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Fluorescent reporters of protein-protein interactions optimized by orthology-based protein engineering

Chapter I

General introduction

I.1. General introduction on protein-protein interactions

Cells and organisms are complex machines driven by a set of dynamic biological events tightly orchestrated in space and time where proteins play a central role. Protein-protein interactions (PPI) are involved in biological and cellular processes, such as cell-to-cell interaction, cellular organization, sensing, signal transduction or even into the muscle contraction 1 . For example, in 1947 Jakus and Hall studied the interaction between myosin and actin which led to the understanding of muscle contraction 2 . Therefore, our understanding of their inner workings is intricately related to our ability to observe how they organize and interact.

To design methods enabling the detection and observation of PPI, one need to consider the different specificities of these interactions and what problematic the tools need to resolve 3,4 .

First, there are different categories of PPI. They are highly dynamic and can be weak or strong, transient or stable 5 . Therefore, methods used for the monitoring of PPI may sometimes require to be reversible in order to visualize the association and the dissociation of the proteins. Also, these interactions can be time-, cell-and subcellular localization-dependent. Detection methods, especially in vitro techniques such as co-immunoprecipitation or affinity chromatography, which require denaturation, can lead to the misinterpretations of results because it is not well-representative of the dynamism of the environment of the proteins and cell lysis mixed the different cellular compartments, which prevents the visualization of PPIs in their physiological context. However, in vivo methods can allow detection of weakest interactions 6 .

A large collection of PPI detection methods has been developed in vitro, in vivo and more recently in silico with different readouts (fluorescence, transcription, cell survival assay) (Table I.1) [7][8][9] . 

Approach Technique

In vitro

Affinity chromatography

Co-Immunoprecipitation (co-IP)

NMR spectroscopy

Surface Plasmon Resonance (SPR)

X-ray crystallography

In vivo

Yeast Two-Hybrid (Y2H)

Resonance Energy Transfer (FRET/BRET) Protein Complementation Assay (PCA)

In silico

Docking

Phylogenetic tree and phylogenetic profile

Structure based approaches

In this chapter, we will only present the two main methods used in live cells: the Resonance Energy Transfer (RET) method and the Protein Complementation Assays (PCA). FRET consists of the excitation of a fluorophore, called acceptor, through nonradiative dipole-dipole energy transfer from another excited fluorophore, called donor. FRET occurs and is efficient only if the following conditions are respected. (1) The emission spectrum of the donor must overlap significantly with the excitation spectrum of the acceptor to have an energy transfer. (2) The orientation of the donor's and acceptor's dipoles must not be perpendicular.

(3) The donor and the acceptor must be in close proximity, less than 100 Ǻ. Indeed, FRET efficiency E is dependent of the distance r between the donor's and acceptor's dipoles and the Förster distance R0 representing the distance at which the energy transfer efficiency is 50%.

E is defined by the equation:

E = 1 1+ r 6 R 0 6 (1) 
The Förster distance R0 depends on the quantum yield of the donor in absence of the acceptor and on the extinction coefficient of the acceptor. For these reasons, the FRET pair composed of the donor and the acceptor is very important and need to be well-chosen [11][12][13] .

In the context of PPIs detection, two interacting proteins are genetically fused to the fluorescent protein donor or acceptor (for example CFP and YFP, respectively) (Figure I.1.b) 14,15 . When the two proteins of interest interact with each other, the two fluorescent proteins are close enough to obtain a variation of FRET. Therefore, this technique enables to monitor the dynamic of the interaction. Different methods to measure variation of FRET have been developed. The most used method is the monitoring of the acceptor's emission after the excitation of the donor.

But this method can become problematic because of the broad spectra of the FP that can lead to an overlap between the excitation spectra of the donor and the acceptor (acceptor bleed-through) or between the excitation spectra of the donor and the acceptor (donor cross-talk), which can make the specific excitation of the donor and the specific quantification of the acceptor difficult. Another method uses the acceptor photobleaching and measures the fluorescence intensity of the donor before and after the photobleaching of the acceptor. Indeed, some fluorescence of the donor is transferred to the acceptor leading to the quenching of the donor. The acceptor photobleaching breaks this quenching and increases the fluorescence of the donor. However, this technique does not allow the monitoring of the dynamics because it can only be used once and at the time scale corresponding to the photobleaching time. Finally, another approach is based on fluorescence lifetime imaging FILM-FRET. Because the quenching of the donor during FRET will decrease its fluorescence lifetime, the comparison of the fluorescence lifetime of the donor in presence and in absence of the acceptor enables to measure FRET efficiency. One advantage of this technique is that the measurement is not dependent of the acceptor, thus this one cannot be a limit. However, the fluorescence lifetime can also be affected by other parameters due to the environment, which makes necessary to have specific controls.

Even if this technique allows detection of dynamic and reversible interactions, it can be limited by its modest dynamic range and the requirement of numerous controls to avoid false positive or false negative and misinterpretation of the results. For these reasons, FRET methods are not always suitable or enough efficient to monitor some protein-protein interactions.

I.2.2. Bioluminescence resonance energy transfer (BRET)

Bioluminescence resonance energy transfer (BRET) is also used for the real-time monitoring of PPIs. BRET principle is the same as FRET, which is the co-expression of protein fusion that present an overlap of the emission donor spectra and excitation acceptor spectra, but BRET systems used a bioluminescent enzyme donor (Figure I.2.b). The original BRET system was composed of the Renilla reniformis luciferase (Rluc) as the bioluminescent enzyme donor 16 .

Upon the oxidation of the coelenterazine substrate, Rluc emits blue light at 480 nm, which leads to transfer energy when the donor enzyme and the acceptor fluorophore, such as EYFP (λabs = 513 nm λem = 524 nm) are in close proximity upon the interaction of the proteins.

BRET has several advantages compared to FRET 17 . Using a bioluminescent enzyme as a donor enables to use the intrinsic ability of the enzyme to emit bioluminescence without the need of an external excitation, therefore it can overcome the limits of FRET such as the simultaneous excitation of the donor and the acceptor due to spectrum crosstalk, protein autofluorescence and photobleaching. However, the quantum yield of the bioluminescent enzyme donor needs to be improved, and the need of a substrate such as coelenterazine can be a limit. PCAs using different types of proteins, such as fluorescent proteins or enzymes, that have different types of readout, such as fluorescence, bioluminescence, gene transcription or survival assay 18 . In 1994, Johnsson and Varshavsky were the first to demonstrate with Ubiquitin in yeast that two complementary fragments of a protein can be reassembled and form a functional reporter through the association of two interacting partners, here it was leucine zipper homodimer, that are fused to those fragments 19 . The POIs are each bound to a fragment of the split-ubiquitin and one of the fragment is also linked to a transcription factor (TF). When the proteins interact with each other, the split-ubiquitin reassembles and the ubiquitin is recognized by the ubiquitin specific protease (UBP) which cuts at the TF, allowing to induce transcription readout. Since the split-ubiquitin, other split systems were developed from different proteins and enzymes, such as dihydrofolate reductase that allow survival assay readout, or β-lactamase [20][21][22] . But one particularly class of split systems has been widely When they interact together, the split-FP reassembles and acts as a functional fluorescence reporter 23 . The first split-FP was developed through the dissection of the GFP between residues 157 and 158. The split-GFP was reassembled through the association of antiparallel leucine zippers in vitro and in E. coli 24 . Then, Kerppola and Hu extended the characterization of split-FP to mammalian cells 25 . They fused the bZIP domains Fos and Jun to the fragments, YN155 (residues 1-154 of EYFP) and YC155 (residues 155-238 of EYFP) and were able to investigate their interactions in living cells 26 . Other fluorescent proteins have been investigated

to engineer other split-FP at different split positions, such as Venus, Citrine, Cerulean or mCherry [27][28][29] .

The advantages of FP-based split systems are that they allow direct visualization of PPIs in different types of cells and organisms without the need of structure information on the interacting partners. Also, genetically encoded fluorescent proteins enable to use standard molecular biology and their intrinsic fluorescence can be analyzed with simple fluorescence microscopy or flow cytometry permitting high-throughput screening strategy.

However, BiFC strategies present some drawbacks. For example, the real-time monitoring of PPIs with BiFC is limited by FP folding time through association and by slow maturation of the chromophore, which is covalently bound to fluorescent protein and thus lead to an irreversible complementation. When the split reporter is reassembled the two FP fragments cannot detached and therefore protein dissociation cannot be monitored. However, reversible BiFC techniques were engineered based on the IFP1. 4 and UnaG fluorescent proteins that use fluorogenic chromophores, opening great prospect for the reduction of background signal 30,31 .

Indeed, false positive can result from the intrinsic affinity between the two fragments of the split-FP leading to self-complementation in absence of the association of the proteins of interest. Efficient controls need to be developed to characterize this unspecific signal background. One of the methods used is the introduction of a point mutation that would block the reassembly of the proteins and thus enables the quantification of the signal background by the comparison with the wild-type signal.

To overcome these limits, other BiFC methods have been developed with other proteins than fluorescent proteins.

I.3.2.2. Alternative to fluorescent proteins

• Luciferase-based split systems

Luciferase-based split systems were developed using firefly and other luciferase [32][33][34] . They have the advantage to have a reversible complementation. Moreover, the novel luciferase enzyme NanoLuc, that displays bright and sustained luminescent signal, opened great prospect to develop luciferase-based split systems 35 . NanoLuc (NLuc) has been engineered from the deep-sea luminous shrimp luciferase and is a small enzyme of 19 kDa that is stable and use furimazine as a substrate. Dixon et al. investigate 90 different split sites of NLuc to finally develop a NanoLuc Binary Technology (NanoBiT) reporter composed of an 18 kDa N-terminal fragment (LgBiT) and 1.3 kDa C-terminal fragment (SmBiT, 11 aa) that has been optimized through two round of mutagenesis and the screening of nearly 15,000 variants. The protein engineering enables to obtain a bright and highly dynamic complementation reporter with a low intrinsic affinity (KD = 190 µM) leading to a decrease of the unspecific background.

Moreover, NanoBiT displays several advantages compared to the split-FP. Its smaller size decreases the impact of the system on the environment and more interestingly, the reporter exhibits reversible complementation that allows the detection of the association and dissociation of the protein-protein interactions.

• HaloTag-based split systems Split reporters using self-labeling proteins have also been developed. HaloTag has been engineered from the enzyme dehalogenase to covalently bind fluorescent chromophores 36 .

Rational screening on HaloTag enables to detect optimal split site to develop the complementation reporter TagBiFC 37 . 17 potential split sites were detected and study through a screening of fluorescent retention method developed by Shao et al. that evaluate the complementation efficiency of each split site. Then the fluorescence intensity was quantified with high throughput fluorescence-activated cell sorting (FACS). The positions P58 appeared to be the most suitable split site and enables to generate an N-terminal fragment HaloTag N58 and the C-terminal fragment HaloTag C58. The TagBiFC reporter enables to investigate the dynamic interaction between c-Fos and c-Jun. TagBiFC was able to monitor PPI with high spatial (10 nm localization accuracy) and high temporal (10 ms) resolution.

• FAST-based split systems

To fully exploit the potential of BiFC, our lab has recently developed splitFAST from the chemogenetic reporter FAST (Fluorescence-Activating and absorption-Shifting Tag). Splitting FAST into two complementary fragments allowed the generation of a BiFC assay with rapid and reversible complementation 38 . Split-FAST allows the monitoring of both the formation and the dissociation of protein assemblies in real-time, which has not been possible thus far, opening great prospects for the creation of various innovative reporters and biosensors. This system will be developed in the next chapter (see Chapter II).

I.4. Development of new split reporters

The size of the human interactome, which corresponds to the protein-protein interactions network, has been estimated around 650,000 interactions 39 . To better understand their dynamics, we need efficient imaging techniques that allow real-time visualization of the key molecular interactions involved. Two methods are mainly used to visualize protein-protein interactions (PPI) by fluorescence microscopy with high spatial and temporal resolution 40 :

Förster Resonance Energy Transfer (FRET) 12 and Bimolecular Fluorescence Complementation (BiFC) 41 Both FRET and BiFC present limit that need to be overcome. For these reasons new split systems using luciferase, self-labeling tag or chemogenetic reporters were developed.

However, their construction raises the difficulties to engineer split reporter with a suitable splitting site that enables a high complementation efficiency with a low intrinsic affinity (less than 100-fold compared to the specific-interaction complementation) to avoid unspecific background. Precise controls are necessary to quantify this unspecific signal. Moreover, the split reporter needs to form a highly dynamic and bright complex with reversible complementation with a readout easy to measure. The development of split reporters with these qualities is one of the biggest challenges in protein-protein interaction detection. FAST has been identified by using a general directed evolution strategy that the lab developed.

This strategy allowed the identification of proteins that are able to specifically bind HBR derivatives with high affinity and with improved brightness by evaluating their fluorescence properties. After mutagenizing the residue Cys69 into glycine, the loop 94-101 that gates the entrance of the binding pocket has been randomized by saturation mutagenesis to construct a combinatorial library 5 . The positive variants (the ones that bind the fluorogen and fluoresce) FAST was shown to be a good alternative to GFP-like fluorescent proteins 6 . It is a small monomeric protein of 14 kDa and 125 residues (with a reduced genetic footprint of 375 bp) 7,8 .

The high fluorogenicity of the system allows to image fusion proteins with high contrast without the need for fluorogen washout, opening new prospects for imaging of dynamic processes.

Moreover, the binding between FAST protein and the fluorogen is reversible and highly dynamic allowing to switch on the fluorescence by adding the fluorogen and switched off rapidly by washing it. One of the greatest advantages is that on the contrary of fluorescent proteins, FAST does not need oxygen for chromophore maturation and makes it a good candidate for monitoring protein in anaerobic conditions. PYP binds a 4-hydroxycinnamic acid (p-coumaric acid pCA), which enables to sense blue light with a maximal absorbance of 446 nm triggering a reversible photocycle in which the chromophore undergoes trans-cis isomerization [11][12][13][14][15][16] . At the ground state of PYP called pG (λmax = 446 nm), the p-coumaric acid chromophore in phenolate anion form is tightly held into the hydrophobic binding pocket of the protein and is covalently bound to the residue Cys69 through a thioester bound and stabilized by the residues Tyr42 and Glu46 through hydrogen bonds 17 . Upon blue light, pG undergoes trans-cis isomerization leading to a red-shifted state pR in a picosecond-nanosecond time scale (Figure II.3) [18][19][20][21] . Then, the chromophore is protonated through an intramolecular proton transfer with Glu46. Because the deprotonated Glu46 is placed into a hydrophobic pocket, this leads to a partial unfolding of the protein to form a blue-shifted state pB in around one millisecond (λmax = 465 nm) [22][23][24][25][26][27][28] . Finally, the re-isomerization of the chromophore and the refolding of the protein lead to the recovery of pG in about half second (λmax = 335 nm) The taxonomy and the study of the phylogeny of PYP orthologs * showed that the Proteobacteria and Myxococcota should be their common ancestors 32 . The PYP family is characterized by three functional properties: the maximal absorbance of the photoreceptor at the ground state pG [33][34][35][36][37][38] , the pKa of the chromophore [39][40][41] and the life-time of the signaling state pB. The alignment of the sequences of the different PYPs with H. halophila PYP reveals that when orthologs share high level sequence similarity, they also share similar functional properties and thus, similar signaling functions. For example, Idiomarina loihiensis PYP shares more than 75% of identity with H. halophila PYP and they are both involved in phototaxis in their host organism [START_REF] Donachie | Idiomarina loihiensis sp. nov., a halophilic -Proteobacterium from the Lo'ihi submarine volcano, Hawai'i[END_REF][START_REF] Meyer | The growing family of photoactive yellow proteins and their presumed functional roles[END_REF][START_REF] Hou | Genome sequence of the deep-sea-gamma-proteobacterium Idiomarina loihiensis reveals amino acid fermentation as a source of carbon and energy[END_REF] . On the contrary, Salinibacter ruber PYP shares only 25% of similarity with H. halophila PYP and exhibits different functional properties that should lead to a different signaling function in the organism [START_REF] Meyer | The growing family of photoactive yellow proteins and their presumed functional roles[END_REF][START_REF] Kitajima-Ihara | Salinibacter sensory rhodopsin: sensory rhodopsin I-like protein from a eubacterium[END_REF][START_REF] Memmi | Photoactive Yellow Protein from the Halophilic Bacterium Salinibacter ruber[END_REF] (Table II.1). The study of the sequence of the PYP orthologs and site-directed mutagenesis on H. halophila PYP enable to understand the diversity of the PYP family and the impact of the residues on the properties [START_REF] Imamoto | Roles of Amino Acid Residues near the Chromophore of Photoactive Yellow Protein[END_REF][START_REF] Kumauchi | Identification of Six New Photoactive Yellow Proteins--Diversity and Structure-Function Relationships in a Bacterial Blue Light Photoreceptor[END_REF] . First, the binding pocket of the chromophore is highly conserved and Tyr42, Glu46 and Cys69 involved in the chromophore binding are key residues 34,[START_REF] Meyer | The growing family of photoactive yellow proteins and their presumed functional roles[END_REF][START_REF] Imamoto | Roles of Amino Acid Residues near the Chromophore of Photoactive Yellow Protein[END_REF][START_REF] Philip | Robustness and evolvability in the functional anatomy of a PER-ARNT-SIM (PAS) domain[END_REF][START_REF] Genick | Active Site Mutants Implicate Key Residues for Control of Color and Light Cycle Kinetics of Photoactive Yellow Protein[END_REF] . Mutations of Tyr42 and Glu46 (Y42F and E46Q are the most common mutations in PYPs) lead to a weak hydrogen bond with pCA, a red-shift in absorbance and a change of pKa 39,[START_REF] Imamoto | Roles of Amino Acid Residues near the Chromophore of Photoactive Yellow Protein[END_REF][START_REF] Getzoff | Anticipatory active-site motions and chromophore distortion prime photoreceptor PYP for light activation[END_REF] . Also, the Tyr94, Phe96 and Tyr92, Phe98 present in the hydrophobic core and leading to aromatic-aromatic interaction have an impact on the lifetime of the intermediate pB and on the thermal stability of the protein with an increase of the free energy of unfolding [START_REF] Morishita | Array of Aromatic Amino Acid Side Chains Located Near the Chromophore of Photoactive Yellow Protein †: Photochemistry and Photobiology[END_REF] . Finally, Met100 is involved in the re-isomerization of the chromophore and its mutation is involved in the increase of the lifetime of pB [START_REF] Devanathan | New Insights into the Photocycle of Ectothiorhodospira halophila Photoactive Yellow Protein: Photorecovery of the Long-Lived Photobleached Intermediate in the Met100Ala Mutant[END_REF][START_REF] Sasaki | Light-Induced Unfolding of Photoactive Yellow Protein Mutant M100[END_REF] .

Even if the PYPs orthologs showed to have similar 3D structure, they can display different functional properties meaning that they can be tuned without changing drastically their protein structure. Moreover, these differences of properties can explain why each PYP ortholog can have a function that is different from the others [START_REF] Meyer | The growing family of photoactive yellow proteins and their presumed functional roles[END_REF] . They seem to initiate different signal transduction pathways involving gene expression, motility and biofilm formation and pB is supposedly the state, where PYP transduces signals to other signaling proteins in the bacterium to control their movement [START_REF] Meyer | The growing family of photoactive yellow proteins and their presumed functional roles[END_REF][START_REF] Jiang | Bacterial Photoreceptor with Similarity to Photoactive Yellow Protein and Plant Phytochromes[END_REF] . For example, H. halophila PYP is involved in negative phototaxis and Idiomarina loihiensis PYP is also involved in biofilm formation [START_REF] Horst | Locked Chromophore Analogs Reveal That Photoactive Yellow Protein Regulates Biofilm Formation in the Deep Sea Bacterium Idiomarina loihiensis[END_REF] . Moreover, they all have the ability to bind the chromophore and the more they have similar sequence with H. halophila PYP, the more they share similar properties with it 32 .

PYP family is an interesting evolutionarily family and taking advantage of its natural diversity can be an alternative to protein engineering methods like directed evolution to improve biological systems like chemogenetic reporters (see Chapter III).

II.2. FAST improvement using protein and molecular engineering

One of the advantages of chemogenetic reporters like FAST is that because they are bipartite systems, we can tune and improve the properties of the tag either by doing protein engineering or by doing molecular engineering. 

II.2.2. Protein engineering of FAST protein

The optimization of the chemogenetic system can also be done by using protein engineering on the protein tag. An improved FAST, called iFAST, has been developed by rational design introducing a single mutation V107I [START_REF] Tebo | Improved Chemical-Genetic Fluorescent Markers for Live Cell Microscopy[END_REF] . This mutation increases the conformational locking of the fluorogen into the binding pocket leading to an improvement of the quantum yield, and thus of the brightness. Also, iFAST showed to have higher affinity with fluorogens (an order of magnitude). Furthermore, the tandem of iFAST (td-iFAST) showed to be 1.6-fold brighter than EGFP and 2-fold brighter than mCherry while they have the same size. These new variants seem promising to be used as genetic tag for characterizing low-expressing proteins retaining the same advantage of the FAST system.

Recently, two orthogonal fluorescent reporters, called greenFAST and redFAST, were developed by using a direct evolution strategy [START_REF] Tebo | Orthogonal fluorescent chemogenetic reporters for multicolor imaging[END_REF] . Variants with orthogonal fluorogen selectivity were selected using yeast surface display and fluorescence-activated cell sorting (FACS) in presence of both HMBR and HBR-3,5DOM (providing green and red fluorescence respectively). Three mutations into FAST led to greenFAST that binds HMBR 100-fold more tightly than HBR-3,5DOM, while five mutations into FAST led to redFAST that binds HBR-3,5DOM 10-fold more tightly than HMBR. The resulting orthogonal systems formed bimolecular assemblies with HMBR and HBR-3,5DOM with respectively, 480 nm/540 nm and 560 nm/600 nm absorption/emission peaks, allowing two color imaging (Figure II.5).

II.2.3. Combination of molecular and protein engineering

In order to extend the colors palette of FAST, a coordinated strategy of molecular engineering and protein engineering was used to develop new fluorogenic ligands for new variants.

Elongation of the π-electron conjugation by adding an additional double bond between the aromatic and the rhodanine moieties reduced the energy gap between the low unoccupied molecular orbital (LUMO) and the high occupied molecular orbital (HOMO). This enabled to red-shift the spectral properties to the far-red region [START_REF] Li | Design and characterization of red fluorogenic push-pull chromophores holding great potential for bioimaging and biosensing[END_REF] . A yeast-displayed library of FAST variants were screened by FACS in presence of (4-hydroxy-3-methoxyphenyl)-allylidene rhodanine HPAR-3OM to identify frFAST that forms a bright far-red fluorescent complex with HPAR-3OM with 555/670 nm absorption/emission peaks [START_REF] Li | A Far-Red Emitting Fluorescent Chemogenetic Reporter for In Vivo Molecular Imaging[END_REF] pFAST also appears to be an interesting receptor 3 . Its ability to bind the dark fluorogen 4-hydroxy-3-methylbenzylidene isorhodanine (HBIR-3M) with high affinity opens the perspective to use pFAST as a dark acceptor for FRET measurement based on fluorescence lifetime imaging (FLIM). This will make possible to modulate the fluorescence lifetime of the donor without blocking an imaging channel.

II.3.2. FAST systems as split reporters

FAST reporters have also been split into fragments to develop split reporters for different applications. The first split reporter that the lab built up was splitFAST, (hereafter called Hha-splitFAST) [START_REF] Tebo | A split fluorescent reporter with rapid and reversible complementation[END_REF] . It has been developed by splitting prototypical FAST between the position In conclusion, our lab has started to develop new split systems that appear to be efficient for many applications like the monitoring of protein-protein interactions or the induction of protein-protein interactions. These reporters offer new possibilities that we need to explore and optimize to take the most out of them.

II.4. PhD goals

The original splitFAST suffered however from lower brightness than the parent protein:fluorogen complex and some detectable background signal due to self-complementation. Indeed, although NFAST and CFAST display modest affinity in presence of the fluorogen, allowing the detection of protein-protein interactions, they however still show some affinities that can lead to self-complementation and thus to fluorescence background, in particular at high expression levels (Figure II.7). An ideal split reporter should display no self-complementation in presence of fluorogen in order to have very high dynamic range and display high brightness for optimal detection.

To increase the dynamic range, the lab originally developed a split system using a truncated version of CFAST, named CFAST10 or FAST114-124, to reduce the affinity between NFAST and CFAST and decrease the self-complementation [START_REF] Tebo | A split fluorescent reporter with rapid and reversible complementation[END_REF] . As a result of the truncation, this Hha-splitFASTΔC1 system exhibits indeed a higher dynamic range but at the expense of a lower brightness. Preliminary experiments during my PhD allowed me to show that the truncation of CFAST reduces indeed the self-complementation, but also the affinity for the fluorogen, leading to an incomplete interaction-specific complementation and thus to a significant loss of brightness (Figure II.7).

The main goal of my PhD was to generate improved split systems displaying a high dynamic range (due to a low self-complementation) and ideally an increased brightness. To do so, we used an original orthology-based protein engineering approach. Given the tripartite nature of splitFAST, optimization using the strategies (e.g. rational design or directed evolution) traditionally employ to expand and enhance genetically encoded fluorescent probes was challenging. The challenge came from our ineffectiveness in making rational prediction of the functional effect of an amino acid change on the brightness or the self-complementation of the system. Moreover, the necessity to change amino acids in possibly both fragments rendered the exploration of combinatorial libraries by directed evolution extremely arduous. In order to sample sequence space and functionalities, we took advantage of the natural sequence homology and diversity found in members of the PYP family. Proteins with orthology relationship are particularly attractive for protein engineering as they are assumed to have the same function and usually the same specificity in close organisms, while displaying various degree of sequence homology. We thus hypothesized that the sequence diversity of PYP proteins with orthology relationship could generate various properties while keeping the overall function. Using PYP orthologs, we generated FAST variants with orthology-like relationship, which allowed us to generate new split systems with various degree of sequence homology.

The complementation properties of these split systems were fully characterized using a high-throughput flow cytometry strategy that we developed (see Chapter III), allowing us to identify systems with improved properties. We also used systematic crossing of the III.1). The six proteins were able to form bright complexes with all four fluorogens, sometimes with higher affinity and brightness than prototypical Halorhodospira halophila Hha-FAST. The characterization of the full length orthologs demonstrates that RspA-FAST and TsiA-FAST have higher affinity with all the fluorogens typically one order of magnitude higher than Hha-FAST. Moreover, HspG-FAST and Ilo-FAST were shown to have high quantum yield with HMBR (ɸ = 0.34 and 0.35) and

RspA-FAST and Ilo-FAST with HBR-3,5DOM (ɸ = 0.42 and 0.41) (Table III.1).

The six orthologs were shown to behave very similarly in cells, as shown by imaging cells transfected with a bicistronic expression vector allowing the expression of the orthologous Overall, the FAST orthologs show very similar characteristics and were thus promising candidates to optimize the original splitFAST system, now named Hha-splitFAST. 

III.1.2. FKBP -rapamycin -FRB ternary complex and FKBPF36M homodimer

To rigorously characterize the complementation of the different split reporters, we decided to use a well-known and well-studied protein-protein interaction as a proof of concept.

Rapamycin is a 31-member ring macrolide produced by Streptomyces hygroscopicus known for its potent immunosuppressive properties [2][3][4] . This small molecule is also widely used for its ability to promote the interaction of two proteins: the FK506-binding protein (FKBP) and the FKBP-rapamycin-binding (FRB) domain of the mechanistic target of rapamycin (mTOR) [5][6][7] . The FKBP -rapamycin -FRB ternary complex has been well characterized.

(Figure III.4)
Studies showed that rapamycin binds FKBP protein with high affinity (KD = 0.2 nM) and that the affinity between rapamycin and FRB is pretty low in absence of FKBP (KD = 26 ± 0.8 µM) 8 , while there is a 2000-fold increase of this affinity when the protein is present (KD = 12 ± 0.8 nM).

Moreover, surface resonance plasmon experiments and NMR binding assay showed that there is no interaction between FKBP and FRB in absence of rapamycin and that the affinity of the ternary complex is 12 ± 0.8 nM 9 . Because of these properties, the FKBP -rapamycin -FRB interaction has been widely used as a chemically induced proximity (CIP) system to control and regulate cellular processes such as signal transduction or gene regulation 10 . The possibility to induce the interaction of two proteins through addition of a small molecule appeared ideal for the characterization of the complementation of the split reporters, as the same pair of proteins can be used to characterize the complementation efficiency in presence or in absence of interaction by treatment or not with rapamycin. Interaction between FRB (in orange) and FKBP (in blue) in presence of rapamycin (in grey).

Interestingly, it has been shown that the mutation F36M into the FKBP leads to the self-interaction of two FKBPF36M proteins with a weak affinity (KD = 30 µM) 11 . The homodimer can be disrupted by the addition of a ligand such as rapamycin with an IC50 around 100 nM.

The kinetics of the association and the dissociation of the FKBPF36M homodimer is rapid, around a few minutes 12,13 . We therefore used the FKBPF36M dimerization to evaluate the dissociation of the orthologous split reporters.

III.2. Ortholog-based split systems

III.2.1. Design of the split reporters

The six FAST orthologs were split in their last loop between Ser114 and Gly115 exactly as performed to create Hha-splitFAST. Two complementary fragments were generated, a small protein called NFAST (FAST1-114) and a small peptide called CFAST (FAST115-125). FRB and HEK293T cells co-transfected with the split reporters were treated with 0, 1, 5, 10, 25 and 50 µM of the fluorogen in absence and in presence of 500 nM of rapamycin. properties, which enable to detect separately the two split fragments by flow cytometry and to only study events that have both.

Box 1: Flow cytometry workflow

Flow cytometry is a powerful technique that enables to rapidly analyze single cell or particle (several thousand by second) in suspension. This instrument is composed of three parts: the fluidic system that transports the single cell suspension, the optical bench composed of laser, lenses and optical filters and an electronical system that will convert the light signals captured by the photomultiplier (PMT) and photodiodes (PD) into electric signals 14 to the self-complementation: we observed that the self-complementation increased with the fluorogen concentration, suggesting that the fluorogen stabilized the interaction between the NFAST fragment and the CFAST fragment. The system with the lowest self-complementation were RspA-splitFAST, Ilo-splitFAST and Rsa-splitFAST. Interestingly, these three systems never reached more than 33% of self-complementation at the higher concentration used, and if we set 10% of self-complementation as a reasonable threshold for the background, they are the only three that are usable with more than 1 µM of HMBR (and less than 10 µM).

Our analysis allowed us to rank the ortholog-based split systems according to their ability to self-complement:

Ilo-splitFAST < Rsa-splitFAST < RspA-splitFAST < HspG-splitFAST < HboL-splitFAST < TsiA-splitFAST < Hha-splitFAST

This ranking enabled us to choose the best split reporters regarding all the parameters at the end. • Interaction-specific complementation

Next, the titration of the fluorogen in presence of rapamycin allowed us to determine the percentage of interaction-specific complementation at each concentration (Figure III.12). This value corresponds to the ratio between the fluorescence mean at the specific concentration and the maximal fluorescence. In presence of interaction, the efficacy of the complementation depends on the affinity of the fluorogen for the complemented fragments. For a given concentration, the higher the interaction-specific complementation percentage, the closer the specific interaction signal detected is to the maximum value corresponding to the complete specific interaction. Thus, the higher the affinity of fluorogen for the complex in the presence of the specific interaction, the more complete the specific complementation. Accordingly, we observed that the higher the fluorogen concentration, the higher the interaction-specific complementation. Except Ilo-splitFAST and Rsa-splitFAST, the different systems showed equivalent or improved interaction-specific complementation in comparison to the original Hha-splitFAST. Interestingly, all systems but Ilo-splitFAST and Rsa-splitFAST need less than 5 µM of HMBR to reach 50% of their maximal complementation and reached more than 90% at 50 µM of HMBR.

To be an efficient split reporter, a split system needs to reach the highest percentage of specific-interaction complementation at the lowest fluorogen concentration possible in order to minimize self-complementation (vide supra). As a criterion to characterize the interaction-specific complementation efficiency of our split reporters we set 75% as the minimal value to reach. Using this criterium, RspA-splitFAST and TsiA-SplitFAST proved to be the most promising split reporters. Indeed, they are the only two to reach more than 75% of the interaction-specific complementation efficiency at 5 µM of HMBR.

This analysis allowed to rank the systems according to their efficacy of interaction-specific complementation:

TsiA-splitFAST > RspA-splitFAST > HspG-splitFAST > Hha-splitFAST > HboL-splitFAST > Rsa-splitFAST > Ilo-splitFAST 

• Dynamic range

Next, the dynamic range has been determined by computing the ratio between the efficacy of the interaction-specific complementation and the extend of self-complementation (Figure III.13). We observed first that, at a given fluorogen concentration, all the ortholog-based split reporters showed improved dynamic range relative to the original Hha-splitFAST. This improvement can be explained by the reduction of the self-complementation or an increase of the interaction specific complementation or both. Note that in agreement with an increase of the self-complementation when the concentration of fluorogen increases, we observe a decrease of the dynamic range. In this comparison, RspA-splitFAST and TsiA-splitFAST exhibited the highest dynamic range. For example, the addition of rapamycin at 5 µM of HMBR lead to a 2.6-fold increase for Hha-splitFAST compared to 17.1-fold increase for RspA-splitFAST and 8.5-fold increase for TsiA-splitFAST.

This analysis allowed us to rank the systems according to their dynamic range (from the highest to the lowest):

RspA-splitFAST > Rsa-splitFAST > TsiA-splitFAST > HspG-splitFAST > HboL-splitFAST > Ilo-splitFAST > Hha-splitFAST Brighter split systems will enable to maximize signal-to-background ratio for efficient imaging and allow the detection of interactions between low abundant proteins. HboL, HspG and RspA showed higher brightness while Ilo, TsiA and Rsa showed lower brightness than Hha-splitFAST. The lowest apparent brightness of Rsa-splitFAST in our analysis can be explained by the low percentage of interaction-specific complementation at the maximal concentration used in our analysis. HboL-splitFAST seems to be the brightest for each fluorogen being 1.5 brighter than Hha-splitFAST. RspA-splitFAST is also one of the brightest systems.

This analysis allowed us to rank the systems according to their relative brightness: 

HboL-splitFAST > RspA-splitFAST > HspG-splitFAST > Hha-splitFAST > Ilo-splitFAST > Rsa-splitFAST > TsiA-splitFAST

• Complementation efficiency as a comparison criterion

Finally, these studies enable to illustrate that some split reporters can be the most promising systems for some parameters, but also can be one of the less enhanced one for another. For example, in presence of 5 µM of HMBR, the fluorescence fold increase upon association was in average 12.9-fold with Rsa-splitFAST, but at this concentration this system is at only 34% of his maximal complementation. In comparison RspA-splitFAST (resp. TsiA-splitFAST) is at 78% (resp. 88%) of its maximal complementation. But on the contrary, the self-complementation of TsiA-splitFAST is above 10% at 5 µM against 5% and 3% for To be able to compare the systems using a parameter independent on the fluorogen concentration used, we also determined for each system the effective concentration of fluorogen for half maximum complementation in absence (EC50, -interaction) and in presence of interaction (EC50, + interaction). EC50, -interaction reflects the ability of the system to self-complement in absence of interaction, while EC50, + interaction reflects the efficacy of the interaction-dependent complementation. The ratio EC50, -interaction / EC50, + interaction provides a way to quantify and compare the dynamic range of the sensors which is independent of the fluorogen concentration Except Ilo-splitFAST and Rsa-splitFAST, all the orthologous split reporters showed to have a similar or an improved interaction-selective complementation efficiency compared to Hha-splitFAST, as illustrated by a lower EC50, + interaction. Moreover, they all have lower self-complementation than Hha-splitFAST as shown by their higher EC50, -interaction. Therefore, all the ortholog-based split reporters have a higher fluorogen independent dynamic range.

Furthermore, RspA-splitFAST and TsiA-splitFAST proved to be the two most promising split reporters after all. First, they provide the highest complementation efficiency in presence of rapamycin. Indeed, RspA-splitFAST (resp. TsiA-splitFAST) needs only ~ 1.5 µM (resp. ~ 0.7 µM) of HMBR to reach 50% of complementation. Moreover, even though they do not display the lowest self-complementation, they do have the highest dynamic range with 71-fold increase for RspA-splitFAST and 57.8-fold increase for TsiA-splitFAST. HMBR: ex/em 488/500-550 nm; iRFP670 ex/em 635/655-730 nm.

To conclude, regarding all the different studies RspA-splitFAST seemed to be the most enhanced split systems being a good compromise between a high interaction-specific complementation efficiency, a low self-complementation and a high dynamic range. Finally, it is also one of the brightest systems.

III.2.2.2. Characterization of the dissociation of the split reporters

One of the benefits of the Hha-splitFAST reporter was the reversibility of the complementation that had not been shown in previous fluorescence protein-protein interaction reporters. To see if it was possible to monitor the dissociation of interacting proteins, the reversibility of the ortholog-based split systems was tested. For each orthologs, the two split fragments were fused to the C-terminus of FKBPF36M, a variant of FKBP known to spontaneously assemble into a weak homodimer, which can be disrupted by addition of rapamycin 13 . HEK293T cells co-expressing the two fusions were labeled with various concentrations of HMBR (0, 1, 5, 10, Rsa-SplitFAST, they all have improved specific-interaction complementation and some can reach 75% of their complete complementation at low concentration of fluorogen. The dynamic range study confirmed this tendency and demonstrates that RspA-splitFAST is the most promising system in terms of dynamic range and brightness. Furthermore, the reversibility of the split reporters was proved.

To conclude, the high throughput flow cytometry screening showed that the ortholog-based split systems display different complementation behaviors. Some appear to have a low-self complementation with a high specific-interaction complementation, while others have the opposite characteristics. Our results reveal that RspA-splitFAST and TsiA-splitFAST were the two most promising split reporters, being a good compromise between a low complementation efficiency in absence of interaction with a high complementation efficiency in presence of interaction. However, because RspA-splitFAST is the brightest system, it has been kept for further studies.

III.3. RspA-splitFAST versus Hha-splitFAST, ΔC1 comparison

III.3.1.
Comparison of the association of the three split reporters Previously, to reduce the self-complementation of the original Hha-splitFAST, the system Hha-splitFASTΔC1 was generated. It is composed of a CFAST fragment truncated by one residue at the C-terminus (CFAST114-124). The rational of shortening the size of the CFAST fragment was to reduce the affinity of CFAST for NFAST, in order to reduce the self-complementation. It was originally observed that although it did improve the dynamic range of the system, it leads to a lower brightness, likely because of an incomplete interaction-specific complementation.

To further characterize RspA-splitFAST, we did a systematic comparison with Hha-splitFASTΔC1 in a separate set of experiments. We studied their complementation with HMBR with the same flow cytometry strategy than previously (see Box 1). Moreover, it has been proved that FAST orthologs can be labeled with various fluorogens with different spectral properties, such as fluorogens HBR-3,5DM (λabs = 499 nm, λem = 562 nm) and HBR-3,5DOM

(λabs = 518 nm, λem = 600 nm). The characterization of the full-length reporters demonstrated that the systems displayed different characteristics in function of the fluorogen used. For example, RspA-FAST proved to have a difference of affinity between HBR-3,5DM and HBR-3,5DOM (KD = 0.011 µM versus KD = 0.074 µM) and a difference of quantum yield between HMBR and HBR-3,5DM (Ф = 0.26 versus Ф = 0.45) (Table III.1). Furthermore, the characterization of the ortholog-based split systems showed that the fluorogen has an impact on the self-complementation and the interaction-specific complementation. Thus, we thought it would be interesting to test the split reporters with two other fluorogens HBR-3,5DM and HBR-3,5DOM.

Our analysis showed indeed that the truncation of CFAST resulted in Hha-splitFASTΔC1 having a lower self-complementation in comparison of the two other split systems. However, the loss of affinity is also at the expense of the specific-interaction complementation, which is 

III.3.3. Influence of the protein expression level

Our results showed that the fluorogen concentration and the affinity of the whole complex had an impact on the self-complementation. To evaluate other parameters that could influence the self-complementation, we tested the importance of the protein expression levels on the split reporter complementation. The previous flow cytometry data was re-analyzed and by using the fluorescence of the transfection reporters, mTurquoise2 and iRFP670, two cell subgroups, one with low and one with high expression levels, were defined.

RspA-splitFAST was compared to Hha-splitFAST and Hha-splitFASTΔC1 in presence of HMBR. Interestingly, as one could anticipate the self-complementation is higher at high expression level for the three split reporters. Conversely, except for Hha-splitFASTΔC1 with 1 µM of HMBR, the dynamic range is higher at low expression level. Note that for 1 µM of HMBR, we do not see any difference of dynamic range between the two expression levels for However, the specific-interaction complementation efficiency seems not to be impacted by the protein expression level leading to a higher dynamic range at low expression level. This experiment allowed us to show that protein expressions is also one of important parameter driving self-complementation.

The influence of the protein expression level was also studied on the dissociation. The same phenomena were observed than for the association; except for splitFASTΔC1 at 1 µM of HMBR, the fluorescence fold decrease is higher for a low expression level ( 

III.3.4. Characterization of PPI inducers and inhibitors

Finally, we evaluated the ability of RspA-splitFAST, Hha-splitFAST and Hha-splitFASTΔC1 to characterize PPI inducers and inhibitors in cells by flow cytometry using the rapamycin-induced FRB-FKBP interaction and the rapamycin-induced inhibition of FKBPF36M homodimerization as model systems. Titrations experiments were performed using 0, 0.1, 0.3, 1, 3, 10, 30, 100 and 1000 nM of rapamycin at 5 µM of HMBR.

In the case of the rapamycin-induced FRB-FKBP interaction, we determined an effective concentration of rapamycin for half maximum interaction of ~ 45 nM for the three split systems

(Figure III.29.a).
Those results are consistent with the dissociation constant of FKBPrapamycin -FRB ternary complex of KD ~ 12 nM 9 . We observed that RspA-splitFAST was the system with the highest dynamic range in accordance with the results presented above.

In the case of the rapamycin-induced inhibition of FKBPF36M homodimerization, we determined an effective concentration of rapamycin for half maximum inhibition of around 100 nM for the split reporters (Figure III.29.b). Again, RspA-splitFAST was the system with the highest dynamic range in accordance with the results presented above. 

III.3.5. Conclusion

First, the flow cytometry experiments demonstrate that even if RspA-splitFAST exhibits a self-complementation higher than Hha-splitFASTΔC1, it has a higher dynamic range due to a more efficient interaction-specific complementation. The promising ortholog-based split system overcomes the incomplete interaction-specific complementation of Hha-splitFASTΔC1 leading to a brighter system. Moreover, these observations are the same no matter the fluorogen used. Thus, the RspA-splitFAST is an enhanced split reporter with tunable spectral properties.

Secondly, by comparing the fluorescence signal of the split reporters with high and low protein expression level, we were able to illustrate the impact of the protein expression level on the self-complementation. We showed that the self-complementation increases with the protein level.

Finally, our titration experiments using rapamycin as an inducer or an inhibitor of interactions showed that RspA-splitFAST can be efficiently used to characterize the efficiency of inducers or inhibitors of PPI.

III.4. Discussion

Six optimized ortholog-based split reporters with reversible complementation were generated by taking advantage of the natural diversity of the Photoactive Yellow Protein (PYP) family.

Their complementation was characterized and compared to the one of Hha-splitFAST thanks to a high-throughput screening strategy based on flow cytometry that we developed. All the ortholog-based split reporters displayed a lower self-complementation than the original Hha-splitFAST. The different split systems appear to have different complementation behavior but most of them exhibit enhanced properties. Ultimately, RspA-splitFAST appeared as the most promising split reporter. Indeed, at low fluorogen concentration, it displays self-complementation below 10% and interaction-specific complementation above 75% leading to a high dynamic range and is one of the brightest systems. Then, our study proved the reversibility of the split reporters.

Previously, the lab showed that Hha-splitFASTΔC1 composed of a truncated version of CFAST (CFAST 115-124) enables to reduce the affinity of the complex and thus, the self-complementation. However, removing the last residue of CFAST led to an overall loss of the overall brightness of the reporter. We therefore compared RspA-splitFAST with Hha-splitFASTΔC1. At fluorogen concentration minimizing the self-complementation while ensuring efficient labelling (1, 5 and 10 µM), RspA-splitFAST displayed slightly higher self-complementation than Hha-splitFASTΔC1, however it showed higher brightness and higher or comparable dynamic range due to a higher interaction-specific complementation.

These results can be explained by the fact that labelling of RspA-splitFAST is optimal at these concentrations, while it is suboptimal for Hha-splitFASTΔC1 because of a lower binding affinity for the fluorogen. Overall these experiments suggested than the use of RspA-splitFAST allowed the generation of a split reporter with high dynamic range without compromising on the brightness and vice versa, outperforming thus both Hha-splitFAST and Hha-splitFASTΔC1.

We confirmed this observation with two other fluorogens, HBR-3,5DM and HBR-3,5DOM, that display different spectral properties. These results demonstrated that the spectral properties of RspA-splitFAST can be modulated at will by changing the fluorogen without changing its complementation dynamics. Furthermore, we demonstrated the impact of the protein expression levels on the complementation. RspA-splitFAST was compared to Hha-splitFAST and Hha-splitFASTΔC1. Our results proved that a high expression level led to a higher self-complementation. Finally, we showed that RspA-splitFAST was well suited for characterizing the efficacy of PPI inducers or inhibitors in cells by flow cytometry opening great prospects for medium to high throughput screening of PPI inducers or inhibitors. Regarding the strong homology between the sequences of the orthologs, we paired each NFAST fragment with each CFAST fragment. Such study allowed us to fully exploit the orthology-based protein engineering to investigate the impact of the CFAST and NFAST fragments on the complementation efficiency, the self-complementation and the dynamic range, and eventually identify better systems. Therefore, we generated 49 systems and we characterized their complementation using the same flow cytometry-based high-throughput screening strategy as the experiments shown in Chapter III. As the previous experiments, we used the rapamycin-inducible interaction of FRB and FKBP to study the association of the systems. Because of the much higher number of systems to study in parallel, the condition number has been reduced to only three concentrations of HMBR (0, 10 and 50 µM). This set of conditions allowed us to evaluate for each new system the self-complementation, the interaction-specific complementation and the dynamic range at 10 µM of fluorogen. 10 µM was chosen as concentration as it was shown to be a good compromise to maximize the interaction-specific complementation while keeping acceptable self-complementation for the orthologous systems (see Chapter III). Moreover, the mean intensity at 50 µM of fluorogen in presence of rapamycin allowed us to evaluate and compare their relative brightness.

IV.2. Characterization of the forty-nine systems

To explore the potential of the ortholog-based split reporters, we analyzed by flow cytometry the fluorescence of the forty-nine split systems in HEK293T cells at 0, 10 and 50 µM of HMBR treating cells with 500 nM or without rapamycin. The results of the different parameters of the fragment crossing experiment were each illustrated by a heat map, where each column corresponds to specific NFAST fragment and each line to a specific CFAST fragment.

One-dimension graphs of the two-dimension heat maps were also generated, where either the 

IV.2.1. Results

• Self-complementation

We observed that the NFAST fragment is a key component for the complementation, especially for the self-complementation (Figure IV.1). For example, no matter the CFAST fragment used, Hha(N) leads systematically to systems with the highest self-complementation ranging from 18% and 49%. On the contrary, Rsa(N) leads to systems with the lowest self-complementation and never overpass 10% of self-complementation. Interestingly, the graph with the CFAST in

x-axis demonstrates that we can classify the self-complementation with the NFAST fragment independently of the CFAST used. Overall, we observed that the N-fragments of the orthologous FAST lead to systems with lower self-association than the original Hha(N).

HboL(N), HspG(N), RspA(N), Ilo(N) and Rsa(N) lead to systems with rather low self-complementation, while Hha(N) and TsiA(N) tend to lead to systems with higher self-complementation.

Additionally, the analysis of the matrix also showed the importance of the C-fragment. Systems with HboL(C), HspG(C) and Rsa(C) fragments display in average higher self-complementation, while systems with Hha(C), RspA(C), Ilo(C) et Rsa(C) show in average lower self-complementation. In particular, the systems with HboL(C) always display the highest self-complementation, no matter with which fragment it is paired. 

• Interaction-specific complementation

We also observed that the NFAST fragment plays a role in the interaction-specific complementation efficiency, which was estimated here with the ratio of the fluorescence mean in presence of 500 nM of rapamycin at 10 µM of HMBR relatively to the maximum fluorescence mean at 50 µM of HMBR in presence of rapamycin (Figure IV.2). In average, efficient interaction-specific complementation was observed for the systems with Hha(N), RspA(N) and TsiA(N), while modest interaction-specific complementation was observed for Ilo(N) and Rsa(N). As a result, all TsiA(N)::X(C) exhibit a high ratio between 84% and 93%. On the contrary, Ilo(N) fragment provides the lowest efficacy of the interaction-dependent complementation between 19% and 40%, suggesting rather modest complementation efficiency. Indeed, as for the self-complementation, the efficacy of the interaction-dependent complementation can be ordered independently of the CFAST fragment used. The highest interaction-specific complementation was systematically observed with TsiA(N), followed by RspA(N), Hha(N), HspG(N), HboL(N), Rsa(N) and then Ilo(N). Interestingly, these results are consistent with the study of the wild-type split reporters (see Chapter III).

Analysis of the matrix focusing on the C-fragments showed furthermore, that TsiA(C) fragment seems to often provide a system with low interaction-specific complementation. However, all the others showed quite comparable efficacy demonstrating that the nature of CFAST fragment 

IV.2.2. Conclusion

The study of the forty-nine systems showed that the nature of the NFAST fragment plays an important role on the self-complementation, the interaction-specific complementation, the dynamic range and the brightness. The characterization of the forty-nine systems showed that RspA(N)::Hha(C), RspA(N)::RspA(C), RspA(N)::Ilo(C), and RspA(N)::TsiA(C) are the brightest systems with the highest interaction-specific complementation efficiency, while having the lowest self-complementation, allowing to obtain high dynamic range. Our analysis proved that these complementation behaviors are due to the nature of the CFAST and NFAST fragments of the systems. However, among these four systems, the one with the highest efficiency of complementation in presence of interaction at 10 µM of HMBR was RspA(N)::RspA(C), making

RspA-splitFAST the system the most suitable for imaging PPI.

IV.3. Full analysis of Hha-and RspA-splitFAST cross-coupling

The previous studies showed that the nature of NFAST fragment plays an important role in the complementation of the split reporter. Moreover, the NFAST fragments seem to follow the same tendency as the wild-type ortholog-based split systems. Indeed, systems with RspA In conclusion, our study suggests that Hha(N) leads to high self-complementation, while RspA(N) leads to low-self complementation as observed during the analysis of the 49 systems.

Moreover, the increased EC50, + interaction observed coupling RspA(C) with Hha(N) suggests that RspA(C) is crucial to explain the high interaction-specific complementation of RspA-splitFAST, through the nature of the CFAST fragment. 

IV.3.3. Conclusion

The matrices of the forty-nine systems demonstrate that the NFAST fragments could have an impact on the self-complementation. To illustrate that, we crossed the original Hha-splitFAST system with the most promising ortholog-based split system, RspA-splitFAST. The two new systems were characterized and compared to the two original split reporters. The flow cytometry experiments, confirmed by the confocal microscopy ones, showed that the N-fragment of the system with the lowest self-complementation generated a split reporter with an even lower self-complementation, named RspA(N)::Hha(C). And on the contrary, Hha(N) led to a system with the highest self-complementation, named Hha(N)::RspA(C). Interestingly, even if the self-complementation is lower, RspA(N)::Hha(C) exhibits a dynamic range lower than RspA-splitFAST. This is due to a lower interaction-specific complementation that is similar to the one of Hha-splitFAST and could be explained by the impact on the Hha(C) fragment on the interaction-specific complementation. In the same way, despite its higher self-complementation, Hha(N)::RspA(C) displays a similar dynamic range than Hha-splitFAST due to a higher interaction-specific complementation that is similar to the RspA-splitFAST one.

This phenomenon illustrates the impact of the CFAST fragment on the complementation.

IV.4. Discussion

Analysis of the complementation efficiency of the ortholog-based split systems showed that they displayed different complementation behaviors. In order to complete this observation and investigate the role of the N-and C-fragment in the complementation, we cross-coupled each of the seven NFAST fragments with the seven CFAST fragments and generated forty-nine systems. First, this experiment showed the impact of the NFAST fragments in particular on the self-complementation. For example, Rsa(N) leads to systems with very low self-complementation percentage, while TsiA(N) leads to systems with a high self-complementation percentage. Moreover, the tendency of the impact of the different NFAST fragments on the interaction-specific complementation, which illustrates the fluorogen binding affinity for the whole complex, are in concordance with the previous experiments that characterized the complementation of the regular orthologs based split systems demonstrating the role of the nature of the NFAST on this feature. Furthermore, our analysis suggested that an enhanced split reporter for PPI need to display a good equilibrium between all the complementation characteristics as RspA-splitFAST does. Indeed, systems composed of Finally, even if RspA(N) :: Hha(C) displays a lower self-complementation, RspA-splitFAST still seems to be the most promising systems. Indeed, it is the best compromise between an enhanced interaction-specific complementation efficiency and a low self-complementation leading to an enhanced dynamic range.

To conclude, these previous experiments demonstrate that the nature of the fragments, specially the NFAST fragment, has an impact on the complementation of the split reporter.

These observations raise the question of the impact of the affinity of the two fragments and the fluorogen on the complementation behavior.

Chapter V

Thermodynamic characterization

of RspA-splitFAST and Hha-splitFAST

V.1. Thermodynamic model

In the previous chapter, we demonstrated that the split reporters display different complementation behaviors depending on the nature of their fragments. Some N-terminal fragment lead to high self-complementation, while other lead to low self-complementation. We observed the same tendency for the interaction-specific complementation, which illustrates the affinity of the fluorogen for the whole complex (see Chapter IV). Moreover, the fluorogen seems to force the interaction through stabilization of the ternary complex (see Chapter III).

To Furthermore, we can assume that the binding affinity of F is raised when C binds N through a cooperativity effect. Therefore, we introduced the cooperativity constant α > 1 for the binding of the fluorogen F when C is bound to the N:

K d,F/C = K d,F α (5) 
According to equations (1-4)

Kd,F Kd,C/F = Kd,C Kd,F/C (6)
Thus, it can be concluded that

K d,C/F = K d,C α (7) 
Therefore, the influence between the two ligands is reciprocal: if the binding of C raises the binding affinity of F, the binding of F raises the binding affinity of C in the same extent. Thus, increasing the concentration of the fluorogen F increases the self-complementation, as we previously demonstrated (see Chapter III). The determination of the thermodynamic parameters K d,F , K d,C and α would enable to better understand the difference of complementation between RspA-splitFAST and Hha-splitFAST.

We decided to determine these constants by fluorescence-based titration experiments. The fraction of the fluorescent ternary complex is given by: 

F ternary complex = [NCF] [N] + [NC] + [NF] + [NCF] (8) 
F ternary complex = α [C][F] K d,C K d,F 1 + [C] K d,C + [F] K d,F + α [C][F] K d,C K d,F (9) 
F ternary complex = α [C] 0 [F] 0 K d,C K d,F 1 + [C] 0 K d,C + [F] 0 K d,F + α [C] 0 [F] 0 K d,C K d,F (10) 
By using the relation between Kd,F/C, K d,F , and α given by the equation ( 5), the equation of the fraction of the fluorescent ternary complex becomes:

F ternary complex = [C] 0 [F] 0 K d,C K d,F/C 1 + [C] 0 K d,C + [F] 0 K d,F + [C] 0 [F] 0 K d,C K d,F/C (11) 
Thus, it is possible theoretically to determine the different thermodynamic constants by determining the fraction of complex at different concentrations of C and F. A global fit can then allow the obtention of the different parameters.

V.2. Thermodynamic characterization of RspA-splitFAST and Hha-splitFAST

V.2.1.

Characterization of the thermodynamic parameter Kd,F/C

As it was challenging to extract the three parameters Kd,C, Kd,F and α, or Kd,C, Kd,F and Kd,F/C from a single global fit, we first determined K d,F/C using the two recombinant proteins FRB-N and FKBP-C, which can be preassembled in presence of rapamycin. Titration experiments varying the concentration of F allows then to determine K d,F/C . Indeed, the fraction of fluorescent complex is given by the expression:

F fluorescent complex = [NCF] [NC] + [NCF] (12) 
F fluorescent complex = 1 1 + K d,F/C [F] (13) 
When [F]0 >> [N]0 and [C]0, we can assume that at equilibrium [F] ≈ [F]0, thus the equation ( 13) becomes:

F fluorescent complex = 1 1 + K d,F/C [F] 0 (14) 
We titrated an equimolar solution of purified recombinant FRB-N and FKBP-C proteins at 50 nM with the fluorogen HMBR (0, 40, 80, 160, 320, 480, 640, 960, 1280, 2560 and 5000 nM) in presence of 500 nM of rapamycin. Using this strategy we preform the complex NC using the rapamycin-induced interaction between FRB and FKBP allowing the characterization of the binding constant Kd,F/C by fluorescence titration. To extract the binding constant, we used the equation ( 14 The fluorescence titration enabled us to estimate the affinity of the fluorogen for the assembled NC complex, which appeared to be ten times lower than the one of the full-length proteins.

Indeed, the affinity constant was Kd,F/C = 150 ± 5 nM for RspA-splitFAST and 1.1 ± 0. 

V.3. Discussion

Characterizing the affinities that drive the complementation of a split reporter can be difficult and limited. In this chapter, we developed a two-experiment strategy to determine the four thermodynamic parameters. First, we used the rapamycin-induced FRB and FKBP interaction to preassemble the complex NC and measure the binding constant Kd,F/C. Then, the equation of the fraction of the fluorescent ternary complex and the relation between the thermodynamic constants enable to extract the other parameters. However, because the global fit of the data provides multiple parameters with only one experiment, the thermodynamic constants calculate are only an estimation. Nevertheless, the difference of K d,F and K d,C suggested that the decrease of the self-complementation of RspA-splitFAST compared to Hha-splitFAST is due to both a decrease of the affinity of the fluorogen and the C-terminal fragment for the N-terminal fragment. Noteworthily, the fluorogen exhibits a higher affinity for the complex NC in the case of RspA-splitFAST because of a large increase of the cooperativity constant (Table V.1).

To conclude, the characterization of the thermodynamic parameters enables to demonstrate that the self-complementation is driven by the affinity of the N-terminal fragment for the fluorogen and for the C-terminal fragment. This confirmed that the nature of the N-terminal fragment impacts the self-complementation. Fusing Lyn11-FRB to RspA(N) and FKBP to RspA(C) allowed us to visualize the interaction between a membrane protein and a cytosolic protein.

VI.1.1.2. MEK1-ERK2 signaling pathway

Extracellular signal-regulated kinases ERK1/2 belong to the family of the mitogen-activated protein kinases (MAPK). ERK signaling cascade is involved in the MAPK pathway, which plays an important role in cellular processes like development, proliferation and differentiation 3 . The starting point of the Ras-Raf-MEK-ERK pathway is the binding of an extracellular ligand, such as the epidermal growth factor (EGF), to a receptor-linked tyrosine kinase, such as epidermal growth factor receptor (EGFR). This leads to a signaling cascade that activates a small G protein (RAS) and three protein kinases (Raf, MEK and ERK).The activated ERK translocates to the nucleus and activates transcription factors to regulate gene expression 3,4 . Upon ERK2 activation, MEK1 phosphorylates ERK2 in the cytoplasm, which leads to the dissociation of MEK1/ERK2 and the translocation of ERK2 into the nucleus. Therefore, fusing MEK1 and ERK2 to the split reporter and using the reversible complementation of RspA-splitFAST should enable to follow the ERK2 activation illustrated by the dissociation of the two proteins.

VI.1.2. Detection of protein-protein interaction at the plasma membrane

In order to investigate the ability of RspA-splitFAST to detect PPI at the plasma membrane, the membrane-anchoring sequence Lyn11 was fused to the N-terminus of FRB-RspA(N). We optimized the expression level of the two split fragments. Different ratios of plasmids were tested. The confocal microscopy experiment showed that if ERK2 expression levels were high, mCherry-ERK2-RspA(C) was already in the nucleus even before the activation of ERK2. The 

c).

This experiment illustrated the ability of RspA-splitFAST to monitor a signaling pathway in real-time and space thanks to the reversibility of its complementation. 

VI.2. Detection of a histone modification with the split reporter

VI.2.1. Histone 3 methylation as an epigenetic modification

Epigenetic modifications are heritable changes of the genomic structure that alter the gene expression but do not change the DNA sequence 5 . There are different epigenetic marks such as DNA methylation or post-translational modifications (PTMs). The last one corresponds to histone modifications, for example methylation, acetylation and phosphorylation. They mostly occur at the N-terminal tail of the histone protein, which is highly attainable, and modulate the accessibility of gene information by modifying the structure of the chromatin [6][7][8] .

The histone code hypothesis predicts that gene expression regulation (activation or repression) is in part due to covalent modifications on the N-terminal tail of histone 9 . These modifications are recognized by a specific protein domain (e.g. chromodomain, bromodomain, Tudor domains, PHD zinc fingers, PWWP domains or MBT domains) of a chromatin-modifying protein that will impact the heterochromatin or euchromatin assembly. Three categories of chromatin-modifying proteins are involved in the histone genetic code: the writers, the readers and the erasers. For example, for the histone lysine methylations, which are well-known histone modifications along with histone arginine methylations, the writers are histone lysine methyltransferases (HKMTs) and the erasers are histone lysine demethylases. Both of the enzymes will regulate the lysine methylation. The nature of the readers will depend of the position of the lysine on the histone 10 . One of the complexities of this modification is that lysine can be mono-, di-or tri-methylated and the methylation state changes the nature of the readers and the impact on the gene expression. Histone lysine modifications will lead to active or repressive transcription depending on the methylation state and the position on the histone [12][13][14] .

Histone 3 Lysine 9 (H3K9) is methylated by the Suv39 and G9a methyltransferases and is mostly linked to a repression of the gene expression 14,15 . This methylation is an important histone modification known to impact the heterochromatin structure. It is highly studied because of its physical and functional interactions with DNA methyltransferases (DNMTs) and other histone modifications 16,17 . Moreover, deficient regulation of this methylation is often linked to neurodegenerative diseases, drug addiction and cancer 18,19 .

The H3K9 methylation is specifically recognized by the Heterochromatin protein 1 HP1 20,21 .

HP1 is a transcriptional repressor composed of two conserved domains: the chromodomain (CD) at the N-terminus, and the chromo shadow domain (CSD) at the C-terminus. While the CD binds the methylated H3K9, the CSD is implicated in protein-protein interactions 22,23 . The recruitment of HP1 leads to heterochromatin packaging and thus to gene repression 24 . The histone tail in β-structure completes the β-sandwich structure of the HP1 CD. The methylated H3K9 can be in N 6 -methyllysine, N 6 ,N 6 -dimethyllysine or N 6 ,N 6 ,N 6 -trimethyllysine form. The methylammonium is stabilized by Tyr24, Trp45 and Tyr48 three aromatic residues of HP1 through cation-π interactions and by Glu23 and Glu52 through Van der Waals interactions.

However, only the residues from Gln5 to Ser10 of H3 will interact with HP1 chromodomain 25 (Figure VI.3.).

Because of its role in gene expression and heterochromatin organization, methylated H3 -HP1

interaction is an interesting and important protein-protein interaction to explore. Here, we use the ortholog-based split reporter to monitor this interaction. Then, we tried to characterize inhibitors of methyltransferase by evaluating the decline of methylated H3 -HP1 interaction due to a reduce H3K9 methylation, which is illustrated by a decrease of the fluorescence signal of the split reporter. The residues of HP1 that interact with the Lysine are in light orange.

VI.2.2. Optimization of the topology of the split reporter by flow cytometry analysis

VI.2.2.1. RspA-splitFAST as a proof-of-concept

To detect the topology with the highest complementation efficiency for the detection of the interaction between HP1 and methylated H3, we used a high-throughput strategy based on flow cytometry. For all the topologies, H3 and HP1 were separated from the split fragment with a linker (SGGGG)2S to not disturb the interaction between the two proteins of interest.

Moreover, because the methylation on the lysine 9 occurs near the N-terminus of H3, the split fragment, either NFAST or CFAST, were fused on the N-terminus of H3. The chromodomain of HP1 (residues 22 to 76) that interacts with H3K9 after methylation was linked either to the C-or the N-terminus of the N-terminal fragment or to the C-or the N-terminus of the C-terminal fragment 26 . Because RspA-splitFAST appeared previously to be the most promising ortholog-based split system, we first characterized the different combinations with this split reporter and generate the four resulting systems. Also, we used the two fluorescent proteins The characterization of RspA-splitFAST previously showed that 5 µM of fluorogen was an efficient concentration for obtaining a high dynamic range with a low self-complementation without compromising on the complete interaction-specific complementation (see Chapter III).

Thus, HEK293T cells were co-transfected with one of the four systems and treated with 5 µM 

VI.2.2.2. Comparison between RspA-splitFAST and RspA(N)::Hha(C)

As RspA(N)::Hha(C) also proved to be an improved split reporter (see Chapter IV), we also tested its use for the detection of the methylated H3 -HP1 interaction. Furthermore, we also generated control systems to validate the specificity of the complementation. We introduced the mutation K9L in H3 to prevent methylation and W45A in HP1, previously reported to prevent interaction with methylated H3K9 27 . Inserting a mutation at W45A should prevent the cation-π interactions with H3K9 to occur. Twelve systems were developed: the reporters of the interaction between HP1 and methylated H3 either with RspA-splitFAST or with RspA(N)::Hha(C) with the two optimal topologies, their control systems with either the mutation on H3 (H3K9L) or on HP1 (HP1W45A), and their double control systems with the two mutated proteins H3K9L and HP1W45A (Table VI.1). All the split reporters and their controls were studied with 5 µM of HMBR by flow cytometry.

RspA(N)-H3::HP1-RspA(C) displayed the higher signal of detection. Indeed, its signal was twice higher than the one of RspA(N)-H3::HP1-Hha(C), which is the second best system (Figure VI.6). In our assay, the mutation K9L in H3 was not sufficient to fully prevent the interaction with HP1. However, we observed practically no signal for the control with H3K9L::HP1W49L and H3::HP1W49L, suggesting that the complementation is selective of the interaction between HP1 and methylated H3K9. From these results, RspA(N)-H3::HP1-RspA(C) seemed to be the most promising reporter system to monitor the methylated H3 -HP1 interaction. 

VI.2.2.3. Study of the effect of the fluorogen

Then, to study the effect of the fluorogen concentration, all the systems were also characterized with 10 µM of HMBR. We observed the same tendency than with 5 µM of HMBR proving that the fluorogen concentration has little effect on the efficiency of the split reporters to detect methylated H3 -HP1 interaction. Moreover, RspA(N)-H3::HP1-RspA(C) was confirmed to have the higher signal of detection of this interaction (Figure VI.7). Finally, we previously demonstrated that the efficiency of the split reporters was independent of the fluorogen used. This enables to tune the spectral properties of the split reporter without altering its complementation (see Chapter III). We confirmed this observation on the By flow cytometry, we were able to characterize the most promising system regarding the topology of the split reporters for the monitoring of the methylated H3 -HP1 interaction. Then we compared, two promising split reporters RspA-splitFAST and RspA(N)::Hha(C) for the ability to report on this interaction. Their fluorescence signals were compared at different concentrations of HMBR and HBR-3,5DM showing that there is no effect of the fluorogen and of its concentration on the signal of detection.

All the results tend to demonstrate that RspA(N)-H3::HP1-RspA(C) is the most promising split reporter for the detection of the interaction between methylated H3K9 and HP1 regardless the nature and the concentration of the used fluorogen.

VI.2.3. Microscopy results

To investigate the specificity of the detected signal, RspA(N)-H3::HP1-RspA(C) and its three control systems were studied by confocal microscopy (Figure VI.9). HEK293T cells were treated with 5 µM of HMBR and co-transfected with the split reporter and its controls systems.

The imaging channels of mTurquoise2 and iRFP670 enabled to confirm the presence of the two split fragments into the cells. Microscopy images demonstrate that the fluorescence signal of mTurquoise2 and iRFP670 is cytoplasmic, while the one of HMBR is only into the nucleus where the interaction between methylated H3K9 and HP1 occurs proving the specificity of the split complementation only due to the PPI. Furthermore, for the mutated systems with H3-HP1W45A and H3K9L-HP1W45A, even if the channels of the transfection reporters show fluorescence signal proving the presence of the split reporters into the cells, we can observe no fluorescence signal in the imaging channel of HMBR. This was expected as the introduced mutations block the interaction between the two proteins, preventing the split reporter from complementing. However, as in the flow cytometry experiments, we could also observe some residual fluorescence signal with the H3K9L-HP1 system, suggesting that the K9L mutation is not sufficient to prevent the interaction with HP1. Overall, the confocal microscopy observations are in accordance with the flow cytometry ones. preventing the methyltransferase to interact with H3, which leads to a decrease of H3K9 methylation 28 . UNC0642 is a small chemical probe that inhibits G9a with high cellular potency, low cell toxicity and excellent selectivity 29 .

First, HEK293T cells were co-transfected with the system and treated with 5 µM of HMBR and 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 and 15 µM of BIX-01294 for 15 h. The fluorescence signal of the events was extracted with the same flow cytometry gating strategy that before using transfection reporters mTurquoise2 and iRFP670 (see Chapter III). The EC50 extracted from this titration was in agreement with the one found in the literature (6.4 µM versus 1. 

VI.3. Discussion

VI.3.1.

RspA-splitFAST as a reporter to investigate dynamic processes Studying dynamic processes of biological systems in real-time and space is very challenging.

Tools developed to visualize such process need to be dynamic and small to not disturb its environment. Moreover, they have to enable the detection of the protein-protein interaction involved in those biological activities in various cellular compartments in a reversible manner.

In this project, we were able to detect protein-protein interactions at the plasma membrane using the sequence anchoring membrane Lyn11 and the CIP system based on the association of FRB and FKBP in presence of rapamycin. After addition of rapamycin, we observed an increased signal at the plasma membrane through the rapid formation of RspA-splitFAST. The original Hha-splitFAST previously appeared to be an efficient tool for this labelling, but

RspA-splitFAST seemed to be kinetically improved 34 . An experiment comparing both of systems could be done to confirm this observation. Therefore, RspA-splitFAST appeared to be a dynamic system to monitor PPI at the membrane plasma. To go further, dynamic protein-protein interactions at other subcellular compartments could be investigate using the same strategy.

We also demonstrate that RspA-splitFAST was able to monitor PPI changes during activation of signaling pathway using its reversible complementation. We were able to monitor the transient dissociation of the ERK2-MEK1 interaction upon activation of the signaling pathway.

RspA-splitFAST demonstrates to be an efficient reporter of dynamic processes involving association and dissociation of proteins.

VI.3.2.

RspA-splitFAST as a reporter to investigate histone modifications dynamics Histone 3 Lysine 9 methylation is an important epigenetic mark. Its interaction with the heterochromatin protein 1 HP1 can modulate the heterochromatin packaging leading to gene repression. The specificity of this interaction and the mechanisms it generates are not yet well known, it is therefore necessary to be able to monitor it in real-time and space scale. We demonstrated through a topology optimization by flow cytometry that RspA-splitFAST was able to report the methylated H3 -HP1 interaction. Confocal microscopy confirmed this observation and demonstrated the specificity of the split reporter signal into the nucleus.

Then, regarding the ability of RspA-splitFAST to characterize inhibitor (see Chapter III), we tried to study two methyltransferase inhibitors, BIX01294 and UNC0642. Flow cytometry experiments showed a decrease of the fluorescence of the split reporter when we increase the inhibitor concentration, as expected, but also a decrease of the signal of the transfection reporters mTurquoise2 and iRFP670. Thus, the loss of HMBR fluorescence could be due to the degradation of the protein by the inhibitor, illustrated by the decrease of mTurquoise2 and iRFP670 signal. But because the transfection reporters are separated from the system with an IRES, nothing can be concluded from this study. To have more explanations about these results, a western blot could be done to investigate the protein expression level of the split reporter with an increase of the inhibitor concentration. Another alternative would be to directly fuse a fluorescent protein like mCherry to the fragment of the split and monitor its fluorescence.

Moreover, studies showed that the level of H3K9 changes during the cell cycle 27,[30][31][32] . We did preliminary experiments that need to be optimized to investigate these observations.

Hoechst 33342 is a cell permeable blue fluorescent DNA stain for cell cycle analysis. It binds AT-rich regions and thus, can allow the differentiation between the cell cycle steps. A flow cytometry method using Hoechst 33342 and a gate strategy can enable to distinguish G1, S and G2 and to monitor the level of H3K9 methylation during those cell cycle steps with the split reporter. Another experiment could be explored by using cell synchronization with double Thymidine block or Nocodazole. These methods would allow to synchronize the cells at different step of the cell cycle and then to compare the split reporter signal between the different steps 33 .

chromobody/fluorobody enable different labeling strategies through the recognition of complementary peptide tags. In these systems, small peptide tags are genetically fused to a protein of interest for subsequent recognition by a chromobody/fluorobody linked to a fluorescent protein 4,5 . The construction of tags that enable to specifically recognize an scFv allowed the development of versatile tools. For example, SunTag is a protein-tagging system composed of a peptide array tag (composed of multiple copies of a short peptide epitope)

fused to the POI that can be labeled using a genetically encoded single chain variable fragment scFv fused to GFP. This system enables to label proteins in various subcellular compartments and to do single-molecule tracking 6 . An orthogonal tagging system called MoonTag has been developed using an orthogonal peptide-chromobody pair to monitor complex translational dynamics 7 .

Ortholog-based split systems with high self-complementation could be interesting systems to develop fluorogenic chromobodies (see Chapter IV). Indeed, the small C-terminal fragment In this chapter, we present the study of high self-complementing ortholog-based split systems to demonstrate if the self-complementation of these systems is enough to use them as fluorogenic chromobody-like systems for subcellular protein labeling. 

VII.2. Full analysis of a crossed system with high self-complementation

The analysis of the forty-nine systems allowed the identification of systems with high self-complementation and high brightness. In particular, Hha(N)::HboL(C) proves to have the highest percentage of self-complementation and to be the brightest system (1.3-fold higher than RspA-splitFAST) (see Chapter IV). Because of its high self-complementation, it cannot be used as a protein-protein interaction reporter, but can be employ for other applications such as minimal-size tagging system exploiting the short size of HboL(C). For these reasons, we characterized its complementation and compared it to Hha-splitFAST and Hha(N)::RspA(C) that showed also high self-complementation. In contrary of the precedent analysis, the self-complementation should be the highest and the dynamic range the lowest as possible.

The best enhanced systems for minimal-size tagging applications, will be a system with no difference between self-complementation efficiency and interaction-specific complementation efficiency. Indeed, this kind of system should not need an exterior help to force the complementation of the split.

The association and the dissociation of Hha(N)::HboL(C) have been characterized with the same flow cytometry and confocal microscopy methodologies as previously (see Chapter III and Chapter IV).

VII.2.1.

Characterization of the association of the crossed system with high self-complementation

VII.2.1.1. Flow cytometry analysis

The complementation of Hha(N)::HboL(C) was characterized with the same flow cytometry strategy as before using the interaction of FRB and FKBP in presence of rapamycin. Titration with the fluorogen showed that there is practically no difference of complementation in presence and in absence of rapamycin in comparison to Hha-splitFAST and Hha(N)::RspA(C)

(Figure VII.2).
This result shows that the Hha(N)::HboL(C) split system barely needs the interaction between FRB and FKBP to complement. To further characterize this phenomenon, the self-and the interaction-specific complementation have been studied as well as the dynamic range and the brightness. The study of the self-complementation showed that at 5 µM of HMBR, Hha(N)::HboL(C) is more than 50% self-complemented, reaching almost 100% self-complementation at 50 µM.

This system displays higher self-complementation than Hha(N)::RspA(C). This experiment suggested that the fluorogen can forced the interaction between the two fragments sufficiently 

VII.2.1.2. Microscopy analysis

Finally, the complementation was studied by confocal microscopy with 5 µM de HMBR with no rapamycin at the beginning then after the first snap of the time lapse (at 1 min), 500 nM of These observations are in accordance with the flow cytometry experiment demonstrating that Hha(N)::HboL(C) displays high self-complementation meaning that it does not need rapamycin to induce its complementation. 

VII.2.2.2. Microscopy analysis

Finally, the dissociation of the systems was study by confocal imaging with a time lapse experiment where images were taken every minute (Figure VII.7). The cells were treated with 5 µM of HMBR without rapamycin at first and then after the 2 min 2.5 µM of rapamycin was added. First, the disassembly kinetic study showed that the maximum of disassembly is obtained after at t=4 min (i.e. 2 min after the addition of rapamycin) for the three split reporters,

showing that the systems display comparable kinetic of dissociation. Moreover, 

Hha

Comparison between two ortholog-based split systems with high self-complementation

In the first part of this chapter, we showed that Hha(N)::RspA(C) and Hha(N)::HboL(C) were two split systems with high self-complementation. An efficient fluorogenic chromobody-like system would be a split that allows bright and specific signal of a protein of interest through its high self-complementation. To determine which one was the most suitable to use as a fluorogenic chromobody-like system, we compared both systems for subcellular protein localization. We tested the two systems for labeling a nuclear protein, the histone H2B. H2B, which is one of the four core histones and so is localized in the nucleus, was fused to the C-terminal fragment, either RspA(C) or HboL(C), and to the fluorescent protein mCherry to monitor the localization by an additional reporter. We used FRB-Hha(N) as complementary partner for the labeling of RspA(C) or HboL(C) by self-complementation in presence of HMBR.

For the expression of FRB-Hha(N) we used a bicistronic vector allowing the co-expression of 

VII.3.1.2. Impact of the ratio of the two fragments on the nuclear signal

After having demonstrated that Hha(N)::HboL(C) was the most suitable system for our purpose, we wanted to evaluate the impact of different parameters on the experiment for a possible optimization. In the comparison between the system with RspA(C) and the one with HboL(C), we used the whole fragment FRB-Hha(N) that was used previously. 

VII.4. Discussion

Self-complementing split systems could be a good alternative to regular peptide-chromobody pairs because they would display higher contrast (because of the fluorogenicity) and use a smaller reporting protein (because of the lack of additional fluorescent proteins). Here we show that Hha(N)::HboL(C) displays high self-complementation, showing potential for labeling applications.

In this chapter, we first characterized the complementation behavior of Hha(N)::HboL(C) and compared it with another system that displayed also high self-complementation Hha(N)::RspA(C) and the original Hha-splitFAST. Hha(N)::HboL(C) showed barely no difference of complementation in presence or in absence of interaction between FRB and FKBP. This demonstrates that this reporter does not need any exterior force to self-complement. Thus, this could be applied as a minimal-size tagging system.

Then, we compared the self-complementing split Hha(N)::RspA(C) and Hha(N)::HboL(C) by using nuclear labeling through H2B fusion as a-proof-of-concept. We demonstrated that the two systems provide a specific nuclear signal but because Hha(N)::HboL(C) appeared to be brighter with a higher self-complementation by flow cytometry this system was kept for further studies.

We also evaluated the impact of a fragment fused to Hha(N) such like FRB and compared the subcellular signal at different ratio between HboL(C) and Hha(N) with the first fragment always in excess. No significant difference was observed between the different conditions.

Finally, another subcellular localization was investigated. Actin binding peptide LifeAct was fused to HboL(C) enabling the specific visualization of the actin through the self-complementation of the split reporter in presence of the fluorogen, further demonstrating that HboL(C) can be used as a small peptide tag that allows subcellular protein localization through spontaneous complementation with Hha(N) in presence of the fluorogen.

Future experiments will explore the use of the self-complementing Hha(N)::HboL(C) split system for the labeling of proteins in various cellular localizations.

Chapter VIII

General Discussion

Split fluorescent reporters are powerful tools for the detection of biomolecules and specially to monitor their interactions. Our lab previously developed a promising split system called Hha-splitFAST that acts as a ternary complex composed of two complementary fragments and a small fluorogenic chromophore. Its rapid and reversible complementation allows the detection of protein-protein interactions with high spatial and temporal resolution in live cells.

Hha-splitFAST has been engineered from Hha-FAST, itself engineered by directed evolution from Halorhodospira halophila (Hha)-PYP 1 .

My PhD project has consisted in developing improved split fluorescent reporters by taking advantage of the natural diversity of the H. halophila PYP family. Previously in the lab, six orthologs of H. halophila PYP were selected to engineered FAST orthologs by introducing the same mutations identified through directed evolution to developed FAST from H. halophila PYP. The first part of my PhD work was to generate Hha-splitFAST-like split systems with the FAST orthologs using the same split site than Hha-splitFAST. The complementation properties of the new six ortholog-based split systems were characterized and compared to the one of Hha-splitFAST using a high throughput flow cytometry screening strategy that we developed in the lab. We also evaluate the impact of the fluorogen on the self-complementation. All the split systems displayed enhanced properties compared to the original Hha-splitFAST, especially the RspA-splitFAST system originating from Rheinheimera sp. A13L (RspA) PYP.

It exhibited lower self-complementation with a higher interaction-specific complementation efficacy leading to a high dynamic range and brightness. Furthermore, the lab has formerly demonstrated that reducing the affinity of the two complementary fragments could decrease the self-complementation but at the expense of the interaction-specific complementation. To do so, the lab generate Hha-splitFASTΔC1 composed of a truncated version of the C-terminal fragment. The promising RspA-splitFAST was compared to the original Hha-splitFAST and the truncated version Hha-splitFASTΔC1 with different fluorogens. RspA-splitFAST proved to have a higher dynamic range due to a higher interaction-specific complementation efficacy. Also, RspA-splitFAST showed to be effective regardless the fluorogen used demonstrating the possible to tune the spectral properties of the split system.

Then, given the difference of complementation behavior and the homology of sequences between the different ortholog-based split systems, we investigated the role of the nature of the N-and C-terminal fragments on the complementation properties. We systematically crossed all the N-terminal fragments with the C-terminal fragments to generate 49 crossed systems. Then, to have more insights we crossed RspA-splitFAST with Hha-splitFAST and fully characterize the crossed systems. Given the results, we evaluated by in vitro fluorescence titration the thermodynamic parameters that characterize the split systems. These studies confirmed that the lower self-complementation of RspA-splitFAST is in part due to the nature of its N-terminal fragment that present less affinity for the fluorogen and the C-terminal fragment.

The improved properties of RspA-splitFAST enabled to detect with high specificity protein-protein interaction involved in histone modifications. Moreover, the reversibility and the low self-complementation of the split reporter allowed to monitor dynamic processes such as signaling pathway or PPI at the membrane signal.

Finally, other split systems have emerged from the forty-nine crossed systems studies with other interesting properties. The Hha(N)::HboL(C) systems displayed high self-complementation but appeared to be one of the brighter system probably due to its high efficacy of interaction-dependent complementation. Therefore, this self-complementing split system appeared to be interesting for other applications than PPI detection such as the development of a minimal tagging system allowing subcellular protein localization.

To conclude, this work demonstrated that an improved split system for the monitoring of PPI need to have a good balance between a low self-complementation and a high efficacy of interaction-dependent complementation to have a high dynamic range and a high brightness.

The use of an original orthology-based protein engineering enabled to develop split reporters with enhanced properties, specially the improved RspA-splitFAST that displayed low self-complementation with high efficacy of interaction-dependent complementation and improved brightness. Moreover, these complementation properties appeared to be dependent on the nature of the split fragments. Finally, orthology-based protein engineering demonstrated to be a powerful tool to optimize biological systems by overcoming some limits of library construction by directed evolution and opens great prospect for the development of a diversity of split reporters.

VIII.1. Further characterization of the impact of the nature of the N-and C-terminal fragments and on the split site on the complementation properties

This PhD work demonstrates that the nature of the N-terminal fragments and the C-terminal fragments impact the complementation behavior through their different sequences and affinities. The characterization of the different affinities of the ternary complex appeared to be difficult because of the different interactions that can occur. Other techniques could be tested to obtain more insights about the binding constant and the thermodynamic pathway: FRET experiments could be used to detect the interaction between the N-and C-terminal fragments and NMR experiments for the interaction between the N-terminal fragment and the fluorogen.

Moreover, modeling could complete the characterization and allow to obtain more information about the impact of the sequence and the properties of the fragments. We did preliminary computational design that enable to investigate the difference of dynamic between the N-terminal fragment of RspA-splitFAST and Hha-splitFAST. The in silico dynamic experiment of the N-terminal fragment showed that Hha(N) was stabilized contrary to RspA(N) 

(

VIII.2. Development of other split reporters with different complementation properties using orthology-based protein engineering

In this study, we used the sequence diversity of the PYP family to improve a biological system by investigating orthologs of H. Halophila PYP with 70-78% of homology sequences. There were only six orthologs when the project started, but know many more others from different species have been identified and would deserve to be also investigated: a recent protein BLAST analysis showed us that about 300 PYP orthologs with at least 50% homology of sequence exist in the database.

Furthermore, the complementation characterization did during this PhD project enables to obtain the parameters that impact the complementation properties and coupling with the in silico experiments this will enable to determine which residues could be responsible of the different behaviors. Therefore, PYP orthologs that display less homology sequence but where these characteristics are conserved could be worth studying.

This approach can allow to develop new improved ortholog-based split reporters for different applications, for example to generate split reporters with high self-complementation for controlling and sensing protein proximity 3 , to develop orthogonal fluorescent split reporters or systems for the design of FLIM experiments.

Chapter IX

Materials & Methods

IX.1. General

Synthetic oligonucleotides used for cloning were purchased from Sigma-Aldrich or Integrated DNA Technology. PCR reactions were performed with Q5 polymerase (New England Biolabs) in the buffer provided. PCR products were purified using QIAquick PCR purification kit (Qiagen). Restriction endonucleases, T4 ligase, Taq ligase, and Taq exonuclease were purchased from New England Biolabs and used with accompanying buffers and according to the manufacturer's protocols. Isothermal assemblies (Gibson assembly) were performed using homemade mix prepared according to previously described protocols 1 . Restriction enzyme cloning were performed with BglII and BspEI restriction enzymes (New England Biolabs) in the buffer provided. The products of restriction enzyme digests were purified by preparative gel electrophoresis followed by QIAquick Gel Extraction Kit (Qiagen). Ligation were performed with T4 DNA ligase (New England Biolabs) in the buffer provided. Small-scale isolation of plasmid DNA was done using QIAprep miniprep kit (Qiagen) from 2mL of overnight culture. Large-scale isolation of plasmid DNA was done using the QIAprep maxiprep kit (Qiagen) from 150 mL of overnight culture. All plasmid sequences were confirmed by Sanger sequencing with appropriate sequencing primers (GATC-Biotech). Rapamycin was purchased from Sigma-Aldrich and dissolved in dimethyl sulfoxide to a concentration of 3 mM. Human recombinant EGF was purchased from Sigma-Aldrich and dissolved in sterilized water to a concentration of 500 μg/mL to be conserved. BIX-01294 was purchased from Sigma-Aldrich and dissolved in dimethyl sulfoxide to a concentration of 50 mg/mL. UNC0642 01294 was purchased from Sigma-Aldrich and dissolved in dimethyl sulfoxide to a concentration of 5 mg/mL. Peptides corresponding to the C-terminal of RspA-splitFAST and Hha-splitFAST were purchased from Clinisciences at 98% purity and are acetylated and amidated at the N and C

termini. The preparation of HMBR, HBR-3,5DM and HBR-3,5DOM was previously described 2,3 . Phosphate-Buffered Saline), and treated with DMEM media supplemented with the compounds at the indicated concentration 6 hours after the transfection.

IX.2. Cell experiments

IX.2.2. Flow cytometry analyses

Flow cytometry in HEK293T were performed on MACSQuant® Analyser equipped with three LASER (405 nm, 488 nm and 635 nm) and eight filters and channels. To prepare samples, cells were first grown in cell culture flasks, then transiently co-transfected 24 h after seeding using Genejuice (Merck) according to the manufacturer's protocol. 

IX.3. Thermodynamic experiments

The plasmids were transformed in Rosetta (DE3) pLys E. coli (New England Biolabs). Cells were grown at 37°C in lysogen Broth (LB) medium supplemented with 50 μg/ml kanamycin and 34 μg/mL chloramphenicol to OD600nm 0.6. Expression was induced at 37°C during 4 h by adding isopropyl-β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. Cells were harvested by centrifugation (4,300 x g for 20min at 4°C) and frozen.

• Purification

The cell pellet was resuspended in lysis buffer (PBS supplemented with 2.5 mM MgCl2, 1 mM of protease inhibitor PhenylMethaneSulfonyl Fluoride PMSF, 0.025 mg/mL of DNAse, pH 7. 

IX.4. Molecular cloning

Gibson products were transformed in DH10β E. coli. 6 transformants were then grown in 2mL

LB medium overnight for DNA miniprep. Extracted plasmids were sequenced by Sanger sequencing. In general, cloning was performed using PCR assembly from pre-existing templates and primers.

IX.4.1. Chapter III and Chapter IV

The plasmids used in these studies allowed the expression of proteins in mammalian cells.

Expression is under the control of a CMV promoter.

The plasmid pAG571, encoding FRB-HboL(N)-IRES-mTurquoise2, was constructed by Gibson assembly from the plasmid pAG490 encoding FRB-Hha(N)-IRES-mTurquoise2. The sequence coding for HboL(N) was amplified by PCR from the plasmid pAG378 encoding HboL-FAST using primers ag766/ag767. The backbone of pAG490 was amplified by in two fragments using primers ag374/ag313 and ag694/ag314. The three fragments were then assembled by Gibson assembly.

The plasmid pAG572, encoding FRB-HspG(N)-IRES-mTurquoise2, was constructed by Gibson assembly from the plasmid pAG490 encoding FRB-Hha(N)-IRES-mTurquoise2. The sequence coding for HspG(N) was amplified by PCR from the plasmid pAG379 encoding HspG-FAST using primers ag766/ag768. The backbone of pAG490 was amplified by in two fragments using primers ag374/ag313 and ag694/ag314. The three fragments were then assembled by Gibson assembly.

The plasmid pAG814, encoding FKBPF36M-RspA(C)-IRES-iRFP670, was constructed by subcloning the sequence coding for FKBPF36M (from pAG815) into the plasmid pAG580 using BglII and BspEI restriction sites.

The plasmid pAG816, encoding FKBPF36M-TsiA(C)-IRES-iRFP670, was constructed by subcloning the sequence coding for FKBPF36M (from pAG815) into the plasmid pAG582 using BglII and BspEI restriction sites.

The plasmid pAG817, encoding FKBPF36M-Rsa(C)-IRES-iRFP670, was constructed by subcloning the sequence coding for FKBPF36M (from pAG815) into the plasmid pAG583 using BglII and BspEI restriction sites.

The plasmid the sequence coding for pAG818, encoding FKBPF36M-Hha(N)-IRES-mTurquoise2, was constructed by subcloning FKBPF36M (from pAG815) into the plasmid pAG490 using BglII and BspEI restriction sites.

IX.4.2. Chapter V

The plasmids used in these studies allowed the expression in E. coli of proteins with an Nterminal HisTag. Expression is under the control of a T7 promoter.

The plasmid pAG209 encoding for His-TEV-Hha(N) was cloned previously 4 .

The plasmid pAG820, His-TEV-RspA(N), was constructed by Gibson assembly from the plasmid pAG87 encoding His-TEV-FAST. The backbone of pAG87 was amplified in two fragments using primers kanF/ag321 and ag322/kanR. The sequence coding for RspA(N) was amplified by PCR from the plasmid pAG573 using primers ag1133/ag1133. The three fragments were then assembled by Gibson assembly.

The plasmid pAG1015, His-TEV-FKBP-RspA(C), was constructed by Gibson assembly from the plasmid pAG820 encoding His-TEV-RspA(N). The backbone of pAG820 was amplified in two fragments using primers kanF/ag321 and ag322/kanR. The sequence coding for FKBP-RspA(C) was amplified by PCR from the plasmid pAG580 using primers ag1576/ag1577. The three fragments were then assembled by Gibson assembly.

The plasmid pAG1016, His-TEV-FRB-RspA(N), was constructed by Gibson assembly from the plasmid pAG820 encoding His-TEV-RspA(N). The backbone of pAG820 was amplified in two fragments using primers kanF/ag321 and ag322/kanR. The sequence coding for FRB-RspA(N) was amplified by PCR from the plasmid pAG573 using primers ag1576/ag1580. The three fragments were then assembled by Gibson assembly.

coding for RspA(N) was amplified by PCR from the plasmid pAG573 encoding FRB-RspA(N)-IRES-mTurquoise2 using primers ag1779/ag1780. The three fragments were then assembled by Gibson assembly.

The plasmid pAG1176, encoding mCherry-ERK2-RspA(C), was constructed by Gibson assembly from the plasmid pAG297 encoding mCherry-ERK2-Hha(C). The backbone of pAG297 was amplified in two fragments using primers ag1829/ag313 and ag1830/ag314. The two fragments were then assembled by Gibson assembly.

The plasmid pAG1177, encoding FKBP-RspA(C), was constructed by Gibson assembly from the plasmid pAG153 encoding FKBP-Hha(C). The backbone of pAG153 was amplified in two fragments using primers ag1829/ag313 and ag1830/ag314. The two fragments were then assembled by Gibson assembly.

The plasmid pAG1099, encoding H2B-mCherry-RspA(C), was constructed by Gibson assembly from the plasmid pAG325 encoding H2B-mCherry-BGP. The backbone of pAG1325 was amplified in two fragments using primers ag1709/ag313 and ag1708/ag314. The two fragments were then assembled by Gibson assembly.

The plasmid pAG1175, encoding H2B-mCherry-Hbol(C) was constructed by Gibson assembly from the plasmid pAG1099 encoding H2B-mCherry-RspA(C). The backbone of pAG1099 was amplified in two fragments using primers ag313/ag1828 and ag1833/ag314. The two fragments were then assembled by Gibson assembly.

The plasmid pAG1205 encoding LifeAct-mCherry-Hbol(C) was constructed by Gibson assembly from the plasmid pAG1175 encoding H2B-mCherry-Hbol(C). The backbone of pAG1175 was amplified by using primers ag313/1298 and ag848/314. The sequence coding for H2B was amplified by PCR from the plasmid pAG668 encoding LifeAct-pFAST using primers ag1883/ag1884. The two fragments were then assembled by Gibson assembly. Nous avons également démontré que RspA-splitFAST était capable de surveiller les changements d'interaction protéine-protéine pendant l'activation de la voie de signalisation en utilisant sa complémentation réversible. Nous avons pu suivre la dissociation transitoire de l'interaction ERK2-MEK1 lors de l'activation de la voie de signalisation 11 . RspA-splitFAST s'avère être un rapporteur efficace des processus dynamiques impliquant l'association et la dissociation des protéines. 

IX.4.4. Primers, plasmids and ORFs
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Figure I. 1 .I. 2 .

 12 Figure I.1. Strategy for monitoring protein-protein interactions. (a) Förster Energy Transfer (FRET). Non-radiative dipole-dipole energy transfer between the donor (here CFP) and the acceptor (here YFP) when they are in close proximity through the interaction of the two proteins X and Y. (b) Protein Complementation Assay (PCA). Proteins, such as fluorescent protein GFP, are split into two complementary fragments that are not functional when separated. When the proteins X and Y interact with each other, the protein reassembles to become a functional reporter.

Figure I. 2 .I. 3 .

 23 Figure I.2. Jablonski-Perrin diagram. (a) Jablonski-Perrin diagram of Förster resonance energy transfer. (b) Jablonski-Perrin diagram of bioluminescent resonance energy transfer.

  developed using fluorescent or bioluminescent reporters called bimolecular fluorescence or luminescence complementation. I.3.2. Bimolecular fluorescence or luminescence complementation (BiFC) I.3.2.1. Fluorescent proteins Bimolecular fluorescence complementation (BiFC) consists in the complementary fragmentation of a fluorescent protein in two non-fluorescent fragments. BiFC-based systems are fusion proteins of the complementary fragment of the split-FP with interacting proteins.

  (Figure I.1). BiFC technique has an intrinsically higher dynamic range because the complementation of the split fluorescent reporter induces a new fluorescent signal. Moreover, FRET is more difficult to implement because of the several conditions that are necessary to obtain FRET variation as well as the precise controls that are needed to avoid misinterpretation. Even though BiFC has advantages for PPI visualization, BiFC assays suffer from slow and irreversible fluorescence maturation of the chromophore, reducing the temporal resolution.

II. 1 .

 1 Development of a fluorescent chemogenetic reporter II.1.1. Fluorescence-Activating and Absorption-Shifting Tag (FAST) FAST has been engineered from Halorhodospira halophila Photoactive Yellow Protein PYP by directed evolution to specifically bind 4-hydroxybenzylidene rhodanine (HBR) derivatives that share structural similarities with p-coumaric acid 1 . HBR derivatives are push-pull chromophores composed of an electron-withdrawing rhodanine heterocycle conjugated to an electron-donating phenol with similar fluorogenic behavior than the chromophore 4-hydroxybenzylidene-imidazolinone (HBI) found in Green Fluorescent Protein GFP. HBR derivatives do not fluoresce in solution because they undergo non-radiative ultrafast deexcitation because of internal rotations in the excited state. However, they can strongly fluoresce when locked in a planar conformation in the cavity of FAST protein. Such chromophores are called fluorogens. HBR derivatives are moreover fully protonated at physiological pH and undergo a 50 nm red-shift in absorption upon deprotonation due to the strong electron donation of the phenolate. The complex FAST:HBR displays a red-shifted absorption in comparison to HBR free in solution (protonated). This observation agrees with a protonation/deprotonation equilibrium displacement upon binding. Structural studies and modeling showed that when the fluorogen is locked into the cavity of FAST, it adopts a quasi-planar conformation in which the residue Glu46 stabilizes the phenolate of the aromatic ring, in agreement with an increase of the fluorescence quantum yield and a red-shift in absorption. These two phenomena are responsible for the strong and selective fluorogenic activation 2,3 (Figure II.1).

Figure II. 1 .

 1 Figure II.1. Fluorescence-Activating and Absorption-Shifting Tag (FAST). Adapted from Gautier 4 . (a) Chemogenetic reporter FAST principle and design. (b, c) The fluorogen is dark when it is free in solution, but it strongly fluoresces when it is locked into the cavity of the FAST protein. Upon binding, the chromophore undergoes also a red-shift in absorption because of a change of protonation state, which participates to the high fluorogenicity.

  were selected by combining yeast surface display and fluorescence activated cell sorting (FACS) in presence of the fluorogen (Figure II.2). After several rounds of cell sorting, a promising variant called Y-FAST, (renamed FAST since the first study), showed to have interesting physicochemical properties with HBR derivatives, in particular to form a bright green-yellow fluorescent assembly with 4-hydroxy-3-methylbenzyldiene rhodanine (HMBR) (with 480/540 nm absorption/emission peaks).

Figure II. 2 .

 2 Figure II.2. Development of FAST from Halorhodospira halophila PYP. Adapted from Gautier 4 . (a) FAST has been evolved from H. halophila PYP to specifically bind the fluorogen with the engineering of the loop 94-101 and the mutation C69G. (b) To engineer FAST, a method combining saturation mutagenesis, yeast display and fluorescence activated cell sorting (FACS) has been developed.

Figure II. 3 .

 3 Figure II.3. Schematic illustration of the Photoactive Yellow Protein PYP photocycle. λ and ꞇ represent respectively the wavelength of the maximal absorption and the life-time of each intermediate.

II. 2 . 1 .

 21 Molecular engineering of the fluorogen Molecular engineering enabled the development of HBR derivatives with different spectral properties from the green to the red region 59 (Figure II.4.). The more electron donor the donor part of the push-pull molecule, the more red-shifted the absorption and emission. Changing the substituents on the aromatic ring allowed to generate a collection of fluorogen with new spectral properties[START_REF] Li | Design and characterization of red fluorogenic push-pull chromophores holding great potential for bioimaging and biosensing[END_REF] . Interestingly, addition of substituents changed the mobility of the fluorogen into the FAST cavity, leading to an increase of the fluorescence efficiency. This collection of fluorogen enables to control the fluorescence properties of FAST by choosing the right fluorogen and without changing the protein tag. This offers experimental versatility that is not possible with autofluorescent proteins. In particular, it was shown that the fluorescence color of FAST can be red by adding two electro-donating methoxy substituents in the ortho position of the hydroxyl group (HBR-3,5DOM)[START_REF] Li | Dynamic multicolor protein labeling in living cells[END_REF] . The FAST:HBR-3,5DOM complex leads to a 40 nm red-shifted absorption and a 60 nm red-shifted emission (with 520/600 nm absorption/emission peaks). The fast exchange dynamics that characterized FAST allows to switch the color from green to red within few seconds by only changing fluorogen. Such dynamic color switch was used to overcome spectral crowding for multiplexed imaging.Moreover, the functionalization of the rhodanine heterocycle with a negatively charged carboxymethyl group allowed the development of membrane-impermeant fluorogens[START_REF] Li | Fluorogenic Probing of Membrane Protein Trafficking[END_REF] . This kind of fluorogens (HBRAA derivatives) prevents the membrane crossing to allow specific labelling of cell surface proteins.

Figure II. 4 .

 4 Figure II.4. Molecular engineering enables to construct a library of fluorogens. Adapted from Gautier 4 . Changing the substituents present on the phenol ring enables to tune the spectral properties of the fluorogen (the wavelengths of the absorption and the emission are given). Adding a carboxylate on the rhodanine leads to a membrane-impermeant fluorogen.

  (Figure II.5).Very recently, a fluorescent reporter with tunable color for advanced imaging has been developed3 . Molecular engineering of HBR allowed to generate chromophores with spectral properties covering the visible spectrum. The electron-withdrawing rhodanine heterocycle was replaced either with isorhodanine (HBIR derivatives), pseudothiohydantoin (HBP derivatives), 2,4-thiazolidinedione (HBT derivatives) or 2,4-oxazolidinedione (HBO derivatives) to change the electron-withdrawing abilities and thus the spectral properties (Figure II.5). As for the precedent systems, yeast surface display coupled with FACS showed to be efficient to select a variant with good-to-excellent binding/spectroscopic properties with the entire set of fluorogens. This new system, called pFAST, offers unprecedented experimental versality.

Figure II. 5 .II. 3 .

 53 Figure II.5. Protein engineering enables to construct a collection of FAST reporters. Adapted from Gautier 4 . The mutations that lead to the FAST reporters are indicated and the absorption and emission wavelengths are given.

  Ser114 and Gly115, leading to two complementary fragments, a N-terminal fragment called NFAST(1-114) and a C-terminal fragment called CFAST(115-125). Because of the modest affinity between NFAST and CFAST in presence of the fluorogen, this reporter enables to monitor protein-protein interactions. The proteins of interest are fused either to NFAST or to CFAST, and when the two proteins interact with each other, the system complements and acts as a fluorescent reporter of protein-protein interactions (Figure II.6). The fluorogen binding is rapid and non-covalent leading to a rapid and reversible complementation that allows the visualization of the association and the dissociation of the two proteins with unprecedented temporal resolution. Split-FAST was also used to develop biosensors. Fusion of NFAST and CFAST to Calmodulin and M13 allowed the generation of a sensor able to monitor Calcium in mammalian cells.

Figure II. 6 .

 6 Figure II.6. Schematic representation of the chemogenetic reporter Hha-splitFAST. The proteins of interest X and Y are genetically fused either to NFAST or to CFAST, and then, when they interact with each other, the split reporter complements in presence of the fluorogen and acts as a fluorescent reporter. The complementation is reversible and highly dynamic.

  ortholog-based split reporters to develop new ones (see Chapter IV). Then, we characterized the thermodynamic parameters driving the complementation of the split systems (see Chapter V). Finally, we explore the potential of our improved reporters to monitor protein-protein interactions involved in signaling pathways and epigenetic regulations (see Chapter VI and Chapter VII).

Figure II. 7 .

 7 Figure II.7. Complementation of the split reporter. (a) An ideal splitFAST should display low self-complementation and high interaction-specific interaction to allow efficient detection of PPI (high dynamic range). (b) Complementation efficiency of Hha-splitFAST and Hha-splitFASTΔC1 in presence and absence of interaction at various HMBR concentrations (see Chapter III for more details).

  salexigens) exhibiting between 70-78% homology sequence with Hha-PYP could be transformed into FAST-like proteins by introduction of the very same WMIPTSRG loop in 94-101 and the mutation of the chromophore-binding cysteine into glycine (Figure III.1). The resulting ortholog-like proteins have been named by adopting a three-letter acronym in which the first letter was the first letter of the genus from which the PYP protein was isolated, and the next two letters were the two letters of the species names. An extra letter in capital was added to indicate individual strains (Figure III.1). This nomenclature is directly inspired from the one used for naming restriction enzymes. Although the new proteins are not truly orthologous if we stick to the actual definition of orthologous, we will refer to them as FAST orthologs because of the orthology relationship of their parental proteins.

Figure III. 1 .

 1 Figure III.1. Sequence alignment of Hha-splitFAST and ortholog-based split systems. The FAST orthologs have been generated by the introduction of the WMIPTSRG loop in 94-101 and the mutation of the chromophore-binding C69G (in red). Then, they have been split into two complementary fragments at the position 114-115 to create split orthologs. The split reporters are composed of a protein fragment called NFAST (residues 1-114) and of a small peptide fragment called CFAST (residues 115-125).

FAST

  and the cyan fluorescent protein mTurquoise2 (λabs = 434 nm, λem = 474 nm), and labeled with various fluorogen (Figure III.3).

Figure III. 2 .

 2 Figure III.2. Structure of fluorogens and their optical spectra. (a) Molecule structure of the 4 fluorogens used for the orthologs characterization. (b) Excitation (at the top) and emission (at the bottom) spectra of the Hha-FAST:fluorogen complexes.

Figure III. 3 .

 3 Figure III.3. Characterization of the FAST orthologs with the different fluorogens. (a) Schematic representation of the ortholog reporters. The fluorescent protein mTurquoise2 has been used as a transfection reporter and separated by an Internal Ribosome Entry Site IRES from the orthologs. (b-d) HEK293T cells expressing ortholog reporters were treated with 5 µM of HMBR, HBR-3,5DM or HBR-3,5DOM and imaged by confocal microscopy.

Figure III. 4 .

 4 Figure III.4. Structure of the FKBP -rapamycin -FRB ternary complex. (RCSB PDB 3FAP)

FKBP were respectively fused

  to the N-termini of the NFAST and CFAST fragments separated by a linker (SGGGGS)2. This strategy enabled us to evaluate the interaction-specific complementation (in presence of rapamycin), and the self-complementation (in absence of rapamycin) (Figure III.5). The split reporters were first characterized by flow cytometry. HEK293T mammalian cells were co-transfected with bicistronic vectors allowing the additional expression of transfection reporters with orthogonal spectral properties. The gene sequence for the mTurquoise2 fluorescent protein (λabs = 434 nm, λem = 474 nm) (resp. iRFP670 λabs = 643 nm, λem = 670 nm) was linked to the gene sequence of the N-fragment (resp. the C-fragment) separated by the sequence of an Internal Ribosome Entry Site (IRES) (Figure III.6). These constructs allow the simultaneous expression of FRB-NFAST (resp. FKBP-CFAST) and mTurquoise2 (resp. iRFP670) from a single transcript. To evaluate the different split reporters, we developed a flow cytometry assay allowing to characterize the complementation efficiency (see Box 1).

Figure III. 5 .

 5 Figure III.5. Schematic representation of the split reporters for the association study. The FK506-binding protein FKBP is linked to the N-terminus of the CFAST fragment and the FKBP-rapamycin-binding domain of mammalian target of rapamycin FRB to the N-terminus of the NFAST fragment. In presence of rapamycin, FRB and FKBP interact with each other leading to the interaction-specific complementation of the systems that form a tight fluorescent assembly in presence of fluorogen. In absence of rapamycin, the NFAST and CFAST fragments may interact with each other leading to self-complementation of the split reporters.

Figure III. 6 .

 6 Figure III.6. Absorbance and fluorescence spectra of the transfection reporters mTurquoise2 and iRFP670. The two transfection reporters mTurquoise2 and iRFP670 have orthogonal spectral

. (Figure III. 7 )

 7 This technique allowed the rapid high throughput screening of all the split reporters at different conditions. A gating strategy has been developed to standardize the analysis method of the different flow cytometry experiments.

Figure III. 7 .Box 1 :

 71 Figure III.7. Flow cytometry system. Adapted from Crit Rev Biotechnol, 2017; 37(2): 163-176

Figure III. 8 .

 8 Figure III.8. Flow cytometry workflow. (a) Design of the split reporter. The FK506-binding protein (FKBP) fused to the C-ter fragment of the split reporters and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of the split reporters. mTurquoise2 and IRP670 were separated from the split fragment by an Internal Ribosome Entry Site IRES. (b) Gating strategy. Forward versus side scatter (FSC-A vs SSC-A) density plot was used to identify cells based on size and granularity. Secondly, forward scatter height (FSC-H) vs. forward scatter area (FSC-A) density plot and then side scatter height (SSC-H) vs side scatter area (SSC-A) plot were used to select single cells. Co-transfected cells were then selected by using the signal of IRFP670 and mTurquoise2 transfection reporters. (c) Representative fluorescence analysis. HEK293T cells co-expressing the FK506-binding protein (FKBP) fused to the C-ter fragment of RspA-split-FAST and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of RspA-split-FAST were treated without (blue) or with (red) 500 nM of rapamycin, and with 1, 5, 10, 25 or 50 µM of HMBR and analyzed by flow cytometry. mTurquoise2 and IRP670 were used as transfection reporters to select co-transfected cells.

Figure III. 9 .

 9 Figure III.9. Flow cytometry analysis of the interaction-dependent complementation of the ortholog-based split reporters. Normalized average fluorescence of about 50,000 HEK293T cells co-expressing the FK506-binding protein (FKBP) fused to the C-ter fragment of the split reporters and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of the split reporters treated without (light green circle) or with (dark green circle) 500 nM of rapamycin, and with 1, 5, 10, 25 or 50 µM of HMBR. mTurquoise2 and IRP670 were used as transfection reporters. Data represent the mean ± standard deviation of two independent experiments. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670: ex/em 635/655-730 nm.

Figure III. 10 .

 10 Figure III.10. Characterization of the ortholog-based split reporters using the flow cytometry analysis. At the bottom: normalized average fluorescence of about 50,000 HEK293T cells co-expressing the FK506-binding protein (FKBP) fused to the C-ter fragment of RspA-splitFAST and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of RspA-splitFAST treated without (square) or with (circle) 500 nM of rapamycin, and with 1, 5, 10, 25 or 50 µM of HMBR. mTurquoise2 and IRP670 were used as transfection reporters. Data represent the mean ± standard deviation of two independent experiments (from analyses shown in Figure III.9). The titration of the fluorogen in absence (resp. in presence) of rapamycin enables to extract the self-complementation (resp. the interaction-specific complementation) for each concentration of fluorogen. The ratio of the two conditions allows the characterization of the dynamic range, which is illustrated with the fluorescence fold increase here represented in log2. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670: ex/em 635/655-730 nm.

Figure III. 11 .

 11 Figure III.11. Flow cytometry analysis of the dependence of the self-complementation on the concentration of HMBR. HEK293T cells co-expressing the FK506-binding protein (FKBP) fused to the C-ter fragment of the split reporters and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of the split reporters were treated with 500 nM or without rapamycin and with 1, 5, 10, 25 or 50 µM of HMBR. The self-complementation was calculated using the normalized average fluorescence of about 50,000 HEK293T cells. The green line represents the 10% limit of self-complementation. Data represent the mean of two independent experiments (from analyses shown in Figure III.9). Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670: ex/em 635/655-730 nm.

Figure III. 12 .

 12 Figure III.12. Flow cytometry analysis of the dependence of the interaction-specific complementation on the concentration of HMBR. HEK293T cells co-expressing the FK506-binding protein (FKBP) fused to the C-ter fragment of the split reporters and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of the split reporters were treated without or with 500 nM of rapamycin, and with 1, 5, 10, 25 or 50 µM of HMBR. The specific-interaction complementation was calculated using the normalized average fluorescence with rapamycin. The green line represents the 75% limit of specific-interaction complementation. Data represent the mean of two independent experiments (from analyses shown in Figure III.9). Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670: ex/em 635/655-730 nm.

Figure III. 13 .

 13 Figure III.13. Flow cytometry analysis of the dependence of the dynamic range on the concentration of HMBR. HEK293T cells co-expressing the FK506-binding protein (FKBP) fused to the C-ter fragment of the split reporters and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of the split reporters were treated without or with 500 nM of rapamycin, and with 1, 5, 10, 25 or 50 µM of HMBR. The fluorescence fold increase upon interaction, which represents the dynamic range, was calculated using the ratio of the average fluorescence mean with and without rapamycin. Data represent the mean in log2 of two independent experiments (from analyses shown in Figure III.9). Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670: ex/em 635/655-730 nm.

Figure III. 14 .

 14 Figure III.14. Brightness of the ortholog-based split reporters relative to the one of Hha-splitFAST. The brightness is illustrated by the maximum fluorescence mean of the system, which is the fluorescence mean at 50 µM of HMBR in presence of rapamycin. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670: ex/em 635/655-730 nm.

  RspA-splitFAST and Rsa-splitFAST (Figure III.11, Figure III.12 and Figure III.13).

Figure III. 15 .

 15 Figure III.15. Complementation efficiency and relative brightness of the split reporters. EC50, + interaction (dark green circle) and EC50, -interaction (light green circle) are calculated from analyses shown in Figure III.9 and correspond to the binding affinity constant of the titration in presence and in absence of rapamycin, respectively. The brightness is represented by the size of the circle (from analyses shown in Figure III.14). Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm;

25 and 50

 50 µM), and treated with 0 or 500 nM of rapamycin(Figure III.16). The ortholog-based split systems were compared to Hha-splitFAST and screened by flow cytometry in the same manner than for the association (see Box 1). In the following results, regarding the weak interaction between FKBPF36M proteins, we need to consider the fact that there is no strict insurance that all the FKBPF36M homodimers are associated. These experiments showed that, except for Rsa-splitFAST, addition of rapamycin led to a loss of fluorescence in agreement with a dissociation of the split reporter upon homodimer disruption (Figure III.17). Among the tested systems, TsiA-splitFAST and RspA-splitFAST displayed the largest variations of fluorescence upon dissociation, respectively 6.3-and 3.9-fold fluorescence decrease in comparison of 1.5-fold decrease for Hha-splitFAST at 5 μM HMBR (Figure III.18). TsiA-splitFAST and RspA-splitFAST exhibit the highest EC50, + interaction / EC50, -interaction ratio with respectively, 14 and 7.7 ratios (Figure III.19).

Figure III. 16 .

 16 Figure III.16. Schematic representation of the split reporters for the dissociation. The homodimerizing FK506-binding protein F36M mutant (FKBPF36M) fused to the N-terminus of the NFAST and CFAST fragments. In presence of rapamycin, FKBPF36M homodimer dissociates leading to the fluorescence decrease of the split reporter du to interaction disruption.

Figure III. 17 .

 17 Figure III.17. Flow cytometry analysis of the dissociation of the ortholog-based split reporters. Normalized average fluorescence of about 50,000 HEK293T cells co-expressing the homodimerizing FK506-binding protein F36M mutant (FKBPF36M) fused to the N-ter and C-ter fragments of the split reporters treated without (light green circle) or with (dark green circle) 500 nM of rapamycin, and with 1, 5, 10, 25 or 50 µM of HMBR. mTurquoise2 and IRFP670 were used as transfection reporters. Data represent the mean ± standard deviation of two independent experiments. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670: ex/em 635/655-730 nm.

Figure III. 18 .

 18 Figure III.18. Flow cytometry analysis of the dependence of the dissociation dynamic range (i.e. fluorescence fold decrease upon interaction disruption). HEK293T cells co-expressing the homodimerizing FK506-binding protein F36M mutant (FKBPF36M) fused to the N-ter and C-ter fragments of the split reporters were treated without or with 500 nM of rapamycin, and with 1, 5, 10, 25 or 50 µM of HMBR. The fluorescence fold decrease upon interaction disruption, which represents the dynamic range, was calculated using the ratio of the average fluorescence mean with and without rapamycin. Data represent the mean of two independent experiments (from analyses shown in Figure III.17). Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HBR-3,5DM: ex/em 488/500-550 nm; iRFP670: ex/em 635/655 730 nm.

Figure III. 19 .

 19 Figure III.19. Disassembly efficiency and relative brightness of the split reporters. EC50,+ interaction (dark green circle) and EC50, -interaction (light green circle) are calculated from analyses shown in Figure III.16 and correspond to the binding affinity constant of the titration in presence and in absence of rapamycin, respectively. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670: ex/em 635/655-730 nm.

  now incomplete (Figure III.20). Indeed, Hha-splitFASTΔC1 exhibits a very low interaction-specific complementation and does not overpass 75% of complementation even at 50 µM of HMBR, while at the same concentration RspA-splitFAST (resp. Hha-splitFAST) complements around 97% (resp. 92%) (Figure III.21.b). Furthermore, Hha-splitFASTΔC1 never reaches 50% of its complete complementation with HBR-3,5DOM, while RspA-splitFAST already complements at 80% at 10 µM. Interestingly, RspA-splitFAST showed to have similar or even higher dynamic range than Hha-splitFASTΔC1, for example, a fluorescence fold increase of 13.8-fold increase at 5 µM of HMBR against 11.6-fold increase for Hha-splitFASTΔC1, which is probably due to a good balance between a fairly low self-complementation complementation and a high specific-interaction complementation (Figure III.21.).Furthermore, we evaluated the brightness of the three split reporters with the different fluorogens. As previously demonstrate, Hha-splitFAST and RspA-splitFAST display similar brightness. However, Hha-splitFASTΔC1 is two time less bright than Hha-splitFAST independently of the fluorogen used (Figure III.22). This loss of brightness is due to an incomplete specific-interaction complementation. The complementation efficiency showed that, for example for HMBR, Hha-splitFASTΔC1 displays the lowest self-complementation efficiency, which is illustrated with a high concentration of HMBR to reach half maximal self-complementation (around 382 µM against ~ 100 µM for RspA-splitFAST and ~ 18 µM for Hha-splitFAST) (Figure III.23). However, Hha-splitFASTΔC1 exhibits a lower dynamic range in comparison to RspA-splitFAST due to a lower interaction-specific complementation. Indeed, RspA-splitFAST reaches 50% of its maximal complementation around 1 µM of HMBR against 26 µM for Hha-splitFASTΔC1. We observed the same results with HBR-3,5DM and HBR-3,5DOM.

Figure III. 20 .

 20 Figure III.20. Flow cytometry analysis of the interaction-dependent complementation of RspA-splitFAST and Hha-splitFAST, ΔC1. Normalized average fluorescence of about 50,000 HEK293T cells co-expressing the FK506-binding protein (FKBP) fused to the C-ter fragment of the split reporters and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of the split reporters treated without (light circle) or with (dark circle) 500 nM of rapamycin, and with 1, 5, 10, 25 or 50 µM of HMBR, HBR-3,5DM or HBR-3,5DOM. mTurquoise2 and IRP670 were used as transfection reporters. Data represent the mean ± standard deviation of three independent experiments. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR, HBR-3,5DM: ex/em 488/500-550 nm; HBR-3,5DOM: ex/em 488/565-605 nm; iRFP670: ex/em 635/655-730 nm.

Figure III. 21 .

 21 Figure III.21. Flow cytometry analysis of the self-and interaction-specific complementation and dynamic range of RspA-splitFAST and Hha-splitFAST, ΔC1 for different fluorogens. HEK293T cells co-expressing the FK506-binding protein (FKBP) were fused to the C-ter fragment of the split reporters and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) were fused to the N-ter fragment of the split reporters treated without or with 500 nM of rapamycin, and with 1, 5, 10, 25 or 50 µM of HMBR, HBR-3,5DM or HBR-3,5DOM. mTurquoise2 and IRP670 were used as transfection reporters. Data represent the mean of three independent experiments (from analyses

Figure III. 22 .

 22 Figure III.22. Brightness of RspA-splitFAST and Hha-splitFAST ΔC1 to the one of Hha-splitFAST. The brightness is illustrated by the maximum fluorescence mean of the system, which is the fluorescence mean at 50 µM of HMBR, HBR-3,5DM or HBR-3,5DOM in presence of rapamycin. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR, HBR-3,5DM: ex/em 488/500-550 nm; HBR-3,5DOM: ex/em 488/565-605 nm; iRFP670: ex/em 635/655-730 nm.

Figure III. 23 .

 23 Figure III.23. Complementation efficiency of RspA-splitFAST and Hha-splitFAST, ΔC1 for different fluorogen. EC50, + interaction (dark circle) and EC50, -interaction (light circle) are calculated from analyses shown in Figure III.20) and correspond to the binding affinity constant of the titration in presence and in absence of rapamycin, respectively. The brightness is represented by the size of the circle. Data represent the mean of three independent experiments (from analyses shown in Figure III.21). Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR, HBR-3,5DM: ex/em 488/500-550 nm; HBR-3,5DOM: ex/em 488/565-605 nm; iRFP670: ex/em 635/655-730 nm.

Figure III. 24 .

 24 Figure III.24. Flow cytometry analysis of the dissociation of RspA-splitFAST and Hha-splitFAST, ΔC1. Normalized average fluorescence of about 50,000 HEK293T cells co-expressing the homodimerizing FK506-binding protein F36M mutant (FKBPF36M) fused to the N-ter and C-ter fragments of the split reporters treated without (light circle) or with (dark circle) 500 nM of rapamycin, and with 1, 5, 10, 25 or 50 µM of HMBR, HBR-3,5DM or HBR-3,5DOM. mTurquoise2 and IRFP670 were used as transfection reporters. Data represent the mean ± standard deviation of three independent experiments. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR, HBR-3,5DM: ex/em 488/500-550 nm; HBR-3,5DOM: ex/em 488/565-605 nm; iRFP670: ex/em 635/655-730 nm.

Figure III. 25 .

 25 Figure III.25. Flow cytometry analysis of the dependence of the dissociation dynamic range (i.e. fluorescence fold decrease upon interaction disruption). HEK293T cells co-expressing the homodimerizing FK506-binding protein F36M mutant (FKBPF36M) fused to the N-ter and C-ter fragments of the split reporters were treated without or with 500 nM of rapamycin, and with 1, 5, 10, 25 or 50 µM of HMBR, HBR-3,5DM or HBR-3,5DOM. The fluorescence fold decrease upon interaction disruption, which represents the dynamic range, was calculated using the ratio of the average fluorescence mean with and without rapamycin. Data represent the mean of three independent experiments (from analyses shown in Figure III.24). Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR, HBR-3,5DM: ex/em 488/500-550 nm; HBR-3,5DOM: ex/em 488/565-605 nm; iRFP670: ex/em 635/655-730 nm.

Figure III. 26 .

 26 Figure III.26. Disassembly efficiency and relative brightness of RspA-splitFAST and Hha-splitFAST, ΔC1. EC50, + interaction (dark circle) and EC50, -interaction (light circle) are calculated from analyses shown in Figure III.24 and correspond to the binding affinity constant of the titration in presence and in absence of rapamycin, respectively. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR, HBR-3,5DM: ex/em 488/500-550 nm; HBR-3,5DOM: ex/em 488/565-605 nm; iRFP670: ex/em 635/655-730 nm.

  RspA-splitFAST (Figure III.27.a and b). Moreover, the self-complementation efficiency is lower with a high expression level. Indeed, RspA-splitFAST at low expression level reaches 50% of its self-complementation at ~ 369 µM of HMBR against ~ 89 µM at high expression level (Figure III.27.a).

  Figure III.27.c). These observations are confirmed by the disassembly efficiency studies (Figure III.28).

Figure III. 27 .

 27 Figure III.27. Influence of the protein expression levels on the split reporter complementation. (a) Association dynamic range of RspA-splitFAST, Hha-splitFASTΔC1, Hha-splitFAST at low (dark green) and high (light green) expression levels, and at various HMBR concentrations. (b) Self-complementation of RspA-splitFAST, Hha-splitFAST ΔC1, Hha-splitFAST at low (dark green) and high (light green) expression levels, and at various HMBR concentrations. (c) Dissociation dynamic range of RspA-splitFAST Hha-splitFAST ΔC1, Hha-splitFAST at low (dark green) and high (light green), and at various HMBR concentrations. (a,b) Analysis performed on the same set of flow cytometry data used for Figure III.20. Data represent the mean ± standard deviation of three independent experiments. (c) Analysis performed on the same set of flow cytometry data used for Figure III.24. Data represent the mean ± standard deviation of three independent experiments. (a-c) mTurquoise2 and IRFP670 transfection reporters were used to define cell subgroups with low and high expression. Flow cytometry

Figure III. 28 .

 28 Figure III.28. Complementation and dissociation efficiency at different expression level of RspA-splitFAST and Hha-splitFAST, ΔC1 for different fluorogen. EC50, + interaction (dark circle) and EC50, -interaction (light circle) are calculated from analyses shown in Figure III.20 and Figure III.24. and correspond to the binding affinity constant of the titration in presence and in absence of rapamycin, respectively. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670: ex/em 635/655-730 nm. (a) Complementation efficiency. Data represent the mean of three independent experiments (from analyses shown in Figure III.20). (b) Disassembly efficiency. Data represent the mean of three independent experiments (from analyses shown in Figure III.24.).

Figure III. 29 .

 29 Figure III.29. Characterization of inducers and inhibitors of interactions. (a) Fluorescence of about 50,000 HEK293T cells co-expressing the FK506-binding protein (FKBP) fused to the C-ter fragment of the split reporters and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of the split reporters treated with 5 µM of HMBR and various concentrations of rapamycin. mTurquoise2 and IRP670 were used as transfection reporters. Data represent the mean ± standard deviation of three independent experiments. Least-square fit (line) gave the half-maximum effective concentration (EC50) allowing to promote the FRB-FKBP interaction. (b) Fluorescence of about 50,000 HEK293T cells co-expressing the homodimerizing FK506-binding protein F36M mutant (FKBPF36M) fused to the N-ter and C-ter fragments of the split reporters treated with 5 µM of HMBR and various concentrations of rapamycin. mTurquoise2 and IRP670 were used as transfection reporters. Data represent the mean ± standard deviation of three independent experiments. Least-square fit (line) gave the half-maximum effective concentration (EC50) allowing to inhibit the FKBPF36M-FKBPF36M interaction. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670: ex/em 635/655-730 nm.

  After taking advantage of the natural diversity of PYP orthologs to generate enhanced split reporters, we further explored the potential of the orthologs-based split systems. The characterization of their complementation efficiency proved that they display different behaviors (see Chapter III). Some showed low self-complementation and high interaction-dependent complementation leading to high dynamic range such as RspA-splitFAST, but others systems showed low self-complementation and low interaction-dependent complementation such as Ilo-splitFAST, or high self-complementation and high interaction-dependent complementation such as Hha-splitFAST.

  Figure IV.3 and Figure IV.4).

Figure IV. 1 .

 1 Figure IV.1. . Flow cytometry analysis of the dependence of the self-complementation on the fragments of the split reporters. HEK293T cells co-expressing the FK506-binding protein (FKBP) fused to the C-ter fragment of the split reporters and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of the split reporters were treated with 500 nM or without rapamycin and with 0, 10 and 50 µM of HMBR. The self-complementation was calculated using the normalized average fluorescence of about 50,000 HEK293T cells. Each column of the heat map represents a given NFAST fragment and each line a CFAST fragment. The graph on the left represents the percentage of self-complementation in function of the CFAST fragment where each curve corresponds to a given NFAST. The graph on the top represents the percentage of self-complementation in function of the NFAST fragment where each curve corresponds to a given CFAST. Data represent the mean of three independent experiments. Flow cytometry settings:

  seems to have less impact (Figure IV.2).

Figure IV. 2 .

 2 Figure IV.2. Flow cytometry analysis of the dependence of the interaction-specific complementation on the fragments of the split reporters. HEK293T cells co-expressing the FK506-binding protein (FKBP) fused to the C-ter fragment of the split reporters and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of the split reporters were treated with 500 nM or without rapamycin and with 0, 10 and 50 µM of HMBR. The interaction-specific complementation was calculated using the normalized average fluorescence of about 50,000 HEK293T cells. Each column of the heat map represents a given NFAST fragment and each line a CFAST fragment. The graph on the left represents the percentage of interaction-specific complementation in function of the CFAST fragment where each curve corresponds to a given NFAST. The graph on the top represents the percentage of interaction-specific complementation in function of the NFAST fragment where each curve corresponds to a given CFAST. Data represent the mean of three independent experiments. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670: ex/em 635/655-730 nm.

Figure IV. 3 .

 3 Figure IV.3. Flow cytometry analysis of the dependence of the dynamic range complementation on the fragments of the split reporters. HEK293T cells co-expressing the FK506-binding protein (FKBP) fused to the C-ter fragment of the split reporters and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of the split reporters were treated with 500 nM or without rapamycin and with 0, 10 and 50 µM of HMBR. The dynamic range was calculated using the normalized average fluorescence of about 50,000 HEK293T cells. Each column of the heat map represents a given NFAST fragment and each line a CFAST fragment. The graph on the left represents the percentage of dynamic range in function of the CFAST fragment where each curve corresponds to a given NFAST. The graph on the top represents the dynamic range in function of the NFAST fragment where each curve corresponds to a given CFAST. Data represent the mean of three independent experiments. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670: ex/em 635/655-730 nm.

Figure IV. 4 .

 4 Figure IV.4. Flow cytometry analysis of the dependence of relative brightness to RspA-splitFAST on the fragments of the split reporters. HEK293T cells co-expressing the FK506-binding protein (FKBP) fused to the C-ter fragment of the split reporters and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of the split reporters were treated with 500 nM or without rapamycin and with 0, 10 and 50 µM of HMBR. The relative brightness was calculated using the mean fluorescence at 50 µM with 500 nM of rapamycin of about 50,000 HEK293T cells. Each column of the heat map represents a given NFAST fragment and each line a CFAST fragment. The graph on the left represents the relative brightness in function of the CFAST fragment where each curve corresponds to a given NFAST. The graph on the top represents the relative brightness in function of the NFAST fragment where each curve corresponds to a given CFAST. Data represent the mean of three independent experiments. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670: ex/em 635/655-730 nm.

  (N) seemed to show enhanced properties in terms of dynamic range and brightness, while systems with Hha(N) seemed to show poor dynamic range. However, the previous forty-nine crossed systems were studied only at 10 µM of fluorogen and the characterization of the wild-type ortholog-based split reporters showed that the complementation could be impacted by the fluorogen concentration (see Chapter III). To better characterize the role of the NFAST and CFAST fragments in the complementation, the original split system Hha-splitFAST and the most promising one, RspA-splitFAST, were cross-coupled leading to two new systems: RspA(N)::Hha(C) and Hha(N)::RspA(C). The association and the dissociation of the two crossed systems were characterized and compared to the two wild-type one, Hha-splitFAST and RspA-splitFAST. IV.3.1. Characterization of the association of the crossed systems IV.3.1.1. Flow cytometry analysis First, the association of the two crossed systems and the wild-type ones were characterized at various concentrations of fluorogen with the same flow cytometry screening strategy that was previously used (see Chapter III) (Figure IV.5). The different parameters (self-complementation, interaction-specific complementation, dynamic range, brightness and complementation efficiency) were analyzed like the previous experiments.

Figure IV. 5 .

 5 Figure IV.5. Flow cytometry analysis of the interaction-dependent complementation of the crossed split reporters and their wild-type. Normalized average fluorescence of about 50,000 HEK293T cells co-expressing the FK506-binding protein (FKBP) fused to the C-ter fragment of the split reporters and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of the split reporters treated without (light green circle) or with (dark green circle) 500 nM of rapamycin, and with 1, 5, 10, 25 or 50 µM of HMBR. mTurquoise2 and IRP670 were used as transfection reporters. Data represent the mean ± standard deviation of three independent experiments. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670: ex/em 635/655-730 nm.

Figure IV. 6 .

 6 Figure IV.6. Flow cytometry analysis of the dependence of the complementation parameters on the crossed systems. HEK293T cells co-expressing the FK506-binding protein (FKBP) fused to the C-ter fragment of the split reporters and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of the split reporters were treated with 500 nM or without rapamycin and with 1, 5, 10, 25 or 50 µM of HMBR. The parameters were calculated using the

Figure IV. 7 .

 7 Figure IV.7. Complementation kinetics studies of the split reporters. HEK293T cells co-expressing the FK506-binding protein (FKBP) fused to the C-ter fragment of the split reporters and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of the split reporters were treated with 5 µM of HMBR. 100 nM of rapamycin has been added after the first snap. (a) Representative micrographs of the time-lapse confocal microscopy of the

Figure IV. 8 .

 8 Figure IV.8. Flow cytometry analysis of the dissociation of crossed split reporters. Normalized average fluorescence of about 50,000 HEK293T cells co-expressing the homodimerizing FK506-binding protein F36M mutant (FKBPF36M) fused to the N-ter and C-ter fragments of the split reporters treated without (light green circle) or with (dark green circle) 500 nM of rapamycin, and with 1, 5, 10, 25 or 50 µM of HMBR. mTurquoise2 and IRFP670 were used as transfection reporters. Data represent the mean ± standard deviation of three independent experiments. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670: ex/em 635/655-730 nm.

Figure IV. 9 .

 9 Figure IV.9. Flow cytometry analysis of the parameters of the dissociation of crossed split reporters. Normalized average fluorescence of about 50,000 HEK293T cells co-expressing the homodimerizing FK506-binding protein F36M mutant (FKBPF36M) fused to the N-ter and C-ter fragments of the split reporters treated without or with 500 nM of rapamycin, and with 1, 5, 10, 25 or 50 µM of HMBR. The parameters were calculated using the fluorescence mean of about 50,000 HEK293T cells (from analyses shown in Figure IV.8). mTurquoise2 and IRFP670 were used as transfection reporters. (a) Fluorescence fold decrease upon interaction disruption, which represents the dynamic range, was calculated using the ratio of the average fluorescence mean with and without rapamycin. (b) Disassembly efficiency. EC50, + interaction (dark green circle) and EC50, -interaction (light green circle) are calculated from analyses shown in Figure IV.8 and correspond to the binding affinity constant of the titration in presence and in absence of rapamycin, respectively. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670: ex/em 635/655-730 nm.

Figure IV. 10 .

 10 Figure IV.10. Disassembly kinetics studies of the split reporters. HEK293T cells co-expressing the homodimerizing FK506-binding protein F36M mutant (FKBPF36M) fused to the N-ter and C-ter fragments of the split reporters treated with 5 µM or 10 µM of HMBR. 2.5 µM of rapamycin has been added after 2 min. (a) Representative micrographs of the time-lapse confocal microscopy of the rapamycin-induced disruption of FKBPF36M homodimer with the split reporters after addition of rapamycin (arrow). Scale bars

  RspA(N) proved to have a low self-complementation and a high interaction-dependent complementation leading to a high dynamic range and an improved brightness. On the contrary, systems with Rsa(N) have the lowest self-complementation but because of their low interaction-specific complementation, they are less bright. In the same way, systems with TsiA(N) have the highest interaction-specific complementation but because of their high self-complementation they exhibit low dynamic range and low brightness.As the matrices were only the results of the complementation at one concentration of HMBR, we decided to study the complementation of two cross systems, RspA(N)::Hha(C) and Hha(N)::RspA(C) and compared them to the regular RspA-splitFAST and Hha-splitFAST. The flow cytometry and microscopy experiments showed that by doing so, two split reporters with crossed characteristics were generated. Indeed, RspA(N)::Hha(C) displays the lowest self-complementation of the four reporters, while Hha(N)::RspA(C) displays the highest self-complementation. Then, we were able to prove the reversibility of the cross systems.

  further investigate what parameters are responsible for the different complementation behaviors, we determined the thermodynamic parameters governing the self-complementation of the split reporters RspA-splitFAST and Hha-splitFAST. However, determining the different thermodynamic characteristics can be complex because split systems are composed of three parts, the N-and C-terminal fragments called N and C, respectively, and the fluorogen F. Different interactions can occur and impact one to another. However, because the loop 94-101 that gates the fluorogen binding pocket is on the NFAST fragment, we assume that C and F have negligible affinity. Therefore, the two possible thermodynamic pathways to form ternary complex NCF are represented in Figure V.1. First, F can bound N leading to the formation of NF, which can then interact to C to form the ternary complex NFC. The two steps of this thermodynamic pathway are represented by the binding constant K d,F and Kd,C/F. In the second path, C can first interact with N forming the complex NC followed by the bounding to form the ternary complex NCF, where the two thermodynamic steps are described by the binding constant Kd,C and Kd,F/C.

Figure V. 1 .

 1 Figure V.1. Thermodynamic model of the self-complementation of the split reporters. Adapted from Velazquez-Campoy et al. 1

  When [F]0 and [C]0 >> [N]0, we can assume that at equilibrium [F] ≈ [F]0 and [C] ≈ [C]0, thus the equation (9) becomes:

  ) (Figure V.2).

Figure V. 2 .

 2 Figure V.2. Fluorescence titration of FRB-N and FKBP-C recombinant proteins with the fluorogen HMBR. Normalized fluorescence of the HMBR titration at 0, 40, 80, 160, 320, 480, 640, 960, 1280, 2560 and 5000 nM with 50 nM of the purified recombinant proteins FRB-N and FKBP-C in presence of 500 nM of rapamycin. Data represent the mean ± standard deviation of three independent experiments analyzed with GraphPad.

  1 µM for Hha-splitFAST in comparison with 0.031 µM and 0.13 µM for full-length RspA-FAST and Hha-FAST respectively (see Chapter III). These results are in accordance with our flow cytometry experiments in cells where RspA-splitFAST displayed a more efficient interaction-dependent complementation than Hha-splitFAST. V.2.2. Characterization of the thermodynamic parameters K d,F and K d,C To determine Kd,F and Kd,C, we then performed fluorescence titration experiments using recombinant N-terminal fragments and synthetic C-terminal fragments. Fluorescence titrations were performed at a constant concentration of the N-terminal fragment varying both the concentration of the C-terminal fragment and the concentration of the fluorogen. By titrating the N-terminal fragment N with the fluorogen F at various concentrations of the C-terminal fragment C, and knowing Kd,F/C we can obtain K d,C , K d,F using equation (11). Therefore, 0.1 µM of the purified recombinant N-terminal fragment was titrated with 0, 1, 2.5, 5, 7.5, 10, 15 µM of HMBR in presence of 0.5, 1, 2, 3, 4, 5, 6, 7, 8 and 9 µM of the synthetic C-fragment (Figure V.3). The global fit of the data using the equation (11) with Kd,F/C = 150 ± 5 nM for RspA-splitFAST and Kd,F/C = 1.1 ± 0.1 µM for Hha-splitFAST enables to estimate Kd,C = 220 ± 7 µM and Kd,F = 21 ± 2 µM for RspA-splitFAST and Kd,C = 3.1 ± 0.3 µM and Kd,F = 2.0 ± 0.2 µM for Hha-splitFAST. The relation (5) allows to approximate α = 140 for RspA-splitFAST and α = 2 for Hha-splitFAST. Interestingly, the affinity of the C-terminal fragment for the complex NF seems to be the same for the two split reporters. Indeed, we obtained approximately K d,C/F = 1.6 µM for the two systems.

Figure V. 3 .

 3 Figure V.3. Fluorescence titration of the N-terminal fragment with the fluorogen HMBR at different concentrations of the C-terminal fragment. Fluorescence mean at 0, 1, 2.5, 5, 7.5, 10, 15 µM of HMBR at various concentrations of the synthetic C-terminal fragment. The fitting curve corresponds to a global fit using the equation (11).

  HEK293T cells were co-transfected with the cytosolic protein FKBP-RspA(C) -RspA(N)::FKBP-RspA(C) vectors was used for optimal co-expression. Cells were treated with 5 µM of HMBR and the protein-protein interaction was studied through confocal microscopy time lapse. At 0 min, we can observe no fluorescence due to the absence of interaction without rapamycin. After the first image of the time lapse, 100 nM of rapamycin was added leading to a slight increase of fluorescence at 1 min (Figure VI.1.b). The maximal fluorescence is detected at 4 min (Figure VI.1.c). The study of the kinetics of the association demonstrates that RspA-splitFAST forms rapidly a tight fluorescent split reporter at the plasma membrane. This experiment enables to prove that RspA-splitFAST allows the monitoring of PPIs at the plasma membrane in real-time.

Figure VI. 1 .

 1 Figure VI.1. Rapid detection of protein-protein interaction at the plasma membrane. (a) Schematic representation of the split reporter of PPIs at the plasma membrane. The sequence anchoring membrane Lyn11 was fused to the N-terminus of FRB-RspA(N) and RspA(C) was fused to the C-terminus of FKBP as previously (see Chapter III). After addition of rapamycin, FRB and FKBP interact with each other leading to the complementation of the split reporter, which enables the detection of the protein-protein interaction at the plasma membrane. (b) HEK293T cells co-expressing the sequence anchoring-membrane Lyn11 fused to the N-terminal fragment of the split reporter RspA-splitFAST with the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) and the C-terminal fragment of the split reporter RspA-splitFAST fused to the FK506-binding protein (FKBP) were treated with 5 µM of HMBR and imaged by time-lapse confocal microscopy before (0 min) and after (1 min) addition of 100 nM rapamycin. (c) Temporal evolution of the RspA-splitFAST signal. Experiments were
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 13 MEK1:ERK2) with a lower amount of transfected DNA compared to usual (0.5 µg of DNA compared to 1 µg). Cells were treated with 5 µM of HMBR and the dynamic process was studied through time-lapse confocal microscopy (Figure VI.2.b). At 0 min, mCherry and RspA-splitFAST fluorescence signals are cytoplasmic in accordance with the interaction of MEK1/ERK2 in the cytoplasm. Then after the first image of the time lapse, 100 nM of EGF was added for cell stimulation leading to the dissociation of MEK1 and ERK2, which is illustrated by a decrease of the HMBR fluorescence in the cytoplasm and the appearance of mCherry fluorescence into the nucleus and its increase through the time. After 6 min, the mCherry fluorescence is higher into the nucleus that into the cytoplasm due to the nuclear accumulation of ERK2. Then, ERK2 returns to the cytoplasm and interacts with MEK1, which is illustrated by the cytoplasmic reassembly of RspA-splitFAST. Indeed, the temporal evolution of the nuclear mCherry, cytosolic mCherry and RspA-splitFAST signals demonstrate their synchronization (Figure VI.2.

Figure VI. 2 .

 2 Figure VI.2. Real-time monitoring of MEK1 -ERK2 signaling pathway. (a) Schematic representation of the split reporter of MEK1 -ERK2 interaction. The protein kinase MEK1 was fused to the C-terminus of RspA(N) and the extracellular signal-regulated kinase ERK2 was fused to the N-terminus of RspA(C) and to the C-terminus of the fluorescent protein mCherry. After cell stimulation with the addition of the Epidermal Growth Factor (EGF), MEK1 and ERK2 dissociate and ERK2 translocates to the nucleus. (b) HEK293T cells co-expressing RspA(N)-MEK1 and mCherry-ERK2-RspA(C) were treated with 5 µM of HMBR and imaged by time-lapse confocal microscopy before (0 min) and after (1 min) addition of EGF. (c) Temporal evolution of nuclear mCherry, cytosolic mCherry and RspA-splitFAST signals. Data

Figure VI. 3 .

 3 Figure VI.3. Structure of methylated H3 -HP1 interaction. (RCSB PDB 1KNA) Structure of the interaction between the mono-methylated H3 at the position K9 (in blue) and the chromodomain of HP1 (in orange).

  mTurquoise2 and iRFP670 as transfection reporters to select the doubly transfected events by flow cytometry using the same gating strategy as before (see Chapter III) (Figure VI.4).

Figure VI. 4 .

 4 Figure VI.4. Schematic representation of the different topologies of the split reporter of methylated H3-HP1 interaction. DNA sequences allowing the co-expression of (i) Histone 3 H3 linked to the C-terminus of RspA(C) or RspA(N) and mTurquoise2, (ii) The chromodomain of the heterochromatin protein 1 HP1 linked either to the C-or the N-terminus of RspA(N) and RspA(C), and iRFP670. Thus, four split reporters were generated; RspA(C)-H3::RspA(N)-HP1, RspA(C)-H3::HP1-RspA(N), RspA(N)-H3::RspA(C)-HP1 and RspA(N)-H3::HP1-RspA(C).

  24 h post-transfection. The fluorescence mean of 50,000 doubly transfected cells was studied (Figure VI.5). The reporters with C-terminal HP1 showed lower fluorescence complementation that the one with N-terminal HP1 so we kept these two topologies with HP1 on the N-termini of either the N-or C-fragment of RspA-splitFAST.

Figure VI. 5 .

 5 Figure VI.5. Flow cytometry analysis of the methylated H3-HP1 interaction with the different topologies of the split reporter. Fluorescence mean of about 50,000 HEK293T cells co-expressing either, RspA(C)-H3::HP1-RspA(N), RspA(C)-H3::RspA(N)-HP1, RspA(N)-H3::RspA(C)-HP1 and RspA(N)-H3::HP1-RspA(C). The cells were treated with 5 µM of HMBR. Data represent the mean ± standard deviation of two independent experiments. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670 ex/em 635/655-730 nm.

Figure VI. 6 .

 6 Figure VI.6. Flow cytometry analysis of the methylated H3 -HP1 interaction of the different topologies of the four different split reporters and their controls. Fluorescence mean of about 50,000 HEK293T cells co-expressing one of the different systems with the histone 3 (H3) fused to the C-terminus of either Hha(C), Hha(N), RspA(C) or RspA(N) and the chromodomain of the heterochromatin protein 1 (HP1) fused to the N-terminus of either RspA(N) RspA(C), Hha(N) or Hha(C) respectively. Also, cells co-expressing the mutated version of those systems with H3K9L or HP1W45A or both were analyzed. The cells were treated with 5 µM of HMBR. Data represent the mean ± standard deviation of two independent experiments. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670 ex/em 635/655-730 nm.

Figure VI. 7 .

 7 Figure VI.7. Flow cytometry analysis of the concentration fluorogen effect on the four different split reporters of methylated H3 -HP1 interaction. Fluorescence mean of about 50,000 HEK293T cells co-expressing one of the different systems with the histone 3 (H3) fused to the C-terminus of either Hha(C), Hha(N), RspA(C) or RspA(N) and the chromodomain of the heterochromatin protein 1 (HP1) fused to the N-terminus of either RspA(N) RspA(C), Hha(N) or Hha(C) respectively. The cells were treated with 5 µM or 10 µM of HMBR. Data represent the mean ± standard deviation of two independent experiments. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670 ex/em 635/655-730 nm.

  methylated H3 -HP1 interaction through monitoring of the interaction with 5 µM of HBR-3,5DM (Figure VI.8).

Figure VI. 8 .

 8 Figure VI.8. Flow cytometry analysis of the fluorogen effect on the four different split reporters of methylated H3 -HP1 interaction. Fluorescence mean of about 50,000 HEK293T cells co-expressing one of the different systems with the histone 3 (H3) fused to the C-terminus of either Hha(C), Hha(N), RspA(C) or RspA(N) and the chromodomain of the heterochromatin protein 1 (HP1) fused to the N-terminus of either RspA(N) RspA(C), Hha(N) or Hha(C) respectively. The cells were treated with 5 µM of HBR-3,5DM. Data represent the mean ± standard deviation of two independent experiments. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HBR-3,5DM: ex/em 488/500-550 nm; iRFP670 ex/em 635/655-730 nm.

Figure VI. 9 .

 9 Figure VI.9. Monitoring of the methylated H3 -HP1 interaction with the split reporter RspA(N)-H3::HP1-RspA(C). HEK293T cells co-expressing the histone 3 (H3) RspA(N)-H3 and the chromodomain of the heterochromatin protein 1 (HP1) HP1-RspA(C). The mutated versions RspA(N)-H3K9L::HP1W45A-RspA(C), RspA(N)-H3::HP1W45A-RspA(C) and RspA(N)-H3K9L::HP1-RspA(C) were also studied. Cells were treated with 5 µM of HMBR. Experiments were repeated three times showing the same results. Representative micrographs of four independent experiments. The imaging channel of HMBR (green), iRFP670 (magenta) and mTurquoise2 (cyan) are shown. Microscopy settings: mTurquoise2: ex/em 445/473-499 nm; HMBR: ex/em 488/535-597 nm; iRFP670 ex/em 639/650-694 nm.
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 28 Figure VI.10.a). However, the data analysis of the transfection reporters showed that the fluorescence signal of mTurquoise2 and iRFP670 decrease with the increase of the inhibitor concentration. To study the evolution of the fluorescence of the system without considering the impact of this decay, the fluorescence signal of HMBR was normalized by the two signals of the transfection reporters. This analysis showed in that case no decrease of the fluorescence of the split reporter in presence of the methyltransferase inhibitor (Figure VI.10.b). When HEK293T cells were treated with 5 µM of HMBR and 0, 1, 2, 3, 4, 5 and 10 µM of UNC0642, the same phenomenon was observed (Figure VI.11). No clear conclusions could be drawn from these experiments.

Figure VI. 10 .

 10 Figure VI.10. Flow cytometry analysis of the methylated H3 -HP1 interaction in presence of the methyltransferase inhibitor BIX-01294. Fluorescence mean of about 50,000 HEK293T cells co-expressing the histone 3 (H3) RspA(N)-H3 and the chromodomain of the heterochromatin protein 1 (HP1) HP1-RspA(C)::RspA(N)-H3 and treated with 5 µM of HMBR and 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 or 15 µM of BIX-1294 for 15 h. (a) shows the fluorescence mean of HMBR and (b) represents the fluorescence mean of HMBR normalized by the fluorescence mean of mTurquoise2 and IRFP670. Data represent the mean ± standard deviation of three independent experiments. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670 ex/em 635/655-730 nm.

Figure VI. 11 .

 11 Figure VI.11. Flow cytometry analysis of the methylated H3 -HP1 interaction in presence of the methyltransferase inhibitor UNC0642. Fluorescence mean of about 50,000 HEK293T cells co-expressing the histone 3 (H3) RspA(N)-H3 and the chromodomain of the heterochromatin protein 1 (HP1) HP1-RspA(C)::RspA(N)-H3 and treated with 5 µM of HMBR and 0, 1, 2, 3, 4, 5 or 10 µM UNC0642 for 15 h. (a) shows the fluorescence mean of HMBR and (b) represents the fluorescence mean of HMBR normalized by the fluorescence mean of mTurquoise2 and IRFP670. Data represent the mean ± standard deviation of three independent experiments. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670 ex/em 635/655-730 nm.

(

  11 residues, ~ 2 kDa) could play the role of the peptide tag fused to the POI and be recognized by the N-terminal fragment in presence of the fluorogen. Compared to chromobody, a labeling system based on self-complementing FAST would display high contrast as freely diffusing N-terminal fragment would not be fluorescent, unlike the chromobody. Moreover, it would display much smaller size because there would be no need to fuse a fluorescent protein (Figure VII.1).

Figure VII. 1 .

 1 Figure VII.1. Schematic representation of Chromobody and Fluorogenic Chromobody using ortholog-based split systems with high self-complementation. (a) Peptide-tag-specific-chromobody system composed of a fluorescent protein fused to a nanobody, which recognizes a specific-peptide linked to the protein of interest POI. (b) Fluorogenic Chromobody-like system composed of an ortholog-based split system with a high self-complementation such as Hha(N)::HboL(C). The small CFAST fragment is used as a small peptide tag fused to the protein of interest and in presence of the fluorogen the split reporter complements and acts as a Fluorogenic Chromobody-like system.

Figure VII. 2 .

 2 Figure VII.2. Flow cytometry analysis of the interaction-dependent complementation of the crossed split reporters with high self-complementation. Normalized average fluorescence of about 50,000 HEK293T cells co-expressing the FK506-binding protein (FKBP) fused to the C-ter fragment of the split reporters and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of the split reporters treated without (light green circle) or with (dark green circle) 500 nM of rapamycin, and with 1, 5, 10, 25 or 50 µM of HMBR. mTurquoise2 and IRP670 were used as transfection reporters. Data represent the mean ± standard deviation of three independent experiments. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670: ex/em 635/655-730 nm.

2 Figure VII. 3 .

 23 Figure VII.3. Flow cytometry analysis of the dependence of the complementation parameters on the crossed systems with high self-complementation. HEK293T cells co-expressing the FK506-binding protein (FKBP) fused to the C-ter fragment of the split reporters and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of the split reporters were treated with or without rapamycin and with 1, 5, 10, 25 or 50 µM of HMBR.

  rapamycin has been added (Figure VII.4). We observed half-times of complementation of 3, 1 and less than 1 min for Hha-splitFAST, and Hha(N)::RspA(C), Hha(N)::HboL(C) respectively. The low half-times of complementation of Hha(N)::HboL(C) can be explain by the high self-complementation before adding rapamycin. Indeed, this system displays 36% of self-complementation, determined at 0 min in absence of rapamycin, in comparison of 27% for Hha(N)::RspA(C). Then, when rapamycin is added, we can observe a slight increase of fluorescence due to the specific-interaction complementation. The difference of the fluorescence signal in presence and in absence of rapamycin is much lower for Hha(N)::HboL(C) than for Hha(N)::RspA(C) illustrating by a lower dynamic range for Hha(N)::HboL(C) (Figure VII.4.b).

Figure VII. 4 .

 4 Figure VII.4. Complementation kinetics studies of the split reporters with high self-complementation. HEK293T cells co-expressing the FK506-binding protein (FKBP) fused to the C-ter fragment of the split reporters and the FKBP-rapamycin-binding domain of mammalian target of rapamycin (FRB) fused to the N-ter fragment of the split reporters were treated with 5 µM of HMBR. 100 nM of rapamycin has been added after the first snap. (a) Representative micrographs of the time-lapse confocal microscopy of the rapamycin-induced heterodimerization of FRB and FKBP with the split reporters after addition of 500 nM of rapamycin (arrow). Scale bars are 20 µm. (b) Complementation kinetics graphs of the split reporters from the analyses of the time-lapse confocal microscopy. (c)

Figure VII. 5 .

 5 Figure VII.5. Flow cytometry analysis of the dissociation of the crossed split reporters with high self-complementation. Normalized average fluorescence of about 50,000 HEK293T cells co-expressing the homodimerizing FK506-binding protein F36M mutant (FKBPF36M) fused to the N-ter and C-ter fragments of the split reporters treated without (light green circle) or with (dark green circle) 500 nM of rapamycin, and with 1, 5, 10, 25 or 50 µM of HMBR. mTurquoise2 and IRFP670 were used as transfection reporters. Data represent the mean ± standard deviation of three independent

Figure VII. 6 .

 6 Figure VII.6. Flow cytometry analysis of the parameters of the dissociation of the crossed split reporters. Normalized average fluorescence of about 50,000 HEK293T cells co-expressing the homodimerizing FK506-binding protein F36M mutant (FKBPF36M) fused to the N-ter and C-ter fragments of the split reporters treated without or with 500 nM of rapamycin, and with 1, 5, 10, 25 or 50 µM of HMBR. The parameters were calculated using the fluorescence mean of about 50,000 HEK293T cells (from analyses shown in Figure VII.5). mTurquoise2 and IRFP670 were used as transfection reporters. (a) Fluorescence fold decrease upon interaction disruption, which represents the dynamic range, was calculated using the ratio of the average fluorescence mean with and without rapamycin. (b) Disassembly efficiency. EC50, + interaction (dark green circle) and EC50, -interaction (light green circle) are calculated from analyses shown in Figure VII.5 and correspond to the binding affinity constant of the titration in presence and in absence of rapamycin, respectively. Flow cytometry settings: mTurquoise2: ex/em 405/425-475 nm; HMBR: ex/em 488/500-550 nm; iRFP670: ex/em 635/655-730 nm.

  (N)::HboL(C) exhibits 22% of disassembly against 49% for Hha-splitFAST demonstrating the high self-complementation of Hha(N)::HboL(C) (Figure VII.7.b). Therefore, the confocal experiment confirmed the flow cytometry one.

Figure VII. 7 .VII. 3 .

 73 Figure VII.7. Disassembly kinetics studies of the split reporters with high self-complementation. HEK293T cells co-expressing the homodimerizing FK506-binding protein F36M mutant (FKBPF36M) fused to the N-ter and C-ter fragments of the split reporters treated with 10 µM of HMBR. 2.5 µM of rapamycin has been added after 2 min. (a) Representative micrographs of the time-lapse confocal microscopy of the rapamycin-induced disruption of FKBPF36M homodimer with the split reporters after addition of rapamycin (arrow). Scale bars are 20 µm. (b) Disassembly kinetics graphs of the split reporters from the analysis of the time-lapse confocal microscopy (the dashed line at 2 min corresponds of the addition of 2.5 µM of rapamycin) and percentage of disassembly of the split reporters after addition

  mTurquoise2 (mT2) as transfection reporter. HEK293T cells co-expressing either H2B-mCherry-RspA(C) and FRB-Hha(N) or H2B-mCherry-HboL(C) and FRB-Hha(N) were treated with 5 µM of HMBR (Figure VII.8). Imaging by confocal microscopy confirmed that Hha(N)::RspA(C) and Hha(N)::HboL(C) could efficiently self-complement in presence of HMBR as judged by the strong green fluorescence in the nucleus overlapping with the red fluorescence of mCherry (Figure VII.8.a). Then, the HMBR signals of the confocal microscopy experiments were quantified to compare the brightness of the two split reporters (Figure VII.8.b). To not consider the impact of the expression level, fluorescence of HMBR was normalized by the fluorescence of mCherry. No significative difference was observed between Hha(N)::HboL(C) and Hha(N)::RspA(C) but because the complementation characterization demonstrated that Hha(N)::HboL(C) has a higher self-complementation,which should further force the interaction, and because it appeared to be brighter in flow cytometry, the split reporter Hha(N)::HboL(C) seemed to be the most promising fluorogenic chromobody-like system and was kept for further studies.

Figure VII. 8 .

 8 Figure VII.8. Comparison of the two ortholog-based split systems with high self-complementation for nuclear localization. HEK293T cells co-expressing either FRB-Hha(N) and H2B-mCherry-HboL(C) or FRB-Hha(N) and H2B-mCherry-RspA(C) were treated with 5 µM of HMBR and imaged by confocal microscopy. (a) Representative confocal micrographs after treatment with 5 µM of HMBR. Experiments were repeated three times with similar results. (b) Quantification of the HMBR fluorescence normalized by the mCherry signal. Data represent the mean ± standard deviation of 28 cells. Microscopy settings: mCherry: ex/em 561/579-632 nm; HMBR: ex/em 488/508-570nm; mT2: ex/em 405/425-475 nm; Scale bars are 20 µm.

Hha

  To confirm that the FRB protein has no influence on the specific subcellular labeling by stabilization of the -HboL(C)::FRB-Hha(N) and H2B-mCherry-HboL(C)::Hha(N), by confocal microscopy. HEK293T cells were co-transfected with one of the systems and treated with 5 µM of HMBR. Moreover, to investigate the role of the protein expression level, H2B-mCherry-HboL(C) and (FRB-)Hha(N) were expressed at different levels transfecting cells with different plasmid ratios (1:2, 1:3, 1:4, 1:5 for Hha(N):HboL(C)). First, confocal microscopy experiments showed that changing the ratio or removing FRB from the Hha(N) fragment had no impact on the specificity of the signal (Figure VII.9.a). Moreover, the HMBR signal was normalized by that of mCherry and mT2 to not consider the difference of level expression. The quantification of the confocal microscopy experiment demonstrates no significant difference between the different conditions demonstrating that the amount of complex formed remains the same regardless of the ratio (Figure VII.9.b).

Figure VII. 9 .

 9 Figure VII.9. Comparison of the fragments FRB-Hha(N) and Hha(N) and the impact of the ratio between the two split fragments on the specific nuclear localization. HEK293T cells co-expressing either FRB-Hha(N) and H2B-mCherry-HboL(C) or Hha(N) and H2B-mCherry-HboL(C) at different ratio (1:2, 1:3, 1:4, 1:5, Hha(N):HboL(C)) were treated with 5 µM of HMBR and imaged by confocal microscopy. (a) Representative confocal micrographs after treatment with 5 µM of HMBR. Experiments were repeated three times with similar results. (b) Quantification of the HMBR fluorescence normalized by the mCherry signal. Data represent the mean ± standard deviation of 20 cells. Microscopy settings: mCherry: ex/em 561/579-632 nm; HMBR: ex/em 488/508-570nm; mT2: ex/em 405/425-475 nm; Scale bars are 20 µm.

Figure VII. 10 .

 10 Figure VII.10. Actin labeling. Representative confocal micrographs of Hela cells co-expressing FRB-Hha(N)-IRES-mTurquoise2 and LifeAct-mCherry-HboL(C) treated with 5 µM of HMBR. Microscopy settings: mCherry: ex/em 561/579-632 nm; HMBR: ex/em 488/508-570nm; mT2: ex/em 405/425-475 nm; Scale bars are 20 µm.

Figure VIII. 1 ).

 1 This observation could explain the lower affinity of RspA(N) for the C-terminal fragment and the fluorogen, and thus the lower self-complementation. Deeper computational computing is in progress studying the dynamics of the N-terminal fragments of all the orthologs compared to that of the full-length protein. This study will enable to investigate the impact of the splitting on the structure. Moreover, the different interactions between the three fragments are studied through in silico docking. Furthermore, our lab has investigated another splitting site at the position 98-99 (PhD thesis of Fanny Broch December 2021; Bottone, Broch et al. in preparation). The variants RspA-splitFAST(98-99) appeared to have a higher dynamic range with a lower self-complementation but a decrease in brightness. But this study raised the possibility to obtain improved split reporters by identification of more suitable splitting site.

Figure VIII. 1 .

 1 Figure VIII.1. Computational model of the N-terminal fragment. (a) Structural model of the N-terminal of Hha-splitFAST generated by homology modeling using FAST 2 . (b) Root Mean Square Fluctuation (RMSF) of the residues within the N-terminal fragment of Hha-splitFAST and RspA-splitFAST during molecular dynamic simulations.

  After 24 h, transfected cells were centrifuged in PBS-BSA (1 mg/mL) and resuspend in PBS-BSA with the appropriate amounts of fluorogens (final volume of the cell suspension 200 µL). Simple positive controls with cells expressing only mTurquoise2, iRFP670 and FAST were used to adjust PMT voltage and compensation matrix. For each experiment, 50,000 cells positively expressing mTurquoise2 (Ex 434 / Em 450 ± 25) and iRFP670 (Ex 638 nm / Em 660 ± 10 nm) were analyzed with the following parameters: Ex 488nm, Em 525 ± 20 nm for cells labeled with HMBR and HBR-3,5DM; Ex 488nm, Em 585 ± 20 nm for cells labeled with HBR-3,5DOM. Data were analyzed using FlowJo v10.7.1. IX.2.3. Fluorescence microscopy The confocal micrographs were acquired on a Zeiss LSM 980 Laser Scanning Microscope equipped with a plan apochromat 63x /1.4 NA oil immersion objective. ZEN software was used to collect the data. The images were analyzed using Icy (2.4.0.0) and Fiji (Image J). To track fluorescence signal in the nucleus and the cytoplasm, their contour was determined by masking the signal in the mTurquoise2 channel with the plug-in HK-means with the following parameters: intensity class equals 100, min object size (px) equals 5000, max object size (px) equals 15000-2000. The signal intensity of the ROI was tracked over the time for each channel by using plug-in Active Contours. The background signal was subtracted. Data were processed using GraphPad Prism v9.3.0.
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 4 and sonicated (5 min, 20 % of amplitude) on ice. The lysate was incubated for 2-3 hours on ice to allow DNA digestion by DNAse. Cellular fragments were removed by centrifugation (9,000 x g for 1 h at 4°C). The supernatant was incubated overnight at 4°C by gentle agitation with pre-washed Ni-NTA agarose beads in PBS buffer complemented with 20 mM of imidazole.Beads were washed with 10 volumes of PBS complemented with 20 mM of imidazole and with 5 volumes of PBS complemented with 40mM of imidazole. His-tagged proteins were eluted with 5 volumes of PBS complemented with 0.5 M of imidazole. The buffer was exchanged to PBS (0.05 M phosphate buffer, 0.150 M NaCl) using PD-10 desalting columns (GE Healthcare). Purity of the proteins were evaluated using SDS-PAGE electrophoresis stained with Coomassie blue.• Determination of the thermodynamic dissociation constantsThermodynamic dissociation constants were determined using a Spark 10M plate reader (Tecan) and fitting data in Prism 6 using the binding models described in Chapter V. First an equimolar solution pf 50 nM of purified recombinant FRB-N and FKBP-C proteins were titrated with various concentrations of HMBR (0, 40, 80, 160, 320, 480, 640, 960, 1280, 2560 and 500 nM). Then 0.1 µM of the recombinant protein of the N-terminal fragment was titrated with various concentrations of HMBR (0, 1, 2.5, 5, 7.5, 10, 15 μM) at different concentrations of the synthetic C-terminal fragment (0.5, 1, 2, 3, 4, 5, 6, 7, 8 and 9 μM).

  de complémentation élevée avec une faible affinité intrinsèque afin d'éviter un signal non spécifique. Le développement de rapporteurs fragmentés présentant ces qualités est l'un des plus grands défis de la détection des interactions protéine-protéine.
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 121 Figure 1: Méthode de détection de microscopie à fluorescence. (a) Transfert d'énergie par résonance de Förster. (b) Technique de complémentation de protéines.

Figure 3 .

 3 Figure 3. Complémentation du rapporteurs fragmentés. Un rapporteur fragmenté idéal devrait avoir une basse auto-complémentation avec une haute interaction spécifique permettant la détection d'interaction protéine-protéine avec une grande gamme dynamique.
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 3 Amélioration de rapporteurs fragmentés fluorescents à l'aide de protéines orthologues (Chapitre III) Six rapporteurs fragmentés optimisés avec une complémentation réversible ont été générés en tirant parti de la diversité naturelle de la famille des protéines jaunes photoactives (PYP). Leur complémentation a été caractérisée et comparée à celle de Hha-splitFAST grâce à une stratégie de criblage basée sur la cytométrie en flux que nous avons développée en utilisant l'interaction entre les protéines FRB et FKBP induite par la rapamycine (Figure 4). Tous les rapporteurs fragmentés ont montré une auto-complémentation plus faible que l'original Hha-splitFAST. Les différents systèmes semblent avoir un comportement de complémentation différent, mais la plupart d'entre eux présentent des propriétés améliorées. Finalement, RspA-splitFAST est apparu comme le système fragmenté le plus prometteur. En effet, à faible concentration de fluorogène, il présente une auto-complémentation inférieure à 10 % et une complémentation spécifique supérieure à 75 %, ce qui conduit à une gamme dynamique élevée et en fait l'un des systèmes les plus brillants. Enfin, notre étude a prouvé la réversibilité des reporters divisés. Précédemment, le laboratoire a montré que Hha-splitFASTΔC1 composé d'une version tronquée de CFAST (CFAST115-124) permet de réduire l'affinité du complexe et donc, l'auto-complémentation. Cependant, la suppression du dernier résidu de CFAST conduit à une perte globale de la brillance du rapporteur. Nous avons donc comparé le RspA-splitFAST avec le Hha-splitFASTΔC1. À une concentration de fluorogène minimisant l'auto-complémentation tout en assurant un marquage efficace (1, 5 et 10 μM), RspA-splitFAST a affiché une auto-complémentation légèrement plus élevée que Hha-splitFASTΔC1, mais il a montré une brillance plus élevée et une gamme dynamique plus élevée ou comparable en raison d'une complémentation spécifique plus élevée. Ces résultats peuvent s'expliquer par le fait que le marquage de RspA-splitFAST est optimal à ces concentrations, alors qu'il est sous-optimal pour Hha-splitFASTΔC1 en raison d'une affinité plus faible pour le fluorogène. Dans l'ensemble, ces expériences suggèrent que l'utilisation de RspA-splitFAST a permis la génération d'un rapporteur fragmenté avec une gamme dynamique élevée sans compromettre la brillance et vice versa, surpassant ainsi à la fois Hha-splitFAST et Hha-splitFASTΔC1. Nous avons confirmé cette observation avec deux autres fluorogènes, HBR-3,5DM et HBR-3,5DOM, qui présentent des propriétés spectrales différentes. Ces résultats démontrent que les propriétés spectrales de RspA-splitFAST peuvent être modulées à volonté en changeant de fluorogène sans modifier sa dynamique de complémentation. Nous avons ensuite démontré l'impact des niveaux d'expression des protéines sur la complémentation. RspA-splitFAST a été comparé à Hha-splitFAST et à Hha-splitFASTΔC1. Nos résultats ont prouvé qu'un niveau d'expression élevé conduisait à une auto-complémentation plus importante. Enfin, nous avons montré par criblage en cytométrie en flux, que RspA-splitFAST était bien adapté à la caractérisation de l'efficacité des inducteurs ou inhibiteurs d'interaction protéine-protéine, ce qui ouvre de grandes perspectives pour le criblage des inducteurs ou inhibiteurs de PPI.

Figure 4 : 6 . 6 . 1 .

 4661 Figure 4 : Principe de l'étude de l'association des rapporteurs fragmentés. La protéine FKBP est liée à l'extrémité N-terminale du fragment CFAST et la protéine FRB à l'extrémité N-terminale du fragment NFAST. En présence de rapamycine, FRB et FKBP interagissent l'un avec l'autre, ce qui entraîne une complémentation spécifique de l'interaction des systèmes qui forment un rapporteur fluorescent en présence de fluorogène. En l'absence de rapamycine, les fragments NFAST et CFAST peuvent interagir l'un avec l'autre, ce qui entraîne une auto-complémentation du rapporteur fragmenté.

Figure 6 .

 6 Figure 6. Détection de l'interaction protéine-protéine à la membrane plasmique. (a) Représentation du système fragmenté pour la détection de l'interaction à la membrane plasmique. (b) Images microscopiques de cellules HEK293T exprimant la protéine membranaire Lyn11 liée à RspA(N) et la protéine FRB ainsi que la protéine FKBP lié à RspA(C). Les cellules ont été traitées avec 5 µM de HMBR et imagées par microscopie avant (0 min) et après (1 min) l'ajout de 100 nM de rapamycine. (c) Etude cinétique de l'interaction.

Figure 7 .

 7 Figure 7. Détection de la voie de signalisation MEK1-ERK2. (a) Représentation du système fragmenté pour la détection de l'interaction EM1-ERK2. (b) Images microscopiques de cellules HEK293T RspA(N)-MEK1 et mCherry-ERK2-RspA(C). Les cellules ont été traitées avec 5 µM de HMBR et imagées par microscopie avant (0 min) et après (1 min) l'ajout du facteur de croissance épidermique EGF qui entraîne la dissociation de MEK1-ERK2 ainsi que la translocation de ERK2 dans le noyau. (c) Etude cinétique de l'interaction.

Figure 8 .8. General Discussion 8 . 1 .

 881 Figure 8. Représentation des systèmes de taille minimale. (a) Les « chromobodies » sont des systèmes composés de protéines fluorescentes liées à des anticorps qui reconnaissent spécifiquement un peptide lié à la protéine d'intérêt. (b) Rapporteurs de tailles minimales utilisant le système fragmenté de haute auto-complémentation Hha(N)::HboL(C). La protéine d'intérêt est lié au peptide HboL(C) et en présence du fluorogène le système complémente et agit comme un rapporteur fluorogénique équivalent à un système « chromobody »

Figure 9 .

 9 Figure 9. Modèle moléculaire du fragment N-terminal. (a) Modèle structurel de Hha(N) généré par modélisation homologique à partir de FAST 15 . (b) Fluctuation quadratique moyenne des résidus du fragment N-terminal de Hha-splitFAST et RspA-splitFAST au cours de la dynamique moléculaire.

  

  

Table I .1. Non-exhaustive list of PPI detection methods 6 .

 I 

Table II .1. Functional properties of the PYP orthologs and their percentage of identity with

 II 

	Organism	λabs (nm)	ꞇ (s)	% identity with H. Halophila
	Halorhodospira halophila 12	446	0.5	
	Idiomarina loihiensis 47	447	0.23	75
	Rhodothalassium salexigens 48	446	0.5	71
	Rhodospirillum centenum 49	434	50	30
	Salinibacter ruber 46	431	> 60 min	30

H. halophila PYP. λabs represents the wavelength of the maximal absorption of the ground state and ꞇ the life-time of the signaling state pB.

Table III .1. Characterization of Hha-FAST and the orthologs. Abbreviations

 III are as follows: λabs, wavelength of maximal absorption; λem, wavelength of maximal emission; at λabs (standard error is typically 10%); Φ, fluorescence quantum yield; KD, thermodynamic dissociation constant.

Fluorogen λabs (nm) λem (nm) 𝚽𝚽 KD (µM) Hha-FAST

  

		HMBR	481	540	0.23	0.13
		HBR-3,5DM	499	562	0.49	0.08
		HBR-3OM	494	561	0.36	0.31
		HBR-3,5DOM	518	600	0.31	0.97
		HMBR	480	545	0.22	0.08
	HboL-FAST	HBR-3,5DM HBR-3OM	500 499	569 569	0.53 0.24	0.043 0.20
		HBR-3,5DOM	525	598	0.25	0.33
		HMBR	480	545	0.34	0.044
	HspG-FAST	HBR-3,5DM HBR-3OM	500 499	567 567	0.41 0.33	0.014 0.12
		HBR-3,5DOM	526	604	0.33	0.18
		HMBR	480	544	0.26	0.031
	RspA-FAST	HBR-3,5DM HBR-3OM	499 498	572 569	0.45 0.26	0.011 0.04
		HBR-3,5DOM	527	601	0.42	0.074
		HMBR	481	546	0.35	0.23
	Ilo-FAST	HBR-3,5DM HBR-3OM	500 496	567 566	0.54 0.27	0.26 1.2
		HBR-3,5DOM	517	599	0.41	1.42
		HMBR	480	544	0.23	0.052
	TsiA-FAST	HBR-3,5DM HBR-3OM	500 497	572 588	0.53 0.17	0.008 0.004
		HBR-3,5DOM	519	603	0.34	0.060
		HMBR	476	545	0.14	0.173
	Rsa-FAST	HBR-3,5DM HBR-3OM	497 494	567 566	0.48 0.25	0.20 0.29
		HBR-3,5DOM	521	601	0.26	0.65

Table V .1. Thermodynamic parameters of RspA-splitFAST and Hha-splitFAST K d,F (µM) K d,C (µM) Kd,F/C (µM) K d,C/F (µM) α

 V 

	RspA-splitFAST	21 ± 2	220 ± 7	0.15 ± 0.005	1.6	140
	Hha-splitFAST	2.0 ± 0.2	3.1 ± 0.3	1.1 ± 0.1	1.6	2

Table VI .1. Split reporters of methylated H3 -HP1 interaction and their controls

 VI 

. X(C) corresponds either to RspA(C) or to Hha(C), both were generated.

Table IX .1. Primers sequence

 IX 

	Vector	ORF	ORF sequence
		Hha(N)	atggagcatgttgcctttggcagtgaggacatcgagaacactctggccaaaatggacgacg
			gacaactggatgggttggcctttggcgcaattcagctcgatggtgacgggaatatcctgcagt
			acaatgctgctgaaggagacatcacaggcagagatcccaaacaggtgattgggaagaac
			ttcttcaaggatgttgcacctggaacggattctcccgagttttacggcaaattcaaggaaggcg
			tagcgtcagggaatctgaacaccatgttcgaatggatgataccgacaagcaggggaccaa
			ccaaggtcaaggtgcacatgaagaaagccctttcc
		HboL(N)	atggagaccgtgagattcggcggcgacgacatcgagaacagcctggccaagatggacga
			caagaagctggacgagctggccttcggcgccatccagctggacgccaacggcaagatcat
			ccagtacaacgccgccgagggcggcatcaccggcagagaccccaagagcgtgatcggc
			aagaacttcttcaccgaggtggcccccggcacccagagcaaggagttccagggcagattc
			aaggagggcgtgagcagcggcgagctgaacaccatgttcgagtggatgatccccaccag
			cagaggccccaccaaggtgaaggtgcacatgaagaaggccatcagc
		HspG(N)	atggagaccgtgagattcggcggcgacgacatcgagaacgccctggccaacatggacga
			caagaagctggacaccctggccttcggcgccatccagctggacgccaacggcaagatcat
			ccagtacaacgccgccgagggcggcatcaccggcagagaccccaagagcgtgatcggc
			aagaacttcttcaccgacgtggcccccggcacccagagcaaggagttccagggcagattc
			aaggagggcgtgaagaacggcgacctgaacaccatgttcgagtggatgatccccaccag
			cagaggccccaccaaggtgaaggtgcacatgaagaaggccctgagc
		RspA(N)	atggagaccgtgagattcggcggcgacgacatcgagaacagcctggccaagatggacga
	Primer	Sequence	
	kanF	gcatcaaccaaaccgttattcattcgtg
	kanR	cacgaatgaataacggtttggttgatgc
	ag313	ctcaccttgctcctgccgagaaagtatcca
	ag314	tggatactttctcggcaggagcaaggtgag
	ag321	gccctgaaaatacaggttttcgctagc
	ag322	taatagctcgagcaccaccaccac
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pAG893 was amplified in two fragments using primers ag1353/ag313 and ag1063/ag314. The sequence coding for RspA(N) was amplified by PCR from the plasmid pAG573 encoding using primers ag1354/ag1355. The three fragments were then assembled by Gibson assembly.

The plasmid pAG895, encoding HP1-RspA(C)-IRES-iRFP670, was constructed by Gibson assembly from the plasmid pAG573 and pAG580 encoding FRB-RspA(N)-IRES-mTurquoise2 and FKBP-RspA(C)-IRES-iRFP670, respectively. The backbone of pAG573 was amplified using primers ag1353/ag313 and pAG580 was amplified using primers ag314/ag1357. The two fragments were then assembled with a synthetic gBlock encoding for HP1-RspA(C) by Gibson assembly.

The plasmid pAG896, encoding HP1-RspA(N)-IRES-iRFP670, was constructed by Gibson assembly from the plasmid pAG895 encoding HP1-RspA(C)-IRES-iRFP670. The backbone of pAG896 was amplified in two fragments using primers ag1283/ag313 and ag694/ag314. The sequence coding for RspA(N) was amplified by PCR from the plasmid pAG573 encoding using primers ag769/ag766. The three fragments were then assembled by Gibson assembly.

The plasmid pAG1047, encoding RspA(C)-H3K9L-IRES-mTurquoise2, was constructed by Gibson assembly from the plasmid pAG891 encoding RspA(C)-H3-IRES-mTurquoise2. The backbone of pAG891 was amplified in two fragments using primers ag1612/ag313 and ag1611/ag314. The two fragments were then assembled by Gibson assembly.

The plasmid pAG1048, encoding RspA(N)-H3K9L-IRES-mTurquoise2, was constructed by Gibson assembly from the plasmid pAG892 RspA(N)-H3-IRES-mTurquoise2. The backbone of pAG891 was amplified in two fragments using primers ag1612/ag313 and ag1611/ag314. The two fragments were then assembled by Gibson assembly.

The plasmid pAG1049, encoding HP1W45A-RspA(C)-IRES-iRFP670, was constructed by Gibson assembly from the plasmid pAG895 encoding HP1-RspA(C)-IRES-iRFP670. The backbone of pAG895 was amplified in two fragments using primers ag1610/ag313 and ag1609/ag314. The two fragments were then assembled by Gibson assembly.

The plasmid pAG1050, encoding HP1W45A-RspA(N)-IRES-iRFP670, was constructed by Gibson assembly from the plasmid pAG896 encoding HP1-RspA(N)-IRES-iRFP670. The backbone of pAG896 was amplified in two fragments using primers ag1610/ag313 and ag1609/ag314. The two fragments were then assembled by Gibson assembly.

The plasmid pAG1082, encoding Hha(C)-H3-IRES-mTurquoise2, was constructed by Gibson assembly from the plasmid pAG891 encoding RspA(C)-H3-IRES-mTurquoise2. The backbone of pAG891 was amplified in two fragments using primers ag1702/ag313 and ag170/ag314. The two fragments were then assembled by Gibson assembly.

The plasmid pAG1096, encoding Hha(C)-H3K9L-IRES-mTurquoise2, was constructed by Gibson assembly from the plasmid pAG1082 encoding Hha(C)-H3-IRES-mTurquoise2. The

Chapter VI

Applications of the improved chemogenetic split reporters for the detection of protein-protein interactions

Having shown that RspA-splitFAST has the qualities of an improved split reporter for protein-protein interactions (PPIs) detection, we first exploited the reversibility of RspA-splitFAST to monitor dynamic processes in real-time with high spatial resolution, such as PPIs at the plasma membrane or from the MEK-ERK signaling pathway. Then, the system was applied to investigate the interaction between the heterochromatin protein 1 HP1 and the methylated histone 3 H3K9.

VI.1. Visualization of dynamic processes

VI.1.1. Introduction

VI.1.1.1. The membrane targeting signal Lyn11

Lyn11 corresponds to the first 11 residues of the Lyn kinase. The Lyn protein is a membrane protein anchored via two lipids. Lyn11 is often used as a plasma membrane protein localization tag for membrane recruitment with the chemically induced proximity (CIP) system based on the interaction between the FK506-binding protein (FKBP) and the FKBP-rapamycin-binding (FRB) domain of the mechanistic target of rapamycin (mTOR) in presence of rapamycin (see

Chapter III).

The fragment corresponding to FRB fused to Lyn11 targets the plasma membrane while the protein of interest is linked to FKBP. In presence of rapamycin, FRB and FKBP interact with each other leading to the recruitment of the protein of interest at the membrane 1,2 .

Chapter VII

Toward a minimal size tagging approach based on self-complementing split reporters

VII.1. Introduction

Antibody-based live cell imaging tools have been widely developed to study the dynamics of proteins and their cellular localizations. Because conventional antibodies (IgG) are large (~150 kDa) and allow studies only in fixed or permeabilized cells, new techniques using a small part of full-length antibodies have emerged. The specificity and the affinity of IgGs for the antigen are only mediated by the antigen binding domain composed of the two heavy and two light domains (respectively H and L) with a variable domain at the N-terminus (VL and VH respectively) 1 . Therefore, antibody-based live-cell imaging rely either on the antigen binding domain Fab (~ 55 kDa) or the single chain variable fragment (scFV) (~ 28 kDa) composed of VH and VL domains 2 . In addition, in 1989, heavy-chain antibodies (HCAbs) were identified in camels with an antigen recognition domain only composed of a single-chain VHH domain.

These systems were dubbed nanobody (~ 12 kDa) 3 .

Two main systems have been developed for live-cell imaging with antibody: the fluorobodies, which are composed of an scFv fused to a fluorescent protein, and the chromobodies, which are composed of a VHH domain (nanobodies) linked to a fluorescent protein 2 . These

The plasmid pAG573, encoding FRB-RspA(N)-IRES-mTurquoise2, was constructed by Gibson assembly from the plasmid pAG490 encoding FRB-Hha(N)-IRES-mTurquoise2. The sequence coding for RspA(N) was amplified by PCR from the plasmid pAG380 encoding RspA-FAST using primers ag766/ag769. The backbone of pAG490 was amplified by in two fragments using primers ag374/ag313 and ag694/ag314. The three fragments were then assembled by Gibson assembly.

The plasmid pAG574, encoding FRB-Ilo(N)-IRES-mTurquoise2, was constructed by Gibson assembly from the plasmid pAG490 encoding FRB-Hha(N)-IRES-mTurquoise2. The sequence coding for Ilo(N) was amplified by PCR from the plasmid pAG381 encoding Ilo-FAST using primers ag770/ag771. The backbone of pAG490 was amplified by in two fragments using primers ag374/ag313 and ag694/ag314. The three fragments were then assembled by Gibson assembly.

The plasmid pAG575, encoding FRB-TsiA(N)-IRES-mTurquoise2, was constructed by Gibson assembly from the plasmid pAG490 encoding FRB-Hha(N)-IRES-mTurquoise2. The sequence coding for TsiA(N) was amplified by PCR from the plasmid pAG382 encoding TsiA-FAST using primers ag772/ag773. The backbone of pAG490 was amplified by in two fragments using primers ag374/ag313 and ag694/ag314. The three fragments were then assembled by Gibson assembly.

The plasmid pAG576, encoding FRB-Rsa(N)-IRES-mTurquoise2, was constructed by Gibson assembly from the plasmid pAG490 encoding FRB-Hha(N)-IRES-mTurquoise2. The sequence coding for Rsa(N) was amplified by PCR from the plasmid pAG383 encoding Rsa-FAST using primers ag774/ag775. The backbone of pAG490 was amplified by in two fragments using primers ag374/ag313 and ag694/ag314. The three fragments were then assembled by Gibson assembly.

The plasmid pAG577, encoding FKBP-Hha(C)-IRES-iRFP670, was constructed by Gibson assembly from the plasmid pAG153 encoding CMV-cmyc-FKBP-linker-Hha(C). The sequence coding for Hha(C)-IRES was amplified by PCR from the plasmid pAG490 using primers ag694/ag695. The sequence coding for iRFP670 was amplified by PCR using primers ag763/ag764. The backbone of pAG153 was amplified using primers ag777/ag313. The backbone of pAG104 encoding for CMV-FAST540-human-cmyc was amplified using primers ag347/ag314. The four fragments were then assembled by Gibson assembly.

The plasmid pAG578, encoding FKBP-HboL(C)-IRES-iRFP670, was constructed by Gibson assembly from the plasmid pAG153 encoding CMV-cmyc-FKBP-linker-Hha(C). The sequence coding for HboL(C)-IRES was amplified by PCR from the plasmid pAG490 using primers ag776/ag695. The sequence coding for iRFP670 was amplified by PCR using primers ag763/ag764. The backbone of pAG153 was amplified using primers ag777/ag313. The backbone of pAG104 encoding for CMV-FAST540-human-cmyc was amplified using primers ag347/ag314. The four fragments were then assembled by Gibson assembly.

The plasmid pAG579, encoding FKBP-HspG(C)-IRES-iRFP670, was constructed by Gibson assembly from the plasmid pAG153 encoding CMV-cmyc-FKBP-linker-Hha(C). The sequence coding for HspG(C)-IRES was amplified by PCR from the plasmid pAG490 using primers ag778/ag695. The sequence coding for iRFP670 was amplified by PCR using primers ag763/ag764. The backbone of pAG153 was amplified using primers ag779/ag313. The backbone of pAG104 encoding for CMV-FAST540-human-cmyc was amplified using primers ag347/ag314. The four fragments were then assembled by Gibson assembly.

The plasmid pAG580, encoding FKBP-RspA(C)-IRES-iRFP670, was constructed by Gibson assembly from the plasmid pAG153 encoding CMV-cmyc-FKBP-linker-Hha(C). The sequence coding for RspA(C)-IRES was amplified by PCR from the plasmid pAG490 using primers ag780/ag695. The sequence coding for iRFP670 was amplified by PCR using primers ag763/ag764. The backbone of pAG153 was amplified using primers ag781/ag313. The backbone of pAG104 encoding for CMV-FAST540-human-cmyc was amplified using primers ag347/ag314. The four fragments were then assembled by Gibson assembly.

The plasmid pAG581, encoding FKBP-Ilo(C)-IRES-iRFP670, was constructed by Gibson assembly from the plasmid pAG153 encoding CMV-cmyc-FKBP-linker-(C). The sequence coding for Ilo(C)-IRES was amplified by PCR from the plasmid pAG490 using primers ag782/ag695. The sequence coding for iRFP670 was amplified by PCR using primers ag763/ag764. The backbone of pAG153 was amplified using primers ag783/ag313. The backbone of pAG104 encoding for CMV-FAST540-human-cmyc was amplified using primers ag347/ag314. The four fragments were then assembled by Gibson assembly.

The plasmid pAG582, encoding FKBP-TsiA(C)-IRES-iRFP670, was constructed by Gibson assembly from the plasmid pAG153 encoding CMV-cmyc-FKBP-linker-Hha(C). The sequence coding for TsiA(C)-IRES was amplified by PCR from the plasmid pAG490 using primers ag784/ag695. The sequence coding for iRFP670 was amplified by PCR using primers ag763/ag764. The backbone of pAG153 was amplified using primers ag785/ag313. The backbone of pAG104 encoding for CMV-FAST540-human-cmyc was amplified using primers ag347/ag314. The four fragments were then assembled by Gibson assembly.

The plasmid pAG583, encoding FKBP-Rsa(C)-IRES-iRFP670, was constructed by Gibson assembly from the plasmid pAG153 encoding CMV-cmyc-FKBP-linker-Hha(C). The sequence coding for Rsa(C)-IRES was amplified by PCR from the plasmid pAG490 using primers ag786/ag695. The sequence coding for iRFP670 was amplified by PCR using primers ag763/ag764. The backbone of pAG153 was amplified using primers ag787/ag313. The backbone of pAG104 encoding for CMV-FAST540-human-cmyc was amplified using primers ag347/ag314. The four fragments were then assembled by Gibson assembly.

The plasmid pAG815, encoding FKBPF36M-Ilo(C)-IRES-iRFP670, was constructed by Gibson assembly from the plasmid pAG581 encoding FKBP-Ilo(C)-IRES-iRFP670. The sequence coding for FKBPF36M was amplified by PCR using primers ag1039/ag1040. The backbone of pAG581 was amplified in two fragments using primers ag1041/ag313 and ag1042/ag314. The three fragments were then assembled by Gibson assembly.

The plasmid pAG804, encoding FKBPF36M-HboL(N)-IRES-mTurquoise2, was constructed by subcloning the sequence coding for FKBPF36M (from pAG815) into the plasmid pAG571 using BglII and BspEI restriction sites.

The plasmid pAG805, encoding FKBPF36M-HspG(N)-IRES-mTurquoise2, was constructed by subcloning the sequence coding for FKBPF36M (from pAG815) into the plasmid pAG572 using BglII and BspEI restriction sites.

The plasmid pAG806, encoding FKBPF36M-RspA(N)-IRES-mTurquoise2, was constructed by subcloning the sequence coding for FKBPF36M (from pAG815) into the plasmid pAG572 using BglII and BspEI restriction sites.

The plasmid pAG807, encoding FKBPF36M-Ilo(N)-IRES-mTurquoise2, was constructed by subcloning the sequence coding for FKBPF36M (from pAG815) into the plasmid pAG572 using BglII and BspEI restriction sites.

The plasmid pAG808, encoding FKBPF36M-TsiA(N)-IRES-mTurquoise2, was constructed by subcloning the sequence coding for FKBPF36M (from pAG815) into the plasmid pAG572 using BglII and BspEI restriction sites.

The plasmid pAG809, encoding FKBPF36M-Rsa(N)-IRES-mTurquoise2, was constructed by subcloning the sequence coding for FKBPF36M (from pAG815) into the plasmid pAG576 using BglII and BspEI restriction sites.

The plasmid pAG810, encoding FKBPF36M-Hha(C)-IRES-iRFP670, was constructed by subcloning the sequence coding for FKBPF36M (from pAG815) into the plasmid pAG577 using BglII and BspEI restriction sites.

The plasmid pAG811, encoding FKBPF36M-HhaΔC1(C)-IRES-iRFP670, was constructed by subcloning the sequence coding for FKBPF36M (from pAG815) into the plasmid pAG819 using BglII and BspEI restriction sites.

The plasmid pAG812, encoding FKBPF36M-HboL(C)-IRES-iRFP670, was constructed by subcloning the sequence coding for FKBPF36M (from pAG815) into the plasmid pAG578 using BglII and BspEI restriction sites.

The plasmid pAG813, encoding FKBPF36M-HspG(C)-IRES-iRFP670, was constructed by subcloning the sequence coding for FKBPF36M (from pAG815) into the plasmid pAG579 using BglII and BspEI restriction sites.

The plasmid pAG1017, His-TEV-FKBP-Hha(C), was constructed by Gibson assembly from the plasmid pAG820 encoding His-TEV-RspA(N). The backbone of pAG820 was amplified in two fragments using primers kanF/ag321 and ag322/kanR. The sequence coding for FKBP-Hha(C) was amplified by PCR from the plasmid pAG577 using primers ag1576/ag1580. The three fragments were then assembled by Gibson assembly.

The plasmid pAG1118, His-TEV-FRB-Hha(N), was constructed by Gibson assembly from the plasmid pAG820 encoding His-TEV-RspA(N). The backbone of pAG820 was amplified in two fragments using primers kanF/ag321 and ag322/kanR. The sequence coding for FRB-Hha(N)

was amplified by PCR from the plasmid pAG577 using primers ag1578/ag1581. The three fragments were then assembled by Gibson assembly.

IX.4.3. Chapter VI and Chapter VII

The plasmids used in these studies allowed the expression of proteins in mammalian cells.

Expression is under the control of a CMV promoter.

The plasmid pAG891, encoding RspA(C)-H3-IRES-mTurquoise2, was constructed by Gibson assembly from the plasmid pAG573 encoding FRB-RspA(N)-IRES-mTurquoise2. The backbone of pAG573 was amplified in two fragments using primers ag1353/ag313 and ag1352/ag314. The two fragments were then assembled with a synthetic gBlock encoding for RspA(C)-H3 by Gibson assembly.

The plasmid pAG892, encoding RspA(N)-H3-IRES-mTurquoise2, was constructed by Gibson assembly from the plasmid pAG891 encoding RspA(C)-H3-IRES-mTurquoise2. The backbone of pAG891 was amplified in two fragments using primers ag1353/ag313 and ag1063/ag314.

The sequence coding for RspA(N) was amplified by PCR from the plasmid pAG573 encoding using primers ag1354/ag1355. The three fragments were then assembled by Gibson assembly.

The plasmid pAG893, encoding RspA(C)-HP1-IRES-iRFP670, was constructed by Gibson assembly from the plasmid pAG573 and pAG580 encoding FRB-RspA(N)-IRES-mTurquoise2

and FKBP-RspA(C)-IRES-iRFP670, respectively. The backbone of pAG573 was amplified using primers ag1353/ag313 and pAG580 was amplified using primers ag314/ag1356. The two fragments were then assembled with a synthetic gBlock encoding for RspA(C)-HP1 by Gibson assembly.

The plasmid pAG894, encoding RspA(N)-HP1-IRES-iRFP670, was constructed by Gibson assembly from the plasmid pAG893 encoding RspA(C)-HP1-IRES-iRFP670. The backbone of backbone of pAG1082 was amplified in two fragments using primers ag1612/ag313 and ag1611/ag314. The two fragments were then assembled by Gibson assembly.

The plasmid pAG1097, encoding HP1-Hha(C)-IRES-iRFP670, was constructed by Gibson assembly from the plasmid pAG895 encoding HP1-RspA(C)-IRES-iRFP670. The backbone of pAG895 was amplified in two fragments using primers ag1713/ag313 and ag1714/ag314. The two fragments were then assembled by Gibson assembly.

The plasmid pAG1098, encoding HP1W45A-Hha(C)-IRES-iRFP670, was constructed by

Gibson assembly from the plasmid pAG1097 encoding HP1-Hha(C)-IRES-iRFP670. The backbone of pAG1097 was amplified in two fragments using primers ag1610/ag313 and ag1609/ag314. The two fragments were then assembled by Gibson assembly.

The plasmid pAG1178, encoding RspA(N)-H3, was constructed by Gibson assembly from the plasmid pAG892 encoding RspA(N)-H3-IRES-mTurquoise2. The backbone of pAG892 was amplified in two fragments using primers ag1832/ag313 and ag1831/ag314. The two fragments were then assembled by Gibson assembly.

The plasmid pAG1180, encoding RspA(N)-H3K9L, was constructed by Gibson assembly from the plasmid pAG1048 encoding RspA(N)-H3K9L-IRES-mTurquoise2. The backbone of pAG892 was amplified in two fragments using primers ag1832/ag313 and ag1831/ag314. The two fragments were then assembled by Gibson assembly.

The plasmid pAG1181, encoding HP1-Hha(C), was constructed by Gibson assembly from the plasmid pAG1097 encoding HP1-Hha(C)-IRES-iRFP670. The backbone of pAG1097 was amplified in two fragments using primers ag1837/ag313 and ag1836/ag314. The two fragments were then assembled by Gibson assembly.

The plasmid pAG1182, encoding HP1W45A-Hha(C), was constructed by Gibson assembly from the plasmid pAG1098 encoding HP1W45A-Hha(C)-IRES-iRFP670. The backbone of pAG1098 was amplified in two fragments using primers ag1837/ag313 and ag1836/ag314.

The two fragments were then assembled by Gibson assembly.

The plasmid pAG1143, encoding RspA(N)-MEK1, was constructed by Gibson assembly from the plasmid pAG298 encoding Hha(N)-MEK1. The backbone of pAG298 was amplified in two fragments using primers ag1776/ag313 and ag1777/ag314. The sequence coding for RspA(N) was amplified by PCR from the plasmid pAG573 encoding FRB-RspA(N)-IRES-mTurquoise2 using primers ag1746/ag1146. The three fragments were then assembled by Gibson assembly.

The plasmid pAG1144, encoding lyn11-FRB-RspA(N), was constructed by Gibson assembly from the plasmid pAG336 encoding lyn11-FRB-Hha(N). The backbone of pAG336 was amplified in two fragments using primers ag1778/ag313 and ag347/ag314. The sequence 
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ABSTRACT

Protein-protein interactions (PPI) can be detected through selective complementation of split fluorescent reporters made of two complementary fragments that reassemble into a functional fluorescent reporter when in close proximity. Our lab previously reported splitFAST, a promising chemogenetic split reporter with rapid and reversible complementation, allowing the monitoring of dynamic protein-protein interactions. With this PhD, we present the engineering of RspA-splitFAST, an improved PPI reporter displaying higher brightness, lower self-complementation and higher dynamic range for optimal monitoring of PPI. We used an original protein engineering strategy that exploits the sequence diversity found in proteins with orthology relationship to generate split reporters with various dynamic properties while keeping the overall function. Our study allowed the identification of a system with improved properties and enabled to better understand the molecular features controlling the complementation properties. Because of the rapidity and reversibility of its complementation, and its low selfcomplementation, high dynamic range and improved brightness, RspA-splitFAST exhibits ideal properties to study protein-protein interactions with high spatial and temporal resolution, opening great prospects to decipher the role of protein-protein interactions in various biological contexts.
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