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Abstract 
In vitro selection of bacteriophages displaying specific protein binders from large combinatorial libraries is a well-established and very powerful technology. Therapeutic antibodies that have been evolved by phage display are now on the market and various non-antibody scaffolds are currently being developed as the next generation competitors. In this chapter, after presenting the many possible proteins that can be engineered by phage display, we describe some modern methods for generating highly diverse phage libraries as well as selection protocols and experimental tips that will help researchers implementing the technology in their laboratory.  
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1. Introduction 
Phage display is a powerful technology for engineering tailor-made protein binders. Since its first description in 1985 (1), several thousands of research articles reporting applications of this technology have been published. In 2018, the Nobel Prize in Chemistry has been awarded to George Smith, who first described phage display applied to peptides and Gregory Winter who first applied phage display to engineer antibodies. As the result of a simple genetic fusion between a chosen open reading frame (ORF) and a gene encoding a filamentous phage coat protein, the corresponding peptide, protein or antibody fragment can be expressed at the surface of a phage particle, physically linked to its genetic information via the coat. Using large libraries of variants, the selective capture of a phage based on its specific interaction with an immobilized ligand allows the concomitant selection of the genetic information, which can be amplified by simple phage infection of bacteria (Fig. 1). The selection process is conducted entirely in vitro, in defined and controlled conditions.
This chapter will focus on phage display for protein engineering and will not describe other applications such as peptide or whole phage engineering neither all the alternative display methods that have been developed to circumvent some of the limitations of the phage technology (2). Several interesting reviews and books should also be of interest for scientists that are using or planning to use phage display (3-12). Before entering into practical considerations, our introduction is focused on the large diversity of proteins that have been engineered by phage display (Fig. 2). 

1.1. Selecting a protein scaffold
1.1.1 Antibody scaffold
One of the most successful applications of the phage display technology is the selection of antibody-derived proteins featuring tight binding for chosen molecular or cellular targets. Nowadays, engineered therapeutic antibodies in multiple formats have become leading products for novel therapeutic approaches, notably for cancer treatments (13-14). Immunotherapy is also promising for the treatment of other pathologies related to inflammation or neuronal diseases (15). 
Fab and scFV 
Because of their large size, hetero-tetrameric structure and multiple disulfide bonds, whole antibodies are difficult to handle as recombinant proteins and are inefficiently expressed and displayed on phages. Dimeric Fab and monomeric scFv fragments have thus been used instead (5,8,10). Fab fragments are more difficult to handle but tend to be more stable than scFvs and are easier to convert into full length IgG for further applications. ScFv fragments are easier to handle for recombinant expression in E. coli but, depending on the size of the linker, can be subject to oligomerization by domain swapping. Such multimers with an increased avidity for their targets (cancer cells, viruses) and a longer half-life in vivo may however be interesting for some applications. 
Immune, naïve or synthetic libraries of Fab or scFv can be prepared (for review (16-18)) starting from V genes of immunized or non-immunized organisms, or from artificial DNA assembly respectively. Immune libraries, from antigen-injected animals or microbe-infected humans, present a bias of specificity for the antigen or microbe and are therefore dedicated to engineering binders against a single target. The construction of large naïve and synthetic libraries (109 to 1010 clones) were developed as a more versatile approach, allowing the selection of binders with nanomolar affinities for almost any protein targets (4,19) 
Single domain VHH 
A specific class of antibodies found in Camelidae contains only two heavy chains but no light chains. The variable region (VHH) of these antibodies is the smallest antigen-binding fragment (11 to 15 kDa). Featuring low complexity of the binding site (only three hypervariable loops), high production levels in prokaryotic and eukaryotic hosts and good stabilities, these engineered VHH scaffolds, named Nanobodies, are clearly an interesting alternative to classic antibody derivatives (20). The phage selection of target-specific nanobodies usually relies on an immunization of an appropriate animal (e.g. lama, alpaga, dromedary) followed by the construction of VHH gene library amplified from its peripheral blood. Only recently, efficient synthetic universal VHH libraries have been described (21-23) and are of sufficient quality to allow the selection of high affinity nanobodies for any protein target. Therapeutic nanobodies are being developed and several clinical trials are currently ongoing (24).

1.1.2. Alternative scaffolds
In addition to the disadvantages mentioned above, going from low expression of large hetero-oligomeric antibodies to misfolding or domain swapping of artificially fused protein domains, most antibody-based domains are not able to fold in the reducing environment of the cytoplasm of living cell, including VHH-derived nanobodies that also have a stabilizing disulfide bond. This limits any potential usage of antibody-derived binders as effector/modulator of biological function within living cells. To overcome these limitations as well as patent-related restrictions, researchers turned to other proteins for engineering binders. 
A set of recent reviews have listed more than 40 different proteins proposed as possible scaffolds, at various stages of developments (25-28). These were selected generally as small monomeric proteins, with favorable expression properties. Most of proposed scaffolds are single domain and disulfide free proteins, but proteins made by concatenation of single domains have also resulted in tight binders (29,30). As the starting protein is subjected to extensive sequence modification, which might have destabilizing effect, a high initial stability may be an important criterion (31). For therapeutics applications, some scaffolds of human origin have been selected such as to minimize potential immunogenicity. Enzymes have also been used as scaffolds for engineering binding sites at the vicinity of the active site giving rise to allosteric regulation properties (32,33).
Most proposed protein scaffolds have been described in the past two decades and still represent a large field of development for the future. For a limited subset of them, highly diverse libraries have been described from which, tight and specific binders against a range of different targets were selected and effectively produced. Some of these alternative scaffolds have indeed been patented and are now commercially developed in new biotech companies, namely Affibody® (Affibody), Affimer® (Avacta), Anticalin® (Pieris Pharmaceuticals), AdnectinTM (BMS), DARPin® (Molecular Partners), Kunitz Domain (Shire) and Nanofitin® (Affilogic) (34). Among the limitless biotechnological applications of these new type of protein binders, therapeutic proteins are also developed with some of them already in clinical trials (35,36).
Monodomain proteins
Affibodies are disulfide free small helical proteins derived from a bacterial protein domain similar to Protein A. Side chains located on the outside surface of the three helix bundles have been randomized to create large phage display libraries (37). Structural data have been described and explain how this small and partially folded architecture can adapt to a range of binding surfaces and fold upon binding to its target (38-39). The small size of affibodies results in a fast clearance and good penetration in solid tumours (40). Affibodies are developed for a wide range of applications including microarrays (41) and specific binding reagents for affinity chromatography (42). 
Fibronectin III domains have the characteristic fold of Immunoglobulin domains but without disulfide bonds. Several binders were selected from libraries of fibronectin variants for which two or three pseudo-CDR loops were fully or partially randomized with only Serine or Tyrosine (43,44), a strategy that was previously applied for antibodies (45). 
Lipocalins are a family of proteins found in many organisms, including human, that naturally bind specifically small hydrophobic molecules. These proteins have a classical up and down  barrel topology and bind specific ligands in a funnel-shaped binding site located in the center of the  stands on one end of the barrel. By randomizing the side chains forming this cavity, variants, called anticalins, were initially engineered to bind small molecule targets (46). Interestingly, by randomizing inter-strand loops, the same scaffold family has been also successfully used to engineer tight protein binders (47). The lipocalin family also includes a human protein (tear lipocalin) that can be used to minimize immunological response in medical applications. Several anticalins are now in clinical development (48).
The Affimer scaffold derives from both the human stefin A protein (49) and plant cystatin protein (50). It is composed of four antiparallel β-sheet strands flanking a central -helix. Affimer libraries were generated by randomizing the inter-strand loops and screened by phage display against a broad range of targets including a small organic molecule. Various promising developments of affimer-derived binders for biochemical and cellular applications have been described including tools for immune-like affinity assays, dissection of intracellular signaling pathways, modulation of extracellular receptor and ion channel functions, or in vivo imaging (51). 
Repeat proteins as modular scaffolds 
Repeat proteins present an extended or closed folded structure resulting from the concatenation of small structural motifs (20 to 40 residues) (52). Several families of repeat proteins are currently explored as very promising alternative scaffolds candidates. Although diverse, these protein families have all been extensively used by natural evolution to make a wide diversity of very tight binding proteins. This remarkable evolutionary success directly results from their structure made by juxtaposition of self-compatible modules. Within each small module, structurally important residues involved in intra- and inter-module stability can be identified from consensus analysis (53). The remaining residues are highly variable between modules and often exposed to the solvent. In the folded protein, the juxtaposition of modules with variable outside surfaces creates potentially large and chemically diverse interaction surfaces. This modular organization has opened new routes for combinatorial engineering of artificial repeat proteins. Besides combinatorial methods for generating libraries, modules can also be combined for affinity maturation or for multifunctional binding. 
The pioneering DARPins, developed by Plückthun’s group, are derived from ankyrin repeat proteins and have been particularly successful to generate very tight binding proteins against a number of targets (54). Some of these proteins have been demonstrated to act as specific intracellular inhibitors (55), or as scaffolding components in co-crystallization experiments with soluble proteins and membrane proteins (56). Although DARPins were initially selected by ribosome display, tight binders were also selected by phage display (57). Several therapeutic candidates based on the DARPin® technology are currently developed by Molecular Partners, some of them have reached phase II or III in clinical trials. 
Another scaffold based on leucine rich repeat proteins (LRR) originates from a primordial adaptive immune system found in jawless vertebrates. The LRR hypervariable regions can be diversified by recombining gene fragments, like in classical immune systems (58). The group of Kim has recently described a synthetic phage library of LRR proteins based on these natural repeat proteins, named Repebodies, and binders were selected against a series of protein targets (59,60).
A last family of artificial repeat proteins, named αRep, was designed from the concatenation of structural HEAT-like helical thermostable repeats (61). Phage libraries presenting a dual diversity were generated by varying the number of repeats and randomizing six hypervariable positions in each repeat. The structures of αReps look like curved solenoids of various lengths with the randomized surface of interaction located on the concave side. αReps are easily produced in E. coli in large amounts (> 30 mg /L), highly stable (Tm > 70 C) and disulfide-free. From a highly diverse phage library (109 variants), binders with high selectivity and affinity for a variety proteins targets (KD from nM to μM) were selected (62). Various αRep-based applications have been explored (63). In structural biology, they have proven to be efficient co-crystallization chaperones, as shown with 10 reported examples of αRep/target complex X-Ray structures (64-66). They can be functionally expressed in living eukaryotic cells and could therefore be used for the development of intracellular tracers (67). The design of artificial metalloenzymes by coupling organometallic complexes into an Rep protein scaffold (68), the development of generic biosensors (69) and nanomaterial objects (70,71) are also in progress. 

1.2. Important practical considerations
When starting a phage display project, several choices have to be made besides the protein to be engineered and before building a library and performing affinity selections. In this section, we describe the main features and alternatives with their respective advantages and disadvantages. Those are also summarized in Table 1.  
In the morphogenesis of the filamentous phage (7), coat proteins are initially targeted to the inner membrane of E. coli prior to their assembly into the phage particle. The protein to be displayed must reside in the periplasmic space anchored to one of the coat proteins. Hence, it will necessitate the cloning of its gene between a sequence encoding a signal peptide for export and a sequence encoding a full or truncated coat protein. Although each of the five coat proteins of the filamentous phage has been used in phage display, a pIII-fusion is generally chosen for the surface exposure of a protein. Either phage or phagemid vectors can be used, each of which with their own advantages and disadvantages. In the case of phage vectors, the gene of the recombinant protein is included in the phage genome, fused to the full pIII gene and under its native weak and non-inducible promoter. Although phage particles should display only fusion proteins, full display remains an exception as in vivo proteolysis will often partially remove the fusion protein from the pIII. Typical display levels ranging between 0.2 and 3 proteins per phage particle are generally obtained. Polyvalent phages can afford the selection of weak binders by avidity effects if the density of immobilized ligand is high. Phage vectors also contain antibiotic resistance markers allowing the detection of infected bacteria as colonies. Regarding disadvantages, all the cloning and DNA manipulation must be performed using the replicative form (RF) of the phage, which is more difficult to produce in large amounts and high purity. For some foreign genes, genetic instability is also sometimes evoked. In the case of phagemid vectors, the recombinant protein is encoded as a fusion protein with pIII or truncated pIII. The other proteins required to make a functional phage particle are provided by a helper phage. Phagemids have all the advantages of plasmids with regard to cloning, DNA manipulation, control of expression with promoters and genetic stability. However, common inducible promoters such as pLac are stronger than the endogenous pIII promoter and their use could result in toxicity effects. Soluble proteins can be produced without subcloning if an amber codon is inserted between the gene encoding the displayed protein and the pIII gene. Phagemid vectors can then become very efficient expression vector of selected proteins if a powerful T7 based promoter is included in addition to the classical weaker promoters used for display on the phage surface (72). This type of vectors, although not useful when working with antibodies or poor folding proteins are extremely convenient for highly expressed scaffold proteins. An interesting promoter for the display of toxic proteins using phagemid vectors is the phage shock promoter (pPsp) since the expression of the fusion protein will be induced only when the morphogenesis of phage particles is triggered, i.e. upon infection with the helper phage (73). A disadvantage of phagemids is the relatively low level of surface display, which results generally in a large proportion of phage particles that are not displaying any fusion protein. This is due to the competition between the fusion protein and the wild type pIII coming from the helper phage. Selection cycles are also longer because of the need of superinfection with the helper phage. Several strategies were attempted in order to combine the advantages of the phagemid and phage libraries, by creating helper phages mutated or deleted in gene 3 (hyperphage), or packaging bacterial cell lines; in particular; those strategies were described for improving the display level of antibody fragments and the subsequent selection efficiency (74-77).
The choice of an adequate signal sequence is also critical for successful display of some proteins. In E. coli, three different types of signal sequences exist. SecB-dependent sequences promote post-translational translocation and may not be suitable if proteins are very stable and rapidly folded in the cytoplasm. SRP-dependent sequences promote co-translational translocation so that the protein will not “see” the cytoplasm and will fold directly in the periplasm (57). However, the use of such signal sequences is associated with a fitness cost that may result in poor genetic stability. Finally, TAT-based signal sequences promote post-folding translocation and, in principle, may be used for displaying cofactor-containing proteins.  TAT pathway could also be used to display stable proteins and could be used to screen folded protein (78). It has been shown that the TAT pathway-associated chaperones retain in the cytoplasm and prevent export of proteins that include long linkers and non-folded sequences. The pIII proteins often used for phage display do have such a long linker sequence between the N terminal N1 and N2 domains and the C terminal domains. For an efficient display based on a TAT pathway export system, it is therefore critical to use a truncated pIII as display construct, i.e. a pIII without the N domains and the linker sequences (79). 
With pIII display, the carboxy-terminus of the protein of interest is fused to the amino-terminus of the coat protein via a peptide linker. This linker must be of sufficient length for allowing proper folding of both proteins. Moreover, in some cases, a linker which is cleavable by a specific endoprotease may be interesting since it can afford specific phage elution from the selecting support or can also be used for increasing the phage infectivity, mainly in case of polyvalent display. Finally, the linker should not be too susceptible to in vivo proteolysis for avoiding the cleavage of the fusion protein during phage production. AAIEGRAA is a convenient cleavable linker by Factor Xa endoprotease or trypsin, and quite resistant to in vivo proteolysis; GGGSGGGS is a non-cleavable, flexible and hydrophilic linker, highly resistant to in vivo proteolysis. Monovalent display of N-terminal anchored proteins using phage vectors has also been achieved through linker engineering of pIII fusion (80).
2. Materials
Filamentous phages F1, fd or M13 only infect Escherichia coli strain harboring the F’ episome. Classical strains used in phage display are TG1, XL1 Blue and JM109. 
Growth media:
LB: tryptone (10g), yeast extract (5g) and NaCl (5g) for 1 liter of sterilized medium (autoclave).
2YT: tryptone (16g), yeast extract (10g) and NaCl (5g) for 1 liter of medium. Dissolve by boiling and stirring and adjust pH to 7 with NaOH 5N before autoclaving. 
Buffers (sterilized by autoclaving):
TE: 10 mM Tris-Cl, 1 mM EDTA, pH 8.0
TBS: 50 mM Tris-Cl, 150 mM NaCl, pH 7.6
TBST: 50 mM Tris-Cl, 150 mM NaCl, 0.05% Tween 20, pH 7.6
PBS:  10 mM Phosphate, 137 mM NaCl, 2.7 mM KCl, pH 7.4
Short oligonucleotides were ordered as desalted grade (selective precipitation optimized process) while long degenerate ones were purified by polyacrylamide electrophoresis. Phusion DNA polymerase, DpnI, T5 exonuclease, and Taq DNA ligase were purchased from New England Biolabs.
3. Methods 
In this section, we describe well-tested methods from the building of a library to the affinity capture selections and downstream screening. We focused on protocols developed with commonly used phagemid-based libraries. Conventionally, the terms phagemid and phage will be used to designate the double stranded DNA form and the filamentous particle respectively even though a particle containing a phagemid-DNA is not really a phage in the biological sense (it is a transducing particle and not an infective one). We also add some notes for those who might be interested in working with non-phagemid phage libraries.
3.1. Constructing a library of DNA in vitro
Building a highly diverse and high-quality library is the key to the success of a phage display project. In most cases, libraries are constructed by classical random mutagenesis methods such as error prone PCR, DNA shuffling and incorporation of degenerate oligonucleotides, or by recovery of natural repertoires of antibodies. Many protocols can be found in the literature. 
Diversity in oligonucleotide-based libraries was originally often introduced by complete random substitution of selected positions using NNK, NNS or NNB degenerate codons, where all twenty amino acids and one stop codon are encoded by the degenerate codons. However, this strategy suffers from serious drawbacks: the proportion of substituting side chains cannot be adjusted and consequently a fraction of sequences are severely destabilized for example by the presence of prolines in -helices, or by large side chains in positions leading to steric clashes. Partially degenerate codons can be used to minimize the problem. For example, VRN or NTN degenerate codons will encode respectively nine hydrophilic or five hydrophobic residues. Spiked codons can also be used for favoring a specific residue at a specific position while enabling its mutation in a controlled fraction of the library. For example, an AAT codon contaminated with 10% B in the first and second positions will encode around 84% of Asn residue and 16% of the nineteen others. Libraries featuring highly simplified side chain diversity, with only three amino acids (Y, G, S) in randomized positions, also proved to be remarkably efficient (81,82). Nowadays, oligonucleotide and gene synthesis methods based on trinucleotide precursors, or by massively parallel oligonucleotide synthesis allows to control the proportion of codons and to precisely tune the introduced diversity at each position on the basis of structural and/or evolutive data. 
In every protocol, the phagemid library is prepared in vitro and the efficiency of the last transformation step will determine the diversity which should be as high as possible, meaning that the efficiencies of all the preceding steps must be high (see Note 1 for practical tricks). 
Besides classical methodologies based on PCR, restriction and ligation, progress in molecular biology and DNA synthesis capabilities are opening new routes for library building. Massive parallel synthesis of oligonucleotides affords the assembly of libraries with exquisite control on the content. Avoiding the use of restriction enzymes such as with the Gibson assembly method is also facilitating the design of the library (see Chapter on chromosomal libraries for detailed protocols).  Here, we describe two specific methodologies that are less known but have been used to build high-quality and high-diversity libraries.
3.1.1. QuickLib for rapid cloning of degenerate oligonucleotides (83) 
The method is illustrated in Figure 3. It is based on the PCR-amplification of full phagemid vector using a pair of primers designed with a degenerate sequence and short overlapping ends. The linear PCR product is then simply re-circularized using a Gibson assembly mix, thanks to annealing ends. Short overlapping ends (20-30 nt) are sufficient since the assembly reaction is intramolecular. DpnI is also added to the Gibson mix in order to remove all starting material (methylated DNA). The DNA product is then ready for transformation. 
A. The quality of the phagemid matrix is determinant for efficient full-length PCR amplification. Freshly prepared DNA was used in all described experiments, avoiding, if possible, freezing/thawing cycles. The synthesis of plasmid libraries was performed in 50 µl total volume of mix containing: 1x Go-Taq polymerase Flexi Buffer from Promega (no matter which polymerase was used), 4 mM of MgCl2, 0.5 mM of each dNTPs, 0.5 µM of the forward degenerate primer, 1 µM of the reverse primer, 75 pM of the vector matrix and 1 unit of Phusion DNA polymerase. The following PCR protocol was applied: initial denaturation at 95 C for 4 min, followed by 20 cycles of denaturation (95 C, 90 s), annealing (55 C, 30 s) and elongation (72 C, 7 min), and ending by a final elongation (72 C, 10 min). The number of cycles was reduced to 15 for bigger plasmids (>8kb). In general, the number of cycles should not be pushed too high to avoid decreasing the dNTPs/primers concentrations to the point where self-priming of the combinatorial library sequences becomes significant and lead to DNA aggregates.
B. On ice, 50 µl of crude PCR product (around 5 µg of linear DNA) were added to 150 µl of the following reaction mix: 100mM Tris-HCl pH 7.5, 10mM MgCl2, 0.2mM of each four dNTPs, 1mM NAD+, 15%(w/v) PEG-8000, T5 exonuclease (2 U/ml), Phusion DNA polymerase (33 U/ml); Taq DNA ligase (1666 U/ml), and DpnI endonuclease (50 U/ml). After mixing, the solution was directly incubated 1 hour at exactly 50 C.
C. Before electroporation, 20 µl of the DNA solution was placed on a Millipore VSWP02500 membrane (25 mm diameter, 0.025 µm porosity) floating on a Petri dish filled with 40 ml of ultrapure sterile water. Electroporations are then performed classically with 1 µl of DNA for 50 µl of electrocompetent cells. 
3.1.2. Library of proteins with repeated motifs (61,62)
The method is illustrated in Fig. 4. The DNA sequence encoding one motif is assembled using a series of complementary oligonucleotides with degenerated primers for the variable positions. A cassette of “bridging” oligonucleotides complementary to the two extremities of the sequence allows to bridge the two ends into circularized double stranded assemblies. The circles are used as matrix for rolling circular amplification by Phi29 polymerase by using the TempliPhi amplification Kit (GE Healthcare). Large amounts of polymers are obtained from which monomeric units can obtained using a 2S type restriction enzyme. These oriented fragments can be polymerized into the phagemid digested with 2S sites leading to by compatible cohesive ends in a Golden gate–like approach. The resulting population of vectors results in a distribution of sequences with a variable number of repeats.
3.2. Production of the library of phagemid-transformed bacteria
 The first-generation library is obtained by transforming bacteria with the in vitro prepared DNA. In order to reach the highest possible diversity, multiple electroporations are usually performed, depending on the amount of available DNA. Up to 100 electroporations can be performed in one day.  
After transformation, in vivo fitness biases could favor some clones against others. To reduce these biases and contact-dependent inhibition of growth, it is advised to avoid liquid culture for the first-round library production. Hence, the library should be grown on large square petri dishes (400 or 900 cm2) containing agar medium. Not more than 108 individual transformants are grown per petri dish. Typically, 20 µg of vector are transformed into 10 to 20 electrocompetent cell samples. A detailed protocol for preparing the first-generation library is as followed:
1) After each electroporation, add 900 μl of LB for 100 μl cells. Incubate one hour at 37C. 
2) Pool and mix all bacteria suspensions. Take an aliquot of 10 μl and add 990 μl of LB medium. On small petri dishes, plate 100 μl of serial 10x dilutions of the cells for measuring the library diversity.
3) Spread the electroporation mix on large petri dishes (1ml/dish) containing LB-agar and the appropriate antibiotics. Incubate overnight at 37C or 72 hours at 23C.
4) Recover the bacteria by pouring 30 ml TBS on the agar and resuspending the bacteria. Repeat this once with 10 ml TBS. Pool and mix all the suspensions.  
5) Spin down the bacteria at 8,000 g for 10 min. Bacteria should be resuspended in LB containing 15% glycerol and stored in aliquots at –80 C.  
3.3. Production of a library of phage particles 
1) Inoculate in a culture flask a sufficient volume of 2YT supplemented with appropriate antibiotics and glucose with the library of bacteria (starting OD600 nm = 0.1). The volume of the culture depends on the library size; typically, in order to amplify the whole library, the number of living bacteria has to reach 10 times the diversity. Hence, for a 109 variants library, a volume of 200 mL is appropriate.
2) Incubate at 37 C upon 200 rpm.
3) When the OD reaches 0.6 – 0.8, infect the cell with the helper phage in a bacteria:phage ratio of 1:20. The helper phage volume is calculated using the titer of the helper phage in pfu. For the bacteria, an OD600 nm of 1 corresponds to a concentration of 5 x 108 cells / mL. Mix well and incubate the culture at 37 C without agitation for 30 min followed by 30 min under slow agitation (100 rpm) for the infection to occur.
4) Centrifuge the culture for 10 min at 4,000 g and re-suspend the pellet in the same volume (ex: 200 mL) of 2YT supplemented with antibiotics for selecting both the phagemid and the phage helper, so that only infected bacteria will grow (see Note 2).
5) Incubate overnight at 30 C upon 200 rpm agitation (see Note 3). The phage particles encapsulating the phagemid vectors will be produced in the culture medium. Some particles will expose the protein encoded by the phagemid at their surface.
6) Recover the overnight culture and centrifuge at 12,000 g for 1 h at 4 C. The phage particles are recovered in the supernatant.
7) (optional) If an amber codon is present in the phagemid between the encoded variants and the coat gene, the suppressive bacterial strain used for the production is not fully efficient and a non-negligible fraction of proteins will be released in the culture mixed with the phage particles. These potentially functional proteins are not exposed on the phage particles but could infer with the selection process upon binding on the targets. In order to remove these proteins, the purification of the phage particles is necessary. Phage dialysis can be appropriate (see 3.4.3).
8) The crude or purified phages can be stored a few weeks at -80 C or at 4 C, depending on the stability or the proteins encoded in the library.

When using non-phagemid phage libraries, the helper phage infection is not necessary. See note 4 for more details. 

3.4. Purification of phage particles
Filamentous phage and phagemid particles are typically purified by successive polyethylene glycol (PEG) precipitations. Co-precipitation of bacterial products will result in poor purity. The amount of impurities varies with the nature of the displayed protein and with the culture conditions. When high purity is required, a CsCl equilibrium gradient should be performed after PEG precipitations. This will also remove the PEG which can interfere with the binding of phages to some targets. See Notes 5 and 6 regarding protein and DNA stabilities of phages. 
3.4.1. PEG precipitation
1) Spin down a bacterial culture of 250 ml at 12,000 g for 10 min. 
2) Carefully transfer 200 ml of the supernatant to a tube containing 50 ml of a solution containing 20% PEG (w/v) and 2.5 M NaCl. 
3) Mix thoroughly and incubate 1 hour on ice. 
4) Centrifuge at 12,000 g for 10 min. 
5) Carefully discard the supernatant. Centrifuge again at 12,000 g for 1 min and remove the residual liquid. 
6) Dissolve the pellet in 20 ml of TBS buffer. Filter on a 1 µm Puradisc 25 GD prefilter unit (Whatman) and then on a 0.45 µm Millex-HV unit (Millipore). 
7) Add 5 ml of 20% PEG-2.5 M NaCl, mix well and incubate 30 min on ice.
8) Repeat steps 4 and 5.
9) Dissolve the pellet in 1 ml TBS. Add 0.02% NaN3 for long term storage.
3.4.2. CsCl equilibrium gradient
1) Dissolve 2.5 g of CsCl in 3 ml TE
2) Add the phage solution (1ml) and adjust the volume to 5 ml with TE
3) Centrifuge at 200,000 g for 17 hr and at 15 C. After centrifugation, the phages appear as a translucent band. PEG appear as a white flocculate below the phage band.
4) Collect the phages by piercing the tube with a needle just below the band and carefully pumping with a syringe. Dialyze twice against 1 liter TBS at 4C for at least 6 hours. Add 0.02% NaN3 for long term storage.
3.4.3.  Dialysis
A cellulose ester membrane off membrane (Sprectrum™ Labs) with large cut-off (300 kDa) will allow the proteins to be exchanged in the dialysis buffer while the phage particles will be retained in the dialysis internal volume. 
1) Place 10 to 15 mL of phage solution in a dialysis membrane using soft dialysis clips (SnakeSkin™ Dialysis Clips form Thermo Scientific™).
2) Dialyze twice in 1 L of appropriate buffer at 4 C (at least for 4 hours and overnight). The buffer will be chosen to be the most appropriate for the target.
3) Recover the phage solution, which is ready to be further incubated with the immobilized target in the panning step.
3.5. Measuring phage titer
1) Prepare serial 10x dilutions of the phage solution (see Note 7).
2)  Mix 10 μl of these dilutions with 990 μl of a TG1 culture in exponential phase.
3) Incubate at 37 C without agitation for 30 min and under agitation for 30 min.
4) Spread 100 μl on petri dishes containing the appropriate antibiotic and incubate overnight at 37C.
5) Count the colonies and calculate the phage titer as colony forming units (cfu). 

When working with non-phagemid phage library, as high level of display could impair phage infection, we recommend treating the phages with 10-7M of freshly prepared trypsin (stock at 10-5 M in 20 mM acetate buffer, pH 3.0) for 30 min before measuring the titer.  This is not an issue for phagemid libraries.
3.6.  Measuring phage concentration
Phage concentration is simply obtained by measuring the absorbance at 265 nm and using an appropriate extinction coefficient, which is proportional to the genome size. For a 10 kilobases phage, the extinction coefficient is 8.4 107 M-1cm-1. Note that phage concentration determined by absorbance is generally between 20 and 50 times higher than phage titer.
3.7.  Evaluating the level of display
The level of display is the average number of proteins displayed per phage particle and can be evaluated by western blot. The protocol is a classical SDS-PAGE (10%) followed by transfer on a western blot membrane and immunodetection with an anti-pIII antibody. Nevertheless, special care must be given to the sample preparation as phages are very stable and difficult to denature. The protocol is similar as a typical SDS-PAGE sample preparation but β-mercaptoethanol should be replaced by fresh dithiotreitol (DTT, 5 mM final) and the samples should be boiled in a water bath for at least 15 min. Moreover, as the pIII-fusion protein is a minor component of the virion, a large amount of phages should be loaded on the gel, typically around 1012 phages per lane.
The level of protein display is roughly evaluated by comparing the relative intensities of the bands corresponding to the protein-pIII fusion protein and the pIII protein alone, and by considering between 3 and 5 copies of pIII per phage particle.    
3.8. Rounds of selection by affinity capture
Specific capture of phages on an immobilized target ligand is the most common selection procedure used in phage display. The immobilization step should preserve the structural integrity of the ligand and the accessibility of the interaction site, if defined. The two main immobilization approaches are the unspecific adsorption on plastic wells or tubes, essentially for proteic ligands, and the specific capture of a biotinylated ligand on a streptavidin/avidin coated support like plastic wells, membranes or magnetic beads. When using biotinylated ligands, the interaction with the phages can be performed in solution, before the immobilization. This provides a better control on the selection pressure by adapting the ligand concentration and may prevent a possible accessibility problem of the immobilized ligand. Moreover, when a protein is selected based on its capture on a streptavidin bound ligand, it is not rare that the protein recognizes the streptavidin/ligand complex but not the free ligand. This is especially a problem when working with small molecule ligands. Mixing the phages and the ligand in solution will also more or less prevent this bias. However, the excess of unbound biotinylated ligand should then be removed prior to immobilization, especially when high concentrations are used. Usually, this can be done by PEG precipitation or using a small desalting column. Another way to avoid the selection of phages that are binding to the support is to alternate selection rounds on different supports, for example streptavidin and avidin coated materials, or plastic wells and magnetic beads. 
The phages (typically around 1012) are then incubated with the support for a defined time (typically between 2 and 24 hours). Adding soft detergents (Tween 20 or Triton X-100), albumin or skimmed milk will reduce nonspecific binding. After the capture, the support is washed, usually between 5 and 10 times with a buffer solution (such as PBS or the most appropriate buffer for the immobilized target) that may contain detergents (e.g. 0.1% tween 20). The bound phages are then eluted by changing the pH, adding a soluble competitor or cleaving the linker between the displayed protein and the coat protein. If an acidic pH is used, it should be neutralized immediately after elution. If a soluble competitor is used, several hours of incubation is recommended because the dissociation of the phage from the support is slow due to its low diffusion in solution. In some cases, phages are bound so strongly that classical elution is inoperative. Proteolytic cleavage of the displayed protein is then required. Trypsin and factor Xa have been used but we recommend trypsin since the phage is resistant to this rather unspecific protease.  Trypsin will remove the displayed protein only if a cleavable linker is used or if the protein itself is rapidly degraded by trypsin. The elution is then performed with 10-7M of freshly prepared trypsin (stock at 10-5 M in 20 mM acetate buffer, pH 3.0) for 1 hour. 
After phage elution comes bacteria transfection. When working with possible polyvalent phages, removing the displayed protein by proteolysis is recommended prior to infection because polyvalent display on pIII may impair phage infectivity. Phage infection titers should also be measured before (in) and after (out) capture and elution, the ratio out/in being an efficiency indicator of the process (see Note 8). Amplified phages can then be injected into a new round of selection. The increase of the out/in ratio from one round to another is an indication of a successful selection. To progressively increase the selection pressure from one round to another, reducing the time of incubation between the phages and the ligand (immobilized or not) and increasing the number of washings after the capture can be considered.  Be aware that binders with less than micromolar affinity cannot be selected by phage display.
3.9. Screening individual clones following the selection step
3.9.1.   Production of monoclonal phagemid particles in 96-well small-scale
1) Individual colonies obtained after the selection process are randomly picked in a 96-well culture plate containing 150 µL /well of 2YT supplemented with appropriate antibiotics and Glucose (and tetracyclin for XL1 Blue cells). The plate is agitated overnight at 37 C (600 rpm in an Eppendorf Thermomixer). This culture is the “master plate” and will be stored at -80 C after the addition of 15% glycerol.
2) A new culture plate is inoculated from the matrix plate: for each well, 20 µL of matrix-culture in 140 µL of 2YT supplemented with appropriate antibiotics and glucose. The plate is incubated for 4 -6 hours at 37 C, 600 rpm.
3) For each well, the culture is infected by 10 µL of helper phage (around 1010 phage particles). The plate is incubated at 37 C for 30 min at 0 rpm followed by 30 min at 300 rpm. 
4) 100 µL of this culture is transferred in a 96-well format into a deep-well plate containing 1.5 mL of 2YT /well supplemented with antibiotics for phagemid and helper phage selection.
5) The deep-well plate is incubated overnight at 30 C to let the monoclonal production of the phage particles.
6) The plate is centrifuged at 3,000 g for 2 hours at 4 C and the supernatant containing the phage particles is used for the Phage-ELISA screening step.
3.9.2.  Clonal Phage-ELISA
A monoclonal Phage-ELISA is performed to screen the monoclonal phage particles binding properties on the immobilized target. Two immunosorbent microplates (Nunc maxisorp) are used to screen one plate of monoclonal phages. For each line, the phages are transferred to a line containing the target and to a line without the target as a specificity control. The coated and non-coated wells should be in the same ELISA plate for a good comparison of the signals.
1) The target is immobilized on the plate in the same conditions as for the panning. And the plates are blocked with BSA 4% in the same buffer (e.g. TBST) as the one used in the selection.
2) 100 µL of phage solution produced in the deep-well plate are transferred in the ELISA plate in the coated and coated wells. The phages are incubated for 1 to 2 hours like in the selection process. The plates are washed 4 times with 300 µL of washing buffer (e.g. TBST).
3) For each well, 100 µL of horseradish peroxide conjugated anti-M13 monoclonal antibody (GE Healthcare) is added and incubated for 1 hour. The plates are washed 4 times with 300 µL of washing buffer
4) Bound phages are revealed by the addition of BM Blue POD substrate (Roche Diagnostic) leading to a blue color in the positive wells; the reaction is stopped by the addition of 100 µL HCl 1M which lead to a yellow color. Absorbance at 405 nm is measured using a plate reader.
3.10.  Competitive Phage-ELISA for evaluating affinity constant
If phage particles are not polyvalent, dissociation constants can be determined by competitive ELISA following the procedure described by Friguet et al. (84). Microplates are coated with the ligand and the range of phage concentrations providing a linear signal, directly proportional to the phage concentration, is determined. A concentration giving a good signal but for which less than 2.5% of the phages are trapped by the coated ligand is chosen. To measure the dissociation constant, phages at this concentration are incubated with various concentrations of ligand in solution for 1 hour at room temperature under stirring. After the equilibrium is reached, the proportion of free phages in each sample is determined on ligand coated microplates. Since the equilibrium in solution is not significantly modified by immobilization, the ELISA signal is proportional to the free phage concentration. If the phage concentration is much lower than the range of ligand concentrations, a sigmoidal titration curve is obtained. The ligand concentration giving 50% of the signal is equal to the dissociation constant.  
4. Notes 
Note 1: If possible, purify any DNA fragments by acrylamide gel electrophoresis. For classical ligation, use a ratio vector/fragment of 1/3. Purify the ligation mix as thorough as possible and concentrate the DNA to approximately 1μg/μl. For transformation, use large amounts of well-purified restricted vector. We recommend to prepare the vector by Qiagen maxipreparation kit and to purify it furthermore by CsCl gradient. Make a transformation test before creating the library and compare with a standard like pUC18. A reasonable objective is between 106 and 107 transformants per electroporation. Typical libraries are in the order of 107 to 109 independent clones, while libraries over 1010 independent clones have been described (85). Special attention must be paid to double transformation artefacts (86,87). Combinatorial approaches have also been used to increase library size up to 1012 clones (88-90).
Note 2: We recommend to use the Phaberge helper phage that carries a kanamycin resistance marker so that the antibiotics can be used for removing non-infected bacteria.
Note 3: Infected bacteria can produce phages at various temperatures, typically between 20 and 37 C. The rate of phage production will increase with the temperature and with the bacterial density. However, the level of surface display will usually decrease with increasing the growing temperature. This is depending on the stability of the displayed protein since increasing the temperature often results in increasing the sensitivity of the fusion protein to in vivo proteolysis.  The time of the culture is also an important parameter as it must be long enough for the production of sufficient amount of phages. On the other hand, the level of display, that is the number of properly folded proteins displayed per phage particle, is generally decreasing with the time of culture. 
Note 3: If a selected binder has insufficient affinities for the desired application, they can be improved by affinity maturation. Mutations can be introduced in the selected clone(s) using several approaches, random or localised: localised rational saturation mutagenesis (91), systematic mutagenesis (92), random mutations (error prone PCR, mutator strains) (93), or loop or DNA shuffling (94,95). Random approaches are generally better suited to improve affinity.  Several phage display selection rounds are then performed with increased stringency conditions (koff selection, addition of a soluble competitor…). 
Note 4: Since phage vectors used in phage display contain an antibiotic resistance marker (tetracyclin if working with fd-DOG1 phages), phage particles are produced simply by growing infected bacteria in the presence of the antibiotic. Time, temperature and inoculum quantity can affect the quality and the quantity of the phages (see Note 3). Every time phages must be produced for selection, it should be prepared from phage-infected bacteria (infected bacteria must be stored in glycerol 40% at -80C). Typically, phages are produced directly after inoculation by growing infected bacteria for either 20 hours at 37 C or 72 hours at 23C with orbital shaking at 180 rpm. Alternatively, an overnight culture at 37C in 25 ml of LB medium can be centrifuged and resuspended in 250 ml of fresh medium and then incubate for 4 hours at 30 or 37C with orbital shaking at 180 rpm. This will generate less phages but with more reproducible and generally higher level of display.
Note 5. The displayed protein can be unstable over-time. This could be due to the presence of proteases or to inherent low protein stability. Cocktail of protease inhibitors could be added (Complete tabs, Roche). Always use freshly prepared phage solutions when performing selection from libraries. 
Note 6. Sometimes, phages are not genetically stable. This could be due to a low toxicity of the fusion protein or to recombination with homologous E. coli genes. Use a recA strain such as JM109 to reduce recombination. For the toxicity problem, use a phagemid vector such as pHDi.Ex (72) which allows control of the fusion protein expression. With this vector, strong repression will be obtained by adding 1% glucose (catabolic repression). The use of the phage shock pPsp promoter can also be envisioned (73).
Note 7: Phages are sticky towards themselves and towards solid supports. When they are concentrated, they can form soluble aggregates that will dissociate relatively slowly. Therefore, it is recommended to vortex thoroughly the phage solutions before transfection. As they will stick to micropipette tips, it is recommended to change tips when performing serial dilutions. Finally, when phages are highly diluted, a time dependent loss of transfection could result from their binding to vessel walls. It is therefore recommended to use silanized microtubes or to add 1% BSA to the solution or to avoid keeping highly diluted solutions for long times.
Note 8. If the ratio “out/in” is not increasing with the selection rounds, it could mean that no clones are being selected. In case of low affinity capture, the level of specifically recovered phages might always be below the background level. It is therefore worth analyzing the selected phages as effective enrichment might have occurred.
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Figure Captions
Figure 1. The principle of phage display is based on in vitro selection of peptides or proteins expressed at the surface of filamentous phages. In a ‘bio-panning’ experiment, specific binders can be captured from a library using an immobilized target ligand and their genes amplified by simple phage infection. After several rounds of bio-panning, the phage population is enriched into specific binders. Each phage encapsulates the gene encoding the protein or peptide expressed on its surface, allowing recovering the sequence of the selected binders.
Figure 2. Representative structure of alternative protein scaffolds either isolated (top row) or in complex with a cognate protein target (botton row). The evolved protein binder is shown in orange and the target in purple. From left to right (PDB code) a ) affibody and complex with HER2 (3MZW) ; b) monobody and complex with F-/H+ antiporter (6D0J); c) Anticalin and complex with VEGF (4qaf) ; d) Darpin and complex with Caspase 2 (2P2C); e) Rep and complex with  Tubulin (6GWD); f) Affimer and complex with Fcg receptor (5ML9). 
Figure 3. Scheme of the QuickLib method for cloning degenerate oligonucleotides into a phagemid. (a) The entire phagemid vector is initially PCR-amplified using an asymmetric pair of primers sharing complementary 5’ ends (dark blue), one of them comprises a central degenerate region. (b) The library of linearized synthetic plasmids is then digested by T5 exonuclease, (c) affording annealing of complementary ends. (d) The subsequent action of a DNA polymerase and ligase result in circularization of the plasmid library. (e) The methylated starting vector is selectively eliminated by DpnI treatment.   
Figure 4. Construction strategy for a library encoding repeat proteins (a) Degenerate oligonucleotides are hybridized and ligated into circles. (b) Each circle from this pool encodes a different repeated motif. (c) The circles are used as a matrix for rolling circular amplification. (d) DNA-homopolymers are digested with a 2S-type restriction enzyme leading to a pool of oriented monomeric double-stranded DNA fragments. (e) Repeats are heteropolymerized into a digested phage-display vector. (f) The ligation product is transformed into electrocompetent bacteria leading to the final library. The library diversity results from the number of inserted motifs, and the sequence of each motif.





Table captions
Table 1. Key practical features in setting up a phage display system

Table 1
	Key feature
	Pros
	Cons

	Vector
	
	

	Phage
	Natural context; antibiotic resistance of infected colonies; no need for helper phage; high display level (monovalent to polyvalent)
	Large vector (around 10 kbp); library construction is more laborious; no transcriptional control

	Phagemida
	Small vector (= plasmid); library construction is easy; transcriptional control; monovalent display
	Need for helper phage (brings its own coat proteins); low level of display

	Coat protein for display
	
	

	pIIIa
	High accessibility, fusion with N-terminal of pIII, 0 to 5 displayed proteins per phage
	C-terminal not accessible, infectivity decrease if polyvalent display

	Truncated pIII (CT-pIII)a
	Smaller size, might be more appropriate for displaying large proteins
	Require the expression of a wt pIII

	pVIII
	High level of display (up to thousands per phage)
	Display of peptides only

	pVI
	Fusion with C-terminal of pVI allowed
	Very few examples

	pVII, pIX
	Display on the other side of the filament (possible combination with pIII display)
	Very few examples

	Promoter
	
	

	pPIII (endogeneous phage promoter of pIII)
	Naturally adapted to phage infection cycle 
	Not controllable

	pLac (IPTG-inducible)
	Widely used, controllable
	Leaky (unless LacIq genotype)

	pPsp (phage shock promoter)
	Display of toxic proteins, induced by helper phage infection
	Few examples


	Hybrid pLac-pT7 
	Used for both display (with pLac in supE strains) and soluble expression (with pT7 in DE3 strains), controllable
	Requires stop codon between protein gene and pIII gene

	Linker
	
	

	AAIEGRAAa 
	Cleavable with factor Xa or trypsin
	Susceptible to in vivo proteolysis

	GGGSGGGSa
	Resistant to in vivo proteolysis
	Non cleavable

	Signal sequence for export
	
	

	SecB-dependent (PelB)a
	Widely used, no toxicity, convenient for most naturally exported proteins
	Not compatible with many cytosolic proteins and rapidly folding proteins

	SRP-dependent (DsbA)a
	Required for rapidly folding and stable proteins
	Expression associated with a fitness cost

	TAT-dependent
	Potentially useful for cofactor-bound proteins
	Few examples, incompatible with  linkers or unfolded regions


a Most commonly used

