Lina El 
  
Hela Benaissa 
  
Arnaud Gautier 
  
Isolating and engineering fluorescence-activating proteins using yeast surface display Running head: Engineering fluorescence-activating proteins

Keywords: Fluorescent chemogenetic reporters, fluorogenic chromophores, fluorescenceactivating and absorption-shifting tags

This protocol describes the workflow to isolate and engineer fluorescence-activating proteins by yeast surface display. Fluorescence-activating proteins are an emerging class of fluorescent chemogenetic reporters for monitoring gene expression and protein localization in living cells and organisms. They become fluorescent upon binding exogenously applied fluorogenic organic dyes. Efficient fluorescence-activating proteins can be selected from yeast-displayed libraries by iterative rounds of fluorescence-activated cell sorting. The overall strategy is described, as well as a strategy for characterizing the affinity and spectroscopic properties of the selected clones.

Introduction

Yeast surface display is a powerful method for engineering proteins with new and improved functions. Originally developed by the laboratory of K. Dane Wittrup for the engineering of antibodies with increased affinity, specificity and stability [1,2], yeast display has been more recently used to engineer other proteins and enzymes with a variety of applications [3][4][5].

Here we present the use of yeast display for the isolation and engineering of fluorescenceactivating proteins. Fluorescence-activating proteins are an emerging class of fluorescent chemogenetic reporters for monitoring gene expression and protein localization in living cells and organisms [6][7][8]. Made of organic dyes anchored to genetically encoded proteins, fluorescent chemogenetic reporters combine the advantages of synthetic fluorophores with the targeting selectivity of genetic fusions, challenging thus the paradigm of fully genetically encoded fluorescent proteins. The replacement of regular fluorophore by fluorogenic chromophores (so-called fluorogens) -which are nonfluorescent when unbound, but become fluorescent upon binding the protein tag -allowed one to refine the design. The use of fluorogens avoid the need for separate washing steps to remove unbound fluorophores for obtaining high contrast, facilitating thus the study of dynamic processes. Various fluorogens have been used for the design of fluorescent chemogenetic reporters [9][10][11]. The most used are molecular rotors and push-pull conjugated compounds that strongly fluoresce when they adopt a rigid planar conformation [5,[12][13][14][15][16][START_REF] Benaissa | Engineering of a fluorescent chemogenetic reporter with tunable color for advanced live-cell imaging[END_REF]. Proper recognition by a complementary protein cavity can block them in a planar conformation that favor radiative relaxation. Given the synthetic nature of most fluorogenic chromophores, identification / engineering of a suitable protein remains however a challenge. In this context, yeast display, which allows highthroughput evaluation and selection of fluorescence properties using fluorescence-activating cell sorting (FACS), was shown to be an efficient method to program protein scaffolds with fluorescence-activation ability. In a landmark study, single chain antibodies able to bind and activate the fluorescence of thiazole orange and malachite green, two molecular rotors known to dissipate light energy radiatively when conformationally immobilized, were identified using a combinatorial library of single chain antibodies expressed at the surface of yeast cells combined with high-throughput evaluation of the fluorescence brightness by flow cytometry [5].

Our lab recently used yeast display to develop a palette of fluorescence-activating and absorption-shifting tags (FASTs), a new class of small fluorescence-activating proteins [15][16][START_REF] Benaissa | Engineering of a fluorescent chemogenetic reporter with tunable color for advanced live-cell imaging[END_REF][18]. FASTs are small proteins of 14 kDa forming non-covalent fluorescent assemblies with live-cell compatible, fluorogenic push-pull chromophores that remain otherwise dark when free in solution or in cells [15] (Figure 1a-c). FASTs enabled the fluorescent labeling of fusion proteins in various cellular hosts (e.g. bacteria, yeast, mammalian cells) and multicellular organisms (e.g. zebrafish and chicken embryos) [15][16][START_REF] Benaissa | Engineering of a fluorescent chemogenetic reporter with tunable color for advanced live-cell imaging[END_REF]. Unlike conventional fluorescent reporters, FASTs function in absence of oxygen enabling the study of strict anaerobic organisms (e.g. Clostridium) [START_REF] Streett | A Strongly Fluorescing Anaerobic Reporter and Protein-Tagging System for Clostridium Organisms Based on the Fluorescence-Activating and Absorption-Shifting Tag Protein (FAST)[END_REF][START_REF] Charubin | Interspecies Microbial Fusion and Large-Scale Exchange of Cytoplasmic Proteins and RNA in a Syntrophic Clostridium Coculture[END_REF][21], are instantaneously fluorescent allowing the imaging of proteins with high turnover [18] and are functional after secretion by bacteria enabling to study the dynamics of virulence factors [22] and adhesion proteins [START_REF] Chekli | Visualizing the dynamics of exported bacterial proteins with the chemogenetic fluorescent reporter FAST[END_REF]. The modular nature of FASTs allowed furthermore the design of biosensors for the detection of intracellular analyte and the visualization of dynamic protein-protein interactions [START_REF] Tebo | Circularly Permuted Fluorogenic Proteins for the Design of Modular Biosensors[END_REF][START_REF] Tebo | A split fluorescent reporter with rapid and reversible complementation[END_REF]. Finally, FASTs were shown to be compatible with various super-resolution microscopy techniques for imaging proteins below the diffraction limit [START_REF] Benaissa | Engineering of a fluorescent chemogenetic reporter with tunable color for advanced live-cell imaging[END_REF][START_REF] Smith | Single-Molecule Localization Microscopy with the Fluorescence-Activating and Absorption-Shifting Tag (FAST) System[END_REF][START_REF] Venkatachalapathy | Live cell super resolution imaging by radial fluctuations using fluorogen binding tags[END_REF].

Prototypical FAST was created by evolving the blue light photosensor Photoactive Yellow Protein (PYP) implicated in the photophobic behavior of the bacterium Halorhodospira halophile [15] (Figure 1d). PYP senses light thanks to a 4-hydroxycinnamoyl prosthetic group covalently attached to the residue Cys69 via a thioester bond [START_REF] Brudler | Coupling of Hydrogen Bonding to Chromophore Conformation and Function in Photoactive Yellow Protein[END_REF]. As the biosynthetic enzymes responsible for maturation of PYP are absent in most organisms, we programmed PYP to recognize fluorogenic 4-hydroxybenzylidene rhodanine (HBR) derivatives, which share structural similarities with the 4-hydroxycinnamoyl group. After replacing the Cys69 residue with an alanine, a library of variants was constructed by randomization of the loop 94-101 (that gates the chromophore binding pocket) by saturation mutagenesis. High throughput screening of yeast-displayed library by FACS allowed the identification of a protein variant, named FAST, able to form tight and bright fluorescent assembly with various HBR derivatives [15] (Figure 1d). Chromophore binding induces a strong increase of the fluorescence quantum yield because the chromophore adopts a planar conformation favoring radiative relaxation, but also a strong red shift in absorption because the protonation/deprotonation equilibrium is shifted from the protonated phenol state (in solution) to the deprotonated phenolate state (in FAST).

The orientation of the phenolic ring enables Glu46 to stabilize the phenolate state of the chromophore as within the parental PYP (Figure 1d). As fluorescence brightness is the convolution of the fluorescence quantum yield and the molar absorptivity at the excitation wavelength, these two singular spectroscopic changes -highlighted in the name Fluorescence-Activating and absorption-Shifting Tag (FAST) -provide a strong and selective fluorogenic activation.

The power of yeast display enabled us to engineer new variants able to recognize a large collection of fluorogenic chromophores and expand the spectral properties of prototypical FAST (Fig. 1d,e). Yeast display evolution allowed us to isolate variants with orthogonal fluorogen selectivity. These variants, named greenFAST and redFAST, selectively recognize HMBR and HBR-3,5DOM, respectively (Figure 1d,e), and form green and red fluorescent assembly, providing a set of spectrally orthogonal tags for live-cell two-color imaging applications [18]. Spectral tuning was further achieved by engineering the electronic properties of the embedded chromophore followed by cycles of affinity/brightness improvement by yeast display. Addition of an extra double bond between the phenol and the rhodanine moieties of the fluorogen allowed us to further red-shift the absorption and emission properties. Yeast display screening enabled the isolation and engineering of a FAST variant able to form bright far-red fluorescent assembly with (4-hydroxy-3-methoxyphenyl)allylidene rhodanine (HPAR-3OM) (Figure 1d,e), expanding the fluorescence toolkit with new properties and possibilities for multicolor imaging and deep tissue imaging [16]. Recently, yeast display allowed us to isolate a promiscuous FAST variant, named pFAST, able to recognize a collection of fluorogens providing spectral properties spanning the entire visible spectrum [START_REF] Benaissa | Engineering of a fluorescent chemogenetic reporter with tunable color for advanced live-cell imaging[END_REF]. Extensive absorption and emission wavelength modification was achieved by replacing the rhodanine found in the prototypical HBR derivatives by isosteric heterocycles with various electronwithdrawing abilities (Figure 1d,e). The ability to adapt the fluorescence color by choosing a different live-cell compatible fluorogenic chromophore enables to genetically encode blue, cyan, green, yellow, orange and red fluorescence with a single tag. This multifunctional protein tag provides an unprecedented experimental versatility for multicolor imaging, and allow investigators to face a large variety of experimental scenarios.

Based on these studies, we describe here general methods to identify fluorescence-activating proteins from large libraries of combinatorial variants using yeast display, and approaches to further characterize their properties (Figure 2). The general workflow is the following (Figure 3 and Figure 4). A combinatorial library of variants is generated by e.g. saturation mutagenesis, error-prone PCR (epPCR) or DNA shuffling and cloned in the yeast display plasmid pCTCON2 developed by K. Dane Wittrup. The pCTCON2 plasmid enables to express the variants in fusion with the adhesion subunit of the yeast agglutinin protein Aga2p, which attaches to the yeast cell wall through disulfide bonds to Aga1p. The ligated library is first transformed in DH10b Escherichia coli strain by electroporation to give ~ 10 6 -10 8 transformants. The plasmid is maintained in bacteria thanks to a gene cassette imparting resistance to ampicillin. Plasmidic DNA is then extracted and purified. Transformation of the resulting library in Saccharomyces cerevisiae EBY100 yeast cells using a large-scale transformation protocol leads to ~ 10 6 -10 7 transformants. The plasmid is maintained in yeast cells thanks to the TRP1 auxotrophic marker. Expression of the Aga2p fusion is under the control of a galactose-inducible promoter on the pCTCON2, while Aga1p is expressed from a chromosomally integrated galactose-inducible expression cassette. To select improved clones by flow cytometry, the yeast library is next grown, and expression of the Aga2p-variant fusion is induced by addition of galactose. Each yeast cell typically displays 10,000 to 100,000 copies of the variant. Variation in surface expression is evaluated through immunolabeling of a Cterminal epitope Myc tag. Binding to the fluorogen is then determined by adding the fluorogenic chromophore to the yeast cell suspension just prior to FACS sorting. As the desired trait is high fluorescence activation, the sorting of the brightest cells enables to select for improved variants. Typical flow cytometry apparatuses can sort up to 50,000 cells per second, allowing to sort one billion cells in few hours. As FACS is based on hydrodynamic flow focusing, fluorogen concentration remains constant in the sheath fluid until the droplet selection. Note that fluorogen concentration is a parameter to modulate the selection pressure. Lowering the concentration can enable to select for tighter binders. Iterative rounds of flow cytometry sorting and amplification (typically five to seven) enable to enrich the yeast cell population in clones of interest. Individual clones are then isolated as colonies on agar plates, and then grown on small scale for analysis by flow cytometry and/or microplate fluorimeter to identify the brightest clones. The plasmids of the brightest clones are isolated and sequenced for identifying the sequences of the selected variants. Full evaluation of the spectroscopic performance of the selected fluorescence-activating proteins requires determining the affinity constant for the fluorogen, the fluorescence quantum yield and the molar absorptivity of the fluorogen-protein assembly. To determine these parameters, the DNA sequences of the selected variants are subcloned in bacterial expression plasmids for expressing recombinant proteins in bacteria for subsequent affinity chromatography purification. The overall workflow (i.e. mutagenesis, flow cytometry sorting and in vitro characterization) is repeated until the selected fluorescenceactivating protein variants reach the desired properties. PEG 8,000, 500 mM Tris-HCl pH 7.5, 50 mM MgCl2, 50 mM DTT, a 4 mM dNTP mix and 5 mM NAD).

12. Agarose gels in Tris-acetate-EDTA buffer and stained with SYBR™ Safe DNA Gel Stain (10,000´) (Fischer Scientific). Plasmid Maxi kit (Qiagen) (equivalent kits from other manufacturers are also suitable).

Library expression, screening and selection in yeast

1. S. cerevisiae EBY100 yeast strain (ATCC).

2. PEG 3350 50 % (w/v): dissolve 50 g of PEG 3350 in 30 mL of deionized H2O in a 150 mL bottle. Stir until PEG is completely dissolved. Add deionized H2O up to 100 mL and sterilize. The PEG solution can be stored for up to 1 month at room temperature but must be tightly sealed to prevent evaporation. 4. Single-stranded carrier DNA (ss carrier DNA, 2 mg/mL): dissolve 200 mg of salmon sperm DNA in 100 mL of sterile Tris-EDTA buffer (10 mM Tris-HCl, 1mM Na2EDTA, pH 8.0) at 4°C using a magnetic stir plate. This step should take up to few hours. One can speed up the dissolution by drawing the DNA up and down a wide bore 25 ml pipette until no visible DNA is seen. There is no need to sonicate the carrier DNA as described in the earlier publications [START_REF] Schiestl | High efficiency transformation of intact yeast cells using single stranded nucleic acids as a carrier[END_REF]. Larger molecular weight DNA was found to work more effectively as a carrier. Dispense 20 samples of 1.0 mL into 1.5 mL microcentrifuge tubes and the remainder in 5 mL samples in 15 mL screw-capped plastic centrifuge tubes and store at -20°C. Denature the carrier DNA in boiling water bath for 5 min and chill immediately in an ice/water bath before large-scale transformation. Denatured carrier DNA can be boiled three or four times without significant loss of activity.

5. Phosphate-buffered saline (PBS) buffer: 50 mM sodium phosphate, 150 mM NaCl, pH 7.4.

6. PBS-BSA: PBS complemented with 1mg/mL Bovine Serum Albumin (BSA).

7. PBS complemented with the chicken primary antibody anti-c-myc diluted at 1/250 (from 1 mg/mL stock) (Fischer scientific).

8. PBS complemented with the goat anti-chicken fluorescently labeled secondary antibody diluted at 1/100 (from 2 mg/mL stock) (Fischer scientific). 9. YPAD 2´ medium: dissolve 40 g peptone, 10 g yeast extract and 80 mg adenine hemisulfate in 800 mL of deionized H2O and autoclave. Dissolve 20 g dextrose in 200 mL deionized H2O and sterilize by filtration. Cool autoclaved media down to 50°C, add filter-sterilized solution and mix. This medium can be stored for up to 2 months at 4°C. 10. YPAD-agar plates: dissolve 20 g peptone, 10 g Yeast Extract and 15 g agar in 900 mL of deionized H2O and autoclave. Dissolve 20 g dextrose in 100 mL deionized H2O and sterilize by filtration. Cool autoclaved media down to 50°C, add filter-sterilized solution, mix and pour plates. Plates can be stored for up to 6 months at 4°C. 11. SDDO medium: Dissolve 10.2 g Na2HPO4-7H2O, 7.44 g NaH2PO4 in 900 mL deionized H2O and autoclave. Dissolve 20 g dextrose, 6.7 g yeast nitrogen base without amino acids and 1.92 g yeast synthetic drop-out medium supplements without tryptophan (Sigma Aldrich) in 100 mL of deionized H2O and sterilize by filtration. Cool autoclaved media down to 50°C, add filter-sterilized solution, add 1 % (v/v) Penicillin-Streptomycin and mix. SDDO medium can be stored for up to 4 weeks at 4°C once the filter-sterilized solution is added.

12. SGDO medium: Prepare as for SDDO, but use 20 g/L galactose instead of dextrose complemented with 2 g/L dextrose. SGDO medium can be stored for up to 4 weeks at 4°C once the filter-sterilized solution is added.

12. Isopropyl β-D-1-thiogalactopyranoside (IPTG).

13. Imidazole (BioUltra grade > 99.5%) (Sigma Aldrich).

14. HisPur Ni-NTA resin (ThermoFischer scientific).

15. Wash 1 buffer: PBS complemented with 20 mM imidazole, pH 7.4.

16. Wash 2 buffer: PBS complemented with 40 mM imidazole, pH 7.4. 17. Elution buffer: PBS complemented with 0.5 M imidazole, pH 7.4.

Methods

Construction of the library

Saturation mutagenesis

1. Prepare purified plasmid DNA containing the gene that needs to be mutagenized. Measure its concentration spectrophotometrically.

2. Saturation mutagenesis is performed by site-directed mutagenesis PCR using primers with degenerate codons (See Note 1). If several PCR fragments have to be prepared to generate the full-length gene, they must contain overlapping sequences to allow assembly by PCR in a second step.

3. Prepare the PCR reagents in a thin-walled, 0.2 mL tube: x µL Plasmid DNA template; 1 µL Q5 polymerase; 2.5 µL Forward primer (from 10 µM stock); 2.5 µL Reverse primer (from 10 µM stock); 1 µL 10 mM dNTP mix; 10 µL 5´ Reaction buffer, x µL Ultrapure deionized H2O to a final volume of 50 µL. 8. Measure the concentration of the sample spectrophotometrically. 9. For assembly of several PCR fragments, repeat steps 3-8 using the fragments to be assembled as template for the PCR.

Error-prone PCR

1. Prepare purified plasmid DNA containing the gene that needs to be mutagenized (see Note 2). Measure its concentration spectrophotometrically.

2. For the construction of library by error-prone PCR, the mutation rate is highly dependent on the amount of template DNA used for the amplification. Various amounts of DNA template should be tested to reach the desired mutation rate (see Note 2).

3. Prepare the error-prone PCR reagents in a thin-walled, 0.2 mL tube:

x µL Plasmid DNA template (see Note 2); 1 µL Mutazyme II; 2.5 µL Forward primer (from 10 µM stock); 2.5 µL Reverse primer (from 10 µM stock); 1 µL 10 mM dNTP mix; 5 µL 10´ Reaction buffer, x µL Ultrapure deionized H2O to a final volume of 50 µL. 8. Measure the concentration of the sample spectrophotometrically. 9. For the shuffling step, mix the PCR products to be shuffled for 5 min at 15 °C. Up to 5 µg of template can be used. Digest the mix with 0.02 unit of DNase I (20 U/mL) for 25 min at 37°C followed by 10 min at 80°C for complete denaturation of the enzyme (see Note 5). 10. Run the digested product on a 2 % SYBR-green-stained agarose gel, alongside a DNA ladder and cut DNA bands out of the agarose gel. Purify the DNA sample using the QIAquick gel extraction kit according to the manufacturer's protocol (see Note 6).

11. Assemble the fragments in a primerless PCR-like reaction.

12. Prepare the reagents in a thin-walled, 0.2 mL tube: x µL 1-2 μg of purified fragments; 0.5 µL Taq polymerase (5 U/ μL); 2.5 µL MgCl2 (from 50 mM stock); 1 µL 10 mM dNTP mix; 5 µL 10´ ThermoPol buffer (Mg 2+ free); x µL Ultrapure deionized H2O to a final volume of 50 µL. 18. Purify the PCR product using QIAquick PCR Purification kit according to the manufacturer's protocol. Measure the concentration of the sample spectrophotometrically.

Vector and insert digestion

1. Prepare high quantity of purified pCTCON2 plasmid using the HISpeed Plasmid Maxi kit according to the manufacturer's protocol. 

Construction of a test library

1. Prepare two ligation reactions: one with the digested plasmid only ('plasmid only' ligation) and one regular ligation with the digested plasmid and the digested insert DNA ('test library' ligation). For the test library, the ratio plasmid:insert must be optimized to maximize transformation efficiency (see Note 9). We typically use 250 ng of digested plasmid and 50 ng of insert (of 375 bp) for ligation (which correspond to a molar plasmid:insert ratio of 1:3). Each reaction should contain the following: 1´ ligation buffer; 250 ng of vector DNA; 1.5 µL T4 DNA ligase (400,000 U/mL); with or without the digested insert DNA; and ultrapure deionized H2O to a final volume of 25 µL.

2. Incubate the two ligation reactions at 16 °C overnight.

3. Purify the two ligation reactions using MinElute PCR Purification kit according to the manufacturer's protocol. 4. Measure the concentration of the samples spectrophotometrically.

5. Use 50 ng of each ligation product to transform 50 µL of DH10b E. coli electrocompetent cells by electroporation (see Note 10). After electroporation, add 500 µL of LB medium and incubate the bacterial culture for 45 min at 37 °C in an orbital shaker at 220 rpm.

6. For determining the number of transformants, resuspend 5 µL of the bacterial culture in 45 µL of LB (= S0 = 5/550 of the initial suspension). Dilute S0 by a factor of 10 to 100,000 (S1 to S5) in a similar fashion. Spread 45 µL of each dilution (S0 to S5) on LB-agar plates supplemented with 0.1 mg/mL ampicillin and incubate at 37°C overnight. The next day, count the number of bacterial colonies on each plate to determine the number of transformants (see Note 11). The 'plasmid-only' ligation should lead to very few colonies (negative control). The number of transformants of this test library enables to estimate the number of ligation reactions and transformations that will be necessary for constructing the final library (see Note 12).

Analysis of the mutagenesis quality of the test library

1. Randomly pick 12 colonies and inoculate each colony in 2 mL LB supplemented with 0.1 mg/mL ampicillin. Grow bacterial cultures at 37°C overnight in an orbital shaker at 220 rpm for subsequent extraction of the DNA plasmids. 12. Incubate at 42°C for 45 min. We recommend to use a clean water bath or an incubator without shaking at 42°C. Mix the samples by inverting the tubes every 10 min.

13. Centrifuge the tubes at 2,500 ´ g for 5 min at 20°C. Discard the supernatant.

14. For each tube, gently resuspend the yeast cell pellet in 5 mL of sterile water by pipetting up and down. Mix the 3 tubes together (total volume = 15 mL).

15. For determining the number of transformants, resuspend 15 µL of the total yeast cell suspension in 135 µL sterile water (S0 = 1/1000 of the initial suspension). Dilute S0 by a factor 10 to 10 5 (S1 to S5) in a similar fashion. Spread 135 µL of each dilution (S0 to S5) on regular SDDO-agar plates. (see Note 22). Incubate the plates at 30°C for 2-3 days. Count the number of yeast colonies for estimating the number of transformants (see Note 23). The final library size is given by: Library size = Min (# of transformants of the bacterial library; # of transformants of the yeast library) 16. To grow homogenously the yeast library, plate the yeast cell suspension on 30 large 140´140 mm SDDO-agar plates. Plate 0.5 mL of yeast cell suspension per plate. Incubate the plates at 30°C for 2-3 days. We recommend to place a container filled with sterile water in the incubator to avoid plate drying. 17. Scrape the yeast cell lawn with a T-shape cell scraper adding 2 ´ 1 mL of SDDO on each plate. Gather the whole yeast cell suspension (about 60 mL) in a 250 mL sterile bottle and homogenize. Add 20 mL of sterile glycerol to reach 30% (v/v) and aliquot in 1.5 mL cryogenic vials (~ 80 ´ 1 mL). After amplification, each aliquot should contain 10 9 -10 10 cells. Store the aliquots at -80°C. 18. Use one tube to quantify the cell viability after freezing. Resuspend 1 µL of the initial aliquot in 99 µL sterile water (S0 corresponding to 1/1000 of the initial suspension). Dilute S0 by a factor of 10 to 10 n (S1 to Sn) in a similar fashion and spread the 100 µL of S0 to Sn on regular SDDO-agar plates. Incubate the plates at 30°C for 2-3 days prior to counting the number of colonies (see Note 24).

Library expression in yeast

Amplification and induction

1. Resuspend 1 mL (about 10 10 cells) of the yeast library (stored at -80°C) in 1L SDDO medium supplemented with 1% (v/v) of penicillin/streptomycin. Homogenize and split the culture in four 1L Erlenmeyer's flasks (each flask contains 250 mL of culture). Grow the yeast culture overnight at 30°C in an orbital shaker at 250 rpm.

2. The next day, measure the concentration of the culture spectrophotometrically. We typically find an OD600nm around 5 to 10 for overnight cultures, corresponding to ~ 5-10 ´10 7 cells/mL (see Note 18).

3. Centrifuge a volume of yeast culture containing 10 10 cells at 2,500 ´ g for 5 min. Discard the supernatant and resuspend the yeast cells in 40 mL SDDO.

4. Add the yeast suspension to 1 L SDDO medium supplemented with 1 % (v/v) of penicillin/streptomycin. At this step, the OD600nm of the yeast suspension is 1. Grow the yeast culture at 30°C in an orbital shaker at 250 rpm until reaching OD600nm between 2 to 5, corresponding to a concentration of 2-5 ´ 10 7 cells/mL. This step can take between 3 to 5 hours.

5. Measure the concentration of the yeast culture spectrophotometrically. Centrifuge a volume of yeast culture containing 5 ´ 10 9 cells at 2,500 ´ g for 5 min. Discard the supernatant and resuspend the yeast cells in 40 mL SGDO (see Notes 22 and 25).

6. Add the yeast suspension to 1 L SGDO medium supplemented with 1 % (v/v) of penicillin/streptomycin. At this step the OD600nm of the yeast suspension is 0.5. Grow the yeast culture at 23°C in an orbital shaker at 250 rpm for 36 hours (see Note 25).

Immunolabeling

1. The day of sorting, measure the concentration of the yeast culture spectrophotometrically.

For a library of 10 6 -10 7 clones, we usually pellet 5 ´ 10 8 cells for one round of selection (see Note 26). Transfer the corresponding volume of yeast culture into a 50 mL screw-capped plastic centrifuge tube.

2. Centrifuge at 2,500 ´ g for 5 min. Discard the supernatant and resuspend the cell pellet in 10 mL of PBS-BSA (see Note 27).

Centrifuge again at 2,500

´ g for 5 min. Discard the supernatant and incubate yeast cells with the chicken primary antibody anti-c-myc diluted at 1/250 (4 µg/mL) in PBS for 30 min at room temperature on a rotative tube holder. We usually use 40 µL per 10 8 cells.

4. Centrifuge at 2,500 ´ g for 5 min. Discard the supernatant and resuspend the cell pellet in 10 mL of PBS-BSA (see Note 27).

5. Centrifuge at 2,500 ´ g for 5 min. Discard the supernatant and incubate yeast cells with the goat anti-chicken fluorescently labeled secondary antibody diluted at 1/100 (20 µg/mL) in PBS for 20 min at 4°C on a rotative tube holder. We usually use 40 µL per 10 8 cells. The secondary antibody must be labeled with a fluorophore spectrally orthogonal to the fluorescenceactivating protein you want to select. We usually use secondary antibody labeled with Alexa Fluor® 488 or Alexa Fluor® 647.

6. Centrifuge at 2,500 ´ g for 5 min at 4°C. Discard the supernatant and resuspend the cell pellet in 10 mL of PBS-BSA (see Note 27).

7. Centrifuge at 2,500 ´ g for 5 min at 4°C. Discard the supernatant and resuspend the cell pellet in n mL of PBS to reach a final concentration of 10 8 cells/mL. For a selection, we typically resuspend 5 ´ 10 8 cells in 5 mL of PBS.

8. Filter the yeast cell suspension through a 40 µm cell strainer to avoid sorting aggregated cells. 9. Add the appropriate volume of fluorogen to reach the desired concentration just prior to FACS sorting (see Note 28). We recommend not to exceed 0.1 % (v/v) DMSO for solubilizing the fluorogen.

Sorting and iterative rounds of flow cytometry

1. Before analysis, set up a flow cytometry protocol using positive and negative controls to select for adequate laser excitation and fluorescence detector parameters (see Note 26). The yeast population is normally gated on forward-and side-scatter channels to remove debris and aggregated cells. Draw a sorting gate in the double-positive quadrant to isolate yeast cells that are doubly fluorescent because of the anti-myc labeling and the fluorogen labeling. In the first round of sorting, we typically collect 5 % of the population of yeast cells to avoid loss of unique clones. As the population becomes enriched, narrower sort windows can be drawn to collect down to 0.1-0.5 %.

2. Collect the selected yeast cells in a 50 mL screw-capped plastic centrifuge tube containing 10 mL of SDDO. For the first round, we typically analyze 5 ´ 10 8 cells (see Note 29).

3. Pour the collected yeast cell suspension (x mL) into (250 -x) mL SDDO medium supplemented with 1 % (v/v) of penicillin/streptomycin. Grow the yeast culture overnight at 30°C in an orbital shaker at 250 rpm.

4. The next day, measure the concentration of the yeast culture spectrophotometrically. 5. The yeast population is further amplified on solid media for homogenous growth. Transfer a volume of yeast culture containing 10 9 cells in a 50 mL screw-capped plastic centrifuge tube.

Centrifuge at 2,500 ´ g for 5 min. Discard the supernatant, resuspend the cell pellet in 5 mL of SDDO medium and spread the yeast cell suspension on two large 140´140 mm SDDOagar plates. Incubate the plates at 30°C for 2-3 days (see Note 30). Scrape the cell lawn with a T-shape cell scraper after adding 5 mL of SDDO medium (or sterile water) on each plate. Gather all collected cells in a 50 mL screw-capped plastic centrifuge tube (10 mL).

6. For subsequent round of flow cytometry sorting, grow 500 µL of the yeast cell suspension in 500 mL SDDO medium. Store the remaining yeast cell suspension in 30 % (v/v) sterile glycerol and make 1 mL aliquots in 1.5 mL cryogenic vials. Store the aliquots at -80°C. Collect 2 ´ 10 8 cells in 2 mL microcentrifuge tubes. 9. Centrifuge at 2,500 ´ g for 5 min. Discard the supernatant and resuspend the cell pellet in 2 mL of PBS-BSA.

10. Centrifuge at 2,500 ´ g for 5 min. Discard the supernatants and incubate the cell pellet with the chicken anti-c-myc primary antibody diluted at 1/250 (4 µg/mL) in PBS for 30 min at room temperature on a rotative tube holder. We usually use 40 µL per 10 8 cells.

11. Centrifuge at 2,500 ´ g for 5 min. Discard the supernatant and resuspend the cell pellet in 2 mL of PBS-BSA.

12. Centrifuge at 2,500 ´ g for 5 min. Discard the supernatants and incubate the cell pellet with the goat anti-chicken fluorescently labeled secondary antibody diluted at 1/100 (20 µg/mL) in PBS for 20 min at 4°C on a rotative tube holder. We usually use 40 µL per 10 8 cells.

The secondary antibody must be labeled with a fluorophore spectrally orthogonal to the fluorescence-activating protein you want to select. We usually use secondary antibody labeled with Alexa Fluor® 488 or Alexa Fluor® 647.

13. Centrifuge at 2,500 ´ g for 5 min at 4°C. Discard the supernatants and resuspend the cell pellets in 2 mL of PBS-BSA.

14. Centrifuge at 2,500 ´ g for 5 min at 4°C. Discard the supernatants and resuspend the cell pellets in 2 mL of PBS to reach a final concentration of 10 8 cells/mL. fluorogen concentration enables to quantify the fraction of complex. For simple analysis, these experiments are usually done in large molar excess of fluorogen to be able to neglect the variation of free fluorogen concentration upon complex formation. We typically start with

[protein]0 = 50 nM, and eventually lower the concentration for high affinity systems. To determine the specific signal from the complex, the contribution of the free fluorogen (baseline) should be measured and subtracted. We usually use twelve different concentrations of fluorogen (concentrations should be chosen in order to enable proper determination of the KD). One titration occupies thus one row of a 96-well plate. Measurements are done in triplicate. For one KD determination, one needs six rows of a 96-well plate, three rows for the actual titration and three rows for baseline determination. The total solution volume is set to 120 µL. For the titration, we use 60 µL of 2´ fluorogen solution and 60 µL of 2´ protein solution.

For the baseline determination, we use 60 µL of 2´ fluorogen solution completed with 60 µL of buffer. Using the dissociation constant previously determined, prepare a solution of protein and fluorogen with an excess of protein to obtain > 95% bound fluorogen in order to measure absorbance and emission spectra resulting only from the protein:fluorogen assembly (See Note 44). Fluorogen concentration should be chosen so that maximal absorbance of the solution remains below 0.05 to minimize inner filter effect. For FAST:fluorogen assembly, we usually start with a solution containing 40 µM protein and 6 µM fluorogen (160 µL), when using 0.3´0.3 cm cuvettes. Prepare also 1 mL solution containing only the protein at the chosen concentration to perform reciprocal dilutions (See Note 45).

2. Preliminary measurements should be done to assess the best excitation wavelength, adjust the reading window, integration time, and band pass. Once set, these parameters should remain constant between all acquired data during an experiment. 

Data analysis:

-Absorbance spectra: correct the absorbance spectra by subtracting the absorbance spectrum of the protein alone. Report the corrected absorbance A at the excitation wavelength for each acquired spectrum in a table .   -Fluorescence spectra: compute the integrated area under the emission curves. Report the integrated fluorescence intensities I in the previously created table .   -Plot the integrated fluorescence intensities I in function of the absorbance A. Fit the obtained graph with a linear regression intercepting the origin, and report the I/A slope value.

-Perform the same analysis for the reference to determine the Iref/Aref slope value.

-The fluorescence quantum yield f is obtained with the simplified formula:

f= ! I A " ! A ref I ref " f ref
where fref is the fluorescence quantum yield of the reference.

Notes

1. We usually used partially randomized primers with degenerate NNK codons. N = C, T, A or G and K = C or T.

2. Initial amount of template is crucial in error-prone PCR as mutation frequency is dependent on DNA polymerase error rate and number of duplications. If the amount of template is high, it will undergo few duplications in the epPCR. On the other hand, a low amount of template will result in a greater number of duplications and more mutations will be introduced. We recommend to test various template amounts (typically 0.1 ng, 1 ng and 10 ng). Note that the amount of template corresponds to the amount of target DNA instead of the amount of purified plasmid DNA. For example, for a plasmid of 5,700 bp in total, 10 ng of target DNA (of 375 bp) corresponds to 152 ng of total plasmid DNA. with shuffling procedure. The protocol introduced below was optimized for five different fragments of 375 bp each. Therefore, the amount of templates, amount of DNase I and incubation time, percentage of agarose gel and size of excised bands (or smear) can be adjusted as necessary. For further optimization, we recommend to consult detailed DNA shuffling protocols [START_REF] Stemmer | Rapid evolution of a protein in vitro by DNA shuffling[END_REF][START_REF] Crameri | DNA shuffling of a family of genes from diverse species accelerates directed evolution[END_REF][START_REF] Coco | DNA shuffling method for generating highly recombined genes and evolved enzymes[END_REF].

16. To estimate the competency of freshly prepared electrocompetent DH10b cells: count the number of bacterial colonies on each plate Si (i = 0 to n) (as in note 11) to have the number of transformants per electroporation per ng of control plasmid. We typically find a transformation efficiency of 5´10 5 transformants ng of control plasmid ⁄ .

17. The regular LB-agar plates of the dilutions and the "vector only" control should be used to estimate the scale-up size of the bacterial library and to verify that the control background is <1% of the total library. To estimate the number of transformants, count the number of bacterial colonies on each plate Si (i = 0 to 5):

Number of transformants = V tot 10 ´100 90 
´ number of colonies on plate S i (i=0-5) ´ 10 i

Where Vtot is the total volume of transformation in μL.

18. To measure the yeast density (number of cells/mL) spectrophotometrically, one considers that an OD600nm = 1 is equivalent to 10 7 cells/mL. Dilute 100 µL of yeast culture in 900 µL of YPAD 2´ and measure the optical density at 600 nm.

number of cells/mL = OD 600nm ´ 10 7 ´ 10

19. This protocol is adapted for 120´ transformations. Before scaling up to a full-size library, we find useful to construct a library test using 1´ transformation for evaluating the final library size. For one transformation, we use 1 μg of plasmid.

20. In this step, yeast cells must be in early to mid-log growth phase. Using yeast cells with much higher optical densities (corresponding to the late log or stationary phase) would substantially decrease the transformation efficiency.

21. To denature the ss carrierDNA, we do not recommend to use a block heater which can prevent the proper denaturation of the ss carrierDNA.

22. To maintain the plasmids with TRP1 auxotrophic marker in EBY100, we use tryptophanfree yeast synthetic drop-out (DO) medium instead of Bacto casamino acids (CAA) mixture, initially used in the first described yeast-display protocol [START_REF] Chao | Isolating and engineering human antibodies using yeast surface display[END_REF].

23. To determine the number of transformants, count the number of yeast colonies on each plate:

Number of transformants = 10 3 ´150 135

´ number of colonies on plate S i (i=0-6) ´ 10 i

We usually find a number of transformants of 1´10 6 to 5 ´10 7 .

24. After freezing, we usually observe a 10-fold viability loss compared to the initial yeast cell suspension due to -80°C storage.

25. We add 2g/L of dextrose in the galactose-containing SGDO induction medium for not stopping cell growth prior to inducing the expression of the protein variants.

26. For the first round of sorting, we recommend to analyze a positive control (yeast cells induced to express the initial protein variant) and a negative control (yeast cells which were not induced to express any protein variant) to set the gates prior to sorting. For the positive and the negative controls, we typically analyze 1 ´ 10 8 cells (in a final volume of 1 mL).

Prepare the negative and positive controls in the same way as for the library (see 3.2.2 -Immunolabeling steps 1-7).

27. We recommend to wash the samples with PBS-BSA to prevent unspecific binding of the antibodies.

28. We use the fluorogen concentration as a parameter to select for tight complexes. We typically start with concentrations around 10 -20 µM and lower down to 1 µM for selecting good binders.

29. For the first round of sorting, we use 5 ´ 10 8 yeast cells in order to analyze about 100 times more events than the actual library diversity (~ 10 6 -10 7 variants) to ensure that all clones present in the library are explored.

30. We find convenient and useful to amplify the collected yeast cells on 140´140 mm SDDOagar plates before the next round of sorting. In this way, we usually perform one round of sorting per week starting from Monday to Friday.

31.

To enrich the yeast cell population in clones of interest, iterative rounds of flow cytometry sorting and amplification (typically five to seven) are performed. As the diversity gets lower over sorting cycles, we recommend to adjust the volume of cells, reagents and to adjust the % of collected cells for the following rounds of enrichment.

32. We recommend to determine the viability of the yeast cell suspension after each round.

33. We usually randomly measure the absorbance of only 12 yeast cultures out of the 48 for simplicity.

34. Alternatively, the fluorescence analysis can be performed using flow cytometry, adapting the different volumes used.

35. It is possible to incubate in the lyticase buffer for longer than 30 minutes, typically for a few hours.

36. Alternatively, cloning can be done using Gibson assembly [START_REF] Gibson | Enzymatic assembly of DNA molecules up to several hundred kilobases[END_REF].

37. Alternatively, IPTG induction can be done at 37°C for 4 h.

38.

Bacterial cell lysis can also be done by osmotic shock, using TES buffers (1´ and 0.25´).

Right before the lysis, complement TES 1´ buffer with 1 mM PMSF, 5 mM, MgCl2 and 0.025 mg/mL DNAse. Resuspend the bacterial pellets in 15 mL of TES 1´ buffer (15 mL/L of culture) and incubate on ice for 1 h on a shaking platform. Then add 30 mL of TES 0.25´ buffer (30 mL/L of culture) and incubate again on ice for 45 min.

39. It is possible to decrease the amount of Ni-NTA beads used, especially when the isolated protein is not pure enough.

40. We typically use the PD-10 or PD MidiTrap G-10 buffer-exchange columns (Cytiva) depending on the amount of concentrated fractions recovered after elution, according to the manufacturer's protocol.

41. When the fluorogen stock solutions are prepared with DMSO, make sure that the same amount of DMSO is added in each well when increasing the fluorogen concentration.

DMSO concentration should remain below 1 %.

42. In order to avoid protein adsorption on the surface of the well, add the protein last.

Alternatively, use low binding-96 wells-plates.

43. The KD is obtained using the following equation for fitting :

I F = I F,max × B with B = 1 1+ K D F tot
Where B is the fraction of complex at equilibrium and Ftot is the total concentration of fluorogen.

44. The concentration [protein:fluorogen] of fluorescent protein:fluorogen assembly at equilibrium is given by the following equation: 

13 .

 13 DNA ladder. 14. QIAquick PCR Purification kit (Qiagen), QIAquick gel extraction kit (Qiagen), MinElute PCR Purification kit (Qiagen), QIAprep Spin Miniprep kit (Qiagen) and HISpeed

3 .

 3 Lithium acetate (LiAc) (1 M): dissolve 10.2 g of lithium acetate dihydrate in 100mL deionized H2O and sterilize. The LiAc solution can be stored for up to 1 month at room temperature.

4 .

 4 Mix the sample and place the tube in the thermocycler. 5. Run the PCR program: Step 1: 95 o C (2 min); Step 2: 95°C (30 s); Step 3: annealing temperature for primers (30 s); Step 4: 72°C (1 min); Step 5: repeat step 2-4 for an additional 35 cycles; Step 6: 72°C (10 min); Step 7: 4°C (hold) 6. Characterize the PCR product by running 2 µL of the PCR reaction on a 1 % SYBR-greenstained agarose gel, alongside a DNA ladder.

7 .

 7 Purify the PCR product using QIAquick PCR Purification kit according to the manufacturer's protocol.

4 .

 4 Mix the sample and place the tube in the thermocycler. 5. Run the error-prone PCR program: Step 1: 95 o C (2 min); Step 2: 95°C (30 s); Step 3: annealing temperature for primers (30 s); Step 4: 72°C (1 min); Step 5: repeat step 2-4 for an additional 35 cycles; Step 6: 72°C (10 min); Step 7: 4°C (hold) 6. Characterize the PCR product by running 2 µL of the PCR reaction on a 1 % SYBR-greenstained agarose gel, alongside a DNA ladder. 7. Purify the PCR product using QIAquick PCR Purification kit according to the manufacturer's protocol. 8. Measure the concentration of the sample spectrophotometrically.

1 .

 1 Prepare purified plasmid DNA containing the homologous genes that need to be shuffled.Measure their concentration spectrophotometrically.2. Amplify the homologous genes separately by PCR. Set up a mixture of the forward and reverse primers with each parental gene as a template and use a high-fidelity DNA polymerase (see Notes 3 and 4).

3 .

 3 Prepare the PCR reagents in a thin-walled, 0.2 mL tube: x µL Plasmid DNA template (see Notes 2-4); 1 µL Q5 polymerase; 2.5 µL Forward primer (from 10 µM stock); 2.5 µL Reverse primer (from 10 µM stock); 1 µL 10 mM dNTP mix; 10 µL 5´ Reaction buffer, x µL Ultrapure deionized H2O to a final volume of 50 µL. 4. Mix the sample and place the tube in the thermocycler. 5. Run the PCR program: Step 1: 95 o C (2 min); Step 2: 95°C (30 s); Step 3: annealing temperature for primers (30 s); Step 4: 72°C (1 min); Step 5: repeat step 2-4 for an additional 35 cycles; Step 6: 72°C (10 min); Step 7: 4°C (hold) 6. Characterize the PCR product by running 5 µL of the PCR reaction on a 1 % SYBR-greenstained agarose gel, alongside a DNA ladder. A single sharp band of the expected size should be observed. 7. Purify the PCR product using QIAquick PCR Purification kit according to the manufacturer's protocol.

13 .

 13 Mix the sample and place the tube in the thermocycler. Run the primerless PCR program: Step 1: 90 o C (30 s); Step 2: 42°C for reassembly (see Note 7) (30 s); Step 3: 72°C (1 min/kb); Step 4: repeat step 2-3 for an additional 45 cycles; Step 5: 72°C (10 min); Step 6: 4°C (hold) 14. Characterize the shuffled PCR product by running 2 µL of the PCR products on a 1 % SYBR-green-stained agarose gel, alongside a DNA ladder. A smear should be observed. 15. Amplify the shuffled product by PCR with primers containing the appropriate restriction enzymes for subsequent digestion. Set up a mixture of the forward and reverse primers with the primerless PCR product as a template and use a high-fidelity DNA polymerase: x µL 20 -100 ng of primerless PCR product; 0.5 µL Q5 DNA polymerase (5 U/ μL); 2.5 µL Forward primer (from 10 µM stock); 2.5 µL Reverse primer (from 10 µM stock); 1 µL 10 mM dNTP mix; 10 µL 5´ Reaction buffer, x µL Ultrapure deionized H2O to a final volume of 50 µL. 16. Mix the sample and place the tube in the thermocycler. Run the PCR program: Step 1: 98 o C (30 ); Step 2: 98°C (10 s); Step 3: annealing temperature for primers (30 s); Step 4: 72°C (30 s/kb); Step 5: repeat step 2-4 for an additional 20 cycles; Step 6: 72°C (10 min); Step 7: 4°C (hold) 17. Characterize the amplified PCR product by running 2 µL of the PCR reaction on a 1 % SYBR-green-stained agarose gel, alongside a DNA ladder.

2 .

 2 Digest 3 µg of pCTCON2 plasmid with NheI and BamHI restriction enzymes for 2.5 h at 37°C in 1´ Cut smart buffer. Do the same with the insert prepared in 3.1.1, or 3.1.2 or 3.1.3 (see Note 8). 3. Add 5 µL of calf intestinal alkaline phosphatase (CIP) to the plasmid sample to prevent plasmid recircularization. Incubate at 37°C for 2.5 h. 4. Purify the digested samples using QIAquick PCR Purification kit according to the manufacturer's protocol. 5. Measure the concentration of the samples spectrophotometrically. 6. Store the purified DNA at -20°C, if necessary.

2 .

 2 Purify the plasmids using QIAprep Spin Miniprep kit according to the manufacturer's protocol. Measure the concentrations of the samples.3. Sequence with adequate primers (custom primer ag761 or M13-Forward), and evaluate the quality of the mutagenesis step (see.

3. 1 . 7 .

 17 Construction of the large-scale library in bacteria 1. Prepare n ligation reactions with the optimized conditions determined in 3.1.5. Prepare a ligation mix for n reactions containing the following: 1´ ligation buffer; n ´ 250 ng of digested plasmid DNA; n ´ optimized quantity of digested insert DNA; and ultrapure deionized H2O to a final volume of n ´ 23.5 µL. Aliquot the mix in n ´ 0.2 mL thin wall tubes. Each tubes contains 23.5 µL. Add 1.5 µL T4 DNA ligase (400,000 U/mL) to each tube. Prepare a 'plasmid only' ligation reaction as described in 3.1.5. Incubate at 16°C overnight. 2. Purify each ligation reaction using the MinElute PCR purification kit according to the manufacturer's protocol. 3. Gather all the ligation reactions and homogenize. 4. Measure the concentration of the sample spectrophotometrically. 5. Prepare a fresh stock of electrocompetent DH10b E. coli bacteria. We recommend to prepare electrocompetent bacteria starting from 1 L of LB (or more) according to the desired size of the library. Save one transformation unit to estimate the competency (see Note 16). 6. Perform N transformations by electroporation (We typically do 40 to 50 transformations). Each transformation is performed by electroporating 50 ng of ligation reaction in 50 µL competent DH10b E. coli cells. Each transformation is resuspended in 500 µL of LB medium and incubated for 45 min at 37 °C in an orbital shaker at 220 rpm. Pool all tubes together and measure the total volume Vtot (in µL) of bacterial cell suspension. 7. For determining the number of transformants, resuspend 10 µL of the final bacterial cell suspension in 90 µL of LB (= S0 = 10 / Vtot of the initial suspension). Dilute S0 by a factor of 10 to 100,000 (S1 to S5) in a similar fashion. Spread 90 µL of each serial dilutions (S0 to S5) on regular LB-agar plates supplemented with 0.1 mg/mL ampicillin. Incubate plates at 37°C overnight. The next day, count bacterial colonies for estimating the number of transformants (see Note 17).6. Grow the yeast culture at 30°C in an orbital shaker at 250 rpm until OD600nm reaches 2, corresponding to a concentration of 2 ´ 10 7 cells/mL. This step can take between 4 to 6 hours (see Note 20). 7. Meanwhile, denature 7 mL of a 2 mg/mL ss carrierDNA solution in boiling water for 5 min and chill on ice (seeNote 21). Prepare the mix for 120´ transformations in a 50 mL screwcapped plastic centrifuge tube on ice as follows: 28.8 mL PEG 50% (v/v), 4.32 mL Lithium acetate (LiAc) 1M, 6 mL ss carrierDNA, x µL (~ 100 -500 µg) of plasmid, sterile water to a final volume of 43.2 mL 8. Pour the yeast culture into twelve 50 mL screw-capped plastic centrifuge tubes. Centrifuge at 2,500 ´ g for 5 min at 20°C. 9. Discard the supernatant and resuspend the yeast cell pellet of each tube in 25 mL of sterile water by vortexing. Centrifuge at 2,500 ´ g for 5 min at 20°C. 10. Discard the supernatant and resuspend the yeast cell pellet of each tube in 10 mL of 100 mM lithium acetate (LiAc) by vortexing. Combine the yeast cell suspensions in three 50 mL screw-capped plastic centrifuge tubes (3 ´ 40mL). Centrifuge at 2,500 g for 5 min at 20°C and discard the supernatant, taking care to remove the residual supernatant. 11. Add 14.4 mL of the transformation mix in each tube. Mix and vortex vigorously for ~ 1 min. Keep on ice during the transfer.

7 .

 7 Repeat steps 1-6 of 3.2.1 and steps 1-9 of 3.2.2 prior to the next sorting round (see Notes 31 and 32).

3. 3 . 3 . 3 . 1 . 6 .

 33316 Screening of clones after FACS rounds Fluorescence analysis of selected clones 1. Once satisfied with the sorted population, dilute a small amount of the yeast cell suspension from step 4 (section 3.2.3) to plate on SDDO agar plates to isolate individual clones (similarly to what was done for colony counting). Incubate the plates at 30°C for 2-3 days. 2. Pick 48 yeast colonies and inoculate each colony in 5 mL of SDDO. Grow yeast cultures overnight at 30°C in an orbital shaker at 250 rpm. 3. The following day, measure the concentration of the yeast cultures spectrophotometrically (see Note 33).4. For each clone, centrifuge a volume of yeast culture containing 5 ´ 10 7 cells at 2,500 ´ g for 5 min. Discard the supernatant and resuspend the cell pellet in 5 mL SDDO. At this step the OD600nm of the yeast suspension is 1. 5. Grow the yeast cultures at 30°C in an orbital shaker at 250 rpm until OD600nm reaches 2 to 5, corresponding to a concentration of 2-5 ´ 10 7 cells/mL. This step can take between 3 to 5 hours. Measure the concentration of the yeast cultures spectrophotometrically. Centrifuge a volume of yeast culture containing 2.5 ´ 10 7 cells at 2,500 ´ g for 5 min. Discard the supernatant and resuspend the cell pellet in 5 mL galactose-containing SGDO. At this step the OD600nm of the suspension is 0.5. 7. Grow yeast cultures at 23°C in an orbital shaker at 250 rpm for 36 hours. 8. The day of fluorescence measurements, measure the concentration of the yeast cultures.

15 .

 15 Prepare a fluorogen solution in PBS at the appropriate (2 ´) concentration. 16. The fluorescence measurements are performed in triplicate using a fluorescence plate reader. Fill each well with 100 µL of the fluorogen solution prepared in step 15 (see Note 34).

17 . 3 . 3 . 2 . 2 . 4 .

 1733224 For each clone, add 100 µL of immunolabeled yeast cell suspension prepared in step 14 per well. Prepare controls with yeast cells only, fluorogen only, and yeast cells expressing the parental clone ± fluorogen. 18. For each well, measure the fluorescence (i) using the excitation/emission settings for the protein:fluorogen assembly, and (ii) using the excitation/emission settings for the fluorescent antibody. The fluorescence signal of the protein:fluorogen assembly is then divided by the fluorescence signal of the fluorescent antibody to normalize the fluorescence signal by the expression level. 19. Plot the fluorescence of each clone as a ratio of fluorescence increase in comparison with the parental clone. DNA analysis of the selected clones 1. Use the remaining volume of each yeast culture of step 4 (3.3.1) to extract the plasmid DNA. Centrifuge the yeast cell suspensions at 2,500 ´ g at room temperature for 5 min in 15 mL screw-capped plastic centrifuge tube. 3. Discard the supernatant and resuspend the cell pellets in water in 1.5 mL microcentrifuge tubes. Centrifuge the cell suspensions at 2,500 ´ g at room temperature for 5 min. Discard the supernatants and resuspend each cell pellet in 200 µL of P1 buffer (from QIAprep Spin Miniprep kit). 5. To each tube, add 100 µL of lyticase buffer. Mix thoroughly and incubate at 37°C for at least 30 minutes (see Note 35). 6. Add 300 µL of P2 buffer (from QIAprep Spin Miniprep kit) to each tube and invert the tubes 4-6 gently to mix. Incubate at room temperature for 10 minutes. 7. Add 420 µL of N3 buffer (from QIAprep Spin Miniprep kit) to each tube and invert immediately to mix. 8. Centrifuge for 10 min at 10,000 ´ g.

3. 4 . 3 . 1 .

 431 Determination of the dissociation constant of the tag:fluorogens assembly The dissociation constant KD of the fluorogen:protein assembly is determined by titration experiment in a multi-well format using a fluorescence plate reader. As the fluorogen:protein assembly is strongly fluorescent, one can directly use fluorescence as a readout to determine the fraction of complex. Titrations are performed varying the fluorogen concentration while keeping the protein concentration constant. Measurement of the fluorescence intensity at each

2 . 3 . 4 . 4 .

 2344 For one KD determination, prepare a 2´ protein stock solution (2.2 mL) and twelve 2´ fluorogen stock solutions at different concentrations (0.4 mL) (see Note 41). Fill the plates in this order: buffer, then fluorogen solutions, then protein solution (see Note 42). 3. Acquire the fluorescence intensity of each well. Acquisition parameters should be optimized. Use the maximal absorption wavelength of the fluorescent protein:fluorogen assembly as excitation wavelength, and collect emission in a spectral window centered around the maximal emission wavelength of the fluorescent assembly 4. Analyze the fluorescence titration data by fitting with a one-site specific binding model using Graphpad Prism software (see Note 43). 5. If necessary, after a rough determination of the dissociation constant, repeat the experiment adjusting the range of fluorogen concentrations. Determination of the fluorescence quantum yield of the tag:fluorogens assembly 1.

3 .

 3 The quantum yield is determined relatively to a reference of known fluorescence quantum yield. Choose a reference with spectral properties similar to your fluorescent protein:fluorogen assembly (according to step 3 of 3.4.3 a).4. Acquire the absorbance spectrum of the protein solution without fluorogen. This spectrum is ultimately subtracted to the spectra of the different complex solutions to remove the contribution of the protein itself.

5 .

 5 Acquire the absorbance and emission spectra of the solution containing the protein:fluorogen assembly prepared in step 1. 6. From the cuvette from step 5, remove half the total volume and replace with the same volume of fluorogen-free protein solution. This way, the protein concentration remains constant, and the fluorogen concentration (and thus the protein:fluorogen assembly concentration) is divided by two. Acquire the absorbance and emission spectra. Repeat this step until you reach a fluorogen dilution factor of 1/16. 7. Without changing the acquisition parameters, acquire the absorbance and emission spectra of the reference solution. Perform reciprocal dilution as in step 6.

3 . 4 .

 34 In family (DNA) shuffling procedure the parental DNA fragments are first amplified, fragmented and randomly recombined to allow for random recombination based on homology sequence. Hence, sequences with more than 70 % of homology sequence should be used for proper recombination. For family shuffling procedure, template DNAs should allow proper amplification of the PCR products without introducing additional mutation as this method produces a point mutagenesis rate of 0.7 %18 . Choose in priority high-fidelity DNA polymerase and initial amount of target DNA allowing proper amplification of the PCR products (typically 50-100 ng of plasmid DNA). Note that error-prone PCR conditions could be performed for additional mutation rate at this step (see Note 2).

[ 2 Where

 2 protein:fluorogen] = (P tot +F tot +K D ) -, (P tot +F tot +K D ) 2 -4 P tot F tot Ptot and Ftot are the total concentrations of protein and fluorogen, respectively and KD is the dissociation constant.45. With each dilution, the fluorogen concentration is divided by two while the protein concentration and the total volume of the solution remain constant.

Figure 1 .

 1 Figure 1. The palette of fluorescence-activating and absorption-shifting tags (FASTs) and its history. (a) FASTs are small protein tags of 14 kDa forming non-covalent fluorescent assemblies with live-cell compatible fluorogens that remain otherwise dark when free in solution or in cells. (b) Fluorogen undergoes both fluorescence activation and absorption redshift upon binding to FAST ensuring high contrast. (c) An example of fluorescence activation: cuvettes contain a solution of the fluorogenic chromophore HMBR ± recombinant FAST under blue light irradiation. (d) Evolution tree of FASTs. Prototypical FAST was evolved by directed evolution from the Halorhodospira halophila photoactive yellow protein (PYP). Yeast display enabled to isolate a variant forming bright fluorescent assembly with hydroxybenzylidene rhodanine (HBR) analogs. Prototypical FAST was then used as a starting protein for evolving: (i) orthogonal variants, greenFAST and redFAST, forming selectively green and red fluorescent assembly with HMBR and HBR-3,5DOM, respectively, providing spectrally orthogonal reporters, (ii) a promiscuous variant (pFAST) able to form tunable fluorescent assemblies with a collection of fluorogens with various spectral properties, and (iii) far-red(fr) FAST forming far-red fluorescent assembly with HPAR-3OM. Mutations introduced during directed evolution are indicated by spheres. All shown structures were drawn using the crystal structure of PYP (PDB 6P4I) and PyMOL software. (e) Structures of the fluorogens recognized

Figure 2 .Figure 3 .

 23 Figure 2. The process of isolation and engineering of fluorescence-activating proteins.

Figure 4 .

 4 Figure 4. The workflow for the selection of fluorescence-activating proteins by flow cytometry and their characterization.
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