEK293T cells are indicated with blue edges and nodes. Interactions seen in HEK293T but not HCT116 are shown in grey edges and nodes. b, TMEM111; c, ZNHIT3; d, RMND5A; e, SMTNL2; f, FBXO28; g, C3orf75; h, c9orf41; i, MPP2; j, ZNF219; k, ZNF483; l, WDR37; m, LRCH3.


Extended Data Figure 2 Validation of interactions in BioPlex 2.0.
aâ€“c, Systematic analysis of 14-3-3 interactions by reciprocal APâ€“MS. a, The matrix relates 39 BioPlex 2.0 baits (horizontal) with six 14-3-3 proteins (left) which were detected as preys one or more times. Coloured (that is, non-white) boxes indicate interactions that were observed in BioPlex 2.0; the specific colour indicates the outcome of a reciprocal APâ€“MS experiment targeting the 14-3-3 protein instead. Boxes shaded red could not be detected in the reciprocal direction because the 14-3-3 protein YWHAE failed sequence validation and could not be subjected to APâ€“MS analysis; boxes shaded light grey were also not observed in reciprocal orientation, probably because those particular proteins (shaded in grey across the top) were not detectable in HEK293T cells and not expected to appear as preys in the 14-3-3 pulldowns. Blue boxes indicate interactions that were observed in reciprocal orientation, while dark grey boxes were not observed in reciprocal orientation. Note that SFN is listed in both horizontal and vertical directions because it was a bait in the BioPlex 2.0 network. b, Reciprocal interactions among 14-3-3 proteins. Shading is the same as above, with black indicating that self-interactions are not considered for reciprocal analysis. c, Summary of interaction results across a and b. Overall, more than 40% of 14-3-3 interactions were confirmed via reciprocal immunoprecipitation; after accounting for YWHAE and those BioPlex baits that are not detected in HEK293T cells in the absence of overexpression, the reciprocal rate rises to 63% of eligible interactions. dâ€“i, Validation of a PDLIM7â€“PTPN14 BioPlex 2.0 network in MCF10A cells. This network is regulated by the Hippo kinase system, which is activated upon contact inhibition of cell proliferation. To validate this network, including previously unreported interactions, a series of APâ€“MS experiments were performed in proliferating or contact inhibited MCF10A cells and HCIPs identified using CompPASS. d, Summary of interactions identified in BioPlex 2.0 or MCF10A APâ€“MS experiments. Edges detected in BioPlex 2.0 only are red, while edges detected in both cell lines are purple and edges unique to the MCF10A immunoprecipitations are shaded blue. MCF10A-specific edges that could not appear in BioPlex 2.0 because neither of their constituent proteins were targeted as a bait are shown as dashed lines. Nodes are coloured to represent their status in the BioPlex network: black nodes were targeted as baits in BioPlex 2.0 and grey nodes appear as preys, while white nodes do not appear in BioPlex at all. Edges observed in MCF10A experiments are assumed to have been detected in both confluent and sub-confluent cells, unless they have been labelled with an â€˜Sâ€™ or a â€˜Câ€™, implying that they were detected only under sub-confluent or confluent conditions, respectively. Interactions further confirmed via immunoprecipitationâ€“western analysis are labelled with â€˜Wâ€™ (see h and i). e, Duplicate network highlighting previously unreported edges within the combined BioPlex 2.0/MCF10A Hippo interaction network. Edges highlighted in grey have been reported previously, while new edges are highlighted in blue. f, Summary of overlap between BioPlex 2.0 and the MCF10A interaction networks. Sixty-five per cent of eligible interactions were confirmed. g, Summary of novel and previously reported interaction counts in the combined Hippo network: 63% of interactions have not been previously reported. hâ€“i, Immunoprecipitationâ€“western analysis confirmation of interactions among PDLIM7â€“PTPN14 (h) and PTPN14â€“MAGI1 (i). IP, immunoprecipitation.


Extended Data Figure 3 BioPlex 2.0 enables subcellular localization prediction for additional uncharacterized proteins.
a, Increased interaction density expands subcellular localization predictions from BioPlex 2.0. b, Subcellular localization predictions for a selection of uncharacterized human proteins for which no confident prediction could be made in BioPlex 1.0. Where possible, the figure indicates whether predicted localization is consistent with the Human Protein Atlas21. câ€“j, Sub-networks highlighting primary and secondary neighbours for selected uncharacterized human proteins whose subcellular localization can be predicted using the BioPlex network. Nodes are coloured according to subcellular localization data provided by UniProt. P values were calculated by Fisherâ€™s exact test as described in Methods with multiple testing correction. Localizations depicted in c, e, g, and i are consistent with recent characterization as listed in UniProt; The localization given in d is consistent with MitoCarta 2.0 (ref. 41).


Extended Data Figure 4 Validation of subcellular localization predictions using anti-HA immunofluorescence.
The indicated bait proteins fused at their C terminus with an HA tag were expressed after transient infection of lentiviruses at low multiplicity of infection; after 2 days, cells were fixed and subjected to anti-HA-based immunofluorescence (red). Nuclei were stained with Hoechst. For baits with predicted mitochondrial localization, cells were co-stained with anti-TOMM20 antibodies (green). Z-series optical sections were acquired via spinning disk confocal microscopy; maximum intensity projections are shown. Scale bar, 20 Î¼m.


Extended Data Figure 5 Increased scope of BioPlex 2.0 network reveals additional domainâ€“domain associations.
a, Numbers of PFAM domain associations detected within BioPlex 1.0 and 2.0 interaction networks. b, A selection of domain interactions detected in both networks highlighting increased significance due to greater coverage of the BioPlex 2.0 network (red) versus its earlier form (blue). c, A subset of domainâ€“domain associations detected within BioPlex 2.0, but not BioPlex 1.0. Although over 4,000 new domainâ€“domain associations were detected overall (a; Benjaminiâ€“Hochberg adjusted Pâ€‰<â€‰0.01), for purposes of display only domain associations with Pâ€‰<â€‰10âˆ’15 are shown. d, Selected domainâ€“domain associations involving domains of unknown function (DUF*, where * represents the variable number); an adjusted P value less than 10âˆ’6 was required. eâ€“g, Sub-networks highlighting interactions underlying associations among selected domain pairs. Blue and red shading highlights proteins bearing the indicated domains. Asterisks denote central proteins whose names are denoted above each sub-network. e, GDI/Ras association; f, KBP-C/Kinesin association; g, DUF4482/KRAB association.


Extended Data Figure 6 Cullin domain associations reflect regulatory proteins and substrate adaptors.
a, Modular structure of cullinâ€“RING E3 ubiquitin ligases. Edge colours unite domain(s) within the same protein molecules. Shading highlights individual domains as cullins (purple), adaptor proteins (light blue), substrate-binding modules (green), or other (grey). CSN, Cop9/signalsome. b, Cullin domain associations. Edges connect domains that were found to associate with each other more frequently than expected (see Methods). P values were calculated by Fisherâ€™s exact test with multiple testing correction. Self-loops indicate domains that were found to preferentially associate with other proteins containing the same domain. Nodes are coloured to reflect protein function as described in a. c, d, Pairwise enrichment of the indicated PFAM domains among neighbours of each indicated cullin-domain-containing protein. Proteins that have been specifically targeted for APâ€“MS as baits are highlighted in blue; those that appear as preys only are black. Domains are grouped by function with colour coding as described above. CSN, Cop9/signalsome; GLMN, glomulin. c, Red boxes indicate significant enrichment (Pâ€‰<â€‰0.01) after multiple testing correction; NS indicates the specified domain was found, but significance thresholds were not met. d, Networks depict the immediate neighbours of each cullin-domain-containing protein (centre, blue). Neighbours that contain the indicated domains are highlighted in red.


Extended Data Figure 7 BioPlex 2.0 expands functional insights into uncharacterized proteins.
a, Stacked bar graph depicting the number of baits targeted in BioPlex 1.0 and BioPlex 2.0 with gene symbols matching each pattern; BioPlex 2.0 matches have been subdivided to indicate the fraction associated with one or more enriched functional classes (hypergeometric test; Benjaminiâ€“Hochberg adjusted Pâ€‰<â€‰0.01). This fraction is also expressed as a percentage for each bar. bâ€“k, Nearest neighbour sub-networks centred on selected human proteins with limited previous characterization. Colour coding is used to highlight proteins that match any enriched functional categories. lâ€“n, Validation of C13orf18 association with components of the BECN1 complex (h). Extracts prepared from HEK293T cells expressing the indicated constructs were subjected to affinity purification using anti-GFP resin (l, m) or anti-Flag magnetic beads (n), followed by immunoblotting with anti-BECN1 or anti-C13orf18 antibodies.


Extended Data Figure 8 MCL clustering subdivides the BioPlex 2.0 network into clusters of functionally associated proteins.
a, Summary of sub-network topologies for all 1,320 complexes. Numbers indicate the counts of complexes matching each topology. bâ€“e, Selected protein complexes that associate proteins with related functions. Coloured nodes and edges associate individual proteins with enriched classifications. Inset diagrams indicate complex coverage in BioPlex 1.0. Black nodes and edges indicate proteins and interactions that were present in the BioPlex 1.0; empty nodes depict proteins from the BioPlex 2.0 community that were not detected in BioPlex 1.0.


Extended Data Figure 9 Network properties and community distribution of fitness genes.
a, Overlap among BioPlex 2.0 and two published lists of cellular fitness genes6,7. bâ€“e, Simulations reveal distinctive network properties of cellular fitness genes (see Methods for details). b, Mean vertex degree; c, mean eigenvector centrality; d, mean local clustering coefficient; e, graph assortativity. f, Expanded view of the BioPlex community network from Fig. 3a, including descriptions of 53 communities that are enriched for cellular fitness proteins. Numbers after each community description correspond to cluster indices as found in Supplementary Tables 6â€“8.


Extended Data Figure 10 The BioPlex interaction network and hereditary disease: patient mutations in the hereditary spastic paraplegia protein KIAA0196/SPG8 affect formation of the WASH complex.
aâ€“c, BioPlex 2.0 communities associated with congenital or hereditary disease states. Green nodes are associated with the indicated disease (DisGeNET), while other community members are grey. Edge colours indicate connectivity of individual communities revealed through MCL clustering. a, Bardetâ€“Biedl syndrome; b, mitochondrial complex I deficiency; c, hereditary spastic paraplegia (the WASH complex). d, Quantitative analysis of the association of KIAA0196/SPG8 and its mutant forms found in hereditary spastic paraplegia was performed using tandem mass tagging proteomics, and the relative abundance of individual WASH complex subunits displayed as a heat map. e, HEK293T cells were gene-edited to delete endogenous KIAA0196. Wild type (WT) or disease variants (N471D/L619F/V626F) of KIAA0196 (N-terminally Flag tagged) were expressed in these cells and assayed by immunoblotting. f, Work-flow for the tandem mass tagging approach to quantify KIAA0196-associated proteins. g, Quantitative interaction proteomics of wild type and variants of KIAA0196. Average relative intensities of biological replicates of interacting proteins are shown. Error bars, meanâ€‰Â±â€‰s.d. The number of peptides quantified for each protein is indicated in parentheses. h, i, Immunoprecipitation (IP)/immunoblotting (IB) was performed on three biological replicates to examine association of WASH complex members by immunoblotting. Average relative intensities of immunoblot signals for biological triplicates are shown; error bars, meanâ€‰Â±â€‰s.d.
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The thousands of proteins within a cell function as modules and networks to coordinate their biological activities. Large-scale efforts are underway to build protein interaction maps that reveal cellular proteome architecture. Here, Wade Harper and colleagues use affinity purification mass spectrometry to elucidate protein interaction networks and co-complexes and build the largest experimentally derived human proteome interaction network to date, termed BioPlex 2.0. Containing over 29,000 novel co-associations and 1,300 protein communities representing diverse cellular activities, BioPlex 2.0 is more than double the size of their earlier interaction network BioPlex 1.0 and will be a valuable resource for exploring uncharacterized proteins and candidate disease-linked genes.
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