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Abstract

Proteins are crucial for most cellular functions and typically participate in biological processes in concert with other proteins. Hence, identification of key protein players and characterization of protein-protein interactions (PPIs) are highly important. Owing to substantial advances in current biotechnology, a wide range of methods has been developed to dissect the PPI landscape. Given their popularity and power, the bimolecular fluorescence complementation (BiFC) assay, based on the reconstitution of a fluorescent protein in vivo, has emerged as the most popular protein-fragment complementation method in cellular biology over the past years.

My team has previously established BiFC for probing different binary protein interactions in live Drosophila. During my PhD work, I expanded the utility of the BiFC in mammalian live cells. In particular, I standardized the protocol of the BiFC analysis to investigate protein binding affinities, in an applicable and simple manner. This quantitative BiFC approach was used in a systematic analysis of HOX/PBX/MEIS interaction properties in live cells and revealed novel interaction interfaces in several human HOX proteins. Furthermore, I applied the BiFC from low to high throughput PPI detection. Pairing sequence-verified human ORF collections with next generation sequencing, I participated in the conception of a powerful tool for performing a large-scale BiFC interaction screen in live cells. Benefited chiefly from this approach, a synoptic view of comprehensive HOX interactomes was substantially contributed to the current limited knowledge on human HOX protein partners and provided a novel tool in the cell biology arsenal.

Along with the contemporary development of proximity labeling methods, in my side project, I depicted and tested a new cell-based PPI detection approach, which combines BiFC and BioID (proximity-dependent biotinylation identification) technologies, and allows deciphering the endogenous interactome of a protein complex.

II

In summary, my PhD work demonstrates that the BiFC is a versatile and powerful approach to study PPIs in the live cellular context, on either small or large scale. In addition, my work further enlarged the potential of BiFC applications by combining it with other tools.

III

Résumé

Les protéines sont cruciales pour la plupart des fonctions cellulaires et participent généralement aux processus biologiques de concert avec d'autres protéines. L'identification des acteurs protéiques clés et la caractérisation des interactions protéine-protéine (IPP) sont donc très importantes. Grâce aux progrès substantiels de la biotechnologie actuelle, un large éventail de méthodes a été développé pour disséquer le paysage des IPP. Compte tenu de leur popularité et de leur puissance, l'essai par complémentation de fluorescence biomoléculaire (BiFC), basé sur la reconstitution d'une protéine fluorescente, est apparu comme la méthode de complémentation la plus populaire pour analyser les IPP in vivo.

Mon équipe a établi la BiFC pour sonder différentes interactions binaires entre protéines dans l'embryon vivant de drosophile. Au cours de mon travail de Thèse, j'ai étendu l'utilité de la BiFC aux cellules vivantes de mammifères. En particulier, j'ai standardisé le protocole de l'analyse BiFC pour étudier les affinités de liaison des protéines, d'une manière simple et applicable. Cette approche quantitative de la BiFC a été utilisée dans une analyse systématique des propriétés d'interaction HOX/PBX/MEIS dans des cellules vivantes et a révélé de nouvelles interfaces d'interaction dans plusieurs protéines HOX humaines.

En outre, j'ai appliqué la BiFC de la détection des IPP à haut débit. En jumelant des collections d'ORF humains vérifiés par séquence avec le séquençage de nouvelle génération, j'ai participé à la conception d'un outil puissant permettant de réaliser un écran d'interaction BiFC à grande échelle dans des cellules vivantes. Grâce à cette approche, une vue synoptique des interactomes HOX complets a été réalisée. Ce travail a apporté des perspectives nouvelles sur les propriétés générales d'interaction des protéines HOX tout en fournissant de nouveaux outils permettant désormais des analyses interactomiques comparatives à large échelle.

Parallèlement au développement contemporain des méthodes de marquage de proximité, j'ai décrit et testé, dans le cadre de mes projets parallèles, une nouvelle approche pour la détection des IPP au niveau cellulaire, qui combine les technologies BiFC et BioID IV (identification par biotinylation dépendante de la proximité) et permet de déchiffrer l'interactome endogène d'un complexe protéique.

En résumé, mon travail de thèse démontre que la BiFC est un outil polyvalent et puissant pour étudier les IPP dans le contexte cellulaire vivant, à petite ou grande échelle. En combinant la BiFC à d'autres outils, mon travail ouvre également de nouveaux champs d'applications pour le futur. Le test BiFC a montré un potentiel de combinaison avec d'autres méthodes et a largement enrichi l'ensemble des outils en conférant des fonctionnalités améliorées ou nouvelles.

Protein-protein interaction plays key role in biological processes

Biological processes are modulated by complex networks of macromolecular interactions, including proteins, nucleic acids, lipids, chromatin, and low-molecular weight compounds.

Characterizing the properties of these networks can provide important insights into cellular organization and underlying mechanism-level traits of life [START_REF] Vidal | Interactome Networks and Human Disease[END_REF]. Sequencing the whole genome of many organisms has been a huge accomplishment with enormous scientific impact. However, genomic information alone is hard to explain cellular functions.

Hence, in the post-genomic era, the research focus is moving towards the function analysis of encoded proteins and the decryption of their interaction networks. Indeed, proteins control and execute most cellular processes. They rarely act on their own in vivo, instead fulfilling most of their biological tasks in complexes through interaction with other proteins [START_REF] Alberts | The cell as a collection of protein machines: preparing the next generation of molecular biologists[END_REF]. Proteins that are composed of more than one subunit are found in many different classes of proteins. It has been revealed that over 80% of proteins do not operate alone but in complexes [START_REF] Berggård | Methods for the detection and analysis of proteinprotein interactions[END_REF]. Protein complexes are groups of proteins that interact with each other (Figure 1), by direct or indirect associations. Given their functions, several significant properties of PPIs are listed, which had been enumerated previously (Phizicky and Fields, 1995). They can (1) alter the kinetic properties of enzymes; (2) perform as one common mechanism to confer substrate channeling; [START_REF] Campbell | A monomeric red fluorescent protein[END_REF] form a new binding site for small effector molecules; (4) inactivate a protein; (5) change the specificity of a protein for its substrate via interaction with different binding partners; (6) play a regulatory role in either upstream or downstream level.

Therefore, identification of the interactors of a given protein, belonging to a multimeric protein complex, can help to predict its function for providing a deeper understanding of cell functions [START_REF] Lalonde | Molecular and cellular approaches for the detection of protein-protein interactions: latest techniques and current limitations[END_REF]. To date, protein-protein interaction (PPI) is becoming one of the major objectives of system biology. [START_REF] Lalonde | Molecular and cellular approaches for the detection of protein-protein interactions: latest techniques and current limitations[END_REF].

The relationships between proteins can be modeled as graphical networks in which proteins are represented by 'nodes' and the interactions between them by 'links' [START_REF] Vidal | Interactome Networks and Human Disease[END_REF], as shown in Figure 2. Here the links between nodes represent permanent or transient bonds.

In principle, these PPIs can be assigned to two different types, including constitutive and regulative interactions [START_REF] Fujikawa | Split luciferase complementation assay to detect regulated protein-protein interactions in rice protoplasts in a large-scale format[END_REF]. Concerning constitutive PPIs, they are relatively stable and mainly constitute subunits of protein complexes that perform structural functions in cells. For example, these proteins interact with high affinity, forming macromolecules, such as ribosomes, proteasomes, replisomes, and signalosomes [START_REF] Morsy | Charting plant interactomes: possibilities and challenges[END_REF]. Constitutive interactions are prone to stability and generally detected easily either by in vivo or in vitro methods. provide a general scaffold of the cell containing the physical interactions between cellular proteins. On the contrary, regulative PPIs are part of biochemical cascades and are often highly sensitive to regulatory stimuli and signalling events, as transient interactions in functional processes. In the signalling network elements of various signalling pathways are linked by the interactions between them. In the transcriptional regulatory network the elements are the transcription factors, genes and the connecting links are functional interactions between them. In the metabolic network we have the various metabolites as elements and the enzyme reactions as links. All these networks highly overlap with each other, and some of them contain modules of other networks. Adapted from figure 1 in [START_REF] Korcsmáros | Molecular chaperones: The modular evolution of cellular networks[END_REF].

In contrast, regulative PPIs exist widely in certain cellular or developmental contexts or in response to specific environmental stimuli. These PPIs participate in signaling cascades and are often highly sensitive to regulatory events. Regarding their interaction strength, these dynamic protein interactions are ultimately divided into weak and strong groups [START_REF] Syafrizayanti | Methods for analyzing and quantifying protein-protein interaction[END_REF]. In most cases, regulative PPIs are transient, showing a lower affinity binding, because proteins continuously associate with and dissociate from each other [START_REF] Nooren | Diversity of protein-protein interactions[END_REF]. For example, protein-modifying enzymes, such as phosphatases, protein kinases, and cell surface receptors that are activated by dimerization [START_REF] Pellicena | Protein-protein interactions in the allosteric regulation of protein kinases[END_REF]. Lying in transient dynamic PPI changes, cells can rapidly respond to intra-and extracellular environmental stimuli. Specially, the detection of these interactions is more challenging, as their quick occurrence and easy destabilization.

-6 -Therefore, regulative interactions are highly recommended to be detected by in vivo methods, like protein-fragment complementation assay (PCA).

As mentioned above, the study of PPIs is important to infer the protein function within the cell. The function of unidentified proteins can be predicted based on the knowledge of their interacting protein partners, whose function is already revealed. The detailed study of PPIs has accelerated the modeling of functional pathways to illustrate the molecular mechanisms of cellular processes. Characterizing the PPIs in a given proteome will be phenomenal to outline the biophysical panorama of the cell [START_REF] Zhang | Protein Interaction Networks | Computational biology and bioinformatics[END_REF].

Protein-protein interaction detection methods

PPI networks are integral to nearly all aspects of cellular activity. In humans, the entire protein interactome is estimated to consist on average of 650,000 PPIs [START_REF] Stumpf | Estimating the size of the human interactome[END_REF].

Therefore, the study of PPIs is vital for understanding the mechanics of a specific biological process in an organism. Recent years have witnessed substantial advances in the development of PPI technology. These efforts, coupled with the availability of nearly complete human ORFeome collections of open reading frames (ORFs) (ORFeome Collaboration, 2016), laid the necessary foundation to enable the methods of PPI detection to expand from single experiments to high-throughput screens. Accordingly, direct PPIs as well as indirect protein-protein associations (PPAs) between the different proteins of the complex, can be identified. Two orthogonal approaches exist for experimentally identifying biophysical relationships between pairs of proteins: binary PPI approach, such as Y2H (yeast two-hybrid system), and protein complex approach, e.g. AP-MS (affinity purification mass spectrometry) and BioID (proximity-dependent biotin identification).

Thus, the biological features of the interactions should be considered when a detection technique is selected for validation of the identified PPIs.

In this part, I review the commonly used techniques for detecting and characterizing PPIs, in line with their corresponding properties. More particularly, to raise awareness about the advent of new powerful approaches compared with conventional methods for probing PPIs, several featured studies will also be presented, which have undertaken different strategies to high-throughput PPI screenings. The BiFC method, as a special issue, will be mentioned in this part, but detailed further in Section 3, Chapter I.

Affinity-based methods

AP-MS

Affinity-based purification (AP) methods allow the preparation of proteins of suitable purity and reduced complexity so that they can be interrogated efficiently by mass spectrometry (MS)-based protein identification approaches [START_REF] Köcher | Mass spectrometry-based functional proteomics: from molecular machines to protein networks[END_REF]. Nowadays, affinity purification followed by mass spectrometry (AP-MS) has become a fast, selective, and sensitive tool for the identification of PPIs under nearly native conditions [START_REF] Van Leene | An improved toolbox to unravel the plant cellular machinery by tandem affinity purification of Arabidopsis protein complexes[END_REF]. In general workflow, a protein of interest (POI) is fused to an affinity tag, allowing its isolation from the cell lysate by using a specific antibody (Figure 3). After several washing steps under mild, non-denaturing conditions, the tagged POI (bait) together with interacting prey proteins is eluted from the solid phase support and analyzed by liquid chromatography tandem-mass spectrometry (LC-MS/MS) [START_REF] Fukao | Protein-protein interactions in plants[END_REF][START_REF] Lee | Mapping Protein-Protein Interactions Using Affinity Purification and Mass Spectrometry[END_REF]. Whereas, the affinity tag might influence the physiological properties of bait protein as well as the complex stoichiometry, resulting in steric hindrance of protein interactions. Reciprocally, it is applicable to use protein-specific antibodies against directly endogenous non-tagged bait proteins (Figure 4A), but the availability of specific antibodies and the one mentionable caveat that topology of bait protein in complexes may mask the antibody-targeting epitopes, leading to low AP efficiency or loss of bait protein binding, still require attention. As a consequence, the tagged bait is much more used in current research. method. In standard AP-MS, a protein of interest (X) is often fused in-frame with an epitope tag (e.g. Flag). Cells are disrupted using gentle lysis conditions, in order to maintain PPIs. Affinity purification is used to isolate the tagged "bait" protein, along with its binding partners. After a gentle wash, proteins are eluted, converted to peptides and identified using MS. Adapted from figure 1 in [START_REF] Dingar | BioID identifies novel c-MYC interacting partners in cultured cells and xenograft tumors[END_REF].

Different affinity tags correspond to different purification methods. For example, in single-step purifications (Figure 4B), the fluorescent proteins were commonly used as single tags, such as GFP, YFP and CFP. In the same way, double affinity tags were designed in a tandem affinity purification-based MS (TAP-MS) (Figure 4C). One of the most frequently applied TAP tag is the GS tag and its derivatives [START_REF] Bürckstümmer | An efficient tandem affinity purification procedure for interaction proteomics in mammalian cells[END_REF][START_REF] Van Leene | Boosting tandem affinity purification of plant protein complexes[END_REF]. Original GS tag encompasses protein G part and a streptavidin-binding peptide (SBP), which is bridged by the TEV protease cleavage site.

In the first purification, the TAP-bait is bound to IgG agarose beads, followed by TEV protease treatment. Subsequent 2 nd purification will trap the bait complex by streptavidinconjugated beads. Therefore, in comparison with single tagged AP-MS, TAP obtains cleaner samples with an increased signal-to-noise ratio. Notably, no matter which AP method is used, it is crucial to set up the suitable controls to remove non-specific background proteins (Figure 4D). [START_REF] Struk | Exploring the protein-protein interaction landscape in plants[END_REF].

Co-IP

Coimmunoprecipitation (Co-IP) is considered as the golden standard assay for the PPIs validation (Figure 5). Despite that it might only be able to capture stable or strong interactions and could not provide spatial and temporal information, it is still a popular and frequently used method to identify physiologically relevant PPIs. The key advantage of Co-IP is that proteins are present in their native context together with other bound proteins.

In Co-IP, the target protein is precipitated from a whole cell lysis with an immobilized antibody and the putative interacting proteins can be detected by Western blotting or MS analysis [START_REF] Masters | Co-Immunoprecipitation from Transfected Cells[END_REF][START_REF] Ransone | Detection of protein-protein interactions by coimmunoprecipitation and dimerization[END_REF]. Besides the conventional engineered coexpression of POIs, the Co-IP can be also used to investigate directly the endogenous protein's interactome with corresponding specific antibodies [START_REF] Chinchilla | A flagellin-induced complex of the receptor FLS2 and BAK1 initiates plant defence[END_REF][START_REF] Xie | Biochemical identification of the OsMKK6-OsMPK3 signalling pathway for chilling stress tolerance in rice[END_REF]. However, if so, this strategy finally will not provide information about the direct interaction between proteins and demonstrate only their coexistence in a near-native protein complexes. 

Yeast-Two-Hybrid (Y2H) assay

Since first reported in 1989, Y2H method, as one of the most prominent PPI assays, was rapidly adopted by the scientific community and used in various species and research fields [START_REF] Fields | Interactive learning: lessons from two hybrids over two decades[END_REF][START_REF] Fields | A novel genetic system to detect protein-protein interactions[END_REF][START_REF] Xing | Techniques for the Analysis of Protein-Protein Interactions in Vivo[END_REF]. In this ingenious binary system, target protein interactions are verified by the transcriptional activation of reporter gene, which allows the positive colonies' growth on selective media or visibility through an enzymatic coloured reaction. The principle of classical Y2H is forthright and illustrated in When these domains are split, the factor is functionally disabled. If each domain is fused to two interacting proteins as hybrid proteins, the function of the factor can be rescued to transcribe reporter genes that then select for PPI events. During the last decade, the Y2H system has been well suited for high-throughput approaches and cDNA library screening (Figure 6B) (see also Section 2.7). It is noteworthy that, there are two of the biggest limitations for this system: the one is the obligatory nuclear localization of the interaction partners, which may prevent the large cytoplasmic proteins from entering the nuclear pores [START_REF] Kriechbaumer | Reticulomics: Protein-Protein Interaction Studies with Two Plasmodesmata-Localized Reticulon Family Proteins Identify Binding Partners Enriched at Plasmodesmata, Endoplasmic Reticulum, and the Plasma Membrane[END_REF]; the other drawback is heterologous system, resulting in the inappropriate protein modification in a native-differed cellular environment. Due to these vices, the false positives that usually arise in a cDNA library screen are drawn from three different types of proteins and their interactions (Figure 6C). Despite a relatively high false-positive rate, Y2H can still be successfully used for discovering the new PPIs, such as the prestigious HuRI project [START_REF] Luck | A reference map of the human binary protein interactome[END_REF]. Furthermore, the Y2H system has been reported to detect ternary interaction, called yeast three-hybrid (Y3H) method [START_REF] Maruta | Yeast Three-Hybrid System for the Detection of Protein-Protein Interactions[END_REF], in which the third protein can serve as a ''bridge'' to connect two not directly interacting proteins or to stabilize a weak interaction (Figure 6D). Given a little more versatility, inhibitor screening of dedicated known PPI was extended application of Y2H system, as reverse Y2H analysis (Figure 6E). Beyond this system per se, there are a range of further modifications and NGS-combined Y2H systems, such as Cre reporter-mediated Y2H coupled with next-generation sequencing, named CrY2H-seq [START_REF] Trigg | CrY2H-seq: a massively multiplexed assay for deepcoverage interactome mapping[END_REF]. that might be detected in yeast two-hybrid cDNA library screens that should be excluded by appropriate testing : (1) unrelated prey fusions that bind to the bait; (2) transcriptional activators that are sufficient to trigger reporter gene activity; and (3) enzymes that overcome the selection pressure on depleted medium by restoring prototrophy. (D) An extension of the classic yeast two-hybrid system is yeast three-hybrid analysis, in which two noninteracting or weakly interacting proteins (bait I and bait II) are bridged or stabilized by a third protein (cyan; prey/bridge). (E) Reverse yeast two-hybrid detects the interference of a known interaction couple and can be used to screen for inhibiting proteins or molecules (red cones). Transcript activation of a selection marker such as URA3 renders yeast sensitive to 5-fluoroorotic acid. If the interaction is prevented, the reporter genes are not activated and the yeast can survive on 5-fluoroorotic acid. UAS, Upstream activating sequence. Reprinted from figure 3 in [START_REF] Xing | Techniques for the Analysis of Protein-Protein Interactions in Vivo[END_REF].

Protein complementation assays (PCAs)

Protein fragment complementation assays (PCAs) are based on halves of enzyme or FP reporters that are fused to two proteins of interest (proteins bait and prey). Upon target protein interaction, the reporter fragments are reconstituted, generating detectable signals for subsequent PPI analysis.

In split-enzyme assays, it is prevailing to use fragments of β-galactosidase [START_REF] Rossi | Monitoring protein-protein interactions in intact eukaryotic cells by β-galactosidase complementation[END_REF], dihydrofolate reductase [START_REF] Pelletier | Oligomerization domaindirected reassembly of active dihydrofolate reductase from rationally designed fragments[END_REF][START_REF] Remy | Clonal selection and in vivo quantitation of protein interactions with protein-fragment complementation assays[END_REF] or βlactamase [START_REF] Galarneau | β-Lactamase protein fragment complementation assays as in vivo and in vitro sensors of protein-protein interactions[END_REF][START_REF] Wehrman | Protein-protein interactions monitored in mammalian cells via complementation of β-lactamase enzyme fragments[END_REF]. The PPIs induce the catalysis of a specific substrate that can be visualized in a colorimetric assay or assessed by antibiotics resistance (Figure 7A). However, the split-enzyme PCAs permit PPI detection to be performed in various subcellular compartments, whereas high background signals are generated concomitantly. Alternatively, bimolecular fluorescence complementation (BiFC), as one of the most used PCAs with low-background, was developed [START_REF] Ghosh | Antiparallel Leucine Zipper-Directed Protein Reassembly: Application to the Green Fluorescent Protein[END_REF]. Through the formation of a fluorescent complex from auto-fluorescent proteins (AFPs) instead of substrate-dependent enzymes, BiFC assay is simple and rapid, providing the direct visualization of PPIs in living cells (Figure 7B). Moreover, PCAs can recruit split-luciferase as well to monitor PPIs, termed bioluminescence complementation (BiLC) assay. Similar to BiFC, the PPIs induce the reassembly and ligation of luciferase fragments to recover and irreversible luciferase activity (Figure 7C) [START_REF] Ozawa | Split Luciferase as an Optical Probe for Detecting Protein-Protein Interactions in Mammalian Cells Based on Protein Splicing[END_REF]. As complementation of BiFC, the BiLC overcomes the problem of cellular auto-fluorescence for some special biology materials, such as plant tissues. The bioluminescence reporter endows the ability to monitor PPI in living cells with extremely low background fluorescence [START_REF] Paulmurugan | Firefly Luciferase Enzyme Fragment Complementation for Imaging in Cells and Living Animals[END_REF]. Collectively, in contrast to classical Y2H strategies, the main advantage of PCAs is that proteins of interest (POIs) are brought into a rather native context, enabling PPI detections within diverse subcellular compartments. [START_REF] Morsy | Charting plant interactomes: possibilities and challenges[END_REF].

FRET and BRET

Like BiFC, Förster resonance energy transfer (FRET) is one of the most commonly employed PPI detection methods to visualize PPIs in a variety of model organisms [START_REF] Hu | Simultaneous visualization of multiple protein interactions in living cells using multicolor fluorescence complementation analysis[END_REF]Kerppola, 2006a). It allows real-time quantitative analysis in living cells with the best spatial and temporal resolutions to study PPIs [START_REF] Pollok | Using GFP in FRET-based applications[END_REF]. FRET is based on the principle that the non-radiative energy between two molecules can be transferred when a donor fluorophore has an emission spectrum that overlaps with the absorption spectrum of an acceptor (Figure 8A). Therefore, FRET can only occur when both donor and acceptor fluorophores are extremely close (<10nm), serving the detection of direct PPIs. As the signal detection is the most crucial part of FRET assay, to date, numerous methods are combined with FRET detection, including acceptor-sensitized emission, acceptor photobleaching, and fluorescence lifetime imaging (FLIM). Among them, FRET-FLIM is one of the most powerful and popular approaches for determining time-resolved, quantitative, subcellular localization of specific PPIs within single living cells [START_REF] Long | In vivo FRET-FLIM reveals cell-typespecific protein interactions in Arabidopsis roots[END_REF][START_REF] Somssich | Real-time dynamics of peptide ligand-dependent receptor complex formation in planta[END_REF][START_REF] Stahl | Moderation of Arabidopsis root stemness by CLAVATA1 and ARABIDOPSIS CRINKLY4 receptor kinase complexes[END_REF]. Thus far, FRET and its variations have not been used as widely as PCAs, due to that FRET signals usually need careful interpretation and multiple control experiments with advanced equipment [START_REF] Bhat | The visible touch: in planta visualization of protein-protein interactions by fluorophore-based methods[END_REF]. Along with its low sensitivity and high labor-intensity, it further restricts the penetration of FRET in the general research field.

Benefiting from low-background bioluminescence, bioluminescence resonance energy transfer (BRET) was developed [START_REF] Xu | A bioluminescence resonance energy transfer (BRET) system: application to interacting circadian clock proteins[END_REF]. The donor protein is replaced by a bioluminescent molecule, such as blue-light emitting Renilla luciferase, instead of using light emitted from an excited AFP, whereas the acceptor remains a fluorophore, either GFP or YFP (Figure 8A). Given that BRET and FRET are two quite similar methods, BRET is more amenable to high-throughput screening than FRET because no internal excitation light source is needed and the energy donor does not become photo-bleached [START_REF] Morsy | Charting plant interactomes: possibilities and challenges[END_REF].

Interestingly, BRET and FRET can be integrated becoming a sequential BRET-FRET (SRET), which allows PPI analysis of a ternary protein complex (Figure 8B) [START_REF] Carriba | Detection of heteromerization of more than two proteins by sequential BRET-FRET[END_REF]. Although SRET needs complicated optimization for both BRET and FRET, it could be an alternative yet attractive approach to examine protein hetero-dimerization under physiological conditions. 2b in [START_REF] Morsy | Charting plant interactomes: possibilities and challenges[END_REF]. (B) Scheme of SRET technique. Sequential BRET-FRET (SRET) for the chemokine receptors CKR1, CKR2, and CKR3 fused to Rluc, CFP, and YFP, respectively. Due to activation by its substrate DeepBlueC (blue dots), Rluc excites CFP (BRET), which in turn excites YFP (FRET) that is detected at 530 nm. Adapted from figure 3b in [START_REF] Martínez-Muñoz | Use of Resonance Energy Transfer Techniques for In Vivo Detection of Chemokine Receptor Oligomerization[END_REF].

Proximity-based labeling methods

In the recent past, proximity-based labeling (PL) methods were developed as alternative approaches for studying PPIs in living cells. These methods take advantage of promiscuous enzymes that are fused to the target protein and can directly label all proximal endogenous proteins with a covalent biotin tag. After the labeling reaction, cells are lysed and the biotinylated proteins are subsequently pulled down with streptavidin beads followed by mass spectrometry (Figure 9). Supplying the enzymes with their substrates creates reactive intermediates that target amino acid side chains of proteins in proximity (prey). The covalently biotinylated proteins can be enriched by streptavidin beads.

Subsequent on-bead digestion and identification of resulting peptides with mass spectrometry provides a candidate list of proteins in the vicinity of the bait. Reprinted from figure 1 in [START_REF] Ummethum | Proximity Labeling Techniques to Study Chromatin[END_REF].

To date, along with unremitting efforts, there are three major enzymes that are used for proximity labeling: biotin ligase (BioID [START_REF] Roux | A promiscuous biotin ligase fusion protein identifies proximal and interacting proteins in mammalian cells[END_REF]), BioID2 (Kim et al., 2016), BASU [START_REF] Ramanathan | RNA-protein interaction detection in living cells[END_REF], miniTurbo (Branon et al., 2018a), TurboID (Branon et al., 2018a)), horseradish peroxidase (HRP) [START_REF] Kotani | Biochemical visualization of cell surface molecular clustering in living cells[END_REF], and engineered ascorbate peroxidase (APEX [START_REF] Martell | Engineered ascorbate peroxidase as a genetically encoded reporter for electron microscopy[END_REF], APEX2 [START_REF] Lam | Directed evolution of APEX2 for electron microscopy and proximity labeling[END_REF]). These evolved PL enzymes are characterized and summarized in Table 1. [START_REF] Ummethum | Proximity Labeling Techniques to Study Chromatin[END_REF].

PL methods have become a valuable complement to classical PPI studies like AP-MS and

ChIP. Nevertheless, some general considerations still need to be taken during their use. For example, the enzyme-fused bait protein may confer influence of its function or localization, compared to its wild type (Kim and Roux, 2016). Besides, the experimentally determined labelling radii are varied from 1-20nm for different enzymes [START_REF] Kim | Probing nuclear pore complex architecture with proximity-dependent biotinylation[END_REF][START_REF] Martell | Engineered ascorbate peroxidase as a genetically encoded reporter for electron microscopy[END_REF][START_REF] Mayer | Biotinyl-Tyramide: A Novel Approach for Electron Microscopic Immunocytochemistry[END_REF]. Many relevant factors may address this issue, such as half-life of reactive enzymes [START_REF] Rhee | Proteomic Mapping of Mitochondria in Living Cells via Spatially Restricted Enzymatic Tagging[END_REF], properties of target proteins [START_REF] Kim | Probing nuclear pore complex architecture with proximity-dependent biotinylation[END_REF], diversity of flexible linkers (Kim et al., 2016), or different subcellular locations during labelling reaction [START_REF] Hung | Spatially resolved proteomic mapping in living cells with the engineered peroxidase APEX2[END_REF]. Owing to biotin-streptavidin bond-based pulldown process, another concern is the efficiency of biotinylated protein elution from beads, on which a harsh enough condition is needed to collect the majority of labelled proteins for subsequent analysis. In the course of designing a proximity labeling experiment, negative control is also an important point that must be considered [START_REF] Lobingier | An Approach to Spatiotemporally Resolve Protein Interaction Networks in Living Cells[END_REF]. Because abundant false positives can be generated due to promiscuous association with the target protein, two types of control are necessary for reliable results with statistical significance of analysis: a technical control without PL reaction, which used to remove the technical background, and a spatial control for patterning the PL reaction in specific cellular compartments. In classical BioID method, for instance, cells with no BirA*, BirA* alone, or BirA* fused to a target protein-mimicked location-specific tag are three most common controls. Furthermore, unlike the PCA methods, the PL methods investigate the cocomplex of target protein, thus the quantification of biotin-labelled proteins does not necessarily reflect the strength of association [START_REF] Minde | Biotin proximity tagging favours unfolded proteins and enables the study of intrinsically disordered regions[END_REF].

However, PL methods have been conducted in various cell types and organisms for settling PPI mapping problems (reviewed in [START_REF] Qin | Deciphering molecular interactions by proximity labeling[END_REF]). Recently, novel approaches combining PL and PCA were developed. Two POIs are fused to either half of a split PL enzyme. The PL enzyme is reconstituted only upon interaction of the POIs. Lying in PCAlike complementation of two target proteins, the PCA-PL method expands the applications of PL, which enables the co-complex profiling from single POI to two interacted POIs. As examples, split-BioID, split-APEX2 and split-TurboID have now been reported [START_REF] Cho | Split-TurboID enables contact-dependent proximity labeling in cells[END_REF][START_REF] Han | Directed Evolution of Split APEX2 Peroxidase[END_REF][START_REF] Munter | Split-BioID: a proximity biotinylation assay for dimerizationdependent protein interactions[END_REF][START_REF] Schopp | Split-BioID a conditional proteomics approach to monitor the composition of spatiotemporally defined protein complexes[END_REF][START_REF] Xue | Optimizing the fragment complementation of APEX2 for detection of specific protein-protein interactions in live cells[END_REF]. By combining PL with dCas9, such as dCas9-BirA*, PL methods can also be extended to study PPIs at specific genome regions, which was originally termed CasID [START_REF] Schmidtmann | Determination of local chromatin composition by CasID[END_REF]. Additionally, for protein-nucleic acid mapping, the PL-based methods have been reported in both studies of protein-DNA interactions (PDIs) and protein-RNA interactions (PRIs), like dCas9-APEX2 biotinylation at genomic elements by restricted spatial tagging (C-BERST) [START_REF] Gao | C-BERST: defining subnuclear proteomic landscapes at genomic elements with dCas9-APEX2[END_REF] and RNA sequencing based on direct proximity labeling of RNA using the peroxidase enzyme APEX2 (APEX-seq) [START_REF] Fazal | Atlas of Subcellular RNA Localization Revealed by APEX-Seq[END_REF].

Accordingly, PL methods provide a powerful tool to investigate the proximity of a protein of interest, giving insight into potential interaction partners. Beyond the traditional PPI detection methods, advanced multiplexing PL enzymes and enrichment strategies could allow simultaneous molecular interactome mapping for multiple complexes at a time.

Prospectively, continuing development of versatile PL methods may largely expand the scope of PL-based discoveries and open more intriguing biological conundrums.

In vitro methods

Several in vitro methods were developed and dedicated to investigate the binding affinity between two molecules, such as surface plasmon resonance (SPR) or microscale thermophoresis (MST). SPR is probably the simplest method to analyze thermodynamic and kinetic parameters of PPIs. SPR is based on an optical sensing technology that measures changes in the refractive index of the medium near the sensor surface, which can be influenced by a complex formation or its dissociation [START_REF] Schuck | Use of surface plasmon resonance to probe the equilibrium and dynamic aspects of interactions between biological macromolecules[END_REF]. The interaction between the proteins will accumulate molecules on the surface that consequently changes the reflection angle of the polarized light (Figure 10A). Meanwhile, SPR is faithful to detect weak interactions, allows real-time kinetic studies, and generates valuable information about the binding affinities of protein complexes free of labelling. Moreover, commercial advanced instruments (e.g. BIAcore TM ) provide the analysis of interactions between multiple baits and prey at medium-scale level. Apropos MST, similar to SPR, is based on the physical principle of thermophoresis (Figure 10B). During the MST experiment, a temperature gradient in the sample is regulated by thermal elements that contact the glass capillaries, using a focused infrared (IR) laser as heat source. Therefore, relative modifications in the movement along the temperature gradient are detected and quantified by means of either covalently attached or intrinsic fluorophores. The data are then used to measure different parameters of an interaction, such as the dissociation constant, the stoichiometry, or the thermodynamics. The dominance of MST compared to SPR is that the experiment is executed in a solution, thereby obviating the affixation procedures and surface artifacts [START_REF] Jerabek-Willemsen | Molecular interaction studies using microscale thermophoresis[END_REF][START_REF] Seidel | Microscale thermophoresis quantifies biomolecular interactions under previously challenging conditions[END_REF]. This method, ultimately, can be used in both artificial buffers and near-native conditions. (left) MST is measured in disposable capillaries that hold sample volumes of ~4ul. The sample temperature is regulated by thermal elements which directly contact these capillaries. A focused IR laser induces a local temperature gradient in the sample (typically in the order of 2-6K), triggering thermophoretic movement of molecules. Fluorescent molecules in the capillary are excited and detected through the same objective lens.

(right) During an MST experiment, the fluorescence of molecules in solution (yellow dots) is detected over time. For simple FES experiments, detection of the initial fluorescence for 1-5s is sufficient. During a typical MST experiment, the infrared laser is activated after 5s, resulting in thermophoresis towards lower temperatures which can be quantified by measuring the fluorescence decay (in case of positive thermophoresis, as shown here), or fluorescence increases (negative thermophoresis). After a defined time, the infrared laser is switched off, resulting in re-equilibration of the solution by diffusion. Reprinted from figure 2 in [START_REF] Alexander | Novel microscale approaches for easy, rapid determination of protein stability in academic and commercial settings[END_REF].

To pave the way for high-throughput PPI detection and quantification, protein microarrays provide an efficient and sensitive multiplex protein analysis, becoming a powerful tool to probe PPIs. However, the additional optimizations are still needed to attain the accuracy levels of DNA microarrays (discussed further in Section 2.8). Alternatively, a real-time single-molecule Co-IP (RT-smCo-IP) has been developed (Figure 11), which also enables the quantification of the interaction kinetics, similar to the above, based on a cell-free system [START_REF] Lee | Real-time single-molecule coimmunoprecipitation of weak protein-protein interactions[END_REF]. [START_REF] Struk | Exploring the protein-protein interaction landscape in plants[END_REF].

In silico methods

Bioinformatics techniques of PPI prediction strengthen and replenish the study of protein interactions, regarding the different facets, such as evolution, function or structure (Figure 12). While experimental in vitro and in vivo methods are widely accepted as the standard analysis for PPIs, in silico methods have emerged as complementary methods to overcome the limitations of experimental techniques, through completing the missing pieces of experimental PPI data information and providing the clues of PPI mechanisms. [START_REF] Macalino | Evolution of In Silico Strategies for Protein-Protein Interaction Drug Discovery[END_REF].

In order to understand the total context of potential interactions, it is necessary to develop approaches that predict the full range of possible interactions between proteins [START_REF] Zhang | Protein Interaction Networks | Computational biology and bioinformatics[END_REF]. Thereby, a variety of in silico methods have been developed to support the known interactions, as well as the new PPI discovery. These include sequence-based approaches [START_REF] Hosur | IWRAP: An interface threading approach with application to prediction of cancer-related protein-protein interactions[END_REF], structure-based approaches [START_REF] Berman | The worldwide Protein Data Bank (wwPDB): ensuring a single, uniform archive of PDB data[END_REF], chromosome proximity [START_REF] Yamada | Divergent promoter organization may be a preferred structure for gene control in Escherichia coli[END_REF], gene fusion [START_REF] Enright | Protein interaction maps for complete genomes based on gene fusion events[END_REF][START_REF] Marcotte | Detecting Protein Function and Protein-Protein Interactions from Genome Sequences[END_REF], in silico two-hybrid [START_REF] Pazos | In silico two-hybrid system for the selection of physically interacting protein pairs[END_REF], phylogenetic tree [START_REF] Sato | The inference of protein-protein interactions by co-evolutionary analysis is improved by excluding the information about the phylogenetic relationships[END_REF], phylogenetic profile [START_REF] Srinivas | Methodology for Phylogenetic Tree Construction[END_REF], and gene expression-based approaches [START_REF] Grigoriev | A relationship between gene expression and protein interactions on the proteome scale: Analysis of the bacteriophage T7 and the yeast Saccharomyces cerevisiae[END_REF].
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There are a number of verification methods that specially address this issue, such as Expression Profile Reliability (EPR) [START_REF] Mora | Effects of protein interaction data integration, representation and reliability on the use of network properties for drug target prediction[END_REF], Paralogous Verification Method (PVM) [START_REF] Deane | Protein interactions: two methods for assessment of the reliability of high throughput observations[END_REF], Protein Localization Method (PLM) [START_REF] Sprinzak | How Reliable are Experimental Protein-Protein Interaction Data?[END_REF], and Interaction Generalities Measures IG1 [START_REF] Saito | Construction of reliable protein-protein interaction networks with a new interaction generality measure[END_REF] and IG2 [START_REF] Saito | Interaction generality, a measurement to assess the reliability of a protein-protein interaction[END_REF].

Last but not least, the computational methods, over decades, have been dedicated to compile information about experimentally-determined PPIs into databases or platforms, which can provide invaluable information with metadata, including different methods, interaction type, subcellular location, and other physiological aspects [START_REF] Rivas | Protein-Protein Interactions Essentials: Key Concepts to Building and Analyzing Interactome Networks[END_REF][START_REF] Schaefer | Adding Protein Context to the Human Protein-Protein Interaction Network to Reveal Meaningful Interactions[END_REF]. For example, the primary databases are created by only the verified PPIs from individually published studies, such as the Biomolecular Interaction Network Database (BIND) [START_REF] Bader | BIND-The Biomolecular Interaction Network Database[END_REF], the Biological General Repository for Interaction Datasets (BioGRID) [START_REF] Chatr-Aryamontri | The BioGRID interaction database: 2017 update[END_REF], the Database of Interacting Proteins (DIP) [START_REF] Salwinski | The Database of Interacting Proteins: 2004 update[END_REF], Human Protein Reference Database (HPRD) (Keshava [START_REF] Prasad | Human Protein Reference Database-2009 update[END_REF], the IntAct molecular interaction database (IntAct) [START_REF] Kerrien | The IntAct molecular interaction database in 2012[END_REF] or Comprehensive resource of mammalian protein complexes (CORUM) [START_REF] Ruepp | CORUM: the comprehensive resource of mammalian protein complexes-2009[END_REF]. The meta-databases contain experimentally validated PPIs collected from multiple primary databases and integrate them into one large data model. Furthermore, some of these meta-databases additionally integrated the PPI prediction results and gene expression profiles, which enable deep and multidimensional analysis for a given query, like GeneMANIA [START_REF] Donaldson | The GeneMANIA prediction server: biological network integration for gene prioritization and predicting gene function[END_REF] and STRING [START_REF] Szklarczyk | STRING v10: protein-protein interaction networks, integrated over the tree of life[END_REF]. Nowadays, a one-stop comprehensive platform, on which people can interactively explore complex omics datasets via analysis and visualization functions, is urgently needed. The advent of Cytoscape [START_REF] Shannon | Cytoscape: A Software Environment for Integrated Models of Biomolecular Interaction Networks[END_REF] has alleviated this problem to some extent. It is one of the most successful network biology analysis and visualization tools, supported by a large and vibrant community of app contributors.
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High-throughput PPI screenings

Over the past decades, many of the above approaches have been improved and utilized in high-throughput screens, uncovering novel PPIs in diverse organisms. Among them, Y2H, MS-based methods, protein microarray, and PCAs, to date, are the most frequently applied.

Since the seminal study of [START_REF] Fields | A novel genetic system to detect protein-protein interactions[END_REF]), the Y2H system has been utilized to detect PPIs in diverse cell types [START_REF] Vidal | The yeast two-hybrid assay: still finding connections after 25 years[END_REF]. The first S. cerevisiae two-hybrid screening on a large scale was performed by making about 5,300 ORF bait strains and a pooled prey library, leading to the identification of 691 interactions [START_REF] Uetz | A comprehensive analysis of protein-protein interactions in Saccharomyces cerevisiae[END_REF]. Thereafter. Y2H and the related methods have been a popular tool for high-throughput studies of PPIs [START_REF] Drees | A protein interaction map for cell polarity development[END_REF][START_REF] Snider | Mapping the functional yeast ABC transporter interactome[END_REF][START_REF] Yu | High-Quality Binary Protein Interaction Map of the Yeast Interactome Network[END_REF].

Currently, a human 'all-by-all' reference interactome map of human binary protein interactions (HuRI) has been released, which was conducted through Y2H screens, with approximately 53,000 PPIs involving 8,275 proteins [START_REF] Luck | A reference map of the human binary protein interactome[END_REF]. In this landmark study, the newly established human ORFeome v9.1 upon integration with 17,408 proteincoding genes, encompassing over 150 million pairwise combinations, was commandeered, followed by Y2H screens, resulting in dataset HI-III-20 (Human Interactome obtained from screening Space III, published in 2020), referred as a reference map of HuRI. Together, combining HuRI with all previously published systematic Y2H screening efforts at the Center for Cancer Systems Biology (CCSB) yields 64,006 binary PPIs involving 9,094 proteins, including HI-III-20, HI-II-14 (Human Interactome obtained from screening Space II, published in 2014) [START_REF] Rolland | A Proteome-Scale Map of the Human Interactome Network[END_REF], and HI-I-05 (Human Interactome obtained from screening Space I, published in 2005) [START_REF] Stelzl | A human protein-protein interaction network: a resource for annotating the proteome[END_REF]. The resulting HI-union dataset might be the most complete collection of binary PPI data available in human to data. Therefore, it demonstrates convincingly that Y2H can be operated at sufficient throughput for the compilation of proteome-wide interactome maps.

In recent years, the MS-based methods have achieved great improvement in the sensitivity of MS and bioinformatics approaches for accurate data analysis [START_REF] Armean | Popular Computational Methods to Assess Multiprotein Complexes Derived From Label-Free Affinity Purification and Mass Spectrometry (AP-MS) Experiments *[END_REF][START_REF] Qu | Qualitative and quantitative characterization of protein biotherapeutics with liquid chromatography mass spectrometry[END_REF][START_REF] Walton | Plant hormone signalling through the eye of the mass spectrometer[END_REF]. Two approaches are widely used in large-scale studies at proteome scale: AP-MS and co-fractionation followed by MS (CoFrac-MS) [START_REF] Havugimana | A Census of Human Soluble Protein Complexes[END_REF]. In AP-MS, protein baits are purified from a cell lysate and copurified protein preys are detected by MS. Hein and colleagues used a label-free AP-MS strategy, termed quantitative BAC-GFP interactomics (QUBIC), which enables an unparalleled prospection of protein association strength at interactome scale [START_REF] Hein | A Human Interactome in Three Quantitative Dimensions Organized by Stoichiometries and Abundances[END_REF]. In this study, 1,125 GFP-tagged protein baits were affinity purified from HeLa cells. In a proteome-wide manner, 5,400 proteins with 28,500 interactions were resulted to assemble a large-scale map of the human interactome. Another study, for example, using high-throughput AP-MS, is denominated as Biophysical interactions of ORFeome-based complexes (BioPlex) [START_REF] Huttlin | The BioPlex Network: A Systematic Exploration of the Human Interactome[END_REF][START_REF] Huttlin | Architecture of the human interactome defines protein communities and disease networks[END_REF]. Initial experiments provided 23,744 interactions involving 7,668 proteins in HEK293T cells [START_REF] Huttlin | The BioPlex Network: A Systematic Exploration of the Human Interactome[END_REF]. Referring to CoFrac-MS, it is the only method, heretofore, that does not rely on the genetic manipulation of cells or organisms. CoFrac-MS has thus been able to predict endogenous and unmanipulated protein complexes on a considerably large scale [START_REF] Havugimana | A Census of Human Soluble Protein Complexes[END_REF][START_REF] Wan | Panorama of ancient metazoan macromolecular complexes[END_REF] and to infer their PPIs [START_REF] Drew | Identifying direct contacts between protein complex subunits from their conditional dependence in proteomics datasets[END_REF]. In CoFrac-MS, protein extracts are fractionated to separate protein complexes whose components are then detected by MS. In a cross-species study, Wan et al. identified and quantified 13,386 protein orthologues across 6,387 fractions obtained from 69 different experiments, generating a draft conservation map consisting of more than one million putative high-confidence cocomplex interactions for 9 different species [START_REF] Wan | Panorama of ancient metazoan macromolecular complexes[END_REF].

Protein microarray is another potential high-throughput method, allowing the study of thousands of proteins at a time in a single experiment [START_REF] Zhu | Global Analysis of Protein Activities Using Proteome Chips[END_REF]. Despite that this recombinant protein-based microarray permits the sensitive and immediate detection between two proteins, even weak and transient PPIs, it still suffers the laborious and costly protein production and purification [START_REF] Struk | Exploring the protein-protein interaction landscape in plants[END_REF]. Several improvements have been addressed on this issue, hybridizing the protein in situ synthesis with sophisticated DNA microarray chips. In retrospect, array tools were developed with the implementation of DNA microarray technology as an accurate platform to quantify mRNA expression for thousands of genes on a chip scale [START_REF] Taub | Sequential comparative hybridizations analyzed by computerized image processing can identify and quantitate regulated RNAs[END_REF]. In the recent past, DNA microarrays have evolved towards protein microarrays, which comprise more than 1,000 elements per array in a high-density format [START_REF] Angenendt | Generation of High Density Protein Microarrays by Cell-free in Situ Expression of Unpurified PCR Products *[END_REF]. Thanks to in situ synthesis protein microarray technologies, a large number of target genes can be tested, allowing a thousandscale PPI detection at a lower cost and in less time [START_REF] Jackson | Cell-free protein synthesis for proteomics[END_REF], such as nucleic acid programmable protein array (NAPPA) (Figure 13A) [START_REF] Ramachandran | Self-Assembling Protein Microarrays[END_REF] and multiplexed nucleic acid programmable protein array (M-NAPPA) (Figure 13B) [START_REF] Yu | Multiplexed Nucleic Acid Programmable Protein Arrays[END_REF]. These improved technologies largely increased the array throughput, like M-NAPPA, as an ultra-high density proteome microarray, which could be performed on a scale of >10,000 proteins per slide. an experiment (~2 h) through the use of various cell-free expression systems (e.g., lysate from wheat germ, insect cells, rabbit reticulocyte and human cells) [START_REF] Jackson | Cell-free protein synthesis for proteomics[END_REF]. arrayer, each spot on M-NAPPA contains plasmids encoding for different proteins-of-interest with the same fusion tag. The genes are then transcribed and translated into recombinant proteins using a cell-free expression system, and captured to the slide surface in situ via a fusion tag antibody. The hits identified from high-density M-NAPPA protein microarrays could be deconvoluted by NAPPA arrays. Adapted from figure 1A in [START_REF] Yu | Multiplexed Nucleic Acid Programmable Protein Arrays[END_REF].

Because performing PCA assay is simple and inexpensive, it is suitable for large-scale screens for PPIs. Various vector systems for tagging fluorescent protein fragments to proteins of interest have been developed to date, and large-scale screens using PCAs, such as BiFC assays, have been performed in diverse species from yeast to mammalian cells, as detailed in Section 3.4.2.

In addition to the methods mentioned above, certain conventional PPI techniques have also been attempted to perform in a high-throughput fashion, such as surface plasmon resonance (SPR) [START_REF] Faye | The First Draft of the Endostatin Interaction Network *[END_REF], and FRET [START_REF] You | Intracellular protein interaction mapping with FRET hybrids[END_REF].

Summary

Over decades, a wide range of PPI detection approaches has been developed at frantic speed. As they are different from their specificity and sensitivity to a given PPI, each method has its own advantages and limitations in various scenarios (as summarized in Table 2). Therefore, the method selection is crucial during the experimental design. To date, no one single method assesses all the specific aspects of PPIs, thus application of multiple combined approaches is highly important to chart a more accurate and complete PPI network in living cells. Moving forward, continuous efforts on large-scale PPI study will further facilitate the protein interaction data generating and deciphering, heralding a new era of proteome-scale interactomics.

Bimolecular fluorescence complementation (BiFC)

Bimolecular fluorescence complementation (BiFC) is one of extensively used PCAs over the last decade, based on the reconstitution of a fluorescent protein (FP) to directly visualize PPIs in vivo. In practice, two proteins of interest (POIs) are fused to split non-fluorescent fragments derived from a FP and then expressed in living cells. If these two proteins interact with each other, the split fragments are assembled and reconstituted to active FP (Figure 14) [START_REF] Kerppola | BIMOLECULAR FLUORESCENCE COMPLEMENTATION (BiFC) ANALYSIS AS A PROBE OF PROTEIN INTERACTIONS IN LIVING CELLS[END_REF] 

Fluorescent proteins for BiFC assay

Since 1994, different fluorescent proteins and their variants have been discovered or developed [START_REF] Chudakov | Fluorescent Proteins and Their Applications in Imaging Living Cells and Tissues[END_REF][START_REF] Heim | Wavelength mutations and posttranslational autoxidation of green fluorescent protein[END_REF][START_REF] Shaner | Improved monomeric red, orange and yellow fluorescent proteins derived from Discosoma sp. red fluorescent protein[END_REF][START_REF] Stepanenko | Modern fluorescent proteins: from chromophore formation to novel intracellular applications[END_REF]. In the witness of the recent technical progress, many of them have been adopted

for BiFC assays (Figure 15). The first application of BiFC can be dated back to the study of Regan and colleagues. Two fragments of GFP (NGFP and CGFP), split in a loop between residues 157 and 158, were fused to antiparallel leucine zippers in Escherichia coli [START_REF] Ghosh | Antiparallel Leucine Zipper-Directed Protein Reassembly: Application to the Green Fluorescent Protein[END_REF]. Subsequently, YFP was successfully reconstituted in mammalian cells using fragmented YFP fused to interacting transcription factors [START_REF] Hu | Visualization of Interactions among bZIP and Rel Family Proteins in Living Cells Using Bimolecular Fluorescence Complementation[END_REF]. Since then, the BiFC has been more widely used to visualize the PPIs in biological research, taking advantage of the different characteristics of fluorescent reporter proteins (Table 3). Following the initial development with GFP, a monomeric Kusabira-Green (mKG) with spectral characteristics similar to GFP has been developed for a BiFC assay [START_REF] Ueyama | Sequential Binding of Cytosolic Phox Complex to Phagosomes through Regulated Adaptor Proteins: Evaluation Using the Novel Monomeric Kusabira-Green System and Live Imaging of Phagocytosis[END_REF]. Otherwise, a notable advance in BiFC based on GFP is Tripartite split-GFP [START_REF] Cabantous | A New Protein-Protein Interaction Sensor Based on Tripartite Split-GFP Association[END_REF]. in which superfolder GFP was used and will be further described in Section 3.4.1, Chapter I.

In addition to GFP-based BiFC, the YFP fragments for a BiFC assay were first demonstrated to visualize calcium-dependent PPIs in living cells [START_REF] Nagai | Circularly permuted green fluorescent proteins engineered to sense Ca2+[END_REF]. Over the past decade, different variants of YFP appeared in succession, such as EYFP (S65G, S72A, T203Y) [START_REF] Hu | Visualization of Interactions among bZIP and Rel Family Proteins in Living Cells Using Bimolecular Fluorescence Complementation[END_REF], Citrine ( a PH-resistant YFP variant) [START_REF] Shyu | Identification of new fluorescent protein fragments for bimolecular fluorescence complementation analysis under physiological conditions[END_REF] and Venus (a rapidly-maturing YFP variant) [START_REF] Shyu | Identification of new fluorescent protein fragments for bimolecular fluorescence complementation analysis under physiological conditions[END_REF]. A series of efforts have been witnessed on the development of CFP variants in BiFC assays. For example, ECFP split between amino acids 154 and 155 (CN155 and CC155) show fluorescence complementation when fused to bJun and bFos [START_REF] Hu | Simultaneous visualization of multiple protein interactions in living cells using multicolor fluorescence complementation analysis[END_REF]. An improved CFP variant, termed Cerulean (S72A, Y145A and H148D), has also been successfully applied for BiFC assay [START_REF] Shyu | Identification of new fluorescent protein fragments for bimolecular fluorescence complementation analysis under physiological conditions[END_REF].

In line with sequential application of GFP, YFP and CFP-based BiFC, the red fluorescent protein DsRed [START_REF] Matz | Fluorescent proteins from nonbioluminescent Anthozoa species[END_REF] would further extend the detection range of BiFC.

Continuously, arising from its strong tendency to oligomerize [START_REF] Baird | Biochemistry, mutagenesis, and oligomerization of DsRed, a red fluorescent protein from coral[END_REF], a monomeric RFP, mRFP1, was thus generated [START_REF] Campbell | A monomeric red fluorescent protein[END_REF].As further better performance in BiFC, mRFP1-Q66T was developed with improved fluorescence intensity [START_REF] Jach | An improved mRFP1 adds red to bimolecular fluorescence complementation[END_REF]. The mRFP1-Q66T-based BiFC assay was sensitive enough to catch weak and transient PPIs. Another RFP-based BiFC system is the split mutant monomeric RFP, mCherry, with excitation and emission wavelengths at 587/610 nm [START_REF] Shaner | Improved monomeric red, orange and yellow fluorescent proteins derived from Discosoma sp. red fluorescent protein[END_REF].

Moreover, the far-red fluorescent proteins are important for imaging deep tissue in animals.

To achieve this purpose, a monomeric form of Katushka far-red protein, named mKate [START_REF] Shcherbo | Bright far-red fluorescent protein for whole-body imaging[END_REF], was chosen to develop a far-red-based BiFC. This system eventually exhibited high BiFC efficiency in COS-7 cells [START_REF] Chu | A novel far-red bimolecular fluorescence complementation system that allows for efficient visualization of protein interactions under physiological conditions[END_REF]. Interestingly, the site-mutated mKate-S158A, mLumin, could increase 2-fold the mKate brightness in the same study [START_REF] Chu | A novel far-red bimolecular fluorescence complementation system that allows for efficient visualization of protein interactions under physiological conditions[END_REF]. Further mutation of mKate is called Neptune, which is the first bright fluorescent protein with an excitation peak reaching 600 nm. The monomeric variant of Neptune, mNeptune [START_REF] Lin | Autofluorescent Proteins with Excitation in the Optical Window for Intravital Imaging in Mammals[END_REF], has been successfully used for BiFC assays in animal tissues. For whole animal imaging, the near-infrared-based BiFC has been developed in the near past [START_REF] Filonov | A Near-Infrared BiFC Reporter for In Vivo Imaging of Protein-Protein Interactions[END_REF]. The near-infrared protein iRFP-based BiFC exhibits high fluorescence intensity and low cytotoxicity and utilizes endogenous concentrations of biliverdin chromophore to acquire fluorescence [START_REF] Filonov | Bright and stable near-infrared fluorescent protein for in vivo imaging[END_REF].

Generally, tracking BiFC signals is hindered by repeated capturing. To settle this matter, Dronpa, an artificial GFP-like fluorescent protein cloned from Pectiniidae [START_REF] Ando | Regulated Fast Nucleocytoplasmic Shuttling Observed by Reversible Protein Highlighting[END_REF], was used as a BiFC reporter. Dronpa has a reversible photo-switching activity between the fluorescent and non-fluorescent states. The Dronpa-based BiFC was successfully performed in HEK293 cells [START_REF] Lee | Development of Bimolecular Fluorescence Complementation Using Dronpa for Visualization of Protein-Protein Interactions in Cells[END_REF]. It will therefore enable the study of protein complex translocation between various cellular compartments.

Nowadays, the single-molecular PPIs in living cells is coming into focus. Nonetheless, current BiFC is limited by the brightness and photo-stability of fluorescent proteins, resulting in insufficient resolution for single molecule tracking. BiFC coupled with photoactivated localization microscopy (BiFC-PALM) [START_REF] Betzig | Imaging Intracellular Fluorescent Proteins at Nanometer Resolution[END_REF][START_REF] Hess | Ultra-High Resolution Imaging by Fluorescence Photoactivation Localization Microscopy[END_REF], largely alleviates this problem, and allows the imaging and tracking of single-molecule PPIs at sub-diffraction resolution in crowded PPI background of living cells, by using split of photo-switchable (mEos3.2) [START_REF] Liu | Super-resolution imaging and tracking of protein-protein interactions in sub-diffraction cellular space[END_REF] and photo-convertible (PAmCherry1) [START_REF] Nickerson | Photoactivated Localization Microscopy with Bimolecular Fluorescence Complementation (BiFC-PALM) for Nanoscale Imaging of Protein-Protein Interactions in Cells[END_REF] fluorescent proteins. Likewise, the newly reported TagBiFC [START_REF] Shao | TagBiFC technique allows longterm single-molecule tracking of protein-protein interactions in living cells[END_REF], which leveraged the split HaloTag system for single-molecule PPI in living cells via super-resolution imaging, provides an alternative approach to tackle this important issue.

Advantages of BiFC assay

BiFC is a very sensitive method with minimum background [START_REF] Kerppola | BIMOLECULAR FLUORESCENCE COMPLEMENTATION (BiFC) ANALYSIS AS A PROBE OF PROTEIN INTERACTIONS IN LIVING CELLS[END_REF], thus it enables direct visualization of PPIs and has been successfully applied in a wide variety of cell types and organisms [START_REF] Kerppola | Design and implementation of bimolecular fluorescence complementation (BiFC) assays for the visualization of protein interactions in living cells[END_REF]. Since the inception of PPI study, diverse techniques have been developed, such as FRET, Y2H, and AP-MS. By comparison, BiFC presents several advantages per se over other PPI detection methods.

FRET and BiFC are the two most commonly employed PPI detection methods in cells.

Like BiFC, FRET also employs the FPs as reporter signals. It needs energy transfer from an excited donor fluorophore to an acceptor at angstrom distances (10-100Å) [START_REF] Sekar | Fluorescence resonance energy transfer (FRET) microscopy imaging of live cell protein localizations[END_REF] and in a permissive orientation. Therefore it is applicable only to analyze bimolecular, direct PPIs [START_REF] Sun | Förster resonance energy transfer microscopy and spectroscopy for localizing protein-protein interactions in living cells[END_REF]. In contrast, BiFC assays may generate positive signals, as long as two tag-fused proteins are present within the same protein complex, including direct and indirect interactions between the two proteins. FRET, moreover, requires confocal image capture of two different FPs, as well as accurate and elaborate computation via time-correlated single-photon counting to predict protein interactions [START_REF] Sekar | Fluorescence resonance energy transfer (FRET) microscopy imaging of live cell protein localizations[END_REF].

In an Y2H assay, the system addresses only the qualitative question, yes or no on protein associations. Its experiments drive expression of the target proteins into a rather unnatural context, especially for non-yeast proteins, differing from their native situation. The geneticmanipulated proteins, accordingly, may be misfolded due to the absence of mediating factors. Reciprocally, BiFC conducts context-dependent interaction studies with the native context from which the target proteins derive. AP-MS method and its variants capture the bait protein complex in the native cellular context, but the weak PPIs will be disrupted by the cell lysis and purification steps [START_REF] Miteva | Proteomics-Based Methods for Discovery, Quantification, and Validation of Protein-Protein Interactions[END_REF][START_REF] Roux | A promiscuous biotin ligase fusion protein identifies proximal and interacting proteins in mammalian cells[END_REF]. Consequently, AP-MS precludes the weak or transient interaction partners from its final candidate list. The proximity-labelling methods, like BioID, have revitalized the detection of transient and low-affinity interactions for the APbased methods [START_REF] Roux | A promiscuous biotin ligase fusion protein identifies proximal and interacting proteins in mammalian cells[END_REF]. Nevertheless, paired controls are still necessary to reduce the final false positives [START_REF] Gingras | Getting to know the neighborhood: using proximity-dependent biotinylation to characterize protein complexes and map organelles[END_REF][START_REF] Varnaitė | Meet the neighbors: Mapping local protein interactomes by proximity-dependent labeling with BioID[END_REF], which would be labor-and time-consuming, as compared to BiFC.

Collectively, these merits make BiFC as one of the most popular methods for the study of PPIs. A whole spectrum of FPs can be used for BiFC analyses, which underpins the multicolor visualization of different protein binding partners at the same time and in the same cell [START_REF] Kerppola | Multicolor Bimolecular Fluorescence Complementation (BiFC) Analysis of Protein Interactions with Alternative Partners[END_REF]. Throughout the years, BiFC assays have been utilized in highthroughput screens, uncovering novel PPIs in yeast, plant and mammalian cells (Section 3.4.2, Chapter I). However, each of these methods has its advantages and limits that make them best suited methods in certain fields. The continuing efforts on BiFC improvement will further extend its application in more extensive circumstances.

Critical considerations

Despite these advantages mentioned above, there are some potential problems and critical factors that one should consider when performing BiFC.

Topology of BiFC-tag fusions

A wrong BiFC-tag orientation could mask the true PPI-based BiFC signals and change the protein localization, as well as inducing abnormal protein expression. Therefore, it is advised to test, firstly, the full-length FP-fused protein in a same vector backbone to the BiFC-vectors [START_REF] Waadt | Protein fragment bimolecular fluorescence complementation analyses for the in vivo study of protein-protein interactions and cellular protein complex localizations[END_REF] , for confirming the target protein localization and expression level. If there is no available localization information, both N-and C-terminal fusion should be made for a subsequent co-localization test. Then choose the one same to the locus of its known interacting protein. When both tag orientations are available, the Cterminal tag fusion is preferable, as it has been reported that N-terminal tag fusion may generate higher background [START_REF] Waadt | Protein fragment bimolecular fluorescence complementation analyses for the in vivo study of protein-protein interactions and cellular protein complex localizations[END_REF]. Once the tag orientation is determined, a corresponding split BiFC-tag will be used to generate final BiFC constructs and test the fluorescence intensity of reconstructed FP.

Another strategy is using the split BiFC-tag to determine optimal positions for the fusions [START_REF] Kerppola | Design and implementation of bimolecular fluorescence complementation (BiFC) assays for the visualization of protein interactions in living cells[END_REF]. FP fragments and both terminal ends of each interaction partner will be fused to test for all eight possible combinations (Figure 16). Moreover, the available combinations should go through the protein localization test and expression level comparison, by immunofluorescence or Western blot analysis. it may appear that combinations E through H might not be favorable for bimolecular complex formation, this will depend on the precise structures and flexibilities of the fusion proteins, which are difficult to predict. For true interaction partners, it is virtually always possible to find fusion proteins that produce a detectable signal.

Adapted from figure 2 in [START_REF] Kerppola | Design and implementation of bimolecular fluorescence complementation (BiFC) assays for the visualization of protein interactions in living cells[END_REF].

Linker selection

In general, split BiFC-tags and target proteins are separated by a linker sequence to provide the flexibility of flanking proteins. The linker is crucial for independent motion of the FP fragments and the interaction partners, facilitating FP fragment reconstitution and proper folding of fusion proteins [START_REF] Wouters | Luminescence-and Fluorescence-Based Complementation Assays to Screen for GPCR Oligomerization: Current State of the Art[END_REF]. As a result, different linkers with various lengths have been designed, based on the sequences from natural multi-domain proteins [START_REF] Gokhale | Role of linkers in communication between protein modules[END_REF]. The most frequently applied linkers in BiFC are composed of non-polar glycine and polar serine amino acids (GS) series, developed by Argos [START_REF] Argos | An investigation of oligopeptides linking domains in protein tertiary structures and possible candidates for general gene fusion[END_REF]. These flexible GS-based linkers have been widely applied by employing the (GGGGS)n or (GGSGG)n template, where n indicates the GS copy number. For BiFC linkers, empirically, GS-based linkers include about 8-15 amino acids, like DGGSGGS [START_REF] Carayon | Heterologous Regulation of Mu-Opioid (MOP) Receptor Mobility in the Membrane of SH-SY5Y Cells *[END_REF], GGGSGGGS [START_REF] Armando | The chemokine CXC4 and CC2 receptors form homo-and heterooligomers that can engage their signaling G-protein effectors and βarrestin[END_REF], or GSSGGGGSGGGGSSG [START_REF] Cannaert | Detection and Activity Profiling of Synthetic Cannabinoids and Their Metabolites with a Newly Developed Bioassay[END_REF]. Sometimes, rigid linkers are also implemented to keep a fixed distance between the domains and to maintain their independent functions, for instance ATGLDLELKASNSAVDGTAGPVAT [START_REF] Kerppola | Design and implementation of bimolecular fluorescence complementation (BiFC) assays for the visualization of protein interactions in living cells[END_REF], as well as RSIAT and RPACKIPNDLKQKVMNH linker sequences, which have been used in many fusion constructs for BiFC analysis [START_REF] Hu | Simultaneous visualization of multiple protein interactions in living cells using multicolor fluorescence complementation analysis[END_REF][START_REF] Hu | Visualization of Interactions among bZIP and Rel Family Proteins in Living Cells Using Bimolecular Fluorescence Complementation[END_REF]. In addition, researchers have designed many other empirical linkers for some special purposes.

Therefore, the linker selection may largely vary on a case-by-case basis.

Improvement of signal-to-noise ratio

The fluorescence intensity of reconstituted fragments should be comparable to that of independent non-fluorescent fragment self-assembly, which makes the true BiFC bright enough to be distinguished from background signals. This signal ratio between true BIFC and background is the so-called signal-to-noise (S/N) ratio, influenced by three main aspects: property of FPs, split-site, and hydrophobic interactions between split nonfluorescent fragments.

All proteins can be split into non-fluorescent fragments, but that does not mean they can all be used in BiFC; those recommended for BiFC analysis are summarized in Figure 15 and Table 3. To reduce the S/N ratio, the spontaneous self-assembly of split fragments, which is endowed by the inherent property of FPs to a large extent, should be avoided.

Against this backdrop, two FPs, EYFP and Venus, have been most extensively used in BiFC [START_REF] Kerppola | BIMOLECULAR FLUORESCENCE COMPLEMENTATION (BiFC) ANALYSIS AS A PROBE OF PROTEIN INTERACTIONS IN LIVING CELLS[END_REF][START_REF] Waadt | Protein fragment bimolecular fluorescence complementation analyses for the in vivo study of protein-protein interactions and cellular protein complex localizations[END_REF].

Notably, applying different split-sites within same or different FPs shows concomitant variances of S/N ratio. Several studies reported that GFP could be split at different positions, which could lie in a loop between the 6th and 7th, the 7th and 8th, or the 8th and 9th βstrands [START_REF] Baird | Circular permutation and receptor insertion within green fluorescent proteins[END_REF]. Given the structural similarity between GFP and EYFP, fragments of EYFP truncated at residue 155 (designated YN155 and YC155), which are split at a position between the 8th and 9th β-strands, exhibit a relatively high S/N ratio, when used in BiFC [START_REF] Hu | Visualization of Interactions among bZIP and Rel Family Proteins in Living Cells Using Bimolecular Fluorescence Complementation[END_REF]. Another split site at residue 173, generating YN173 and YC173, cut in the loop between 7th and 8th β-strands [START_REF] Hu | Simultaneous visualization of multiple protein interactions in living cells using multicolor fluorescence complementation analysis[END_REF].

Similarly, Venus, as a mutated GFP with high fluorescence intensity, can be also truncated at either residue 155 or 173 [START_REF] Shyu | Identification of new fluorescent protein fragments for bimolecular fluorescence complementation analysis under physiological conditions[END_REF]. A great advantage of Venus-based BiFC is that it avoids a short incubation at 30°C to facilitate fluorophore maturation, which is generally required for split YFP fragments [START_REF] Kerppola | Design and implementation of bimolecular fluorescence complementation (BiFC) assays for the visualization of protein interactions in living cells[END_REF]. Moreover, from a split-site screening study, Venus can be split at the loop between the 10th and 11th β-strands, with lower background fluorescence in BiFC application [START_REF] Ohashi | Visualization of cofilin-actin and Ras-Raf interactions by bimolecular fluorescence complementation assays using a new pair of split Venus fragments[END_REF]. Compared to previously published sfGFP-based BiFC [START_REF] Zhou | An improved bimolecular fluorescence complementation tool based on superfolder green fluorescent protein[END_REF], the Venus-based BiFC assay had the lowest background fluorescence, albeit the same split-site imposed. Prospectively, this differential effect of the same split site might be also linked to the target proteins used in the test.

Decreasing the hydrophobic interactions between split non-fluorescent fragments has been reported to weaken the BiFC background fluorescence, further improving the S/N ratio [START_REF] Nakagawa | Improvement of a Venus-Based Bimolecular Fluorescence Complementation Assay to Visualize bFos-bJun Interaction in Living Cells[END_REF]. In an informative study, Venus was split in two fragments, VN155 and VC155, which were used to test bFos-bJun interaction in the BiFC assay. To test the impact of hydrophobicity in BiFC, four residues L201, L207, V150, and I152 were replaced with other hydrophobic amino acids (L, I, V, and A respectively) by site-directed mutagenesis (Figure 17A). As a result, the V150A mutation increased by 8.6-fold the S/N ratio in the BiFC assay of bFos-bJun interaction, significantly improving the S/N ratio (Figure 17B). reconstitution (Bracha-Drori et al., 2004;[START_REF] Horstman | A Cautionary Note on the Use of Split-YFP/BiFC in Plant Protein-Protein Interaction Studies[END_REF]. Hence, it is essential that, for the negative controls, exactly the same orientations are used as for the positive interaction. N, N-terminal fragment of split FP; C, C-terminal fragment of split FP; *, mutation in the interaction site; Ø, no partner protein present; red outline, no interaction with expressed partner protein possible. Reprinted from figure 1 in [START_REF] Kudla | Lighting the Way to Protein-Protein Interactions: Recommendations on Best Practices for Bimolecular Fluorescence Complementation Analyses[END_REF].

One of the most stringent controls in BiFC assay is the use of a mutant negative control where a single mutation or small deletion is introduced into one of the two interacting proteins (Figures 18B and18C). In most cases, nevertheless, it will be challenging to find an appropriate mutated control, due to lack of protein biochemical or structural information, when examining an interaction between two new novel proteins. If so, a very similar protein from the same protein family can be a surrogate negative control (Figures 18D and18E). In case this control protein is not available, an unrelated protein can be used as a negative control, when meeting certain conditions. It is desirable that this unrelated control protein co-localizes with the protein of interest in the same subcellular compartment.

Moreover, the proof that this unrelated protein can interact with its known interactors using BiFC method, should be reported (Figure 18F). The last negative control assay is, BiFC competition analysis [START_REF] Hu | Visualization of Interactions among bZIP and Rel Family Proteins in Living Cells Using Bimolecular Fluorescence Complementation[END_REF]. One of the binding partners is expressed as an untagged protein, which serves as a competitor when coexpressed with the two fusion proteins, to measure the signal difference with original BiFC, validating the true interactions. Retrospectively, a large number of BiFC-based studies have been published with inappropriate controls (Figures 18G to 18N). For example, the most frequently used controls are combinations of the individual split FP fragments with the complementary split-fragment tagged proteins (Figures 18K and18L). In addition, the orientation of protein fusions (Figures 18O and18P), should be taken into consideration, when applying BiFC control, to ideally keep the same topology to the tested interaction. Overall, appropriate controls are crucial to validate BiFC data and establish specificity of the observed PPIs.

Irreversibility of BiFC

The irreversibility of BiFC has been frequently reported [START_REF] Shyu | Fluorescence complementation: an emerging tool for biological research[END_REF], as a longstanding limitation. Related to this issue, most fluorescent protein-based BiFC complex formation is irreversible, which largely impedes the analysis of dynamic interactions.

Instead, this seeming blemish facilitates the visualization of transient or weak proteinprotein interactions [START_REF] Morell | Detection of transient protein-protein interactions by bimolecular fluorescence complementation: the Abl-SH3 case[END_REF] and offers a significant advantage for BiFC-based PPI screening [START_REF] Ding | A retrovirus-based protein complementation assay screen reveals functional AKT1-binding partners[END_REF]Remy and Michnick, 2004a). Indeed, the reversible BiFC development would expand the BiFC application in monitoring the dynamic PPI, providing one alternative method in this domain. As a response to this need, a reversible BiFC system [START_REF] Lönn | Close Encounters -Probing Proximal Proteins in Live or Fixed Cells[END_REF], based on a reconstituted infrared fluorescent protein IFP1.4, has been used to study the spatiotemporal dynamics of protein complexes in yeast and mammalian cells (Figure 19A). Another system named splitFAST [START_REF] Tebo | A split fluorescent reporter with rapid and reversible complementation[END_REF], which specifically and reversibly binds fluorogenic hydroxybenzylidene rhodanine (HBR) analogs, demonstrated rapid and reversible complementation, allowing the realtime PPI visualization (Figure 19B). protein assembly. This split system was engineered from the fluorescence-activating and absorption shifting tag (FAST), a small protein of 14 kDa that specifically and reversibly binds HBR analogs, like HMBR. HBR, hydroxybenzylidene rhodanine. HMBR, 4-hydroxy-3-methylbenzylidene rhodanine, which provides greenyellow fluorescence. Modified from figure 5 in [START_REF] Wiens | Surveying the landscape of optogenetic methods for detection of protein-protein interactions[END_REF].

In summary, a good experimental design is a prerequisite for a successful assay. BiFC is a technically straightforward and time-saving PPI detection method. Nonetheless, there are still step-to-step or case-to-case differences in practice. To set up a general standard guide as reference, one protocol was given in Part 1, Chapter II, which focuses on the visualization of protein interactions in cultured mammalian cells via the BiFC assay, using a true example coupling with published data.

Implementation of BiFC

In the last few years, although several other genuine methods have been developed to analyze PPIs, classical methods and their variants are still widely used by scientists, such as the BiFC-based methods.

Low-throughput BiFC-based applications

BiFC method has been widely applied to detect binary PPIs in many living systems, as discussed previously, especially EYFP-and Venus-based BiFC assays (Figure 20A). In addition to its generic usage, the use of two distinct FPs with different spectra, such as YFP-based BiFC combined with mCherry-based BiFC, enables the visualization of quaternary protein complex in living cells, or, at least simultaneous visualization of two independent binary PPIs [START_REF] Kodama | Simultaneous visualization of two protein complexes in a single plant cell using multicolor fluorescence complementation analysis[END_REF]. This double BiFC combined method is designated as coBiFC (Figure 20B).

Besides coBiFC, a lot of attention has been paid on multicolor BiFC, named mcBiFC (Figure 20C), which provides an effective assay to compare the subcellular distributions of protein complexes formed with different binding partners [START_REF] Kerppola | BIMOLECULAR FLUORESCENCE COMPLEMENTATION (BiFC) ANALYSIS AS A PROBE OF PROTEIN INTERACTIONS IN LIVING CELLS[END_REF]. In several studies, the split-Venus and Cerulean were used to construct the N-terminal part of Cerulean (1-172aa, Cerulean N173 ) fused Protein A, the C-terminal part of Cerulean (155-238aa, Cerulean C155 ) fused Protein B, and the N-terminal part of Venus (1-172aa, Venus N173 ) fused Protein C [START_REF] Dard | Human HOX Proteins Use Diverse and Context-Dependent Motifs to Interact with TALE Class Cofactors[END_REF][START_REF] Vidi | Ligand-dependent oligomerization of dopamine D(2) and adenosine A(2A) receptors in living neuronal cells[END_REF][START_REF] Vidi | Visualization of G protein-coupled receptor (GPCR) Interactions in Living Cells Using Bimolecular Fluorescence Complementation (BiFC)[END_REF]. Interaction of proteins A/B produces a Cerulean signal, whereas proteins B/C interaction generates a Venus signal. With imaging via different excitation and emission wavelengths, the mcBiFC allows studying ternary complexes, and investigates the interactions between three different proteins within the same cells. Alternatively, BiFC-based BRET or FRET (Figure 20D), which involves co-expression of two interacting proteins tagged to YFP-or Venus fragments with one interacting protein tagged to Renilla reniformis luciferase (RLuc) or Cerulean, can be also used for the analyses of ternary protein complexes [START_REF] Kwaaitaal | Combined bimolecular fluorescence complementation and Forster resonance energy transfer reveals ternary SNARE complex formation in living plant cells[END_REF][START_REF] Rebois | Heterotrimeric G proteins form stable complexes with adenylyl cyclase and Kir3.1 channels in living cells[END_REF]. To take a step further, theoretically, the luciferase can still be split for BiLC assay, enabling a secondary binary PPI detection. By combination of BiLC and BiFC-based BRET (Figure 20E), reconstituted Gaussia princeps luciferase (GLuc) was used for BRET on reconstituted Venus and enabled analyses of quaternary protein complex [START_REF] Rebois | Combining protein complementation assays with resonance energy transfer to detect multipartner protein complexes in living cells[END_REF].

Moreover, the applications of sfGFP have to be mentioned here. Since the discovery of its third split site [START_REF] Cabantous | Protein tagging and detection with engineered self-assembling fragments of green fluorescent protein[END_REF], tripartite split-sfGFP have been reported in studies of both binary and ternary PPI analyses. sfGFP was split into three parts: sfGFP1-9, sfGFP10, and sfGFP11. Each part can be fused to one of the target proteins. The reconstitution of the FP requires all three parts to be brought into proximity, and then demonstrating a ternary PPIs (Figure 20F) [START_REF] Kellermann | Tetramolecular fluorescence complementation for detection of specific RNAs in vitro[END_REF][START_REF] Waldo | Protein-protein interaction detection system using fluorescent protein microdomains (Los Alamos National Lab[END_REF]. When binary PPIs is needed, only two twenty amino-acids long GFP tags, GFP10 and GFP11, are fused to interacting protein partners, and coexpressed the GFP1-9 fragment as complementary BiFC tag to finally fulfill the GFP-based BiFC investigation [START_REF] Cabantous | A New Protein-Protein Interaction Sensor Based on Tripartite Split-GFP Association[END_REF]. In addition to detecting PPIs, split-sfGFPs (sfGFP1-10 and sfGFP11) were also used for self-assembly, allowing visualization of single protein localization and imaging [START_REF] Avilov | Fluorescence protein complementation in microscopy: applications beyond detecting bi-molecular interactions[END_REF].

Figure 20. Different examples for BiFC applications. BiFC can be applied to investigate (A) interactions

of single PPI pairs (BiFC), (B) co-localization of different PPI pairs (coBiFC), (C) competition of two protein complex formations enabling visualization of ternary complex (mcBiFC), (D) analyses of ternary protein complex formations (BiFC-based FRET or BRET) and (E) the analysis of quaternary protein complexes (by combining BiLC and BiFC-BRET), as well as (F) tripartite split-GFP, in which sfGFP is split into three parts that are only capable of forming their chromophore when all three are brought together. The protein fragment and/or donor/acceptor combinations recommended for each application and the resulting excitation and emission maxima or substrate catalysis of the respective (complemented) proteins are indicated. The proteins to be investigated for PPI are labeled from A -D. Adapted from figure 1 in [START_REF] Waadt | Protein fragment bimolecular fluorescence complementation analyses for the in vivo study of protein-protein interactions and cellular protein complex localizations[END_REF].

Large-scale applications of BiFC

A large number of high-throughout studies have been performed for scrutinizing complex protein interactomes in diverse organisms, thanks to current advances in various technologies, including that of BiFC-based screening method.

Since its invention in 2000, upon advantages of simplicity and low-cost, BiFC has become a widely used approach for PPI detections, and thereby suitable for large-scale screens. Indeed, several efforts have been witnessed over the past decade, coupling with the availability of nearly complete hORFeome collections [START_REF] Lamesch | hORFeome v3.1: A resource of human open reading frames representing over 10,000 human genes[END_REF][START_REF] Luck | A reference map of the human binary protein interactome[END_REF][START_REF] Rual | Human ORFeome Version 1.1: A Platform for Reverse Proteomics[END_REF][START_REF] Yang | A public genome-scale lentiviral expression library of human ORFs[END_REF], which enables prospecting PPIs at unparalleled scale in two different formats, arrayed or pooled BiFC screens. To date, large-scale screens using BiFC assays have been reported in yeast, plant and mammalian cells (Table 4).

The facile genetic manipulation on yeast is one of main advantages for BiFC assay. As the first effort on genome-wide screen, Sung et al. initially developed BiFC-tagged fusion plasmids, which allow expression of tagged target proteins in S. cerevisiae [START_REF] Sung | Bimolecular fluorescence complementation analysis system for in vivo detection of protein-protein interaction in Saccharomyces cerevisiae[END_REF]. Subsequently, the construction of a S. cerevisiae fusion library expressing each ORF fused with the N-terminal fragment of Venus (VN) was achieved by Huh lab [START_REF] Sung | Genomewide bimolecular fluorescence complementation analysis of SUMO interactome in yeast[END_REF].

To perform a genome-wide BiFC screen for the SUMO interactome, 5,911 VN-tagged fusion (≈95% known yeast proteins) strains were mated with the strain expressing VCtagged Smt3. Finally, 367 out of 5911 ORFs were identified as Smt3-interacting candidates, by fluorescence microscopy in arrayed format. Similarly, these BiFC-based screenings were also applied to interrogate ABC (ATP-binding cassette) transporter and TORC1 interactomes in yeast [START_REF] Chang | Analysis of the TORC1 interactome reveals a spatially distinct function of TORC1 in mRNP complexes[END_REF][START_REF] Snider | Mapping the functional yeast ABC transporter interactome[END_REF].

In the plant, a different BiFC-tagged ORF delivery system was used in a study of core cell cycle protein interactions [START_REF] Boruc | Functional Modules in the Arabidopsis Core Cell Cycle Binary Protein-Protein Interaction Network[END_REF]. The GFP-fragment fused constructs were transiently co-expressed in leaf epidermal cells of tobacco by A. tumefaciens-mediated leaf infiltration. Then the high-throughput BiFC assays were performed to test a total of 917 PPIs for 58 cell cycle-related proteins. As result, 341 PPIs were identified as BiFC-positive.

In another BiFC-based screen, an Arabidopsis cDNA library comprising ~2×10 5 cDNAs was fused to C-terminal fragment of YFP (CYFP) for PPIs screening of subsets of NYFPfused baits in Arabidopsis leaf protoplasts [START_REF] Lee | Screening a cDNA Library for Protein-Protein Interactions Directly in Planta[END_REF]. This screen identified single cDNA clones encoding proteins that interact with bait proteins, VirE2 and VirD2, by cotransfection manner in an arrayed format.

Different from the large-scale screen by BiFC with fluorescence microscopy in yeast and plant, many BiFC screens in the mammalian cells were coupled with fluorescenceactivated cell sorting (FACS). For instance, one split GFP-based BiFC system was designed to identify proteins interacting with protein kinase B (PKB), in which the BiFCpositive cells were collected by FACS (Remy and Michnick, 2004b). In this study, Cterminal fragment of GFP (CGFP) was fused to bait PKB, proceeding a large-scale screen with a human cDNA library that expressed NGFP fusions in COS-1 cells, by pooled cotransfection. The resulting DNA, including genome DNA and ORF-containing plasmids, was extracted from BiFC-positive cells, followed by bacterial transformation, and then the single colony derived plasmids were retransfected in COS-1 cells, to perform the second BiFC for removal of false positive candidates. However, usage of the pooled DNA transfection greatly simplified the screening process compared to the one-by-one arrayed format, albeit further improvement is needed. Moreover, application of viral BiFC vectors allows efficient BiFC-based analysis in mammalian cells. Adenoviral BiFC vectors have been generated based on adenovirus high-throughput system and have been used to monitor G protein-coupled receptor (GPCR) activation in human cells by an adenovirus-based βarrestin BiFC assay [START_REF] Song | Monitoring G protein-coupled receptor activation using an adenovirus-based β-arrestin bimolecular fluorescence complementation assay[END_REF]. In parallel, a retrovirus-based protein-fragment complementation assay, termed RePCA, was developed to identify protein-protein interactions in mammalian cells [START_REF] Ding | A retrovirus-based protein complementation assay screen reveals functional AKT1-binding partners[END_REF]. In this study, a host cell line was made for stably expressing the N-terminal fragment of Venus (VN) fused protein AKT1. The screen was executed by infecting this stable bait cell line with prey VN-fusion lentivirus, following single fluorescent cell sorting by FACS. Large-scale screens by BiFC may also facilitate drug discovery. As published, mKG-based BiFC was used to screen for PPI inhibitors in a natural product library based on a cell-free system [START_REF] Hashimoto | Novel In Vitro Protein Fragment Complementation Assay Applicable to High-Throughput Screening in a 1536-Well Format[END_REF], which provided a deeper understanding of potential drug actions, therefore demonstrating great potential for high-throughput BiFC screening in drug discovery.

Taken together, recent application of BiFC in large-scale studies has demonstrated its potential for uncovering protein interactomes in live cells. In particular, BiFC-tagged cDNA or ORFeome-based cell libraries have allowed BiFC assays to be more widely applied in high-throughput studies. Upon the well-developed genome-wide screens, such as pooled overexpression screen, and drop-out screens (e.g. RNAi/shRNA screen or CRISPR-Cas9 screen), the arrayed large-scale BiFC screens are more popularly used, relying on combining multiple individual BiFCs in a microplate rather than a pooled format.

Though, in few studies, pooled transfection or infection was used in BiFC screen, which is far away from one-gene-one-cell output, the current next-generation sequencing (NGS) is hardly implemented during the deconvolution step. This to-be-improved pooled screening to some degree impaired its original intention. Whereas continuous efforts have paved the future for a versatile and easy-taking BiFC-based screening, there is a long way to realize a rigorous quantification-based pooled method. 

Biology of Hox proteins

In 1978, Homeobox genes were first identified as key regulators of embryogenesis in the fruit fly Drosophila melanogaster [START_REF] Lewis | A gene complex controlling segmentation in Drosophila[END_REF]. It was not until 1990 that "HOX" genes and their protein structures were confirmed in humans [START_REF] Kamps | A new homeobox gene contributes the DNA binding domain of the t(1;19) translocation protein in pre-B ALL[END_REF][START_REF] Nourse | Chromosomal translocation t(1;19) results in synthesis of a homeobox fusion mRNA that codes for a potential chimeric transcription factor[END_REF].

The HOX genes, encoding transcription factors, share a common 120bp DNA sequence, named homeobox, which codes for a highly conserved homeodomain (HD) that mediates DNA binding [START_REF] Gehring | Homeodomain proteins[END_REF]. Given the illustration of the Hox-PBC-DNA complex (Figure 21A), the HD of HOX has a three-helix structure, with a N-term arm that binds into the minor groove of DNA. The helix 3 in HD, contacts the major groove of DNA, also termed the recognition helix, which has a more conserved sequence signature than other regions in HOX HD (Figure 21B). Additionally, in most of the Hox proteins, there exist a short conserved motif, called hexapeptide (HX), mediating contact with members of the PBC class of proteins, such as Extradenticle (Exd) in Drosophila (Mann and Chan, 1996). (via the N-terminal arm) grooves. The HX, a short motif located upstream of the HD, contacts protein partners of the PBC class, which are also HD-containing proteins, allowing the cooperative assembly of a Hox-PBC-DNA complex. Adapted from figure 1A in [START_REF] Rezsohazy | Cellular and molecular insights into Hox protein action[END_REF].

In vertebrates, genetic and molecular analyses revealed that HOX genes are arranged in genomic clusters that have undergone duplications [START_REF] Duboule | The rise and fall of Hox gene clusters[END_REF], such that most vertebrates have four clusters. For example, humans have 39 HOX genes arranged in four different clusters (Figure 22). The linear organization of HOX genes within each cluster correlates with their spatial and temporal expression profile along the anteriorposterior axis of the body, displaying thirteen paralogue groups (PGs). Paralogous Hox proteins also show high levels of sequence conservation. According to their betweensimilarity of sequence, PGs are further grouped in anterior, central and posterior classes, which reflects their expression profile in patterning the body plan of bilaterian embryos [START_REF] Wellik | Hox patterning of the vertebrate axial skeleton[END_REF]. In contemporary studies, functions of HOX proteins have been dissected extensively.

As transcription factors, HOX is critically involved in morphogenetic and organogenesis processes during animal development [START_REF] Hombría | Beyond homeosis-HOX function in morphogenesis and organogenesis[END_REF], through the control of various cellular functions including differentiation, proliferation, migration or death [START_REF] Sánchez-Herrero | Hox Targets and Cellular Functions[END_REF]. Given that Hox functions truly require a high degree of specificity, the highly conserved Hox HDs alone are not sufficient for dictating the stringent genetic specificity from the distinct phenotypes. One wellestablished solution to this paradigm is that Hox proteins do not act alone, but cooperate with different factors to fulfill their functions [START_REF] Mann | Hox Specificity: Unique Roles for Cofactors and Collaborators[END_REF]. The transcription factors, interacting with HOX proteins in the transcriptional process can be divided into three groups (Figure 23A), including Hox protein per se, cofactors that have DNA binding domains, which can form Hox/cofactor complex and bind DNA, and general factors that do not bind DNA, but are part of multiprotein-DNA complex and contact with Hox or cofactors. The two well documented Hox interaction proteins are PBC (Extradenticle/Pbx) and HMP (Homothorax/Meis/Prep) (Figure 23B). These proteins contain a different HD with the presence of three extra residues in between helix 1 and helix 2 [START_REF] Penkov | Cooperative interactions between PBX, PREP, and HOX proteins modulate the activity of the alpha 2(V) collagen (COL5A2) promoter[END_REF], as known as Three Amino-acid Loop Extension (TALE) subclass of homeodomains [START_REF] Bertolino | A novel homeobox protein which recognizes a TGT core and functionally interferes with a retinoid-responsive motif[END_REF]. Consequently, PBC and HMP cofactors have the capacity to form dimeric or trimeric complexes on DNA with Hox proteins, improving the DNA-binding specificity of Hox proteins. Besides these two classes of cofactors, only few additional transcriptional cofactors of a specific HOX have been identified. A Y2H screen with the drosophila Ubx protein led to the characterization of less than 15 TFs as interacting partners [START_REF] Bondos | Physical and genetic interactions link hox function with diverse transcription factors and cell signaling proteins[END_REF]. A similar approach with the mouse Hoxa1 protein also led to the identification of about 30 TFs [START_REF] Lambert | Protein interactions of the transcription factor Hoxa1[END_REF]. Taking advantage of the BiFC technique applied to Drosophila embryo, Baëza et al. identified 35 new cofactors for 5 drosophila Hox paralogs (antp, abdA, abdB, ubx and scr) [START_REF] Baëza | Inhibitory activities of short linear motifs underlie Hox interactome specificity in vivo[END_REF]. More recently, the interactome of Hox transcription factor Ubx was scrutinized using BioID, in a multilevel and lineage-specific manner. This study demonstrated that Ubx can interact with only a few lineage-restricted factors, in spite of the fact that hundreds of Ubx interaction partners were identified in different biological contexts [START_REF] Carnesecchi | Multi-level and lineage-specific interactomes of the Hox transcription factor Ubx contribute to its functional specificity[END_REF].

Moreover, the Y2H assay on Hoxa1 identified about 20 non TFs interactors opening the field of HOX functions. Then, Hox proteins are also linked to mRNA translation, DNA repair, initiation of DNA replication, and possibly modulation of signal transduction [START_REF] Rezsohazy | Non-transcriptional interactions of Hox proteins: Inventory, facts, and future directions[END_REF]. For comprehensive discussion of Hox interacting proteins, it is recommended to refer to excellent reviews by Rezsohazy and his colleagues [START_REF] Rezsohazy | Non-transcriptional interactions of Hox proteins: Inventory, facts, and future directions[END_REF][START_REF] Rezsohazy | Cellular and molecular insights into Hox protein action[END_REF]. Concerning current known Hoxinteraction partners in human, the initial short list has grown considerably over the last decade, so far, an updated exhaustive Hox-interacting protein list is accessible in BioGRID (https://thebiogrid.org/) [START_REF] Oughtred | The BioGRID database: A comprehensive biomedical resource of curated protein, genetic, and chemical interactions[END_REF] with a study-to-study annotation for each known candidate, including both low-and high-throughput approaches. From this source, 428 interactors for the HOXA, 289 interactors for the HOXB, 254 interactors for the HOXC and 143 interactors for the HOXD paralogs are identified to date with some discrepancies regarding Hox proteins. For example, only 1 partner is reported for HOXA4 or HOXA6 whereas 300 interactors are listed for HOXA1. Also, interacting proteins for which binding sites have not been mapped are not shown, for instance, PBC proteins are reported to bind CBP, but the exact binding site in PBC has not been delineated. Adapted from figure 1 in [START_REF] Ladam | Hox regulation of transcription: More complex(es)[END_REF].

Reasonably, to give a glance at the application of high-throughput BiFC (HT-BiFC)

screen in Hox-related study, following an investigation of the PubMed database using 

Chapter II. Results

Part 1. Bimolecular Fluorescence Complementation (BiFC) and

Multiplexed Imaging of Protein-Protein Interactions in Human

Living Cells (book chapter) 

Introduction

Since the original Cell-PCA screen was developed and demonstrated a robust and economical high-throughput approach to systematic dissection of cellular interactomes, more recently it has been implemented in a series of projects engaging with many target proteins in various biological contexts, such as MYC, PER2, ERK, etc. Nowadays, biotechnological advances are leaping ahead with new instrumentation and state-of-the-art molecular toolkits. For example, versatile gain-of-function (ORF-overexpression based)

and loss-of-function (RNAi or CRISPR/CAS9) screenings have blown the way of functional protein investigation. Though our Cell-PCA screen performed an appropriate readout in different studies, even leaky ORF expression existing in the cold CC-ORF cell library, some optimizations are still needed, for not only a known-issue patch, but also aiming to keep Cell-PCA a comparable method alongside of ever-changing technical progress. To this end, stepwise efforts have been done during my PhD. All described vectors are freely available for academic use and can be requested from the authors.

Materials and Methods

Cell line and Plasmids

HEK

Transfection

For transfection, 3 × 10 5 cells were seeded on glass coverslips in 6-well plates. Twentyfour hours after plating, cells were transfected with jetPRIME (Polyplus, following manufacturer's instruction. 1ug of each plasmid DNA were transfected per well, according to different test conditions. After 18 hours of incubation in the presence of doxycycline (100 ng/ml final), the cell-coated coverslip were taken and mounted carefully on a glass slide for image capture under confocal microscopy (Zeiss LSM780). All samples were imaged using identical settings and quantified as previously described [START_REF] Dard | Human HOX Proteins Use Diverse and Context-Dependent Motifs to Interact with TALE Class Cofactors[END_REF][START_REF] Dard | The human HOXA9 protein uses paralog-specific residues of the homeodomain to interact with TALE-class cofactors[END_REF].

Generation of Stable cell line

For stable transfection, HEK-293T cell line was used. The cells were seeded in 6-well plate one day before transfection. 3μg of plix-VN-HOXA9-PGK-BleoR-mCherry construct were transfected, containing the BleoR gene (resistant to Zeocin), using with jetPRIME 

Functional titration by qPCR

A Biorad CFX96 (Biorad, France) was used for all qPCR measurements. To each reaction (10 µl) containing 5ul iTaq™ Universal SYBR® Green Supermix (2x) (BioRad) and 500 nM of each primer,

WPRE [reaction 1] :

Forward: ACAATTCCGTGGTGTTGTCG Reverse: AAGGGACGTAGCAGAAGGAC

RPPH1 [reaction 2]:

Forward: AATGGGCGGAGGAGAGTAGT Reverse: AGCTTGGAACAGACTCACGG Plus, we added 4 µl diluted genomic or plasmid DNA (50ng). The temperature profile was 95°C for 3 min followed by 40 cycles of amplification (95°C for 5s, 60°C for 30 s).

All samples were analyzed by melting curve analysis (65-95°C, 0.5°C increments at 2-5 s/step). Vector copy numbers in cells are normalized to human RPPH1 gene copies and presented as proviral copies per genome equivalent. Calculate titers (Transdution units per ml, TU ml -1 ) according to the following formula:

TU ml -1 = (C * N * D * 1,000) / V
where C = proviral copies per genome, N = number of cells at time of transduction, D = dilution of vector preparation, V = volume (ul) of diluted vector added in each well for transduction. The detailed protocol is available on request.

New protocol of pooled plasmid DNA preparation and transformation

The protocol of pooled plasmid DNA preparation was provided by the Genetic Perturbation Platform (GPP) (https://portals.broadinstitute.org/gpp/public/resources/protocols).

The collection of 1837 TF ORFs was divided in 7 minipools of average 262 hORFs (the true ORF number varies from 140 to 362). For each minipool, the hORFs were cloned en masse from the pDONR223 into the lentiviral expression vector plix-CC-Gateway by Gateway LR reaction (Invitrogen, CAT. 11791020) following manufacturer's instruction.

To select for the successfully cloned CC-ORFs, each reaction mixtures were transformed into Endura™ electro-competent cells (Lucigen, CAT. 60242-1) and transformed bacteria were selected on LB + Ampicillin plates. Finally, collect all bacterial colonies by scraping plate and proceed to lentiviral plix-CC-TF plasmid extraction using one maxi-prep reaction for each minipool.

Results

Design and Performance of new lentiviral vector

Firstly, given the leaky TRE (Tet Response Element) promoter of lentiviral vector pLV-CC-ORF, the 2 nd generation Tet-On (Tet-Advanced) system was used in the new lentiviral vector, plix-403. To assess the performance of this new vector, the reporter mCherry was used to constitute plix-CC-mCherry and pLV-CC-mCherry, respectively (Figure II-1A).

The basal expression of mCherry was evaluated by transfection of HEK-293 cells in a Doxfree complete media. In Tet-On system, herein plix-CC-mCherry, new transactivator rtTA (reverse tetracycline-controlled transactivator) was created by fusing rTetR with VP16, which reversed the phenotype and created a reliance on the presence of tetracycline for induction, rather than repression. The rtTA will not bind TRE promoter to induce the gene expression, in absence of Dox. In contrast, pLV-CC-mCherry belongs to part of the orignal first generation of Tet-Off Systems, which is tTA (tetracycline-controlled transactivator)-dependent to promote expression. The result demonstrated that pLV-CC-mCherry has proximately 7-fold higher basal expression than that of plix-CC-mCherry (Figure II-1B).

New lentiviral plasmid plix-403 offered a significant improvement over the original first generation doxycycline-inducible system, such as previous pLV, with significantly reduced basal expression, mitigating the adverse effect from potential genetic perturbations. 

Lentivirus functional titration

Functional titers measure how many viral particles can infect your target cells, which is critical for subsequent one-ORF-copy-to-one-cell infection. The popular FACS-based titration is only available when viral vectors carrying fluorescent markers. Consequently, our previous pLV-CC-ORF lentiviral library titer was measured by antibiotic-dependent colony counting method. However, it may underestimate viral titer and can not handle the multiple integration events. In addition, the experiments are time-consuming and prone to large inaccuracy. As such, the most accurate method of titration, qPCR, was applied to the plix-CC-ORF lentiviral library. For example of functional titration by qPCR, the result from one newly made plix-CC-ORF pooled lentivirus was shown in 

Custom sub-library: hORFeome v8.1-based human transcription factor library

Complete sets of cloned protein-encoding open reading frames (ORFs), as known as ORFeomes, are essential tools for large-scale proteomics and systems biology studies.

Human ORFeome clone collection is currently the largest publicly available resource of full-length human ORFs, which is created by the OC (http://www.orfeomecollaboration.org/). To achieve a nearly entire set of ORFs, expansion of hORFeome library is still ongoing, for example the latest version v9.1 containing 17,408 protein-coding genes [START_REF] Luck | A reference map of the human binary protein interactome[END_REF]. Likewise, a recent update was made for our previous hORFeome stock, which was now replaced by hORFeome v8.1 purchased from BioCat GmbH. This collection represents almost 12,000 unique genes, and NGSconfirmed ORFs as a set of Gateway Entry clones ready for transfer to Gateway-compatible expression vectors, assigning high accuracy and quality to this bacterial glycerol stock.

Based on this new hORFeome, a sublibrary comprising all known human TFs was made by a multi-functional robotic platform. There are two reasons to undertake this sublibrary.

First, TFs are of the most interest in biological community as potential research subjects of various gene function-related studies. The screening dedicated to known TFs is highly needed. Second, the new protocols of cloning and pooled plasmid DNA production were used, which will further improve the ORF representation in final pooled library and enable a less biased deep sequencing.

The known TFs were manually curated, referring to two previous studies [START_REF] Chawla | TFcheckpoint: a curated compendium of specific DNA-binding RNA polymerase II transcription factors[END_REF][START_REF] Lambert | The Human Transcription Factors[END_REF]. 1837 unique TF ORFs were cherry-picked from whole hORFeome v8.1 glycerol stock by high-throughput robotic liquid handling (Figure II-5A).

For the sake of more efficient pooled transformation, new electro-competent cells were used, which fulfilled transformant colony number at least 1000x greater than the number of constructs in the pooled library (Figure II-5B).

Discussion

Apart from some of the representative results that were given above, there are still other optimizations addressing our BiFC screening strategy. For instance, the illumina NextSeq 500 system was used in our ORF deconvolution instead of ever Ion Torrent PGM sequencing, which enables a highly-multiplexing barcode sequencing with a much greater depth. Benefited from this new NGS platform, our new plix-CC-ORF pooled plasmid was sequenced in a full plasmid manner, as it was previously reported that this strategy yielded smaller coverage variability (Figure II-6) [START_REF] Yang | A public genome-scale lentiviral expression library of human ORFs[END_REF]. Furthermore, to alleviate the side effect of cell death during FACS that largely affects the sorted population purity and limits the cell sorting speed, one reagent, named CellCover, is undergoing testing. It claimed that this reagent is compatible with all cell fixation-based downstream applications, without chemical crosslinking, including FACS and (single cell-based) NGS, protein sequencing, and more. However, it is worth noting that not one single method assesses all the specific and true positive PPIs, thus application of orthogonal methods is highly important to chart a more accurate PPI readout. For this purpose, co-IP, as the gold standard assay for PPIs, is considered to be performed as a complementary method for HT-BiFC putative candidates. Owing to recent technical advances, Jess automates traditional Western blotting while maximizing multiplexing with multiple detection channels, also compatible for a mid-throughput co-IP assay. Truly, automation of protein separation and immune-detection eliminates many of the tedious, error-prone steps of traditional blotting that limit data quality. This system is recently available in our region (Protein Science Facility, SFR Biosciences, Lyon), which is worth trying in the next step.

-166 - Adapted from Supplementary figure 1 in [START_REF] Yang | A public genome-scale lentiviral expression library of human ORFs[END_REF].

Reflecting on the optimized screening and to-do list, collectively, a highly-improved HT-BiFC screening method is expected in the near future, which will undoubtedly contribute to the endeavor of promising rigorous and robotic multi-omics study.

Introduction

Protein-protein interactions (PPIs) are crucial for most cellular functions and typically participate in various biological processes. A large number of methods have been developed for PPI detection, enabling a deep and mechanistic understanding of cellular functions in different biological contexts. Currently, there are two types of approaches existing for experimentally identifying the target protein-associated interaction partners or interactome: binary interaction mapping, such as yeast-2-hybrid (Y2H) or Cell-PCA (described in Part 3.2, Chapter II), and protein-complex mapping, which aims to capture a snapshot of target protein-associated multimeric complex and identify the set of belonging proteins.

Indeed, along with the continuous efforts on nearly complete 'ORFeome' collections of 'ready-to-be-expressed' human open reading frames (ORFs) [START_REF] Lamesch | hORFeome v3.1: A resource of human open reading frames representing over 10,000 human genes[END_REF][START_REF] Luck | A reference map of the human binary protein interactome[END_REF][START_REF] Rual | Human ORFeome Version 1.1: A Platform for Reverse Proteomics[END_REF][START_REF] Yang | A public genome-scale lentiviral expression library of human ORFs[END_REF], the binary interaction mapping methods have achieved great progress in an efficient high-throughput fashion. Nevertheless, the binary PPIs are commonly assessed in a synthetic genetic condition that exogenous tagfused proteins may perform differently to their wild-types considering physiochemical properties, abundance, and subcellular localizations. As a consequence, false positive candidates are inevitable. Moreover, the binary detection method loses associated binding partners that belong to the same protein complex, like molecular chaperones, which is crucial for protein network analysis and potential cellular function prediction [START_REF] Roux | A promiscuous biotin ligase fusion protein identifies proximal and interacting proteins in mammalian cells[END_REF]. Similarly, the conventional protein-complex mapping method, such as AP-MS, suffers loss of candidates through protein insolubility and transient or weak interactions, resulting in an incomplete investigation of protein interactome.

Due to these limitations, the recent development of several proximity-dependent labeling (PL) methods in living cells partially addresses these deficiencies. These methods take advantage of promiscuous enzymes that are fused to the target protein and can directly label all proximal endogenous proteins, including transient and weak partners, with a covalent biotin tag. After the labeling reaction, cells are lysed and the biotinylated proteins are subsequently pulled down with streptavidin beads, allowing harsher wash conditions to be employed, which reduces non-specific binding. The resulting purified biotinylated proteins are then identified by mass spectrometry [START_REF] Ummethum | Proximity Labeling Techniques to Study Chromatin[END_REF]. To date, there are three major enzymes that are used for proximity labeling: biotin ligase (BioID [START_REF] Roux | A promiscuous biotin ligase fusion protein identifies proximal and interacting proteins in mammalian cells[END_REF]), BioID2 (Kim et al., 2016), BASU [START_REF] Ramanathan | RNA-protein interaction detection in living cells[END_REF], miniTurbo (Branon et al., 2018a), TurboID (Branon et al., 2018a)), horseradish peroxidase (HRP) [START_REF] Kotani | Biochemical visualization of cell surface molecular clustering in living cells[END_REF], and engineered ascorbate peroxidase (APEX [START_REF] Martell | Engineered ascorbate peroxidase as a genetically encoded reporter for electron microscopy[END_REF], APEX2 [START_REF] Lam | Directed evolution of APEX2 for electron microscopy and proximity labeling[END_REF]). Amongst them, the BioID labelling is simple and nontoxic, as the most used PL enzyme, since its advent. More recently, TurboID, as a directedevolution variant of BioID, was reported to be much greater efficient than BioID, and enabled 10-minute PL in cells instead of previous 18-24h labeling (Branon et al., 2018a).

In addition, to increase the versatility of TurboID, split forms of TurboID (split-TurboID)

have been developed and used for contact-dependent PL in cells [START_REF] Cho | Split-TurboID enables contact-dependent proximity labeling in cells[END_REF]. This conditional proteomics method could enable not only to probe the proteomic composition in a spatiality-specific locus, such as ER-mitochondria contact sites, but also the labelling of additional vicinal proteins belonging to the corresponding binary protein complex, like split-BioID [START_REF] Schopp | Split-BioID a conditional proteomics approach to monitor the composition of spatiotemporally defined protein complexes[END_REF], as one of PCA-based PL methods. The powerful split-TurboID extends the PL method from single bait protein-based to a binary protein complex-based proteomic approach. However, the utilization of split-TurboID was impeded by two main limitations. The one is the activity loss of reconstituted split-TurboID, which is relatively time-consuming and less sensitive compared to full-length TurboID that needed only 1min for specific proximity labeling in control test [START_REF] Cho | Split-TurboID enables contact-dependent proximity labeling in cells[END_REF]. On the other hand, the split-TurboID (or split-PL enzymes) is not possible to monitor and visualize the putative binary PPI when the concomitant labelling occurs in a native cellular environment, which is crucial to deliver the specific and defined protein complexdependent labeling for a conditional proteomics method.

In this study, we provide a novel BiFC assay integrated with the proximity-dependent biotinylation technique TurboID, called BibID (or BiFC-based TurboID). Here two nonfluorescent fragments are targeted to two known interacting proteins respectively, like classical BiFC assay. To achieve a binary PPI-specific PL, GFP-nanobody was recruited for recognizing and binding GFP-derived FPs and relevant reconstituted BiFC tags. When

Materials and Methods

Cell culture

HEK-293T cells were purchased from European Collection of Authenticated Cell Cultures (ECACC) through the biological resource center CelluloNet (AniRA platform of Lyon).

Cells (passage number < 20) were cultured as a monolayer in Dulbecco's modified Eagle's medium (DMEM-GlutaMAX-I, Gibco by Life Technologies) supplemented with 10% (v/v) heat inactivated fetal bovine serum (FBS) and 1% (v/v) Penicillin-Streptomycin (5,000U

penicillin and 5mg streptomycin/mL), incubating at 37°C, in an atmosphere of 5 % CO2.

Construction of plasmids

Genetic constructs used in this study, were listed in Table V1, Chapter V, with construct designs, linkers, epitope tags, and functional inserts. For cloning, PCR fragments were amplified using Q5 polymerase (New England BioLabs). All restriction enzymes were purchased from New England Biolabs. The vectors were double-digested using standard enzymatic restriction digestion and ligated to gel purified PCR products by T4 DNA ligation (Promega, France). Ligated plasmid products were introduced by heat shock transformation into one shot Top10 competent cells (Invitrogen, Cat No. C404010). DNA sequencing was carried out at GENEWIZ Company (Germany).

Immunofluorescence

For transfection, 50k cells were seeded on glass coverslips in 24-well plates. Twenty-four hours after plating, cells were transfected with jetPRIME (Polyplus, Ref 114-15) following manufacturer's instructions. 0.5ug of each plasmid DNA were transfected per well, according to different test conditions. After 14 hours of incubation in the presence of doxycycline (50ng/ml final), replace old medium with fresh complete medium without Dox and return to incubator, then prepare the new medium containing 50uM biotin. 7hr after incubation, replace the medium for biotin-present condition wells and incubate cells with biotin-contained medium for 10min at 37℃.

Results

TurboID-mediated protein biotinylation in mammalian cells

As the biotin ligase functions as a key component in our BibID system, we first tested the ability of TurboID to catalyze HOXA9-specific biotinylation in HEK cells. To enable an adjustable ligase expression level, the doxycycline-inducible Tet-On system was used in previously described plix-403 vector to drive the HOXA9-fused TurboID expression (HOXA9-TurboID). Meanwhile, two controls were designed for evaluating the specificity of HOXA9-TurboID-based biotinylation, including nuclear localization sequence fused TurboID (NLS-TurboID), as spacial control that imports TurboID into the cell nucleus by nuclear transport [START_REF] Mahato | 4 -Pharmaceutical Perspectives of Nonviral Gene Therapy[END_REF], for patterning the PL reaction of non-specific proteins in nucleus, and TurboID only, as system control to remove the general background.

Moreover, all TurboID-containing constructs were finally HA-tagged, which facilitates the visualization of TuroID expression in different conditions. Biotin concentration and incubation time are two crucial factors that affect biotin ligase efficiency in cultured cells (Branon et al., 2018b;Kim and Roux, 2016;[START_REF] Roux | A promiscuous biotin ligase fusion protein identifies proximal and interacting proteins in mammalian cells[END_REF]. As such, the corresponding TurboID-containing plasmids were transfected to HEK cells and then 10min of labelling was initiated with the addition of 50 μM exogenous biotin in complete culture medium.

We kept this empirical setting, which was reported and well performed in HEK cells (Branon et al., 2018b) In contrast, the NLS-TurboID-based PL still keeps the nucleus restriction, indicating a Exogenous 50uM biotin was prepared in complete culture medium and cells were treated for 10min before fixation.

Development and performance of BibID method

Given the target protein-specific PL of TurboID, we conceived a BiFC-based TurboID system, BibID, which enabled the binary protein complex-specific PL in living cells. This method takes advantage of both GFP-nanobody and TurboID, schematically represented in Figure II-8. The nanobody was first reported in 1993, as a specific class of light chaindeleted antibodies in camels [START_REF] Hamers-Casterman | Naturally occurring antibodies devoid of light chains[END_REF]. A nanobody is strictly monomeric, highly stable, and generally smaller, thus it is far more efficient than classical antibodies. Besides, as GFP is the most important genetic marker for biological research, several different GFP nanobodies (GBP) have been developed for targeting and binding GFP or its variants [START_REF] Fridy | A robust pipeline for rapid production of versatile nanobody repertoires[END_REF][START_REF] Kubala | Structural and thermodynamic analysis of the GFP:GFP-nanobody complex[END_REF][START_REF] Twair | Characterization of camel nanobodies specific for superfolder GFP fusion proteins[END_REF]. More recently, conditionally stable GFP-binding nanobody (csGBP) was described, which enabled detection of less noisy GFP-tagged proteins, notably, along with their analysis showing that unbound csGBP was efficiently degraded by the proteasome [START_REF] Ariotti | Ultrastructural localisation of protein interactions using conditionally stable nanobodies[END_REF]. By combining the csGBP with TurboID, the BibID system facilitates an improved signal-to-noise (S/N) ratio for a specific PL detection. Furthermore, csGBP straddles the split site in commonly used BiFC pairs [START_REF] Kubala | Structural and thermodynamic analysis of the GFP:GFP-nanobody complex[END_REF], such as the one recruited in our system, CC155/VN173. The folding induced by resulting BiFC is absolutely required for csGBP binding, leading that recognition of the unfolded halves by csGBP will not occur theoretically. 

Discussion

Biotin-based PL is a unique method to screen for physiologically relevant protein interactions that occur in living cells. TurboID is the most active and outperformed other ligases, which makes possible the study of dynamic or transient processes that occur on the timescale of minutes or even a few hours. Overall, we have developed a BibID system that can be used for spatially binary protein complex-specific PL in cells, despite additional validation, such as western-blotting, being ongoing. For rapidity and conveniency, we used only empirical biotin concentration and labeling time in our preliminary test. The further improvement should be drawn in subsequent blotting and LC-MS/MS analysis, upon the abundance of each protein across samples. Our system encompasses 3 to-express-elements, all driven under the Tet-On system, which makes the optimization procedure more complicated than traditional BioID. Three factors can affect the final biotinylated protein output, including labeling time, TurboID-csGBP expression level (transfected plasmids and dox concentration), and exogenous biotin concentration. Univariate experiments should be designed for each of four possible variables.

During the next proteomics assay, transfected or stably gene-expressing cells will be lysed and biotinylated proteins enriched with streptavidin beads. After on-bead digestion of proteins to peptides, the peptides will be labeled with TMT (tandem mass tag) labels, enabling quantify relative abundance of each protein across samples. LC-MS/MS analysis of pooled peptides will generate the final true positive and false positive protein list for final validation. Our local PSF (Proteomics on Protein Science Facility), provides a large panel of proteomics analysis as the detection of low abundant proteins, relative and targeted quantitative approaches, using Q Exactive HF and Ion Mobility Spectrometry device, will further collaborate with our lab for BibID-based proteome test.

BiFC approach: direct or indirect interaction interrogation?

Pairs of proteins can form either direct contacts or indirect interactions [START_REF] Luck | Proteome-Scale Human Interactomics[END_REF].

Contrary to Y2H based on direct binary PPIs, the BiFC was considered that fluorescence complementation occurs simply when the two FP fragments are reconstituted, and two

POIs are part of a protein complex, not necessary to directly interact with each other [START_REF] Kerppola | Design and implementation of bimolecular fluorescence complementation (BiFC) assays for the visualization of protein interactions in living cells[END_REF]. Reflecting on the target protein overexpression and the FP fragmenttag introduction, we have several points to argue against this explanation of BiFC, giving rise to the question "In BiFC assay, the binary PPIs are direct or indirect interactions ? " or "Which type of binary PPI is dominant in BiFC assay, direct or indirect ?"

Prior to answering this question, it is important to clarify the different layers of macromolecular complex characteristics, which can be investigated at 5 levels ( [START_REF] Wohlgemuth | Studying macromolecular complex stoichiometries by peptide-based mass spectrometry[END_REF].

In BiFC, given the widely used transfection, the overexpression of target proteins is still a key concern of background signal, despite that optimization of plasmid amount and microscopy parameter can abate this side effect, minimizing the non-specific background signal. As previously mentioned [START_REF] Kerppola | Design and implementation of bimolecular fluorescence complementation (BiFC) assays for the visualization of protein interactions in living cells[END_REF], many interactions can be visualized when the fusion proteins are expressed at concentrations comparable to their endogenous counterparts. Therefore, this problem can be alleviated by expressing the fusion proteins at concentrations approximating their endogenous counterparts.

However, because of the simplicity and convenience of BiFC, many experiments were performed by routine transfection, with strong enough expression regardless of their endogenous expression level. This is not surprising due to the following reasons. First, limited information of protein isoform abundance in given cellular context, thus hindering the antibody selection for the most representative protein blotting. Second, the unavailability of antibodies for certain special proteins, resulting from the binding specificity and technical problem. The last is that not all tested proteins exist in a given cell line. Sometimes, we want to only confirm a new interaction with a candidate protein regardless of the endogenous status. Therefore, in most cases, people prefer to validate only the expression and colocalization of fusion proteins instead of their endogenous counterparts, potentially resulting in artificial/non physiologically relevant expression levels during the BiFC assay.

Besides overexpression, fusion proteins, generally, possess different physiological properties from wildtype proteins, such as the non-native folding and increased protein size, possibly influencing intrinsic dynamics and topology of related protein complex. For example, the binding kinetics of manipulated fusion proteins should be much slower than that of endogenous proteins when interacting with additional cofactors or components that belong to the same protein complex. Consequently, the exogenous overexpressed proteins are prone to interact with each other, forming direct binary contacts instead of indirect PPIs.

The overexpressed manipulated proteins, in part, are redundant to well-organized inner microenvironments. As competitors of endogenous proteins for restricted and relatively low-expressed complex components, which have potential to form multimetric protein complex with, the exogenous fusion protein is at a binding disadvantage in this competition and hard to interact with additional limited factors, even of small part, would not enough overrule the main binary direct PPI signals.

Additionally, thinking about the stoichiometry of macromolecular complexes, in BiFC and other PPI individual tests, such as Co-IP, the equal genetic expression of two target proteins partners. Depending on the stoichiometry of A/B complex, the status of A/B abundance ratio was defined as "Balance", "Moderate imbalance" and "Severe imbalance". The resulting phenotypes was assigned to different numbers: "1" indicates that the A/B complex was localized in nucleus, upon their interaction. "2" refers to a transitional change of A/B complex localization from nuclus to cytoplasme. "3" means a cytoplasmic localization of A/B complex. The letter size represents the relative abundance comparing to A or B. The bigger size, the higher relative expression in cells. (Lower) For example, in "Balance" range, HOX/cofactor interaction occurs in nucleus, as phenotype "1". Along with the A/B abundance ratio changing, the corresponding phenotypes will turn: "2" to "3". -189 -

Limitation and future directions of current large-scale BiFC screening

Lack of rigorous negative control

The random collisions of two halves of reporter protein fragments are the main source of BiFC background signals, as well as other PCA-based methods. Thus, in a high-throughput BiFC scan, the negative control is important to non-specific signal removal and subsequent candidate validation. Unlike the loss-of-function screens that the paired negative controls are well defined and integrated in the whole genetic library, such as gRNA or shRNA library, the BiFC negative control is more flexible and very study-dependent. Even for individual BiFC, a rigorous control is not always available, not to speak of a genome-wide or up to 3 of the above mentioned controls are used in BiFC screenings [START_REF] Xia | Genome-Wide Bimolecular Fluorescence Complementation-Based Proteomic Analysis of Toxoplasma gondii ROP18's Human Interactome Shows Its Key Role in Regulation of Cell Immunity and Apoptosis[END_REF][START_REF] Yue | High-throughput screening for Survivin and Borealin interaction inhibitors in hepatocellular carcinoma[END_REF]. Unfortunately, all of these controls fall into the inappropriate controls, as described in Section 3.3.4, Chapter I.

The splitFAST approach could constitute a promising alternative to FP-based BiFC (as described in Figure 19, Section 3.3.5, Chapter I). Indeed, splitFAST is reversible and can therefore be used for selecting interactions that will be specifically affected by a given inhibitor to test. In contrast to FP-based BiFC, where the inhibitor has to be mixed with the fusion proteins for a long time incubation before BiFC signal detection, splitFAST allows testing the inhibitor directly on the fluorescent complexes in real time (Figure III-3). This strategy could be suitable for a conventional genome-wide PPI screening (e.g. to know the potential range of action of a therapeutic molecule), and could also be amenable to conduct a TF functional domain screening with a known corresponding inhibitor, as well as drug screening for fitness genes within potential PPIs in human cell lines. Finally, given the reversibility of splitFAST, it allows having access to the PPI dynamics, a key molecular parameter that conventional FP-based BiFC could not approach. (B) The GFP+ positive cells will be treated with a given PPI inhibitor to reverse the positive protein interactions, leading to the loss of fluorescence. Only the PPI-independent non-specific signals exist in the cell population. Through the second cell sorting, the true interactor-containing cells with GFP-were sorted and collected. FAST, the fluorescence-activating and absorption shifting tag [START_REF] Tebo | A split fluorescent reporter with rapid and reversible complementation[END_REF].

HMBR, 4-hydroxy-3-methylbenzylidene rhodanine, which provides green-yellow fluorescence.

Multicolor BiFC screening

Growing concern regarding the rise in protein complex-specific interactome, the split-BioID was reported as a promising and powerful method to investigate the proximal binding partners of a given binary protein complex, as well as our new developed BibID approach. Likewise, multicolor BiFC analysis provides an effective assay to compare the subcellular distributions of protein complexes formed with different binding partners. VN/CC/VN, as GFP+/Cerulean+ cell population, indicates HOXA9/PBX1 complex interacting CC-ORF candidates. CC/CN, as GFP-/Cerulean+ cell population, refers to PBX1 interacting CC-ORF candidates. CC, as double negative cell population, no interaction between baits and prey library.

The tag effect

There are two main concerns, when applying a tag-based method. One is the biotechniques used for tagged fusion protein introduced into a live context, such as the classical methods, including transfection, transformation or virus-mediated transduction, and advanced approaches, for example, CRISPR-Cas9-mediated gene tagging [START_REF] Lackner | A generic strategy for CRISPR-Cas9-mediated gene tagging[END_REF].

Though the side effect of tag was largely improved, especially the steric hindrance of interactions caused by overexpression of tagged bait protein, on the other hand, the tag per se, can result in non-native folding of fusion proteins and further influencing the stoichiometry of the complex.

However, the split-FP fragment as tags of tested proteins, is the basis of BiFC principle.

The tag is an integral part of the BiFC system, unlike the antibody-based methods such AP-MS or Co-IP, in which alternative tag-free procedure can be performed via endogenous protein-specific antibody. Given that large and bulky fragments impair BiFC fragment solubility and folding, consequently leading to high background signals [START_REF] Cd | An improved bimolecular fluorescence complementation assay with a high signal-to-noise ratio[END_REF], several efforts have been addressed on the tag minimization, for instance, the microtagging system based on tripartite split-GFP [START_REF] Cabantous | A New Protein-Protein Interaction Sensor Based on Tripartite Split-GFP Association[END_REF] and beta-strand 10 (GFP11) are fused to bait A and prey B proteins, respectively and the detector fragment GFP1-9 is added separately. When protein interaction occurs, GFP10 and GFP11 are tethered and then giving the quantitative information. Through label-free quantification, the differentially enriched proteins can be defined under the tested conditions [START_REF] Smaczniak | Proteomics-based identification of low-abundance signaling and regulatory protein complexes in native plant tissues[END_REF]. The ORF abundance can be calculated as positive ratio (PR). Despite that Intensity of interactions between two different ORFs are quite different, they have the same abundance (PR) as 0.1. Besides, we can assume that two profiles belong to the same ORF. Left one is drug-treated, resulting in a great positive signal loss, but still bigger than the threshold as positive cells. Thus the quantitative information of BiFC screening is limited in that we can know whether a given ORF is positive or not.

In turn, the sequential gates can solve this problem to some degree. Several gates were set along with the signal strength, and count the cell number in different gates. The final calculated weighted positive ratio (WPR) revealed the interaction difference between ORFs (Figure III-6). This strategy was described only for individual BiFC signal evaluation. In BiFC screening, five gates represent five positive cell populations, assigning with PPI intensity degree from 1 to 5. The resulting ORFs will be intensity degree-specific candidates, which will be useful for further weak or strong PPI analysis. As example, this strategy has been used in a genome-scale ORFeome screen [START_REF] Mengwasser | Genetic Screening Approaches to Cancer Driver Characterization and Synthetic Lethal Target Discovery[END_REF]. The whole-genome ORFeome library under TRE promoter control. The screen for PD-L1 responsiveness to IFNγ performed in the presence of 100ng/mL IFNγ. ORF expression was induced for 48 hours with doxycycline, stained the cells with a monoclonal antibody recognizing PD-L1, and FACS sorted the cells into PD-L1 high , PD-L1 med , and PD-L1 lowstaining populations. Finally, the validated ORFs were linked to different PD-L1 expression to explain their potency. 

Convoluted polyclonal prey cell library

The heterogeneity of cells is mostly resulting from genome instability and cellular division during culturing and passaging, especially in the case of immortalized model cell lines. As such, the cell-to-cell variability is of wide concern for proteomics. However, the cell-based PPI studies have commonly been performed in bulk, with substantial materials that can largely compensate this intrinsic variance, obtaining a global and acceptable proteome profile. Since the emergence of high-throughput screening, the pooled cell library was frequently used in different screening-based approaches. The lentiviruses are frequently used to make the well-known one-ORF-per-Cell library. Due to the random lentiviral insertion of ORF, genetic interruption and insertional mutagenesis were often observed in stable cells. Moreover, the expression of integrated genes will depend on the transcriptional activity of the surrounding sequences at the integration site. Taken altogether, the random insertion will aggravate the library inner variance, which will further influence the screen performance.

Therefore, knock-in at the identical target genomic locus is highly demanded. Generally, there are two well-documented methods to introduce the target DNA sequence to a predefined genome site. First is the Flp-In system that involves introduction of a Flp Recombination Target (FRT) site into the genome of the mammalian cell line of choice [START_REF] O'gorman | Recombinase-mediated gene activation and site-specific integration in mammalian cells[END_REF]. Once the biotic-resistant Flp-In cell line is established, the subsequent generation of isogenic stable line is rapid and efficient. Consequently, this method was frequently used in function gene stable cell line generation. As the probability of obtaining stable integrants containing a single FRT site or multiple FRT sites, with subsequent chromosomal position effect, this method is as yet not reported to be used in high-throughput study. Second, clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)-based techniques have transformed our ability to genetically manipulate mammalian genomes. Knock-in method with Cas9 RNPs (Cas9-gRNA ribonucleoproteins) mediated homology directed repair template (HDRT) permits alteration of the endogenous sequence or insertion of an exogenous sequence at the target locus. More recently, a method for pooled knockin screens was developed which combines simultaneous delivery of a library of dsDNA HDRTs and Cas9 RNPs by electroporation. The HDRTs are integrated into a single locus (endogenous TCR-α locus), specified by the sgRNA to generate a T cell population expressing on average one insert per cell. The delivery of the library is followed by assays to evaluate the impact of each construct on T cells [START_REF] Roth | Pooled Knockin Targeting for Genome Engineering of Cellular Immunotherapies[END_REF]. This impactful attempt sheds light on the generation of a pooled and BiFC-compatible tagged prey cell library in means of a unique single integration site. The resulting pooled tagged ORF knock-in involves the same locus being targeted in every cell, however the identity of the genetic modification at this locus differs between the cells in the edited population.

After all, the future pooled prey cell library with identical ORF insert sites will largely decrease the side effects caused by the transcriptional activity of the surrounding sequences for the cell population harboring the same ORF. Given the same ORF flanking sequence, it will further improve the PCR efficiency and bias of target region amplification during the NGS library preparation process. Moreover, the less convoluted cell library will benefit the ORF representation throughout the BiFC screening. In addition, during the sequential many individual protein complexes. For example, (Centre) protein A complexome is a collection of protein A complexes, potentially, localized in various cellular compartments, including nucleus, cytoplasm, membranes and membrane-bound organelles (not shown). (Left) Protein A interactome includes all protein A interacting proteins in a specific biological context, which can be detected by either co-complex manner (e.g. AP-MS or BioID) or binary PPI screens (e.g. Cell-PCA). The individual protein A complex can perform biological functions in a DNA-binding or -free fashion. (Right)The former, as genome locus-specific protein factors can be deciphered by reverse ChIP method.

Regarding the growing concern about the intra-tissue heterogeneity as well as the cell-tocell variability in bulk analysis, single-cell omics gained widespread popularity since 2014 [START_REF] Kharchenko | Bayesian approach to single-cell differential expression analysis[END_REF][START_REF] Picelli | Fulllength RNA-seq from single cells using Smart-seq2[END_REF], along with more accessible protocols and lower sequencing costs. Following the first whole-transcriptome analysis of a single cell [START_REF] Tang | mRNA-Seq whole-transcriptome analysis of a single cell[END_REF], more than 100 different single cell sequencing methods have been published (Wikipedia, 2021). These substantial advances have led to the transition from initial scRNA-seq to single-cell multi-omics, allowing multimodal measurements and integration of transcriptome, proteome, and spatial localization from the same cell. For example, the commercial 10X Genomics Visium solution combines whole transcriptome spatial analysis with immunofluorescence protein detection in the same tissue section, which empowers a deeper, more holistic understanding of tissue organization. Moreover, the classical large-scale genetic perturbation screens stand to benefit from single-cell sequencing. Recently, screens combining genetic perturbations with scRNA-seq readouts have emerged as promising and scalable alternatives over traditional screens, enabling direct readout of transcriptomic changes from the final fitness-responded cell population.

As example, Maehr and colleagues combined single-cell RNA-seq with parallel CRISPR perturbations to comprehensively define the loss-of-function phenotype of those factors in definitive endoderm development [START_REF] Genga | Single-Cell RNA-Sequencing-Based CRISPRi Screening Resolves Molecular Drivers of Early Human Endoderm Development[END_REF]. Innovatively, barcoded genomescale ORF expression libraries were used by Mali lab, to systematically overexpress a pooled library of TFs in hPSCs, coupling scRNA-seq and fitness screen [START_REF] Parekh | Mapping Cellular Reprogramming via Pooled Overexpression Screens with Paired Fitness and Single Cell RNA-Sequencing Readout[END_REF]. While other groups have demonstrated different scRNA-seq-based screens, notably, scRNA-seq based PPI screens have yet to be demonstrated.

Thanks to the well-performed barcoded ORFeome library [START_REF] Parekh | Mapping Cellular Reprogramming via Pooled Overexpression Screens with Paired Fitness and Single Cell RNA-Sequencing Readout[END_REF][START_REF] Sack | Profound Tissue Specificity in Proliferation Control Underlies Cancer Drivers and Aneuploidy Patterns[END_REF] and scRNA-seq (Chromium Single Cell 3' library) [START_REF] Genga | Single-Cell RNA-Sequencing-Based CRISPRi Screening Resolves Molecular Drivers of Early Human Endoderm Development[END_REF] As a long-term issue that pooled BiFC screening is restricted to apply in only cell lines or single-cell organisms, the multi-cell self-organized organoid is a potential model to be used in high-throughput BiFC screening. Recent progress in stem cell biology led to a strong revival of the organoid field. Organoid technology can therefore be used to model human organ development and various human pathologies 'in a dish'', reflecting key structural and functional properties of organs [START_REF] Lancaster | Organogenesis in a dish: modeling development and disease using organoid technologies[END_REF]. To date, many genetic manipulations have already performed in organoids, such as transfection [START_REF] Laperrousaz | Direct transfection of clonal organoids in Matrigel microbeads: a promising approach toward organoid-based genetic screens[END_REF], transduction [START_REF] Maru | Lentivirus-Based Stable Gene Delivery into Intestinal Organoids[END_REF] and even CRISPR/Cas9 precision genome editing [START_REF] Artegiani | Fast and efficient generation of knock-in human organoids using homology-independent CRISPR/Cas9 precision genome editing[END_REF]. In addition, single-cell analyses of matched organoids by FACS was also widely used in different studies [START_REF] Fujimichi | An Efficient Intestinal Organoid System of Direct Sorting to Evaluate Stem Cell Competition in Vitro[END_REF][START_REF] Rosenbluth | Organoid cultures from normal and cancer-prone human breast tissues preserve complex epithelial lineages[END_REF]. Accordingly, the current achievements have shown that an organoid-based pooled BiFC screening is very promising to be conceived and carried out in the near future. This feasibility opens new perspectives for pooled BiFC screening, as well as high-throughput shown). Through Illumina paired-end sequencing, allowing identification of the BC sequences uniquely paired to each ORF. (C) Schematic of lentiviral CC-ORF-BC vector and capture of CC-ORF-BC transcript during scRNA-seq. The final pooled CC-ORF-BC library will be used to produce lentivirus, for generating barcoded prey cell libraries. After co-expressed with corresponding tagged bait (VN tagging), the cell library will be sorted by FACS. Fluorescence-positive cells, with paired control, will be used for 10X single cell 3' gene expression library preparation. The final ORF hits will be deconvolved by BCs. UMI, Unique Molecular Identifier. Adapted from figure 1 in [START_REF] Parekh | Mapping Cellular Reprogramming via Pooled Overexpression Screens with Paired Fitness and Single Cell RNA-Sequencing Readout[END_REF].

Given the applicability of single-cell-based or/and organoid-based pooled PPI screening, it will permit measuring expression levels for each interacting candidate across a population of cells and allow studying new biological questions in which PPI-affected cellspecific changes in transcriptome. However, this single cell-based binary protein complex analysis is still far from a real functional protein complex. To fill this gap, a reverse-ChIP method, named CLASP (Cas9 locus-associated proteome), was reported to capture functionally relevant gene-specific regulators targeted to the gene locus of interest [START_REF] Tsui | dCas9targeted locus-specific protein isolation method identifies histone gene regulators[END_REF]. By using purified recombinant catalytically inactive Cas9 (dCas9)-guide RNA ribonucleoprotein (RNP) complexes, CLASP does not require specialized cell lines and can be easily prepared with different guide RNAs to target multiple loci in any cell line or tissue. By fusing dCAS9 to PL enzyme, a new attempt was to fuse dCAS9 with BirA* to create a novel technology CASID, which was applied to analyze binding proteins in the direct vicinity of specific loci [START_REF] Schmidtmann | Determination of local chromatin composition by CasID[END_REF]. Whereas dCAS9-based method enables a single genome locus-proximal proteome analysis, in which may include dozens of functional protein complexes instead of a single functional complex, it still provides insight into the real-time binding activities of these proteins at a specific DNA locus and uncovers the identities of these proteins simultaneously. However, one mentionable caveat is that the dCAS9-based method is designed to focus on only the nuclear protein activities depending on the DNA binding and its highly nucleus-restricted. Referring to the huge number of non-nucleus-localized protein complexes, a global non-compartment-specific detection method is needed, which enables a whole protein complexome analysis, like single transcript-based transcriptome analysis via RNA-seq.

To close this gap, co-elution or co-fractionation (CoFrac) approaches are collectively a global approach used to simultaneously study the whole interactome [START_REF] Havugimana | A Census of Human Soluble Protein Complexes[END_REF][START_REF] Kristensen | A high-throughput approach for measuring temporal changes in the interactome[END_REF]. They all rely on separation of protein complexes under native conditions, with the fact that proteins belonging to the same complex co-elute or migrate together during separation, showing the same migration profile (Figure III-9). As such, hundreds to thousands of protein complexes can be simultaneously and rapidly analyzed by co-elution in a single experiment, enabling the all-to-all protein analysis at single-protein-complex resolution. An added attraction of co-elution is, to date, that generated interactome does not rely on the genetic manipulation of cells or organisms, coelution has thus been able to predict endogenous and unmanipulated protein complexes on a considerably large scale and in more physiologically relevant manner, as opposed to the results involving the tagged or overexpressed bait proteins. Nonetheless, one main drawback of co-elution that enslaves its popularity, is requirement of sophisticated bioinformatics analyses, facing million pairs of proteins quantified in a sample. However, co-elution is a powerful tool for next-generation interactomics, and it provides higher dimensional data information over existing high-throughput PPI screen methods. Looking forward, co-elution methods will progress toward increasing separation resolution and maximizing quantitation accuracy, along with miniaturization of sensitive MS measurement, and guide future single-cell interactomics. show the same co-elution profile after a bioinformatic analysis to extract an interactome map, including single protein complex info. Adapted from figure 1 in [START_REF] Salas | Next-generation Interactomics: Considerations for the Use of Co-elution to Measure Protein Interaction Networks *[END_REF].

Bacterial glycerol stocks for long-term storage of plasmids

Bacterial glycerol stocks are important for long-term storage of plasmids. If you want to store bacteria for a longer time, you will need to establish glycerol stocks. The addition of glycerol stabilizes the frozen bacteria, preventing damage to the cell membranes and keeping the cells alive. A glycerol stock of bacteria can be stored stably at -80°C for many years. Once this stock is established, the plasmids can be easily reproduced and purified through an overnight culture, followed by a standard midi or maxi prep. This stock can be simply prepared by adding 500 μL of the overnight culture to 500 μL of 50% glycerol in a 2 mL screw top tube or cryovial and gently mix. To recover bacteria from your glycerol stock, open the tube and use a sterile loop, toothpick or pipette tip to scrape some of the frozen bacteria of the top. Do not let the glycerol stock unthaw. The optimal concentration of long-term glycerol storage is unknown. Most labs store bacteria in 15-25% glycerol. In my condition, I used a 25% glycerol concentration for making the stocks, as summarized below in Table V2.

Figure 1 .

 1 Figure 1. Types of protein complexes. (A) A variety of proteins occur as monomers, homodimers, homotrimers, homotetramers, or even larger homomeric complexes. (B) Proteins may assemble as heterooligomers consisting of homo-or hetero-oligomers. (C) Indirect interactions: scaffolding proteins can bind various monomeric or oligomeric proteins. Direct interactions can occur between scaffolding protein and each of other proteins. Adapted from figure 1 in[START_REF] Lalonde | Molecular and cellular approaches for the detection of protein-protein interactions: latest techniques and current limitations[END_REF].

Figure 2 .

 2 Figure 2. Two types of PPIs in cells. Constitutive PPIs are stable and mostly form subunits of permanent complexes as part of cell structure. The cytoskeletal network and the membranous, organellar networks

Figure 3 .

 3 Figure 3. AP-MS (or variants)

Figure 4 .

 4 Figure 4. Overview of affinity purification strategies and the possible controls. (A) Immunoprecipitation of protein complexes with immobilized antibodies against the bait protein. (B) Single-step tag-based affinity purification with bead-immobilized antibody directed against a protein tag. (C) Tandem affinity purification with two consecutive purification steps by means of immobilized antibodies against two different tags. A protease cleavage is used to separate the tags. (D) Possible controls for the detection of background contaminants include the wild-type (WT) extract, purification from cells expressing the tag only, or unrelated proteins fused with a tag. FP, false positive; UP, unrelated protein. Adapted from figure 4 in(Struk et al., 

Figure 5 .

 5 Figure 5. Schematic representation of Co-IP. (A) In Co-IP, the cells are collected and lysed under nondenaturing conditions that preserve protein-protein interactions. The target protein is specifically immunoprecipitated from the cell extracts using target-specific antibodies, and the immunoprecipitates are fractionated by SDS-PAGE. Co-immunoprecipitated proteins are detected by western blotting, ELISA with an antibody directed against that protein, or mass spectrometry with high accuracy. Adapted from (Creative Biomart, 2021).

Figure 6A .

 6A Figure 6A. Two protein domains are required in the classical Y2H assay, namely the DNA-

Figure 6 .

 6 Figure 6. The yeast two-hybrid system and its modifications. (A) The original yeast two-hybrid analysis detects an interaction between two proteins fused to either the DNA-binding domain (BD; bait) or the DNA transactivation domain (AD; prey) of GAL4, respectively. An interaction reconstitutes the DNA-binding and transactivation domains to activate reporter genes such as ADE2, HIS3, and lacZ. (B) A cDNA library screen allows the identification of novel binding partners (green crayon-like shape), whereas non-interacting proteins (opaque square and sphere) fail to activate the reporter genes. (C) Examples of false-positive results

Figure 7 .

 7 Figure 7. Protein complementation assays (PCAs). (A) Split-enzyme results in the generation of color from a chromogenic substrate (Blue circles) or fluorescence from a fluorescence substrate (yellow diamonds) upon reconstitution of the enzyme facilitated by bait-prey interaction; N-Enz, N-terminal half of enzyme. C-Enz, C-terminal half of enzyme. (B) Bimolecular fluorescent complementation (BiFC) results in the generation of fluorescence following light excitation upon reconstitution of the AFP facilitated by bait-prey interaction; AFP, auto-fluorescent protein. N-AFP, N-terminal half of AFP. C-AFP, C-terminal half of AFP. (C) Bioluminescence complementation (BiLC) results in the generation of fluorescence following excitation by a bioluminescence substrate (magenta parallelograms) upon reconstitution of the luciferase enzyme facilitated by bait-prey interaction; N-Luc, N-terminal half of Luciferase. C-Luc, C-terminal half of Luciferase. Adapted from figure 2 in[START_REF] Morsy | Charting plant interactomes: possibilities and challenges[END_REF].

Figure 8 .

 8 Figure 8. Illustration of FRET/BRET and SRET. (A) Illustration of FRET/BRET. Fluorescence resonance energy transfer (FRET) or bioluminescence resonance energy transfer (BRET) results in the generation of fluorescence following resonance energy transfer from emitted light from AFP or Luc from a bioluminescence substrate (magenta parallelograms) upon close physical proximity of the AFP or Luc facilitated by bait-prey interaction. Luc, Luciferase; AFP, auto-fluorescent protein. Adapted from figure 2b

Figure 9 .

 9 Figure 9. General workflow of proximity labeling followed by mass spectrometry with biotin ligase. (A) or peroxidase (B). The protein of interest (bait) is fused to the reporter enzyme and expressed in cells.

Figure 10 .

 10 Figure 10. Principles of SPR and MST for PPI detection. (A) In SPR method, one of the tested proteins, designated the ligand, is immobilized on a dedicated sensor surface with a gold film. The binding partner, designated the analyte, is injected over the ligand-containing surface. The interaction is detected by changes in refraction of a polarized light of the medium close to the sensor surface upon addition of the analyte. Adapted from figure 5 in (Struk et al., 2019) (B) Layout of the MST instruments and measurement principles.

Figure 11 .

 11 Figure 11. Schematic representation of RT-smCo-IP. In RT-sm-Co-IP, antibodies directed against the bait are immobilized on the glass coverslip via a biotin-neutravidin interaction. After bait proteins are immobilized, cell extracts containing GFP-tagged prey proteins are added and the interaction between bait and prey is visualized with single-molecule fluorescence microscopy. Adapted from figure 6 in(Struk et al., 
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 12 Figure 12. In silico strategies for PPIs. Diverse computational tools encompass various stages of PPI study, including the interpretation of protein network topology, the characterization of interface and hot spots, the exploration of PPI chemical spaces for lead discovery and optimization, and the elucidation of complex interactions and dynamics. Reprinted from figure 1 in[START_REF] Macalino | Evolution of In Silico Strategies for Protein-Protein Interaction Drug Discovery[END_REF].

Figure 13 .

 13 Figure 13. Schematic illustration of NAPPA and M-NAPPA methods. (A) Diagram of NAPPA. Cell-free expression systems. RNA or DNA is deposited on the slide surface and rapidly expressing them just before

  Figure was adapted from (Wikipedia, 2017). (B) The schematic illustration of how M-NAPPA arrays are processed. Using a standard pin-based

  . The BiFC signal can then be visualized by fluorescent microscopy or analyzed by flow cytometry. Additionally, the quantification of the BiFC signals can be easily performed in an appropriate manner (Part 1, Chapter II).

Figure 14 .

 14 Figure 14. Principle of BiFC. (A) Three-dimensional structure of a fluorescent protein. The structure of the Venus yellow fluorescent protein (PDB ID: 1MYW from RCSB Protein Data Bank), with the β-strands and α-helices visualized in rainbow colors using PyMOL software (http://pymol.sourceforge.net/). Two canonical split sites (between 7th and 8th β-strands, and between 8th and 9th β-strands) used for the BiFC assay are shown in white (and also indicated by scissors). (B) Folding topology of a fluorescent protein. The numbered green arrows and the orange boxes indicate β-strands and α-helices, respectively. The two closed circles indicate the positions of the canonical split sites, and the arrowhead indicates the split site between the 10th

Figure 15 .

 15 Figure 15. A timeline of major achievements in BiFC development.

Figure 16 .

 16 Figure 16. Combinations of fusion proteins to be tested for BiFC. Fusion proteins that produce an optimal signal must generally be empirically determined. Multiple combinations of fusion proteins should be tested for BiFC. N-and C-terminal fusions can be used to test eight distinct combinations (A through H). Although

Figure 17 .

 17 Figure 17. Improvement test of S/N ratio in Venus-based BiFC. (A) Mutation sites that increase the S/N ratio in Venus-based BiFC. The three-dimensional structure of Venus (PDB ID: 1MYW from RCSB Protein Data Bank) is shown as generated by the PyMOL software (http://pymol.sourceforge.net/). The 7th and 10thβ-strands are shown in yellow and green, respectively. The V150, I152, L201, and L207 residues are indicated in magenta. Reprinted from figure3in[START_REF] Kodama | Bimolecular fluorescence complementation (BiFC): a 5-year update and future perspectives[END_REF]. (B) Relative BiFC Efficiencies of the Venus Variants. L201 and L207 of bFos-VC155 and V150 and I152 of bJun-VN155 were replaced with amino acids L, I, V, and A by PCR-based site-directed mutagenesis to obtain four substitutions at each position. The replaced bJun-VN155/bFos-VC155 plasmids were transfected into mouse C3H10T1/2 cells. The bFos△ZIP-VC155 plasmid, lacking the carboxy-terminal half of the bFos leucine zipper domain, was used as negative control (background). The mCherry plasmid was also included in the transfection cocktail at a molar ratio of 1:3 to the BiFC plasmids, and was used as internal control for protein expression. Relative BiFC efficiency was calculated from the number of co-fluorescent BiFC cells among mCherry fluorescent cells. The positive BiFC fluorescence signal and the negative backgrounds of the various Venus variants were obtained with bJun-VN155/bFos-VC155 and bJun-VN155/ bFos△ZIP-VC155 respectively. The BiFC efficiency of wildtype bJun-VN155/bFos-VC155 was taken to be 100. Standard deviations were calculated from three independent experiments. Reprinted from figure3in[START_REF] Nakagawa | Improvement of a Venus-Based Bimolecular Fluorescence Complementation Assay to Visualize bFos-bJun Interaction in Living Cells[END_REF] 
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 34 Controls for BiFC assayAs mentioned previously, the true BiFC fluorescence signals are brought when the two tagged-proteins are interacting with each other and generating a functional FP. Equally, the random collisions of two FP fragments can also occur when they are co-expressed in a limited space of the subcellular compartment. These random encounters can subsequently generate PPI-independent and non-specific signals. Moreover, many BiFC assays, which were routinely implemented by transfection, involve transient overexpression of the candidate proteins. Coupling with the irreversibility of the BiFC, the artificial non-specific signals will be fixed and then measured together with the true PPI-driven fluorescence, contributing to the overall fluorescence signal in the BiFC assay. Accordingly, it is important to design and choose rigorous controls (summarized in Figure18) for determining this non-specific fluorescence or technical background signal, and faithfully detecting interactions that are truly biologically relevant.

Figure 18 .

 18 Figure 18. Summary of Possible Negative Controls in BiFC Experiments. (A) Interaction of proteins A and B mediates efficient fluorescence complementation and reconstitution of the FP. (B) to (F) Appropriate negative controls (green background). (B) Interaction domain mutated in A, thereby abolishing interaction with B. (C) Interaction domain mutated in B, thereby abolishing interaction with A. Verification that the mutated protein is similarly stable as the wild-type form is additionally required. (D) Ax is closely related to A (e.g., a member of the same protein family) but does no interact with B. (E) Bx is closely related to B but does not interact with A. (F) If none of the controls in (B) to (E) is possible, an unrelated protein, localized in the same subcellular compartment as the proteins of interest, can be used as the last resort. In this case, it is necessary also to provide evidence for this unrelated protein being part of an established interaction (X and Y) that can be reproduced by BiFC. (G) to (N) Inappropriate negative controls (red background). (G) Expression of either the N-or the C-terminal FP fragment alone. (H) N-and C-terminal FP fragments are coexpressed, but without fusion to the proteins of interest. (I) N-terminal FP fragment fused to protein A is expressed alone. (J) C-terminal fragment fused to protein B is expressed alone. (K) N-terminal FP fragment fused to protein A is coexpressed with the unfused C-terminal FP fragment. (L) C-terminal FP fragment fused to protein B is coexpressed with the unfused N-terminal FP fragment. (M) and (N) Unrelated protein Z with different subcellular localization and no positive interaction control for Z and a partner protein (see [F]) is coexpressed with A or B. (O) and (P) Possible orientations of the protein fusions in BiFC assays. It is

Figure 19 .

 19 Figure 19. Reversible BiFC systems based on split FPs that use exogenous chromophores. (A) IFP-based system, is a split version of IFP1.4 that is reported to be reversible. Reconstitution of IFP1.4 due to the interaction of X and Y activates the fluorescence of the bound biliverdin molecule. (B) splitFAST, a reversible split fluorescent reporter that allows real-time monitoring of both formation and dissociation of a

Figure 21 .

 21 Figure 21. Structure and sequence signature of Hox proteins. (A) Structure of Hox-PBC-DNA complex, here illustrated by the Ubx-Exd-DNA crystal structure ((Passner et al., 1999). (B) The hexapeptide (HX) motif and the homeodomain (HD) are the most prominent sequence signatures of Hox proteins. The sequence of HD is highly conserved, as illustrated here by aWebLogo (established usingweblogo.berkeley.edu software) derived from a compilation of human/mouse and D. melanogaster sequences. The HD contains three alpha helices and contacts DNA in the major (via helix 3) and minor

Figure 22 .

 22 Figure 22. Genomic organization of the HOX genes of the Drosophila and vertebrate. The arrangement 5′ to 3′ is conserved across these species. Members of the same paralogue group are colored identically. Modified from figure1ain[START_REF] Jia | Protein-protein interaction analysis between HOXA9 and TFs in breast cancer[END_REF].

Figure 23 .

 23 Figure 23. (A) Diagram of a generalized Hox transcription complex. The Hox protein (brown) is shown binding to DNA, as are cofactors (blue) that interact both with the Hox protein and adjacent DNA elements, while general factors (grey) are recruited solely by means of protein-protein interactions. (B) Diagram of Hox, PBC, and HMP family proteins. Hox, PBC, and HMP proteins are shown schematically with N-termini to the left and C-termini to the right. The diagram is intended to represent one generic member of each family and is not drawn to scale. Interacting factors are listed above each protein family at the approximate location reported to contain the binding site for that factor. The dashed

  keywords, such as (HOX) AND ((BiFC) OR (Bimolecular fluorescence complementation) OR (PCA) OR (Protein-Fragment Complementation Assay)) AND ((high-throughput) OR (large-scale) OR (pooled screen) OR (arrayed screen) OR (ORFeome)), the HT-BiFC screen has not been applied on this issue.Therefore, during my PhD, I first applied the BiFC technique to decipher the mode of interaction of Hox proteins with their canonical TALE partners in living cells. We identified new paralog-specific TALE-binding sites that are used in a highly contextdependent manner. In addition, I developed a high-throughput BiFC approach that enabled the investigation of systematic HOX interactomes in living cells, which further represented a paradigm for understanding common and specific interactions between different Hox proteins.

  -293T cells were purchased from Europen Collection of Authenticated Cell Cutures (ECACC) through the biological resource center CelluloNet (AniRA platform of Lyon). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM-GlutaMAX-I, Gibco by Life Technologies) supplemented with 10% (v/v) heat inactivated fetal bovine serum (FBS) and 1% (v/v) Penicillin-Streptomycin (5,000U penicillin and 5mg streptomycin/mL), incubating at 37°C, in an atmosphere of 5 % CO2. The plix-403 lentiviral vector was bought from addgene (plasmid # 41395). This plasmid was subsequently modified by digestion and ligation with MCS (multiple cloning site sequence) oligo. The resulting plix-MCS was further used as backbone of plix-CC-mCherry and plix-CC-PBX1. Plasmid plix-VN-HOXA9 as mentioned in previous part (Part 3.1, Chapter II) was used to generate the plix-VN-HOXA9-PGK-BleoR-mCherry, with PURO element replaced by BleoR sequence. All restriction enzymes were purchased from New England Biolabs. The subsequent ligation reaction were performed by T4 DNA ligase (Promega, France) and transformed into one shot Top10 competent cells (Invitrogen, Cat No. C404010). DNA sequencing were carried out at GENEWIZ Company (Germany).

(

  Polyplus,) following manufacturer's instruction. Seven hours posttransfection, change the transfection medium by new fresh cell growth medium and turn the dish to the incubator. After 40h, check the cell confluence, if cell confluence ≥80%, the selection was initiated with 200μg/ml of Zeocin (Invitrogen, France). Bleo-resistant cells were dominated after 5 days of Zeocin selection and propagated using the same medium, transfer established cells into a big vessel, such as T75 flask. The Zeocin-selection lasted for about 3weeks. Final polyclonal stable cell line was cryopreserved in liquid nitrogen for further usage.

Figure

  Figure II-1. (A) Illustration of plix-CC-mCherry and pLV-CC-mCherry constructs. Ptight-TRE, Tetresponsive tight promoter as 2 nd generation doxycycline-inducible version, consisting of seven tet operator sequences followed by the minimal CMV promoter. PTRE, original Tet-responsive promoter. CC, C-terminal fragment of mCerulean, 155-238aa. hPGK, human phosphoglycerate kinase 1 promoter. IRES, internal Ribosome Entry Site, allows for initiation of translation from an internal region of the mRNA. PURO, puromycin-resistant element. T2A, self-cleaving 2A peptides. (B) Comparison of basal fluorescent signals between plix-CC-mCherry and pLV-CC-mCherry in HEK cells. Images were taken by Zeiss confocal microscope at x20 objective. mCh, channel mCherry. TL, channel transmitted light. Scale bar = 50 μm.(Jonathan Reboulet, unpublished data)

Figure II- 2 .

 2 Figure II-2. Testing Tet-On system using plix-CC-mCherry. HEK cells were transfected by plix-CC-mCherry and incubated with complete media containing 0 to 1000 ng/mL Dox for 18 h. Images were taken by Zeiss confocal microscope at x20 objective. Scale bar = 50 μm.

Figure II- 3 .

 3 Figure II-3. Construction and performance of plix-VN-HOXA9-mCherry. (A) Illustration of plix-VN-HOXA9-hPGK-BleoR-mCherry. BleoR, confers resistance to bleomycin, phleomycin, and Zeocin, (B) BiFC performance test of plix-VN-HOXA9-mCherry cotransfected with plix-CC-PBX1. The test was executed in live HEK cells at Dox concentration of 100ng/mL. Images were taken by Zeiss confocal microscope at x10 objective. Scale bar = 100 μm. (C) BiFC test in plix-VN-HOXA9-mCherry stable cell line. One plasmid transfection was performed by plix-CC-PBX1 in live cells at Dox concentration of 100ng/ml. Images were taken by Zeiss confocal microscope at x20 objective. Scale bar = 50 μm.

  Figure II-4. The absolute copy numbers of WPRE and RPPH1 were calculated based on standard curve (Figure II-4A), in a range of virus dilutions (from 0ul to 80ul). The final functional titer can vary from different diluted conditions (TU, transduction units; from 5.48 X 10 6 to 1.23 X 10 7 TU/mL) (Figure II-4B, right). The acceptable titer should meet these criteria: the calculated titer should be similar between different DNA quantities in the same dilution condition; the ratio of maximal and minimal titer should not exceed five. Either max or min titer could be used for subsequent stable cell line establishing procedure, but the MOI (Multiplicity of Infection) and cell number may be adjusted according to your final titer choosing. Moreover, the virus copy number per cell is another important information, which could be obtained by this qPCR titration method (Figure II-4B, left).

Figure II- 4 .

 4 Figure II-4. Functional titration of plix-CC-ORF viral library by qPCR. (A) Standard curve of WPRE and RPPH1. WPRE, Woodchuck Hepatitis Virus (WHV) Posttranscriptional Regulatory Element, as marker gene of lentivirus for copy number determination. RPPH1, the RNA component of the RNase P ribonucleoprotein, a gene that exists as a single copy per haploid genome (or 2 copies per human cell). (B) Quantification of lentiviral copy number per cell and functional titer. The values in grey cells are discarded, due to big discrepancies.

Figure II- 6 .

 6 Figure II-6. Pilot experiments to optimize pooling strategy for next generation sequencing of ORF clones. (A) Schematic of pilot. Two conditions were tested. Reaction 1 consisted of 142 unmanipulated ORF plasmids. Reactions 2-3 were duplicate reactions in which ORF inserts from 376 ORF plasmids were enzymatically purified from plasmid backbones. (B) Coverage across the length of 2 representative ORFs.

  , for our preliminary test, though case-by-case variance and further condition optimization should be concerned. The TurboID-derived biotinylation was eventually stained by streptavidin-AlexaFluor555 (Strep-A555) and observed by confocal microscopy. In comparison between biotin-absent (Biotin -) and biotin-present (Biotin +) conditions (Figure II-7A vs. 7B), the TurboID-based labeling exhibits a highly biotindependent profile. HOXA9-TurboID and TurboID test conditions show strong biotinylation activity in their corresponding cell compartments, colocalizing with TurboID ligases, as expected (Strep-A555 and α-HA channels, Figure II-7B). Interestingly, the NLS-TurboID expression is diffused to cytoplasm, irrespective of its nucleus-specific property, albeit a little more nucleus-concentrated (α-HA channel, Figure II-7A and 7B).

Figure II- 7 .

 7 Figure II-7. Immunofluorescence of TurboID-mediated proximal biotinylation in HEK cells. Cells were fixed and stained with streptavidin-AlexaFluor555 (Strep-A555) to detect biotinylated proteins, and anti-HA

Figure II- 8 .

 8 Figure II-8. Schematic representation of BibID system. The binding between csGBP and folded CC/VN stabilises TurboID-csGBP, which leads to proximity biotinylation around the CC/VN-tagged POIs, here referred as A/B protein complex. The unbound TurboID-csGBP will be degraded by the ubiquitin proteasome system, which would largely alleviate non-specific labelling when csGBP-CC/VN binding saturates. The biotin labelled proteins can be subsequently isolated by biotin affinity purification and identified by LC-MS/MS analysis. HA, HA epitope tag. csGBP, conditionally stable GFP-binding nanobody. CC, C-terminal fragment of mCerulean (155-238aa). VN, N-terminal fragment of mVenus (1-172aa).

Figure II- 9 .

 9 Figure II-9. Immunofluorescence of BibID test performed in HEK cells. Cells were fixed and stained with streptavidin-AlexaFluor555 (Strep-A555) to detect biotinylated proteins, and anti-HA antibody (α-HA) to detect ligase expression. BiFC/EGFP belongs to endogenous fluorescence. Nuclear DNA was labelled with DAPI stain. Non trasfected HEK cells as technical control. Scale bar, 20 μm. (A) Biotin-absent PL test.(B) Biotin-present PL test. Exogenous 50uM biotin was prepared in complete culture medium and cells were treated for 10min before fixation.

  Figure III-1): (A) composition, (B) stoichiometry, (C) copy number, (D) topology, and (E) dynamics.

Figure III- 1 .

 1 Figure III-1. Different layers of macromolecular complex characteristics. Complex composition (A) encompasses the list of complex constituents. Complex stoichiometry (B) defines the abundance of constituents relative to each other, while the copy number (C) quantifies the absolute number of constituents per complex. Complex topology (D) describes the spatial setup of the constituents in the complex. Complex dynamics (E) represent the alterations in composition, stoichiometry, and topology over time. Reprinted from figure 1 in[START_REF] Wohlgemuth | Studying macromolecular complex stoichiometries by peptide-based mass spectrometry[END_REF].

Figure

  Figure III-2. Hypothesis model and preliminary results of dosedependent effect in binary PPI.(A) Model of Dose effect in binary PPI. (Upper) Protein A and B as putative interaction partners. Depending on the stoichiometry of A/B complex, the status of A/B abundance ratio was defined as "Balance", "Moderate imbalance" and "Severe imbalance". The resulting phenotypes was assigned to different numbers: "1" indicates that the A/B complex was localized in nucleus, upon their interaction. "2" refers to a transitional change of A/B complex localization from nuclus to cytoplasme. "3" means a cytoplasmic localization of A/B complex. The letter size represents the relative abundance comparing to A or B. The bigger size, the higher relative expression in cells. (Lower) For example, in "Balance" range, HOX/cofactor interaction occurs in nucleus, as phenotype "1". Along with the A/B abundance ratio changing, the corresponding phenotypes will turn: "2" to "3". (B) The BiFC test in VN-HOXA9 stable cell line. CC-PBX1 was transiently expressed in cells by transfection, under control of Dox concerntraiton. The expression of CC-PBX1 increased in paralle with Dox increasing, resulting in "Moderate imbalance" between HOXA9 and PBX1. A represents VN-HOXA9, B refers to CC-PBX1. (C) BiFC assay for interaction of VN-HOXA9 and CC-PBX1. Expression of VN-HOXA9 was controlled by Dox concentration. CC-PBX1 and VN-HOXA9 was coexpressed in HEK cells by transfection. The BiFC under different Dox concentrations generated three distinct phenotypes, according with dose-dependent model.

  Figure III-2. Hypothesis model and preliminary results of dosedependent effect in binary PPI.(A) Model of Dose effect in binary PPI. (Upper) Protein A and B as putative interaction partners. Depending on the stoichiometry of A/B complex, the status of A/B abundance ratio was defined as "Balance", "Moderate imbalance" and "Severe imbalance". The resulting phenotypes was assigned to different numbers: "1" indicates that the A/B complex was localized in nucleus, upon their interaction. "2" refers to a transitional change of A/B complex localization from nuclus to cytoplasme. "3" means a cytoplasmic localization of A/B complex. The letter size represents the relative abundance comparing to A or B. The bigger size, the higher relative expression in cells. (Lower) For example, in "Balance" range, HOX/cofactor interaction occurs in nucleus, as phenotype "1". Along with the A/B abundance ratio changing, the corresponding phenotypes will turn: "2" to "3". (B) The BiFC test in VN-HOXA9 stable cell line. CC-PBX1 was transiently expressed in cells by transfection, under control of Dox concerntraiton. The expression of CC-PBX1 increased in paralle with Dox increasing, resulting in "Moderate imbalance" between HOXA9 and PBX1. A represents VN-HOXA9, B refers to CC-PBX1. (C) BiFC assay for interaction of VN-HOXA9 and CC-PBX1. Expression of VN-HOXA9 was controlled by Dox concentration. CC-PBX1 and VN-HOXA9 was coexpressed in HEK cells by transfection. The BiFC under different Dox concentrations generated three distinct phenotypes, according with dose-dependent model.

  BiFC screening. Though sometimes the gain-of function or overexpression screening shares the same hORFeome library with BiFC screening, the control using function-free and fluorescent proteins are not compatible with BiFC. To address this point, four types of negative controls are widely recruited in the BiFC screening: (a) N-and C-terminal FP fragments without fusion to the POI; (b) N-terminal FP fragment fused to POI with the unfused C-terminal FP fragment; (c) C-terminal FP fragment fused to POI with the unfused N-terminal FP fragment. (d) One FP fragment fused to POI alone. As reported, at least one,

Figure III- 3 .

 3 Figure III-3. Schematic of splitFAST-based BiFC screening. (A) Using the Cell-PCA strategy, C-terminal FAST (CFAST)-tagged prey cell library was coexpressed with N-terminal FAST (NFAST) bait protein after HMBR treatment (not shown in the figure). The GFP+ cells were sorted and collected after first round FACS.

Figure III- 4 .

 4 Figure III-4. The strategy of high-throughput multicolor BiFC, examplified by HOXA9 and PBX1. (A) Schema of plasmid construction, illustrated by bait proteins, VN-HOXA9 and CN-PBX1. All constructs are controlled by the Tet-On system, driving the gene expression in presence of Dox. (Upper) Bi-PTRE promotor conducts the tagged bait proteins (VN-HOXA9 and CN-PBX1) at the same time. mCherry element is used as an expression marker of target bait proteins, controlled by an independent hPGK promotor. (Lower) CCtagged ORFeome (prey) plasmid library was made by Gateway cloning, as described previously. Ptight-TRE, Tet-responsive tight promoter as 2 nd generation doxycycline-inducible version, consisting of seven tet operator sequences followed by the minimal CMV promoter. VN, the N-terminal fragments of Venus, 1-173aa. CN, N-terminal fragment of Cerulean, 1-173aa. CC, C-terminal fragment of mCerulean, 155-238aa. T2A, self-cleaving 2A peptides. (B) The red fluorescent cells represent the bait/prey coexpressed cell population, which can be further gated in mCherry+. Upon these mCherry+ cells, multiple gating can be used, dividing total mCherry+ cells into 4 different populations in 4 different quadrants. CC/VN, as GFP+/Cerulean-cell population, represents HOXA9 interacting CC-ORF candidates (residing in cells).

  Concerning our BiFC system, generic and large fragments were used in a large-scale screen, which is potentially aggregation-prone and of high backgrounds from self-assembly. I should still emphasize here that (i) only 1-2% of cells were fluorescent in the HOX screen and (ii) different partners were found with the different HOX proteins, thus making the BiFC background of low incidence for capturing specific signals. In any case, to know whether other BiFC systems could be performed with a minimum background, I tested a tripartite split-GFP system, also known as TriFC (Tripartite Fluorescence Complementation) assay (Figure III-5A). As showcase, I generated sfGFP10-HOXA9 and sfGFP11-PBX1 functional fusions in a single pcdna3 plasmid, with a ready-to-use detector plasmid containing sfGFP1-9 fragment fused to mCherry reporter (Figure III-5B). The test was performed in HEK cells by transfection. Each plasmid was individually transfected to check the background signals. Preliminary results showed that the TriFC plasmid system. The HOXA9/PBX1 interaction localized in the nucleus as expected (Figure III-5C). Only requiring attention is that the reconstituted GFP signal is seemingly much weaker than CC/VN refolded fluorescence, which needs a further evaluation.

Figure

  Figure III-5. Schematic of TriFC and preliminary test. (A) Principle of TriFC. beta-strand 10 (GFP10)

  The final readout of BiFC screening has also the quantitative information that represents the candidate ORF abundance. More exactly, this abundance deciphered the BiFC-positive cell number during the FACS procedure for a given ORF. It is restricted only for deciding the positive or negative status compared to the fixed BiFC-positive gate. Consequently, this ORF abundance can neither depict the bait/prey interaction intensity, nor the BiFCpositive signal change. As shown in Figure III-6, a microplate-based high-throughput BiFC screening was performed coupled with FACS and two ORF interaction profiles were illustrated. They have the same number of positive cells in red, defined by the same gate.

Figure

  Figure III-6. Calculation of the Weighted Positive Ratio (WPR) and positive ratio (PR). Comparison of WPR and the Positive Ratio (PR) for two hypothetical profiles. (Left) PR= 0.1. (Right) PR = 0.29. Adapted from figure S3 in[START_REF] Lee | Genome-wide YFP Fluorescence Complementation Screen Identifies New Regulators for Telomere Signaling in Human Cells[END_REF] 

  , herein I -201 -present a parallel scRNA-seq BiFC screening method, enabling pooled BiFC screens with single-cell transcriptome resolution (Figure III-8). In contrast to the genetic perturbation screens that pooled shRNAs and gRNAs themselves can serve as specific barcodes because they consist of uniquely identifiable DNA sequences, ORF sequences vary substantially in length, introducing bias during PCR recovery, as longer templates are recovered less efficiently by PCR. Thus, pairing ORFs uniquely with DNA BCs of uniform length will provide a marked improvement in screen fidelity, in which the BCs serve as the surrogate reporter to monitor ORF abundance. Moreover, this scRNA-seq-based BiFC screen method, at the time of deconvolution, is based on RNA-seq using a single cell 3' gene expression library. The resulting CC-ORF was paired with a unique length barcode sequence located 200 bp upstream of the PolyA region (Figure III-8C). This yields a polyadenylated transcript bearing the barcode proximal to the 3' end, facilitating efficient detection in scRNA-seq. Consequently, scRNA-seq based BiFC screening simultaneously assays both bait interacting ORF candidates and PPI-coupled cell-specific changes in transcriptome, more significantly, making a place for high-throughput PPI screening method in this new single-cell era.

Figure III- 9 .

 9 Figure III-9. General workflow of a co-elution experiment. The lysed sample containing protein complexes under native conditions is separated in a set number of fractions. Proteins from the same complex

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 . Overview of available proximity labeling enzymes and their characteristics. Adapted from table 1 in

 1 

Table 3 . Main fluorescent proteins used in BiFC assay. nd

 3 

= not determined.

Table 4 . Summary of BiFC-based large-scale PPI studies in various contexts.

 4 Different colors indicatevarious organisms, including yeast, plant, mammalian cells or cell-free system.

	Fluorescent Protein	Bait	Prey	High-throughput Strategy	Pooled screening	Experimental Organisms cells or	References
	Venus	VC-SUMO	VN-tagged strains (5911 ORFs)	Individual mating (array screening)	No	Yeast	(Sung et al., 2013)
	Venus	17 VC-ABC transporter genes	VN-tagged strains (209 ORFs)	Individual mating (array screening)	No	Yeast	(Snider et al., 2013)
	Venus	3 VC-Proteins from TORC1	VN-tagged strains (5911 ORFs)	Individual mating (array screening)	No	Yeast	(Chang et al., 2021)
	mKG	3 pairs of mKG_N-ProteinA/ mKG_C-ProteinB	123599 potential PPI inhibitors	Protein solution mix (array screening)	No	in vitro (Cell-free)	(Hashimoto et al., 2009)
	GFP	58 cGFP-core_cell_cycle proteins	58 nGFP-core_cell_cycle proteins	Transiently coexpressed in leaf by infiltration	No	Plant (tobacco epidermal cells)	(Boruc et al., 2010)
	mYFP	YN-CPK3	YC-cDNA plasmid library	Pooled co-transfection of YN-bait and YC-library	Yes	Plant (Arabidopsis)	(Berendzen et al., 2012)
	YFP	19 YN-or YC-proteins (G-proteins)	33 YN-or YC-proteins (G-proteins)	individual BiFC (cotransfection)	No	Plant (Arabidopsis)	(Klopffleisch et al., 2011)
	YFP	VirE2/VirD2/CTE-nYFP	cYFP-tagged cDNA array library (~100,000 clones)	Cotransfection in microplate (array screening)	No	Arabidopsis leaf protoplasts	(Lee et al., 2012)
	YFP	6 nYFP-tagged core telomere proteins	cYFP-tagged retroviral array (hORFeome v3.1) library	Coinfection in screening) microplate (array	No	HTC75 cells	(Lee et al., 2011)
				adenovirus-based		U-2	
	Venus	VC-GPCRs	VN-β-arrestin 2	cotransduction (array	No	osteosarcoma	(Song et al., 2014)
				screening)		(OS) cells	
	GFP	GFP[2]-PKB	GFP[1]-tagged human brain cDNA library	Pooled co-transfection of bait and prey	Yes	COS-1 cells	(Remy and Michnick, 2004b)
	Venus	Stable bait cell line expressing VN-AKT1	VC-tagged prey lentivirus	Pooled infection using stable cell line VN-AKT1-expressing	Yes	Hela cells	(Ding et al., 2006)
	YFP	Stable bait cell line expressing ROP18I/ ROP18II-nYFP	cYFP-tagged prey retrovirus (hORFeome v7.1)	Individual infection (array screening)	No	HTC75 cells	(Xia et al., 2018)
	Venus	VN/VC-AHCY	VN/VC-tagged hORFs	Cotransfection (array screening)	No	HEK293T cells	(Lepur et al., 2016)

Development and Optimization of Large-scale Bimolecular Fluorescence Complementation (BiFC) Screening

  Yunlong Jia 1 , Françoise Bleicher 1 , Jonathan Reboulet 1 and Samir Merabet 1,# . Institut de Génomique Fonctionnelle de Lyon, UMR5242, Université de Lyon, Université Lyon 1, CNRS, Ecole Normale Supérieure de Lyon, 46, allée d'Italie 69364 Lyon Cedex 07 France

	3.1 A cell protein complementation assay for ORFeome-wide probing of human HOX
	interactomes (article 3, manuscript)

1

# To whom correspondence should be addressed.

Tel: +33(0)6.22.82.11.88; E-mail: samir.merabet@ens-lyon.fr (In press) Multiplexed Imaging: Methods and Protocols, Methods in Molecular Biology, 2021, doi: 10.1007/978-1-0716-1593-5_12. Part 3. Yunlong Jia 1 , Jonathan Reboulet 1 , Benjamin Gillet 1 , Sandrine Hughes 1 , Françoise Bleicher 1 and Samir Merabet 1,# 1 Institut de Génomique Fonctionnelle de Lyon, Université de Lyon, Université Lyon 1, CNRS, Ecole Normale Supérieure de Lyon, 46, allée d'Italie 69364 Lyon cedex 07 France # Correspondence: samir.merabet@ens-lyon.fr

Acknowledgements

and 11th β-strands. The star symbol indicates the fluorophore. (C) Principle of BiFC. The left structure represents the N-terminal BiFC fragment (VN155) fused to interacting protein X, with yellow indicating the fluorophore. The center structure represents the C-terminal BiFC fragment (VC155) fused to interacting protein Y. The α-helices of the bZIP domains of Jun (bJun) and Fos (bFos) are used as examples for the X and Y proteins, respectively. The right structure shows the reconstituted fluorescent protein (FP) and the X/Y protein complex (as a bJun/bFos dimer). Reprinted from figure 1 in [START_REF] Kodama | Bimolecular fluorescence complementation (BiFC): a 5-year update and future perspectives[END_REF].

Next, in this section, I describe first the development of FPs for BiFC, and then highlight BiFC advantages over other PPI detection methods. Meanwhile, I also discuss the critical considerations in the use of BiFC. To well illustrate the versatility of BiFC, the BiFC implementations at different throughputs are also presented, including the BiFC and its variants in single PPI experiments or large-scale studies.

Part 2. Protein-protein interaction between HOX and TALE proteins 2.1 Human HOX Proteins Use Diverse and Context-Dependent Motifs to Interact with TALE Class Cofactors (article 1) Amélie Dard, 1,2 Jonathan Reboulet, 1,2 Yunlong Jia, 1,2 Françoise Bleicher, 1,2 Marilyne Duffraisse, 1 Jean-Marc Vanaker, 1 Christelle Forcet, 1 and SamirMerabet 1,3,* 1 Institut de Génomique Fonctionnelle de Lyon, Université de Lyon, Université Lyon 1, CNRS, Ecole Normale Supérieure de Lyon, 46, allée d'Italie 69364 Lyon cedex 07 France 2 These authors contributed equally 3 Lead Contact * Correspondence: samir.merabet@ens-lyon.fr Reports, 2018Mar 13, doi: 10.1016/j.celrep.2018.02.070. engineered to fuse with TurboID enzyme, upon the interaction of two target proteins, the GFP nanobody will target the reassembled BiFC tags and drive TurboID to execute an efficient BiFC-specific PL for additional vicinal proteins surrounding the binary complex in live cells. We assessed this system using a well-studied PPI, HOXA9/PBX1 interaction, as proof-of-principle. As a multi-modular system, the TurboID-based PL was first performed in HEK cells, and then the TurboID was fused to GFP nanobody, finally enabling the GFP-like protein targeted PL in context of BiFC assay. Aiming to verify the applicability of BibID, the HOXA9/PBX1-specific PL and a series of control tests were set up to demonstrate the restricted biotinylation activity of BibID on only defined binary protein complexes. Collectively, our BibID system is a highly specific approach that allows in a single and simple assay to both experimentally visualize binary PPI and to unbiasedly study additional interacting factors, taking full advantage of the TurboID system.
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For immunostaining, the biotin-treated cells were subsequently washed 2 times by 1X PBX and fixed with 4% (v/v) paraformaldehyde in PBS at 4°C for 15 min. Cells were then washed three times with PBS and permeabilized with cold methanol at -20°C for 5 min.

Cells were then washed three times with PBS, and then incubated with primary antibody in PBS supplemented with 3% (w/v) BSA for 2 hr at RT. After washing three times with PBS, cells were then incubated with Anti-Mouse-Alexa Fluor 647 for HA-tag, and Alexa Fluor 555 Streptavidin for biotinylated proteins, in PBS supplemented with 3% (w/v) BSA for 1 hr at RT. Cells were then washed three times with PBS. Finally, cell-coated coverslips were mounted in VECTASHIELD Antifade Mounting Medium with DAPI (VECTOR, Cat

No. LS-J1033-10). and imaged by confocal microscopy (Zeiss LSM780).

suitable special control for nucleus-localized HOXA9-PL (Strep-A555 channel, Figure II-7B). We hypothesize that under 50uM biotin treatment, NLS-TurboID consumes the biotin to label the proteins in nucleus more effectively than those in cytoplasm, duo to the higher intensity of NLS-TurboID and nucleus-localized proteins, as evidence that the cytoplasmic PL is still dimly visible. However, our result shows that the TurboID-based proximity system can be successfully used in specific PL of target protein in living cells. PL can be detected in these negative controls, further justifying our former assumption, regarded as one of biotin side effects. proteasomes. To sum up, these results clearly demonstrate that GFP or GFP-derived BiFC can be effectively visualized and proximitylabeled using the BibID system at the presence of biotin in a native cell context. Either BiFC-screening or BibID method could be a response to this issue. Single approaches can supply only limited information about the key parameters of interactions or complexes. Therefore, one day, it will be promising to combine these two alternative approaches, to generate a context-specific and comprehensive PPI interaction data.

Chapter III. General Discussion and Perspectives

(1:1) were traditionally applied in practice. This arbitrary decision conferred the same mole fraction on all resulting target proteins in the complex's constituents, which is regarded as an extremely rare and ideal simulated situation in a given native context.

In our experiments, we occasionally noticed that stoichiometry could regulate HOX/cofactor subcellular localization in living cells. Indeed, it is infeasible to optimize the mole ratio prior to manipulation, due to the lack of information of the given protein complex in the specific biological context. As such, manipulation of two proteins with comparable expression is a reasonable compromise in protein functional and interaction study.

In our retrospective analysis, fortuitously, it was obserserved that dose-dependent effect on subcellular localization of HOXA9/PBX1 interaction in living cells, demonstrating the importance of the stoichiometry of the protein complex in PPI detection (Figure III-2).

Furthermore, this method can be regarded as one single-scale method to verify the binay protein complex-specific cofactors. Although its utility in high-throughput manner is theoretically feasible, multicolor BiFC assay applied for high-throughput screen is as yet unpublished. Owing to the availability of Bi-PTRE, two baits can be easily cloned into the same plasmid, keeping the same system complexity as single bait screening. Here I propose a strategy of high-throughput multicolor BiFC screening, which will break the limit of conventional single target BiFC screening, empowering it with a protein complexcompatible screening, in addition to single bait protein screening (Figure III-4).

In principle, split-FP fragments will be used and derived from two different fluorophores, mVenus and mCerulean, with distinct spectra. Either VC155 or CC155 could achieve mVenus-like BiFC with VN173 fragment (see 4.3, Part 1, Chapter II). In addition, the CC155 fragment can complement with the CN173 for making mCerulean-like BiFC. This property allows visualizing two different PPIs simultaneously by doing mVenus-and mCerulean-like BiFC with three fusion proteins. The CN173/CC155/VN173 has proven to be the best combination for multicolor BiFC [START_REF] Shyu | Identification of new fluorescent protein fragments for bimolecular fluorescence complementation analysis under physiological conditions[END_REF]. Based on these versatile BiFC screening enables two interactions to be examined simultaneously, facilitating the detection of binary protein complex-specific partners, as a cost-effective and time-saving method.

spontaneously associate with GFP1-9 fragment to form a full-length GFP. GFP10,. OPT, optimized. Adapted from figure 1 in [START_REF] Cabantous | A New Protein-Protein Interaction Sensor Based on Tripartite Split-GFP Association[END_REF]. (B) Illustration of constructs for TriFC. The HOXA9 was fused to GFP11 by a linker, and labeled by HA tag used for further immunostaining test. GFP10 was fused to PBX1 at its N-terminus, coupled with V5 tag for next immunostaining. The functional cassettes were outlined by grey dashed boxes. Detector fragment GFP1-9 was fused to mCherry reporter. All constructs were cloned in pcdna3 plasmid and conducted by CMV promoter. (C) Preliminary test for TriFC. All plasmids were transiently expressed in HEK cells using Jetprime, as described previously. Each plasmid used in different conditions is 0.5ug. (Up panel) GFP11 and GFP10 were coexpressed in HEK cells, to check the background, when GFP1-9 is absent. pcDNA3-mCherry was cotransfected, using for transfection system control. (Middle panel) Single GFP1-9 was transfected to check the background in absence of GFP10 and GFP11. Only the GPF channel needs to be checked. (Bottom panel) complete TriFC system was tested by coexpressing 3 parts of split-GFP. Finally, the moderate GFPpositive signals were generated. Scale bar = 50 μm.

Furtherly, upon this verified advanced TriFC method, I present here its applicability in a high-throughput system. There is no difference for the tagged bait protein and prey library preparation (with a small GFP tag in both cases). One more step should be considered is how to introduce the big GFP1-9 detector fragment into the cells. On this point, making a GFP1-9 stable cell line will be best to subsequently be used to generate GFP10 or GFP11tagged prey cell libraries. The resulting endogenous GFP1-9-expressed prey cell library will function similarly as that used in our previous Cell-PCA. Hopefully, this micro-tagged TriFC screening could minimize the unexpected protein interference and aggregation.

Limited quantitative information

Several screening methods can provide both a final candidate list and quantitative information according to the different selection conditions. For example, the detection of gene-independent cell fitness effects in CRISPR-CAS9 screening [START_REF] Joung | Genome-scale CRISPR-Cas9 knockout and transcriptional activation screening[END_REF]. This quantitative information can help to know the candidate relative abundance compared with the control, as well as their functional potency in a specific phenotype. In terms of PPI study, AP-MS method characterizes the target protein interactome, and the relative abundance of interaction candidates can also be obtained (which requires more materials), gating procedure, the cells with less variance will generate more concentrated cell populations, which could further increase the precision of cell sorting.

A bulk interactome investigation instead of single functional complex

Proteins participate in most cellular processes and fulfil most of their biological tasks in complexes through interaction with other proteins [START_REF] Alberts | The cell as a collection of protein machines: preparing the next generation of molecular biologists[END_REF]. Protein complexes that are composed of more than one component are found in many different classes of proteins.

Like that cell is the fundamental structural and functional unit of all living organisms, the protein complex is the functional unit of cellular biological processes in which proteins Int. J. Dev. Biol., 2018, doi: 10.1387/ijdb.180286fb Chapter V. Materials and Methods -220 -
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Plasmids used in different projects

All plasmids made and used during my PhD, as summarized in the following Table V1.

Digested vectors and fragments

For a quick routine cloning, all digested vectors and DNA fragments were stocked, as summarized in following Table V3.

The cell lines

Table V4. All the cell lines used or made during PhD, as summarized below.