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Chapter I

General introduction

Nowadays, researchers benefit from a wide range of imaging modalities such as optical microscopy, electron microscopy, or mass-spectrometry imaging to decipher the complexity of living organisms.

Optical microscopy including techniques such as phase contrast, differential interference contrast (DIC) and polarized microscopy permit to enhance the contrast of living specimens to make them more visible. However, fluorescence microscopy became these last decades the benchmark for imaging living systems as it permits to visualize proteins and other biomolecules normally invisible and not trackable by common optical microscopes 1 .

Last advances and innovations associated with fluorescence microscopy techniques allow us to study complex biological processes with an unprecedented temporal and spatial resolution 2 . Based on the expanding palette of fluorescent proteins, Lichtman and his coworkers developed for example the remarkable Brainbow technology allowing to map neuronal connectivity 3,4 . Benefiting from advances in fluorescent probes, targeting strategies, instrumentation, and data analysis, fluorescence microscopy enables high-throughput screens, single-molecule detection, multiplexing, and live cell imaging with high speed, sensitivity and resolution.

I.1. Molecular fluorescence

Fluorescence was first observed by Sir George G. Stokes when he noticed that mineral fluorspar (containing calcium fluoride) exhibited emitted light with a longer wavelength than the light used to excite the specimen; a phenomenon that became known as the Stokes shift. The term fluorescence was introduced by George G. Stokes himself in 1852 5 . The fluorescence process is characterized by the emission of photons arising from the lowest excited electronic state after absorption of light.

Because of the loss of energy due to vibrational relaxation, the emission of light is always located at a higher wavelength (lower energy) than absorbed light (higher energy) 6 . The Perrin-Jablonski 

I.2. Fluorescence imaging

Seeing inside cells and organisms with high spatiotemporal resolution became these last decades increasingly effective as both physical optics and probe design permitted to develop innovative fluorescent markers while gaining sensitivity and spatiotemporal resolution with the development of a variety of imaging modalities.

I.2.1. Fluorescence microscopy

Fluorescence microscopy like widefield epi-fluorescence, laser-scanning confocal, spinning disk, total internal reflection microscopy (TIRF), or super-resolution microscopy provide a wide range of imaging tools to investigate living organisms and cells. A non-exhaustive overview of fluorescence microscopy techniques is introduced below.

Fluorescence microscopy based on conventional widefield modalities is usually user-friendly, nonexpensive, and easy to implement. In a widefield microscope, all parts of the sample are illuminated simultaneously, allowing for simple acquisition and fast imaging. However, this simplicity comes with a cost as simultaneous illumination results in images of low contrast and spatial resolution 7 . To provide higher imaging contrast, the goal of laser-scanning confocal microscopy is to reject out-of-focus light 
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Phosphorescence S 0 from the image by the presence of a pinhole aperture in front of the detectors 8 . In such systems, the sample is scanned to record fluorescence intensity pixel by pixel at each position of the image 7 .

Because of the diffraction of light, one-photon confocal microscopy generally yields a lateral resolution of approximately 200 nm 7 . Because of light diffraction, each fluorescent object appears as a blurry spot, which is bigger than the actual object's size. Consequently, two fluorescent objects closer than 200 nm, will not be well resolved.

Recent super-resolution techniques such as saturated structured-illumination microscopy (SSIM), single-molecule localization microscopy (SMLM) or stimulated emission depletion (STED) microscopy permitted to circumvent this diffraction barrier. All these techniques improve spatial resolution, but depend on a different set of modalities. Whereas structured-illumination microscopy technique (SSIM)

improves the resolution by a factor of two compared to confocal microscopy 9,10 , SMLM or STED microscopy techniques permit to further improve lateral resolution allowing to acquire nano-scale information. SMLM approach is based on the imaging of a sparse subset of the emissive fluorescent molecules through time. By utilizing photoswitchable fluorescent dyes (as in STORM for stochastic optical reconstruction microscopy) 11 or photoswitchable fluorescent proteins (as in PALM for photoactivated localization microscopy) 12 that can switch reversibly between a dark and a fluorescent state (before eventually photobleaching), localizations from thousands of on-off cycles are combined to reconstruct the entire super-resolved image. However, using SMLM techniques might result in a relatively poor time resolution as several thousands of images must be captured to reconstruct the resolved image 7 . In addition, these approaches constantly require novel improved photoswitchablephotobleaching resistant fluorophores allowing live single-molecule tracking.

STED super-resolution technique on the other hand is based on a different approach. The principle of STED microscopy is to reduce the size of the excitation spot. Although the microscope optics remain limited by the diffraction barrier, a second laser in the shape of a "doughnut" is immediately applied after the excitation pulse allowing the generation of a depleted doughnut-shape spot around the excitation spot 13,14 . The STED laser features zero intensity at the very center of the excitation spot, depleting the excitation state of the fluorophores at the periphery by stimulated emission 15 . To gain in resolution, high STED light intensities are required, which can be deleterious for some of the common fluorophores. In addition, this technique suffers from a small number of available depletion laser lines and from small Stokes shift fluorophores which can be re-excited by the depletion laser, therefore only a few fluorescent probes are known to be suitable for efficient STED nanoscopy.

I.2.2. Fluorescence reporters

A large collection of small organic fluorescent dyes, nanocrystals "quantum dots", autofluorescent proteins and hybrid chemogenetic reporters can be used to target specific proteins or biomolecules in biological samples. According to the microscope setup, the biological question and the sample e.g. in vitro, fixed or live cells, tissues and whole-body animals, users should carefully consider the entire collection of fluorescent reporters to choose the best alternative.

I.2.2.1. Genetically encoded fluorescent proteins

(Auto)fluorescent proteins (AFPs or FPs) have revolutionized the way of imaging cells, multicellular organisms and animal tissues. The first green fluorescent protein (GFP) was discovered in Aequorea victoria (av) jellyfish in 1962 16 but the initial demonstration in 1994 that the avGFP could function as a genetically encoded fluorescent tag in living cells was a huge milestone 17 . By molecular fusion of the gene of interest to the gene expressing the fluorescent tag, thus promoting labeling specificity, these FPs became over the last years indispensable tools for biological imaging ranging from single molecules to entire organisms 18 (Figure I.2a). In the avGFP, the 4-(hydroxybenzylidene)imidazolidin-5-one (HBI) chromophore is embedded in the center of the β-barrel structure. Spontaneous cyclization, dehydration and oxidation of Ser65-Tyr66-Gly67 amino acids were found responsible for the full maturation of the HBI chromophore, which is strictly dependent on the presence of molecular oxygen as a cofactor (Figure I.2b) 19 . (b) The maturation of the HBI chromophore in the binding barrier of avGFP [PBD: 3SG2] (adapted from et al. 19 ).

The original GFP and its enhanced EGFP version 20 were first described to fluoresce in green by blue or UV light illumination and were further evolved to fluoresce from blue (BFP) 21 to yellow (YFP) 22 .

Additional genomic exploration of marine organisms such as corals, sea anemones, hydrozoans permitted to discover other GFP-like proteins with emission colors ranging from cyan to red [23][24][25] (Figure I.3). Over the past 20 years, a combination of rational design, structure-based mutagenesis and considerable cycles of directed evolution were conducted to fine-tune the photophysical and biochemical properties and to expand the color palette of available FPs. The main challenge of engineering fluorescent proteins was to improve their brightness 27 . The brighter a FP, the higher the imaging contrast that can be obtained. Although tremendous engineering efforts were conducted in the past to develop glowing FPs, substantial room for brightness optimization remains possible. The brightest FPs are mNeonGreen 28 or mClover3 29 . Until recently, most of the engineering techniques were based on Escherichia coli expression of a library of mutants and bacterial colonies were simply picked for fluorescence brightness or color. Alternative approaches for high throughput screening compatible with prokaryotic and eukaryotic cells have recently emerged and should give promising opportunities to probe for more diverse photophysical properties like FusionRed-M screened by a microfluidic sorter for both increased fluorescence lifetime and brightness 30 . In addition, the natural oligomeric form of some FPs motivated the biologists to engineer fully monomeric fluorescent proteins 31 . Even if most of the engineered FPs are monomeric by now, a high local concentration of fluorescent proteins might result in aggregation and oligomerization which might perturb the function and the localization of the target protein 32 .

The growing panoply of fluorescent proteins emitting and obscuring the entire visible spectral window, has recently encouraged researchers to turn to far-red and near-infrared fluorescent labels. In addition to avoiding high-dose of blue light, which can be deleterious for cells, and to prevent cells and tissues autofluorescence, far-red fluorophores are preferred for deep-tissue imaging. Far-red and NIR fluorescent proteins homologous to GFP were not discovered in nature. Thus, extensive laborious protein engineering approaches would be required to shift their spectral properties 27 . Researchers preferred to turn to bacterial phytochromes and other-related cyanobacteriochromes to engineer long wavelength hybrid fluorescent reporters which fluoresce in NIR by recognizing biliverdin chromophore (see section II.2.1).

Finally, because many cellular biological phenomena operate at the nanoscale, extensive efforts have been devoted to using FPs in super resolution microscopy to image beyond the limits of the diffraction barrier. As discussed in the section I.2.1, photoactivatable GFP-like proteins that switch between different molecular states have shown great performances in subdiffraction microscopy techniques 33- 35 . When irradiating with a specific wavelength light, photoconversion or photoswitching of the HBI chromophore provides a unique way to isolate single-molecule fluorophores with high spatial resolution.

I.2.2.1. Organic dyes

The continuous ongoing demand for modern and super-resolution microscopy techniques has brought scientists to develop more sophisticated fluorescent probes. With their excellent photostability, brightness and versatility, organic dyes have recently taken a new turn 36 . Synthetic dyes offer a wide range of physicochemical and spectral properties outperforming fluorescent proteins under certain conditions. In cells, these small organic fluorescent dyes were originally developed to be specifically fused to antibodies targeting the protein of interest, as the Alexa Fluor dyes which are still widely used 37,38 . Classic immunofluorescence methods using antibody-fluorophores conjugation are only possible at the surface of living cells requiring otherwise cell fixation or permeabilization 37,39 .

Later, methods to label specific intracellular structures such as organelles, nucleic acids or lipids have The main advantages of organic dyes are their small size -to not disturb the biological system -and their large versatility. As a matter of fact, a benefit of synthetic dyes is the ability to employ chemical approaches to simply control the spectral properties of organic fluorophores 39 . A good illustration of how organic chemistry can be used to modify the spectral properties of synthetic dyes is nicely illustrated by the cyanine dyes (CyDye) (see Figure I. 4 for Cy3, Cy5 and Cy7 structures). By elongating the cyanine core, the well-known CyDye fluorophores based on a sulfoindocyanine structure exhibited important bathochromic shifts 41,42 . Exhibiting a panoply of colors, some of the common fluorescent organic dyes are depicted in figure I.4 43 . In addition, chemical approaches can also be employed to improve the photochemical properties of synthetic dyes. Replacement of the N,N-dialkyl groups substituents in classic organic dyes e.g. tetramethylrhodamine (TMR), coumarins, naphthalimides or carborhodamines with azetidine rings led to the design of a palette of fluorophores with improved brightness and photostability. Minimal structural changes of the TMR dye with the addition of a four-membered azetidine (Janelia Fluor 549)

showed even greater performances in single-molecule microscopy while preserving its high cellular permeability 44 azetidine rings in the TMR dye (adapted from Grimm et al. 44 ).

TMR with Janelia Fluor 549

Despite this large collection of dyes, relatively few organic fluorophores are known to exhibit proper cell permeability for intracellular labeling 44 . Classic, net-neutral fluorophores such as coumarins and rhodamines are some of the best candidates for cell permeability and rapid labeling kinetics 44,45 . A large panoply of Janelia Fluor (JF) based on rhodamines -e.g. JF519 to JF711 according to their absorption properties -that span the visible to the NIR region for intracellular live-cell imaging and super-resolution microscopy are now available 46,47 . Because of an equilibrium between a lipophilic, colorless lactone and the polar, fluorescent zwitterion, some of these JF dyes are mainly nonfluorescent in aqueous solutions and become highly fluorescent in a less polar environment (Figure

I.6).

As a matter of fact, the constant need for significantly more complicated protocols for chemical delivery (microinjection, electroporation) and for washing-out excess of organic dyes have motivated chemists and biologists to develop cell-permeable fluorescent environment-sensitive probes that switch on upon interaction/reaction with a given biomolecule of interest. Without proper recognition by their target, these dyes, also known as fluorogens, remain mainly non-fluorescent. The fluorescence response is dependent on the probe microenvironment e.g. modification in polarity or molecular order.

Figure I.6. The lactone-zwitterion states of Janelia Fluor (JF) rhodamine dyes determined by the equilibrium constant (KL-Z) (adapted from Grimm et al. 47 ).

Recently, bipartite labeling systems composed of a genetically encoded tag and a synthetic fluorogen have gained high attention, as the fluorogen becomes fluorescent only when it is specifically recognized by the binding tag 45,48,49 . The initial breakthrough in live-cell labeling came by the introduction of biarsenical dye ligands which exhibited fluorescence upon specific recognition by a short genetically encoded tetracysteine peptide tag 50 . Although the small size of the peptide tag is convenient for not disturbing the function of proteins of interest, such systems suffered from a low signal-to-noise ratio and low binding specificity. Since, self-labeling tags such as SNAP, CLIP or Halo tags have emerged. By specifically recognizing and activating the fluorogen module, these selflabeling tags provide the binding specificity of fluorescent proteins and the physicochemical properties of labeling dyes. A review of the use of self-labeling tags in biological imaging is presented in Chapter II (section II.2.2) of this manuscript. 
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I.2.2.1. Fluorogen-activating' hybrid reporters: FAST-tagging system

AFPs and organic dyes are undoubtedly powerful tools for cell and tissue fluorescence imaging. On one hand, by their specific localization in cells and their panoply of applications, genetically encoded fluorescent proteins have revolutionized the way of imaging living systems. On the other hand by their small size and large versatility, organic dyes are still showing strong interest in the field. However both classes have specific limitations which have brought scientists to develop alternative markers.

As discussed above, alternative self-labeling tags have expanded the overall fluorescence toolbox.

In addition, ingenious hybrid chemogenetic reporters based on specific protein tag recognition have arisen. This class of hybrid reporters is composed of a genetically encoded tag (protein or RNA) that forms a fluorescent complex with small fluorogens. The fluorescence activation of the fluorogen in the binding pocket of the tag provides high imaging contrast in living systems. Combining the labeling specificity of AFPs and the large tunability of synthetic fluorophores, hybrid reporters are showing great promise for pushing the frontiers of bioimaging. The overall family of chemogenetic hybrid reporters is reviewed in Chapter II of this manuscript. Among them, a fluorogenic reporter named FAST for Fluorescence Activating and absorption Shifting Tag was recently developed in our lab.

FAST is a small monomeric protein of 14 kDa which was first reported to non-covalently bind hydroxybenzylidene rhodanine (HBR) analogues 51 FAST was engineered through directed evolution from the photoactive yellow protein (PYP) of Halorodhospira halophila. PYP is a known natural photoreceptor found in purple photosynthetic bacteria which senses light through the photoisomerization of its natural p-coumaric acid (pCA) chromophore. In the wild-type PYP (wtPYP), the chromophore is covalently attached via a thioester bond to the Cys69 residue 53 . In addition to its small size, PYP was chosen as a protein scaffold for engineering FAST because the natural pCA chromophore and HBR showed common structural features 51 . By incorporating C69G residue and by randomizing the 94-101 loop of PYP, screening by As discussed in Chapter II (section II.2.1.2) the monomeric state, small size, selective labeling and molecular oxygen independence of FAST allowed to efficiently visualize FAST-tagged proteins in multiple organisms such as aerobe and strict anaerobe bacteria, yeast, mammalian cells, multicellular zebrafish embryo/larvae and chicken embryo using both conventional and super-resolution microscopy 51,[57][58][59][60] . Thanks to its reduced genetic footprint and function in absence of molecular oxygen, recent studies demonstrated that FAST system outperformed the widely used GFP-like proteins. FAST permitted to efficiently study bacterial biofilm, label cocultured Clostridium species and remained fully functional after secretion of bacterial proteins where FPs were reported to be ineffective [61][62][63][64] .
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All shown structures were drawn using the crystal structure of PYP (PDB 6P4I) and PyMOL software. As for FAST, frFAST, green and redFAST 51,57,66 , the use of yeast-surface display coupled to fluorescence-activated cell sorting showed great efficiency for the directed evolution of this variant. In the frame of this work, we discovered that pFAST conjugated to some isorhodanine derivatives permitted to generate absorbingonly dark assemblies. This singular property was ingeniously used for rapidly turning off pFAST fluorescence by chromophore replacement. pFAST showed also superior performances with the HBR derivatives and allowed to efficiently bind and activate membrane-impermeant fluorogens enabling efficient labeling of cell-surface proteins. We demonstrated furthermore that pFAST could be used to efficiently image fusion proteins in living cells, neurons and in multicellular organisms, and that its performance and photostability enabled imaging proteins with subdiffraction resolution in live cells and neurons by stimulated emission depletion (STED) nanoscopy (see Chapter III). Both in vitro and in vivo analysis demonstrated that the generation of ROS was strictly controlled by the addition of these HBR analogs forming chemogenetic photosensitizer assemblies with FAST variants when irradiated with cyan light (488 nm). Finally, we were able to photoinduce selectively cellular disorders in live cells, demonstrating the potential of such systems for manipulating biological systems (see Chapter IV).
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II.2. Introduction

Biological This allowed the generation of flavin-based fluorescent proteins (FbFP) and iLOV from bacterial and plant LOV domains 8,9 . FbFPs and iLOV fluoresce cyan-green light in response to blue light excitation thanks to the non-covalently bound FMN. Using comparative photobleaching measurements in E. coli colonies, a photostable iLOV variant was generated by directed evolution. Crystallographic analysis revealed that mutations close to the FMN-binding pocket rigidify the chromophore structure inside the cavity, providing greater resistance to photobleaching 10 . Thermostable FbFPs with superior photostability were also evolved from thermophilic bacteria 11 . Interestingly, as FMN is endogenously present and its biosynthesis does not require oxygen, FbFPs allowed the study of complex anaerobic processes in bacteria, fungi and mammalian cells 8,[12][13][14] . The shorter size of FbFPs and iLOV (ranging typically from 10 to 15 kDa) is a clear advantage over GFP-like fluorescent proteins. The reduced genetic footprint of iLOV allowed for instance the study of virus infection and spread in plants 9 . 16 . Such system opened new exciting prospects for deep-tissue and whole-body imaging because of the higher transparency, lower light scattering, and lower autofluorescence of mammalian tissues in the near-infrared region. Massive engineering effort using rational design (but also directed evolution) has been done, using phytochromes from different organisms, to obtain far-red and near-infrared fluorescent proteins that are bright and photostable, incorporate efficiently BV and function as monomer [17][18][19][20] . The monomeric GAF domain of cyanobacteriochrome (CBRC) (found in cyanobacteria) was recently engineered to efficiently attach biliverdin (BV) rather than its usual phycocyanobilin (PCB) chromophore, giving eventually miRFP670nano, a small monomeric far-red fluorescent proteins of 17 kDa that efficiently incorporates BV at endogenous levels 21 . Crystallographic structures of the protein:merocyanine complex revealed a relatively well packed and restricted chromophore within the binding cavity compared to the original protein 22 . For efficient use in mammalian and yeast cells, human cellular retinol-binding protein II (hCRBPII) was recently engineered in a similar fashion to covalently bind merocyanine aldehyde chromophore. Incorporation of a catalytic acid residue in the chromophore-binding pocket activates the precursor's carbonyl, favoring the nucleophilic attack of the reactive lysine residue 23 . 

II.3.1.2. Directed evolution

When rational design cannot be used, directed evolution can be a very efficient way to create a to dissipate light energy radiatively when conformationally immobilized 24,25 . Human scFvs were chosen as binding scaffolds because of their relatively small size (< 30kDa), their ability to recognize a wide range of antigens and for their ability to act as genetic fusion tags. FAPs were identified screening large yeast-displayed libraries of human scFvs by fluorescence activated cell sorting 26 . This strategy was expanded to several fluorogenic dimethylindole red (DIR) derivatives to identifying FAPs that cover most of the visible and near IR region of the spectrum 27 . The use of FAPs was originally restricted to image proteins at the cell surface or in non-reducing environments such as the secretory pathway, because scFv required the formation of conserved disulfide bonds for proper folding, stability and function. Directed evolution and activity-based selection allowed the development of a FAP variant containing a single point mutation that restored the activity lost in the disulfide-bond free mutant and that showed intracellular activity 28 . FAPs display reduced photobleaching because of fluorogen renewal, opening great prospects for live-cell super-resolution microscopy. Highly photostable FAP has been successfully applied for tracking proteins in live bacterial cells using stimulated emission depletion (STED) microscopy 29 . FAPs also allowed single molecule tracking in live cells labeling only a subpopulation of proteins with low concentrations of fluorogen 30 .

Directed evolution using yeast display and fluorescence activated cell sorting is a general method for engineering fluorogen-activating scaffolds. Recently, this approach was employed to engineer the Fluorescence Activating and absorption Shifting Tag (FAST), a small protein of 14 kDa that forms non-covalent fluorescent complexes with fluorogenic hydroxybenzylidene rhodanine (HBR) analogues 31 (Figure II.5). Composed of an electron-donating phenol ring conjugated with an electronwithdrawing rhodanine heterocycle, these push-pull fluorogens dissipate light energy non-radiatively in solution but strongly fluoresce when they are conformationally locked within the cavity of FAST.

FAST was evolved from the Halorhodospira halophila Photoactive Yellow Protein (PYP), a natural photoreceptor sensing blue light through photoisomerization of a covalently attached hydroxycinnamoyl chromophore 32 . Taking advantage of the common structural features of PYP's natural chromophore and HBR analogs, PYP binding pocket was repurposed to bind HBR analogs.

FAST allowed the selective labeling of fusion proteins in various localizations in living cells such as bacteria, yeast, mammalian cells and in multicellular organisms like zebrafish embryos 31 . Because of its oxygen-independence, FAST allowed the efficient imaging of proteins in strict anaerobe

Clostridium species 33 and the study of bacterial biofilm dynamics in low-oxygen environments 34 .

Moreover, as fluorogens bind non-covalently, labeling can be easily reversed by washing, and fluorogen is continuously recycled reducing the apparent photobleaching rate 35 . As only a subset of proteins can be labeled, FAST can be used to image proteins below the diffraction limit using superresolution imaging by radial fluctuations (SRRF) 36 , which is sensitive to fluorophore density, or by single-molecule localization microscopy (SMLM) 7 , which necessitates the stochastic generation of sparse subsets of emitters over time. In the original Spinach aptamer, the anionic form of the chromophore is embedded on top of a three-tetrad quadruplex forming the aptamer's core, which is stabilized by the presence of cations [42][43][44] . Crystallographic studies have permitted to engineer variants with improved folding and thermal stability such as Spinach2 45 , iSpinach 46 and baby Spinach, a miniaturized Spinach aptamer 43 .

Whereas the Spinach family was engineered on the basis of the affinity for DFHBI, SELEX coupled to fluorescence activated cell sorting (FACS) permitted to identify the Broccoli aptamer 47 . In presence of DFHBI analogues, Broccoli exhibited improved thermostability, robust folding and reduced magnesium dependence compared to Spinach, which overall increased its effective brightness 48 .

A similar strategy was employed for engineering a photostable small RNA aptamer called Corn that based reporters and biosensors is just in its infancy, and there is no doubt that computational approaches will make significant contributions in the future for the design of efficient reporters and biosensors 55 .

II.3.2. Fluorogen engineering

Semi-synthetic hybrid systems being composed of a synthetic fluorogenic part, it is possible to benefit from the power of molecular engineering to create, tune or optimize hybrid fluorescent reporters. High contrast imaging requires both high fluorogenicity and selective activation, two parameters that can be engineered using modern organic chemistry (Figure II.1). Molecular engineering offers also new possibilities for tuning various properties such as cellular uptake or spectral characteristics.

II.3.2.1. Design

In the systems described so far, fluorogenicity arose from immobilization of molecular rotors or pushpull systems (Figures II.5 Thanks to their far-red shifted fluorescence, these RNA aptamers were successfully applied to visualize mRNAs in live bacteria using STED microscopy 62 . The use of four-membered azetidine ring allowed furthermore the generation of fluorogenic rhodamine analogs with higher photostability and brightness 63,64 . The lactone-zwitterion equilibrium constant enables to predict the fluorogenicity of rhodamines, providing a quantitative framework for the design of new fluorogenic dyes with optimal fluorogenicity 58 . Recently, a general method has been developed to transform regular rhodamine and related fluorophores into fluorogenic chromophores with an excellent cell-permeability. Converting their carboxyl group into an electron-deficient amide enabled to tune the dynamic equilibrium between the fluorescent zwitterion and the non-fluorescent, cell-permeable spirolactam, allowing the generation of fluorogens that light up upon interaction with their target. Using this design, fluorogens with various spectral properties could be designed for wash-free, multi-color, live cell nanoscopy 65 . Fluorogenic substrates were also designed relying on intramolecular quenching. This was originally proposed for the labeling of the PYP-tag, which can react in a covalent fashion with hydroxycinnamoyl and coumarin thioester derivatives. Fluorogenicity was obtained using substrates composed of a fluorophore linked to a quencher. Reaction with PYP leads to fluorophore unquenching and restores fluorescence [66][67][68] . The approach is versatile and allowed one to change the spectral properties by changing the fluorophore. Multicolor imaging using this approach enabled to elucidate the role of the GLUT4 glycosylation in living cells [START_REF] Hirayama | Fluorogenic probes reveal a role of GLUT4 N-glycosylation in intracellular trafficking[END_REF] . For efficient use in live cells, highly cell-permeant and reactive substrates were designed using smaller polarity-sensitive coumarins [START_REF] Hori | Development of Fluorogenic Probes for Quick No-Wash Live-Cell Imaging of Intracellular Proteins[END_REF] . In highly polar environment, coumarin ligand adopts a twisted intramolecular charge transfer (TICT) non-fluorescent state.

Whereas in lower polar environment, as PYP's binding pocket, the planar conformation of the probe induced a high fluorescence exaltation. A combined mutational and chemical approach was used to create electrostatic interactions between the substrate and the tag, further increasing the temporal resolution of the labeling and the brightness [START_REF] Hori | Redesign of a Fluorogenic Labeling System To Improve Surface Charge, Brightness, and Binding Kinetics for Imaging the Functional Localization of Bromodomains[END_REF] . Introduction of a hydroxyl group into coumarin ligand enabled to increase the labeling reaction rate and the OFF-ON fluorescence ratio [START_REF] Gao | Development of Fluorogenic Probes for Rapid High-Contrast Imaging of Transient Nuclear Localization of Sirtuin 3[END_REF] . This probe allowed the observation of the transient nuclear localization of the mitochondrial deacetylase sirtuin-

3.

Intramolecular quenching was also creatively used for the design of fluorogenic probes for RNA labeling. The aptamer Riboglow was developed from a short riboswitch sequence that recognizes 

II.3.2.2. Tuning

Molecular engineering can also creatively be used to tune fluorogen properties, such as cellular uptake. Although highly membrane-permeant fluorogens are preferred for efficient intracellular protein labeling, membrane-impermeant fluorogens can restrict labeling to proteins located at the cell surface. Molecular engineering is also efficient in tuning the spectral properties of fluorogens. Structural modifications can induce significant changes in the electronic properties of fluorogens, and thus their absorption and emission properties. The spectral properties of many fluorogenic reporters have been successfully tuned by molecular engineering, allowing with a single tag to have several colors, providing a versatility that is not encountered with fluorescent proteins. The use of electron-donating thiophene aryl groups has permitted to extend the spectral properties of FAP:MG analogs to the red [START_REF] Stensrud | Spectral Properties of Fluorogenic Thiophene-derived Triarylmethane Dyes[END_REF] .

Introduction of electron-donating groups on the aromatic ring of HBR analogs allowed the design of FAST fluorogens with red-shifted absorption and emission properties for applications in multicolor imaging [START_REF] Li | Dynamic multicolor protein labeling in living cells[END_REF] . The ability to change color by fluorogen exchange allowed dynamic color switching in cells, providing a unique kinetic signature that could be advantageously exploited for highly multiplexed imaging [START_REF] Li | Dynamic multicolor protein labeling in living cells[END_REF] . By extending the length of the conjugated p-system, in addition to the introduction of electron-withdrawing or donating heteroatom groups, a panel of GFP-like aminated chromophores derivatives enabled to red shift the spectral properties of the lipocalin-based system [START_REF] Bozhanova | Red-Shifted Aminated Derivatives of GFP Chromophore for Live-Cell Protein Labeling with Lipocalins[END_REF] . The spectral properties of Spinach could be tuned by chemical modification of GFP-like chromophores.

Substitutions on the imidazolone ring of DFHBI permitted to optimize the fluorescence of the Spinach RNA and its derivatives to the optical filters commonly used in fluorescence microscopy 82 . Molecular engineering also enabled to tune the spectral properties of the RNA aptamer Pepper from cyan to red by tuning the aromatic p-structure and adjusting the electron donor/acceptor capability of the dye 52 .

Similarly, the spectral properties of rhodamine-based fluorogens could be varied by changing the bridge in the xanthene moiety 64 65 . Finally, molecular engineering can extend the spectral and photophysical properties of natural fluorogens. Computational studies based on FMN chromophore predicted theoretically the structures of derivatives with red-shifted emission of fluorescence covering spectral regions of 500 up to 860 nm [START_REF] Meteleshko | Novel flavin-based fluorescent proteins with red-shifted emission bands: a computational study[END_REF] . suggesting that oxygen diffusion can occur properly [START_REF] Torra | Tailing miniSOG: structural bases of the complex photophysics of a flavinbinding singlet oxygen photosensitizing protein[END_REF] . When irradiated with blue light, miniSOG fluoresces and generates both superoxide anion (and its derivatives) and singlet oxygen ( 1 O2) through type I and II mechanisms [START_REF] Pimenta | Oxygen-Dependent Photochemistry and Photophysics of "MiniSOG," a Protein-Encased Flavin[END_REF][START_REF] Ruiz-González | Singlet Oxygen Generation by the Genetically Encoded Tag miniSOG[END_REF] . This dual function allowed the imaging of miniSOG by correlative light and electron microscopy (CLEM) in Caenorhabditis elegans and mice synaptic cells [START_REF] Shu | A genetically encoded tag for correlated light and electron microscopy of intact cells, tissues, and organisms[END_REF] . Protein engineering enabled to enhance 1 O2 generation by mutating residues responsible for hydrogen bonds and electron-donating transfer between the chromophore and the protein scaffold [START_REF] Westberg | Rational Design of an Efficient, Genetically Encodable, Protein-Encased Singlet Oxygen Photosensitizer[END_REF][START_REF] Westberg | No Photon Wasted: An Efficient and Selective Singlet Oxygen Photosensitizing Protein[END_REF] . Engineered miniSOG variant with improved ROS generation has been successfully used to induce specific cell ablation in Drosophila melanogaster adult fly [START_REF] Makhijani | Precision Optogenetic Tool for Selective Single-and Multiple-Cell Ablation in a Live Animal Model System[END_REF] .

II

A far-red fluorogenic photosensitizer was recently developed from the FAP family for applications in deep tissues. Malachite green was substituted with heavy iodine atoms to increase intersystem crossing and thus ROS production (Figure 9). The resulted system FAP-TAPs (Targeted and Activated Photosensitizer) fluoresces and produces singlet oxygen only when the exogenous dye is associated to FAP. Due to the very short excited state lifetime of free fluorogen, reactive oxygen species appear exclusively upon binding to the encasing protein which makes the system a unique 'on-demand' genetically encoded photosensitizer. This system allowed deep cell ablation in adult zebrafish and subcellular protein inactivation in living cells [START_REF] He | A near-infrared genetically targetable and activatable photosensitizer[END_REF] . 

Reoxygenation of cells was also visualized by controlling the expression of the oxygen-insensitive

UnaG with an hypoxia responsive promoter [START_REF] Erapaneedi | A novel family of fluorescent hypoxia sensors reveal strong heterogeneity in tumor hypoxia at the cellular level[END_REF] . Addition of a disulfide bridge to the β-barrel surface of UnaG allowed moreover the generation of a redox-sensitive fluorescent sensor with high dynamic range, enabling to monitor redox changes under hypoxia in living cells [START_REF] Hu | Monitoring cellular redox state under hypoxia using a fluorescent sensor based on eel fluorescent protein[END_REF] .

Modification of the fluorogenic chromophore through molecular engineering is another way to generate biosensors. FAPs were for example used to create a surface-selective pH biosensor using pH-sensitive cyanine analogues covalently attached to thiazole orange or malachite green. Change in FRET efficiency induced by pH change allowed the study of receptor-mediated endocytosis or receptor recycling [START_REF] Grover | A Genetically Encoded pH Sensor for Tracking Surface Proteins through Endocytosis**[END_REF][START_REF] Perkins | Genetically Targeted Ratiometric and Activated pH Indicator Complexes (TRApHIC) for Receptor Trafficking[END_REF] . A ratiometric pH sensor was also engineered from hCRBPII using a nonpermeant julolidine retinal analog. The presence of a titratable functional group close to the chromophore binding pocket renders both the absorption and fluorescence emission sensitive to pH change [START_REF] Berbasova | A Genetically Encoded Ratiometric pH Probe: Wavelength Regulation-Inspired Design of pH Indicators[END_REF] .

Fluorescent chemogenetic reporters can also be used creatively to generate new types of biosensors. 

II.5. Conclusion

Hybrid reporters have recently opened new ways to image living cells and sense biochemical events.

Benefiting from numerous assets, as their shorter size, their O2 independence, their on-demand fluorescence, fluorogenic systems present advantages over the widely used autofluorescent proteins.

As hybrid reporters are composed of a protein or an RNA tag and a fluorogenic chromophore, the development and improvement of such systems can be done through engineering both components.

Engineering the scaffold by rational design and directed evolution permit to generate scaffolds able The development and use of fluorogenic reporters and biosensors is still in its infancy. We are convinced that hybrid systems will allow new discoveries in Biology from fundamental mechanisms to the causes of disease, and the development of novel diagnostic tools and therapeutics. There is no doubt that the continuous development of innovative and sophisticated imaging techniques (e.g. tissue clearing, expansion microscopy) and modalities (e.g. correlative light and electron microscopy, photoacoustic imaging) will motivate developers to invent fully adapted chemogenetic reporters and biosensors in order to make the most of these technologies and push forward the frontiers of biological imaging.
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III.1. Presentation of the article

Deciphering the complexity of living organisms and cells requires robust and multicolor probes adaptable to a variety of experimental scenarios and allowing the visualization of various biomolecules in action. Here, we present the design of a multifunctional protein able to recognize a palette of fluorogenic chromophores that cover the entire visible spectrum. Benefiting from the power of molecular engineering offered by modern organic chemistry and the robustness of directed evolution strategy, we were able to engineer a promiscuous single protein tag suitable for a large variety of imaging scenarios. Beyond allowing the genetic encoding of blue, cyan, green, yellow, orange and red fluorescence, it allowed the selective labeling and imaging of proteins in live cells, neurons, and multicellular organisms, and is well adapted to the most advanced imaging techniques, including super-resolution microscopy for observation at the nanoscale.

The molecules described in this chapter were synthetized in collaboration with the group of Prof. have challenged the conventional paradigm of fluorescent proteins and opened new prospects for innovative on-demand bioimaging and biosensing [7][8][9] . These hybrid systems combine the targeting selectivity of genetic tags with the advantages of synthetic organic fluorophores, which can be very bright and photostable, and provide spectral properties covering most of the visible spectrum [10][11][12] .

Ludovic Jullien (Karim

Here, we present the engineering of a fluorescent chemogenetic reporter with highly tunable spectral and optical properties. Spectral tuning was achieved by extensive modulation of the electronic properties of the embedded chromophore in the Fluorescence-Activating and absorption-Shifting Tag (FAST). Prototypical FAST is a small protein tag (14 kDa) with reduced genetic footprint, which was originally designed to fluoresce instantaneously upon non-covalent binding of fluorogenic 4hydroxybenzylidene rhodanine (HBR) derivatives that are inherently non-fluorescent unless bound to FAST 13 . Recent studies showed that FAST enabled (i) to circumvent some limitations of conventional fluorescent proteins -allowing for instance the imaging of proteins in strict anaerobic organisms 14,15 or the visualization of protein secretion by bacteria in real time 16,17 -and (ii) to bioengineer functional biosensors for monitoring intracellular analytes 18 , and observing protein-protein interactions with unprecedent spatial and temporal resolution 19 . Capable of binding various permeant and nonpermeant HBR derivatives 13,20,21 , prototypical FAST exhibited great potential for engineering a multifunctional fluorescent chemogenetic reporter with tunable color through chromophore modulation. The challenge lied in obtaining a rainbow of color from a single protein tag, as spectral tuning necessitated modulation of the electronic properties of the embedded chromophore, and thus structural change. We achieved this engineering feat by replacing the rhodanine found in HBR derivatives by isosteric heterocycles exhibiting various electron-withdrawing abilities in order to obtain 

III.2.3. Results

III.2.3.1. Molecular spectral tuning

Extensive spectral tuning necessitated to find a range of fluorogenic chromophores that displayed a wide variety of electronic properties and could still be recognized by a single binding pocket. To keep structural changes as minimal as possible, we replaced the electron-withdrawing rhodanine (R)

heterocycle found in the push-pull fluorogenic HBR derivatives with isosteric pseudothiohydantoin (P), III.S1). Like HBR analogs, the HBX (X = P, T

or O) analogs displayed red-shifted absorption when bound to FAST at physiological pH (Table III.S1), suggesting that the binding pocket of FAST stabilizes their deprotonated phenolate state in a similar fashion 13 . The corresponding bimolecular assemblies were all fluorescent, although in average dimmer than those formed with the HBR analogs, with absorption/emission peaks blue-shifted by III.S1).

III.2.3.2. Optimization by directed protein evolution

To obtain an optimized fluorescent chemogenetic reporter with tunable color, we engineered a FAST variant with extended chromophore binding promiscuity. Because the chromophores of the HBR, HBP, HBT and HBO series were isosteric, we hypothesized that mutations able to increase the binding affinity and brightness for one chromophore could be sufficient to generate a promiscuous variant displaying improved properties with all chromophores. Directed protein evolution coupled with rational design have previously been an efficient method to generate FAST variants forming bright assembly with new chromophore 22 or having orthogonal chromophore specificity 23 . We thus used a combinatorial library of variants generated by random mutagenesis and displayed on yeast cells. III.S4).

The variants oFAST, tFAST and pFAST showed superior properties not only with the chromophore used for their selection, but with all chromophores of the HBO, HBT and HBP series, demonstrating that our strategy successfully generated variants with increased chromophore-binding promiscuity.

Unlike FAST, the three selected variants bind most of the chromophores of the HBO, HBT and HBP 

Table III.S4

). These chromophores were previously shown to have a reduced cellular uptake because of their negatively charged carboxylate at physiological pH, allowing the specific labeling of FASTtagged proteins located at the cell surface 20 . In particular, we discovered that pFAST could efficiently interact with the unreported HBRAA-3,5DM, forming a bright orange fluorescent assembly that was 2.5-fold brighter than FAST:HBRAA-3E, the most efficient combination for selective labeling of cell surface proteins reported so far 20 . Finally, we discovered that pFAST could also bind substituted 4hydroxybenzyldidene isorhodanine derivatives (HBIR series, 

III.2.3.3. Structural model

Primary sequence alignments showed that the mutations K17N, G21E, G25R, A30V, Q41L, S72T, V83A, M95T, M109L, S117R found in pFAST were mutation hotspots found in other variants (Figure

III.S3).

To get insights into the functional role of these mutations, atomic-resolution models of FAST We next showed that selective labeling of cell-surface pFAST-tagged proteins could be efficiently achieved with the membrane impermeant HBRAA-3M, HBRAA-3E and HBRAA-3,5DM. In agreement with the low cell uptake of these three chromophores, labeling of a secreted transmembrane fusion with a pFAST domain facing the extracellular space led to a fluorescence signal restricted at the plasma membrane (Figure III.4a, Figure III.S9). We observed that pFAST outperformed FAST in terms of effective brightness in cells, and that HBRAA-3,5DM was the best candidate for the efficient labeling of pFAST-tagged cell-surface proteins, in agreement with its superior in vitro brightness.

III.2.3.5. Photostability

Continuous chromophore exchange can reduce the apparent rate of photobleaching through renewal of photodamaged chromophores. Photooxidation of specific methionine and tryptophan residues was however previously shown to cause FAST photodamage 28 . Long-term irradiation of live HeLa cells expressing pFAST showed that pFAST displayed enhanced photostability with HMBR, HBR-3,5DM

and HBR-3,5DOM, reaching photostability has high as the highly photostable enhanced GFP (EGFP) to photoisomerization and/or photoejection of the chromophore, as previously proposed to explain the reversible photobleaching observed when labeling FAST and its variants with low concentrations of HBR derivatives 28,23 . This singular photochemical signature might be used advantageously for selective imaging techniques based on kinetic discrimination 29,30 or for single-molecule localization microscopies 31,32 . 

(

III.2.3.6. Imaging fusion proteins in mammalian cells and cultured neurons

To verify that pFAST was well suited for the selective imaging of proteins in various cellular localizations, HeLa and HEK293T cells expressing pFAST fused to the histone H2B (H2B-pFAST), 

the

III.2.3.7. Enhanced fluorescent labeling in multicellular organisms

Mechanistic studies of most biological processes require imaging in multicellular organisms. Imaging of semisynthetic chemogenetic reporters in multicellular organisms is however often hampered by the low cell permeability of synthetic probes. HBR derivatives have been previously shown to allow the labeling of FAST and its derivatives in zebrafish embryos thanks to their very high cell uptake and superior ability to diffuse across multicellular systems 13,22,23 . Preliminary experiments in which we quantified the labeling efficiency in live HeLa cells by flow cytometry showed that full labeling of pFAST was achieved at lower chromophore concentrations than FAST, in agreement with its superior Beyond demonstrating that pFAST was well suited to image dynamic processes in living organisms, this set of experiments also illustrates how the spectral properties of pFAST can be fine-tuned at will by using the most appropriate chromophore for a given experiment. Overall, these experiments demonstrated that pFAST allowed mechanistic studies of biological processes in multicellular organisms. Like Shadow Green and Yellow, dark acceptors previously engineered from GFPlike proteins 34,35 , pFAST labeled with a dark chromophore could find applications as dark acceptor to modulate the fluorescence lifetime of a donor without blocking an imaging channel. The use of a chemogenetic system such as pFAST has the additional advantage to allow measurements in presence and absence of the acceptor by addition or not of the ligand, and this in a single experiment, eliminating the need for acceptor-free control experiments.

Our study demonstrates that pFAST was perfectly suited to image fusion proteins in live and fixed mammalian cells, including delicate cells such as primary cultured neurons, and in multicellular organisms such as chicken embryo. We show moreover that pFAST can be used to follow dynamic processes in real-time in cells and in embryo tissues. showing improved properties with both HBO-3M and HBO-3,5DM. oFAST binds HBO-3,5DM with a KD of 3.0 µM, forming a blue fluorescent complex with 411/482 nm abs/em peaks and a fluorescent quantum yield f = 30%, and it binds HBO-3M more tightly with a KD of 0.73 µM, forming a blue fluorescent complex with 394/470 nm abs/em peaks and a fluorescent quantum yield f = 11% (Table

III.S2).

The third positive selection allowed us to identify several variants able to bind HBP-3,5DM with 3 to 7 fold higher affinity, and giving complexes displaying higher fluorescence quantum yield. Beneficial mutations isolated from the three brighter variants were combined, leading eventually to three new variants binding HBP-3,5DM about 10-fold tighter than FAST and leading to higher fluorescent quantum yields (from f = 22 to 26 %) (Table III.S7). The five more promising variants were further characterized with the other members of the HBP series and with the chromophores of the HBT series.

We discovered that the five variants were also able to form tighter and brighter assemblies with HBT-3,5DM (Table III.S8), HBT-3,5DOM, HBP-3M and HBP-3,5DOM (Table III.S9).

We thus used these five variant genes to construct a new library using DNA shuffling, which allows random DNA fragments recombination to access positive combinations. The five variant genes were randomly recombined to generate a library of 5.5 ´ 10 7 variants (library B), which was displayed on yeast cells. This new library was screened in presence of HBT-3,5DM, HBP-3,5DM and HBP-3,5DOM

by iterative rounds of FACS as described above. The screening with HBP- 

Text III.S2: Theoretical model for the determination of the thermodynamic dissociation constants of the dark chromophores

The thermodynamic dissociation constants (KD) of the dark HBIR-3M and HBIR-3,5DM chromophores were determined by determining the apparent dissociation constant of HBP-3,5DM in presence of various concentrations of dark competitors. Considering that the fluorogen HBP-3,5DM and the protein interact to provide a fluorescent complex whereas the dark chromophores HBIR-3M or HBIR-3,5DM and the protein interact to form a non-fluorescent complex, we adopted the following threestate model

F 1 + R ⇆ F 1 R + F 2 ↑↓ F 2 R
where F1 denotes the fluorogen, F2 denotes the dark chromophore, R denotes the protein and F1R and F2R denote the two possible complexes, characterized by the dissociation constants

K D,1 = [F 1 ] [R] [F 1 R]
and

K D,2 = [F 2 ] [R] [F 2 R]
where [X] is the concentration of the species X at equilibrium. At equilibrium, the fraction of protein R binding F1 is given by 3M under continuous 458 nm laser excitation (with a power of 3.5 kW/cm 2 at the specimen plane). Photostability of mTurquoise2 is also given for comparison. 500 images were acquired every 2 s, n = 3 cells per curve. (f-g) Photostability of pFAST in presence of 10 µM HBP-3,5DOM (f) and 5 µM HBP-3,5DM (g) under 488 nm laser excitation with a power of 4.7 kW/cm 2 (black and green curves) and 2.4 kW/cm 2 (pink and cyan curves) at the specimen plan. 150 images were acquired every 2s (black and pink curves) and 5s (green and cyan curves) followed by 60s in the dark before acquisition was restarted. (h-i) Photostability of pFAST in presence of 5 µM HBT-3,5DOM (h) and 5 µM HBP-3M (i) under 458 nm laser excitation with a power of 3.7 kW/cm 2 (black and green curves) and 2.4 kW/cm 2 (pink, cyan and gray curves) at the specimen plan. 150 images were acquired every 2 s (black and pink curves), every 5 s (green and cyan curves) and every 10 s (gray curve only for HBT-3,5DOM) followed by 60 s in the dark before acquisition was restarted. (a-i) The proteins were expressed in the cytoplasm in HeLa cells and images were acquired using a scanning confocal microscope with a pixel dwell time of 2.55 µs (see Table III.S13 for imaging settings). ).

B = [F 1 R] [R]+ [F 1 R] + [F 2 R] = [F 1 ] [R] K D,1 [R] + [F 1 ] [R] K D,1 + [F 2 ] [R] K D,2 = [F 1 ] [F 1 ] +K D,1 %1 + [F 2 ] K D,2 & = [F 1 ] [F 1 ] + K D,app with K D,app = K D,1 '1+ [F 2 ] K D,2 ( 

HBT-3M

((4-hydroxy-3-methylbenzylidene)thiazolidine-2,4-dione). Solid 4-hydroxy-3methylbenzaldehyde (187 mg, 1.4 mmol) and 2,4-thiazolidinedione (100 mg, 0.85 mmol) were mixed and the mixture was brought to 170°C. It first fused and then solidified. After cooling to 50-60°C, ethanol was added to the solid and the suspension was stirred at reflux until complete dissolution.

Then an excess of water was slowly added. The resulting precipitate was filtered, washed with water, and dried over P2O5. HBT-3M was obtained as a green powder (55 %, 110 mg). 

Yeast display

Library construction. The first yeast library (called library A in this study) of FAST constructed by errorprone PCR using Genemorph II kit (Agilent) was previously described 23 . The second library (called library B in this study) was constructed by DNA shuffling according to different DNA shuffling library protocols [53][54][55] . Five gene variants (with more than 70% of sequences homology) previously screened, selected and rationally designed from the library A were first amplified by PCR. They were randomly digested by DNAse I (20 U/mL). The digested products were purified and mixed together. Two steps of PCR amplification (one without primers and the second one with two primers to amplify the fulllength genes) were then performed enabling random recombination and amplification of the full-length shuffled product. In addition, a mutation rate of 4 nt/gene and a deletion rate of 0.25 nt/gene were obtained (as shown by Sanger sequencing of 17 individual clones). The shuffled product was cloned into pCTCON2 using NheI and BamHI restriction sites. Large scale transformation into DH10B was performed, yielding 5.5 ´ 10 7 transformants. The DNA was maxiprepped and transformed into yeast strain EBY100 using a large-scale, high-efficiency protocol 56 to yield 6.7 ´ 10 7 transformants.

Selection. The yeast library (about 1-5 x 10 9 cells) was grown over night at 30°C in 1L SD medium (20 g/L dextrose, 6.7 g/L yeast nitrogen base, 1.92 g/L yeast synthetic dropout without tryptophan, 7.44 g/L NaH2PO4, 10.2 g/L Na2HPO4-7H2O, 1% penicillin-streptomycin 10,000 U/mL). The following morning yeast culture was diluted to OD600nm 1 in 1L of SD and grown at 30°C until OD600nm 2-5. Next, 5

´ 10 6 cells were pelleted and resuspended in 1 L of SG medium (20 g/L galactose, 2 g/L dextrose 6.7 g/L yeast nitrogen base, 1.92 g/L yeast synthetic dropout without tryptophan, 7.44 g/L NaH2PO4, 10.2 g/L Na2HPO4-7H2O, 1% penicillin-streptomycin 10,000 U/mL) to grow for 36 hours at 23°C. 5 ´ After centrifugation and washing with 10 mL PBS + BSA, the cells were resuspended in 5 mL of PBS supplemented with appropriate fluorogen concentration. The cells were sorted on a MoFlo TM Astrios Cell sorter (Beckman Coulter) equipped with 405 nm, 488 nm and 640 nm lasers. The fluorescence of HBO-3,5DM and HBO-3M binders were detected using the following parameters: Ex 405 nm, Em 458 ± 30 nm. For the selection using library A, the fluorescence of HBT-3,5DM and HBT-3M binders were detected using the following parameters: Ex 405 nm, Em 488 ± 5 nm. For the selection using library B, the fluorescence of HBT-3,5DM binders was detected using the following parameters: Ex 405 nm, Em 513 ± 13 nm. The fluorescence of HBP-3,5DM and HBP-3M binders were detected using the following parameters: Ex 488nm, Em 526 ± 26 nm. Finally, the fluorescence of HBP-3,5DOM binders was detected using the following parameters: Ex 488 nm, Em 546 ± 10 nm. Sorted cells were collected in SD, grown over night at 30°C and plates on SD plates (SD supplemented with 182 g/L Dsorbitol and 15 g/L agar) for approximately 60 hours at 30°C. The resulting lawn was collected in SD supplemented with 30% glycerol, aliquoted and frozen or directly used for the next round of selection.

In total, 5 to 8 rounds of selection were performed for each fluorogen. After each selection, 24 clones per final rounds were isolated, screened by flow cytometry and their plasmidic DNA was isolated using miniprep kit (Qiagen), transformed in DH10B and re-isolated for sequencing.

Cloning. Variants obtained by rational design were cloned in pCTCON2 plasmids driving EBY100 yeast surface expression using NheI and BamHI restriction sites as for library construction (vide supra). All the plasmids used in this study are listed in Table III.S10.

Flow cytometry analysis. Flow cytometry was performed on a Gallios analyzer (Beckman Coulter)

equipped with 405 nm, 488 nm and 638 nm lasers and ten filters and channels. To prepare samples for flow cytometry, small scale cultures were grown as for library expression (vide supra). Briefly, 5 mL of SD were inoculated with a single colony and grown overnight at 30°C. The following day, the cultures were diluted in 5 mL of SD to a final OD600nm 1 and grown until OD600nm 2-5. These cultures were used to inoculate 5 mL of either SD (non-induced cultures) or SG (induced cultures) to an OD600nm of 0.5 and the cultures were grown for 36 h at 23°C. The cultures were collected (2500 ´ g -2min) to reach a final concentration of 1 ´ 10 8 cells/mL. For analysis, the monoclonal yeast cells were prepared and incubated with the set of antibodies as for library expression (vide supra). The cultures were finally resuspended in PBS supplemented with appropriate fluorogens concentrations. Data were analyzed using Kaluza Analysis software (Beckman Coulter).

Characterization of variants

Cloning. Plasmids driving E. coli expression of the variants with an N-terminal His-tag under the control of a T7 promoter were constructed by replacing the sequence coding for FAST in the plasmid pAG87 13 using isothermal Gibson assembly. Site-directed mutagenesis was performed by isothermal

Gibson assembly using primers with the mutations of interest. All the characterized variants are listed in Table III.S11.

Expression. 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 overnight at 16°C by adding isopropyl-β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. Cells were harvested by centrifugation (4,300 ´ g for 20min at 4°C) and frozen.

Purification. The cell pellet was resuspended in lysis buffer (PBS supplemented with 2.5 mM MgCl2, 1mM of protease inhibitor PhenylMethaneSulfonyl Fluoride PMSF, 0.025 mg/mL of DNAse, pH 7. Fluorescence quantum yield measurements were determined as previously described using either FAST:HMBR or quinine sulfate as a reference 13,21,39,23 . Reciprocal dilution with protein solution was used so as to keep the protein concentration constant at 40 µM while diluting the fluorogen solution.

Absorption coefficients were determined by forward titration of fluorogens into a 40 µM protein solution. Thermodynamic dissociation constants were determined as previously described 13 using a Spark 10M plate reader (Tecan) and fitting data in Prism 6 to a one-site specific binding model. The thermodynamic dissociation constants (KD) of the dark HBIR-3M and HBIR-3,5DM chromophores were determined by determining the apparent dissociation constant of HBP-3,5DM in presence of various concentrations of dark competitors (See Text III.S2).

Modeling

Homology modeling. The homology models of FAST and pFAST were generated according to models previously described 57,58 . Briefly, sequence alignments between FAST and pFAST and the ultra-high resolution structure of the Halorhodospira halophila Photoactive Yellow Protein (PYP) (Protein Data Bank (PDB) ID: 6P4I) were generated with Clustal W 59 . Alignments were manually refined to avoid gaps in predicted (FAST and pFAST) and known (PYP) secondary structure elements. Threedimensional FAST and pFAST models were built from these alignments and from crystallographic atomic coordinates of PYP using the automated comparative modeling tool MODELER (Sali and Blundell) implemented in Discovery Studio. The best model according to DOPE score (Discrete Optimized Protein Energy) and potential energy calculated by modeler were solvated (10 Å water box and 0.145M NaCl) and minimized using Adopted Basis NR algorithm to a final gradient of 0.001. The resulting structure were submitted to a 10ns NAMD dynamic.

Molecular Docking. Flexible ligand-rigid protein docking was performed using CDOCKER implemented in Discovery Studio 2019 60 . Random ligand conformations were generated from the initial ligand structure through high-temperature molecular dynamics. The best poses according to their ligscore2 61 were retained and clustered according to their binding mode. The most significant poses were solvated and minimized using Adopted Basis NR algorithm to a final gradient of 0.001.

Experiments in mammalian cell

General. containing the fluorogens at the indicated concentration. The cells were imaged directly without washing. Fixation of cells was performed using formaldehyde solution at 3.7 % for 30 min. Fixed cells were then washed three times with DPBS and treated with DPBS containing the fluorogens at the indicated concentration prior to imaging.

Cloning. The plasmids allowing the mammalian expression of pFAST, tFAST and oFAST variants under the control of a CMV promoter were constructed by replacing the sequence coding for FAST 13 or iFAST 39 in the previously described plasmids pAG104 (FAST), pAG106 (lyn11-FAST), pAG109 (H2B-FAST), pAG156 (mito-FAST), pAG470 (lifeAct-iFAST) and pAG498 (MAP4-FAST) using isothermal Gibson assembly. All the plasmids used in this study are listed in Table III.S10.

Cell viability assay. HeLa cells were treated with MEM media containing the appropriate fluorogen (HBP-3,5DOM, HBP-3,5DM, HBP-3M, HBT-3,5DOM, HBT-3,5DM, HBT-3M, HBO-3,5DM, HBO-3M, HBIR-3,5DOM, HBIR-3,5DM and HBIR-3M) at the indicated concentrations for the indicated times.

The cell viability was evaluated by fluorescence microscopy using the LIVE/DEAD® viability/cytotoxicity assay kit (Molecular Probes, Life Technologies) following the manufacturer's protocol. area detector that collects a pinhole-plane image at every scan position. Each detector element functions as a single, very small pinhole 62 . ZEN blue and black softwares were used to collect the data and processing of Airyscan images were performed on the software. The images were analyzed with Fiji (Image J). Photobleaching measurements for HBR-3,5DOM, HBR-3,5DM, HMBR, HBP-3,5DOM, HBP-3,5DM and HBP-3M were acquired using 405, 458 and 488 nm excitation in different illumination conditions. At 488 nm excitation, EGFP was used as a control. At 458 nm excitation, mTurquoise2 was used as a control. Samples were acquired continuously for 150 images or 500 images using different time lapse between two images. In all cases the pixel dwell was 2.55 µs. The images were analyzed with Fiji (Image J).

Super resolution microscopy. STimulated Emission Depletion (STED) images were acquired on

NeurImag facility with a confocal laser scanning microscope LEICA SP8 STED 3DX equipped with a 93´/1.3 NA glycerol immersion objective and with two hybrid detectors (HyDs). The specimens were imaged with a white-light laser and a pulsed 775 nm depletion laser to acquire nanoscale imaging.

Typically, images of 1024´1024 pixels were acquired with a magnification above 3 resulting in a pixel size in the range of 25-45 nm. Deconvolution processing were performed on STED images using CMLE analysis with Huyguens software. Iterative processes (up to 40 cycles) were used with a quality criteria ranging from 1 to 5 percent.

Flow cytometry analysis. Flow cytometry on HEK 293T cells was performed on a Gallios analyzer

(Beckman Coulter) equipped with 405 nm, 488 nm and 638 nm lasers and ten filters and channels.

To prepare samples, cells were first grown in cell culture flasks, then transiently co-transfected with pAG104 (cmv-FAST) and pAG753 (cmv-iRFP670) or pAG654 (cmv-pFAST) and pAG753 (cmv-iRFP670) 24 hours after seeding, using Genejuice (Merck) according to the manufacturer's protocol for 24 hours. Simple positive controls were also prepared by transiently transfected cells with either pAG753 or pAG654 plasmids. After 24 hours, cells were centrifuged in PBS with BSA (1mg/ml) and resuspend in PBS-BSA supplemented with the appropriate amounts of fluorogens. For each experiments, 20,000 cells positively transfected with iRFP670 (Ex 638 nm / Em 660 ± 10 nm) were analyzed with the following parameters: Ex 488nm, Em 525 ± 20 nm for cells expressing FAST and pFAST labeled with HMBR and HBP-3,5DM ; Ex 488 nm, Em 575 ± 15 nm for cells expressing FAST and pFAST labeled with HBR-3,5DM and HBP-3,5DOM and Ex 488 nm, Em 620 ± 15 nm for cells expressing FAST and pFAST labeled with HBR-3,5DOM. Data were analyzed using Kaluza Analysis software (Beckman Coulter).

Experiments in primary hippocampal neuronal cells

All experiments involving rats were performed in accordance with the directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the protection of animals used for scientific purposes. Hippocampal neurons from embryonic rats (E18) were prepared as described previously 63 . Cells were grown on onto poly-L-lysine-coated 18-mm coverslips (1 mg/ml) at a density 

Experiments in chicken embryos

JA57 chicken fertilized eggs were provided by EARL Morizeau (8 rue du Moulin, 28190 Dangers, France) and incubated at 38°C in a Sanyo MIR-253 incubator. Embryos used in this study were between E2 (HH14) and E3 (HH14 + 24 h). The sex of the embryos was not determined.

Cloning. For expression of H2B-FAST and H2B-pFAST in the chick neural tube, the CMV promoters in pAG109 and pAG657 and pAG671 were converted to a CAGGS promoter 64 by replacing the NdeI/BglII fragment with a NdeI/BglII CAGGS fragment from pCAGGS-MCS2 (X. Morin, unpublished).

For expression of mito-pFAST, the NdeI/EcoRI fragment of the CMV promoter in pAG671 was replaced with the NdeI/EcoRI CAGGS fragment from pCAGGS-MCS2. pCAGGS-H2B-mCerulean was created by removing an SphI fragment from Tol2-CAG::Nucbow (Addgene #158992), and pCAGGS-H2B-EYFP was obtained by removing an AgeI fragment from PB-CAG::CytBow (Addgene #158995). Construction details, complete sequences and plasmids are available upon request.

Electroporation in the chick neural tube was performed at embryonic day 2 (E2, HH stage 14), by applying five pulses of 50 ms at 25 V with 100 ms in between, using a square-wave electroporator (Nepa Gene, CUY21SC) and a pair of 5-mm gold-plated electrodes (BTX Genetrode model 512) separated by a 4-mm interval. The DNA solution was injected directly into the lumen of the neural tube via glass capillaries. Bilateral electroporation was achieved by switching the electrodes polarity and repeating the procedure after 2 hours. DNA constructs were used at 0.5 μg/μl each, except pCX-mbCherry which was used at a concentration of 0.3µg/µl. En-face culture of the embryonic neuroepithelium was performed at E3 (24 h after electroporation). After extraction from the egg and removal of extraembryonic membranes in PBS, embryos were transferred to 37°C F12 medium and pinned down with dissection needles at the level of the hindbrain and hindlimbs in a 35mm Sylgard dissection dish. A dissection needle was used to separate the neural tube from the somites from hindbrain to caudal end on both sides of the embryo, and the roof-plate was then slit with the needle.

The neural tube and notochord were then "peeled off" from the remaining tissues and equilibrated 2 min in 1% low meting point agarose/F12 medium at 38°C. The tissue was then transferred in a drop of agarose medium to a glass-bottom culture dish (MatTek, P35G-0-14-C) and excess medium was removed so that the neural tube would flatten with its apical surface facing the bottom of the dish, in an inverted open book conformation. After 30 s of polymerization on ice, an extra layer of agarose medium (100µl) was added to cover the whole tissue and hardened on ice for 1 min. 1.9 mL of 37°C 

III.3. Prospects: toward smaller version of pFAST

The group of Dr. Mikhail S. Baranov at the Institute of Bioorganic Chemistry of the Russian Academy of Sciences has described in a bioRxiv preprint early 2021 the structure of FAST using both NMR spectroscopy and X-ray crystallography 66 . In this study, they showed that their previously described 10-fold less) of truncated pFAST (hereafter called nano-pFAST) than nanoFAST, suggesting that truncated pFAST was less soluble than nanoFAST. This was not fully surprising given that many mutations found in pFAST allow to form strong hydrophobic interactions between the N-terminal domain and the core domain and play a major role in compacting and rigidifying the entire threedimensional structure (see section III.2.3.3). Removing the N-terminal domains therefore exposed these hydrophobic residues reducing presumably the protein solubility. III.1). In addition, we observed a well-defined red-shifted absorption spectrum for nano-pFAST:HBR-2,5DM, suggesting that HBR-2,5DM was stabilized in its deprotonated state within nano-pFAST as in We next tested nanoFAST and nano-pFAST with other chromophores of the HBR derivatives. In agreement with the report of Baranov et al. 66 , nanoFAST interacted poorly with the 3-substituted or 3,5-disubstitued HBR analogs with KDs ranging from 4.6 to 25 µM. However, we observed that nano-pFAST formed tighter assemblies than nanoFAST with KDs ranging from 0.50 to 1.80 µM, leading to higher fluorescence activation (Figure III.11g). Although nano-pFAST showed affinities that should ensure almost complete complex formation in the conditions used for recording the spectra, the In conclusion, truncating the 27 first residues of pFAST resulted in a properly folded protein, nano-pFAST, that maintain the ability to bind and activate most of the HBR derivatives and showed remarkable properties with HBR-2,5DM, outperforming nanoFAST. Its observed lower solubility and moderate performances with HBR-3,5DOM, HBR-3,5DM and HMBR could be optimized by rational design and directed evolution. Improving the performances of nano-pFAST could allow the generation of a multifunctional, small and robust protein tag with tunable properties and could be a benefit for specific applications where the size of the protein tag is critical. Chemicals such as malachite green, fluorescein, eosin, methylene blue and Rose Bengal are known to efficiently produce reactive oxygen products. Although demonstrated to be excellent photosensitizers, targeting and delivering chemical photosensitizers in cells proved to be ineffective.

Conjugating malachite green to an antibody 4 or promoting fluorescein to bind a tetracysteine motif 5 were not efficient enough to inactivate targeted proteins as they still suffer from low binding selectivity and non-desirable accumulation in cells, overall generating phototoxicity 6 . Recently, incorporation of halogen or sulfur atoms on rhodamine-based Janelia Fluor molecules allowed to design an efficient Genetically encoded photosensitizers on the other hand have emerged as excellent tools for targeted reactive oxygen species generation. Firstly demonstrated in GFP 11 , most GFP-like proteins did not allow significant ROS production, likely due to the inaccessibility of the HBI chromophore -trapped in the β-barrel structure -for local molecular oxygen 12 . The first efficient genetically encoded photosensitizer named KillerRed was evolved from a homolog of the GFP. KillerRed produces superoxide and presumably other reactive oxygen species upon illumination with green light 13 . Its tendency to oligomerize led to the design of its monomeric SuperNova variant 14 . Finally, as discussed in Chapter II (section II. To expand the photosensitizer toolkit, we wondered if the FAST-tagging system could be engineered for targeting and activating the generation of reactive oxygen species. HBR derivatives with heavy atoms were synthesized for enhancing the rate of intersystem crossing, thus increasing the transfer from the singlet excited state to the triplet state. This triplet state then interacts with molecular oxygen ( 3 O2) to generate reactive oxygen species presumably through both electron transfer (type I) and energy transfer (type II) photoreactions before relaxing to the ground state. The production of ROS is only initiated when the chromophore binds to the protein tag, allowing the generation of on-demand targeted and activated photosensitizers.

The molecules described in this chapter were synthetized in collaboration with the group of Prof.

Ludovic Jullien (Karim Ounoughi, Cyprien Velmir and Dr. Isabelle Aujard) of the PASTEUR laboratory (Chemistry department, École Normale Supérieure).

IV.2 Engineering of targeted and activated chemogenetic photosensitizers for manipulating biological systems on demand

IV.2.1. Introduction

Fluorescent labels and biosensors are powerful reporters for deciphering the complexity of living systems. They allow biologists to label and study biomolecules and biological events in real time without disturbing the cellular machinery. Fluorescent reporters can also be applied to study biological processes in new ways through the design of photosensitizers able to generate reactive oxygen species. In cells, ROS are naturally produced and regulated for the maintenance of physiological functions. However, an abnormal increase of intracellular ROS levels can cause multiple damages in cells through oxidative reactions 20 . Photosensitizers able to generate ROS can be used ingeniously for functional manipulation of biological systems, including for instance selective signaling perturbation, cellular ablation and protein inactivation (by chromophore-assisted light inactivation) 4,7,9,13,18,21,22 . Fluorescent ROS generators have also been used as probes for correlativelight and electron microscopy using their ability to locally generate ROS to convert 3,3'diaminobenzidine (DAB) into a highly localized polymeric precipitate, which can be stained with osmium tetroxide (OsO4) and identified by electron microscopy 7,10 . Targeted and local ROS generation in living cells was achieved using genetically-encoded photosensitizers such as KillerRed 13 , miniSOG 10 or on-demand chemogenetic photosensitizers 7,9,19 . Genetic targeting allows the selective ablation of specific cells in a population or the selective inactivation of a proximal target.

Here, we present the development of a ROS-generating chemogenetic photosensitizer based on the FAST technology. Prototypical FAST (Fluorescence-Activating and absorption-Shifting Tag) is a small 14kDa protein tag, able to form with exquisite specificity non-covalent bright fluorescent assemblies with fluorogenic 4-hydroxybenzylidene rhodanine (HBR) derivatives and other analogs [23][24][25][26][27] . The functionalization of HBR with heavy atoms such as bromine and iodine allowed us to enhance the generation of reactive oxygen species through heavy atom effect 28 . Like regular HBR derivatives, these chromophores dissipate light energy through rapid non-radiative processes when free in solution and in cells, and thus are unable to produce any ROS unless they are 'activated' by FAST, ensuring highly selective ROS generation. We called such activatable chromophores "ROSgens" to highlight their ability to generate ROS only when bound to FAST variants. The possibility to generate ROS on-demand by the addition of the ROSgenic chromophores allows for strict control of the photoinduced reactions. We demonstrated that the resulting chemogenetic photosensitizers are able to generate fluorescence and reactive oxygen species when excited with 488 nm light and allowed one to photoinduce mitochondrial disruption when expressed in live cells.

IV.2.2. Results

IV.2.2.1. Molecular engineering and in vitro characterization of ROSgens

To develop an on-demand ROS-generating photosensitizer, we exploited the molecular tunability of HBR derivatives. Push-pull chromophores composed of an electron-donating phenol conjugated to an electron-withdrawing rhodanine, HBR derivatives exhibit high fluorescence efficiency when they adopt a planar conformation in the cavity of prototypical FAST, and are otherwise dark in solution.

Their high fluorogenicity and high fluorescence performance make them well suited for wash-free imaging of FAST-tagged proteins in live cells 23,25,27 . The introduction of heavy atoms on common fluorescent and fluorogenic chromophores 9,19 is known to increase the generation of ROS by enhancing the rate of intersystem crossing. We thus synthesized HBR analogs substituted with bromine or iodine atoms in ortho positions of the electron-donating phenol (Figure IV.4). Just like HBR analogs, these heavy-atom-substituted HBR derivatives are non-fluorescent in solution, but form tight (KD from 5 to 100 nM) fluorescent assemblies with FAST, iFAST 29 and pFAST 27 (Figure Table 1). The wavelengths of absorption and emission, and molar absorptivity of the bimolecular assemblies were comparable to those formed with the prototypical fluorogen HMBR (Figure IV.5, Table 1). However we noticed a significant reduction of fluorescence quantum yield of approximately 40% for HBR-3,5DI and about 70% for both HBR-3,5DBr and HBR-3Br (Figure IV.5e, Table 1), suggesting that a part of the absorbed light energy is dissipated through other deexcitation pathways. Note that unlike prototypical HMBR, which undergoes a strong red shift in absorption upon To investigate the ability of heavy-atom-substituted HBR analogs to generate ROS when bound to FAST variants, we first performed experiments in presence of anthracene-9-10-dipropionic acid (ADPA), a commonly used singlet oxygen scavenger 30 . Singlet oxygen is known to react with anthracene aromatic compounds to form an oxidized product 31 (Figure IV.6.a). Thus, estimation of ADPA photooxidation gives an indirect evaluation of the generation of singlet oxygen 9,10 . This photobleaching reaction is however not fully specific to the presence of 1 O2, as it has been reported that anthracenes can also be oxidized by electron transfer processes, leading to overestimation of the singlet oxygen quantum yield [32][33][34] . With this limitation in mind, we used ADPA photobleaching to characterize the behavior of various assemblies between FAST variants and heavy-atom-substituted HBR analogs. Samples were illuminated continuously with a 488 nm light (90 mW/cm 2 intensity) and the fluorescence intensity of ADPA was measured over time in order to estimate the efficiency of FAST assemblies with heavy-atom substituted HBR analogs with the FAST:HMBR assembly showed that heavy atom substitution increase the efficiency of 1 O2 generation, by 240% for FAST:HBR-3,5DI, 270% for FAST:HBR-3Br and 360% for FAST:HBR-3,5DBr. Furthermore, we showed that iFAST:HBR-3,5DBr and pFAST:HBR-3,5DBr assemblies were 50% and 60% more efficient than FAST:HBR3,5DBr, respectively, suggesting that the protein environment can tune the efficiency of 1 O2 generation for a given chromophore. The best assembly, pFAST:HBR-3,5DBr, was 13.5% and 21% as efficient as RB and miniSOG, respectively. (adapted from Craig et al. 36 ). (b,c) Solutions of ADPA and various photosensitizers were irradiated with 488 nm light (90 mW.cm -2 ). ADPA fluorescence was measured after different exposure times (Excitation 374 nm and Emission 384 -550 nm) (see also Figures IV. S3 and IV.S4). Rose Bengal (RB) and miniSOG were used as a standard and control of singlet oxygen generation. MiniSOG was 64% as efficient as RB, in good agreement with initial results obtained with ADPA photooxidation 6 . Data were fitted using one phase exponential decay equation. The absorption at 488 nm was identical in all samples (0.055 ± 10%), enabling direct comparison of the kinetics and estimation of the relative singlet oxygen quantum yields. (d,e) Overview tables of the rate constants k (min -1 ) and relative singlet oxygen quantum yields (ΦSO).
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To test the generation of other ROS, we then performed experiments using the dihydroethidium (HE) probe which is oxidized by a number of reactive oxygen species including superoxide radicals and hydrogen peroxide 37 . HE fluoresces in blue until oxidized to ethidium, a fluorescent product with an emission maximum at 610 -630 nm. As 1 O2 does not oxidize HE 33,38 , this probe provides an index of ROS generation mostly produced through electron transfer processes (type I ROS). Solutions of ). We used miniSOG, reported to generate efficiently O2 •-and H2O2 33,34 , as a reference. We observed that none of the ROSgenic complexes resulted in efficient HE
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FAST: HBR-3,5DBr ADPA were dissolved in 20:80 (v/v) methanol: deionised water, with a f nal ADPA concentration of 5.22 ! 10 " 5 mol/dm 3 . A control solution of ADPA (5.22 ! 10 " 5 mol/dm 3 ) in 20:80 (v/v) methanol: deionised water, containing no TM PyP was also tested. Solutions were exposed to white light (8.91 mW/cm 2 ) generated from 25 W halogen lights (Halolux Ceram, Osram, Germany), at a f xed distance of 11 cm for time periods ranging from 5 to 20 min, with the use of a fan to maintain temperature at 27 !C, or maintained in dark conditions. Absorption spectra were recorded between 320 and 550 nm, allowing visualisation of the main absorption peaks of ADPA, and the Soret band of TM PyP.

To quantify the 1 O2 generated by TM PyP on irradiation, the reactions occurring in solution require consideration. Scheme 2 describes the processes that occur when ADPA and TM PyP are irradiated together in solution (modif ed from [19,21]): Only about 30% of HE was oxidized after 5 min of irradiation using pFAST:HBR-3,5DBr and FAST:HBR-3Br, while the same oxidation level was reached within 5 s with miniSOG. Although the generation of type I ROS was very modest, we nonetheless observed that heavy atom substitution increased type I ROS generation and that pFAST was a slightly better scaffold compared to FAST and iFAST (Figure IV.7). In accordance with the results obtained using both ADPA and HE photooxidation, it appeared that miniSOG and our targeted chemogenetic photosensitizers were not producing the same reactive oxygen species (Figures IV. 6 and IV.7). Overall, these preliminary results suggested that pFAST:HBR-3,5DBr can generate ROS upon light illumination, and promote cellular dysfunction in a highly specific manner. The cellular perturbation was less pronounced than in the case of miniSOG, in agreement with the lower ROS generation efficiency observed in vitro. Such milder ROS generator could be used advantageously to induce in a specific manner cellular dysfunctions more subtle than cell death, such as the formation of globular and donut-shaped mitochondria, which was previously observed in cells under hypoxia-reoxygenation conditions 40 . We demonstrated that pFAST:HBR-3,5DBr could act as a fluorescent reporter and a photosensitizer able to induce cellular dysfunction with light. When targeted to mitochondria, this chemogenetic photosensitizer allowed the selective photoinduction of morphological changes typical of dysfunctional mitochondria. Although it was demonstrated that pFAST:HBR-3,5DBr produced lower levels of ROS than miniSOG, such milder ROS generator could be used as ROS signaling to study essential biomolecules in live cells, without irreversibly affecting their activities. In the near future, we will further study our ability to photoinduce cellular dysfunction by targeting the expression of pFAST to the plasma membrane or in the nucleus to photoinduce cellular dysfunction and/or alternative cellular death pathways. Finally, we will evaluate the use of pFAST:HBR-3,5DBr for protein inactivation by chromophore-assisted light inactivation (CALI) strategy. For a proof-of-concept, we have already generated constructions for expressing δ1 Pleckstrin Homology (PH) fused to pFAST to follow the membrane release of the PH domain upon light-induced ROS generation 9,21 .

IV.2.4. Supplementary information

This part includes: 

Materials and methods

Organic synthesis

General. Commercially available reagents were used as obtained. 1 H and 13 C NMR spectra were recorded at 300 K on a Bruker AM 300 spectrometer; chemical shifts are reported in ppm with protonated solvent as internal reference 1 H, CHD2SOCD3 in CD3SOCD3 2.49 ppm; coupling constants J are given in Hz. Mass spectra high resolution were performed by the Service de Spectrométrie de Masse de l'Institut de Chimie Organique et Analytique (Orléans). The preparation of HMBR (4hydroxy-3-methylbenzylidene rhodanine) was previously described 23 .

HBR-3Br (4-hydroxy-3-bromobenzylidene)-3-phenyl-2-thioxothiazolidin-4-one). Solid 4-hydroxy-3bromobenzaldehyde (241 mg, 1.2 mmol ) and rhodanine (100 mg, 0.75 mmol) were mixed and the mixture was brought to 170°C. It first fused and then solidified. After cooling to 50-60°C, ethanol was added and the mixture was heated at reflux. The solid partially disintegrated and formed a suspension.

It was filtered and the remaining powder was dissolved in 1 M sodium hydroxide. HBR-3Br was obtained as a yellow powder (60 %, 142 mg). [43][44][45] ).

HBR-3,5DBr (4-hydroxy-3,5-dibromobenzylidene)-3-phenyl-2-thioxothiazolidin-4-one). Solid 3,5dibromo-4-hydroxybenzaldehyde (252 mg, 0.9 mmol), rhodanine (100 mg, 0.75 mmol) and piperidine (22 μL, 0.2 mmol) were mixed in ethanol (3 mL) and stirred at reflux temperature for 24h. After cooling, the precipitate formed during the reaction was collected by filtration, washed with cold ethanol and dried under reduced pressure. HBR-3,5DBr was obtained as an orange powder (78%, 232 mg). 

Characterization of the chemogenetic photosensitizer complexes

Chemicals. Anthracene-9,10-dipropionic acid disodium salt (ADPA) was obtained from Coger, dihydroethidium (HE) (≥ 95%) and Rose Bengal (RB) (95%) were obtained from Sigma-Aldrich and used as received.

Expression. The plasmid for bacterial expression of miniSOG with an N-Terminal His-tag under the control of a T7 promoter (pAG675) was constructed by replacing the sequence coding for FAST in the plasmid pAG87 23 using isothermal Gibson assembly. pAG675 and the plasmids driving E. coli expression of FAST, iFAST, pFAST and miniSOG with an N-terminal His-tag (previously described 23,27,29 ) 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 overnight at 16°C by adding isopropyl-β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. Cells were harvested by centrifugation (4,300 ´ g for 20min at 4°C) and frozen.

Purification. The cell pellet was resuspended in lysis buffer (PBS supplemented with 2.5 mM MgCl2, 1mM of protease inhibitor PhenylMethaneSulfonyl Fluoride PMSF, 0.025 mg/mL of DNAse, pH 7. Fluorescence quantum yield measurements were determined as previously described using FAST:HMBR as a reference 23,47 . Reciprocal dilution with protein solution was used so as to keep the protein concentration constant at 40 μM while diluting the fluorogen solution. Absorption coefficients were determined by forward titration of fluorogens into a 40 μM protein solution. Thermodynamic dissociation constants were determined as previously described 23 using a Spark 10M plate reader (Tecan) and fitting data in Prism 6 to a one-site specific binding model.

Reactive Oxygen species quantification. Steady state UV-Vis absorption spectra were recorded using a Cary 300 UV-Vis spectrometer (Agilent Technologies), equipped with a Versa20 Peltier-based temperature-controlled cuvette chamber (Quantum Northwest) and fluorescence spectra were recorded using a LPS 220 spectrofluorometer (PTI, Monmouth Junction, NJ), equipped with a TLC50TM Legacy/PTI Peltier-based temperature-controlled cuvette chamber (Quantum Northwest).

For ADPA photobleaching, HE photooxidation and photobleaching experiments, the samples were irradiated with a current-controlled blue color Light Emitting Diodes LED (M470L4, Thorlabs, NJ) (filtered at λ = 488 ± 20 nm) aligned in a 90° degree angle with respect to the photomultiplier detector of the spectrofluorometer. We relied on the photoswitching kinetics of a photochemically wellcharacterized RSFP (Dronpa2 at pH 7.4) for measuring light intensities of the LED light (as previously described 48 ). All experiments were performed in 3 mm 2 ultra-micro cells quartz cuvettes to avoid any effect from diffusion. For ADPA photobleaching measurements, all samples were incubated with 50 μM of ADPA and fluorescence was monitored at 374 nm excitation and 384-550 nm emission as a function of the duration of 488 nm light exposure (90 mW.cm -2 ). For HE oxidation measurements, all samples were incubated with 50 μM of HE and an increase of fluorescent products was monitored at 525 nm excitation and 600 -750 nm emission as a function of the duration of 488nm light (90 mW.cm -

2

).

Experiments in mammalian cells

General. HeLa cells were cultured in Minimal Essential Media (MEM) supplemented with phenol red, Glutamax I, 1 mM of sodium pyruvate, 1% (vol/vol) of non-essential amino-acids and 10% (vol/vol) fetal calf serum (FCS), at 37 °C in a 5% CO2 atmosphere. For imaging, cells were seeded in µDish IBIDI (Biovalley) coated with poly-L-lysine. Cells were transiently transfected using Genejuice (Merck) according to the manufacturer's protocol for 24 hours prior to imaging. Live cells were washed with DPBS (Dulbecco's Phosphate-Buffered Saline), and treated with DMEM media (without serum and phenol red) containing the fluorogens and the ROSgens at the indicated concentration prior to imaging.

Cloning. The plasmids allowing the mammalian expression of pFAST, or pFAST fused to the mitochondrial targeting sequence from the subunit VIII of human cytochrome C oxidase (Mito-pFAST) and to the inner plasma membrane targeting sequence lyn11 (Lyn11-pFAST) under the control of a CMV promoter are described in Chapter III of the manuscript (see section III.2.6).

Cell viability assay. HeLa cells were treated with MEM media containing the appropriate ROSgen (HBR-3,5DI, HBR-3,5DBr and HBR-3Br) at the indicated concentrations for the indicated times. The cell viability was evaluated by fluorescence microscopy using the LIVE/DEAD® viability/cytotoxicity assay kit (Molecular Probes, Life Technologies) following the manufacturer's protocol.

Fluorescence microscopy. The confocal micrographs of mammalian cells were acquired on a Leica TCS SP5 confocal laser scanning microscope equipped with a 63´/ 1.4 NA oil immersion objective.

Leica LAS AF software was used to collect the data. The images were analyzed with Fiji (Image J).

structure. Our model provided us with information for further optimization by targeting specific residues predicted to destabilize the overall protein.

With the aim of providing a single chemogenetic reporter applicable to a variety of biological samples and imaging techniques, the versatility of our engineered pFAST-based fluorescent reporter opens great prospects for a diversity of bioimaging scenarios.

V.1. Development of pFAST-based biosensors

Beyond offering a panoply of opportunities in biological imaging, fluorogenic chemogenetic systems can be used to investigate and study biochemical events with high spatiotemporal resolution. As FAST was recently designed for sensing intracellular analytes 3 and allowed the study of protein-protein interactions by the design of split-FAST 4 , the superior performances of pFAST could enable the design of improved biosensors for sensing specific biochemical and intracellular events in cells. In particular, we could take advantage of its spectral tunability for the design of efficient Förster 

V.2. Development of pFAST-based fluorescent reporters for super-resolution microscopy

In this study, we could also demonstrated that pFAST was suitable to label proteins in live cells and in live dissociated hippocampal neurons with advanced confocal and super-resolution microscopy.

Benefiting from its high photostability, pFAST allowed to resolve details below the diffraction limit within live cells and live neurons using Stimulated Emission Depletion (STED) nanoscopy in combination with HBR-3,5DOM fluorogenic chromophore. Furthermore, we noticed that among our extended palette of chromophores, some of them exhibited good photostability although a rapid 

V.3. Development of pFAST-based chemogenetic photosensitizers

In the frame of this work, we demonstrated that functionalizing HBR derivatives with heavy atoms such as bromine and iodine allowed to enhance the generation of reactive oxygen species. Such 'ROSgenic' chromophores are only 'activated' when they are bound to FAST variants, ensuring ondemand targeted ROS generation. We demonstrated that pFAST conjugated to a 3,5-dibrominated HBR derivative (HBR-3,5DBr) could act as a fluorescent reporter and a photosensitizer able to photoinduce cellular dysfunction. Both in vitro and in vivo analysis showed that this chemogenetic photosensitizer produced lower levels of ROS, relative to chemical (Rose Bengal) 11 or geneticallyencoded (miniSOG) 12 photosensitizers, thus would probably disqualify it for cell photoablation.

However, the ability to target the expression of pFAST by fusing it to essential biomolecules (such as the subunit VIII of human cytochrome C oxidase) allowed to photoinduce mitochondrial disruption in a highly specific manner. Such milder ROS generator could be used advantageously to induce minor cellular dysfunctions resulting in modified activities, whereas other photosensitizers were reported to irreversibly photoinduce cellular death. We could also take advantage of pFAST tunability to modulate its ROS generation by reversibly 'turning-off' the photoinduction reaction upon the addition of fluorogenic chromophores. In addition, the possibility to switch from a fluorogenic to ROSgenic chromophores can facilitate dual observation and photoinduction strategy, for the manipulation of sensitive living systems such as multicellular organisms. Finally, we could take benefit from the bipartite nature of our system to enhance the generation of ROS by synthesizing new ROSgenic chromophores based on the extended palette of chromophores that we developed and/or by applying protein engineering strategies. 2b). In vitro, il a été mis en évidence qu'associés à FAST ou pFAST, ces dérivés étaient capables de produire certains types d'espèces réactives de l'oxygène. Par la suite, des expériences en cellules mammifères ont permis de mettre en évidence la perturbation ciblée des mitochondries. Des études de modélisation menées avec le Dr. Nicolas Pietrancosta au sein du Laboratoire des Biomolécules nous ont permis de comprendre le rôle des mutations introduites dans pFAST. Pour cela, des modèles des structures de FAST et de pFAST ont été générés par homologie de séquence à partir de la structure cristallographique de PYP d'Halorhodospira halophila. L'analyse plus approfondie de chacune des mutations introduites ainsi que l'étude des mouvements moyens de chacun des résidus montrent la compaction et la rigidification de pFAST par rapport à FAST réduisant le volume du site de liaison (Figure 5). Des études de « docking » de l'ensemble des molécules fluorogéniques dans le modèle généré de pFAST ont également permis de montrer que l'ensemble des fluorogènes adoptaient une conformation quasi-planaire une fois associés à pFAST, en accord avec la formation de complexes brillants ayant de très fortes affinités. Finalement, il a été montré que les principaux acides aminés impliqués dans le réseau de liaisons hydrogènes stabilisant le chromophore naturel dans PYP étaient également impliqués dans la stabilisation des formes déprotonées des fluorogènes dans la cavité de pFAST. L'utilisation de pFAST comme tag protéique nous a permis de marquer sélectivement plusieurs protéines de fusion en cellules vivantes et fixées (Figure 6 

  diagram -depicted in the Figure I.1 -is convenient for visualizing the possible processes following the absorption of light by a molecule e.g. internal conversion (IC), intersystem crossing (ISC), fluorescence, phosphorescence, delayed fluorescence, and triplet-triplet transitions. The fluorescence is specifically characterized by the emission of photons accompanying the S0 ← S1 relaxation 2 .
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 1 Figure I.1. Perrin-Jablonski diagram (adapted from Valeur 2 ).

Figure I. 2 .

 2 Figure I.2. Specific labeling with GFP. (a) Genetic fusion of GFP to the protein of interest (POI).

Figure I. 3 .

 3 Figure I.3. Color palette of FP toolbox (adapted from Shaner et al. 25 and Wang et al. 26 ).

  emerged and are commonly industrialized, such as the well-known Hoechst molecule to label DNA in live cells 40 (see Figure I.4 for Hoechst 33342 structure).

Figure I. 4 .

 4 Figure I.4. Common fluorescent organic dyes (adapted from Raines et al. 43 ).

Figure I. 5 .

 5 Figure I.5. Development of Janelia Fluor 549 by replacement of the N,N-dimethyl group with a four-membered

0

  Fig.1|Generalrubric relating lactone-zwitterion equilibrium t

  (Figure I.7). The specific recognition of HBR derivatives by the protein tag permitted to efficiently activate their fluorescence. Composed of an electron-donating phenol ring conjugated with an electron-withdrawing rhodanine heterocycle, HBR derivatives are known as push-pull compounds. In solution or in cells, they dissipate light energy mainly through radiationless decay channels ; whereas conformationally locked in the cavity of FAST, they exhibit a strong green-yellow fluorescence activation providing high imaging contrast. Initially, changing the electron withdrawing ability of the phenol ring through adequate substituents conjugated to the rhodanine head permitted to shift the fluorescence of FAST to the red edge of the visible spectrum 52 (Figure I.7). HBR derivatives are fully protonated at physiological pH and they undergo a 50 to 80 nm red-shift in absorption upon deprotonation. Locked in the cavity of FAST, they display a red-shifted absorption, similar to their deprotonate state, demonstrating that FAST stabilizes their phenolate forms. This spectroscopic feature enables first to easily discriminate the free and bound states of the fluorogen and allows specific red-shifted excitation of the phenolate form 51 .

Figure I. 7 .

 7 Figure I.7. Specific FAST labeling with HBR analogs (POI: protein of interest).

  yeast surface display coupled to fluorescence-activated cell sorting (FACS) allowed to efficiently select for the positive FAST variant (Figure I.8a). The variants were displayed on the surface of the yeast through fusion with the α-agglutunin mating protein (Aga2p). Projecting the variants away from the yeast cell wall allowed good ligand recognition and efficient selection by fluorescence sorting device (Figure I.8b). Yeast surface display which was the first time described by Boder and Wittrup 54,55 displayed numerous assets for high throughput screening of proteins such as (i) incorporation of post-translational modification, (ii) normalization by protein expression with the inclusion of epitope tags and (iii) compatibility with flow cytometry analysis 56 . Flow cytometer equipped with a sorting device (commonly called fluorescence-activated cell sorter or FACS) enabled high throughput selection of positive clones over a million of PYP variants. Based on this strategy, the resulted FAST protein nicely illustrates the power of directed evolution.

Figure I. 8 .

 8 Figure I.8. Directed evolution of FAST from the photoactive yellow protein PYP. (a) FAST was obtained by incorporating the mutation C69G and randomizing the loop 94-101 in PYP (PDB 6P4I). It is assumed that FAST stabilized the phenolate state of HBR analogs via the same network of hydrogen bonds that stabilizes the phenolate state of the hydroxycinnamoyl chromophore within the parental PYP (involving Tyr 42 and Glu 46) and that the loop 94-101 interacts with the bound fluorogenic HBR analogs. The structures were drawn using the crystal structure of PYP and PyMOL software. (b) Yeast-surface display and fluorescence-activating cell sorting strategy enabled FAST selection from the library of pyp mutants (adapted from Li. et al. 57 ).

  Thanks to the bipartite nature of fluorogenic reporters, tuning both fluorogen and protein moieties opened new prospects for FAST-tagging imaging. Molecular engineering permitted the development of membrane-impermeant fluorogens for the selective visualization of extracellular protein trafficking 65 (Figure I.9a). Recently, protein engineering of orthogonal -green and red -FAST variants allowed efficient multicolor imaging 66 (Figure I.9b). Finally a recent coordinated strategy of fluorogen engineering and protein engineering permitted to develop a far-red fluorogenic reporter based on an engineered FAST variant (frFAST). As FAST, the same evolution strategy based on yeast-display and fluorescence-activated cell sorting allowed to develop frFAST. Because of an extra double-bond between the phenol and the rhodanine moieties, (4-hydroxy-3-methoxy-phenyl)allylidene rhodanine (HPAR-3OM) fluorogen displayed red-shifted spectral properties when locked in the cavity of frFAST 57 (Figure I.9c).

Figure I. 9 .

 9 Figure I.9. Protein and fluorogen engineering strategies based on FAST-tagging reporters. (a) Synthesis of membrane-impermeant fluorogens (HBRAA derivatives) allowed to study proteins at the cell surface (adapted from Li. et al. 65 ). (b) Directed evolution and rational design allowed to design orthogonal green and redFAST variants to bind selectively HMBR or HBR-3,5DOM (adapted from Tebo. et al. 66 ). (c) Coordinated strategy of fluorogen and protein engineering allowed to design frFAST variant encoding far-red fluorescent assembly with HPAR-3OM (adapted from Li. et al. 57 ).

  -NC-ND 4.0 International license author/funder. It is made available under aThe copyright holder for this preprint (which was not peer-review . https://doi.org/10.1101/2020.04.04.To decipher the complexity of living organisms, great opportunities have arisen from the available and growing palette of fluorescent probes. Combined with sophisticated imaging modalities, autofluorescent proteins, organic dyes and hybrid reporters allow imaging and multiplexed imaging with unprecedent spatial and time resolution. By employing sophisticated protein and molecular engineering strategies, the development of hybrid chemogenetic reporters is showing great promise in bioimaging and optogenetic. The chapter II gives an overview on the recent advances in the design of hybrid-fluorogenic reporters for imaging living specimens.To provide biologists with a general tool that could be used for various experimental scenarios, the first objective of my Ph.D. has consisted of engineering a robust multicolor and versatile hybrid reporter based on the FAST system for various applications in cellular imaging. First, in collaboration with the group of Ludovic Jullien, analogs of the HBR derivatives with minimal structural changes were synthetized. By replacing the electron-withdrawing rhodanine (R) heterocycle with isorhodanine (IR), pseudothiohydantoin (P), 2,4-thiazolidinedione (T) and 2,4-oxazolidinedione (O) and by adjusting the electronic properties of the molecules with varying the phenol electron-donating moiety with various substituents, we successfully identified a set of fluorogenic chromophores providing optical properties spanning the entire visible spectrum. Tremendous engineering efforts conducted by directed evolution and rational design allowed us to identify a FAST variant (named pFAST) with extended chromophore promiscuity able to form blue, cyan, green, yellow, orange and red fluorescent assemblies with our collection of fluorogenic chromophores (Figure I.10).

Figure I. 10 .

 10 Figure I.10. A coordinated fluorogen/protein engineering strategy allowed the development of (a) a versatile fluorescent chemogenetic reporter with tunable color for various applications in cellular imaging (see Chapter III) and (b) an activatable chemogenetic photosensitizer for Reactive Oxygen Species (ROS) generation with light to promote cell killing, chromophore-assisted light inactivation (CALI) and ROS signaling (see Chapter IV).
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  imaging has become an essential tool in Biology. Fluorescent reporters enable to see biochemical events inside living cells and organisms with high spatiotemporal resolution. The revolution came with the development of genetically encoded reporters, which enables to easily and specifically insert the instructions for their synthesis into cells in the form of DNA. Fused to a protein of interest (or expressed in a particular cell type), genetically encoded fluorescent reporters enable selective labeling, tracking and localization of proteins (or cells) in living systems 1 . The best-known example of such reporters are fluorescent proteins derived from the green fluorescent protein (GFP) discovered in Aequorea Victoria jellyfish and the red fluorescent protein (RFP) found in Discosoma sp. mushroom anemone. Fluorescent proteins are structurally homologous and share the unique property of forming in presence of molecular oxygen a fluorescent chromophore from three amino acid residues within their own polypeptide sequence. Thanks to extensive engineering efforts, a broad palette of fluorescent proteins with various colors and improved photophysical and photochemicalproperties is now available 2 . The concomitant development of directed evolution techniques has been essential for engineering fluorescent proteins that are more photostable and monomeric3,4 .The fluorescence toolbox has been recently expanded with the discovery and development of alternative chemogenetic hybrid fluorescent labels. These systems open new prospects for biological imaging as they circumvent some shortcomings of fluorescent proteins -such as their large size (25-30 kDa), their slow fluorescence maturation and their need for molecular oxygen to fluoresce 5 . Among these systems, some come from Nature such as the small oxygen-insensitive green fluorescent protein UnaG, found in Japanese eel, which fluoresces thanks to the binding of bilirubin (BR), a catabolic product of heme present in cells6 . But most of them have been developed through engineering. They are in general composed of a genetically encoded tag designed to form a fluorescent complex with a small chromophore (Figure II.1). These chromophores are eventually fluorogenic: essentially non-fluorescent when free in solution, they strongly fluoresce when bound to their cognate tag. Fluorogenic chromophores are preferred as they provide higher contrast for imaging than classical fluorophores. By engineering the tag through e.g. rational design, directed evolution or de novo design, and/or the fluorogenic chromophores (also called fluorogens) by molecular engineering, chemists and biologists have built and breed a large collection of hybrid chemogenetic reporters allowing the efficient imaging of proteins -but also of other biomolecules such as RNAand the creation of actuators and biosensors for various applications in Biology.

Figure II. 1 .

 1 Figure II.1. Tag and fluorogen engineering enable the generation of innovative fluorescent chemogenetic reporters.

Figure II. 2 .

 2 Figure II.2. Flavin-based fluorescent proteins (FbFPs) were engineered from LOV domains. Mutation of a conserved cysteine to alanine inhibits the natural photocycle and maximizes the fluorescence of FMN.

Figure II. 3 .

 3 Figure II.3. Far-red and near-infrared fluorescent proteins were engineered from phytochromes and their analogs. Introduction of key mutations prevents biliverdin photoisomerization, locking it into an emissive conformation.

Figure II. 4 .

 4 Figure II.4. CRABPII was engineered to incorporate a merocyanine dye precursor, which exhibits no fluorescence when free and becomes fluorescent upon formation of a covalent adduct between its aldehyde group and a lysine residue rationally introduced in the chromophore binding site.

  complementary binding scaffold able to activate the fluorescence of a fluorogenic chromophore (Figure II.1). A landmark study is the development of Fluorogen Activating Proteins (FAPs). FAPs are single chain antibodies (scFvs) able to bind non-covalently and activate the fluorescence of thiazole orange (TO) and malachite green (MG) derivatives (Figure II.5), two molecular rotors known

Figure II. 5 .

 5 Figure II.5. Directed evolution can be used to generate (A) complementary binding scaffolds able to activate the fluorescence of a fluorogen. (B) Examples of synthetic fluorogens.
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 35 photostability, Pepper was shown to be well suited for live-cell imaging of RNA aptamers beyond the diffraction limit.

  photoactivatable and blinking fluorescent dyes for super-resolution imaging56,57,58 , this unique property can be used for the design of fluorogenic rhodamines. In particular silicon rhodamines were shown to exist mainly in their non-fluorescent spirolactone closed form in aqueous solution, but to adopt the fluorescent zwitterionic opened form (that displays excitation and emission maxima in the far-red and near-infrared region) in less polar environments. This property allowed the development of a collection of fluorogenic substrates for protein labeling, exploiting the fact that a protein environment is less polar than aqueous solution. SiR derivatives were coupled to substrates for self-labeling tags such as SNAP-tag, CLIP-tag and HaloTag[59][60][61] , allowing fluorogenic labeling of fusion proteins in live cells (Figure II.6). SiR fluorophores have been shown to be well suited for protein labeling in cells and multicellular organisms, multi-color imaging, and super-resolution imaging. RNA aptamers were evolved to recognize SiR and photostable carborhodamine fluorophores with nanomolar affinities.

Figure II. 6 .

 6 Figure II.6. Fluorogenic rhodamines. Rhodamines can exist mainly in their non-fluorescent spirolactone closed form in aqueous solution, but adopt their fluorescent zwitterionic opened form when bound to their target tag.

cobalamin 73 .

 73 Cobalamin can efficiently quench an attached fluorophore. Binding to the riboswitch shields the fluorophore from cobalamin, resulting thus in high fluorescence activation. Riboglow allowed the efficient imaging of RNA Pol II transcripts. Similarly, was developed Gemini561, a fluorogen composed of two molecules of sulforhodamine B that self-quench in solution but strongly fluoresce when they interact with the RNA aptamer oCoral (Figure II.7). This ultrabright aptamer, selected by SELEX and microfluidic-assisted in vitro compartmentalization, was shown to display unprecedented photostability compared to Broccoli, MangoIII and Corn aptamers 74 .

Figure II. 7 .

 7 Figure II.7. Example of fluorogens based on intramolecular unquenching. Gemini561 is a fluorogen composed of two molecules of sulforhodamine B that self-quench in solution but strongly fluoresce when they interact with the RNA aptamer oCoral.

  The use of membrane-impermeant fluorogens allowed the monitoring of dynamic processes such as membrane protein trafficking, internalization, recycling or endocytosis. Membrane impermeant malachite green (MG) derivatives enabled for instance to selectively track FAP-tagged membrane receptors at the cell surface and to investigate the role of G-protein coupled receptors trafficking in live cells. Addition of amphiphilic polyethyleneglycol linkers or negatively charged sulfonate groups reduces their cellular uptake (Figure II.8), limiting their action to the plasma membrane only[START_REF] Holleran | Fluorogen-activating proteins as biosensors of cell-surface proteins in living cells[END_REF][START_REF] Yan | Near-instant surface-selective fluorogenic protein quantification using sulfonated triarylmethane dyes and fluorogen activating proteins[END_REF] . A sulfonated MG analog combined with a FAP-tagged anti-EGFR affibody was recently used for tumor visualization in mice 77 . Similarly, membrane impermeant HBR derivatives containing a negatively charged carboxymethyl group on the rhodanine head allowed the selective labeling of FAST-tagged proteins at the cell surface (Figure II.8), enabling to easily quantify the levels of cell-surface proteins by various fluorometric techniques 78 .

Figure II. 8 .

 8 Figure II.8. Membrane-impermeant fluorogens for FAP and FAST were generated by addition of negatively charged groups.

  opportunities in biological imaging, the development of chemogenetic hybrid systems opens also new prospects for the design of actuators enabling to study biological systems in new ways. A nice illustration of the potential of chemogenetic hybrids is the development of reactive oxygen species (ROS) producers. ROS are known to cause oxidative damage to DNA, lipids and proteins in living cells. They are naturally involved in many signaling processes (e.g. autophagy, apoptosis and aging). ROS generators can be used for photoinducible protein inactivation or cell ablation, in photodynamic therapy for targeting cancer cell lines or in electron microscopy (EM) for local synthesis of osmiophilic products resolvable by EM. A genetically encoded photosensitizer was engineered from the LOV2 domain of Arabidopsis thaliana phototropin 2, which naturally binds FMN (vide supra). Directed evolution using IFP1.4 photobleaching as an indicator for ROS generation allowed the generation of the mini Singlet Oxygen Generator (miniSOG). Crystallographic studies showed an increase in rigidity of the chromophore's environment compared to wild-type LOV2

Figure II. 9 .

 9 Figure II.9. Targeted and Activated Photosensitizer (TAP). Malachite Green with heavy iodine atoms forms with FAP/TAP a complex producing ROS because of increased intersystem crossing.

  By coupling chemogenetic reporters with a sensing domain, it is possible to condition the fluorogen binding (and thus fluorescence) to the recognition of the analyte. Insertion of Calmodulin (CaM), a well-established Ca 2+ sensing domain, within UnaG permitted to develop BReleaCa, a calcium dualligand fluorogenic biosensor. BReleaCa releases bilirubin (BR) upon calcium binding, leading to a loss of fluorescence[START_REF] Shitashima | A dual-ligand-modulable fluorescent protein based on UnaG and calmodulin[END_REF] . A Ca 2+ biosensor with a more favorable positive response was developed coupling a circularly permuted version of FAST to CaM and the CaM-binding peptide of myosin lightchain kinase (M13). In this sensor, calcium binding promotes fluorogen binding, and thus fluorescence increase, enabling to image Ca 2+ levels in cells[START_REF] Tebo | Circularly Permuted Fluorogenic Proteins for the Design of Modular Biosensors[END_REF] . Sensors can also be built by conditioning the fluorogen binding to a given signal. An infrared fluorescent protease reporter was engineered from a circularly permuted IFP1.4 so that the biliverdin chromophore incorporation is regulated by protease activity. The 'inactivated' sensor iProtease is not fluorescent because of a hidden cysteine residue essential for BV attachment. Proteolytic activation frees the cysteine residue which returns to the binding cavity, thus promoting fluorescence by proper BV incorporation. This system allowed the development of iCasper, an apoptosis cellular sensor which fluoresces under the activation of caspase-3 100 .Fluorescent chemogenetic reporters offer also great opportunities for the design of split fluorescent reporters for the detection of protein-protein interactions (PPIs). The protein module can be split into two complementary modules, which can assemble when fused to two interacting proteins, promoting fluorogen binding and thus fluorescence activation. Such complementation system was designed by splitting FAST in two complementary fragments. The resulting splitFAST was shown to allow the visualization of PPIs in living cells. The complementation of splitFAST was demonstrated to be rapid and reversible, enabling to study protein complex association and dissociation almost in real-time, which has not been achievable using splitGFP derivatives 101 . Other fluorogenic split systems working on the same principle were engineered from UnaG 102 and the biliverdin-based far-red fluorescent proteins[103][104][105] . Recently, a split version of miniSOG was designed to track PPIs by electron microscopy (EM). Protein-protein interactions allowed the generation of reactive oxygen species from split-miniSOG which in combination with diaminobenzidine produced a localized polymeric precipitate providing high contrast in EM in presence of osmium 106 .

  to activate the fluorescence of natural or synthetic fluorogens and significantly enhance their performance. The use of de novo design opens more over great prospect for further development and/or improvement of custom fluorogenic systems. By reducing the duration of the long-process of directed evolution (and other related methods), de novo design represents a promising way to design fluorogenic reporters from scratch. Moreover, de novo design should greatly facilitate the development of chemogenetic biosensors by speeding up the initial design and reducing the duration of the optimization steps. The possibility to create, tune or optimize hybrid chemogenetic reporters through molecular engineering of the fluorogenic chromophores represents moreover a major advantage over fluorescent proteins. While fluorescent proteins cannot be tuned as desired, as their fluorescence is restricted to their embedded genetically encoded chromophore, the use of synthetic fluorogens permits to finely tune the properties of chemogenetic systems. Various fluorescence activation mechanisms can be used, and a broad palette of colors can be obtained. Beyond creating fluorogens with various photophysical properties, molecular engineering can also be used to increase or reduce fluorogen cellular uptake or to turn fluorogens into ROS generators for various applications in cell biology.

  This chapter is based on the following article: Engineering of a fluorescent chemogenetic reporter with tunable color for advanced live-cell imaging bioRxiv DOI: https://doi.org/10.1101/2021.01.29.428635 a H. Benaissa, K. Ounoughi, I. Aujard, E. Fischer, R. Goïame, J. Nguyen, A. G. Tebo, C. Li, T. Le Saux, L. Danglot, N. Pietrancosta, X. Morin, L. Jullien & A Gautier.
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 2 Ounoughi and Dr. Isabelle Aujard with the help of Dr. Thomas Le Saux) of the PASTEUR laboratory (Chemistry department, École Normale Supérieure) and by Dr. Chenge Li, a former PhD candidate of our group. The generation of the initial library of FAST mutants described in this chapter was designed by Dr. Alison G. Tebo, a former postdoctoral member of our group. The structure models described in this chapter were generated by homology modeling in collaboration with Dr. Nicolas Pietrancosta of the Laboratoire des BioMolécules / Neurosciences Paris Seine (Sorbonne University). The experiments in chicken embryos were conducted by the group of Dr. Xavier Morin (Evelyne Fisher, Rosette Goïame and Xavier Morin) in the Biology department of the École Normale Supérieure (IBENS). The experiments in primary hippocampal neuronal cells were conducted in collaboration with the group of Dr. Lydia Danglot (Julie Nguyen and Lydia Danglot) at the Institut de Psychiatrie et Neurosciences de Paris. Finally, airyscan and STED experiments were carried out at NeurImag Imaging core facility with the help of Lydia Danglot. Article: Engineering of a fluorescent chemogenetic reporter with tunable color for advanced live-cell imaging III.2.1. Abstract Biocompatible fluorescent reporters with spectral properties spanning the entire visible spectrum are indispensable tools for imaging the biochemistry of living cells and organisms in real time. Here, we present the engineering of a fluorescent chemogenetic reporter with tunable optical and spectral properties. A collection of live-cell compatible fluorogenic chromophores with various electronic properties enables to generate bimolecular fluorescent assemblies that cover the visible spectrum from blue to red using a single protein tag engineered and optimized by directed evolution and rational design. We showed that the ability to tune the fluorescence color and properties through simple molecular modulation provides an unprecedent experimental versatility for imaging proteins in live cells, including delicate cultured hippocampal neurons, and in multicellular organisms. The ability to tune the spectral properties and fluorescence performance enables to match the spectral specifications and requirements of the most advanced imaging techniques, and allowed us to achieve efficient stimulated emission depletion (STED) nanoscopy of fusion proteins in live cells and live primary cultured neurons. III.2.2. Introduction Fluorescent labels and biosensors have revolutionized the way we study living systems. Targeted to specific biomolecules or cells, they allow non-invasive imaging of the machinery that govern cells and organisms in real time. The discovery and development of fluorescent proteins (FPs) have been a transformative milestone in molecular and cell imaging 1 . Genetic fusions to FPs allowed cell biologists to visualize the dynamic of proteins in living cells and organisms with unprecedented spatial and temporal resolution. The multiplicity of optical properties of FPs allowed multicolor imaging and the development of various biosensors. Recently, fluorescent chemogenetic reporters consisting in synthetic organic dyes anchored covalently or non-covalently to genetically encoded protein tags 2-6

  absorption and emission wavelengths that cover the entire visible spectrum (Figure III.1). Cycles of directed protein evolution allowed the generation of a promiscuous FAST variant -named pFAST -with optimized chromophore binding affinity and fluorescence brightness. The ability to tune the fluorescence color from blue to red by choosing a different live-cell compatible fluorogenic chromophore provides an unprecedented experimental versatility for multicolor live-cell imaging. We demonstrate that this tunable fluorescent chemogenetic reporter has spectroscopic attributes suitable for the most advanced imaging techniques, including STED super-resolution microscopy, and allows investigators to face a large variety of experimental scenarios.

Figure III. 1 .

 1 Figure III.1. The engineered protein tag pFAST is a fluorescent chemogenetic reporter with tunable color. (a) Structures of the chromophores of the HBO, HBT, HBP, HBR, HBIR and HBRAA series positioned according to the wavelengths of maximal emission and maximal absorption of their assembly with pFAST. The fluorescence quantum yield (f), molar absorptivity at maximal absorbance (e) and thermodynamic dissociation constant (KD) values of their assembly with pFAST are indicated into brackets below the molecules. (b) Normalized absorption (left) and fluorescence (right) spectra of the different fluorogenic chromophores bound to pFAST. Spectra were recorded in pH 7.4 PBS at 25°C. Fluorescence spectra were measured by exciting at the maximal absorption wavelength. (c) Solutions containing the different pFAST:chromophore assemblies illuminated with 365 nm light.
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 4 thiazolidinedione (T) and 2,4-oxazolidinedione (O). Finer tuning was achieved by secondly varying the substituents on the electron-donating phenol, as previously achieved within the HBR series 21 (See Figure III.1a for structures). Just like HBR analogs 13 , HBX (X = P, T or O) compounds are mainly protonated at physiological pH (their pKAs range from 8.15 to 9.05) (Figure III.S1), they undergo a significant absorption red-shift upon deprotonation (Figure III.S1), and they are inherently non-fluorescent in solution. Preliminary screening showed that FAST was able to bind all chromophores, albeit with low to modest affinity (Table

~35/ 40

 40 nm (for X = P), ~65/65 nm (for X = T) and ~85/75 nm (for X = O) relative to their HBR-based counterpart. In a given series, changing the number and/or nature of the substituents present on the phenol moiety allowed us furthermore to finely tune the absorption/emission peaks of the FAST assemblies (Figure III.1, Table

  Iterative rounds of fluorescence activated cell sorting (FACS) decreasing progressively chromophore concentrations through rounds allowed us to identify variants forming tighter and brighter assemblies with chromophores of the HBX series (Figure III.2a-d, Text III.S1, Figure III.S2-S4, Tables III.S2-S9). Beneficial mutations were combined to generate oFAST, a variant with the mutations Q41L, D71N, V83I, M109L and S117R, which forms a blue fluorescent assembly with HBO-3,5DM 11-fold tighter and 3-fold brighter than FAST:HBO-3,5DM (Figure III.2b, Table III.S2). In parallel, the genes of five variants displaying improved properties with HBP-3,5DM were recombined by DNA shuffling to generate a new library (library B, Figure III.2a). FACS screening allowed us to identify (i) tFAST, a variant with the mutations G25R, Q41K, S72T, A84S, M95A, M109L and S117R relative to FAST, which forms a cyan fluorescent assembly with HBT-3,5DM 5-fold tighter and 1.5-fold brighter than FAST:HBT-3,5DM (Figure III.2c, Table III.S3), and (ii) an improved variant for HBP-3,5DM bearing the mutations K17N, G21E, G25R, A30V, Q41L, S72T, V83A, M95T, S117R, which gave, after addition of the mutation M109L found in several other selected variants, the variant pFAST able to form a green fluorescent assembly with HBP-3,5DM 25-fold tighter and 2.5-fold brighter than FAST:HBP-3,5DM (Figure III.2d, Table

  series with submicromolar affinity (Figure III.2h, Tables III.S2-S4). This gain in affinity was accompanied with an increase of the fluorescence quantum yield of almost all fluorescent assemblies (Figure III.2h, Tables III.S2-S4). The three variants displayed also an improved affinity (up to one order of magnitude) for the chromophores of the HBR series, in agreement with an increase of the chromophore binding promiscuity (Figure III.2h, Tables III.S2-S4).

Figure III. 2 .

 2 Figure III.2. Engineering of promiscuous FAST variants. (a) Directed evolution allowed the generation of oFAST, tFAST and pFAST. Yeast-displayed libraries of variants of FAST were screened in presence of the indicated fluorogenic chromophore by fluorescence-activating cell sorting (solid arrows). Additional mutations were introduced by rational design (dotted arrows). (b-d) KDs (thermodynamic dissociation constants) and fluorescent quantum yields (f) of the clones isolated from the selections with (b) HBO-3,5DM, (c) HBT-3,5DM and (d) HBP-3,5DM. Filled triangles are variants from library A ; black squares are variants from library B ; grey triangles are the variants used for the generation of the DNA shuffling library B and unfulfilled triangles and squares are variants generated by rational design. Values are also given for FAST for comparison. (e-g) Confocal micrographs of HeLa cells expressing cytoplasmic (e) oFAST labeled with 10 µM HBO-3,5DM, (f) tFAST labeled with 5 µM HBT-3,5DM and (g) pFAST labeled with 5 µM HBP-3,5DM. Scale bars 10 µm. See Table III.S12 for imaging settings. (h) KDs (thermodynamic dissociation constants) and emission wavelength of chromophores of the HBX ( X = R, P, T and O) series of fluorogens in presence of FAST variants. Fluorescent quantum yields are given in %.

Figure III. 1 )

 1 with single or double digit nanomolar affinities (TableIII.S4). The resulting assemblies exhibited red-shifted absorption and emission compared to their HBR counterparts. However, only the red fluorescent pFAST:HBIR-3,5DOM assembly exhibited a decent fluorescent quantum yield: the assemblies with HBIR-3M and HBIR-3,5DM, although among the tightest observed in this study, almost did not fluoresce. Although these properties would disqualify HBIR-3M and HBIR-3,5DM for fluorescence imaging applications, they allowed the efficient generation of absorbing-only dark assemblies (vide infra).Overall, this set of experiments demonstrated that the selected pFAST was a highly promiscuous protein tag able to bind with high affinity a large variety of structurally related chromophores with diverse electronic properties. Our expanded collection of chromophores allowed the efficient generation of a palette of non-fluorescent and fluorescent assemblies emitting blue, cyan, green, yellow, orange, and red light using a single protein tag (Figure III.1, Figure III.S5).

  Figure III.S6n). In addition, Trp94 and Pro97, known to be essential for chromophore recognition and activation13 , form hydrogen bound and apolar interactions with the chromophore. Fine analysis with HBP-3,5DM allowed us to map the entire network of polar and apolar interactions involved in chromophore recognition and activation (Figure III.3c).

Figure III. 3 .

 3 Figure III.3. Structural model of pFAST. (a) Structural model of pFAST and FAST generated by homology modeling using the tridimensional crystal structure of the Halorhodospira halophila Photoactive Yellow Protein PYP (PDB: 6P4I) (See also Figure III.S6a). Mutations of pFAST relative to FAST are indicated. (b) Root Mean Square Fluctuation (RMSF) of the residues within pFAST and FAST during molecular dynamic simulations. (c) Polar and apolar interactions network involved in HBP-3,5DM binding and recognition within pFAST.

  Figure III.S10a). The mutations M95T and M109L may explain the higher photoresistance of pFAST compared to FAST. Prolonged imaging in presence of HBP-3,5DM, HBP-3,5DOM, HBP-3M and HBT-3,5DOM showed that pFAST exhibited also good photostability with these new fluorogenic chromophores, although a rapid transient fluorescence decay was observed before reaching steady state with the last three (Figure III.S10). Initial fluorescence could be fully recovered in the dark, demonstrating that this initial photobleaching was fully reversible. Decreasing light intensities or reducing imaging frequency enabled furthermore to reduce the amplitude of the initial fluorescence drop. This set of experiments suggested that the observed reversible photobleaching was likely due

Figure III. 4 .

 4 Figure III.4. Selective imaging of pFAST fusions in various cellular localizations in mammalian cells and cultured neurons. (a) Confocal micrographs of HeLa cells expressing pFAST fusions (either with H2B or to a transmembrane domain) in presence of the entire set of fluorogenic chromophores. Scale bars 10 µm. (b) Confocal micrographs of live and fixed HeLa cells expressing pFAST fused to: histone H2B, lyn11 (inner membrane-targeting motif), LifeAct (actin binding peptide domain), mito (mitochondrial targeting motif) and to microtubule-associated protein (MAP) 4 and labeled with 5 µM HBP-3,5DM. Note that control experiments showed that the mislocalization of MAP4-pFAST observed in fixed cells (*) was due to MAP4 fixation rather than pFAST (see also Figure III.S12). Scale bars, 10 µm. (c) Depth color coded three-dimensional reconstruction (from 81 optical sections) of live HeLa cells expressing lyn11-pFAST fusion and labeled with 5 µM HBR-3,5DOM. (d) Confocal micrographs of live dissociated hippocampal neurons expressing pFAST fused to lyn11, LifeAct and MAP4 and labeled with 10 µM HBR-3,5DOM. Scale bars, 50 µm. The Lyn11-pFAST image results from the maximum intensity projection of five optical sections. (a-d) See Table III.S13 for imaging settings.

  mitochondrial targeting sequence from the subunit VIII of human cytochrome C oxidase (Mito-pFAST), the inner plasma membrane targeting sequence lyn11 (Lyn11-pFAST), the actin binding peptide LifeAct (LifeAct-pFAST) and the microtubule-associated protein (MAP) 4 (MAP4-pFAST) were imaged by confocal microscopy in the presence of HBP-3,5DM. pFAST fusions showed proper cellular localization both in live and fixed cells, demonstrating that pFAST did not perturb protein functions (Figure III.4b, Figure III.S11 and Figure III.S12). The high performance of pFAST further allowed us to generate high resolution three-dimensional reconstructions of live HeLa cells expressing lyn11-pFAST from 81 optical sections (Figure III.4c) showing the filopodia decorating plasma membrane contours. To verify the suitability of pFAST for imaging proteins in delicate and sensitive cells, we next expressed FAST fusions in dissociated hippocampal neurons. Dissociated hippocampal neurons were successfully transfected with plasmids encoding Lyn11-pFAST, LifeAct-pFAST or MAP4-pFAST. Live-cell confocal imaging showed (i) that labeled neurons remained fully viable with an impressive transfection rate (Figure III.S13), in agreement with neither pFAST fusions nor the fluorogenic chromophore being toxic, and (ii) that fusion proteins were properly localized (Figure III.4d). As observed for mammalian cells, pFAST allowed us to generate high-resolution confocal micrographs of live neurons (Figure III.4d) showing tiny but resolved protrusions, further demonstrating the high brightness and performance of pFAST for live imaging.

  Figure III.S16).

Figure III. 5 .

 5 Figure III.5. Selective imaging of pFAST fusions in chicken embryo. (a-g) Plasmids encoding H2B-pFAST and (b) mKO, (c-d) EYFP, (e-f) EGFP and (g) mCerulean fused to H2B were electroporated in each side of the neural tube in ovo at embryonic day 2 (E2, HH stage 13-14). mCherry or EGFP reporters were co-injected with each construct to monitor electroporation efficiency. 24 h later, embryos with homogeneous bilateral reporter expression in the neural tube were dissected and imaged by (b) spinning-disk confocal microscopy or (c-g) widefield fluorescence microscopy before and after addition of the indicated fluorogenic chromophore. (h-j)Plasmids encoding (h) mito-pFAST (mitochondrial-targeting motif) and memb-iRFP670 (membrane-targeting motif); (i) H2B-pFAST and pact-mKO (PACT domain of pericentrin) and (j) H2B-pFAST, pact-mKO and mb-iRFP670 were electroporated in the neural tube in ovo, at embryonic day 2 (E2, HH stage 13-14). 24 h later, embryos were dissected, and imaged in presence of (h) 1 µM HBR-3,5DOM , (i) 5 µM HBP-3,5DOM and (j) 1 µM HMBR using a spinning disk confocal microscope. Time-lapse showing cell division presented correct localization of the proteins (see also Movies III.S2-S4). Scale bars, 10 µm. (a-j) See TableIII.S13 for imaging settings.

Figure III. 6 .

 6 Figure III.6. STED nanoscopy of pFAST-tagged proteins in live mammalian cells, live cultured neurons and live astrocytes. (a-c) Confocal and STED micrographs of live HeLa cells expressing Lyn11-pFAST. (d,e) Confocal and STED micrographs of HeLa cells expressing MAP4-pFAST. (f,g) Confocal and STED micrographs of live dissociated hippocampal neuron expressing LifeAct-pFAST. (h,i) Confocal and STED micrographs of a neurite growth cone expressing LifeAct-pFAST. (j-l) Confocal and STED micrographs of a live astrocyte expressing LifeAct-pFAST. Cells were treated with 10 µM of HBR-3,5DOM before imaging. All scale bars are 5 µm, except the one in (i) that is 20 µm. (a-l) See Table III.S13 for imaging settings. Graphs show gain in resolution.

Finally, we demonstrated

  photostability. The labeling of pFAST with HBR-3,5DOM allowed the successful imaging of membranes, microtubules and actin filaments with sub-diffraction resolution. Beyond applications in STED nanoscopy, we anticipate that a complete and systematic study of the on-off fluorescence blinking or photoswitching behaviors of pFAST could open new prospects for other advanced imaging techniques, such as single-molecule tracking and super-resolution microscopy by single-molecule localization microscopy32,36,37 or selective imaging exploiting the photokinetic dynamics of fluorescent probes29,30 .

  By choosing [F1]0 and [F2]0 >> [R]0, one can rewrite this equation assuming that [F1] » [F1]0 and [F2] » [F2]0. Knowing K D,1 , determination of the apparent thermodynamic dissociation constant KD,app at various [F2]0 enabled to determine K D,2 .

Figure .

 . Figure. III.S1. Absorption spectra of fluorogenic chromophore at various pH. Absorption spectra of (a) HBP-3M, (b) HBP-3,5DM, (c) HBIR-3M, (d) HBT-3M, (e) HBT-3,5DM, (f) HBO-3M and (g) HBO-3,5DM in solution in function of pH. The spectra were recorded in 0.01 M Britton-Robinson buffer 38 (0.1 M ionic strength) at 25°C. (h) Extracted pKA values.

Figure

  Figure III.S2. Evolutionary tree of the selections with HBO-3M (in purple), HBO-3,5DM (in blue), HBT-3,5DM (in cyan), HBP-3,5DM (in green) and HBP-3,5DOM (in orange). Selected clones were generated by directed evolution from initial libraries of mutants (solid arrows). The first library was constructed by random mutagenesis from the original FAST sequence (library A) and the second library was designed by DNA shuffling from five mutants, initially selected and rationally designed from the selection for HBP-3,5DM binders (library B). Additional mutations were introduced by rational design (dotted arrows). The crosses indicate unsuccessful selections. The mutations relative to FAST are indicated for each clone.

Figure

  Figure III.S3. Sequence alignment of FAST and the clones identified from the selections with (a) HBO-3M, (b) HBO-3,5DM, (c) HBP-3,5DM, (d) HBT-3,5DM and (e) HBP-3,5DOM.

Figure

  Figure III.S4. Characteristics of the selected clones. Thermodynamic dissociation constants (KD) and fluorescent quantum yields (f) of the clones isolated from the selections with (a) HBO-3M and (b) HBP-3,5DOM. Values are also given for FAST for comparison. (a) Mutants of HBO-3M selection were isolated from the library A (black triangles). (b) Mutants of HBP-3,5DOM were isolated from the library B (black squares) and compared to the shuffling mutants used to design the library B (gray triangles).

Figure

  Figure III.S5. Absorption and emission properties. Absorption (dashed lines) and fluorescence (solid lines) spectra of the fluorogenic chromophores when free in solution (dark line) and bound to pFAST (colored lines) for (a) HBIR-3,5DOM, (b) HBR-3,5DOM, (c) HBRAA-3,5DM, (d) HBIR-3,5DM, (e) HBIR-3M, (f) HBR-3,5DM, (g) HBP-3,5DOM, (h) HBRAA-3E, (i) HBRAA-3M, (j) HMBR, (k) HBT-3,5DOM, (l) HBP-3,5DM, (m) HBP-3M, (n) HBT-3,5DM, (o) HBO-3,5DM and (p) HBO-3M. Spectra were recorded using chromophore concentrations ranging from 3 -15 µM and pFAST at 40 µM in pH 7.4 phosphate buffer saline at 25°C.

Figure

  Figure III.S6. Structural homology models. (a) Structural models of FAST and pFAST generated from the tridimensional crystal structure of the Halorhodospira halophila Photoactive Yellow Protein PYP (PDB: 6P4I). (b) Volumes of the ligand binding sites of PYP, FAST and pFAST. (c) In silico binding affinities (ligscore 2) of FAST and pFAST for the HBIR, HBR, HBR, HBT and HBO series. (d-m) Mapping of the residues involved in polar (green dashed lines) and apolar interactions (purple dashed lines) with the residues found mutated in pFAST. (n) Molecular docking of pFAST-chromophore assemblies.

Figure

  Figure III.S7. Two-color fluorescence viability assay. HeLa cells were incubated for 24 h with solutions of (a-b) 0.1 % of DMSO, (c) HBO-3M at 5 µM, (d) HBO-3,5DM at 10 µM, (e) HBP-3M at 5 µM, (f) HBP-3,5DM at 5 µM, (g) HBP-3,5DOM at 10 µM, (h) HBT-3M at 5 µM, (i) HBT-3,5DM at 5 µM, (j) HBT-3,5DOM at 5 µM , (k) HBIR-3M at 5 µM, (l) HBIR-3,5DM at 5 µM and (m) HBIR-3,5DOM at 5 µM. Control experiments of HeLa cells non-incubated with dye (a, live cells) or incubated for 30 min with 0.1 mg/ml digitonin (b, dead cells) are shown. Cell viability was tested with calceinAM and EthD1 probes (LIVE/DEADâ viability/cytotoxicity assay kit).CalceinAM is a cell-permeant profluorophore cleaved by intracellular esterases releasing a uniform green fluorescence polyanionic calcein in live cells (green channel). EthD1 (Ethidium homodimer-1) is a non-permeant

FigureFigure

  Figure III.S8. Imaging of H2B-pFAST in live and fixed HeLa cells after addition of various fluorogenic chromophores. (a) Nuclear fluorescence in live and fixed cells incubated with 5 µM of HMBR and imaged with identical microscope settings (n = 64 cells, 2 experiments). Median values are reported and a Wilcoxon test was conducted to compare live and fixed cell populations (ns = not significative). Scale bars, 40 µm. (b-i) Comparison of signal (nucleus) to background (cytosol) (S/B) ratio between live and fixed cells incubated with (b) HBR-3,5DOM at 5 µM, (c) HBR-3,5DM at 5 µM, (d) HMBR at 5 µM, (e) HBP-3,5DOM at 10 µM, (f) HBP-3,5DM at 5 µM, (g) HBP-3M at 5 µM, (h) HBT-3,5DOM at 5 µM and (i) HBT-3,5DM at 5 µM. For each experiment, live and fixed cells were imaged with identical microscope settings (n = 24 cells, 2 experiments). Median of S/B ratios are reported and a Wilcoxon test was conducted to compare live and fixed cell populations (ns = not significative, * p < 0.05 and ** p < 0.01). (see Table III.S13 for imaging settings). Scale bars, 10 µm.

Figure

  Figure III.S10. In-cell photostability of pFAST. (a-c) Photostability of pFAST compared to FAST and iFAST in presence of 10 µM HBR-3,5DOM (a), 5 µM HBR-3,5DM (b) and 5 μM HMBR (c). Photostability of EGFP is also given for comparison. Cells were illuminated with a 488 nm laser excitation (with a power of 4.4 kW/cm 2 at the specimen plane) and 500 images were acquired every 2 s, n = 3 cells per curve. (d) Photostability of pFAST in presence of 10 µM HBP-3,5DOM and 5 μM HBP-3,5DM under 488 nm laser excitation (with a power of 4.4 kW/cm 2 at the specimen plane). Photostability of EGFP is also given for comparison. 500 images were acquired every 2 s, n = 3 cells per curve. (e) Photostability of pFAST in presence of 5 µM HBT-3,5DOM and 5 µM HBP-

Figure III. S11 .

 S11 Figure III.S11. Selective imaging of pFAST in live mammalian cells. Confocal micrographs of live HEK293T cells expressing pFAST fused to: histone H2B, lyn11 (inner membrane-targeting motif), LifeAct (actin binding peptide domain), mito (mitochondrial targeting motif) and to microtubule-associated protein (MAP) 4 and labeled with 5 µM HBP-3,5DM (see Table III.S13 for imaging settings). Scale bars, 10 µm.

Figure III. S12 .Figure

 S12 Figure III.S12. Confocal micrographs of live and fixed HeLa cells expressing MAP4 fused to (a) HaloTag labeled with 2.5 µM of HaloTag® TMR Ligand, (b) mVenus and (c) pFAST labeled with HBP-3,5DM at 5 µM (see TableIII.S13 for imaging settings). Scale bars, 10 µm.

Figure

  Figure III.S14. Labeling efficiency in live cells. Fluorescence of HEK 293T cells expressing cytoplasmic pFAST (colored lines) versus FAST (black lines) in the presence of increased concentrations of (a) HBR-3,5DOM, (b) HBR-3,5DM, (c) HMBR, (d) HBP-3,5DOM and (e) HBP-3,5DM (n = 3 replicates). Fluorescence was measured by flow cytometry.

Figure

  Figure III.S15. Labeling efficiency in chicken embryos. (a-f) Plasmids encoding H2B-pFAST and H2B-FAST were electroporated in each side of the neural tube in ovo at embryonic day 2 (E2, HH stage 13-14). (b) EGFP or (c-f) mCherry reporters were co-injected with each construct as a transfection efficiency control. 24 h later, embryos with homogeneous bilateral reporter expression in the neural tube were dissected and imaged. Timelapse imaging upon sequential addition of fluorogenic chromophore were acquired using (b) spinning-disk confocal or (c-f) widefield fluorescence microscopy. Conditions: (b) 0.1, 1 and 10 µM HBR-3,5DOM (see also Movie III.S1) ; (c) 0.2, 1 and 10 µM HBR-3,5DM ; (d) 0.2, 1 and 10 µM of HBP-3,5DOM ; (e) 0.1, 1 and 10 µM of HMBR and (f) 0.2, 1 and 10 µM of HBP-3,5DM (see Table III.S13 for imaging settings). (g-k) Fluorescence intensities of pFAST and FAST were analyzed over time and normalized by the maximal fluorescence value of pFAST for each fluorogenic chromophore. The sequential addition of the fluorogenic chromophore at the different concentrations are indicated by arrows.

Figure

  Figure III.S16. Comparison of pFAST with various fluorescent proteins in chicken embryos. Embryos expressing pFAST and the fluorescent proteins (a) mKO, (b,c) EYFP, (d,e) EGFP and (f) mCerulean in each side of the neural tube were dissected and labeled by sequential additions of various concentrations of fluorogenic chromophores (arrows indicate additions). (a) 0.1, 1, 10 µM of HBR-3,5DOM; (b) 0.2, 1, 10 µM of HBR-3,5DM; (c) 0.2, 1, 10 µM of HBP-3,5DOM; (d) 0.2, 1, 10 μM of HMBR; (e) 0.2, 1, 10 µM of HBP-3,5DM and (f) 0.2, 1, 10 µM of HBP-3M. Time-lapse (a) spinning-disk confocal or (b-f) widefield fluorescence imaging allowed to monitor the temporal evolution of the fluorescence intensity (Figure III.5 in main text shows the initial and final images). Fluorescence intensities were normalized by the maximal fluorescence value of pFAST for each experiment.

Figure

  Figure III.S17. Reversible labeling of pFAST in live cells by chromophore replacement. (a-d) Confocal micrographs of HeLa cells expressing cytoplasmic pFAST -initially labeled with (a) 1 µM HBR-3,5DM, (b) 10 µM HBP-3,5DOM, (c) 1 µM HMBR and (d) 5 µM HBP-3,5DM -acquired before and after addition of 10 µM HBIR-3M dark-competitor (the concentration of fluorogenic chromophore was kept constant during the overall experiment) (see Table III.S13 for imaging settings). Scale bars, 10 µm. (e-h) Temporal evolution of fluorescence intensities upon addition of HBIR-3M (or mock solutions) as indicated by arrows (n = 3 cells) (see also Movie III.S5). Note that the artefactual jump of fluorescence on (h) (grey area) was due to a change of focus upon addition of the HBIR-3M solution or the mock solution.

Figure

  Figure III.S18. Reversible labeling of pFAST in chicken embryos by chromophore replacement. Embryos expressing H2B-pFAST in the neural tube were dissected and labeled with (a) 5 µM of HBP-3,5DOM and with (b) 1 µM of HMBR for 40 minutes (see also Movie III.S6). The labeling solution was then removed, the samples were washed once with PBS and fresh medium supplemented with 0 µM, 1 µM and 10 µM of the dark competitor HBIR-3M was added. Time-lapse spinning-disk confocal imaging allowed to monitor the temporal evolution of the fluorescence intensity after addition of the dark competitor (see Table III.S13 for imaging settings). The graphs show the temporal evolution of the fluorescence intensities.

Figure

  Figure III.S19. Airyscan confocal imaging of live mammalian cells expressing (a-c) MAP4-pFAST (microtubule associated protein) fusion or (d-f) Lyn11-pFAST (membrane targeting motif) fusion and labeled with (a,d) 5 µM HMBR, (b) 5 µM HBR-3,5DOM, (c) 5 µM HBR-3,5DM, (e) 10 µM HBP-3,5DOM and (f) 5 µM HBP-3,5DM (see Table III.S13 for imaging settings). Scale bars, 10 µm.
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 8 induced yeast cells were collected (2500 ´ g -2min) , washed with 10 mL PBS (0.05 M phosphate buffer, 0.150 M NaCl, pH 7.4) + BSA (bovine serum albumin 1 g/L) and incubated for 30 min at room temperature with 1:250 dilution of primary antibody chicken anti-c-myc IgY (Life technologies) in 200 μL of PBS. Cells were then centrifuged, washed with PBS-BSA and incubated for 20min on ice with 1:100 dilution of secondary goat-anti chicken antibody coupled to AlexaFluor 647 in 200 μL of PBS.

4 )

 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 ´ 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 or PD-MidiTrap G-25 desalting columns (GE Healthcare). Purity of the proteins were evaluated using SDS-PAGE electrophoresis stained with Coomassie blue.Physico-chemical measurements. Steady state UV-Vis absorption spectra were recorded using a Cary 300 UV-Vis spectrometer (Agilent Technologies), equipped with a Versa20 Peltier-based temperature-controlled cuvette chamber (Quantum Northwest) and fluorescence spectra were recorded using a LPS 220 spectrofluorometer (PTI, Monmouth Junction, NJ), equipped with a TLC50TM Legacy/PTI Peltier-based temperature-controlled cuvette chamber (Quantum Northwest).

Fluorescence microscopy.

  The confocal micrographs of mammalian cells were acquired on a Zeiss LSM 710 Laser Scanning Microscope equipped with a Plan Apochromat 63´ /1.4 NA oil immersion objective and on a Leica TCS SP5 confocal laser scanning microscope equipped with a 63´/ 1.4 NA oil immersion objective. ZEN and Leica LAS AF softwares were used to collect the data. Zeiss LSM 880 confocal laser scanning microscope equipped with a 63´/1.4 NA oil immersion objective and equipped with photomultiplier modules for confocal imaging and a dedicated highly sensitive spectral detector using the Airyscan module was used to acquire improved spatial resolution images of HeLa cells. Airyscan uses a 32-channel gallium arsenide phosphide photomultiplier tube (GaAsP-PMT)

of 25 ,

 25 000 cells /cm 2 in Neurobasal-B27 medium previously conditioned by a confluent glial feeder layer [Neurobasal medium (ThermoFisher 21103049) containing a 2% B27 supplement (ThermoFisher A3582801), and 500 μM L-glutamine (ThermoFisher 25030024)]. Neurons were transfected 2 days before imaging using Lipofectamin 2000 (ThermoFisher). After 10 to 21 days in vitro, neurons were incubated with the fluorogenic chromophores and imaged immediately at 37°C.

  culture medium was added (F12/Penicillin Streptomycin/Sodium pyruvate) and the culture dish was transferred to the 37°C chamber of a spinning disk confocal microscope. To image pFAST and FAST, intermediate dilutions (2 to 200µM) of ligands HBR-3,5DOM, HBR-3,5DM, HMBR, HBP-3,5DOM, HBP-3,5DM, HBP-3M and HBIR-3M were prepared by diluting the original 20mM stocks in F12 medium, and appropriate volumes were added to the dish to reach the desired final concentrations.Live imaging was performed on an inverted microscope (Nikon Ti Eclipse) equipped with a heating enclosure (DigitalPixel, UK), a spinning disk head (Yokogawa CSUW1) and Borealis system (Andor) for confocal imaging, a Spectra-X LED light engine (Lumencor) for widefield fluorescence illumination and an sCMOS Camera (Orca Flash4LT, Hamamatsu) driven by MicroManager software65 . Image stacks were obtained at 2-or 3-min intervals either with a 10´ objective (CFI Plan APO LBDA, NA 0.45, Nikon; z-step = 4 µm) or a 100´ oil immersion objective (APO VC, NA 1.4, Nikon; z-step = 1 µm).

N871b fluorogen 67

 67 is deprotonated in the cavity of FAST and that FAST forms a stabilizing H-bond network in the same way that PYP does with it natural chromophore, as predicted by our models with the chromophores of the HBR, HBIR, HBP, HBT and HBO series (see section III.2.3.3 and Figure III.S6).

Figure III. 7 .

 7 Figure III.7. Structures of (a) N871b fluorogen and (b) FAST predicted by NMR spectroscopy in both free (FAST apo) and bound states (FAST:N871b) (adapted from Povarova et al.67 and Mineev et al.66 ).

Figure III. 8 .

 8 Figure III.8. Sequence alignment of FAST, pFAST, nanoFAST and nano-pFAST.

Figure III. 9 .

 9 Figure III.9. SDS-PAGE electrophoresis gel stained with Coomassie blue of nanoFAST and nano-pFAST purification (FT, flowthrough; W1 wash 1; W2, wash 2 and E, elution) and compared to the elution of pFAST.The arrows denote the expected eluted bands according to the protein sizes.

  . On the other hand, the absorption spectrum of nanoFAST:HBR-2,5DM revealed a significant amount of protonated HBR-2,5DM (although less than 4 % of unbound chromophore should have been present according to the binding affinity), suggesting that the chromophore can be both protonated and deprotonated within nano-FAST (Figure III.10c,d).

Figure III. 10 .

 10 Figure III.10. Absorption and emission properties. (a) Structure of HBR-2,5DM and (b-e) absorption (dashed lines) and fluorescence (solid lines) spectra of HBR-2,5DM when free in solution (dark line) and bound (colored lines) to (b) FAST, (c) pFAST, (d) nanoFAST and (e) nano-pFAST. Spectra were recorded using chromophore concentration ranging from 4 to 6 µM and proteins at 40 µM in pH 7.4 phosphate buffer saline at 25°C.

  the presence of protonated chromophores, suggesting that bound chromophores can be both protonated and deprotonated within nano-pFAST, presumably because of an altered H-bond network in the binding cavity of the truncated protein (FigureIII11a-f).

Figure III. 11 .

 11 Figure III.11. Absorption and emission properties. Absorption (dashed lines) and fluorescence (solid lines) spectra of HBR-3,5DOM, HBR-3,5DM and HMBR when free in solution (dark lines) and bound (colored lines) to (a,c,e) nanoFAST and (b,d,f) nano-pFAST. Spectra were recorded using chromophore concentration at 4 µM and proteins at 20 µM in pH 7.4 phosphate buffer saline at 25°C. (g) Affinities of HBR-3,5DOM, HBR-3,5DM and HMBR with nanoFAST and nano-pFAST in PBS pH 7.4.
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 11 General introduction Reactive oxygen species (ROS), which are known to cause damage in cells through oxidative reactions, can allow the study of biological processes in ingenious ways. The selective generation of ROS can be used for perturbing cell signaling, inducing cellular death, or protein inactivation (by chromophore-assisted light inactivation (CALI)) (Figure IV.1). In addition, the selective generation of ROS can also be used to locally convert 3,3'-diaminobenzidine (DAB) into a highly localized polymeric precipitate, which can be stained with osmium tetroxide (OsO4) and identified by electron microscopy Figure IV.1). Initially designed from genetically-encoded fluorescent proteins and chemogenetic reporters, targeted ROS generators allowed specific photoinduced reactions in cells for various biological applications.

Figure IV. 1 .

 1 Figure IV.1. Schematic representation of the photoinduced reactions resulting from the generation of ROS by genetically-encoded and chemogenetic photosensitizers upon light irradiation.

Figure IV. 2 .

 2 Figure IV.2. Simplified Jablonski diagram for classical production of reactive oxygen species (ROS) by a photosensitizer through type I and type II mechanisms (adapted from Bevernaegie et al. 3 ).

  photosensitizer (Figure IV.3a), which, combined with Halo-tag, allowed light-mediated destruction of proteins, ablation of cells and was used in correlated light and electron microscopy 7 . As a matter of fact, incorporation of heavy atoms favors the rate of intersystem crossing by increasing spin-orbit coupling 8 . Therefore, modified fluorophores with relatively high atomic number enhance the generation of reactive oxygen species 9 .

Figure IV. 3 .

 3 Figure IV.3. Photosensitizers based on (a) organic dyes (adapted from Binns et al. 7 ), (b) genetically-encoded fluorescent protein KillerRed (adapted from Wojtovich et al. 6 ) and (c) fluorescent chemical-genetic hybrids: miniSOG (adapted from Shu et al. 10 ) and FAP-TAP (targeted and activated photosensitizer) (adapted from He et al. 9 ).

3 . 1 )

 31 Photosensitizer (GRAP) has been recently reported. Conjugation of known chemical photosensitizers to a specific quenching molecule recognized by the RNA aptamer enabled efficient noninvasive target cell ablation and stimuli-regulated ROS generation19 .

Figure IV. 4 .

 4 Figure IV.4. Chemogenetic photosensitizers for manipulating biological systems. pFAST can form ROSgenerating assemblies with heavy-atom-substituted HBR analogs. The targeted and activated generation of reactive oxygen species (ROS) can be used for inducing selective ROS signaling and cell killing.

  HBR-3Br (X = Br, Y = H) HBR-3,5DBr (X = Br, Y = Br) HBR-3,5DI (X = I, Y = I)

  protonation/deprotonation equilibrium is shifted from the protonated phenol in solution to the deprotonated phenolate within FAST, the heavy-atom-substituted HBR derivatives undergo a modest shift in absorption (Figure IV.5). As a matter of fact, they are already (at least partially) deprotonated in solution because of the presence of electron-withdrawing halogen atoms in ortho position of the phenol (the pKA of HBR-3Br is for instance 6.8, Figure IV.S1 in supporting information IV.2.4).

Figure IV. 5 .

 5 Figure IV.5. Absorption and emission properties of heavy-atom-substituted HBR analogs bound to pFAST. (a-d) Absorption (dashed lines) and fluorescence (solid lines) spectra of (a) HMBR (b) HBR-3,5DI, (c) HBR-3,5DBr and (d) HBR-3Br when free in solution (dark lines) and bound to pFAST (colored lines). Spectra were recorded using chromophore concentrations at 3 μM and pFAST at 40 μM in pH 7.4 phosphate buffer saline at 25°C. (e) Relative fluorescent quantum yields of the different fluorescent assemblies.

1

 1 photodestruction was minimal during the duration of the experiment (Figure IV.S2). Comparison of

Figure IV. 6 .

 6 Figure IV.6. Evaluation of reactive oxygen species generation through photooxidation of anthracene-9,10-dipronoic (ADPA). (a) The conversion of ADPA to an endoperoxide on reaction with singlet oxygen ( 1 O2).

  photosensitizers and HE were illuminated with 488 nm light (90 mW/cm 2 intensity). The generation of ethidium was measured over time, allowing us to estimate the efficiency of type I ROS generation (Figure IV.7, Figures IV.S5 and IV.S6). We used miniSOG, reported to generate efficiently O2 •-and

Scheme 1 .

 1 Scheme 1. The conversion of ADPA to an endoperoxide on reaction with 1 O2.

Figure IV. 7 .

 7 Figure IV.7. Evaluation of reactive oxygen species generation through photooxidation of dihydroethidium. (a) The conversion of dihydroethidium (HE) to ethidium on reaction with type I ROS (adapted from Gomes et al. 37 ). (b,c) Solutions of HE and various photosensitizers were irradiated with 488 nm light (90 mW.cm -2 ). Ethidium fluorescence was measured after different exposure times (Excitation 525 nm and emission 600 -750 nm) (see also Figure IV.S5 and IV.S6). Values were normalized by the maximal fluorescent intensities obtained with miniSOG and data were fitted using one phase exponential association equation. The absorption at 488 nm was identical in all samples (0.055 ± 10%), enabling direct comparison of the kinetics and estimation of the relative Type I ROS quantum yields. (d,e) Overview tables of the rate constants k (min -1 ) and relative Type I ROS quantum yields (ΦROS I).

Fig. 1 .

 1 Fig. 1. Chemical structure of hydroethidine (HE) and ethidium (E + ).

Figure IV. 8 .

 8 Figure IV.8. Selective imaging of pFAST in live mammalian cells. Confocal micrographs of live HeLa cells expressing pFAST, or pFAST fused to the mitochondrial targeting sequence from the subunit VIII of human cytochrome C oxidase (Mito-pFAST) and to the inner plasma membrane targeting sequence lyn11 (Lyn11-pFAST) and labeled with 10 µM HBR-3,5DI, HBR-3,5DBr and HBR-3Br. Imaging conditions: Exc 488 nm, Em 500 -590 nm. Scale bars, 10 µm.

Figure IV. 9 .

 9 Figure IV.9. The photoinduced reaction of mitochondrial disruption in HeLa cells by the generation of reactive oxygen species. Confocal micrographs of live HeLa cells co-expressing (a,b) mito-pFAST or (c) mito-miniSOG and (a,b,c) mito-mCherry. HeLa cells were irradiated with 488 nm laser excitation (light intensity 13.7 kW/cm 2 , pixel dwell time 4.9 µs)) for 10 minutes (1 scan / 5 sec). The fluorescence of (a,b) mito-pFAST in presence of (a) 10 µM HBR-3,5DBr and (b) 10 µM HMBR, and of (c) mito-miniSOG were recorded before and after irradiation. Mitochondria were monitored by the fluorescence of the co-expressed mito-mCherry (n = 3 replicates, see Figures IV.S9 and IV.S10). Scale bars, 10 µm.

Figures

  Figures IV.S1 to IV.S9

Figure

  Figure IV.S2. Photobleaching measurement of (a) FAST (15 μM) in presence of HMBR, HBR-3,5DI, HBR-3,5DBr and HBR-3Br and (b) HBR-3,5DBr in presence of FAST, iFAST and pFAST at 15 μM. The concentration of chromophores (around 4 to 6 μM) was adjusted to achieve optically matched solutions at 488 nm (abs0 = 0.055 ± 10%). Photobleaching was monitored under the same illumination conditions as for ADPA photobleaching and HE oxidation experiments (488 nm light exposure, 90 mW.cm -2 ) (Ex 488 nm; Em 498 -700 nm). Data were fitted using one phase exponential distribution.

Figure

  Figure IV.S3. Anthracene-9-10-dipronoic acid (ADPA) photooxidation measurements in presence of (a) FAST (b) FAST:HMBR, (c) FAST:HBR-3,5DI, (d) FAST:HBR-3,5DBr, (e) FAST:HBR-3Br and (f) Rose Bengal (RB). Absorption (left) and fluorescence (right) spectra were recorded and ADPA photooxidation was monitored as a function of the duration of 488 nm light exposure (90 mW.cm -2 ) (Ex 374 nm; Em 384-550 nm). Experiments were performed in presence of 50 μM ADPA and 15 μM of FAST; and the concentrations of HBR-3,5DI, HBR-3,5DBr, HBR-3Br (around 4 to 6 μM) and RB were adjusted to achieve optically matched solutions at 488 nm (abs0 = 0.055 ± 10%).

Figure

  Figure IV.S4. Anthracene-9-10-dipronoic acid (ADPA) photooxidation measurements in presence of (a) HBR-3,5DBr, (b) FAST:HBR-3,5DBr, (c) iFAST:HBR-3,5DBr, (d) pFAST:HBR-3,5DBr, (e) miniSOG and (f)Rose Bengal (RB). Absorption (left) and fluorescence (right) spectra were recorded and ADPA photooxidation was monitored as a function of the duration of 488 nm light exposure (90 mW.cm -2 ) (Ex 374 nm; Em 384-550 nm emission). Experiments were performed in presence of 50 μM ADPA; FAST, iFAST and pFAST at 15 μM; and the concentrations of HBR-3,5DBr (4 -5 μM), RB and miniSOG were adjusted to achieve optically matched solutions at 488 nm (abs0 = 0.055 ± 10%).

Figure

  Figure IV.S5. Dihydroethidium (HE) photooxidation measurements in presence of (a) FAST (b) FAST:HMBR, (c) FAST:HBR-3,5DI, (d) FAST:HBR-3,5DBr, (e) FAST:HBR-3Br and (f) miniSOG. Absorption (left) and fluorescence (right) spectra were recorded and HE oxidation was monitored as a function of the duration of 488 nm light exposure (90 mW.cm -2 ) (Ex 525 nm; Em 600-750 nm). Experiments were performed in presence of 50 μM HE, 15 μM of FAST; and the concentrations of HBR-3,5DI, HBR-3,5DBr, HBR-3Br (around 4 to 6 μM) and miniSOG were adjusted to achieve optically matched solutions at 488 nm (abs0 = 0.055 ± 10%).

Figure

  Figure IV.S6. Dihydroethidium (HE) photooxidation measurements in presence of (a) HBR-3,5DBr (b) FAST:HBR-3,5DBr, (c) iFAST:HBR-3,5DBr, (d) pFAST:HBR-3,5DBr and (e) miniSOG. Absorption (left) and fluorescence (right) spectra were recorded and HE oxidation was monitored as a function of the duration of 488 nm light exposure (90 mW.cm -2 ) (Ex 525 nm; Em 600-750 nm). Experiments were performed in presence of 50 μM HE; FAST, iFAST and pFAST at 15 μM and the concentrations of HBR-3,5DBr (4 -5 μM) and miniSOG were adjusted to achieve optically matched solutions at 488 nm (abs0 = 0.055 ± 10%).

Figure

  Figure IV.S7. Two-color fluorescence viability assay. HeLa cells were incubated for 24 h with solutions of (a-b) 0.1 % of DMSO, (c) HBR-3Br at 5 μM, (d) HBR-3,5DBr at 5 μM and (e) HBR-3,5DI at 5 μM. Control experiments of HeLa cells non-incubated with dye (a, live cells) or incubated for 30 min with 0.1 mg/ml digitonin (b, dead cells) are shown. Cell viability was tested with calceinAM and EthD1 probes (LIVE/DEAD® viability/cytotoxicity assay kit). CalceinAM is a cell-permeant profluorophore cleaved by intracellular esterases releasing a uniform green fluorescence polyanionic calcein in live cells (green channel). EthD1 (Ethidium homodimer-1) is a non-permeant nucleic acid fluorescent stain that enters only cells with damaged membranes and undergoes a fluorescence enhancement upon binding to nucleic acids, thereby producing a bright red fluorescence in dead cells (pink channel). Cell fluorescence was evaluated by confocal microscopy. Identical imaging settings were used for the different experiments. The experiment shows that none of the chromophores are toxic for HeLa cells at the concentrations used for labeling. Scale bars, 30 µm.

Figure

  Figure IV.S9. The photoinduced reaction of mitochondrial disruption in HeLa cells expressing mito-miniSOG. (a-d) Confocal micrographs of live HeLa cells co-expressing mito-miniSOG and mito-mCherry were irradiated with 488 nm laser excitation at (a,b) 13.7 kW/cm 2 and (c-e) 1.9 kW/cm 2 (pixel dwell time 4.9 µs) for 10 minutes (1 scan / 5 s). The fluorescence of mito-miniSOG was recorded before and after irradiation. Mitochondria were monitored by the fluorescence of the co-expressed mito-mCherry (n = 3 replicates, see Figures IV.8). Scale bars, 10 µm.

4 )

 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 1h 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 40 mM 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 or PD-MidiTrap G-25 desalting columns (GE Healthcare). Purity of the proteins was evaluated using SDS-PAGE electrophoresis stained with Coomassie blue.Physico-chemical measurements. Steady state UV-Vis absorption spectra were recorded using a Cary 300 UV-Vis spectrometer (Agilent Technologies), equipped with a Versa20 Peltier-based temperature-controlled cuvette chamber (Quantum Northwest) and fluorescence spectra were recorded using a LPS 220 spectrofluorometer (PTI, Monmouth Junction, NJ), equipped with a TLC50TM Legacy/PTI Peltier-based temperature-controlled cuvette chamber (Quantum Northwest).

  resonance energy transfer (FRET)-based biosensors in combination with classical FPs 5 (Figure V.1a). In addition, the possibility to form dark complexes absorbing in the green region opens new prospects for the design of FRET experiments based on fluorescence lifetime imaging microscopy (FLIM) without blocking an imaging channel, which could be highly useful in multicolor FRET-pairs with FLIM 6 (Figure V.1b).

Figure V. 1 .

 1 Figure V.1. Examples of compatible FRET-pairs for the design of biosensors based on pFAST. (a) 1) CFP: cyan fluorescent protein (FRET donor, D) and pFAST:HBR-3,5DOM (FRET acceptor, A); 2) pFAST:HBP-3M (FRET donor, D) and YFP: Yellow fluorescent protein (FRET acceptor, A) and 3) pFAST:HBP-3,5DOM (FRET donor, D) and RFP: Red fluorescent protein (FRET acceptor, A). (b) Theoretical FLIM-FRET analysis of CFP (FRET donor, D) -pFAST (FRET acceptor, A) FRET-pair in presence of the dark chromophore HBIR-3M (adapted from Broch & Gautier 7 ). (a,b) Normalized absorption (dashed lines) and fluorescence (solid lines) spectra of the different fluorogenic chromophores bound to pFAST and the different FPs. The graphs show the spectral overlap between the donor and the acceptor.

8 , 9 .

 89 transient fluorescence decay was observed before reaching steady state. The ability to transiently switch from fluorescent to dark states, presumably by photoswitching and/or photoejection of the chromophores could be ingeniously used for other advanced imaging techniques. This singular fluorescence signature could allow selective imaging exploiting the photokinetic dynamics of Finally, we could take advantage of their on-off switching fluorescent states by the use of stochastic photomodulation of individual fluorescent molecules in combination with singlemolecule localization microscopy 10 .
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  La découverte de la protéine fluorescente verte issue de la méduse bioluminescente Aequorea victoria, (GFP pour Green Fluorescent Protein) a joué sans conteste un rôle très important dans le développement des marqueurs fluorescents1 . La possibilité de fusionner génétiquement le gène exprimant la GFP à n'importe quel gène d'intérêt assure une spécificité de marquage absolue : seule la protéine fusionnée à la GFP fluoresce. Depuis cette découverte, l'étude d'autres organismes marins et l'ingénierie protéique ont permis le développement d'une collection de protéines fluorescentes bleues, cyans, vertes, jaunes, oranges et rouges, permettant de marquer plusieurs cibles dans un même échantillon et les distinguer grâce à leurs propriétés spectrales distinctes[2][3][4][5][6] .Néanmoinsla plupart de ces protéines fluorescentes ont des limitations communes comme par exemple leur absence d'activité en absence d'oxygène, leur maturation lente ou encore leur taille (25-30 kDa) et leur tendance naturelle à oligomériser, qui peut dans certains cas conduire à des protéines fusionnées dysfonctionnelles. Ainsi l'utilisation de fluorophores chimiques peut dans certains cas être plus adaptée. Leur performance de fluorescence, leur large versatilité et leur taille avantageuse représentent des avantages notables par rapport aux protéines fluorescentes. Bien que les premières expériences utilisant des fluorophores synthétiques nécessitaient la perméabilisation ou la fixation des cellules, des progrès par synthèse chimique ont permis de développer un grand nombre de molécules fluorescentes compatibles avec les systèmes biologiques vivants 7 . De plus, leurs propriétés spectrales peuvent être facilement modulées par synthèse chimique, ainsi il existe une large palette de fluorophores couvrant la totalité du spectre visible 8,9 . Néanmoins leur manque de spécificité a poussé les biologistes et les chimistes à développer des systèmes semi-synthétiques hybrides, qui comme leur nom l'indique, sont composés d'un tag génétiquement encodé (protéine ou ARN) et d'un chromophore synthétique. Afin d'éviter tout signal de fluorescence non-spécifique, des chromophores fluorogéniques qui ne fluorescent que lorsqu'ils sont associés au tag peuvent être utilisés. Récemment, ce principe générique a permis de développer un petit tag protéique de 14kDa appelé FAST (pour Fluorescence Activating and absorption Shifting Tag) au sein de notre laboratoire 10 . Initialement, FAST fluoresce dans le canal jaune-orange-rouge en s'associant spécifiquement à des dérivés fluorogéniques du 4-hydroxybenzylidène rhodanine (HBR) 10,11 . Leur fluorogénicité provient de leur structure « push-pull » composée d'un phénol donneur d'électrons conjugué à un hétérocycle rhodanine électroattracteur. En solution, ces fluorogènes dissipent la lumière absorbée de manière non radiative par rotation interne ou isomérisation cis-trans. L'immobilisation du fluorogène dans la cavité de FAST augmente le rendement quantique de fluorescence permettant ainsi une forte exaltation de fluorescence.

Figure 1 .

 1 Figure 1. Le marquage sélectif de la protéine FAST couplée aux dérivés HBR.

Figure 2 .

 2 Figure 2. Stratégie coordonnée pour le développement de pFAST, (a) un tag protéique fluorogénique multicouleur et polyvalent et (b) un actuateur fluorogénique pour la génération d'espèces réactives de l'oxygène (ROS).

2 . 3 .

 23 photorécepteurs ont permis de cibler et modifier par mutagénèse dirigée (mais également par évolution dirigée) la partie protéique permettant ainsi d'inhiber le cycle photochimique naturel de ces chromophores et ainsi activer leur fluorescence. Lorsque le design rationnel ne suffit pas, des techniques d'évolution dirigée peuvent être employées, comme dans le cas de FAST ou des systèmes FAPs[28][29][30] (Fluorogen-Activating Proteins). Ces techniques imitent le processus de sélection naturelle à l'échelle du laboratoire. Finalement, des systèmes fluorogéniques issus de modélisation in silico31 ou entièrement concues de novo ont été récemment développés. Le système mFAP (pour mini-Fluorogen Activating Protein), par exemple, a été entièrement conçu par design computationnel à partir de la structure de la GFP32 . Il s'agit à ce jour du plus petit tag protéique reconnaissant le chromophore naturellement présent dans la GFP. Diminuant considérablement le long processus des techniques classiques d'ingénierie protéique et en ciblant la totalité de la séquence protéique, les techniques in silico et de novo n'en sont qu'à leurs débuts dans le développement de rapporteurs et de biosenseurs robustes et efficaces.

Figure 3 .

 3 Figure 3. (a,b) pFAST génère une palette de complexes fluorescents associé aux molécules des séries HBO, HBT, HBP, HBR, HBRAA et HBIR.

Figure 4 .

 4 Figure 4. (a) Stratégie d'ingénierie des variants protéiques de FAST par évolution dirigée et les principales caractéristiques physico-chimiques des variants issus de la sélection avec (b) HBO-3,5DM, (c) HBT-3,5DM et (d) HBP3,5DM. (e-g) Cellules HeLa exprimant oFAST, tFAST et pFAST dans le cytoplasme. Barres d'échelle, 10 μm.

Figure 5 .

 5 Figure 5. Modélisation structurale de pFAST. (a) Modèles de FAST et de pFAST générés par homologie de séquence à partir de la structure cristallographique tridimensionnelle de PYP (Photoactive Yellow Protein) issue d'Halorhodospira halophila (PDB : 6P4I). Les mutations de FAST versus pFAST sont indiquées. (b) Volume des sites de liaison de FAST et de pFAST généré par modélisation. (c) Fluctuations moyennes quadratiques (Root Mean Square Fluctuation RMSF) des résidus de FAST et de pFAST (les cercles représentent les résidus mutés dans pFAST).

  ), en neurones et également dans des systèmes multicellulaires. L'utilisation du modèle en embryons de poulet nous a permis de mener en collaboration avec l'équipe du Dr. Xavier Morin à l'Institut de Biologie de l'École Normale Supérieure des études comparatives. En électroporant de chaque côté du tube neural, un rapporteur fluorescent (FAST ou des protéines fluorescentes classiques) et le marqueur exprimant pFAST nous avons pu comparer systématiquement la fluorescence in vivo de notre système de marquage associé à différents fluorogènes. De plus, la possibilité de faire de l'imagerie multicouleur en adaptant la couleur en fonction du choix du fluorogène nous a permis de suivre des processus dynamiques de cellules en division dans ce même modèle.

Figure 6 .

 6 Figure 6. Images en microscopie confocale de cellules HeLa exprimant des fusions pFAST dans différentes localisations cellulaires : dans le cytoplasme, dans le noyau, à la membrane, lié aux filaments d'actines, dans les mitochondries et lié aux microtubules (de gauche à droite). Barres d'échelle, 10 μm.

  performances de marquage et de photostabilité de pFAST en cellules, nous ont permis de montrer que ce petit tag protéique était adapté aux techniques de microscopie les plus avancées. En effet, la possibilité de choisir un fluorogène parmi une large collection de chromophores fluorogéniques nous a permis de mettre en évidence que pFAST pouvait être compatible à plusieurs modalités de microscopie de fluorescence. Associé au fluorogène HBR-3,5DOM, ce système de marquage nous a permis de visualiser des structures en dessous de la limite de la diffraction de la lumière en cellules vivantes et dans des cultures de neurones et astrocytes vivants en utilisant des techniques super-résolutives STED.

Figure 7 .

 7 Figure 7. Images en microscopie confocale et de super-résolution STED (après déconvolution) de (a) cellules HeLa vivantes exprimant lyn11-pFAST (motif membranaire) en présence de 10 μM d'HBR-3,5DOM et (b) astrocytes vivants exprimant MAP4-pFAST (protéine s'associant aux microtubules) en présence de 10 μM d'HBR-3,5DOM. Barres d'échelle, 5 μm.

4 .

 4 Développement de photosensibilisateurs chémogénétiques (Chapitre IV)Bien que la présence d'espèces réactives de l'oxygène (reactive oxygen species ROS) puisse être létale pour les systèmes vivants, celle-ci peut être ingénieusement détournée pour visualiser certains processus biologiques au sein de la cellule. La génération de ROS peut être utilisée pour induire la mort cellulaire, inactiver une protéine cible ou pour marquer une protéine de fusion en microscopie corrélative. Dans le but de développer un actuateur chémogénétique basé sur le système FAST, nous avons synthétisé, en collaboration avec l'équipe du Prof. Ludovic Jullien, des dérivés HBR portant sur le noyau aromatique des atomes lourds de type halogènes. La présence d'atomes lourds est connue pour augmenter la conversion intersystème (ISC) par couplage spin-orbite et ainsi favoriser la génération de ROS42,43 par excitation lumineuse.

Figure 8 . 5 .

 85 Figure 8. Principe de la photogénération d'espèces réactives de l'oxygène (ROS) : pFAST couplé à des dérivés HBR iodés ou bromés permet de photogénérer des ROS par effet d'atomes lourds.
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	Exc. 380 433/452 488 516 487/504 540 548 554 568 574 587 595 596 605 590 nm
	Em. 440 475/505 509 529 537/562 553 562 581 585 596 610 620 625 636 648 nm
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  The variant possessing the mutations G25R, Q41K, S72T, A84S, M95A, M109L and S117R relative to FAST, which we ultimately named tFAST, showed the most advantageous properties: it was shown to form a tight cyan fluorescent assembly with HBT-3,5DM (KD = 0.33 µM, 435/497 nm abs/em peaks, f = 11%) (TableIII.S3). On the other hand, the screening of the library B with HBP-3,5DM permitted us to identify an improved variant bearing the mutations K17N, G21E, G25R, A30V, Q41L, S72T, V83A, M95T, S117R, which was further refined by introduction of the mutation M109L found in several other improved variants. The resulting variant, named pFAST, binds

	3,5DOM did not allow us
	to identify variants with significantly better properties (Figure III.S4b, Table III.S9). However, the
	screening with HBT-3,5DM allowed us to identify variants able to form brighter complexes (Figure
	III.2c, Table III.S8).

HBP-3,5DM tightly with a KD of 0.15 µM forming a bright green fluorescent assembly (f = 27%, 465/520 nm abs/em peaks) (Table

III

.S4, Table III.S7).

Table III .

 III S1. Properties of FAST with various chromophores in PBS pH 7.4. Abbreviations are as follows: labs wavelength of maximal absorption; Dlabs = labs,boundlabs,unbound absorption red-shift upon chromophore binding; lem wavelength of maximal emission; e, molar absorptivity at labs (standard error is typically 10%); f, fluorescence quantum yield; molecular brightness = f ´ e; KD thermodynamic dissociation constant.

	Chromophore	labs (nm)	Dlabs (nm)	lem (nm)	e (mM -1 cm -1 )	f	Molecular brightness	KD (µM)
	HBR-3,5DOM (ref 21)	520	114	600	39	0.31	12,000	0.97
	HBR-3,5DM (ref 13)	499	97	562	48	0.49	24,000	0.08
	HMBR (ref 13)	481	79	540	44	0.23	10,000	0.13
	HBP-3,5DOM	488	121	556	31	0.29	9,000	~100
	HBP-3,5DM	464	105	522	30	0.16	4,000	3.7
	HBP-3M	447	87	506	21	0.044	800	6.9
	HBT-3,5DOM	449	92	532	54	0.22	12,000	3.3
	HBT-3,5DM	434	82	500	25	0.072	2,000	1.7
	HBT-3M	415	-	480	32	0.006	200	0.24
	HBO-3,5DM	409	80	481	4	0.20	700	32
	HBO-3M	394	68	471	11	0.056	600	6.4

Table III .

 III S2. Properties of oFAST with various chromophores in PBS pH 7.4 Dlabs = labs,boundlabs,unbound absorption red-shift upon chromophore binding; lem wavelength of maximal emission; e molar absorptivity at labs (standard error is typically 10%); f fluorescence quantum yield; molecular brightness = f ´ e; KD thermodynamic dissociation constant.

	Chromophore	labs (nm)	Dlabs (nm)	lem (nm)	e (mM -1 cm -1 )	f	Molecular brightness	KD (µM)
	HBR-3,5DOM	519	115	600	44	0.33	14,000	0.1
	HBR-3,5DM	500	98	560	53	0.38	20,000	0.01
	HMBR	481	79	540	47	0.24	11,000	0.19
	HBP-3,5DOM	489	122	556	28	0.30	8,000	3.0
	HBP-3,5DM	465	104	519	33	0.21	7,000	0.20
	HBP-3M	445	85	505	40	0.054	2,000	0.37
	HBT-3,5DOM	449	92	533	68	0.21	15,000	0.30
	HBT-3,5DM	435	83	501	31	0.090	3,000	0.16
	HBO-3,5DM	411	82	482	6	0.30	2,000	3.0
	HBO-3M	394	68	470	15	0.11	1,600	0.73
	Abbreviations are as follows: labs wavelength of maximal absorption;				

Table III .

 III S3. Properties of tFAST with various chromophores in PBS pH 7.4. Abbreviations are as follows: labs wavelength of maximal absorption; Dlabs = labs,boundlabs,unbound absorption red-shift upon chromophore binding; lem wavelength of maximal emission; e molar absorptivity at labs (standard error is typically 10%); f fluorescence quantum yield; molecular brightness = f ´ e; KD thermodynamic dissociation constant.

	Chromophore	labs (nm)	Dlabs (nm)	lem (nm)	e (mM -1 cm -1 )	f	Molecular brightness	KD (µM)
	HBR-3,5DOM	520	115	600	46	0.33	15,000	0.07
	HBR-3,5DM	501	99	561	56	0.44	25,000	0.01
	HMBR	481	79	541	52	0.24	12,000	0.19
	HBP-3,5DOM	488	121	555	28	0.30	8,000	4.0
	HBP-3,5DM	464	104	522	33	0.25	8,000	0.36
	HBP-3M	447	87	505	39	0.075	3,000	0.56
	HBT-3,5DOM	449	92	532	60	0.24	15,000	0.44
	HBT-3,5DM	435	83	497	30	0.11	3,000	0.33
	HBO-3,5DM	410	81	485	6	0.22	1,000	5.0
	HBO-3M	393	67	471	13	0.069	1,000	0.8

Table III .

 III S4. Properties of pFAST with various chromophores in PBS pH 7.4. labs wavelength of maximal absorption; Dlabs = labs,boundlabs,unbound absorption red-shift upon chromophore binding; lem wavelength of maximal emission; e, molar absorptivity at labs (standard error is typically 10%); f fluorescence quantum yield; molecular brightness = f ´ e; KD thermodynamic dissociation constant.

	Chromophore	labs (nm)	Dlabs (nm)	lem (nm)	e (mM -1 cm -1 )	f	Molecular brightness	KD ( µM)
	HBIR-3,5DOM	562	128	616	40	0.10	3,000	0.04
	HBIR-3,5DM	536	106	578	25	0.015	400	0.07
	HBIR-3M	514	84	567	12	0.003	50	0.005
	HBR-3,5DOM	520	115	600	44	0.35	15,000	0.06
	HBR-3,5DM	501	99	561	49	0.44	22,000	0.01
	HMBR	481	79	542	54	0.23	13,000	0.01
	HBRAA-3,5DM	524	118	578	58	0.22	12,000	1.8
	HBRAA-3E	506	96	558	53	0.05	3,000	0.05
	HBRAA-3M	502	96	554	64	0.08	5,000	0.23
	HBP-3,5DOM	487	120	554	37	0.33	12,000	1.9
	HBP-3,5DM	465	105	520	37	0.27	10,000	0.15
	HBP-3M	447	87	503	35	0.10	4,000	0.22
	HBT-3,5DOM	449	92	532	60	0.27	16,000	0.20
	HBT-3,5DM	433	81	499	33	0.10	3,000	0.17
	HBO-3,5DM	411	82	483	6	0.23	1,000	2.4
	HBO-3M	392	66	473	14	0.076	1,000	0.43
	Abbreviations are as follows:						

Table III .

 III S5. Properties of the mutants isolated from the selection with HBO-3M compared to FAST in PBS pH 7.4. Abbreviations are as follows: labs wavelength of maximal absorption; lem wavelength of maximal emission; e molar absorptivity at labs (standard error is typically 10%); f fluorescence quantum yield; molecular brightness = f ´ e; KD thermodynamic dissociation constant.

	Clone	Mutations (relative to FAST)	labs (nm)	lem (nm)	e (mM -1 cm -1 )	f	Molecular brightness	KD (µM)
	FAST		394	471	11	0.056	600	6.4
	A-R6.8	D65V / E93D / M109L / S117R	395	468	15	0.090	1,300	2.6
	A-R6.11	V83I / M109L	394	468	15	0.074	1,100	1.4
	A-R7.1	M109L	394	470	13	0.081	1,000	4.0
	A-R7.2	Q41L / M109L	394	468	12	0.092	1,000	1.1
	A-R7.10	V83I / T103I	394	468	12	0.088	1,000	4.4
	A-R7.12	K17R / A30V / E74K / E93V	386	466	13	0.097	1,200	2.0
	A-R7.14	T50S / E93Q / M95I	382	468	13	0.077	1,000	1.4

Table III .

 III S6. Properties of the mutants isolated from the selection with HBO-3,5DM compared to FAST in PBS pH 7.4.

	Clone	Mutations (relative to FAST)	labs (nm)	lem (nm)	e (mM -1 cm -1 )	f	Molecular brightness	KD (µM)
	FAST		409	481	4	0.20	800	32
	A-R6.6	V83I / M109L	402	481	5	0.22	1,200	11
	A-R6.18	H3Q / D48A / T103I / M109L	408	479	5	0.22	1,000	6.2
	A-R7.1	N13I / D48E / D71N / V83G / M95V	408	483	5	0.24	1,100	5.0
	A-R7.2	Q41L / M95I / M109L	406	481	6	0.25	1,500	6.1
	A-R7.5	K60R / V83I / K104R / S117R	406	481	5	0.22	1,000	7.1
	A-R7.7	D71N / M109L / S117R	407	482	5	0.25	1,200	4.4
	A-R7.7-1	D71N / M109L / S117R + Q41L	413	480	5	0.26	1,300	2.5
	A-R7.7-2	D71N / M109L / S117R + Q41L + D48E	411	480	6	0.27	1,500	2.1
	A-R7.7-3	D71N / M109L / S117R + Q41L + D65V	411	483	7	0.27	1,800	2.4
	A-R7.7-4 = oFAST D71N / M109L / S117R + Q41L + V83I	411	482	6	0.30	2,000	3.0
	A-R7.7-5	D71N / M109L / S117R + Q41L + M95I	411	482	5	0.26	1,400	3.0

Abbreviations are as follows: labs wavelength of maximal absorption; lem wavelength of maximal emission; e molar absorptivity at labs (standard error is typically 10%); f fluorescence quantum yield; molecular brightness = f ´ e; KD thermodynamic dissociation constant.

Table III .

 III S7. Properties of the mutants isolated from the selections with HBP-3,5DM compared to FAST in PBS pH 7.4.

	Clone	Mutations (relative to FAST)	labs (nm)	lem (nm)	e (mM -1 cm -1 )	f	Molecular brightness	KD (µM)
	FAST		464	522	30	0.16	4,000	3.7
	A-R5.3	Q41H / V83L / M95I	463	521	34	0.19	6,400	0.90
	A-R5.7	Q41K / S72T / V83A / M95I	463	525	27	0.23	6,100	0.53
	A-R5.12	K17N / Q41K / M95T	463	522	31	0.24	7,400	0.76
	A-R5.13 =shuffling mutant 4	Q41L / S117I	463	523	32	0.21	6,600	0.71
	A-R5.21 =shuffling mutant 5	V83E / S117R	463	522	33	0.20	6,400	0.69
	A-R6.2	E93G / M95V / M109L	464	525	30	0.20	5,800	0.94
	A-R7.1	D20N / E81Q / V83I / M109L	464	524	26	0.16	4,300	2.6
	A-R7.6	G25R / A84S	464	521	32	0.23	7,100	1.2
	A-R7.10	Q32K / Y76N	464	524	32	0.20	6,200	1.1
	A-R5.7-1 =shuffling mutant 1	Q41K / S72T / V83A / M95I + M109L	463	519	33	0.25	8,000	0.25
	A-R5.7-2	Q41K / S72T / V83A / M95I + S117I	463	521	36	0.26	9,000	0.36
	A-R5.7-3	Q41K / S72T / V83A / M95I + M109L + S117I 464	521	34	0.24	8,200	0.20
	A-R5.12-1 =shuffling mutant 2	K17N / Q41K / M95T + S72T + V83A	464	520	34	0.22	7,600	0.30
	A-R7.6-1 =shuffling mutant 3	G25R / A84S + Q41K + M95T	465	522	34	0.26	8,700	0.98
	B-R5.2	K17N / Q41K / S72T / M95T	463	521	30	0.24	7,000	0.35
	B-R5.11	K17N / G25E / S72T / V83A / M95T	463	521	32	0.27	8,700	0.31
	B-R5.19	Q41K / K80M / A84S / N89D / M95T / M109L	464	519	30	0.24	7,400	0.19
	B-R6.1	K17N / G21E / G25R / A30V / Q41L / S72T / V83A / M95T / S117R	464	520	36	0.27	9,800	0.17
	B-R6.10	Q41K / S72T / V83A / S117R	463	520	32	0.22	7,100	0.46
	B-R6.15	N13S / Q41K / S72T / V83A / M95T	464	519	29	0.24	7,000	0.32
	B-R6.19	K17I / G25R / Q41K / A44T / K60R / V83A / N89D / E93K / M95T /M109L / S117R	464	520	35	0.28	9,900	0.14
	B-R7.3	K17N / Q41K / D65E / S72T / V83A / K106M / M109L	464	520	35	0.23	8,000	0.30
	B-R6.1-1 = pFAST	K17N / G21E / G25R / A30V / Q41L / S72T / V83A / M95T / S117R + M109L	465	520	37	0.27	10,000	0.15
	B-R6.1-2	K17N / G21E / G25E / A30V / Q41L / S72T / V83A / M95T / S117R	464	521	30	0.31	9,300	0.19
	B-R6.1-3	K17N / G21E / G25R / A30V / Q4IK / S72T / V83A / M95T / S117R	464	521	36	0.27	9,700	0.14

Abbreviations are as follows: labs wavelength of maximal absorption; lem wavelength of maximal emission; e molar absorptivity at labs (standard error is typically 10%); f fluorescence quantum yield; molecular brightness = f ´ e; KD thermodynamic dissociation constant.

Table III .

 III S8. Properties of the mutants isolated from the selection with HBT-3,5DM compared to FAST in PBS pH 7.4. Abbreviations are as follows: labs wavelength of maximal absorption; lem wavelength of maximal emission; e molar absorptivity at labs (standard error is typically 10%); f fluorescence quantum yield; molecular brightness = f ´ e; KD thermodynamic dissociation constant.

	Clone	Mutations (relative to FAST)	labs (nm)	lem (nm)	e (mM -1 cm -1 )	f	Molecular brightness	KD (µM)
	FAST		434	500	25	0.072	2,000	1.7
	shuffling mutant 1	Q41K / S72T / V83A / M95I + M109L	432	500	28	0.090	2,500	0.26
	shuffling mutant 2	K17N / Q41K / M95T + S72T + V83A	434	505	35	0.081	2,800	0.52
	shuffling mutant 3	G25R / A84S + Q41K + M95T	433	501	32	0.085	2,700	0.58
	shuffling mutant 4	Q41L / S117I	432	501	36	0.078	2,800	0.78
	shuffling mutant 5	V83E / S117R	433	500	31	0.075	2,300	0.62
	B-R6.11	A16D / Q41K / Y76H / V83A / M95T / M109L / S117R	435	497	27	0.10	2,700	0.23
	B-R6.13 = tFAST	G25R/ Q41K / S72T / A84S / M95A / M109L / S117R	435	497	30	0.11	3,000	0.33
	B-R6.17	A27V / Q41K/ V83A / M95T / M109L / S117I	435	499	27	0.098	2,700	0.24
	B-R6.24	K17N / G21E / G25R / A30V / Q41L / S72T / V83A / M95T / S117R	434	497	29	0.094	2,700	0.26
	B-R7.2	Q41K / K80R / V83A / M95T / M109L	432	496	24	0.095	2,300	0.34
	B-R7.4	Q41K / M95T / S117I	432	496	26	0.095	2,500	0.53

Table III .

 III S9. Properties of the mutants isolated from the selection with HBP-3,5DOM compared to FAST in PBS pH 7.4.

	Clone	Mutations (relative to FAST)	labs (nm)	lem (nm)	e (mM -1 cm -1 )	f	brightness Molecular	KD (µM)
	FAST		488	556	31	0.29	9,000	100
	shuffling mutant 1	Q41K / S72T / V83A / M95I + M109L	488	555	34	0.36	12,000	2.0
	shuffling mutant 2	K17N / Q41K / M95T + S72T + V83A	488	556	30	0.36	11,000	2.1
	shuffling mutant 3	G25R / A84S + Q41K + M95T	487	555	30	0.33	9,800	4.4
	shuffling mutant 4	Q41L / S117I	485	556	31	0.33	10,000	7.2
	shuffling mutant 5	V83E / S117R	488	556	32	0.30	9,500	5.9
	B-R6.7	G7D / Q41K / S72T / A84S / M95I / M109L / S117R / R124L	488	555	35	0.35	12,000	4.7
	B-R7.3	K17N / Q41K / A84S / M95T / M109L / S117R 487	555	33	0.37	13,000	2.8
	B-R7.7	Q41K/ D48G / S72T / V83A / M95T / M109L / S117R	485	555	37	0.30	11,000	2.7
	B-R7.22	G21R / G25R / Q41K / Q60E / M95T / M109L / A112G	490	557	33	0.34	12,000	5.9

Abbreviations are as follows: labs wavelength of maximal absorption; lem wavelength of maximal emission; e molar absorptivity at labs (standard error is typically 10%); f fluorescence quantum yield; molecular brightness = f ´ e; KD thermodynamic dissociation constant.

Table III .

 III S10. Plasmids used in this study

	Plasmid	Expression host	Open reading frame	Ref.
	pCTCON-FAST	Yeast	FAST	13
	pAG681	Yeast	shuffling mutant 1 (libraryA-R5.7-1 [HBP-3,5DM])	this study
	pAG682	Yeast	shuffling mutant 2 (libraryA-R5.12-1 [HBP-3,5DM])	this study
	pAG683	Yeast	shuffling mutant 3 (libraryA-R7.6-1 [HBP-3,5DM])	this study
	pAG684	Yeast	shuffling mutant 4 (libraryA-R5.13 [HBP-3,5DM])	this study
	pAG685	Yeast	shuffling mutant 5 (libraryA-R5.21 [HBP-3,5DM])	this study
	pAG686	Yeast	pFAST	this study
	pAG687	Yeast	tFAST	this study
	pAG688	Yeast	oFAST	this study
	pAG104	Mammalian	FAST	13
	pAG29	Mammalian	EGFP	13
	pAG490	Mammalian	CMV-FRB-NFAST-IRES-mTurquoise2	19
	pAG244	Mammalian	iFAST	39
	pAG654	Mammalian	pFAST	this study
	pAG655	Mammalian	tFAST	this study
	pAG656	Mammalian	oFAST	this study
	pAG657	Mammalian	H2B-pFAST	this study
	pAG660	Mammalian	lyn11-pFAST	this study
	pAG665	Mammalian	MAP4-pFAST	this study
	pAG668	Mammalian	LifeAct-pFAST	this study
	pAG671	Mammalian	mito-pFAST	this study
	pAG897	Mammalian	pDisplay-FAST	this study
	pAG876	Mammalian	pDisplay-pFAST	this study
	pAG719	Mammalian	MAP4-mVenus	this study
	pAG849	Mammalian	MAP4-Halotag	this study
	X-888	Mammalian/bird (CAG promoter)	Mito-pFAST	this study
	X-858	Mammalian/bird (CAG promoter)	H2B-pFAST	this study
	X-889	Mammalian/bird (CAG promoter)	H2B-FAST	this study
	X-892	Mammalian/bird (CAG promoter)	H2B-mCerulean	this study
	pCX-H2B-EGFP	Mammalian/bird (CAG promoter)	H2B-EGFP	40
	X-893	Mammalian/bird (CAG promoter)	H2B-EYFP	this study
	pCX-H2B-mKO	Mammalian/bird (CAG promoter)	H2B-mKO	41
	X-158	Mammalian/bird (CAG promoter)	Mb-EGFP	42
	X-159	Mammalian/bird (CAG promoter)	Mb-mCherry	43
	X-736	Mammalian/bird (CAG promoter)	Mb-iRFP670	44
	pCX-PACT-mKO	Mammalian/bird (CAG promoter)	PACT-mKO	

Table III .

 III S11. Clones isolated in this study (pET28 plasmids for E. coli expression)

	Plasmid	Chromophore	Library	Clone	Mutations (relative to FAST)
		used for			
		selection			
	pAG569	HBO-3M	A	R6.8	D65V / E93D / M109L / S117R
	pAG562	HBO-3M	A	R6.11	V83I / M109L
	pAG564	HBO-3M	A	R7.1	M109L
	pAG565	HBO-3M	A	R7.2	Q41L / M109L
	pAG566	HBO-3M	A	R7.10	V83I / T103I
	pAG567	HBO-3M	A	R7.12	K17R / A30V / E74K / E93V
	pAG568	HBO-3M	A	R7.14	T50S / E93Q / M95I
	pAG562	HBO-3,5DM	A	R6.6	V83I / M109L
	pAG563	HBO-3,5DM	A	R6.18	H3Q / D48A / T103I / M109L
	pAG558	HBO-3,5DM	A	R7.1	N13I / D48E / D71N / V83G / M95V
	pAG559	HBO-3,5DM	A	R7.2	Q41L / M95I / M109L
	pAG560	HBO-3,5DM	A	R7.5	K60R / V83I / K104R / S117R
	pAG561	HBO-3,5DM	A	R7.7	D71N / M109L / S117R
	pAG795	HBO-3,5DM	A-rational design	R7.7-1	D71N / M109L / S117R + Q41L
	pAG796	HBO-3,5DM	A-rational design	R7.7-2	D71N / M109L / S117R + Q41L + D48E
	pAG644	HBO-3,5DM	A-rational design	R7.7-3	D71N / M109L / S117R + Q41L + D65V
	pAG645	HBO-3,5DM	A-rational design	R7.7-4	D71N / M109L / S117R + Q41L + V83I
	pAG797	HBO-3,5DM	A-rational design	R7.7-5	D71N / M109L / S117R + Q41L + M95I
	pAG771	HBP-3,5DM	A	R5.3	Q41H / V83L / M95I
	pAG772	HBP-3,5DM	A	R5.7	Q41K / S72T / V83A / M95I
	pAG773	HBP-3,5DM	A	R5.12	K17N / Q41K / M95T
	pAG556	HBP-3,5DM	A	R5.13	Q41L / S117I
	pAG557	HBP-3,5DM	A	R5.21	V83E / S117R
	pAG774	HBP-3,5DM	A	R6.2	E93G / M95V / M109L
	pAG775	HBP-3,5DM	A	R7.1	D20N / E81Q / V83I / M109L
	pAG776	HBP-3,5DM	A	R7.6	G25R / A84S
	pAG777	HBP-3,5DM	A	R7.10	Q32K / Y76N
	pAG553	HBP-3,5DM	A-rational design	R5.7-1	Q41K / S72T / V83A / M95I + M109L
	pAG778	HBP-3,5DM	A-rational design	R5.7-2	Q41K / S72T / V83A / M95I + S117I
	pAG779	HBP-3,5DM	A-rational design	R5.7-3	Q41K / S72T / V83A / M95I + M109L + S117I
	pAG554	HBP-3,5DM	A-rational design	R5.12-1	K17N / Q41K / M95T + S72T + V83A
	pAG555	HBP-3,5DM	A-rational design	R7.6-1	G25R / A84S + Q41K + M95T
	pAG780	HBP-3,5DM	B	R5.2	K17N / Q41K / S72T / M95T
	pAG639	HBP-3,5DM	B	R5.11	K17N / G25E / S72T / V83A / M95T
	pAG781	HBP-3,5DM	B	R5.19	Q41K / K80M / A84S / N89D / M95T / M109L
	pAG640	HBP-3,5DM	B	R6.1	K17N / G21E / G25R / A30V / Q41L / S72T / V83A / M95T / S117R
	pAG782	HBP-3,5DM	B	R6.10	Q41K / S72T / V83A / S117R
	pAG783	HBP-3,5DM	B	R6.15	N13S / Q41K / S72T / V83A / M95T
	pAG642	HBP-3,5DM	B	R6.19	K17I / G25R / Q41K / A44T / K60R / V83A / N89D / E93K / M95T /M109L / S117R
	pAG784	HBP-3,5DM	B	R7.3	K17N / Q41K / D65E / S72T / V83A / K106M / M109L
	pAG641	HBP-3,5DM	B-rational design	R6.1-1	K17N / G21E / G25R / A30V / Q41L / S72T / V83A / M95T / S117R + M109L
	pAG785	HBP-3,5DM	B-rational design	R6.1-2	K17N / G21E / G25E / A30V / Q41L / S72T / V83A / M95T / S117R
	pAG786	HBP-3,5DM	B-rational design	R6.1-3	K17N / G21E / G25R / A30V / Q4IK / S72T / V83A / M95T / S117R
	pAG791	HBT-3,5DM	B	R6.11	A16D / Q41K / Y76H / V83A / M95T / M109L / S117R
	pAG643	HBT-3,5DM	B	R6.13	G25R/ Q41K / S72T / A84S / M95A / M109L / S117R
	pAG792	HBT-3,5DM	B	R6.17	A27V / Q41K/ V83A / M95T / M109L / S117I
	pAG640	HBT-3,5DM	B	R6.24	K17N / G21E / G25R / A30V / Q41L / S72T / V83A / M95T / S117R
	pAG793	HBT-3,5DM	B	R7.2	Q41K / K80R / V83A / M95T / M109L
	pAG794	HBT-3,5DM	B	R7.4	Q41K / M95T / S117I
	pAG787	HBP-3,5DOM	B	R6.7	G7D / Q41K / S72T / A84S / M95I / M109L / S117R / R124L
	pAG788	HBP-3,5DOM	B	R7.3	K17N / Q41K / A84S / M95T / M109L / S117R
	pAG789	HBP-3,5DOM	B	R7.7	Q41K/ D48G / S72T / V83A / M95T / M109L / S117R
	pAG790	HBP-3,5DOM	B	R7.22	G21R / G25R / Q41K / Q60E / M95T / M109L / A112G

Table III .

 III S12. Sequences of FAST and pFAST

	HBP-3,5DM ((4-hydroxy-3,5-dimethylbenzylidene)-2-iminothiazolidin-4-one). As HBP-3M using 4-
	FAST (125 amino acids, MW = 13,706 Da) MEHVAFGSEDIENTLAKMDDGQLDGLAFGAIQLDGDGNILQYNAAEGDITGRDPKQVIGKNFFKDVAPGTDSPEFYGKFKEGVASGNLNT hydroxy-3,5-dimethylbenzaldehyde (207 mg, 1.4 mmol) and pseudothiohydantoin (100 mg, 0.86
	MFEWMIPTSRGPTKVKVHMKKALSGDSYWVFVKRV DNA sequence coding for FAST (375 bp) mmol). HBP-3,5DM was obtained as a dark orange powder (83 %, 177 mg). 1 H NMR (300 MHz,
	atggagcatgttgcctttggcagtgaggacatcgagaacactctggccaaaatggacgacggacaactggatgggttggcctttggcgcaattcagctcgatggtgacgggaatatcctgcagtac aatgctgctgaaggagacatcacaggcagagatcccaaacaggtgattgggaagaacttcttcaaggatgttgcacctggaacggattctcccgagttttacggcaaattcaaggaaggcgtag DMSO-d6, d): 9.27(s,1H), 8.97(s,1H) ,8.93 (s, 1H),7.42 (s, 1H), 7.16(s, 2H), 2.20 (s, 6H); 13 C NMR
	cgtcagggaatctgaacaccatgttcgaatggatgataccgacaagcaggggaccaaccaaggtcaaggtgcacatgaagaaagccctttccggtgacagctattgggtctttgtgaaacgggt g (75 MHz, DMSO-d6, d): 180.6, 175.4, 155.1, 130.1 (2C), 129.7, 125.2, 124.9 (2C), 16.7; HRMS (ESI):
	pFAST (125 amino acids, MW = 13,884 Da) MEHVAFGSEDIENTLANMDDEQLDRLAFGVIQLDGDGNILLYNAAEGDITGRDPKQVIGKNFFKDVAPGTDTPEFYGKFKEGAASGNLNTM m/z 249.0694 (calcd mass for C12H13N2O2S [M+H] -= 249.0692.).
	FEWTIPTSRGPTKVKVHLKKALSGDRYWVFVKRV
	DNA sequence coding for pFAST (375 bp)
	atggagcatgttgcctttggcagtgaggacatcgagaacactctggccaatatggacgacgaacaactggataggttggcctttggcgtaattcagctcgatggtgacgggaatatcctgctgtaca atgctgctgaaggggacatcactggcagagatcccaaacaggtgattgggaagaacttcttcaaggatgttgcacctggaacggatactcccgagttttacggcaaattcaaggaaggcgcagc HBP-3,5DOM ((4-hydroxy-3,5-dimethoxybenzylidene)-2-iminothiazolidin-4-one). As HBP-3M using
	gtcagggaatctgaacaccatgttcgaatggacgataccgacaagcaggggaccaaccaaggtcaaggtgcacttgaagaaagccctttccggtgacagatattgggtctttgtgaaacgggtg 4-hydroxy-3,5-dimethoxybenzaldehyde (251 mg, 1.4 mmol) and pseudothiohydantoin (100 mg, 0.86
	mmol). HBP-3,5DOM was obtained as an orange powder (61 %, 146mg). 1 H NMR (300 MHz, DMSO-
	d6, d): 9.31 (s,1H), 9.10 (s,1H), 9.03 (s,1H), 7.53 (s,1H), 6.88 (s,2H), 3.82 (s,6H); HRMS (ESI): m/z
	281.0590 (calcd mass for C12H13N2O4S [M+H] -= 281.0591 (in accordance with previously described
	analysis 46

  ).

	HBIR-3,5DOM was obtained as a brown powder (48%, 110 mg). 1 H NMR (300 MHz, DMSO-d6, d):
	13.72 (s, 1H), 9.60 (s, 1H), 8.05 (s, 1H), 6.97 (s, 2H), 3.83 (s, 6H); 13 C NMR (75 MHz, DMSO-d6, d):
	194.9, 170.8, 148.3, 139.3, 137.5, 126.5, 123.8, 108.7, 56.1; HRMS (ESI): m/z 298.020265 (calcd
	mass for C12H12NO4S2 [M+H] -= 298.020226) (in accordance with previously described analysis) 51 .
	HBRAA-3,5DM 5-(4-hydroxy-3,5-dimethylbenzylidene)-4-oxo-2-thioxothiazolidin-3-yl) acetic acid. A
	solution of rhodanine-3-acetic acid (191 mg, 1.0 mmol) and 4-hydroxy-3,5-dimethylbenzaldehyde
	(150 mg, 1.0 mmol) in water (70 mL) was stirred at 90°C for 7 days. After cooling to 4°C and standing
	overnight, the precipitate was filtered through a glass filter and the crude solid was washed with water,
	ethanol and dried over P2O5, to give the desired product as an orange powder (160 mg, 50 %). 1 H
	NMR (300 MHz, CD3SOCD3, d): 9.40 (s, 1H), 7.70 (s, 1H), 7.27 (s, 2H), 4.72 (s, 2H), 2.23 (s, 6H); 13 C
	NMR (75 MHz, CD3SOCD3, d): 193.6, 167.8, 166.9, 157.7, 135.3, 132.4(2C), 126.0(2C), 124.3, 117.4,
	45.4, 17.1(2C); MS (ESI): m/z 322.2 (calcd mass for C14H12NO4S2 [M-H] -= 322.0).
	HBT-3,5DOM ((4-hydroxy-3,5-dimethoxybenzylidene)thiazolidine-2,4-one). As HBT-3M using 4-

hydroxy-3,5-dimethoxybenzaldehyde (258 mg, 1.4 mmol) and 2,4-thiazolidinedione (100 mg, 0.85 mmol). HBT-3,5DOM was obtained as a green powder (61 %, 146mg). 1 H NMR (300 MHz, DMSO-d6, d): 12.48 (s, 1H), 9.33 (s, 1H), 7.71 (s, 1H), 6.89 (s, 2H), 3.81 (s, 6H); 13 C (75 MHz, DMSO-d6, d):

Biology

General. Synthetic oligonucleotides used for cloning were purchased from 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). The products of restriction enzyme digests were extracted and purified by preparative gel electrophoresis followed by QIAquick gel extraction kit (Qiagen). Restriction endonucleases, DNAse I, T4 ligase, Fusion polymerase, Tag ligase and Tag exonuclease were purchased from New England Biolabs and used with accompanying buffers and according to manufacturer protocols. Isothermal assemblies (Gibson assembly) were performed using homemade mix prepared according to previously described protocols

52 

. Small-scale isolation of plasmid DNA was done using QIAprep miniprep kit (Qiagen) from 2 mL overnight bacterial culture supplemented with appropriate antibiotics. Large-scale isolation of plasmid DNA was done using the QIAprep maxiprep kit (Qiagen) from 150 mL of overnight bacterial culture supplemented with appropriate antibiotics. All plasmid sequences were confirmed by Sanger sequencing with appropriate sequencing primers (GATC Biotech). All the plasmids used in this study are listed in Tables III.

S10 

and III.S11. The protein and DNA sequences of FAST and pFAST are given in Table

III

.S12.

Table III .1. Properties

 III 

	Mutant	labs (nm)	Dlabs (nm)	lem (nm)	(M	e

of HBR-2,5DM in presence of FAST, pFAST, nanoFAST and nano-pFAST proteins in PBS pH 7.4.

-1 cm -1 ) f Molecular brightness KD (µM)

  Abbreviations are as follows: labs wavelength of maximal absorption; lem wavelength of maximal emission; e molar absorptivity at labs (standard error is typically 10%); f fluorescence quantum yield; molecular brightness = f ´ e; KD thermodynamic dissociation constant.

	FAST (ref 21)	494	88	552	50,000	0.29	14,500	0.008
	pFAST	498	94	551	63,000	0.34	21,500	0.010
	nanoFAST	492	90	551	33,000	0.34	11,500	1.3
	nano-pFAST	495	87	552	43,000	0.25	11,000	0.100

Table IV . 1 .

 IV1 Properties of FAST, iFAST and pFAST with heavy-atom-substituted HBR analogs

	Mutant	Fluorogen	labs (nm)	Dlabs (nm)	lem (nm)	(	e

mM -1 cm -1 ) Φ Molecular brightness KD (µM)

  Abbreviations are as follows: labs wavelength of maximal absorption; Dlabs = labs,boundlabs,unbound absorption red-shift upon chromophore binding; lem wavelength of maximal emission; e, molar absorptivity at labs (standard error is typically 10%); Φ, fluorescence quantum yield; molecular brightness = Φ x e ; KD thermodynamic dissociation constant.

		HMBR (ref 23)	481	79	540	44	0.23	10,000	0.13
	FAST	HBR-3,5DI HBR-3,5DBr	484 474	33 20	547 536	51 45	0.15 0.07	7,600 3,100	0.11 0.04
		HBR-3Br	469	30	529	51	0.07	3,500	0.07
		HMBR (ref 29)	480	78	541	41	0.22	9,000	0.07
	iFAST	HBR-3,5DI HBR-3,5DBr	481 473	30 20	544 536	55 54	0.13 0.06	7,200 3,200	0.07 0.02
		HBR-3Br	469	29	530	48	0.06	3,000	0.02
		HMBR (ref 27)	481	79	542	54	0.23	13,000	0.01
	pFAST	HBR-3,5DI HBR-3,5DBr	486 475	34 30	548 536	56 50	0.14 0.06	7,900 3,000	0.01 0.02
		HBR-3Br	470	23	530	54	0.07	3,800	0.005

  ADPA were dissolved in 20:80 (v/v) methano with a f nal ADPA concentration of 5.22 ! 10 " 5 solution of ADPA (5.22 ! 10 " 5 mol/dm 3 ) in 20 deionised water, containing no TM PyP was al were exposed to white light (8.91 mW/cm 25 W halogen lights (Halolux Ceram, Osram, G distance of 11 cm for time periods ranging from the use of a fan to maintain temperature at 27 dark conditions. Absorption spectra were reco and 550 nm, allowing visualisation of the mai of ADPA, and the Soret band of TM PyP.To quantify the 1 O2 generated by TM PyP reactions occurring in solution require consid describes the processes that occur when ADPA diated together in solution (modif ed from [19 Scheme 1. The conversion of ADPA to an endoperoxide on reaction with 1 O2.

	e				
					RB
	1.000	0.207	0.194	0.125	1.543
	65	13.5	12.5	8.1	100

  10,[12][13][14][15][16][17][18][19] . Grâce à la nature hybride du système, des techniques d'ingénierie moléculaire20 , d'ingénierie protéique21 ou les deux 12 ont récemment permis de développer des nouveaux systèmes basés sur FAST. du Prof. Ludovic Jullien du Laboratoire PASTEUR à l'École Normale Supérieure, nous avons dans un premier temps développé des analogues d'HBR. En remplaçant l'hétérocycle électroattracteur rhodanine (R) par l'isorhodanine (IR), la pseudothiohydantoine (P), la 2,4thiazolidinedione (T) et la 2,4-oxazolidinedione (O) et en ajustant la partie donneuse d'électrons par diverses substitutions sur le phénolate, nous avons identifié une palette de nouvelles molécules aux propriétés spectrales variées. Par la suite, des efforts d'ingénierie protéique couplant le design rationnel à l'évolution dirigée nous ont permis d'identifier un nouveau variant de FAST, nommé pFAST. En s'associant à toute la collection de molécules fluorogéniques, pFAST permet de générer des complexes bleu, cyan, vert, jaune, orange et rouge. Tout comme FAST et les autres mutants développés par ingénierie protéique 10,12,21 , pFAST a été développé par la stratégie de « yeastdisplay » et les variants d'intérêt ont été triés par cytométrie en flux. Nous avons découvert qu'associés aux dérivés d'isorhodanines, les complexes formés étaient non fluorescents. Cette propriété singulière a été ingénieusement utilisée afin d'éteindre très rapidement la fluorescence de pFAST dans des systèmes vivants. En plus de s'associer aux molécules initialement synthétisées

	possibles, nous nous sommes demandé si FAST pouvait être, de la même façon, réarrangé pour le
	développement de photosensibilisateurs fluorogéniques. En produisant des espèces réactives de
	l'oxygène (ou ROS), de tels systèmes permettent d'étudier ingénieusement certains processus
	biologiques. En effet, les espèces réactives de l'oxygène, connues pour endommager les cellules,
	peuvent être détournées pour : (i) induire la mort cellulaire, (ii) inactiver spécifiquement une protéine
	1.2. Objectifs de la thèse cible et/ou (iii) localiser une protéine cible par microscopie corrélative (CLEM pour correlative-light
	and electron microscopy). En collaboration avec l'équipe du Prof. Ludovic Jullien, des dérivés d'HBR
	Afin de fournir aux biologistes une méthode généralisable, multifonctionnelle et robuste à partir du possédant des substitutions par des atomes lourds ont été synthétisés. En effet, de telles substitutions

système de marquage basé sur FAST, nous avons dans un premier temps développé un nouveau variant de FAST qui est capable de lier un grand nombre de molécules fluorogéniques couvrant la totalité du spectre visible pour de multiples applications en imagerie cellulaire. En collaboration avec l'équipe (HBR) avec de meilleurs affinités et de meilleurs performances de fluorescence, nous avons découvert que pFAST s'associait également aux dérivés rhodanine non-perméants de type (HBRAA) avec des propriétés surpassant celles initialement évaluées avec FAST

20 

(Figure

2a

). Grâce à la grande variété de propriétés spectrales générées, aux grandes performances et à la photostabilité de certaines des molécules fluorogéniques associées à pFAST, nous avons finalement montré que ce petit tag protéique était adapté aux techniques d'imagerie les plus avancées en combinaison aux techniques super-résolutives de type STED (Stimulated Emission Depletion). En plus d'avoir des propriétés intéressantes pour l'imagerie cellulaire, les systèmes fluorogéniques peuvent être utilisé pour étudier des évènements biologiques dynamiques et spécifiques au sein de la cellule par le biais de biosenseurs et d'actuateurs. Des biosenseurs basés sur le système FAST ont été récemment développés au sein du laboratoire 22,23 . Dans le but d'élargir le champ des sont connues pour augmenter la conversion intersystème et ainsi favoriser la génération de ROS en présence d'oxygène (Figure

II.6.
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Materials and methods

Organic synthesis

General. Commercially available reagents were used as obtained. were previously described 13,21,20 . The starting compound oxazolidinedione was obtained according to previously described methods 45 .

HBP-3M

((4-hydroxy-3-methylbenzylidene)-2-iminothiazolidin-4-one). Solid 4-hydroxy-3methylbenzaldehyde (130 mg, 1.0 mmol) and pseudothiohydantoin (69 mg, 0.6 mmol) were mixed and the mixture was brought to 170°C. It first fused and then solidified. After cooling to 50-60°C, ethanol was added and the mixture was heated at reflux. The solid partially disintegrated and formed a suspension. It was filtered and the remaining powder was dissolved in 1 M sodium hydroxide. The resulting solution was stirred for 5-10 min and was then slowly acidified with 1 M hydrochloric acid.

After cooling to 0°C, the precipitate was filtered, washed with cold water and dried over P2O5. HBP-3M was obtained as an orange powder (42 %, 58 mg). Chapter V

General discussion

Fluorescent chemical-genetic hybrids are undoubtedly powerful tools for bioimaging and optogenetic.

Thanks to their bipartite nature, chemogenetic reporters expanded the fluorescent toolbox and provided new ways to target, localize and study biological events in live cells with high spatial and temporal resolution.

My main Ph.D. project has consisted of providing investigators with a general fluorescent chemicalgenetic tag applicable to a broad variety of biological applications, allowing selective labeling and imaging of proteins in live cells, neurons and in a multicellular organism. We applied a coordinated molecular and protein engineering strategy to develop a promiscuous and multifunctional protein tag pFAST, able to recognize a palette of fluorogenic chromophores that cover the entire visible spectrum.

By employing molecular chemistry, minimal substitutions of few heteroatoms of the initial molecules allowed to fine-tuned their electronic and optical properties. Furthermore, the use of directed evolution strategy allowed us to engineer a single protein tag with suitable properties for the entire collection of fluorogenic chromophores. In the frame of this work, we expanded the initial features of the prototypical FAST protein by gaining improved functions by artificial selection. By combining molecular biology techniques and high throughput screening, we were able to select for improved and optimized variants on a relatively short laboratory time scale.

Recent protein engineering strategies allowed to achieve even more promising performances by the use of in silico techniques and de novo design 1,2 . I am convinced that exploring the full-length sequences and functions of proteins by computational design would allow for the generation of further improved scaffolds for bioimaging applications. In this study, we analyzed by homology modeling how