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Abstract
Over the past two decades, library-based display technologies have been

natural molecular evolution. Display technologies are essential for the isolation of
specific high-affinity binding molecules (proteins, polypeptides, nucleic acids and
others) for diagnostic and therapeutic applications in cancer, infectious diseases,
autoimmune, neurodegenerative, inflammatory pathologies etc. Applications extend
into other fields as antibody and enzyme engineering, cell-free protein synthesis and
discovery of protein-protein interactions. Phage display technology is the most
established of these methods but more recent fully in vitro alternatives such as
ribosome display, mRNA display, cis-activity based (CIS) display and covalent
antibody

display

(CAD),

as

well

as

aptamer

display

and

in

vitro

compartmentalization, offer advantages over phage in library size, speed and the
display of unnatural amino acids and nucleotides. Altogether, they have produced
several molecules currently approved or in diverse stages of clinical or preclinical
testing and have provided researchers with tools to address some of the disadvantages
of peptides and nucleotides such as their low affinity, low stability, high
immunogenicity and difficulty to cross membranes. In this review we assess the
fundamental technological features and point out some recent advances and
applications of display technologies.

List of abbreviations
AIDA-I Adhesin Involved in Diffuse Adherence-I
BG
Benzylguanidine
CAD Covalent Antibody Display
cDNA Complementary DNA
CFPS Cell Free Protein Synthesis
CIS display Cis-activity based display
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Spore coat protein G

GFP Green Fluorescent Protein
GPI Glycophosphatidylinositol
GVNP Gas Vesicle NanoParticle
InaK Ice nucleation protein K
IVC In vitro compartmentalization
Lpp-ompA Lipoma prefered partner-outer membrane protein A hybrid
MACS Magentic activated cell sorting
NGS Next Generation Sequencing
PCR Polymerase Chain Reaction
PRM Protein– Ribosome–mRNA
RBS Ribosome Binding Site
SELEX Systematic Evolution of Ligands by EXponential enrichment
SOMAmer Slow Off-rate Modified Aptamer

Introduction

Mimicking nature by performing directed evolution in the laboratory has
shown very promising perspectives1. Natural evolution as well as directed evolution
require compartmentalization and/or physical linkages between genotype and
phenotype2. In vitro, that linkage is achieved through the physical binding of
polypeptides/proteins of interest to their cognate genes, or non-coding DNA or RNA,
or by using the inherent ability of oligonucleotides to bind other molecules in the case
of aptamer libraries. Expression of proteins on the surface of bacteria3 or yeast4 has
been used successfully, however the display of peptides5 and polypeptides6 on the
surface of filamentous phages (Phage display) is still the most widely used display
technology. Many types of acellular approaches have also been developed in which
the presence of cells is not required. For example, ribosome display, mRNA display,
aptamers, in vitro compartmentalization (IVC), cis-activity based (CIS) display and
covalent antibody display (CAD) are, among others, leading in vitro technologies.
They are not restricted by the effort spent on the cell transformation step. This
advantage is apparent in the primary library, which can be of bigger size, as all DNA
(or mRNA) molecules present can in principle give rise to proteins that take part in
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the selection. The most important advantage of full in vitro technologies is the easy
combination with PCR-based randomization techniques, and thus the utilisation of a

existing “constant” library, in vitro methods give the user full control over where
mutations should occur in the sequence (by using, e.g., a randomized cassette), which
residue types are to be introduced, or how many random mutations should occur on
average7, a level of control not yet within reach in cellular systems.
In vitro display and selection approaches involve three main steps: (i) the
generation of a large collections of variants (a library); (ii) multiple rounds of
enrichment of variants (biopaning) displaying the desired properties via the genotype–
phenotype linkage provided by the display system used; and (iii) functional screening
and characterization of selected variants using appropriate assays (Fig 1). At each of
these steps, analysis of variants via sequencing is commonly used to control the
process. To generate libraries with high sequence diversity, recombination-based
methods are used (Fig 1). The combination of error-prone PCR and gene shuffling in
vitro in subsequent cycles can yield an increased population of affinity-improved
variants, as compared with error-prone PCR only8. Additionally, fully in vitro
displays offer the possibility of modifying the nucleic acid libraries with aminoacids
and non-natural mononucleotides to improve affinity and specificity or other features
(as biocompatibility) of the selected molecules. Both cellular and acellular approaches
have produced a plethora of antibodies, proteins and peptides with a wide spectrum of
therapeutic and diagnostic (theranostic) applications (Table 1).
In recent years, the development of next generation sequencing (NGS)
technologies has profoundly impacted multiple aspects of biological research9, among
them the display and selection process of proteins with desired properties. At the
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library generation stage, it is crucial to cover as much sequence and structural
diversity as possible to increase the likelihood of including protein variants with

and 1012 and it reaches 1013-15 in acellular display technologies (Table 2). A major
limitation using Sanger sequencing is that only a minute fraction of the library is
actually sampled (ten to few hundreds out of > 107 clones). The large number of
sequencing reads delivered by NGS technologies (>106 ) offers the capacity to obtain
sequence information on far more if not all clones at each round, producing a
comprehensive analysis of the selection process and potentially boosting the reach of
display technologies in next future.
In summary, all these streamlined procedures for identification of ligand-receptor pairs that
could be used as targets in disease diagnosis, therapy, profiling, imaging and other
applications have relied on the display technologies, in which polypeptides or nucleic acids
with desired binding properties can be iteratively selected by biopanning. In this review only
display occurring outside of the cell will be considered and technological features,
advantages, limitations and projection of cellular and acellular displays will be addressed.

1. Cellular approaches
1.1 Phage display
Bacteriophages are viruses that infect bacterial cells widely used for
protein/peptide engineering10. In such systems genotype-phenotype linkage results
from their ability to express peptides or proteins fused to their coat proteins while
genes coding for those proteins are encapsulated inside the phage. All phage coat
proteins have been adapted to display foreign peptide and protein fusions. While the
major coat protein pVIII, most abundant protein on the phage coat (2700 copies), can
display multiple copies of small peptides, pIII, which is at the tip of the phage and is
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essential for infection, has been shown to be more suitable for the display of larger
protein fusions11.

bacteriophage M13 and fd filamentous phages12, but due to higher transfection
efficiency phagemids (plasmids containing an f1 origin of replication from a f1
phage) are more widespread10. If phagemid vectors are used, the process is similar,
though a helper phage (e.g. M13KO7) that provides all structural proteins is
necessary13. This is because phagemids consist only of replication origin of a plasmid,
selective marker, intergenic region, segments of DNA encoding coat protein and
a packaging signal utilized by helper phage14. Need for helper phage is avoided if cell
lines containing phage packaging proteins are used15. Additionally, T7 lytic phage
systems have been developed that circumvent host cell synthesis and secretion
mechanisms preventing protein folding problems16 .
In phage library selections biopanning (Fig 2) applies specific pressure to select a
subpopulation of peptides from the library that bind a target molecule, which is
usually immobilized onto a surface. Diversity (library size) is important as the
majority of the population is lost from the system under stringent washing conditions,
leaving bound peptides and their associated phage particles to be enriched by
infection and re-growth in bacteria. Phage display has revolutionized the ability to
engineer larger proteins, in particular antibodies17 used for therapeutics and countless
other applications (Table 1).

Construction of libraries
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Phage libraries usually contain billions of phage particles, some of which have as high
as 1012 diverse particles. Not all protein or peptide libraries can be selected by phage

coli and cause interference with the assembly of phage. Depending on the goal of the
studies, two types of libraries are now extensively used for novel drug discovery,
theranostic applications, biosensing, bioimaging...

Peptide libraries
Random phage peptide libraries are one of the most common types of phage
display constructs. Using degenerate oligonucleotides introduced into the phage
genome, the linear random peptide library can be obtained. The random
oligonucleotides are cloned between the coding sequence of the signal peptide and the
N-terminus of the protein pIII. Random peptide libraries varying in length from 6 to
43 amino acids have been successfully cloned and expressed as peptide-capsid fusion
proteins. One of the most common approaches to construct random peptides is to use
(NNK)n codon degeneracy, where N indicates an equimolar mixture of all four
nucleotides (A, G, C and T), and K indicates a 1:1 mixture of G and T. By adding an
amber stop codon (TAG) at the beginning of gene III of phage genome, monovalent
peptide libraries can be generated. Although the phage library may contain as many as
1012 phage particles, the real diversity of the library is much lower. This is because E
coli transformation efficiency has a limit of 109 per microgram of DNA so the
diversity of transformed clones is typically around 109 and only 1-2% of phage
particles display the protein target in the M13 phage system.

Antibody libraries
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The conventional antibody is comprised of two identical heavy (H) and light
(L) chains inter-connected by disulfide bridges. The chains composed of constant (C)

Fab consists of the L chain and two domains of the H chain located at its N terminus
(VH and CH1). The single chain fragment variable (scFv) is a small engineered
fragment composed of two variable domains with a short flexible glycine-rich linker
peptide between VH and VL domains. Due to higher structural stability and diminished
aggregation, Fab fragments, instead of the scFv, have been used for library
construction in many of the more recent phage display systems.
In early 90s, naturally occurring antibodies showing no light chains were
discovered in Camelidae18 and later in Chimaeridae19. These antibodies are named
heavy-chain antibodies (HcAbs) or nanobodies, they consist only of CH2, CH3 and VH
regions and they can constitute up to 75% of all immunoglobulins in Camelidae18. In
the HcAbs higher frequency than in conventional antibodies of the hotspots for
mutation exists20 and they have been developed for diverse therapeutic application
(Table 1).
Production of antibody libraries
In case of active immunization, the animal is inoculated with antigen, after 5-6
weeks the memory B-cells and plasma cells are isolated and mRNA is extracted, and
reversely transcribed to cDNA. From this cDNA, the encoding sequence of VH
domains is later amplified and used to construct the antibody library. Another method,
naïve library construction, uses naïve B-cells from non-immunized animals as source
of mRNA. Naïve libraries show advantages in the construction of antibodies for all
antigens with a single library and antibodies to self, non-immunogenic or toxic
substances.
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Synthetic libraries are based on in silico construction of variable domains with
already known frameworks used as a scaffold21, while semi-synthetic libraries

silico randomization.
1.2 Cell surface display
Cell-surface display is the expression of peptides and proteins on the surface of
living cells or their organelles by fusing them to functional components of cells which
are exposed to the environment. This can be performed using different surface
proteins of cells as anchoring motifs and different proteins from different sources as a
passenger protein. The principle behind cell display technology is analogous to phage
display22, with the recombinant protein anchored on the surface and the encoding
DNA encapsulated inside the cell.
Cell display for combinatorial protein engineering purposes takes advantage of
particle size and the multivalent surface expression of recombinant proteins4. Unlike
in phage and ribosome display, in which selection from libraries is generally based on
a capture and elution procedure, selections from cell-displayed libraries are typically
performed using fluorescence-activated cell sorting (FACS) by labeling the antigen
with a fluorophore and subsequently incubating it with cell-displayed protein library
in solution. Quantification of the affinity during selection is thus an important feature
of cell- based display systems, making the process more similar to the screening of
micro-well plates than the biopanning in phage and ribosome display23.
Cell surface display has been developed for the surfaces of bacteria, yeast,
spores and even gas vesicles. Peptide or protein to be displayed is fused with a protein
or signal peptide that ensures the sorting to the corresponding surface. In the case of
gram-positive bacteria (Fig 3, A), surface proteins are synthesized as precursors with
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an N-terminal signal peptide and a C-terminal LPXTG motif sorting signal. Following
initiation into the secretory pathway, the signal peptide is cleaved, while sortase A

precursor by sortase A, an acyl-enzyme intermediate is formed between the active site
cysteine (C) of sortase A and the carboxyl-group of threonine at the C-terminal end of
the surface protein. The amino group of cell wall crossbridges within lipid II,
pentaglycine (Gly5) in S. aureus, forming an amide (isopeptide) bond between the Cterminal threonine and lipid II24.
In the case of Gram-negative bacteria (Fig 3, B) many surface proteins, for
example, Lpp-ompA, InaK and AIDA-I from Escherichia coli, have been used for
displaying target proteins, such as antigens, enzymes and bioadsorbents.
Autotransporters have emerged as a convenient tool for bacterial surface display.
These proteins are composed of an N-terminal signal peptide, followed by a passenger
domain and a translocator domain that mediates the outer membrane translocation of
the passenger. The natural passenger domain of autotransporters can be replaced by
heterologous proteins that become displayed at the bacterial surface25.
In the yeast Saccharomyces cerevisiae (Fig 3, C), α-agglutinin (Agα1), aagglutinin (Aga1p-Aga2p), or flocculin have been used as an anchor protein. These
proteins exist on the yeast cell surface and have glycosylphosphatidylinositol (GPI)
anchors that play important roles in the surface localization of proteins. The GPIanchored proteins translocate to the cell surface through the secretory pathway of S.
cerevisiae. The GPI attachment signal is assigned to the C-terminus of GPI-anchored
protein26. MACS (Magentic Activated Cell Sorting) technology makes use of
magnetic beads coated with streptavidin for the selection of antibody libraries
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displayed on the yeast cell. In such case a biotin conjugated antigen is used for the
selection 27.

response to nutrient starvation, spores are robust and can withstand extremes of heat,
desiccation, and chemicals. The spores of Bacillus subtilis are encased in a protective
coat consisting of an inner and an outer layer, which are composed of >70 different
proteins. Thus, generating fusion proteins with coat proteins is an easy display
method. CotG spore coat protein has been used to display E. coli b-galactosidase (bGal) and other proteins including GFP, carboxymethylcellulase and lipase. Highly
expressed proteins may also be adsorbed to the spore surface via hydrophobic or
electrostatic protein–protein interactions circumventing the need of generating fusion
proteins28.
For display on gas vesicles, gas nanoparticles are produced by microorganisms
like the halophilic archaeon Halobacterium sp. NRC-1 as gas-filled buoyant
organelles, which are easily purified as gas vesicle nanoparticles (GVNPs). GVNPs
are non-toxic, exceptionally stable, bioengineerable, and self-adjuvanting. One
protein, GvpC, found on the exterior surface of the nanoparticles, can accommodate
insertions near the C terminal region and results in GVNPs displaying the inserted
sequences on the surface of the nanoparticles29.
The main advantage of cell-surface display is that the cell is large enough to
be analyzed and sorted using flow cytometry. In addition, the high polyvalency, with
expression levels from a few hundred to several hundred thousand proteins displayed
per cell, allows for sorting in a truly quantitative manner. Advantages of cell surface
display in the case of eukaryotic cells over most other display systems are its ability
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to express mammalian proteins with high fidelity and with some level of posttranslational modification.

differential glycosylation in yeast compared with mammalian cells. One of the highest
monovalent ligand-binding affinity reported to date for an engineered protein has
been obtained through yeast surface display30. Surface-engineered cells and spores
have many potential uses ranging from therapeutics, including vaccines31, 32, precise
antibody epitope mapping33, production of aglycosylated therapeutic antibodies34 and
others (Table 1) to novel enzyme assays35 and environmental applications36.

2. Acellular approaches
2.1 Ribosome display
Ribosome display is carried out fully in vitro, which overcomes some of the
limitations of cell-based display systems. Ribosome display was originally developed
for in vitro selection and optimization of antibody combining sites37 and extended for
a wider range of proteins.
Ribosome display connects nascent proteins to their encoding mRNA through
the generation of stable PRM (protein– ribosome–mRNA) complexes. This link
enables the isolation of a specific protein, together with its encoding mRNA, through
the selection by ligand binding and affinity maturation38 (Fig 4). A ribosome display
construct designed for use with E. coli extracts, typically consists of a T7 promoter
that allows mRNA synthesis, followed by a ribosome binding site (RBS) that can
base-pair with ribosomal RNA thus recruiting the ribosome to the downstream start
codon where protein synthesis is initiated. Depending on the origin of the cell-free
extract, a Shine-Dalgarno (prokaryote) or Kozak (eukaryote) sequence is used to
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initiate translation. The open reading frame frequently starts with a protein detection
tag such as the RGS-His6 tag or the FLAG tag, followed by the library of binding

flexibility to fold outside of the ribosome tunnel (at least 23-30 amino acids)39. The
usual method for coupling nascent polypeptide with its encoding mRNA is by stalling
the translating ribosome at the 3'-end of the mRNA through deletion of the stop
codon. Alternative methods for forming PRM complexes include the use of
antibiotics or the fusion of the gene encoding the protein of interest to a C-terminal
ricin A chain which inactivates, consequently stalling, the translating ribosome as it
is translated40. Being a cell-free display, ribosome display has the potential to screen
very large populations with library sizes of 1012–1014 members in a few PCR
reactions (Table 2), whereas at least 1000 transformations would be required to
achieve a comparable library size by cell-based methods41.
Transcription and translation in ribosome display can be performed
simultaneously in a one-step process, with coupled transcription and translation in the
same conditions, or separately in two steps uncoupled transcription and translation.
The one-step system usually consists of a eukaryotic rabbit reticulocyte or a
prokaryotic Escherichia coli S30 extract42 for transcription and translation. This
strategy avoids problems of mRNA degradation through the use of prepared extracts
based on the Rnase I deficient strain E. coli MRE60043. Exo- and endonucleases
originating from natural extracts rapidly degrade library mRNA during the in vitro
translation procedure at 37°C during ribosome display, and PRM complexes need to
be kept cold in the presence of RNase inhibitors. Additionally, E. coli shows an SsrA
RNA-mediated mechanism to rescue stalled ribosomes and tag the translated protein
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for proteolytic degradation. To neutralize this reaction, an oligonucleotide
complementary to SsrA RNA can be added to the E. coli extract.

recombinantly produced and purified components (initiation, elongation and release
factors, aminoacyl tRNA synthetases, T7 RNA polymerase and tRNAs) and E. Coli
ribosomes. This systems are practically RNase free.
Proteins containing disulfide bridges, such as immunoglobulins, in general, have
difficulties to fold correctly under the reducing conditions of E.coli extracts and a
two-step procedure with uncoupled transcription and translation in eukaryotic extracts
or reconstituded systems is preferred. Firstly, the DNA is transcribed in vitro and is
then purified. The mRNA can then be translated in a rabbit reticulocyte lysate or a
wheat germ extract

44

. As transcription and translation reactions are performed

separately, each can be optimised for the amount of DNA and RNA as well as buffer
compositions.
Novel in vitro yeast ribosome display methods based on

reconstituted cell-free

protein synthesis (CFPS) have been successful in resolving folding and low yield
problems45.
Reconstituted translation reagents may increase the functional library size versus use
of traditional cell extracts for translation and display by the omission of peptide
release and ribosome recycling factors that may further stabilise ribosome complexes
and increase functional library size46. Additional favourable conditions over crude
extracts would be the reduced abortive energy consumption (spent in incomplete
translation) and the lack of unknown inhibitors present in the S30 cell extract.
Disadvantages of reconstituted transcription and translation systems are often lower
efficiency due to absence of cellular factors capable of enhancing protein translation
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and folding. In general, eukaryotic systems, reconstituted or extracts, are able of
expressing more proteins with more complex folding than prokaryotic ones and to

In vitro selection techniques in ribosome display
In the case of

ribosome–mRNA–antibody complexes, selection and

maturation are performed by incubation at 4ᵒC with decreasing concentrations of Fctagged, purified antigen before a capture step with Protein G coated magnetic beads
or microtitre plates41. Another possibility is to use the streptavidin/biotin capture but
it can lead to random biotinylation and loss of protein function. Ribosome display
technology for single chain variable fragment (scFv) optimisation37 has one of the
most powerful display ranges (typically 1012 molecules) and the advantage of being
performed entirely in vitro.

2.2 mRNA/cDNA display
mRNA-display (or cDNA after reverse transcription) is an in vitro selection
technology based on the physical linkage of a peptide to a nucleic acid tag (the
mRNA that encoded it) that can be amplified by PCR and read by DNA sequencing48.
It is a fully in vitro selection technique that allows for the identification of
polypeptide sequences with desired properties from a natural protein library or a
combinatorial peptide library. The key to this technology is the antimicrobial natural
product puromycin, which inhibits translation by mimicking the substrate of the
ribosome (the 3’- end of an aminoacyl-tRNA). The structure of puromycin resembles
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the amino acid tyrosine linked via a stable amide bond to the 3’ carbon (Fig 5) of a
modified adenine nucleoside. In mRNA-display, an mRNA pool is modified with

ribosomes complete the translation of individual mRNAs to the corresponding
peptides they encounter the 3’ puromycin. Because puromycin is chemically similar
to the 3’ end of aminoacyl-tRNA, it is recognized by the peptidyl transfer center of
the ribosome, which catalyzes the transfer of the nascent peptide to the modified
tyrosine of puromycin. The mRNA is then covalently attached to the corresponding
translated peptide via the puromycin, and the ribosomes are stalled. The initial pool or
library mRNAs have been translated and linked via puromycin to the peptides that
they encode in a stable molecular conjugate referred to as an mRNA–peptide fusion.
In two separate steps, the peptide and the mRNA component of these fusion
molecules are further modified before being subject to in vitro selection. The mRNA
is reverse transcribed to cDNA for amplification by PCR during in vitro selection.
The amplified cDNA, which has been enriched in sequences that at the peptide level
bind the target, can then be used as the template for transcription to regenerate
mRNAs. This cycle, from mRNA transcription, through translation, peptide
cyclization and reverse transcription, in vitro selection against an immobilized target,
to PCR, is commonly referred to as one round of selection. Even a relatively stringent
selection might require between five and seven rounds to converge sufficiently on the
tightest binders from libraries of this size.
As a peptide in vitro selection technology, mRNA-display is conceptually
similar to phage display, however, there are three main differences: 1. All of the steps
of mRNA-display are entirely in vitro, therefore, library size is not limited by the
need to transform bacteria. Transformation steps impose an upper working limit on
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the diversity of phage display libraries of 109,49. By contrast, peptide mRNA-display
libraries can be as large as 1013 (Table 2). By accessing larger libraries, extremely rare

properties) can be selected and amplified50. 2. mRNA-display is monovalent, with
only one copy of the peptide displayed on a given mRNA, allowing the displayed
peptides to be enriched based solely on their intrinsic target affinity and
circumventing avidity effects observed in phage display due to the presence of
multiple copies of the peptide on the phage surface51; 3. The synthesis of the peptide–
mRNA fusion molecules can be done in a modified in vitro translation reaction that
can be reconfigured with a modified set of amino acids52.
The lability of mRNA, however, in both ribosome and mRNA displays has
restricted the experimental selection conditions and cDNA display method has been
developed to improve the stability by converting mRNA to cDNA with a novel
puromycin-linker. Although the cDNA display method was useful for in vitro peptide
and protein selection, its productivity was hindered by the low generation of
mRNA/cDNA-protein fusion complexes, only around 0.1% of the initial mRNAs53.

2.3 Aptamer library display
In the past 25 years, aptamers technology has increased in both published
works and number of applications54. The word “aptamer” was derived from the Latin
aptus, meaning “to fit”, and Greek meros, meaning “region”55. Aptamers are
essentially short RNA or single-stranded DNA oligonucleotides (usually 20–80
nucleotides with 6–25 kDa molecular weights) that can fold into unique threedimensional conformations. Similar to conformational antibody–antigen interactions,
aptamers, often referred to as 'chemical antibodies', bind to their targets with high-
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specificity and affinity through van der Waals forces, hydrogen bonding, electrostatic
interactions, stacking of flat moieties and shape complementarity56, with dissociation

Aptamers have superior applicability for clinical practice over antibodies in
several aspects: (i) Aptamers are almost completely nonimmunogenic and nontoxic in
vivo58; (ii) Aptamers do not possess redundant Fc regions that can bind to Fc receptors
leading to unpredictable side effects59; (iii) Due to their smaller size, aptamers can
penetrate into tissue barriers and be internalized by their target cells, enhancing their
therapeutic potential60; (iv) Aptamers can be developed against a virtually unlimited
range of targets, including small inorganic ions, small organic molecules, peptides,
proteins, enzymes, organelles, complex cells and tissues. Furthermore, aptamers have
important properties that simplify their industrialization; (v) They are thermally
stable, so they can be stored and transported easily; (vi) Based on well-established
chemical synthesis and modifications a given aptamer can be produced and modified
in large scale, with minimal batch-to-batch variation and in a short time (hours); (vii)
Chemical production process of an aptamer is not affected by viral of bacterial
contamination58; (viii) The lack of large hydrophobic cores of proteins avoids
aggregation of aptamers; (ix) Unlike antibodies, aptamers do not show crossreactivity and/or false positive signal issues and (x) aptamers can be readily
synthesized in large quantities at relatively low cost.
On the other hand, aptamers present variable pharmakokinetic properties often
difficult to predict61, because of their small size they are susceptible to renal filtration
and unmodified aptamers are more likely to be degraded in vivo by DNases and
RNases. To overcome those limitations aptamers are often optimized for activity and
persistence under physiological conditions during or after selection by means of
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conjugation with polyethylene glycol, cholesterol or nanostructures (e.g. gold and
silver nanoparticles)62.

endothelial growth factor (VEGF), has been approved by the US Food and Drug
Administration (FDA). Several other therapeutic aptamers are being evaluated in
clinical trials for their effectiveness and safety in treating this and other disorders
involving coagulation, oncology, and inflammation63 (Table 1).

In Vitro selection of aptamers, SELEX

SELEX (Systematic Evolution of Ligands by EXponential enrichment) is the
gold-standard methodology to develop aptamers. The conventional SELEX process
includes multiple rounds of exponential amplification and enrichment, which allows
directed evolution of aptamers with high target specific affinity starting from a
random oligonucleotide pool64 (Fig 6). Although the conventional SELEX technique
and dozens of variations have been used successfully to develop aptamers against
hundreds of targets, including cutting edge microfluidic-based techniques65 , aptamers
developed through SELEX techniques are not always effective for in vivo applications
because target molecular conformations are usually different in vitro and in vivo. To
close this gap, a modified SELEX technology, using whole living cells as targets,
Cell-SELEX66, and others using tissues and whole organisms have been developed
recently67.

Most of the earlier SELEX studies used the nitrocellulose filter binding
method for aptamer selection due to its non-specific affinity for amino acids. The
unbound aptamers pass through the filter and are removed from the library while

Molecular BioSystems Accepted Manuscript

Published on 02 June 2016. Downloaded by UNIVERSITY OF NEBRASKA on 09/06/2016 08:45:35.

So far, only Macugen (pegaptanib sodium), an RNA aptamer specific against vascular

Page 21 of 50

Molecular BioSystems
View Article Online

DOI: 10.1039/C6MB00219F

proteins, most frequent ligands in earliest SELEX developments, remain attached to
the membrane. However, the efficiency of protein capture varies from protein to

(e.g., small molecules) cannot be captured by the filter and certain aptamers are
known to bind the nitrocellulose filter (aptamers with a multi-G motif)68.
Affinity chromatography was also used successfully for in-vitro selection of
aptamers. Many different affinity tags and affinity resins for each of them (6xHis-,
GST-, or MBP- tags and Ni-NTA, Glutathione, Amylose resins, respectively) and
coupling

chemistries

(Amine-,

Thiol-,

Carboxyl-

or

EDC,

1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide69) make this strategy attractive and applicable to
various target molecules. During the binding and elution steps of SELEX, target
molecules that are pre-immobilized on a resin are incubated with the aptamer library.
Alternatively, target molecules in solution can be incubated with the aptamer library
and later be captured by the affinity resin. Microcolumns provide a version of affinity
chromatography-based SELEX that minimizes the amount of resin and aptamer and
can be easily multiplexed70.
The conventional SELEX techniques for aptamer isolation are often manually
manipulated iterative processes and require multiple successive cycles of selection
and amplification. Typically it would take weeks to months to complete one selection.
To overcome this problem, microfluidic SELEX (M-SELEX) was developed, which
exerts stringent selection pressure by employing low amounts of target molecules and
continuous washing to isolate high affinity aptamers in fewer rounds of selection71.
Another rapid method developed is capillary electrophoresis SELEX. This
SELEX enables affinity maturation of aptamers within 2–4 rounds, unlike many other
screening methods. In contrast to other SELEX methods, the random library is freely
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incubated with the target molecule in the binding buffer, facilitating the capture of the
targets in their native three-dimensional structures, without using labels, separating

electrophoresis system in which the target-bound aptamer candidates and the free
oligonucleotides separate. Library diversity is though limited by the injection volume
in capillary systems (usually 5–50 µl).
The major breakthrough in the SELEX technology was the development of
cell- and tissue-SELEX, which enabled the selection of aptamers against molecules in
their real biological state. The targets of cell- and tissue-SELEX are extracellular
proteins on the cell surface or unique structures of the cell. In cell-SELEX, washing
or centrifugation steps and counter selections (with control cells as target) are
necessary during the separation of aptamers to avoid selection of aptamers that nonspecifically recognize the cell surface. However, the resulting aptamers, are powerful
for cell-specific diagnosis, cell targeted drug delivery, and cell-specific therapy (Table
1). The advantages offered by cell-SELEX are: 1. Prior knowledge about the
molecular features of target cells is unnecessary since cell SELEX generates aptamers
that can recognize and differentiate the molecular signatures of cells; 2. In cellSELEX each molecule is a potential target and successful selections will generate a
panel of aptamers for many different targets providing data for accurate disease
diagnosis as well as new opportunities for personalized medicine; and 3. Unlike in
other SELEX, libraries bind to the native state of target molecules, making it possible
for aptamer probes to directly recognize their cognate target, creating a true molecular
profile of diseased cells.
The SELEX with chemically-modified nucleotides has been successfully
developed in last years. The first innovation in developing the 'slow off-rate modified
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aptamer' (SOMAmer) was motivated by the idea that aptamers can be endowed with
protein-like properties by adding functional groups that mimick amino acid side-

hydrophobic surfaces compared with conventional aptamers, increasing the range of
epitopes that are available for binding. Recently SOMAmers against over 3,000
human proteins (growth factors, cytokines, enzymes, hormones, and receptors) and
additional SOMAmers aimed at pathogen and rodent proteins have been developed
with applications in diagnostics and therapeutics72.
Alternative non-SELEX selection of aptamers has also been described as a
process that involves repetitive steps of partitioning through ‘non-equilibrium
capillary electrophoresis of equilibrium mixtures’ (NECEEM) with no amplification
between them. The process shows resulting affinities comparable with SELEX and
shorter time requirements. Drug candidates from libraries of small molecules, which
cannot be PCR-amplified and thus are not approachable by SELEX73 can also be
selected using this procedure.

2.4 Cis activity-based display (CIS display) and covalent antibody display (CAD)
A common limitation with ribosome display and mRNA display technologies
is that mRNA is used as the library encoding nucleic acid, which may be prone to
rapid degradation. Most of the DNA-based in vitro selection systems are dependent
on emulsion encapsulation of DNA and are limited to libraries of 109 to 1010 per ml.
An alternate DNA-based approach that does not require any compartmentalization of
the library-encoding nucleic acid was developed by Odegrip and colleagues74 (Fig 7).
CIS display, harnesses the ability of a bacterial replication initiator protein, RepA,
which exclusively binds back to its encoding DNA (termed cis-activity) of the R1
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plasmid. This activity is dependant upon two non-coding regions (CIS and ori) of the
repA sequence that are essential for cis-activity.

pool of nonbinding members present at a ratio of 1 in 1010, therefore demonstrating
potential for unprecedented library sizes75. The technique has been used
commercially, for the selection of high affinity peptides and folded protein domains,
including antibody fragments (Table 1). In case of peptides, technique has been
adapted to select peptides containing L-amino acids which have greater stability by
subjecting the libraries to proteolysis and isolating peptides that were resistant to
degradation. Interestingly, these peptides had increased half life in vivo thus
demonstrating a wider spectrum of resistance.
Another display system, covalent antibody display (CAD) (Fig 7), uses a cisacting DNA binding protein (bacteriophage endonuclease P2A) that covalently links
to its own coding strand through the activity of a catalytic tyrosine within its
sequence. This system has been used to select antibodies against tetanus toxin from an
immune human library with enrichment rates between 14- and 300-fold76.

2.5 Emulsion compartmentalization and SNAP-tag display
SNAP display is based on the covalent reaction of the DNA repair protein
AGT (O(6)-alkylguanine DNA alkyltransferase), the "SNAP-tag", with its substrate
benzylguanine (BG)77 (Fig 8). Linear, BG-labelled template DNA is encapsulated in
water-in-oil emulsion droplets with a diameter of a few micrometres (i.e. 1 mL of
emulsion contains ∼1010 compartments). Each droplet contains only a single DNA
copy, which is transcribed and translated in vitro. The expressed AGT fusion proteins
attach to their coding DNA via the BG label inside the droplet, which ensures that a
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specific genotype-phenotype linkage is established. Subsequently, the emulsion is
broken and protein-DNA conjugates, which constitute a DNA-tagged protein library,

display systems, distinguished by the stability of DNA as the coding nucleic acid and
the covalent link between gene and protein.

Conclusions
With display technologies new era of biomolecule discovery has commenced.
These technologies permit the de novo discovery of highly active, high affinity
peptides from libraries, improvement of the performance of natural peptide sequences
and modification of binding properties of natural peptide structures. These natural
peptide folds can be sampled through semi-rational engineering or such structures can
be mined from genomic libraries. Furthermore, in vitro display technologies allow the
exploration of chemical and structural space which can be expanded through the use
of unnatural side chain substitutions to potentially adjust the flexibility in peptide
structures

78

. Further optimizations through synthetic chemistry and rational design

that may be complementary to such recombinant methods are improving the
applicability of display technologies. Moreover, recently, the development of in vivo
aptamer SELEX and in vivo display of phage libraries that can impart delivery to
peripheral tissues and circulating immune cells, where they act as ligand mimicks (or
can be modified to carry payloads) is opening new and very promising avenues in
therapeutics and other applications67, 79. Many of these technologies are still in their
infancy and further improvements to the methodologies, target presentation and
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panning of libraries against cells, tissues and difficult receptor targets, will expand the
list of targets that have so far been intractable to therapeutic intervention. The

mining of protein–protein interactions in the proteome will also facilitate the
understanding of functional proteomics, the validation of therapeutic targets and
disease mechanisms.

Table 1
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Disease (pathogen) or name Target / application Display format

Library type

Refer
ence

AIDS (HIV)

HIV1 gp41 protein / M13/ pIII
Therapeutics against
Oligopeptide antigen
HIV1

HIV1 Env-tailored library 80

Contagious Bovine
Pleuropneumonia, CBP
(Mycoplasma mycoides)

Immunogenicity of M13/ pIII
oligopeptides/
Therapeutics against Oliopeptide antigen
CBP

Genomic DNA
restriction fragments of
the MmmSC African
field

81

strain B237 in phagemid
vector pHORF3
Pneumonia (Streptococcus
pneumoniae)

Immunogenicity of Lambda
oligopeptides/
Therapeutics against Oligopeptide antigen
pneumonia

Genomic DNA library of
Streptococcus
pneumoniae

82

Cancer

Active site (CA
domain) of carbonic
anhydrase IX/
Therapeutics against
cancer

VHH fragments

83

Phagemid/ M13K07
helper phage/ pIII
anti-CAIX Nanobody

from immunized camel
heavy-chain antibodies

under research

RIBOSOME DISPLAY
Cetuximab

Epidermal growth
Recombinant
12/0
Ribosome display
factor receptor
combinatorial antibody 2/20
Chimeric (mouse/human)
(EGFR)/ Treatment of
library
04
several cancer types IgG1k monoclonal
(US)
antibody
29/0
anti-Epidermal growth
6/20
factor receptor
04
(EU)

Natalizumab

α4-integrin/
Ribosome display
Treatment of
Humanized, IgG4k
multiple sclerosis
and Crohn’s disease monoclonal antibody

Recombinant
23/1
combinatorial antibody 1/20
04
library
(US)

Tralokinumab (CAT-354)

IL-13/ Treatment of
asthma and other

Conventional antibody
with fully randomized

Ribosome display
Phase III for asthsma,

84
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MP0112/AGN-150998
DARPin (designed

phase IIb for topic
dermatitis

VEGF-A/ Ophtalmic Ribosome display
intravitreal therapies
Phase II

library at 3 regions of 6
amino acids of VH CDR3
Naïve DARPin library

85

Non-human primate
(NHP) immunized
antibody gene library

86

Chimera with TNF-scFv
gene

87

ankyrin repeat proteins)
Anti-VEEV single scFv ToR67- VEEV(Venezuelan
Ribosome display
equine encephalitis
3B4
virus)/ Treatment of scFv-Fc
VEEV infection
TNF-TeAb

TNFa/ Treatment of
inflammatory
diseases

Ribosome display
Tetramerization domain of
human p53 fused to the Cterminus of an anti-TNFscFv via a linking peptide
derived from human
serum albumin

APTAMER DIPLAY
Macugen : Pegaptanib
sodium, only approved
aptamer for therapeutics in
human

Vascular endothelial RNA aptamer
growth factor (VEGF)165/Treatment of
age-related macular
degeneration

RIG-I aptamer

RIG1 (cytosolic
RNA aptamer with
receptor for non-self fluorinated nucleotides
RNA)/ Antiviral
activity via
modulating

Randomized

88

40-nucleotide library

Randomized 40nucleotide library

89

Randomized 40nucleotide library

90

IFNߙ/ߚ production
MDA aptamer M1

MDA
(4,4'methylenedianiline)/
Blocking of MDA, a
carcinogenesis and
DNA damaging
Agent

RNA aptamer
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Randomized 50nucleotide RNA library
and 2′-NH2-pyrimidine
RNA library

91

S69A-C15

S66A-C6 and S68BC5: V3 RNA aptamer
loop of gp120; S69A-C15:
Reverse transcriptase of
HIV-1/ Therapy against
HIV

SYL3

EpCAM (epithelial cell

DNA aptamer

Randomized 40nucleotide RNA library
flanked by primer
hybridization sites

92

Gram positive bacterial
surface display of
enzyme fused to ice
nucleation protein
E.coli

Random replacing of 4
amino acids from
Bacillus subtilis by using
site-directed
mutagenesis

93

Random replacement of
6 aminoacids by multisite saturation
mutagenesis

94
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S66A-C6, S68BC5

adhesion molecule)/
Treatment of Breast
cancer (MDA-MB-231)
and
gastric cancer (Kato III)
CELL SURFACE DISPLAY
Engineered B.subtilis
Glucose dehydrogenase

Engineering of Glucose
Dehydrogenase /
Property engineered:
Substrate specificity
and stability

Engineered lipase B from
C. Antarctica

Engineering of Lipase B
from C. Antarctica /
Property engineered:
Thermostability

Yeast cell surface
display of enzyme

Engineered DhbE
adenylation domain of
NRPS

Engineering of the DhbE
adenylation domains of
nonribosomal peptide
synthetase (NRPS)/
Property
engineered:Sustrate
specificity

Yeast cell surface
Random replacement of 95
display of expressing 4 aminoacids
enzyme fused to the
yeast agglutinin protein
Aga2p

Displayed of cytotoxicassociated gene A: CagA

Display of Antigen from Spore surface display
H.pilori (CagA) /
fused to C-terminal
Therapeutic applications
end of CgeA B.subtilis
spore coat protein.

Use of different vectors
for spore surface display

96

Engineering of cyclic
peptide binders to Galpha i1 protein/

Trillion-member mRNA
display cyclic peptide

97

mRNA DISPLAY
Serum stable cycGiBP
(cyclic peptide binding to

mRNA display
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In vitro In vitro
tous cerevisi Subtilis,
vitro
Property engineered:
library with the form
phages, ae, P. L.bacillus,
resistance to proteolysis
MXXXXXXXXXK (termed
M13, pastori
S.
MX10K)
T4, T7,
s
camosus
lambda,
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Library size

10

Highest affinity
kd (M)*
Typical
enrichment
factor per round
Nucleic acid
selected
Transformation
required
Library form

10

9*

-11

10

2-4

-14

10
10

2-3

10

8-10

-13

10
10

2-3

10

13-14

-12

10
10

1-3

DNA

DNA

mRNA

Yes

Yes

Yes

No

Plasmid

PCR
fragment
or mRNA
Most
proteins
including
cytotoxic,
chemically
modified
and
membrane
proteins

Plasmid Plasmi
d
Soluble,
nontoxi
c,
compati
ble with
crossing
membra
nes

Covalent link

No

Post
translational

7

DNA

Proteins to be
displayed

Surface
anchorage

10

Soluble
and
membr
ane,
nontox
ic,
compa
tible
with
crossin
g
membr
anes
No

Capsid Aggluti
proteins nation
protein
s,
floccul
ation
protein
s
Simple Sophist
icated

Soluble
and
membran
e,
nontoxic,
compatibl
e with
crossing
membran
es

No

No

10

13-14

-10

10
10

1-3

10

13-15

-12

10
10

1-2

10

7

-9

10
10

1-2

mRNA/ RNA, DNA, DNA
cDNA
ssDNA
No
No
No

10

12

-10

10

10

3

10

10 /m
l
-12

10
10

1-3

DNA

DNA

No

No

mRNA/ RNA,ssDNA plasm Plasmid plasmi
cDNA,
id
d
plasmid
Soluble Nucleic Devel Soluble, Soluble
,
acids
oped includin
,
includi
for
g
includi
ng
antib cytotoxi
ng
cytotox
ody
c,
cytotox
ic,
displa chemic
ic,
chemic
y
ally
chemic
ally
modifie allymo
modifie
d
dified
d

Yes
(synthe
tic)
Ribosome In vitro

No

Yes
Yes
No
(Inher
ent)
In
In vitro In vitro
vitro

LppIn vitro
OmpA,
autotrans
porter
proteins,
ice
nucleatio
n proteins
Moderate Moderate Simple No protein Simpl Simple Simple
e
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transformation efficiency and level of expression on phage surface reduce
considerably library size
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Fig legends
Fig. 1 Different procedures to generate DNA libraries for display technologies

during amplification. B, DNA shuffling combines random fragments of different
DNA sequences and C, Digestion and ligation adds random sequences coding for
small peptides to the ORFs to be displayed. Right, schematic diagram representing
concept of

directed molecular evolution behind all display technologies:

Conformationally and chemically different elements (libraries with genotypephenotype linkage) are allowed to interact with a specific target and non-interacting
elements are discarded. Interacting elements are replicated and submitted to next
round of selection (biopanning). After several rounds of biopanning or during
biopanning

the selected elements with highest affinities are often modified to

improve specificity, biocompatibility, stability or any other desired feature.

Fig 2. Phage display biopanning. At first, phage library is screened with targeted
antigen. Then, unbound phages are washed away, bound phages are infected into
bacteria and are later amplified. This process is repeated 5 times on average. Top
right, schematic example of phagemid or phasmid library (pHORF3). Abbreviations:
M13 ori: origin of M13 phage, bla: ampicillin resistance, colE1: colE1 plasmid origin,
lacZ promoter: promoter of the bacterial lac operon; RBS: ribosome binding site;
pelB: signal peptide sequence of bacterial pectate lyase Erwinia caratovora, mediating
secretion into the periplasmic space; gIII: gene coding for the phage protein III;
amber: amber stop codon; his: six histidine residues; ochre: ochre stop codon. The
elements of the inserts are not drawn to scale.
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Fig 3. Examples of cell surface display and associated vectors harboring
libraries. A Schematic representation of the different types of surface proteins found

transmembrane domain(s) or (ii) be lipoproteins, and thus be covalently attached to
long chain fatty acids of the cytoplasmic membrane. Cell wall-associated proteins can
either (i) possess C-terminal LPXTG motif (or related motifs) and then be covalently
anchored to peptidoglycan via sortase activity, or (ii) possess cell wall binding
domain(s) (CWBDs) and thus remain attached to the cell wall; four CWBDs are
currently characterized, i.e. CWBD1, CWBD2, LysM, GWmodules and SLHD.
Importantly, since cell wall of Gram-positive bacteria is permeable, proteins can
interact with their environment without ever having a domain protruding out of the
cell wall. B, Scheme of the autotransporter system used for display on the surface of
Gram-negative bacteria. Following translation, the AT polypeptide is transported
across the inner membrane by the Sec machinery. Hereto, most ATs have a
characteristic signal peptide (dark green) although some of them possess an extended
signal peptide which possibly extends the attachment to the Sec translocon to avoid
periplasmic misfolding Upon entry in the periplasm, chaperone proteins interact with
the AT polypeptide. These chaperones bind the passenger domain (red), the TU
(yellow, a-helix; orange, b-barrel) or both domains. After signal peptide cleavage the
AT is released in the periplasm. The chaperone-AT complex is targeted to the b-barrel
assembly machinery (Bam). The Bam complex is involved in the binding, folding and
insertion of the b-barrel into the outer membrane (OM). Prior to the OM insertion, the
a-helix is already incorporated into the b-barrel. After translocation, the passenger
domain can be processed and released into the extracellular environment or remain
attached to the cell surface. C, Scheme of Top 7 scaffold displayed on the surface of
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S. cerevisiae. The Top7 scaffold is expressed as a protein fusion to the Aga2p mating
agglutinin protein. The fusion protein is tethered to the yeast cell wall via disulfide

attached to the cell wall). The fusion protein also contains N-terminal HA and Cterminal c-myc epitope tags for detection of the displayed fusion protein by means of
fluorescent antibodies for fluorescent activated cell sorting (FACS).

Fig 4. Ribosome-display selection cycle. The DNA of the library of interest, fused in
frame to a spacer carrying no stop codon, is transcribed in vitro. After transcription,
the resulting mRNA is used for in vitro translation. After a short time of translation (a
few minutes) the ribosomes have probably run to the end of the mRNA and
synthesized the encoded protein, but because of the absence of the stop codon, the
protein remains connected to the tRNA. The mRNA-ribosome-protein ternary
complexes are used for affinity selection on an immobilized target. After washing, the
mRNA of the selected complexes is released by complex dissociation. The genetic
information of binders is rescued by RT-PCR yielding a PCR product ready to go for
the next cycle. Several of these cycles generate highly specific and pure binders
which can be used to detect the protein of interest.

Fig 5. Overview of mRNA-display in vitro selection process. Schematic view of the
structure of the library and the selection process. The DNA library includes, from 5‘
to 3 ‘, a T7RNA polymerase promoter (T7), a tobacco mosaic virus translation
enhancer (TMV), a start codon (ATG), degenerate sequence coding 88 random amino
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acids, a hexahistidine tag (H6), and a 3’ constant region (spacer). This library is
transcribed by using T7 RNA polymerase, after which the puromycin-containing

vitro, the nascent peptide forms a covalent bond to the puromycin moiety. The
resulting mRNA- peptide covalent fusion molecules are then purified on oligo-dTcellulose (which anneals to the oligo-dA sequence in the puromycin-containing
linker) and Ni-NTA agarose. The mRNA portion of this display construct is then
reverse transcribed. The cDNA -RNA-peptide species (with streptavidin in RNA) are
then incubated with the immobilized target protein and unbound library members are
washed off. Target-bound peptides are then displaced with biotin. The eluted
molecules are then amplified by PCR, thus completing the first round of selection and
amplification. (Top right) Chemical structure of the 30 end of Tyr-tRNATyr (left) is
compared with puromycin (right).
Fig 6. Schematic representation of SELEX procedure to produce DNA or RNA
aptamers (peptide aptamers are not shown) for specific target molecules (proteins,
peptides, small organic molecules, cells, tissues, whole organisms...) immobilized on
a surface, magnetic beads, or in the case of cell SELEX the surface of a cell (center,
top). The initial DNA or RNA (as shown, T7 RNA polymerase and reverse
transcriptase, RT, ar used to produce either oligonucleotide before or after SELEX)
combinatorial library consisting of oligonucleotides with a centrally randomized or
degenerate region of n nucleotides (usually N40-50) flanked by two primer
hybridization regions is incubated with the immobilized target for binding. Unbound
oligonucleotides are washed away and the bound oligonucleotides are eluted from the
target by several treatments. The selected DNAs are amplified by PCR using specially
modified primers and RNAs are reverse transcribed, amplified by PCR, and
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transcribed for the next round of selection. The fluorescein (F) labelling of the
selected oligonucleotides after the first SELEX round enables their quantification in

the last round the selected aptamers are cloned and several monoclonal aptamers were
characterized.

Fig. 7 Principle of the CIS and CAD display technology. In CIS display libraries
template DNA encoding an N-terminal library peptide is ligated to the RepA gene. In
vitro transcription is initiated at the promoter and pauses when the RNA polymerase
reaches the CIS element. Concurrent translation produces the RepA protein, which
transiently interacts with the CIS element, thereby forcing its subsequent binding to
the adjacent ori sequence. This process establishes a stable linkage between a
template DNA and the expressed polypeptide that it encodes. CAD (Covalent
Antibody Display), mainly developed for the display of antobodies, is based on the
ability of endonuclease P2A to become covalently attached (via Y454) to the 5′
phosphate of its own DNA at Ori of replication (CCT CGG, *) at position 1860. CIS
display and CAD selections begin with the construction of a peptide-encoding DNA
library followed by in vitro transcription/translation to form a pool of protein–DNA
complexes (only shown for CIS display). The library pool is incubated with an
immobilized target, nonbinding peptides are washed away, and the retained DNA that
encodes the target-binding peptides is eluted and amplified by PCR, to form a DNA
library ready for the next round of selection. After three to five rounds of selection,
recovered DNA is cloned into an appropriate expression vector for the identification
of individual target-binding peptide sequences.
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further rounds and thus monitoring of the enrichment of target-specific aptamers. In
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Fig 8. Formats for artificial covalent genotype–phenotype linkages based on
droplet compartmentalization. The key initial step of both display methods is that a

compartmentalized in water-in-oil emulsion droplets, so that each compartment
contains no more than one DNA template (Poisson distribution). (a) In SNAP display,
the POI is in vitro expressed from a single gene in fusion to the SNAP-tag (1). The
SNAP-tag of the expressed fusion protein then reacts with its substrate (BG) that has
been covalently linked to the DNA template. As a result, the SNAP-tag connects
genotype and the displayed protein (responsible for the phenotype). (2) SNAP-tagged
proteins are de-emulsified and challenged for binding against an antigen by affinity
panning. (3) After non-binders are washed away, binders are eluted together with
their encoding genes that can feed the next round of selection.
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