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Abstract

Defining human protein interaction networks has become essential to develop an overall, systems-

based understanding of the molecular events that sustain cell growth in normal and disease 

conditions. To characterize protein interaction networks from human cells, we have undertaken the 

development of a systematic, unbiased technology pipeline that couples experimental and 

computational approaches. This discovery engine is central to the Human Proteotheque Initiative 

(HuPI), a multidisciplinary project aimed at building a repertoire of comprehensive maps of 

human protein interaction networks, the Human Proteotheque. The information contained in the 

Proteotheque is made publicly available through an interactive web site that can be consulted to 

visualize some of the fundamental molecular connections formed in human cells and to determine 

putative functions of previously uncharacterized proteins based on guilt by association. The 

process governing the evolution of HuPI towards becoming a repository of accurate and complete 

protein interaction maps is described.
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Introduction

Human cells function through the action of thousands of proteins that control their growth 

and differentiation. Most human proteins rarely work alone, but rather, assemble with other 

proteins into complexes to concertedly exert their function (Spirin and Mirny 2003; Rives 

and Galitski 2003; Alberts 1998). In addition, functionally related protein complexes 

forming specific cellular machineries interact together during different biological processes, 

such as gene transcription, DNA replication and repair, and others. The situation is further 

complicated by the fact that any given polypeptide could assemble into more than one 

protein complex, making the network of protein interactions sustaining cell growth and 

differentiation not only very complex in its organisation, but also in its dynamic of assembly 

(Han et al. 2004; Li et al. 2004). This unique situation highlights the pivotal role of protein 

interaction networks in cell function. Consequently, mapping their topology is a key issue in 

biomedical research, and the development of efficient technologies for doing so is an 

important challenge to modern research in proteomics and systems biology (Ranish et al. 

2003; Link et al. 1999; Coulombe et al. 2004).

If we postulate that any given interaction made by a protein within a cell achieves a specific 

function, one can envision two main reasons for investing efforts into building accurate, 

complete protein interaction maps and for making them available to the scientific 

community. First, protein interaction networks, considered here as the set of interactions a 

protein makes with other proteins, DNA, and RNA molecules and metabolites, are deemed 

to represent the fingerprint of the physiological status of a cell and their modulation is 

predicted to represent the signature of specific disease conditions, including those observed 

in cancers and viral infections (for example, see Cui et al. 2007). Publicly available protein 

interaction maps will undoubtedly accelerate the discovery process in biomedical research 

because they would reveal new, more global (i.e., systemic) molecular descriptions of 

specific cellular conditions, such as those encountered in disease; these maps may well 

represent the new generation of biomarkers, being more accurate and specific as they are 

based on multiple parameters. These maps will also reveal new targets for drug discovery. 

Second, a large fraction of the proteins encoded by the human genome remain 

uncharacterized and their precise function, unknown. By identifying protein interaction 

partners, it becomes possible to determine putative functions of many previously un-

characterized proteins (see below for examples in human cells). A number of experimental 

methods have been developed to identify protein–protein interactions, including the yeast 

two-hybrid (Y2H) method and the affinity purification – mass spectrometry (MS) approach. 

These methods have been used to characterize protein interaction networks and, in some 

cases, for defining protein function based on guilt-by-association criteria in the bacteria, 

yeast, fly, and worm systems (Giot et al. 2003; Ho et al. 2002; Uetz et al. 2000; Ito et al. 

2001; Gavin et al. 2006; Gavin et al. 2002; Krogan et al. 2006; Butland et al. 2005; Li et al. 

2004). Recently, the Y2H and the affinity purification – MS approaches have been applied to 

generate protein interaction maps for a fraction of the human proteome and to determine the 

function of previously uncharacterized human proteins (Jeronimo et al. 2007; Stelzl et al. 

2005; Rual et al. 2005; Ewing et al. 2007). In addition to experimental determination, 

various computational methods have been used to predict protein interaction networks by 
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using information from publicly available databases, such as BIND, MIPS and HPRD (Xia 

et al. 2004; Shoemaker and Panchenko 2007; Bader et al. 2003; Mewes et al. 2002; Peri et 

al. 2003). Consequently, defining protein interaction networks is invaluable for deciphering 

protein function in health and disease.

The literature contains a myriad of papers reporting on protein interactions (for reviews, see 

Devos and Russell 2007; Cusick et al. 2005). Efforts to curate and integrate these 

interactions into public databases have emerged in different projects around the world 

(Orchard et al. 2007). These projects are important and valuable. However, because of the 

heterogeneity of the data and the experimental procedures used to derive the various 

datasets, integration efforts become extremely difficult and their results raise important 

questions in terms of their completeness and accuracy. This notion of accuracy and 

completeness is a highly relevant issue that needs to be considered seriously when 

developing protein interaction maps that are highly valuable and, as far as possible, not 

misleading. Clearly, the challenge and value of building helpful protein interaction maps is 

immense.

Building a repertoire of meaningful protein interaction maps: an overview 

of the Human Proteotheque Initiative (HuPI)

The Human Proteotheque Initiative (HuPI) is a multidisciplinary, ongoing project aimed at 

generating comprehensive maps of the protein interaction networks that underlie cellular 

functions in humans (see schematic representation in Fig. 1). The maps of protein interaction 

networks built in the course of the HuPI project, the HuPI maps, will be deposited in a 

repertoire, the Human Proteotheque, which will be made publicly available as an atlas 

describing some fundamental human molecular networks. Because the HuPI project is still 

in its infancy, the Human Proteotheque is still rudimentary at the time of this writing. To 

generate valuable tools for scientists interested in basic biological and biomedical research, 

the HuPI project must conform to three main criteria. First, the data must be both accurate 

and complete. In other words, both the specificity and the sensitivity of the interaction 

datasets must be set to maximum values while developing and applying the overall 

experimental procedure. To achieve this goal, we have elected to develop an experimental 

pipeline, termed the HuPI discovery engine, in which data acquisition and analysis is 

performed in a highly systematic manner, favouring automation when possible to prevent 

bias that is sometimes the consequence of human decisions in experimental setups. The 

HuPI discovery engine is a constantly evolving pipeline that is developed towards 

systematic, unbiased operating procedures. Second, the data must be analysed, mined, and 

integrated in such a way that (i) all the relevant information is extracted and stored and (ii) 
this information is transferred into interaction maps that are comprehensive. As mentioned 

above, systematic procedures must be developed to ensure that the data is analyzed in an 

unbiased manner. For this reason, computational approaches are key to this downstream part 

of the HuPI discovery engine (Fig. 1). Third, both the protein interaction datasets and the 

comprehensive maps of their network of connections must be made available to the scientific 

community through the internet. A web-interfaced database is being developed to help the 

users find all the information relevant to their research. Graphical tools for the visualization 
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and navigation of the protein interaction maps play a central role in the development of the 

HuPI database and web site.

The first generation of the HuPI discovery engine: systematic 

characterization of the protein–protein interaction network for the human 

transcription machinery

Over the past few years, we have taken an important step forward in describing protein 

complexes and their interaction networks in human cells. The developed procedure 

constitutes the basis of the HuPI discovery engine. Starting with components of the general 

transcription apparatus, namely RNA polymerase II and its general factors, we have used in 

vivo pull-down experiments with affinity-tagged polypeptides expressed at physiological 

levels to purify protein complexes in native conditions and defined their components using 

MS (Coulombe et al. 2004; Jeronimo et al. 2004; Jeronimo et al. 2007). For this analysis, we 

systematically used the tandem affinity purification (TAP) tag placed at the C terminus of 

proteins, allowing the purification of protein complexes in native conditions (Rigaut et al. 

1999). Indeed, the elution steps during the TAP were performed in the absence of detergent 

and high-salt concentrations, thus preserving the integrity of the purified protein complexes. 

In addition, near physiological levels of expression of the tagged protein in HEK 293 cells 

were achieved through the use of an ecdysone-inducible system that allows us to tune the 

expression of the tagged proteins by varying the dose of the inducer Ponasterone A 

(Jeronimo et al. 2004). This step was intended to prevent overexpression of tagged 

polypeptides, which sometimes generates spurious interactions. Following affinity 

purification, the TAP eluates were run on SDS gels and stained. Gel slices were excised and 

digested with trypsin. The resulting tryptic peptides were identified by liquid 

chromatography – tandem mass spectrometry (LC–MS/MS) with microcapillary reversed-

phase high-pressure liquid chromatography coupled to an LCQ DecaXP (ThermoFinnigan), 

LTQ, or LTQ-Orbitrap (ThermoElectron) quadrupole ion trap mass spectrometer with a 

nano-spray interface.

As mentioned above, we used this technology to survey protein complexes containing basal 

transcription factors in the soluble compartment of human cells (Jeronimo et al. 2007). A 

number of newly identified partners, including RNA processing factors, were systematically 

tagged and submitted to the same procedure in reciprocal tagging experiments. Reciprocal 

tagging served to enrich the data set and to confirm many interactions by navigating through 

the network of protein complexes forming the transcription machinery (see Fig. 2 for a 

schematic representation). This semi-random procedure for selecting the proteins to be 

tagged is useful because it allows us to build relatively dense interaction networks, 

something that would not be possible at this early stage if we had proceeded randomly, 

because the coverage would have been much too low to produce reliable datasets.

Our purification procedure was specifically designed to preserve the integrity of the purified 

complexes because they prospectively exist in live human cells. Affinity purification of 

tagged proteins theoretically allows the isolation of all protein complexes containing the 

tagged polypeptide. This method does not, however, allow for the direct determination of the 
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abundance of the purified complexes. In addition, the high sensitivity of mass spectrometry 

requires the development of methods that discriminate between specific and spurious 

interactions (Patil and Nakamura 2005; Krogan et al. 2006; Gavin et al. 2006). In our case, 

this was accomplished through the development of an algorithm that selects high-confidence 

interactions by assigning interaction reliability (IR) scores to each protein–protein 

interaction (Jeronimo et al. 2007). After filtering out nonspecific interactions due to very 

abundant proteins, or proteins that bind nonspecifically to our affinity columns, the 

developed algorithm integrates data relating to the MS score of the interaction to data 

relating to the local topology of the network (e.g., bait 1 pulls down prey 2; bait 2 pulls 

down prey 1; bait 3 pulls down both prey 1 and 2, etc.) to calculate IR scores. The sensitivity 

and specificity of the algorithm was evaluated using literature-based classification of protein 

interactions. We selected as high-confidence interactions those for which the IR score 

exceeded a threshold (IR score above 0.6729) predicted to miss as false negatives only 17% 

of a set of literature-supported interactions while incorrectly retaining only 17% of a set of 

interactions without literature support as false positives. The selected protein–protein 

interactions were used to build protein interaction maps (see Fig. 3 for an example).

Mapping the topology of protein–protein interaction networks allows the 

determination of a putative function for previously uncharacterized proteins

Using the first-generation HuPI discovery engine with 32 tagged transcription and RNA 

processing factors, we defined a network of 805 interactions involving 436 different proteins 

(Jeronimo et al. 2007). This network reveals the connectivity of many protein complexes that 

form the core of the cell machinery involved in interpreting the genome (Fig. 3). By 

examining the topology of the network, one can easily conclude that the transcription and 

RNA processing machineries are tightly connected through many different interactions, 

forming a high-density network of connections in human cells. Because the protein–protein 

interaction data derived from this analysis mainly involves components of basal, 

“housekeeping” cellular machineries, namely the transcription and RNA processing 

machineries, we pose that the corresponding protein interaction maps represent a 

fundamental feature of mammalian cell function. We also believe that some interactions are 

specific to HEK 293 cells, thereby representing the signature of the physiological status of 

this cell line. Comparing this network with those derived from other cell lines is required to 

build a better understanding of the flexibility of human protein-interaction networks under 

various physiological and environmental conditions. Obtaining this information is a long-

term goal of the HuPI.

Strikingly, our results identified a number of novel protein complexes containing 

transcription or RNA processing factors in association with proteins known to regulate the 

formation of protein complexes (see Fig. 3; green nodes). The term “formation of protein 

complexes” is specifically used here to describe the overall process leading from individual 

polypeptides at their site of synthesis to multicomponent complexes at their site of action; 

this general term is meant to include protein folding, assembly, and transport. These newly 

discovered partners define a novel class of regulatory factors that directly target the 

transcription and RNA processing machineries prior to their recruitment to active genomic 
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loci or following their release from genomic DNA for recycling. Among these novel 

partners, some are previously uncharacterized proteins (Fig. 3; yellow nodes), for which we 

were able to determine a putative function according to their network connections (based on 

guilt by association) and, in some cases, perform functional analyses (see below).

Among the novel protein complexes unravelled by our proteomics analysis, two were 

characterized in further detail (Jeronimo et al. 2007). First, a group of four proteins, which 

we named RPAPs-XAB1 (the RNA polymerase II associated proteins-XAB1), and which are 

tightly connected to the enzyme RNA polymerase II itself, proved to form a molecular 

interface between the enzyme, the regulatory complex integrator, and a group of proteins 

with chaperone activity, including the prefoldins. These features, as well as their position at 

the interface of RNA polymerase II, regulatory complexes, and chaperones, suggest that they 

have a role in the formation of multicomponent transcription complexes. Experiments are in 

progress to determine the function of these novel regulatory proteins that promise to define 

novel regulatory mechanisms of gene expression and reveal some of the principles that 

govern protein complex assembly and (or) transport in eukaryotes.

A second part of the network captured our attention. Affinity purification of a tagged version 

of the splicing factor hnRNPA1 identified the previously uncharacterized protein BCDIN3. 

Bioinformatics analysis revealed the presence of a putative AdoMet-binding domain, 

AdoMet, being the methyl donor used by methyltransferases (Lu 2000). We then proceeded 

to the reciprocal tagging of BCDIN3 which, as expected, copurified with hnRNPA1 and 

other RNA processing factors. To our surprise, BCDIN3 also copurified with CDK9, 

CCNT1/Cyclin T1, and the HEXIMs, a set of cellular factors previously shown to regulate 

expression of the HIV-1 genome. CDK9 and CCNT1/Cyclin T1 form the P-TEFb elongation 

factor known to regulate HIV-1 transcription (Marshall and Price 1995; Zhou et al. 1998; 

Zhu et al. 1997; Mancebo et al. 1997), whereas the HEXIMs, in association with 7SK 

snRNA, regulate the activity of P-TEFb (Barboric et al. 2005; Blazek et al. 2005; Byers et al. 

2005; Li et al. 2005; Yik et al. 2005).

To assess whether BCDIN3 is a bona fide methyltransferase and to start addressing its 

function, we searched for specific substrates within members of the 7SK-HEXIM-BCDIN3-

P-TEFb-containing complex. Our results indicate that BCDIN3 can transfer methyl groups 

to the gamma phosphate of 7SK snRNA, thereby stabilizing 7SK in human cells. Together, 

these results indicate that our protein–protein interaction network led to the long-awaited 

discovery of the 7SK methylphosphate capping enzyme (MEPCE). BCDIN3 was renamed 

MEPCE.

In sum, the first generation of the HuPI discovery engine allowed us to characterize high-

confidence, high-density protein–protein interaction networks for the human transcription 

machinery and to identify and determine a function for novel proteins that had not been 

previously characterized.
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Moving the HuPI project forward: what are the next steps?

Keeping in mind that the HuPI is intended to develop systematic, unbiased experimental and 

computational tools for deciphering human protein interaction networks and to build 

comprehensive maps to be made publicly available, significant efforts have been devoted to 

pursue the development of the HuPI discovery engine. In some cases, these efforts have been 

directed towards improving some aspects of the technology pipeline that were found to be 

suboptimal in the previous version of the engine.

Increasing the number and variety of tagged proteins

As mentioned above, the first dataset of protein–protein interactions generated through 

affinity purification of tagged polypeptides used 32 baits, mainly within components of the 

transcription and RNA processing machineries. It is now important to increase the total 

number of baits for different reasons. First, it is essential to increase the coverage of the 

method and, consequently, to build networks that are as complete as possible. Second, 

reciprocal tagging of preys that have been identified as components of the network is 

required to improve the reliability score of the protein–protein interactions. Third, tagging of 

proteins involved in other machineries, such as chromatin remodelling factors, transcription 

elongation factors, DNA replication and repair factors, and others is needed to expand the 

current network to other biochemical processes. At the time of this writing, we have targeted 

150 polypeptides to the HuPI discovery engine and will continue working towards 

expanding our human protein–protein interaction network.

As described above, our procedure, which uses an inducible expression system in stably 

transfected cell lines, has many advantages compared with those of transient expression 

assays. First, pilot experiments, which used tagged subunits of previously characterized 

proteins, including RNA polymerase II and some general transcription factors, revealed that 

transient expression assays can lead to the enrichment of subcomplexes during the 

purification, some of which lack essential subunits and are therefore inactive. Second, the 

use of an inducible system prevents the constitutive expression of the tagged protein, which 

may in some cases interfere in some ways with cell growth or have an adverse effect on the 

proteome of expressing cells. Finally, and although this cannot be done in a fully systematic 

manner, the use of the tuneable expression system helps to keep the expression level of the 

tagged proteins close to physiological.

Improving the sensitivity of MS

As MS is central to efficiently define protein–protein interactions (Aebersold and Mann 

2003), we are developing novel MS methods that rely on the high sensitivity and high mass 

precision of new mass spectrometers, including the Thermo Fisher LTQ-Orbitrap 

equipments in place in the laboratory. Novel methods for sample fractionation that do not 

require gel analysis are also instrumental to the second generation of the HuPI discovery 

engine. Compared with the previous generation, we expect to increase our sensitivity by 

more than one order of magnitude. At the same time, and to increase the throughput of our 

MS procedure, we are currently strengthening the automation of both the MS procedure and 

the MS data analysis pipeline.
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Adapting computational methods to increase the sensitivity and specificity of our high-
confidence interaction dataset

As mentioned above, the first-generation HuPI discovery engine used a computational 

method capable of keeping the apparent rates of both false positives and false negatives 

between 15% and 20%. The implementation of more sensitive MS methods and the tagging 

of additional proteins require the development of more performing algorithms for filtering 

out false positives from noise, while keeping the sensitivity maximal (Patil and Nakamura 

2005; Krogan et al. 2006; Gavin et al. 2006). The second generation of the technology 

pipeline has been developed in such a way that sensitivity and specificity are each expected 

to be above 90%.

Developing data integration tools

The development of computational and theoretical tools enabling the construction of 

relevant, useful maps is also a central effort. The complexity of the networks obtained is 

such that it can easily become overwhelming, thus requiring automated, goal-oriented 

network layout procedures facilitating the extraction of meaningful biological information.

Further developing the web-interfaced public database

A first version of the HuPI database was made publicly available by the end of 2007 (http://

hupi.ircm.qc.ca). This database now contains our published data on human protein 

interactions (Jeronimo et al. 2007). In future versions, the database will contain 

comprehensive maps of protein interaction networks. Its interface will also allow the user to 

compare the data to those found in complementary databases, such as BIND, MIPS, and 

HPRD, as well as to access databases containing other types of biologically relevant 

information, such as expression profiles, SNPs, and others. These tools will help the user to 

evaluate the biological significance of our interaction data.

Integrating other types of interactions

As mentioned in the introductory paragraph, most proteins interact with other molecular 

components of the cell. To integrate protein–DNA, protein–RNA, and protein–metabolite 

interactions to our interaction maps, we are currently involved in various technology 

development projects. For example, our previous work has shown that TAP-tagged proteins 

can be used in chromatin immunoprecipitation (ChIP) experiments aimed at defining their 

location along the genome (Cojocaru et al. 2007; Jeronimo et al. 2004); when coupled with 

the identification of the immunoprecipi-tated DNA fragments using systematic ChIP-on-chip 

experiments (Lee et al. 2002; Ren et al. 2000), this method promises to reveal protein–DNA 

interactions that could then be integrated with protein–protein interactions. These efforts are 

also requiring the development of computational methods for the integration of the various 

datasets.

Assessing biological relevance

The direct identification by purification and mass spectrometry of protein interactions in 

HEK 293 cells is particularly relevant and powerful to study basal cellular machineries that 

are common to all (or most) cell types. The use of additional cell lines that can serve as 
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models for various normal or diseased human tissues will be selected and studied to address 

the plasticity of human protein-interaction networks in various conditions. The use of cell 

lines is also advantageous because it provides access to protein interaction data rapidly at a 

moderate cost. However, the use of human cell lines also has disadvantages. The first relates 

to their availability. Cell lines are not available for many types of human cells and those that 

are available are usually transformed and far from normal. Because we expect many protein 

interactions to be different in different types of cells, many normally occurring interactions 

will be missed if the use of human cell lines is our sole method of identifying protein 

interactions. This problem can be solved in large part by turning to the mouse model for 

studying protein interactions. A partnership with groups studying protein interactions in the 

mouse is currently under discussion and will strengthen this aspect of the HuPI.

Making the Human Proteotheque Initiative international

Building a repertoire of comprehensive maps of protein interaction networks that will 

systematically enhance our understanding of both normal and disease conditions and, 

eventually, lead to the development of diagnosis tools and cures for important diseases, 

requires the concerted participation of large groups of scientists with relevant expertise. A 

significant number of groups in various countries have developed such expertise. Efforts are 

currently being made to leverage the HuPI into an international project that would unite 

many research groups into a collaborative venture that may well revolutionize biomedical 

research for years to come.

The first step of this international endeavour is the formation of a representative international 

consortium of scientists, which brings two types of expertise to the table. First, the 

consortium includes researchers with technical and conceptual expertise in the experimental 

characterization of protein interactions and in the creation of comprehensive maps of 

interaction networks using computational biology. Second, the consortium includes 

researchers with expertise in relevant biological and disease systems. The role of the 

consortium will be to select the cell lines and proteins to be targeted to the HuPI discovery 

engine, plan the deployment of the discovery platform at various sites, and design standard 

operation procedures for characterizing protein interactions using the HuPI discovery 

engine. This involvement of the community at all levels of the project will make the HuPI a 

highly innovative global project.

Conclusions

Building comprehensive, meaningful maps of human protein interaction networks and 

making them available to the scientific community through the internet is the main goal of 

the HuPI project. Recent progress that resulted in the publication of key papers reveals that 

this objective is at hand. In addition, to help infer putative functions to previously 

uncharacterized proteins and to increase our understanding of the proteome and its 

regulation, the HuPI maps provide a systems-based description of the relations between 

proteins and other molecules (proteins, DNA, RNA, metabo-lites) in human cells. We trust 

that such a complex molecular description of the physiological status of a cell or tissue will 
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be invaluable to the development of a new generation of biomarkers that are both sensitive 

and specific because they rely on more accurate, multi-parameter indicators.
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Fig. 1. 
Overview of the Human Proteotheque Initiative (HuPI). A collection of cell lines each 

expressing affinity-tagged proteins is used in a systematic, unbiased technology pipeline, 

termed the HuPI discovery engine, to characterize human protein interaction networks. 

Computational procedures are used to select high-confidence protein interactions and to 

build comprehensive maps, i.e., the HuPI-Maps, of high-density interaction networks.
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Fig. 2. 
Strategy for the characterization of human protein–protein interaction networks. Affinity-

tagged proteins (baits) are expressed at physiological levels in human cells, their complexes 

purified under native conditions, and their interaction partners (preys) identified using 

sensitive mass spectrometry (MS). Newly identified preys are iteratively tagged in reciprocal 

tagging experiments to navigate the network of protein complexes in human cells 

(1→2→3→4). This semi-random procedure for selecting the proteins to be tagged is useful 

because it allows us to build relatively dense interaction networks.
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Fig. 3. 
Map of a high-density network of high-confidence protein–protein interactions involving 

transcription and RNA processing factors. Affinity-tagged proteins (baits) and their 

copurified interaction partners (preys) are represented as coloured squares (nodes) and are 

connected using arrows. The color code is defined. M, MEPCE/BCDIN3; H, HEXIM1; C, 

P-TEFb subunits (CDK9 and CCNT1/Cyclin T1); A, hnRNPA1; P, RNA polymerase II 

subunits (Rpb2 and Rpb11); R, RPAPs; X, XAB1.
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