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ABSTRACT 

Protein–protein interactions play a major role in the molecular machinery of life and various 

techniques such as AP-MS are dedicated to their identification. However, those techniques 

return lists of proteins devoid of organizational structure, not detailing which proteins interact 

with which others. Proposing a hierarchical view of the interactions between the members of 

the flat list becomes highly tedious for large datasets when done by hand. 

To help hierarchize this data, we introduce a new bioinformatics protocol that integrates 

information of the multimeric protein 3D structures available in the Protein Data Bank using 

remote homology detection, as well as information related to Short Linear Motifs and 

interaction data from the BioGrid. We illustrate on two unrelated use-cases of different 

complexity how our approach can be useful to decipher the network of interactions hidden in 

the list of input proteins, and how it provides added value compared to state-of-the-art resources 

such as Interactome3D or STRING. Particularly, we show the added value of using homology 

detection to distinguish between orthologs and paralogs, and to distinguish between core 

obligate and more facultative interactions. We also demonstrate the potential of considering 

interactions occurring through Short Linear Motifs.  

KEYWORDS: Mass spectrometry, proteomics, protein interaction networks, protein 

complexes, computational proteomics, structural bioinformatics, remote homology, short 

linear motifs

1. INTRODUCTION
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The vast majority of cellular functions are carried out by molecular machines made up of non-

covalent protein–protein interactions (PPIs) and called protein complexes. However, PPI 

characterization is still far from being complete. Estimates are that  between 120,000 and over 

one million such interactions occur in Homo sapiens 1, but only on the order of 50,000 high 

quality PPIs are currently identified 2. Turning to the structural level, estimates are that in the 

human proteome (restricted to proteins in the human interactome) two thirds of the proteins 

have either a structure experimentally resolved (~17,000 structures less than 95% identical in 

the PDB) or at least a part accessible as structural models. But again, moving to the human 

interactome, only 12% of interactions have a structure/model 

(https://interactome3d.irbbarcelona.org/statistics.php) and currently ~2,200 heteromeric 

complexes are structurally characterized. This has motivated a large effort of the community to 

identify ways to increase our knowledge on PPIs. 

Screening techniques to detect interacting partners fall into two categories: (i) genetic 

approaches, which measure mostly pairwise interactions and (ii) biochemical methods, which 

measure the co-complex interactions among multiple proteins. Both types of techniques have 

matured to the point where they now allow from focused to proteome-wide PPI network 

analyses. The genetic approaches consist of a test between two fusion proteins, whose 

interaction either activates the transcription of a reporter gene or restores the activity of a 

reporter enzyme. Examples of such binary techniques include the yeast-two hybrid system 3, 

bacterial-two hybrid system 4, MAmmalian Protein–Protein Interaction Trap 5 and protein 

complementation assays 6. Large-scale biochemical methods mainly use enrichment strategies 

to capture a bait protein under conditions aiming at preserving native associations to its protein 

partners. Then, the bait is eluted with its potential interacting partners (preys), and subsequently 
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identified and quantified using liquid chromatography coupled to tandem mass spectrometry 

(LC-MS/MS). Typical co-complex techniques include the affinity purification-mass 

spectrometry (AP-MS) 7,8, which involves tagging bait proteins with an epitope before 

purification of both bait and interacting partners using antibody affinity. An alternative method 

called proximity-dependant biotinylation consists in fusing an enzyme to the bait in order to 

modify its interacting partners 9. Such techniques return a “flat” list of identified and quantified 

proteins that are all supposed to interact, directly or indirectly, with the bait protein. Although 

it can be associated with an observance number quantifying the number of occurrences of each 

peptide, at this stage, one issue is the absence of an organizational structure in the output list, 

to see which proteins do interact with which others. Proposing a hierarchical view of the 

interactions between the members of the flat list is extremely useful for biological interpretation, 

but tedious when done by hand. Moreover, one has also to consider that the list itself should be 

questioned: it may suffer from (i) the presence of identified PPIs that were wrongly assigned or 

do not occur physiologically and (ii) the non-detection of genuine associations—that we 

referred to hereafter as “false positives” and “false negatives”, respectively (see Figure 1).

False positives in proteomics data may arise from various causes 8.  For example, when the bait 

protein is a member of different complexes in the cell, it will capture a set of prey proteins in 

which some never occur in the same complex (see Figure 1). Technically, for AP-MS 

experiments, non-specific binding of proteins to the antibody or the solid matrix may also 

contribute to the purification of proteins that do not specifically interact with the protein of 

interest. Experimental results are not either exempt from false negatives, as the integrity of the 

detected protein complexes may be compromised by different factors. For example, in 

biochemical co-complex methods, the purification step hinders transient and weak interactions 
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from being detected. Reversible 10 or irreversible 11 chemical cross-linking has been proposed 

to overcome this problem, but at the price of introducing a bias in the pull-down data. Finally, 

a low number of proteolytic peptides may lead to either false positives (identification of wrong 

proteoforms, e.g. splice variants) or false negatives (signal below the detection threshold). With 

regard to genetic binary approaches, transient complexes are considered, but all non-tagged 

proteins are excluded from the analysis. 

One way to address these questions is to integrate the information of the multimeric protein 3D 

structures available in the Protein Data Bank (PDB) (http://www.rcsb.org/) 12. Indeed, the 

experimental resolution of the structure of a complex (by methods such as X-ray, RMN, or 

cryo-EM) supposes a high enough binding affinity between the partners and is, therefore, a 

direct proof of the interaction. Moreover, the purification performed prior to the determination 

of the protein structure avoids the presence of artifactual partners (i.e. false positives) in the 

resulting 3D data. To date, this source of information encompasses the resolution of over 30,000 

homomeric and 7,700 heteromeric non redundant complex structures. Furthermore, it is now 

well established that interactions tend to be preserved throughout evolution and interface 

binding modes are structurally conserved 13–15, even for complexes involving partners with as 

little as 20% sequence identity 16. This provides a means for the large-scale identification of 

complexes, even for species in which very few structures are available, through the search of 

interologs (i.e. homologous complexes across species). Importantly, the oligomeric stability 

required by protein structure determination techniques guarantees the integrity of the "obligate" 

complex—which is the smallest set of subunits forming a stable complex, as observed among 

various species—and, thus, the absence of false negatives. Therefore, this also provides a means 

to control that all members of the obligate complex are observed in the interactome data, and 
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possibly, to identify false negatives. Finally, the knowledge of the structure directly provides 

information about the residues at the interface, providing the means to design further 

experiments to validate or modulate the interactions.   

Turning to weaker or transient interactions, more and more evidence highlights the role of Short 

Linear Motifs (SLiMs), which correspond to short segments of the proteins mostly located 

within intrinsically disordered regions (IDRs). Many are documented in the PDB but are more 

difficult to detect by usual sequence comparison algorithms or fold recognition due to the small 

size of these SLiMs. In these cases, data accumulated in the Eukaryotic Linear Motif resource 

(ELM) (http://elm.eu.org/) 17 could prove helpful to decipher the potential interactions 

occurring between proteins of the “flat” list.

Although the whole process of integrating structural and interactomics data can be done 

manually for small datasets, it requires advanced skills in searching structure information. 

Moreover, the task becomes highly tedious and error prone for larger or multiple datasets. To 

the best of our knowledge, the only available computational tool designed for that purpose is 

Interactome3D (https://interactome3d.irbbarcelona.org/) 18. Its main goals are to propose 3D 

models of the protein complexes of a given species, and to provide insights about the protein 

residues involved in the interactions. It consists of a database setup to provide a compendium 

of the structural information on the PPIs available for a given organism. It integrates 

experimental structures or models of protein complexes for that organism and information 

extracted from external resources such as IntAct (https://www.ebi.ac.uk/intact/) 19. Models are 

either extracted from ModBase (https://modbase.compbio.ucsf.edu/) 20 or built by comparative 

modeling - at more than 40% sequence identity, combining blast, 3did 

(https://3did.irbbarcelona.org/) 21 and MODELLER (https://salilab.org/modeller/) 22. Currently 
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it covers 18 organisms. For a query species, the server takes as input a list of proteins or their 

binary interactions, to return structural annotations of the PPIs network of the query. Another 

popular resource to annotate PPIs is the STRING database (https://string-db.org/) 23. Unlike 

Interactome3D, STRING considers protein structural data as “accessory information” and does 

not use it to build PPIs networks. Rather, it uses other sources of information, such as genetic 

interactions, text mining, or PPIs from other databases. Finally, our comparative analysis also 

includes GeneMANIA 24 (http://genemania.org), as it can perform functional annotation and 

prediction from a flat list of protein genes, by integrating data from PPIs databases, such as 

BioGRID (https://thebiogrid.org/) 25 or PathwayCommons 

(https://www.pathwaycommons.org/) 26. Interestingly, GeneMANIA is able to predict ortholog 

PPIs (interologs) through the integration of data from other species. However, it is currently 

limited to only nine organisms. The gap between the information content reachable by such 

resources and structural information remains however unclear.  

Here, we present an integrative protocol aimed at validating and connecting candidate protein 

partners detected by interactomics experiments, starting from the “flat” list of the detected 

proteins, i.e. without a priori information on the actual interactions. The method is based on a 

large-scale search in the PDB for close and remote homologs of each member of a given list. It 

is followed by an analysis in terms of complexes to which these homologs belong to, in order 

to identify the complexes grouping the input proteins and provide a first level of data structuring. 

This protocol also extracts predicted weak and transient PPIs, through the search for Short 

Linear Motifs (SLiMs) located in intrinsically disordered regions (IDRs). Finally, the whole 

network analysis is further enriched by integrating experimental PPIs downloaded from the 

BioGRID database, which can be informative when no structures are available. Using two 
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datasets generated by MS-based proteomics experiments as case studies, we describe an 

original strategy for validating and expanding interaction data, and discuss its added-value and 

limitations. Source code and instructions describing how to set up the full protocol are freely 

available at https://gitlab.rpbs.univ-paris-diderot.fr/src/proteo3Dnet.  

2. MATERIALS AND METHODS

2.1 Enlarged homology search

Because only a minor portion (~1%) of protein sequences have a 3D structure available in the 

PDB, we perform a search for known structures to be used as templates for comparative 

modeling. The main component of our protocol consists in mining the full set of PDB structures 

to find those templates, and possibly some structures that gathers several of the proteins of the 

list established by proteomics experiments, i.e. PDB entries corresponding to the structure of 

complexes involving several proteins of the list identified by the interactomics experiment. 

Fold-recognition was first performed automatically using the @TOME-2 server 

(http://atome.cbs.cnrs.fr/ATOME_V3/index.html) 27 to unravel the structural coverage for our 

queries. However, this does not directly highlight the multimeric organization of the template 

and hence the putative interactions among the query proteins. We resumed the search for 

homologs using only HHsearch (https://github.com/soedinglab/hh-suite version 3.0.0) 28 and 

considered further only templates with a probability >95.0%. Using such cut-off, the risk to 

miss some remote templates exists - although in our experience it is very limited. However, we 

prefer here to limit such risk rather than to possibly introduce false positive templates. Detecting 

templates with a large confidence, the underlying hypothesis is that if several proteins form a 

complex in a 3D structure, their homologs are likely to interact similarly, i.e. to correspond to 
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interologs. A specific difficulty comes from the fact that to perform efficiently, HHsearch 

searches for homologs in a subset of the PDB whose redundancy has been reduced to 70% 

sequence identity, through a clustering procedure - all proteins of a cluster are represented by 

only one cluster representative. Because any cluster representative identified by HHsearch as 

the closest homolog is not necessarily the closest homolog that could be found in the entire 

PDB, and because it could occur that non representatives of the clusters correspond to PDB 

entries containing the structures of complexes of interest, we enlarge the HHsearch results with 

all the members of a cluster. However, we still need to estimate the sequence identity of the 

query to each member of the cluster to identify the cluster member best corresponding to the 

query. Here, a new difficulty comes from the fact that HHsearch clusters are determined based 

on the complete protein sequence, and that in many cases, the resolved structure corresponds to 

only one part of it. In some cases, for two members of the same cluster, the regions for which 

a structure could be determined do not overlap at all. This difficulty is overcome by using 

MaxCluster (http://www.sbg.bio.ic.ac.uk/maxcluster/) (version 0.6.6), to subdivide, when 

necessary, each cluster in sub-clusters. Then, for each sub-cluster, we build a multiple sequence 

alignment (MSA) using the MUSTANG program (version 3.2.3) 29, which uses both protein 

sequence and structure information. Because it makes use of 3D information, this 3D based 

MSA is expected to be of better quality than an alignment based on the sequence alone. Finally, 

for any homolog identified by HHsearch, we use MAFFT (version 7.407) 30 to merge the 

pairwise alignment produced by HHsearch with the MSA and we calculate the sequence 

identity between the target and each sequence in the MSA. This way, each homolog initially 

identified by HHsearch may be replaced by a cluster member of higher sequence similarity to 

the query. 

2.2 Data integration
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After the search for 3D structures, each protein from the input list is associated with one, several, 

or no PDB entries. When several members of the input list are found in the same PDB entry 

(3D complex, biological unit), they are considered as interacting partners. Conversely, when a 

3D complex found contains a protein chain not present in the proteomics dataset, this chain 

corresponds to a potentially missing partner of the complex; the subunit is therefore labeled as 

undetected. It is not necessarily a false negative, as it may be part of a non-obligate complex. 

An index of the number of times the chains are seen in the same complex is built to identify the 

proteins present in the complexes but not in the flat list, and to evaluate if they are part of the 

obligatory complex. Regarding the homo-oligomeric state, the number of copies of a protein 

chain within a complex is determined by extracting information about the stoichiometry in the 

PDB (author annotated biological unit). For example, a structure annotated by 'A3' ("Global 

Stoichiometry" field) is a homotrimer, whereas the 'A2B' annotation corresponds to a 

heterotrimer that contains two copies of the chain A and one of the chain B. For cases where 

there are several molecular assemblies assigned, the one that is labeled as "assigned by authors" 

(if any) is systematically preferred. Finally, it may happen that no 3D structure can be found 

for a candidate protein. In this case, the pipeline also integrates an additional source of 

interaction data: the Biological General Repository for Interaction Datasets (BioGRID) 25, from 

which only physical (not genetic) interactions between proteins are retrieved, except those 

associated with the 'Far Western', 'Co-fractionation', 'Co-localization', 'Biochemical Activity', 

and 'High Throughput' experimental systems. 

2.3 Search for SLiMs

SLiMS are short motifs known to mediate PPIs and their identification can be useful to decipher 

weak interactions. They are located in disordered regions of proteins, and often in missing parts 

of resolved structures, We search into the protein sequences of the flat list, for occurrence of 
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such motifs—represented as regular expressions—as documented in the ELM database 31. We 

only consider motifs found within disordered binding regions, as predicted by the ANCHOR2 

score 32. The latter is calculated with the IUPred2A software 32 and only motifs with an average 

ANCHOR2 score >0.95 are kept. ELM links motifs with interacting PFAM domains. Thus 

occurrence of such PFAM domains—as annotated in Uniprot—are also searched within the 

input proteins. Occurrences of pairs involving SLiMs-PFAM domains correspond to potential 

PPIs. We emphasize that, although ELM contains information on fully validated such 

interactions, the procedure relies for a large part on predictions and consequently, some 

erroneous pairs could be suggested, and some others missed. In our experience however, the 

added value of this detection largely counterbalances such risks.

2.4 Datasets

Proteasome 20S. The proteasome dataset was retrieved from 33. Briefly, proteasome complexes 

were immuno-purified from in vivo formaldehyde crosslinked human U937 cells using the 

MCP21 antibody targeting the α-2 subunit of the 20S core particle. After trypsin digestion and 

extraction, peptides were identified by nano-liquid chromatography (LC) MS/MS. The database 

search was performed using the Mascot Daemon software (version 2.3.2, Matrix Science). 

Detailed information can be found in the original paper 33. 

Pragmin. The Pragmin dataset was retrieved from 34. Note that the 61 proteins of this dataset 

do not contain the Pragmin itself. Briefly, a SILAC-based quantitative proteomic analysis, 

which allowed the identification in a semi-quantitative manner of Pragmin interactors in FLAG-

Pragmin transfected human HEK293T cells, was undertaken. It reproducibly yielded more than 

52 specific interactors, with a mean ratio >4 and found two protein-kinases that were 
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prominently associated with Pragmin (mean ratio >12), including the Ser/Thr kinases AMPK 

and the TK CSK. Previous Pragmin interactors such as Src 35 and SgK269/PEAK1 36 were, 

however, not recovered in our SILAC analysis. Detailed information can be found in the 

original paper 34.  

3. RESULTS AND DISCUSSION

Figure 2 presents an overview of the full protocol that we introduce here. We discuss shortly 

its main lines, details of each component being presented in the Materials and Methods section. 

Starting from the list of proteins established by proteomics experiments—that could be, for 

instance, specified as a series of UniProt identifiers—it  consists of 4 steps:

1) The search for homologs of each of the input proteins. The main task of our protocol 

consists in finding at least one PDB structure that gathers several of the UniProt 

identifiers from the list. However, only a minor portion (~1%) of UniProt entries have 

a 3D structure available in the PDB—due to the difficulty of determining protein 

structures experimentally. To overcome this difficulty, the protocol performs instead a 

search for homologs using HHsearch 28, which is presently one of the best-performing 

approaches to detect remote homologs. Being oriented towards the identification of 

templates for homology modeling, it returns only one representative per cluster of 

similar structures of the PDB, which is undesired in our case as it might miss 

associations between input proteins. For this reason, the standard HHsearch procedure 

is followed by a specific search  in  the clusters to identify the cluster member best 

matching a query. This step is, by far, the most time consuming part of the protocol. 

Although  the number of input sequences is in theory not limited, it can require several 

hours for an input of over 700 sequences, depending on the running machine.
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2) Given all homologs for all input proteins, a second step is the search for PDB entries 

combining homologs of several input proteins, so as to identify complexes of resolved 

structure likely to involve the proteins of the flat list. Complexes corresponding to strict 

interologs are identified, which makes possible the identification of the core obligate 

complexes versus the identification of context dependent binders. Information on homo-

oligomery is also searched automatically.

3) A third step consists of the identification of segments likely to correspond to SLiMs (i.e. 

short segments belonging to regions predicted to have a weak binding affinity for some 

specific sequence motifs) following the rules developed for the database ELM (see 

methods). 

4) The last step consists in linking the results to the information retrieved from the 

BioGRID database.

As a result, it becomes possible to build a graph in which the nodes correspond to the proteins 

of the list and the edges to the interactions identified between them. This graph can be 

interpreted in terms of direct or indirect binding to the bait. The interface of the binding partners 

identified in terms of 3D contacts (from PDB), or sequence motifs (SLiMS) provide the means 

for further exploration. 

We present below how our protocol performs for two recently described interactomes of the 

proteasome and pragmin. Those interactomes vary in the number of proteins detected and in 

their complexity. The proteasome interactome was taken to test the ability of the protocol to get 

confronted with complex structural data involving orthologs and paralogs, whereas the pragmin 

interactome appears to contain information that requires more integrative analyses. As the 

originality of our protocol mostly lies in the search for homologs and SLiM data integration, 

we focus on these aspects rather than on the added value of integrating BioGRID data. Finally, 
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as such examples from the proteasome interactome show the importance of detecting remotely 

homologous complexes, we have included them in Figure 3 to illustrate the concept of 

interologs.

3.1 Proteasome interactome

The 20S proteasome is a huge proteolytic complex involved in the regulation of intracellular 

protein homeostasis. Its 20S catalytic core is composed of 14 different subunits that assemble 

as a 716 kDa barrel made of 4 heptameric stacked rings 37. The 20S proteasome can then interact 

with different regulators, the most abundant of which is the 19S regulatory particle, that is made 

of ATPase (RPT) and non-ATPase (RPN) subunits and forms the ATP-dependant 26S ubiquitin 

proteasome system. On top of its many substrates, which only transiently contact the catalytic 

core, more than 300 Proteasome Interacting Proteins (PIPs) are known to interact with the 20S 

proteasome. Due to its central role in homeostasis, the proteasome has been thoroughly studied 

from a structural point of view by cryo-Electron Microscopy 38–40, X-ray crystallography 41 and 

Nuclear Magnetic Resonance 42. MS-based techniques have also brought important insights on 

the primary to quaternary structures of the many different proteasome complexes. While top-

down proteomics informs on the proteoforms present within the 20S core particle 43,44, bottom-

up proteomics is commonly used to identify novel proteasome partners in complex mixtures 45, 

and physical interactions with putative binders of the proteasome have been confirmed by 

native MS 46,47. Finally cross-linking MS and bioinformatics modeling have been extensively 

used to better characterize highly enriched proteasome complexes 48,49 but also, more recently, 

to identify and model the interactions with new partners found in complex mixtures or even in 

vivo 50,51. While distance restraints are not compatible with our current pipeline, lists of 

interactors identified by cross-linking MS experiments can readily be used as an input.
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Figure 4 depicts a graph summarizing the results of the protocol. Of the 192 partners identified 

by immuno-purification (IP) 25 of the 20S proteasome (via its constitutive α2 subunit, in red in 

Figure 5), only 9 (CFDP1, CG050, GPAM1, NDUF4, PIP30, PMGT2, POMP and RL29 

STK19) were not assigned reliably to any structural template.  For a small number (17) only 

very distant similarity but consistent (e.g.: F120A) could be detected with sequence identity 

ranging from 12 to 22%. Among the latter, three proteins (PSMG1, PSMG2 and PSME4) are 

involved in proteasome maturation. On the contrary, for 109 proteins identical structures were 

matched. For 145 and 164 proteins, sequence identity shared with the detected templates for 

structure modeling was above 65% and above 35% respectively. Hence, an almost complete 

structural coverage (95%) was reached (http://atome4.cbs.cnrs.fr/ms2model_proteasome). 

Up to 70% of the detected partners were assigned to proteins found in homo-multimeric 

complexes (Table S1). We found for example the expected homo-heptameric activators PA28α 

(PDB 5MSJ52) and PA28β (PDB 5MSK52). Interestingly, these homo-heptamers are not 

physiological, as they naturally form within the cell an α4β3 hetero-heptamer, that is better at 

activating the 20S proteasome 52. There is no structure available yet for the homo-heptameric 

PA28γ, and the best homology model proposed was the one of PA28α (PDB 5MSJ). As this 

part of the pipeline is strictly looking for homomers, the α-subunits α1 to α7 that form the 

hetero-heptameric α-ring of the human 20S proteasome, were assigned to the distantly related 

homo-heptameric α-ring from Archaeoglobus fulgidus (PDB: 1J2P53).

In the next step, 128 complexes were identified (Table S2), containing at least 2 identical and/or 

homologous proteins from our IP and 20 of these were 100% identical, including 8 dimers, 2 

trimers, a 10 hetero-oligomers ranging from 7-mer to 33-mer. However 96 out of 192 proteins 

could not be assigned to any of these 128 complexes (50% of isolated proteins). The ELM 

search rescues 17 of these proteins and includes them in the interaction network (41% of 
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isolated proteins). The Biogrid search further added 25 more proteins to the interactome, which 

led to a total of 54 (28%) unexplained preys, that can either be false negatives, new interactors 

or transient substrates of the proteasome.

All the 33 subunits of the 26S proteasome (Figure 5, red, blue and green) bound to USP14-

UbAI  (Figure 5, purple, PDB: 5GJQ54) were found in the IP, meaning that this complex is most 

likely present . 21 Smaller sub-complexes of the 26S ranging from 20 (PDB: 5L4G) to 31 (PDB: 

5GJR54) subunits, were also found. Structures of even smaller complexes or subcomplexes (7 

to 17 subunits) of the 19S human proteasome regulatory particle itself (Figure 5, green) were 

also listed. As expected, the human standard 20S proteasome (PDB: 4R3O55) was identified by 

the pipeline (Figure 5, red and blue), together with its 228 homologous structures from mouse, 

bovin and yeast. A challenge for the yeast proteins was to automatically discriminate the correct 

pairs of orthologs among the large set of paralogous subunits in human proteasome (7 α- and 7 

β-subunits). Interestingly, we could check that all 14 pairs of orthologs between yeast and 

human were correctly assigned despite important phylogenetic divergence. Furthermore, an 

alternative to this standard 20S, is called the immunoproteasome, and was also proposed (PDB: 

6AVO56), as the three immuno-catalytic subunits (namely PSB9, PSB10, and PSB8) were also 

on the list of α2’s partners.

Other complexes involved ubiquitin (UBB), known to target many substrates and enzymatic 

regulators to the 19S regulator when the latter is bound to the 20S catalytic core. More precisely, 

it was found in complexes containing ubiquitin binding motifs or 26S-bound deubiquitinating 

enzymes such as the ternary complexes UBB-RPN13-RPN2 and UBB-RPN13-UCHL5 or 

heterodimers such as UBB-RAD23A and UBB-RL40. This last dimer is particular because 

RL40 is the precursor of Ub made of one chain of Ub fused to the 60S ribosomal protein L40. 

RL40 was actually identified with the same peptide set as UBB, meaning that no peptide from 
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L40 were identified and that RL40 could well be a false positive. The heterodimers UBB-

UCHL5 (PDB: 4UF657) and RPN13-UCHL5 (PDB: 4UEM57) were also identified, as they are 

subcomplexes of the UBB-RPN13-UCHL5 trimer (PDB: 4UEL57). Other complexes containing 

RPN13 include RPN13-RPN2, RPN13-UBQLN2. We then found PDBs corresponding to the 

heterodimers of RPN10, another subunit of the 19S proteasome, and RAD23A & RAD23B 

which are multi-Ub chain receptors involved in the shuttling of polyubiquitin substrates to 26S 

proteasomal degradation.

The 108 remaining complexes were found with an identity that is <100% and correspond for 

example to close homologues, as is the case for the previously mentioned PA28α4β3 hetero-

heptamer from mice (PDB: 5MX552), the UBB-RPN10 heterodimer from yeast (PDB: 5LN158) 

or the RPN8-RPN11 complex from yeast (PDB: 4OCN59). Other complexes were largely 

incomplete, such as the human 80S ribosome (10 subunits out of 82), the human respiratory 

complex (3 out of 68),  the 48S preinitiation complex (8 out of 36), the human spliceosome (3 

out of 51) and the human anaphase promoting complex (2 out of 19), to mention a few.

Finally, a number of putative homologues have caught our attention: it is the case of the E3 Ub-

protein ligase that would form a heterodimer with the previously mentioned RL40, based on 

crystal structures of homologous E3 ligases bound to selective Ub variant probes 60 (PDBs: 

5HPK, 5HPL, 5HPS, 5HPT60). Another complex between the RL40 precursor and UBP14, a 

proteasome-associated deubiquitinase is proposed, based on the crystal structure of a complex 

with the homologous deubiquitinase UBP21 (PDB: 3I3T61). Because RL40 was identified via 

its ubiquitin motif only, these two complexes have to be taken with great caution as they could 

be false-positives. Of high interest is the predicted interaction between the 20S subunit α5 

(PSMA5) and the proteasome assembly chaperone 3 (PAC3, PSMG3_HUMAN) based on the 

structure of their yeast homologues (2Z5C16). A related complex involves the two other main 
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proteasome assembly chaperones 1 and 2 that are known to form a heterodimeric complex and 

is predicted to interact with the 20S subunit α6 (PSMA1) based on the yeast homologous 

proteasome crystallized in complex with Pba1-Pba2 (PDB 4G4S62). Remarkably, proteasome 

chaperones in human and yeast diverged drastically in evolution and share very little sequence 

identity (around 20%). This case underlines the interest of using HHsearch to reveal remote 

homology relationships between orthologous proteins. Other expected homology models 

include the interactions between RPN11 and RAD23A (Ub receptor) or between RPN11 and 

RPN8.

Other proposed complexes were unexpected and caught our attention, such as the proposed 

heterodimer between MDC1 and TE2IP that was based on the crystal structure of MDC1 bound 

to a homologue of TE2IP (TOPBP1). We did not expect this interaction between these two 

partners within our immuno-purification, because none of these proteins is apparently related 

to the 20S and its common proteasome interactors, except for the ELM interaction proposed 

between MDC1 and RPN10 (PSMD4) (Table S3). However, both proteins are involved in the 

DNA damage response and might either bind to the 20S proteasome as a dimeric subcomplex 

or constitute proteasomal substrates co-immuno-purified with the protease 63.

3.2 Pragmin interactome

Pragmin is a recently characterized pseudo-kinase from rat and homologous to the human 

SGK223 64. Pragmin was shown to strongly activate a tyrosine protein-kinase Csk and to 

regulate cell migration 34,65 by a mechanism yet to be fully unraveled.

Among the 61 candidate partners of the Pragmin interactome 34, it was possible to  identify at 

least one solved structure for 60 cases (Table S4) and 
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http://atome4.cbs.cnrs.fr/ms2model_sgk223. For 48 cases, sequence identity shared with the 

detected template(s) for structure modeling was above 65% and above 35% for 7 more proteins. 

25 structures were identified with a sequence identity of 100%. Remarkably, a near complete 

structural coverage was reached, thanks to remote homology detection. 

Further analyses revealed that 50 proteins were predicted to form homomultimers (Table S4). 

Figure 6 depicts a graph summarizing the results of the protocol. Most of these (45 candidates) 

correspond to homodimers, though tri-, tetra-, hexa- and decamers were also found. 15 proteins 

(14 dimers and one decamer) matched the sequence of the template structure with at least 99% 

sequence identity which cast little doubt on the actual oligomeric organization for those proteins. 

For 11 other sequences, one observed a sequence identity of more than 65% with multimeric 

structures, again suggesting one could infer conservation of the same oligomeric state by 

homology. For another 12 proteins, sequence identity with multimeric templates was between 

62% and 39% and the conservation of the same oligomeric states is more questionable and 

should be investigated for other evidence. Lower similarities were detected for 14 other 

sequences but further analyses are necessary to precise the potential assembly of those proteins. 

The remaining 9 sequences showed no obvious similarity with any multimeric assemblages. 

Obviously, this already provided quite significant coverage and valuable information compared 

to a “flat’ list of interactants. However, this does not provide direct clues to validate any of the 

PPIs detected by AP-MS.

Thirty proteins could not be associated with any heteromultimeric complex. Most are expected 

to be isolated polypeptide chains (or pure homomultimers). 3D information allowed 

nevertheless the prediction of several complexes (Table S5), and in some cases, structure 

analysis brings complementary information to the raw  interactomic knowledge.

The simultaneous detection of AAPK1, AAKB1, AAKG1- and AAKG2 suggested that the 
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AMP-activated protein kinase (AMPK) complex corresponds to a heterotetramer. However, 

this complex is heterotrimeric and made of only three subunits α1 (or α2), β1 (or β2), and γ1 

(or γ2) (Figures 7A and 7B). Therefore, the closely related paralogues AAKG1 (γ1) and 

AAKG2 (γ2) are not expected to participate in the same macromolecular assemblies. Instead, 

this suggests that these two heterotrimers could co-exist, namely α1β1γ1 and α1β1γ2, which 

corresponds to an interesting case of false positive identification involving mutually exclusive 

interactions. 

Another complex that was partially identified would be composed of CYFP1, NCKP1, and 

ABI1 proteins, which are found together within the native structure of the human WAVE 

regulatory complex (PDB entries 3P8C66 and 4N7867). Again, the observed arrangement in the 

crystal structure suggested that the paralogous CYFP2 belongs to an alternative complex with 

NCKP1 and ABI1. The crystal structure also highlights that these proteins form extensive and 

intricate interactions with two undetected sequences (WASF1) and (BRK1) (Figure 7C) that 

could correspond to false negatives. Indeed, WASF1 was actually detected in the AP-MS results, 

but did not pass the standard statistical threshold and was, at first, discarded from the final list 

of candidates (Serge Urbach, personal communication). The rather short BRK1 protein (75 

residues) was not detected at all, although it forms a 55-residue long helix buried in the complex. 

We wonder whether the small size of BRK1 prevented its straightforward identification by MS 

(despite the presence of numerous basic residues all along its sequence) or that it was effectively 

absent from the sample. Of note, BRK1 is detected in interaction with some WAVE components 

in distinct MS studies according to BioGRID but never systematically associated with all of 

them. 

Similarly, the interactions between the four candidate proteins ARPC2, ARPC4, ARP2, and 
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ARP3 were confirmed by the identification of the structure of the bovin Arp2/3 complex 

(entries 1K8K68 and 3DXK69). However, the crystal structure comes as an hetero-heptamer, 

while three polypeptide chains of this assembly (namely ARC1B, ARPC3, and ARPC5) are 

missing in this AP-MS flat list. Interestingly, these missing partners appear at the periphery of 

the complex (Figure 7D) and might not be obligatory or, the interactions with these proteins 

could be more labile than those between the ARP2-ARP3-ARPC2-ARPC4 core. Alternatively, 

one of the missing partners, ARPC1, binds to the ARP2/3 complex through its WD40 domain. 

It is interesting to note that several proteins (KEAP1, DcAF7, GBLP, KIF21B and potentially 

CB044) detected in the Pragmin interactome contain a WD-40 domain and at least one may 

replace ARPC1 here. Finally, it is important to note that the detection of this ARP2/3 complex 

together with that of the WAVE regulatory complex makes sense as they are known to be 

involved in regulating the actin nucleating activity, in agreement with the role of Pragmin in 

promoting cell migration 70. 

Smaller heterocomplexes were also predicted based on structural conservation such as the two 

heterodimeric chaperones HS71A-HS71B and HSP7C-HS105 which correspond to the 

experimental complexes PDB 1XQS71 and PDB 3C7N72. So far, we cannot extend this 

heterodimerization to the other HSP70-like chaperones found in this interactomic study 

(namely HSP72, HSP76, HS74L, GRP75 and GRP78).

Of note, the above structural analysis provided no clues to identify which preys actually bind 

to the Pragmin bait as no direct interaction with Pragmin could be detected, so far. In fact, 

Pragmin contains a pseudo-protein-kinase domain, a dimerization domain 64 as well as a very 

long (~950 aa) N-terminal tail. The latter is predicted to be natively disordered and to contain 
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short linear motifs targeting domains such as SH2, SH3, 14-3-3, PWWP or WD40. The first 

such motif located within the N-terminus of Pragmin and identified by the ELM analysis (Table 

S6) was the EPIYA sequence, a motif recognized and actively phosphorylated by CSK through 

its SH2 and protein-kinase domains, respectively. We also detected a proline-rich motif 

potentially recognized by either PWWP or SH3 domains, and this prediction matches the 

recently detected binding of CrkII to the equivalent motif present in PEAK3, a recently 

discovered paralogue of Pragmin 73. These motifs can explain the detection of Csk and Crk (or 

its closed homologue CrkL) in the interactome of Pragmin.    

In addition, ELM analysis suggested a potential connection of STBX4 with Pragmin through 

its WW domain while the C-terminus of Csk could be recognized by the PDZ domain of STBX4. 

This would tightly connect these three proteins in an interleaved manner. Other proline-rich 

segments exist in Pragmin N-terminus and in its preys while several of the latter (Csk, Crk, 

CrkL, GRB2 and ABI1) contain SH3 domain, an intricate network may be at play. As an 

example, ABI1, a subunit of the WAVE regulatory complex possesses both a SH3 domain and 

a PxxDY motif potentially recognized by a SH3 domain. This may connect the WAVE 

regulatory complex with the complex formed by Pragmin, CSK and CRK (see Fig S1). 

Obviously, numerous experiments will be necessary to confirm (or not) these predicted 

interactions but we illustrate here how our protocol can provide  clues to guide such 

experimental validations. As a whole, the data returned by our protocol helped to reveal an 

integrated network converging toward cell migration on one side and oxidative stress response 

on the other side.

4. DISCUSSION AND PERSPECTIVES
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In the present study, we have introduced a full protocol that starts with a list of proteins 

detected by interatomics experiments and integrates knowledge from the available structures of 

complexes and predictions of weak interactions to propose a structured overview of the 

collection of input proteins in terms of their interactions. To overcome the limitation of the 

rather low number of homomeric and heteromeric non-redundant complex structures resolved 

to date (~30,000 and 7,700, respectively), our protocol elaborates over a remote homology 

detection approach.

From the two case studies presented here, the added value of using such remote 

homology search seems obvious. First, it is striking that we could detect either the proteins or 

homologs of them for all of the 61 proteins of the Pragmin dataset but one, and for 182 of the 

192 proteins of the proteasome dataset, i.e. for close to 96% of the cases. Following, the results 

obtained from the challenging case of the proteasome test case illustrate well that (i) the quality 

of the scores of the remote detection distinguish well between orthologs and paralogs, and (ii) 

prove the ability of our procedure to identify core obligate complexes. Moreover it allows to 

“hierarchize” the flat list of proteins in terms of interactions, even for sequence identities as low 

as 20%. Regarding the proteasome dataset, we were indeed able to link together 138 of the 192 

proteins, as deduced from 128 identified complex structures that contain at least 2 identical 

and/or homologous proteins from the input list. For the Pragmin dataset, our  results well 

illustrate the ability of the approach to decipher more subtle cases, such as for instance the 

existence of mutually exclusive complexes involving different but overlapping subset of 

proteins. They also illustrate the potential added-value of predicting lower affinity interactions 

implying SLiMS to further decipher the interactions of the input. Finally, it is also interesting 

that the protocol was able to return information about homo-oligomers for both test sets.  
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Compared to other approaches such as Interactome3D, one advantage of our protocol is that it 

does not depend on any precalculation, and can infer information from different species. One 

can exemplify this for our two use-cases. For sake of clarity, we focus on the Pragmin case. For 

this use-case, our method connects 48 input proteins, into a single cluster, through 172 

interactions: 21 structure-based, 60 SLiMs-based, and 71 from BioGRID. Interactome3D 

returned, starting from the 61 proteins, heterocomplex interactions for 27 proteins, through 32 

connections: 18 structure-based and 14 others. These interactions define three clusters, which 

contain 2, 4, and 21 proteins. More in detail, our protocol identified as true positives the 

connections between all the partners of the ARPC2/3 complex, when Interactome3D, only did 

so for those between ARP2 and ARPC4, all other connections coming from theoretical models. 

This difference lies in the fact that the Interactome3D analysis was performed for H. sapiens, 

which is the organism from which the input dataset has been produced. Consequently, 

Interactome3D did not take into account the 19 structures obtained from Bos taurus proteins 

(which share 100% sequence identity with their human counterparts), which highlights the 

interest of considering homology detection across species. Interactome3D also identified a 

connection between AAKG1 and AAKG2, while these proteins are actually two alternative 

partners of the AMPK complex, as discussed above. With regard to the WAVE regulatory 

complex, Interactome3D failed to validate the true positive interaction between ABI1 and 

CYFP1, whereas our protocol identified a link between these two proteins, based on two PDB 

structures, 4N78 and 3P8C, found with 95.0% and 94.5% sequence identity, respectively. 

Considering the STRING database, it returned for Pragmin 142 interactions, connecting 50 of 

the 61 entries, separated into four clusters of 2, 2, 3, and 43 proteins. STRING identifies the 

second largest number of connections—2 more than our protocol and 23 more than 
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Interactome3D—but we recall STRING integrates information sources such as genetic 

associations and text mining, which do not necessarily correspond to physical interactions. Also, 

the "protein homology" links established by STRING are of completely different nature than 

those produced by Interactome3D and our method. Such links actually represent an 

evolutionary relationship between the two proteins. For example, the PLOD2 and PLOD3 

proteins do not physically interact and, yet, STRING connects them, based on their sequence 

similarity. Results returned by STRING face the same issue as Interactome3D for the AMPK 

complex, highlighting again the added value of considering structural information. For the 

WAVE complex, STRING identified the true positive interaction between ABI1 and CYFP1. 

Interestingly, both STRING and our method detected the genuine interaction between AP2A1 

and PP2BA. However, STRING identified this PPI, because it is reported in the databases it 

integrates. Our method, on the other hand, found it through the search for interologs, which 

identified 13 PDB structures with 29% sequence identity. Interestingly, STRING does not 

connect certain partners that our method identified as even closer interologs. For example, the 

interaction between AP2A1 and 2A5G is supported by 5 PDB structures at 57% identity, and 

that between TNKS1 and DYR1A is supported by both the 3D-based (36% identity) and 

SLiMs-based analyses. 

Considering the results obtained with GeneMANIA, the 61 input proteins are all connected as 

a single cluster, through 447 documented and 96 predicted PPIs. The integrative algorithm 

includes 20 additional nodes to the network. Compared to the other methods, GeneMANIA 

yields, by far, the highest number of connections. Remarkably, it does not generate any of the 

aforementioned false negatives. However, the results are nor exempt from false positives. For 

example, as observed with the Interactome3D and STRING methods, the γ1 and γ2 subunits of 
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the AMPK complex (AAKG1 and AAKG2, respectively) are wrongly connected. The server 

also adds the AAKB2 node to the input data and connects it with AAKB1, although these two 

proteins are mutually exclusive partners of the AMPK complex. A similar example regards the 

PLOD3 protein mentioned above, which is connected to the newly added PLOD1, despite the 

absence of any documented interaction between these two proteins. Finally, although the 

WAVE and Arp2/3 complexes do interact within the Pragmin network, the connections 

established by GeneMANIA, both within and between these two complexes, are not 

“hierarchized”. 

In summary, our protocol completely overlaps and extends the results of Interactome3D, in 

terms of interactions found in the two datasets. Conversely, it identified fewer associations than 

STRING or GeneMANIA, but these are more relevant regarding the definition of physical PPIs. 

The same trends were observed using the proteasome use-case, where STRING connects 163 

of the 192 input proteins, GeneMANIA connects all the 192 input proteins as a single cluster 

(through 3,490 physical and 2,470 predicted interactions), while both our protocol and 

Interactome3D connect 138 and 90 candidate partners, respectively. Note that because our use-

cases corresponded to human sequences, an organism precalculated in the Interactome3D 

database, similar results obtained from Interactome3D and our protocol were expected. 

Altogether, the procedure we introduced here, applied to the two use-cases presented, 

performed as well or better than a reference approach such as Interactome3D. Furthermore, we 

expect it to have obvious added value in assisting users to analyse and to explore interactomics 

data. Notably, our protocol simplifies the identification of subsets of proteins participating to 

obligate interactions, it finds links between different such blocks, and it proposes putative 

interactions at a lower affinity involving SLiMS. Possible directions for methodological 
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improvement could encompass the explicit 3D modeling of the complexes, more detailed 

analysis of the protein-protein interfaces (e.g. in terms of co-evolution), or establishing 

connections with emerging technologies such as integrated top-down native proteomics 74,75. In 

terms of applications, we believe that our pipeline will be of much use in the near future, due 

to the increasing number of interactomes performed using in vivo protein-proximity labeling 

(such as BioID76) or in vivo cross-linking approaches. Further developments of the pipeline 

could include (i) including quantitative information in the scoring of the (sub)-complexes and 

result outputs, as already proposed by other tools such as SAINT 77, QPROT 78, COMPASS 79 

or TopS 80, and (ii) integrating distance-restraints from cross-linking experiments for homology 

modelling, as performed by dedicated scoring functions 81 or bioinformatic suites such as the 

Integrative Modeling Platform (IMP) 82 or HADDOCK2.2 Web server 83.

SUPPORTING INFORMATION
The following supporting information is available free of charge at ACS website 

http://pubs.acs.org

Figure S1. Sub-network including Pragmin (PRAG1) and the ARP2/3 and WRC complexes.
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Table S1. Results of the search for homologs and homo-oligomers, for the proteasome dataset.

Table S2. Results of the 3D-complex detection, for the proteasome dataset.

Table S3. Results of the SLiM-based analysis, for the Pragmin dataset.

Table S4. Results of the search for homologs and homo-oligomers, for the Pragmin dataset.

Table S5. Results of the 3D-complex detection, for the Pragmin dataset.

Table S6. Results of the SLiM-based analysis, for the Pragmin dataset.
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Figure captions:

Figure 1. Different cases introducing true, false positive, and false negative interactions from 

the flat interactomics data. Case 1: the obligate complex includes one partner that is missing in 

the flat list, resulting in false negative interactions (black links). Only the links in red (true 

positive interactions) involve proteins of the input list. The black links cannot be inferred from 

the input. Case 2:  One protein of the input interacts with several partners, but in a mutually 

exclusive way. No interaction between those partners (blue and purple) exists in reality (false 

positive interaction).   

Figure 2. Flowchart describing the integrative pipeline for the detection of protein complexes. 

Steps 1 to 4, described in the Results section, are represented by rectangles. 1: The search for 

homologs of each of the input proteins. 2: Assembling information of step 1 to identify hetero-

multimers and homo-multimers. 3: Search for Short Linear Motifs (SLiMs) 4: links to BioGRID. 

Figure 3. Illustration of the subunits detected in the proteasome sample and assigned to 

homologous complexes of known structures in the PDB. (A) Complex ID c035 corresponds to 

an assembly detected for 15 subunits of the sample matching the structure of Blm10 activator 

bound to the 20S proteasome (PDB:4V7O84) in yeast. The 14 subunits of the 20S proteasome 

and PSME4 in human (PA200) were assigned to a specific chain in the PDB structure. 

Noticeably, orthologous relationships between human and yeast subunits were automatically 

assigned in a correct manner despite the number of potentially misleading paralogous 

relationships. Moreover, ortholog of PA200 in yeast, named Blm10, was detected despite the 

high sequence divergence between both homologs sharing only 20 % sequence identity. (B) 
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Complex ID c074 identified a homologous complex structure for a set of subunits partly 

overlapping those in (A), namely the 20S subunits. Remote homology relationships could be 

detected at even higher sequence divergence between two proteasome chaperones (PSMG1 and 

PSMG2) for which a structure of the orthologous subunits was available in yeast (PDB:4G4S). 

(C) Complex ID c097 identified a homologous complex for two subunits involving homologs 

of PSA5 and PSMG3, the latter sharing high sequence divergence (19 % sequence identity) 

with its yeast ortholog, named POC3. Interestingly in the yeast complex (PDB:2Z5C), a third 

subunit, named POC4, is found tightly bound suggesting that a homologous subunit could have 

been detected in human. The remote homologs of yeast POC4, named PSMG4 in human, was 

not present in the list of input proteins suggesting potential issues in the detection threshold or 

in the capacity of spotting out this protein by mass spectrometry.

Figure 4. Graph representation of the PPI network identified for the proteasome dataset. Nodes 

colored in cyan, magenta and orange correspond to input proteins, nodes added by the PDB 

search and BioGRID, respectively. The bait protein (PSA2) is represented by a green node. 

Four types of edges represent interactions between proteins.  (i) Thick, opaque: Edges identified 

by the structure-based analysis and connecting input proteins belonging to hetero-multimers. 

The colors (blue, green, yellow, red, black) depend on the evolutionary distance (sequence 

identity ≥95%, 80%, 50%, 30%, 0%, respectively) between the two input proteins and their 

homologs/paralogs. (ii) Thin, magenta: Edges produced by the structure-based analysis and 

connecting input proteins and undetected partners. (iii) Thin, blue: Edges produced by the ELM 

analysis and connecting input proteins. (iv) Thin and orange: Edges produced by the BioGRID 

analysis and connecting input proteins and additional partners from BioGRID. 
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Figure 5. Cryo-EM structure (PDB: 5GJQ) of the 20S catalytic core (blue) in complex with the 

19S regulator (green) forming the ATP-ase dependent 26S proteasome bound to USP14 & UBB 

(purple). The two copies of the immuno-purification bait (α2) are represented in red. All these 

33 proteins were immuno-purified. Structures of the 20S (red and blue), the 19S (green), the 

26S (red, blue and green) and the 26S bound to USP14 & UBB (red, blue, green and purple) 

can be found in the PDB, making possible to distinguish three layers of interaction with the 

bait.

Figure 6. Graph representation of the PPI network identified for the Pragmin dataset. For this 

representation, the bait protein (PRAG1) has been added to the original dataset (green node). 

Figure 7. Space-filling representation of protein complexes of the Pramgin use-case, as 

identified by the pipeline. (A) The pentameric structure of the WAVE regulatory complex (PDB 

entry 3p8c), with the subunits WASF1 and BRK1, missing in AP-MS data, colored in white 

and black, respectively. (B) The heptameric structure of the Arp2/3 complex (PDB entry 1k8k), 

with the subunits ARPC1B (white), ARPC3 (black), and ARPC5 (gray). (C) The α1β2γ1 and 

(D) α2β1γ1 isoforms of the AMPK complex, both found by our integrative approach (PDB 

entries 2vq884 and 4cfe85, respectively); both structures are aligned on the γ1 subunit (colored 

in purple).
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