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Abstract
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Peptide aptamers are small combinatorial proteins that are selected to bind to specific sites on their
target molecules. Peptide aptamers consist of short, 5-20 amino acid residues long sequences,
typically embedded as a loop within a stable protein scaffold. Various peptide aptamer scaffolds
and in vitro and in vivo selection techniques are reviewed with emphasis on specific biomedical,
bioimaging, and bioanalytical applications.
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1. Introduction

Designing molecules that modulate cellular processes through selective high affinity binding
to discrete sites on biological molecules still remains a “Holy Grail” of biomedicine [1].
Protein recognition of and interaction with other cell components in the dynamic context of
complex signaling and metabolic networks provide the basis of life. Harnessing the power of
these interactions constitutes one of the biggest challenges of modern biological science.

The concept of Antikdrper (Antibodies), that was introduced by Paul Ehrlich more than 120
years ago [2], and his idea of a magic bullet [3] culminated in the development of hybridoma
technology and monoclonal antibodies, now an indispensable part of contemporary research,
diagnostics and therapy. The numerous achievements of modern antibody technologies are
indisputable and are covered in a variety of recent reviews [4-14]. The numbers of
antibodies used in research and diagnostics is measured in the thousands, hundreds are in
drug discovery company pipelines, and ~30 are already used in clinical applications [15].
Still, a few inherent characteristics related to antibody properties and production limits their
usefulness and clinical efficacy [16]. For example, the generation of antibodies depends on
animal immunization, which rules out toxic, low-immunogenic or otherwise incompatible
targets. Due to the considerable size (150 kDa for 1gG) of antibodies, applications for most
intracellular therapeutic targets are restricted, delivery must be accomplished by injection or
infusion, and tissue penetration and accumulation can be an issue as well. Antibodies are
temperature sensitive, undergo irreversible denaturation and have a limited shelf life.
Diagnostic applications are generally limited to physiological conditions, and in spite of
considerable efforts for antibody humanization [17], Fcmediated complement-dependent
cytotoxicity (CDC) and antibody-dependent cellular cytotoxicity (ADCC) can be a serious
problem. Selection of the binding surface of an antigen is determined by the immune
system, which prefers a planar binding interface, as a result, binding to other topologies such
as folds, cavities and the clefts of catalytic sites is generally problematic [18, 19]. Finally,
the complex molecular architecture of antibodies includes a multitude of glycosylation sites
and disulfide bonds that requires a eukaryotic system to manufacture. This process is
laborious, expensive and suffers from batch to batch variations in activity.

The emergence of Aptamers created an attractive alternative to antibodies [1]. In 1990 two
revolutionary studies presented the method of in vitro generation of high-affinity molecules
against selected targets when Tuerk and Gold succeeded in selecting RNA ligands against
T4 DNA polymerase [20]; and Ellington and Szostak against organic dyes [21]. The first
group coined the moniker SELEX (for Systematic Evolution of Ligands by EXponential
enrichment), while the second introduced the term Aptamer (from the Latin aptus - fit, and
Greek meros - part), now defined as single-stranded nucleic acids (NA), RNA or DNA
molecules of 20-100 bases long capable of spontaneously folding into 3-D structures and
selectively binding to their cognate targets. SELEX technology allowed for rapid
interrogation of large synthetic libraries (1014-1016 molecules) and drastically broadened the
spectrum of targets, which now includes not only toxic and non-immunogenic molecules,
but also many synthetic and natural materials, and small compounds [22]. Similar to
antibodies in binding affinity (nanomolar to picomolar range binding constants), aptamers
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are less immunogenic, smaller (10-50 kDa), and can be used in a variety of environmental
conditions. Aptamers can be engineered and produced completely in a test tube, and can be
readily modified during and after chemical synthesis to increase the stability and variability
of the library [23]. But the greatest advantage is the robustness and speed of in vitro
generation, selection and evolution of aptamers [24]. Owing to these advantages, aptamers
gained a lot of interest over the past decade and today are widely used in therapy and
diagnostics [1, 25-27], targeted drug delivery [28-30], in the area of molecular imaging [31,
32] and biosensors [33-36].

Yet another alternative to antibodies developed around 1996 were Peptide Aptamers (PA).
The concept, originally introduced by Roger Brent [37], proposed a short amino acid
sequence embedded (“double constrained”) within the context of a small and very stable
protein backbone (“scaffold”). Conformational constraint is important, since it stabilizes the
insert loop and makes it more likely to fold and recognize cognate surfaces. PAs can be
viewed as scaled down versions of immunoglobulin T-cell receptors, they are extremely
small and simple molecules characterized by high stability, high solubility, fast folding
kinetics and available in large quantities through chemical synthesis or bacterial expression
[38]. PAs are essentially a “loop on a frame” design, where the 5-20 residue peptide loop
grafted onto a neutral scaffold is the source of variability for selecting high affinity binders
to a target protein or small molecule from combinatorial libraries. The binding affinity of
constrained aptamers can be as much as 1000 times higher than the free peptide, a fact
generally attributed to the lower conformational entropy of the restricted peptide loop [39,
40].

PAs can be produced and selected in vivo through yeast two hybrid and similar techniques,
making PAs ideal candidates for interrogating intracellular targets in a physiological
environment [41]. Whereas in vitro selected NA aptamers might encounter problems getting
into live cells in sufficient amounts due inefficient cellular uptake and to intracellular
processing of endosome-targeted RNAs [42]. Contact surfaces implicated in protein-protein
interactions tend to be flat and large (1,500-3,000 A2) relative to those involved in protein-
small-molecule interactions (300-1,000 A2) [43]. NA aptamers bind more precisely and
strongly because they extend the surface contact with their cognate targets through adaptive
conformational changes, resulting in the creation of specific binding sites [1, 44]. This
results in large interaction surfaces compared to immunoglobulins (i.e. ~2600 A2 of the
enzyme surface is masked by one NA aptamer against HIV reverse transcriptase [44, 45]).
PAs generally exhibit a smaller binding footprint that permits a more precise interrogation of
the target than that afforded by NA-based probes, which makes PAs an excellent research
tool [46, 46]. Nevertheless, both NA aptamers and PAs share a great deal of similarity.
Representing two classes of biomolecules, NA aptamers and PAs provide a large degree of
variability in functional groups (i.e. different pH-dependence on the formation of hydrogen
and electrostatic bonds) and in conformational flexibility [38], which eventually translates
into a plethora of binding molecules against various chemical surfaces, thus improving the
chances of finding an ideal interactor.

Advances in the technology of scaffold design, represented by antibody-based [48] single-
domain (dAbs), single-chain variable fragment (scFv), antigen-binding fragment (Fab),
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Avibody, minibody, CH2D domain, Fcab, and bispecific T-cell engager (BiTE) molecules
[15], and non-immunoglobin protein structures, circumvent some of the limitations of
classical immunoglobulins as biomedical tools. These scaffolds represent smaller and more
rigid entities with improved stability and the capability of directed evolution through rounds
of combinatorial screening [49-51]. Antibody fragments designed on the basis of naturally
occurring heavy-chain-only antibodies, like nanobodies derived from Camelidae [52, 53]
and VNARs from sharks [54, 55], look especially promising. It will be interesting to watch
which approach will eventually gain the upper hand, but most likely we will see some
degree of technological convergence [16, 56] and segregation into the fields where these
technologies will prove to be most effective.

2. Scaffolds

The first step in creating a combinatorial peptide aptamer library is to select a proper
scaffold, i.e. a rigid, compact, preferably monomeric, stable protein core capable of
displaying variable target interaction surfaces in a manner analogous to the immunoglobulin
complementarity determining region (CDR). The scaffold has to be soluble, non-toxic and
capable of high-level expression in prokaryotic systems. The cloned scaffold gene should be
engineered to accommodate functional protein elements such as localization signals, and
epitope and purification tags [57]. It is highly desirable that permutations introduced into
variable regions do not adversely affect solubility, folding and the aggregating properties of
the resulting combinatorial product.

The current outlook in the field of developing novel bioaffinity materials is based on the
inherent limitations plaguing the classic antibody approach. Consequently, in addition to
small antibody-based scaffolds, there emerged a second group of scaffolds based on
naturally tough non-immunoglobulin protein structures that can be genetically manipulated
into forming high-affinity patches without compromising the overall stability of the
molecule. And while nature has been working for many million years polishing its antibody
project, it took just two decades for researchers to develop more than fifty different
alternative protein scaffold designs, summarized in a number of comprehensive reviews [16,
56-61].

2.1. “Loop on a Frame” Scaffolds

The original PA concept of Roger Brent [37], which proposed a “loop on a frame” model
imitating antibody paratope, was later expanded to include scaffolds that contain multiple
variable loops and incorporate more complex combinatorial proteins. These improvements
create target binding surfaces consisting of variable non-continuous surface-exposed side
chains spread over several structural frame elements or across several variable loops [41,
62], and are capable of tolerating significant structural changes [38]. These new platforms
are called engineered (non-antibody) scaffolds, (double-)constrained combinatorial proteins
or antibody mimics (mimetics) [16, 38, 59]. Both loop- and rigid structure-mediated binding
are suitable for generating high affinity surfaces. We discuss several scaffold designs that
are particularly effective due to the ability to yield high affinity binders and to function as
alternatives to conventional antibodies [63].
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2.1.1. Thioredoxins—Bacterial Thioredoxin A (TrxA) was the original scaffold design
pioneered by Roger Brent lab [37] for display of conformationally constrained peptides.
Thioredoxin is a highly soluble, small and structurally rigid 12 kD oxidoreductase enzyme
involved in maintaining the E.coli cytosolic thiol/disulfide equilibrium, it is non-toxic even
when expressed at high levels in bacteria. Thioredoxin has an active site composed of a Cys-
Gly-Pro-Cys stretch that is capable of accommodating long peptide insertions albeit with a
concomitant loss of enzymatic function [64]. Thioredoxin is a well-folded single domain
protein consisting of four a -helices that flank a central five-stranded -sheet and an active
site disulfide group protruding from the protein surface [65]. Comparative studies
demonstrated that Thioredoxin possesses superior stability over other scaffolds [66]. The
solvent accessible loop where peptide aptamers are presented at the surface of the molecule
is essential for recognizing and binding to target compounds (see Fig. 1). Employing the
yeast two-hybrid method a number of peptide aptamers, such as PA against human cyclin-
dependent kinase 2 (Cdk?2) [37] and E2F transcription factor, were identified from
corresponding random loop libraries, as well as several other targets, mostly inhibitors of
signaling pathways involved in cancer development and progression. Owing to its
remarkable characteristics, TrxA was the first widely used peptide aptamer scaffold (see
Table 1 in review [57]). In 2012 Groner et al. [67] described a PA against Stat3 and
Survivin, selected using human Thioredoxin (hTrx) that was modified to provide high levels
of expression and facilitate cellular delivery; in 2013 the same group developed a PA against
Stat5 [68].

2.1.1.1. Combinatorial Library of Improved Peptide Aptamers (CLIPs): In 2013,
Reverdatto et al. [47] used a Thioredoxin scaffold to develop an efficient design for
constructing a Combinatorial Library of Improved Peptide aptamers (CLIPs) and used that
library to identify PAs that alter signal transduction initiated by the binding of the
physiological ligand S100B to the cell Receptor for Advanced Glycated End products
(RAGE) [69]. Signal transduction of RAGE is implicated in the etiology of many diseases,
including diabetes, neurode-generation, cancer, and inflammation [69-72]. At the core of
CLIPs technology is efficient directional cloning of randomized oligonucleotides within the
context of the E.coli thiore-doxin gene, coupled with amplification of a ligated library,
which preserves its complexity (Fig. 2). The scheme is robust and facilitated the creation of
a library of 3x1010 clones, a small portion of which was tested by yeast two hybrid
selection, resulting in a number of binders to RAGE. No limitations exist in expanding the
random octapeptide library to full theoretical complexity, 1.1x1012 clones and beyond [47].

Inserting random aptamer loop sequences into the wild type Thioredoxin structure often
destabilizes the Thioredoxin fold, causing PAs to oligomerize. To overcome this problem a
mutation was introduced within the Thioredoxin platform to produce soluble monomeric
PAs. The D26A mutation was critical since it eliminated a buried negative charge in the
wild type Thioredoxin that became a destabilizing factor in the engineered platform. The
small size of the PAs facilitated the characterization of the interactions of PAs with target
molecules at atomic resolution by using NMR spectroscopy and allowed the PAs to be
considered as drug-like molecules rather than large particles that bind non-specifically [73].
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By using RAGE domains as targets in a yeast two-hybrid screen, several PAs were isolated
that recognize all three RAGE immunoglobulin domains [47]. The interaction surfaces on
the VC1 and C2 domains resolved by NMR clearly showed that the PAs bind to distinctly
different sites with affinities ranging from tens of nanomolar to micromolar. NMR analyses
of the interaction surfaces between PAs and the C2 domain of RAGE resulted in a solution
model of the complex (Fig. 1A).

The effect of PAs on S100B-induced RAGE signal transduction was examined in
mammalian cells and found to dramatically decrease the phosphorylation of RAGE effectors
[47]. A few PAs bind to sites proximal to the S100B binding site [74, 75], suggesting that
these PAs inhibit signaling by directly blocking the S100B-RAGE interaction. The binding
sites for other PAs were located in the membrane-proximal part of RAGE far from the
S100B binding site, implying that they may allosterically affect RAGE signaling. Thus,
monomeric PAs selected from CLIPs block specific sites on the target receptor without
affecting other physiological interactions of the receptor.

In summary, the availability of specific binders that recognize different sites on a target
combined with structural biology technology and functional assays provides an opportunity
to dissect complex biological pathways.

2.1.2. Monobodies—Monobodies, also known as Adnectins, were introduced as a
platform for combinatorial peptide library design in 2000 [76, 77], and are among the most
well-studied and used in clinical studies [78]. The scaffold is based on the structure of the
tenth extracellular type 111 domain of human fibronectin (2°Fn3) which consists of seven B-
sheets that form a barrel and three solvent-accessible loops on each side that closely
resemble the complementarity determining regions (CDRs) of antibody variable domains
[79] (Fig. 3A). The 19Fn3 domain is a small 10 kDa structure that lacks any disulfide bridges
or free cysteines, but still retains a remarkable rigidity and thermostability up to 80 °C even
under reducing conditions, and can be produced in bacteria with high yields [78]. For the
purpose of engineering novel binding entities based on 19Fn3 architecture, the loops (green
areas in Fig. 3A) are the obvious choice for diversification.

Initial library designs included variations of 4-10 residues in all or some of the loops, and
produced binders with affinities ranging from low micromolar for Ubiquitin to
subnanomolar for TNF-a [76, 77]. The thermostability and solubility of 10Fn3 can degrade
when the loops are randomized to create diversity [80, 81]. Creating biased arrangements of
amino acid residues in each diversified position and varying the loop length resulted in
interactors with low nanomolar to picomolar affinity [80, 82]. The structures of co-crystals
of Adnectins with their biological targets revealed that besides the interactions of diversified
loops, non-loop residues from the N-terminus and B-strands also participate in binding thus
expanding the available interaction footprint [77, 83]. The relative autonomy of fibronectin
domains provides an opportunity to generate multi-functional binding chimeras, which was
demonstrated by creating a bispecific molecule based on two individual adnectins with
affinities for epidermal growth factor receptor (EGFR) and for insulin-like growth factor
receptor-1 (IGF1R) (see Applications).
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2.1.3. Anticalins—Anticalins as an alternative architecture for peptidic combinatorial
library design appeared about the same time as monobodies [84, 85]. They are based on the
diverse family of small (~20 kDa, 150-160 residues) single-chain extracellular proteins
called Lipocalins, which are abundant in both prokaryotes and eukaryotes. Human species
contain twelve different Lipocalins circulating in blood and extracellular fluids. Lipocalins
bind and store or transport hydrophobic or chemically active molecules, such as vitamins,
lipids and various secondary metabolites [86]. Lipocalins share a conserved structural fold
comprised of eight antiparallel B-strands, forming a cup-shaped B-barrel core connected in a
pair-wise fashion with four structurally variable loops, which together with the adjacent
residues of the -barrel core form the ligand pocket. Different Lipocalins have a high degree
of structural similarity in the B-barrel core while displaying a broad diversity in the four-loop
region that resembles the organization of antibody antigen binding sites (Fig. 3B). Unlike
the usually flat interface of antibody CDRs, Lipocalins possess a characteristic deep ligand
pocket making them particularly suitable for tightly binding small, hapten-type compounds
or peptides [87]. Anticalins are structurally very stable, with melting temperatures exceeding
70°C, and are not affected by loop permutations, they do not have disulfide bridges and are
not glycosylated, which makes them suitable for production in yeast or bacteria. A range of
16-24 randomized residues per loop appears to be optimal for the design of Anticalin
libraries [84, 88].

2.1.4. Kunitz Domains—A Kunitz domain is a common structural fold found in a family
of reversible serine protease inhibitors. Examples of Kunitz-type protease inhibitors are
bovine pancreatic trypsin inhibitor (BPTI), human pancreatic secretory trypsin inhibitor
(PSTI), Alzheimer's amyloid B-protein precursor inhibitor (APPI), the leech-derived trypsin
inhibitor (LTDI), the mustard trypsin inhibitor Il (MTI I1), and the periplasmic E. coli
protease inhibitor Ecotin [60]. The Kunitz domain is a representative of alpha/beta proteins
with irregular secondary structure stabilized by three disulfide bonds and presenting three
peptide loops that can be varied without introducing much destabilization to the scaffold
(Fig. 3C). Protease inhibitors meet the scaffold criteria in that they are small (60 residues),
stable and capable of evolving the binding activity of exposed peptide loops through
targeted randomization to construct combinatorial libraries [58]. Kunitz domain-based
scaffolds have been successfully utilized to construct and select a library of protease
inhibitors [89] with the potential for therapeutic applications (see below).

2.1.5. Avimers—*"Avidity multimers” or Avimers as scaffolds were proposed by
Silverman et al. in 2005 [90]. Avimers are derived from the family of human receptor
domains known as Adomains, which are present in some cell-surface receptors including
low-density lipoprotein receptor (LDLR). Adomains recognize over 100 different targets
including small molecules, proteins and viruses, with each ligand often contacting multiple
domains [90]. Individual A-domains are very small, ~4 kDa (35 residues), and form
uniform stable structures stabilized by three disulfide bridges and calcium binding (Fig. 3D).
Only 12 residues are required for scaffold maintenance, making Avimers ideal candidates
for diversification. Avimers are remarkably heat stable, withstanding prolonged incubation
at 50-80 °C. Avimers containing up to eight A-domain modules, with total of 48 cysteines,
were produced in E.coli with yields exceeding 1 g/L and were reported to be properly folded
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upon air oxidation [90]. Employing the nature-inspired strategy of combining sequentially
selected A-domains generated each time against the new epitope in one Avimer, Silverman
et al. [90] developed Avimers with picomolar affinity for Interleukin 6.

2.1.6. Knottins—Knottins, also known as cystine knot miniproteins, share the same
cystine knot motif that is commonly found in some plant proteases and in toxins of several
invertebrates (such as spiders, scorpions and cone snails). The small, ~3 kDa (25-35
residues), protein forms a very rigid structure (Fig. 3E) in which three antiparallel 3-sheets
connected by interspersed variable peptide loops are stitched together with conserved
interlocking disulfide bridges in a characteristic knotted topology [60]. Excellent structural
and thermal stability and remarkable tolerance to introducing sequence diversification
within the loop regions, often without the loss of structural integrity and bioactivity [91], led
to the development of several combinatorial libraries based on the Knottin scaffold [56, 60,
63, 92-94]. In two cases, libraries generated on the basis of diversification of a six-residue
surface loop of the agouti-related protein (AgRP) scaffold with only two disulfide bridges
[95], and a squash (Ecballium elaterium) trypsin-inhibitor based scaffold [96] yielded
Knottins with nanomolar affinity against tumor vasculature-related Integrins, such as avp3,
avp5 and avpl. The small size of the Knottin scaffold makes chemical synthesis of the
molecule practical, as well as incorporating unnatural and modified residues to increase
diversity and functionality [91].

2.1.7. Fynomers—Fynomers as a scaffold concept dates to 2007 when several libraries
based on this architecture were generated [97, 98]. Fynomers are based on the src homology
3 (SH3) domain of the human proto-oncogene tyrosine-protein kinase Fyn called FynSH3
(amino acid residues 83-145). The SH3 domain binds to proline rich peptides containing a
PXXP binding motif, its sequence is fully conserved between humans, mouse, rat and
gibbons. SH3 is composed of two antiparallel p-sheets connected through two flexible loops
(called RT-Src and n-Src-loop) that are positioned to interact with other proteins (Fig. 3F).
Up to six residues in each loop can be varied without significantly reducing the solubility
and folding properties, and the length of the n-Src-loop can be changed from four to six
residues [99]. These substitutions generally abolish the original PXXP binding activity.
Grabulovski et al. [98] describe their Fynomer design as a particularly attractive scaffold for
the generation of binding proteins, since it “(1) can be expressed in bacteria in soluble form
in high amounts, (2) is monomeric and does not aggregate when stored in solution, (3) is
very stable (Tm ~70 °C), (4) lacks cysteine residues and (5) is of human origin featuring an
amino acid sequence completely conserved from mouse to man and, hence, is considered to
be non-immunogenic” [98]. The claims are supported by the recent successful screening of
Fynomer libraries that produced potent inhibitors of the serine protease Chymase (expressed
in the secretory granules of mast cells) with subnanomolar affinities [99].

2.1.8. Atrimers—Atrimers are another example of a scaffold that capitalizes on an
oligomeric structure and multiple contacts to form interaction surfaces with high avidities.
The platform was introduced in 2009, and is based on the human homotrimeric protein
Tetranectin, a member of the lectin family characterized by a C-type lectin domain (CTLD),
found in blood plasma and tissue [100]. Tetranectin is a 60 kDa protein made up of three
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identical structural units in which the CTLD elements are positioned C-terminally to a
trimerizing coil-coil region (Fig. 3G). CTLD retain their structural integrity as separate
protein domains and trimerization leads to an apparent 100-fold increase in binding affinity
for a Tetranectin ligand, plasminogen kringle-4. Each CTLD fragment has five loop regions
6-9 residues long that provide binding specificity. The diversification of loop residues can
be performed in iterative or sequential fashion without compromising the structural integrity
of the domain [100]. The molecular weight of 60-70 kDa and the lack of glycosylation
improves the likelihood of overexpression of Atrimers in E.coli. The origin of the platform
may shield it from the human immune system and its smaller size should favor better tissue
penetration [101]. The modular nature of Atrimers makes them particularly suited to engage
with trimeric targets, many of which include proteins of therapeutic interest.

2.2. Scaffolds Containing Rigid Combinatorial Motifs

In contrast to the “loop on a frame” design another major class of scaffold motifs utilizes
permutations of residues embedded into rigid, regular secondary structural elements at
positions that can tolerate side chain replacements without significantly destabilizing the
structure. The introduction of binding sites into relatively rigid secondary structure elements
is considered advantageous because of the reduced entropy cost for structural rearrangement
of the binding domain upon target interaction relative to those that may occur with the
flexible binding structures generated in hypervariable or single loops [102]. The following
examples provide the most recent developments of this scaffold concept.

2.2.1. Darpins—DARPIns (Designed Ankyrin Repeat Proteins) were introduced as a
scaffold design by the Pliickthun group in 2003 [103-107]. The Ankyrin repeat proteins are
one of the most abundant binding proteins in the human proteome. The natural function of
Ankyrin repeat is to engage its target prompting enzyme inhibition, or simply anchoring
proteins together. Ankyrin repeat (AR) proteins are assembled from repeats of usually 33
residues with no cysteines, each forming a structural unit comprised of two antiparallel a-
helices joined by a short B-turn (Fig. 3H). DARPIns are an ensemble of repetitive structural
modules (including several randomized design AR units) that forms a stable protein
framework with a large potential target interaction surface. AR modules are held together by
a hydrophobic interface, with the first (N-cap) and last (C-cap) repeat being different to
present a hydrophilic outer surface, which would otherwise negatively affect folding and
aggregating properties [103]. With cap ping modules, DARPiIns of 4, 5 and 6 repeats have
molecular weights of 14, 18 and 22 kDa correspondingly, about one tenth the size of an
antibody. They express very well in E. coli as soluble monomers (up to several g/L in
fermentation), and because their stability increases with length, some of them become
resistant even to denaturation by boiling or guanidine hydrochloride [108]. Deuterium
exchange experiments on “full-consensus” DARPIns indicate that this high stability is due to
strong coupling between repeats. Some amide protons require more than a year to exchange
at 37 °C [109], highlighting the extraordinary stability of the proteins. The location of these
very slowly exchanging protons indicates a very stable core structure resulting from a
combination of hydrophobic shielding coupled with favorable electrostatic interactions
[107].
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Following the same modular assembly principle as those established for Avimers, a single
DARPIn can be directed against different epitopes on the same target or against several
targets; up to six positions can be diversified in each module as is the case with bispecific
DARPiIns [110]. A number of randomized DARPInN libraries have been established, with
binder selection being performed through ribosome or phage display technologies.
Biomedical applications utilizing DARPins, discussed in detail below, have proven to be
very successful [63, 107, 111, 112]. Further extending the concept of DARPIn architecture,
the Pliickthun group proposed the idea of Loop DARPins, with continuous protracted loops
mimicking the antibody long CDR-H3 region grafted onto the scaffold [107, 113]. This
expands the scope of possible epitopes that can be targeted without sacrificing the stability
of the scaffold. Novel designs yielded binders against BCL-2, an important regulator of the
apoptosis pathway, with 30 pM affinity after only one round of Loop DARPIns library
screening.

2.2.2. Affibodies—Affibody molecules, presented in 1997 by Nord et al. [114, 115], are
another example of a protein interaction surface within a structural framework. The scaffold
design is based on the Z-domain (the IgG binding domain) of Staphylococcus aureus protein
A. The Z-domain is a small, ~6 kDa (58 amino acids), three a-helix bundle protein,
consisting of a single polypeptide chain (Fig. 31). The domain does not contain cysteine
residues, folds rapidly, resists proteolysis, and can be overexpressed in soluble form in
various host cells [116]. The small size makes chemical synthesis of the molecule feasible,
and modifications introduced into Z domains allow for directional head-to-tail
polymerization, facilitating connection of multiple domains for increased avidity. Typically,
randomization of 13 solvent accessible amino acids on the surface of helices 1 and 2 is used
to generate novel combinatorial libraries.

2.2.3. Affilins—The Affilin scaffold design was announced in 2005 [117]. It comes in two
forms: The first platform is based on y-B Crystallin, a 20 kDa protein (176 amino acids)
from a family of structural proteins found in the eye lens and cornea of vertebrates, and the
second on Ubiquitin, a highly conserved abundant 8.5 kDa (76 amino acids) eukaryotic
protein used by cells for posttranslational modification. y-B Crystalline consists of two
identical domains with mainly B-sheet structure (Fig. 3J). Ubiquitin consists of three and a
half a-turns and a five stranded -sheet (Fig. 3K). B-sheets within both structures provide the
binding surfaces, of which eight near-surface residues in y-B Crystallin and six in Ubiquitin
are suitable for modification [63]. Reevaluation of the platform revealed the benefits of
using dimeric, head-to-tail, Ubiquitin units in the library, and a more extensive
randomization of residues, five in the 2-sheet and four in the 2-turn [102]. Changes
introduced by diversifying those positions do not cause any significant loss of stability. In
fact, some of the binders identified in library screenings demonstrated remarkable stability
to pH changes, thermal denaturation and high concentrations of denaturing agents [102,
117-121].

2.2.4. Armadillo Repeat—Armadillo repeat proteins (ArmRPs) have been in the works
for a while (see [122] for review), but the first library based on this scaffold appeared in
2012 [123]. The name derives from the appearance of a Drosophila mutant defective in a
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segment polarity protein later identified as Drosophila p-Catenin. ArmRPs are abundant in
eukaryotes and take part in signaling, nucleocytoplasmic transport and cell adhesion. Unlike
most of the platforms discussed above, ArmRP is a modular peptide-binding scaffold
developed for the purpose of binding to folded proteins, in which the unstructured regions
can act as linear peptide targets. Such transient and generally low-affinity but highly specific
interactions between a globular protein and short linear peptide regions have been found in
many highly dynamic cellular networks involved in signaling, regulation, and protein
trafficking, and may constitute 15-40% of all cellular interactions [122].

The structure of natural ArmRPs is a right-handed superhelix or solenoid, formed by 4-12
stacked tandem Armadillo repeat motifs, each consisting of approximately 42 amino acids
folded into three a-helices, H1, H2, and H3 (Fig. 3L). The binding mode is highly
conserved. A polypeptide in extended conformation is bound in an antiparallel orientation
relative to the ArmRP, forming an asymmetric double helix. This antiparallel binding mode
is maintained by an array of conserved asparagine residues that hydrogen bond to the
backbone of the extended peptide [122]. The affinities of ArmRPs for their ligands extend to
the subnanomolar range [123]. Similar to the DARPIn design, specially constructed N- and
C-terminal capping repeats were introduced to shield the hydrophobic core of the ArmRPs
assembly, dramatically increasing in vivo folding and preventing aggregation [124].
Randomizable positions for a combinatorial library were identified by analyzing natural
complexes of Armadillo proteins with their targets. Four residues in H3, one in H1 and one
in the loop following H3 were targeted. Two nonrandomized internal repeats flanking the
three randomized repeats were introduced into the library to improve stability and folding
characteristics [123]. Model screening of the library based on the ArmRPs scaffold was
directed against Neurotensin, a 13 amino acid neuropeptide ligand of the G-protein coupled
Neurotensin receptor. Specific peptide binders were selected after four rounds using
ribosome display. All were highly overexpressed in E.coli, monomeric in solution, and
exhibited affinities of 7 uM [123].

2.2.5. OBodies—The oligonucleotide binding (OB)-fold anticodon recognition domain
from Pyrobaculum aerophilum Aspartyl tRNA Synthetase is utilized in OBodies. The OB-
fold is a small, single domain binding element, generally not containing disulfide linkages
and comprising a 5-stranded B-barrel that binds ligands via a concave interaction surface.
OB-folds exist in many organisms, including archaea, bacteria, yeast and mammals, and
exhibit no sequence conservation. A common feature of the OB-folds is a rather
characteristic structure formed from the combination of concave p-sheets and loops, with the
ability to accommodate very diverse sequences and modifications. OB-folds are capable of
binding to a broad range of ligands, including oligonucleotides, oli-gosaccharides, proteins,
and small molecules. Construction and screening of a combinatorial library based on this
scaffold design using phage display yielded an OBody with 3 nM affinity for hen egg white
lysozyme [125].
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3. Selection Techniques

It is a daunting task to identify and isolate high affinity ligands from combinatorial libraries.
A large and continually expanding arsenal of powerful screening methods and techniques
have been developed to assist researchers in this endeavor [126].

In the SELEX method, strongly binding NA aptamers can be easily amplified by PCR for
subsequent rounds of selection, and identified through DNA sequencing. Similarly, in order
to allow for the repeated cycles of selection-amplification, phenotypically selected
combinatorial peptide molecules must be identifiable and amplifiable through the linked
genetic information. This can be accomplished either by directly linking a related nucleic
acid with a peptide molecule, or by confining both in the closed environment of a cell, virus
particle or artificial microvesicle (Fig. 4). Selection technologies can be divided into two
classes. The first and most widely used approach is selection through extracellular display,
such as the surface of cells, filamentous phages, or in vitro. The second is in vivo screening
represented by a plethora of in-cell protein complementation assays, including two-hybrid
systems, in which the target and ligand are both produced and interact inside a living cell.

3.1. In vitro Displays

3.1.1. Phage Display—Phage display is a method of presenting polypeptides on the
surface of bacteriophage to select for the ability of the polypeptide to bind preselected
targets (Fig. 4A). This technique was introduced by Smith in 1985 [127] to map epitope
binding sites of immunoglobulins by panning phage libraries of random peptides onto
immobilized antibodies. It was shown that bacteriophage genomes can be engineered to
accommodate designed combinatorial libraries. The genome can tolerate fairly large inserts
into coat proteins which then present novel polypeptide chains on the phage surface. The
most commonly used vectors for phage display are filamentous phage M13 and the closely
related strains fd and f1. The single stranded circular DNA genome of M13 is covered by
~2700 copies (for a wild type) of the major coat protein pVIII and capped with five copies
each of minor coat proteins plll, pVI and pVII, and pIX at opposite ends of the capsid [128].
All of the coat proteins were tested for the ability to display foreign polypeptides on the
phage surface [129, 130], with plll and pVI1I receiving the most attention. The smaller size
of coat protein pVIII (50 amino acids) limits inserts to 6-8 residues, but because they are
displayed in thousands of copies on the surface the potential avidity of the interactions are
greatly increased. The larger coat protein plll (406 amino acids) can accommodate inserts of
100 residues and more that are displayed in limited numbers on the ends of the phage
particle, favoring selection of stronger binders.

Libraries of diversified antibody fragments or peptidic combinatorial libraries built on
artificial scaffolds can be introduced directly into the genome of M13 phage (6.4 kb) by
fusing to the gene of the appropriate coat protein, usually at the 5' end. The resulting
construct is transferred to E.coli where it is amplified, translated, replicated, and packed into
newly assembled M13 phage particles, which escape the cell. During assembly the fusion
proteins are displayed on the phage surface while the encoding ssDNA is packed within the
same phage particle. Next the phage population is presented against the target of interest
(biopanning), non-bound particles are washed away. After eluting the bound phage it is re-
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amplified in E.coli for the next round of selection; strong binding candidates are identified in
3-10 cycles. The high transformation efficiencies of E.coli allow the construction of large
phage libraries of 1019-1012 unique clones. But the biggest advantage of the phage display
method, accounting for its ever-growing acceptance, is the efficiency and convenience of
library screening combined with the inherent flexibility of the selection process [131]. An
assortment of combinatorial phage display libraries based on variable 6-30 residues pep-tide
loops embedded directly into coat proteins [129], on antibody scFv- and Fab-fragments
[132], and on protein scaffolds, such as Kunitz domain, Lipocalins, Anticalins and
Affibodies [16, 59, 63, 84, 132], have been designed and successfully screened. An
interesting extension of this technique was introduced by the Liu group [133-135]. The
which is called Phage Assisted Continuous Evolution (PACE), allows for nonstop rounds of
selection with very little operator involvement and adjustable selection stringency (via
anhydrotetracycline). The was tested for evolution of RNA polymerases to different
promoter specificities, and successfully produced an enzyme with a 10000-fold net change
in sequence preferences.

The limitations of phage displays result from producing large or structurally incompatible
fusions with the coat protein, which results in compromised assembly of the phage particles
and an impeded growth cycle. The development of the phagemid system [136], a hybrid of
M13 and plasmid DNA packaged as single stranded DNA in viral particles with the
presence of a helper phage, allows the display of a mosaic of both recombinant and wild
type coat proteins thus attenuating possible defects in phage function. Alternative display
systems that use lytic phages, e.g. T4 [137-139] and T7 [140, 141], do not depend on the
ability of fusion proteins to be translocated across the bacterial membrane for phage
assembly. The phagemid system allows expressed protein to be fused at the carboxy
terminus rather than the amino terminus, but its usage is limited thus far to displaying small
peptides and cDNA libraries. Lambda display has been suggested as an alternative for low
solubility proteins that tend to form in inclusion bodies when expressed in bacteria [142],
and is mostly used for protein display from cDNA libraries [142-145] Advantages of the
lambda phage display are the ability to utilize multimeric proteins and no need to secrete
fusion proteins. Efforts to adapt phage display technology to eukaryotic viruses are surveyed
in [131].

One of the interesting applications of phage display technology is panning live cell cultures,
or even whole organs. The successful selection of peptides targeting vascular endothelial
cells in gastric cancer [146] and of a VEGF-mimic [147] illustrates the validity of this
approach. In vivo selection is used to identify tissue- or organ-specific ligands, which results
in the segregation of the phage particles from the intravenously administered library. When
recovered from the organ of choice, specific ligands tend to cluster in particular tissues
while the non-selective phage will be spread evenly throughout the organism. Such organ or
tissue specific ligands have great potential as diagnostic tools or as components of drug
delivery platforms [129].

3.1.2. Cell Surface Display—Cell surface display screening is similar to phage display,

but uses the whole cell as a vehicle to display diversified antibodies or combinatorial peptide
libraries (Fig. 4B). The method finds its application in affinity maturation of preselected

Curr Top Med Chem. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reverdatto et al.

Page 14

binders, and screening is usually coupled with magnetic- or fluorescence-activated cell
sorting [148]. The idea of using the bacterial surface for the library display has been around
since 1997 [149]. Both gram negative (mostly E.coli [150]) and gram positive hosts (from
Staphylococcus) have been used. A number of outer membrane proteins including OmpA,
OmpC, Porins, and autotransporters, were tested as display anchors, with some of them
being able to tolerate inserts exceeding 100 residues [131]. A fusion construct is delivered to
the cell on a plasmid and, due to the high efficiency of E.coli transformation, library sizes of
109-10! can be achieved [129]. The development of periplasmic bacterial display [151]
facilitated the assembly and display of full length antibodies in the E.coli periplasm,
allowing for spheroplast screening through thew binding of fluorescently labeled ligand.
Compared to bacterial surface display, yeast have fewer problems regarding proper protein
folding, post-translational processing and correct assembly on the cell surface. Pioneered by
Boder and Wittrup in 1997 [152], yeast display works through the fusion of a foreign DNA
fragment with the sequence of a cell wall mannoprotein, in which expressed protein is
delivered to the cell wall and secured to the cell surface through its C-terminal
glycosylphosphatidylinositol (GPI) anchor. A few cell wall proteins have proven capable of
displaying foreign proteins on the cell surface, including a-agglutinin [152], Flolp [153,
154], and a -agglutinin [155]. A-agglutinin is one of the two mating factor-specific
agglutinins that facilitate intercellular contacts during mating, it is composed of two
subunits, Agalp, which is covalently anchored to the cell wall matrix through GPI, and the
smaller Aga2p subunit, which is linked to the core Agalp by two disulfide bridges. Driven
by the Gall promoter, engineered Aga2p can express 104-10° copies of recombinant protein
on the surface of each yeast cell. Although the somewhat lower transformation efficiency in
yeast, compared to E. coli, makes construction of larger naive libraries difficult, and the
protein glycosylation pattern can differ from that of mammals, the use of yeast display for
affinity maturation has proven to be a powerful tool [148]. A comparative evaluation of
yeast and phage display performed in 2007 [156] revealed that the sampling of a given
small-size library by yeast display was more comprehensive and provided more high affinity
(nanomolar) binders than by phage display, which is particularly important for isolating rare
combinatorial molecules from large libraries.

Features important for the production of proteins with complex folds, reduced aggregation
and correct glycosylation can only be implemented using a higher eukaryotic system.
Successful display of single-chain antibodies on the surface of HEK293T cells demonstrated
in 2006 by Ho et al. [157], established an important breakthrough in mammalian display
technology and is more extensively discussed in [148, 158, 159].

It should be mentioned that all the cell-based display platforms described above are limited
by the library size, which is determined by DNA transformation efficiency. The toxicity of
the combinatorial library proteins to the host cell can also be a problem. These limitations
are alleviated in cell free display systems that can support larger libraries and eliminate the
toxicity problem. The most well-developed methods use ribosomal, mRNA, and covalent
DNA cell-free systems.

3.1.3. Ribosome Display—The idea of ribosome display capitalizes on the formation of
a stable ternary complex between mRNA, ribosome and the novel polypeptide chain during
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translation, when the lack of a terminal stop codon prevent release factors from binding and
triggering the disassembly of the translational complex (Fig. 4C). It was first introduced by
Mattheakis et al. in 1994 [160] and subsequently adapted for selection by Hanes and
Pluckthun in 1997 [161]. Usually, a mixture of MRNAs encoding the combinatorial peptide
library with a ribosome binding site at 5' end and the spacer without stop codon at 3' end, is
prepared and then translated in vitro. Spacer sequence stays attached to the peptidyl tRNA
and occupies the ribosomal tunnel, effectively stalling off translation and providing a non-
covalent complex of mMRNA, nascent polypeptide and the ribosome. The complex is panned
against the desired target in a manner similar to phage display selection; alternatively, the
combination of fluorescently labeled target and in vitro compartmentalization permits the
selection by cell sorting (see below). Selected ternary complexes are dissociated by adding
ethylenediaminetetraacetic acid, EDTA, and the recovered binders are reverse-transcribed
and amplified by PCR for analysis or further selection. Because the ternary complexes are
highly labile, the selections are performed at low temperatures and at high concentrations of
magnesium. The vulnerability of RNA and polypeptides to nucleases and proteases present
in E. coli or eukaryotic cell extracts used for in vitro translation prompted the creation of a
minimal system containing a bare bones set of recombinant E. coli protein factors and
purified 70S ribosomes [50]. This system increased the stability and yield of the ribosomal
display. Since cell-free synthesis creates the possibility of generating large pools of
polypeptides, with a diversity of 1012-1014 clones, ribosomal display has become a valuable
method to search for high affinity compounds from diverse libraries. One example is the
discovery of high-affinity binders to MAP-kinases selected through screening of the
combinatorial library, embedded within a DARPIn scaffold, by means of a ribosome-display
[162].

3.1.4. mRNA Display—Another cell-free display system introduced in 1997 is the mRNA
display, in which mRNA is covalently attached to a cognate polypeptide by a linker
containing the antibiotic puromycin (Fig. 4D). The result is a high stability complex [163,
164]. A diversified pool of mRNA:s is first modified by attaching a short DNA linker
conjugated with puromycin at the 3' end. When the ribosome stalls at the junction during
translation, puromycin enters the ribosome A site and forms a covalent bond with the
nascent peptide. VVery similar to ribosome display in terms of selection and amplification,
mRNA display exhibits increased stability of the formed complex, which translates into
improved handling and speed. The size of the library is limited by the number of ribosomes
present in the extract, and can reach 1012-1014 unique molecules. In vitro techniques allow
rapid and convenient monitoring of the selection process through deep sequencing [165],
and introduce additional diversity by using error-prone PCR amplification or by
incorporating non-naturally occurring amino acids during the translation step [166]. Due to
the inherent limitations of in vitro translation, cell free display methods are not very efficient
in presenting polypeptides of more than 300 amino acids or multiple chains. Nonetheless,
the methods are still an excellent choice for screening large libraries of single chain
antibodies and designs based on non-antibody scaffolds, i.e. peptide aptamers. Successful
generation of libraries based on Adnectins [167], DARPins [168], Fynomers [97, 165],
Armadillo repeat proteins [123] and other scaffolds have been reported [169-172]. One of
the recent modifications of mMRNA display technology is the ‘“TRAP display’, in which the
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puromycin linker is attached via base pairing, instead of covalent modification, shortening a
round of selection to just 2.5 hours compared to the usual 2-3 days [173].

3.1.5. DNA Display—In a further development of the mRNA display method, conversion
of mMRNA to cDNA was introduced to avoid problems with nuclease-driven RNA
degradation, thus creating DNA display technology [174, 175], which was successfully
applied to the evolution of disulfide-rich peptide ap-tamers [176] (Fig. 4E). In modern
practice mRNA gets reverse transcribed after translation, forming an RNA-DNA complex
attached to a polypeptide, which then goes through selection and PCR amplification directly
(mRNA display) or is digested with RNAse H before selection (cDNA display) [177].

An interesting twist in methodology aimed at increasing the chemical stability of the
panning complexes is the proprietary in vitro library display platform named covalent
display technology [178]. It exploits the unusual properties of a replication initiator protein
from E. coli bacteriophage P2, which is also an endonuclease. The gene coding for this
protein (P2A) is placed downstream from the randomized library construct. After
transcription and translation, the newly formed P2A fused at the C-terminus of polypeptide
chain nicks its own gene and covalently attaches to the exposed 5' phosphate through the
tyrosine residue in the active site of P2A. Once this link to the genotype is established,
screening and selection of binding candidates is accomplished in a manner similar to the
other in vitro display methods. This platform was successfully used to screen a model
singlechain antibody library with 107 complexity [179], but it did not get as much attention
as other display methods. A similar technology named CIS display utilizes the properties of
a DNA replication initiator protein, RepA, to bind non-covalently to a unique template DNA
from which it has been expressed [180]. It was shown that the resulting complexes are stable
enough for high affinity ligand selection and that libraries encoding >1012 random 18-mer
peptides can be con structed and used to isolate specific binders.

3.1.6. In vitro Compartmentalization—Another approach that maintains a genotype-
phenotype link during selection rounds and provides more flexibility to translated proteins is
in vitro compartmentalization (1VVC) (Fig. 4F). Water-oil emulsion microdroplets 2 ym in
diameter are used as artificial cell-mimics. Such constructs can be filled with a single copy
of library DNA and components of transcription and translation machinery. These model
systems can synthesize up to 1010 copies of individually compartmentalized proteins in a 50
UL reaction volume [181-184]. Several methods are employed to maintain the connection
between protein and its encoding DNA.

Since the requirement of immediate linkage of a nascent polypeptide to its mMRNA or DNA
is alleviated, conventional affinity pairs like biotin-streptavidin can be used (STABLE
display [185, 186]). Alternatively, a covalent link can be established by fusing a polypeptide
with the constant domain of DNA methyltransferase, M. Haelll, which attaches to the end of
the coding DNA through a suicide inhibitor (5-fluorodeoxycytidine) [97], or through a
fusion with human DNA repair protein O8-alkylguanine-DNA alkyltransferase (hAGT),
which binds to benzylguanine (BG)-modified DNA strand [182, 187]. Subsequent selection
is performed when the emulsion is disrupted, followed by amplification, encapsulation and
more screening rounds if needed. The technique can be further modified by introducing
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microbeads into the emulsion microdroplets [188, 189]. By means of emulsion PCR (ePCR)
the DNA in the microdroplets can be amplified from single to multiple copies [190-192]
with subsequent attachment to the bead surface. Breaking and recreating emulsions for
purposes of buffer exchange and adding new reaction components, without allowing
different library members and their products to intermix, now becomes possible.
Fluorescently-labeled targets [187] permit I\VC technology to employ custom microfluidic
chips or cell sorters [193]) to rank affinity binders. While conventional panning requires
labor intensive biophysical analysis, flow cytometry provides the opportunity for fast (up to
1.5x10* droplets per second) analysis of the sample and allows for direct selection and
ranking of the binders based on their relative affinities [187]. Since IVC technology allows
for disengagement of protein from negatively charged RNA/DNA molecules and bulky
ribosomes, which might interfere with binding and/or catalytic functions, it is believed to be
particularly well-suited for enzyme selection and evolution through rapid cycles of selection
and recovery (see refs [166, 181, 184, 192, 194, 195] for discussion). Among the current
problems of 1VVC technology are droplet size, uniformity of DNA loading, and the possibility
of droplet fusion [194].

3.1.7. Advantages and Disadvantages of In vitro Selection—There are several
reviews discussing the advantages and limitations of in vitro display methods [166, 170,
181, 196], of which the large library size and independence from cellular physiology are the
main benefits. Restrictions in the size of the investigated protein, the inability to deal with
protein complexes and membrane components, as well as difficulties of working in an
RNAse-free environment [197] are the main limitations. Some problems are intrinsic to all
extracellular display methods that employ multiple amplification/selection rounds. Thus,
binding to components of the screening system other than the target molecule, which
generates Target Unrelated Peptides (TUPs) [198, 199], or the accumulation of phage clones
with propagation advantages can severely affect library diversity [200-202]. In vitro
selection usually requires a substantial amount of purified target to be obtained ahead of the
screening, which is not always easily accomplished. Selection is carried out outside the cell
environment, which might lead to the absence of proper folding or post-translational
modifications, but probably the biggest concern is the potential loss of peptide binders
arising from intermolecular competition between many potential ligands for a limited
number of binding sites on the target [203]. In vitro competition between molecules leads to
the “the survival of the fittest”, in which only the few highest affinity binders remain after
final selection [204], and a number of weaker binders with potentially superior
characteristics might be missed. Some of these issues were addressed by using single round
high stringency selection with subsequent examination of selected clones by high throughput
sequencing and population level statistical analysis [165, 166, 205], but some issues still
require attention.

3.2. In-cell (Growth) Selection

In-cell selection, represented by various forms of protein fragment complementation assays
like Yeast two Hybrid (Y2H), provides several advantages over screens based on
extracellular interactions (Fig. 4G). Yeast are eukaryotes, which allows for N-linked
glycosylation and oxidative protein folding, ensuring proper formation of disulfide bonds
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Within the intracellular setting proteins have a higher chance of proper assembly and
interaction, with no need for previously prepared and purified targets. An important feature
of in-cell selection is the lack of competition for each peptide aptamer expressed within a
given cell to bind to a target protein [203], which makes possible isolation of combinatorial
peptides with different affinities and distinct binding sites within the same target. Several
methods designed for evaluating protein-protein interaction within the environment of living
cells are employed for screening peptide aptamer libraries.

The central idea behind protein complementation is to identify a protein that does not
function when split apart, but can reconstitute its function when the parts are brought back
together. The concept of the Yeast two Hybrid (Y2H) screen, originally introduced by Fields
and Song [206], is based on reconstituting the modular transcription factor GAL4, which
drives the expression of marker genes in the nucleus of Saccharomyces cerevisiae [206].
The binding domain (BD) of Gal4 (amino acids 1 to 147) recognizes the upstream activating
sequence (UAS) of the GAL1 promoter, while the C-terminal activation domain (AD)
(residues 768 to 881) activates the transcriptional machinery. Although the domains are
functionally independent, only together they can initiate transcription. Two known
interacting yeast proteins Snfl and Snf4 were used in the study to create fusions with the
Gal4 BD and Gal4 AD, correspondingly termed the ‘bait’ and the ‘prey’. When transformed
on separate plasmids into a yeast strain harboring a lacZ reporter gene under the control of
the Gall promoter, the physical interaction between the baitprey pair reconstructs the
functional transcription factor, resulting in reporter gene expression and a color readout.
This general principle was employed by Brent [37] in designing the first peptide aptamer
library using fusions of Thioredoxin-constrained peptides with Gal4 AD as a prey and Cdk2-
fused BD as bait. This was later followed by construction and Y2H screening of more
peptide aptamer libraries with scaffold-constrained and linear peptides [57].

Improvements in methodology brought new reporter genes like MEL1, gusA, lacA3, EGFP,
HIS3, LEU2, URA3, ADE2, LYS2, and Aureobasidin A resistance gene; more prey AD
options, such as Herpes simplex virus VP16 activating region, E.coli B42 polypeptide, and
more options for bait BDs, E.coli repressor LexA BD, human estrogen receptor BD,
bacteriophage A cl repressor and Tet repressor (summarized in [207]). During library
construction both the target protein-BD fusion and PA library-BD fusions are modified with
nuclear localization sequences at the N-termini and placed under the constitutively active
ADH1 promoter. Plasmids are maintained with different prototrophic markers, like LEU2
and TRP1, to track retention by the yeast cell. The resulting vectors are delivered either by
simultaneous transformation of the cells, or through separate transformation of different
haploid strains followed by mating [208] and plating on corresponding selection medium.
Bait and prey fusions, expressed from plasmids inside the cell, are translocated into the cell
nucleus where interaction of the target protein with the library member is manifested
through growth advantage (colony formation) or color development. Analysis and
confirmation of interactors is accomplished by using standard laboratory techniques [208,
209]. In addition to Y2H, a number of other methods for studying proteinprotein interactions
are based on protein complementation techniques (reviewed in [207, 210]).
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The modest transformation rates of most yeast strains (~108 cfu/ug of input DNA) and high
rates of false positives [210-212] are the predominant drawbacks of Y2H library screening.
The problem of false positives can be partially relieved by placing multiple reporter readouts
into the yeast to detect bait-prey interactions, and by introducing galactoseinducible prey
expression, like in the LexA interaction trap system [57, 208]. The need to increase the
library size can be addressed by improving yeast transformation methods [213], or by
increasing the scale of the transformation. In our lab we obtained the necessary amounts of
input DNA (Fig. 2) by first amplifying initial ligation mixes in vitro by using Phi29 DNA
polymerase to produce hundreds of micrograms of plasmid DNA, then further amplifying
the DNA by propagation in E. coli [47].

The discovery of interactors after extensive library screening is just the first step on a long
road. Comprehensive biophysical and biochemical characterization of the binding
molecules, confirmation of their target recognition abilities, and ideally the detailed atomic
resolution of the binding interface is required [214] Molecules with moderate affinity to the
target or with unfavorable characteristics (low solubility, aggregation, toxicity, etc) are
subjected to several rounds of affinity maturation under conditions of increased stringency
with special emphasis on selecting high stability compounds. This is usually carried out
through random mutagenesis of variable regions (sometimes involving the scaffold), or by
applying more focused approaches guided by rational computer aided design based on
structural data and the results of comprehensive mutational scanning, generating heatmaps
of antigen-binding enrichment ratios [166, 214-220]. Quite often maturation rounds are
performed in different library screening settings and display methods used during primary
selection rounds can be complemented by Y2H for affinity evolution. Besides random
mutagenesis, non-naturally occurring amino acids and various chemical modifications can
be used to increase the interaction space and library complexity [23, 166, 221]. Although
requiring sufficient resources and time investment, affinity maturation generally appears to
provide the desired improvements in protein characteristics, sometimes producing
extraordinary results. Only then are the evolved high affinity products ready for testing in
biomedical or industrial settings.

4. Applications

The advance of monoclonal antibodies ignited a growing interest in creating new molecules
that retain the high affinity and specificity of antibodies together with low toxicity and low
immunogenicity, and are faster, easier and less expensive to discover and manufacture. The
flexibility of PA platforms permits a variety of binding surfaces capable of accommodating
large flat protein-protein interfaces as well as the clefts and pockets targeted by small
molecules [220]. This fast growing class of antibody mimetics is finding its way into the
field of biomedical and bioanalytical applications dominated by antibodies and nucleic acids
aptamers. Most of the efforts directed at developing alternative scaffold designs are
concentrated in the area of therapeutic and diagnostic applications [15, 63, 222, 223]. Below
are a few examples.
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4.1. Biomedical Applications

4.1.1. Adnectins—A bispecific molecule based on two individual Adnectins with
affinities of 10 nM for epidermal growth factor receptor (EGFR) and 1 nM for insulin-like
growth factor receptor-1 (IGF1R) was designed to inhibit cross-talk between receptors in
cancer cells [224]. Fragments were connected through a short linker and PEGylated. The
hybrid molecule successfully inhibited phosphorylation and downstream signaling of both
receptors, induced receptor degradation and decreased proliferation of several human cancer
cell lines. Another molecule built on an Adnectin scaffold, Angioceptl (CT-322), is the first
Adnectin tested in humans, paving the way for a potential treatment for glioblastoma,
pancreatic cancer and other oncological conditions. It targets the VEGFR2 pathway by
strongly binding to receptor (Kd=11 nM) and effectively inhibiting its signaling in human
umbilical vein endothelial cells. The growth of a broad range of human tumor xenografts
was inhibited by CT-322 when tested in mouse models [225], CT-322 demonstrated marked
antitumor activity and low toxicity in patients with advanced stage solid tumors when
administered at 2 mg/kg [15].

A unique scaffold based on the 14th extracellular domain of human fibronectin 111 is a
platform for the proprietary Pronectin design. The most advanced Pronectins, directed
against various cellular antigens, including AXL (metastatic cancer), VEGF-R2 (macular
degeneration, various cancers), and Frizzled receptors (stem cell differentiation and cancer)
are in preclinical development [15].

4.1.2. Anticalins—Great potential for the Anticalin platform was revealed after screening
the human Icn2-based library produced Anticalins with subnanomolar affinities against the
extracellular domain of cytotoxic T-lymphocyte associated antigen 4 (CTLA-4, CD152).
Selected compounds demonstrated potent blocking activity and showed an
immunostimulatory effect on the T-cell response in an animal model [226]. The crystal
structure of the extracellular domains of CTLA4 and the Anticalin binder demonstrated that
although all four randomized loops contributed to the binding interface, three of them
exhibited a induced fit relative to the uncomplexed form [226]. Other Anticalin drug
candidates are Angiocel (PRS- 050), targeted against the vascular endothelial growth factor
(VEGF-A), and PRS-110 directed against the hepatocyte growth factor receptor (HGFR; c-
Met proto-oncogene), both have binding affinities in the nanomolar to picomolar range.
Angiocel as a potential treatment for a number of solid tumors has been recommended to
enter clinical Phase 1l [87].

The unique ability of Anticalins to target small molecules like the cardiac steroid
digoxigenin with high affinity and selectivity [85] can be utilized, for example, in
developing antidotes for neutralization of digitalis and other intoxications, or as cargo
vehicles for delivering various payloads to specific targets. Another potential application
involves selectively blocking receptors by scavenging their small molecule ligands or
inhibiting access to the binding sites [63]. There are a few other Anticalin projects in the
discovery phase, with one of them, administered by inhalation, targeting Interleukin-4
receptor (IL4a) for the treatment of asthma [222].
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4.1.3. Kunitz PAs—Screening of a phage display library based on the human lipoprotein-
associated coagulation inhibitor (LACI) of the Kunitz domain family yielded the compound
DX-88, which was approved by the FDA in 2009 as the drug Kalbitor (Ecallantide), the only
product based on a non-Ig scaffold that has been successfully commercialized to date.
DX-88 is an inhibitor of plasma protease Kallikrein, and is used for the treatment of a life-
threatening disorder, hereditary angioedema (HAE), and the prevention of blood loss in
cardiothoracic surgery. In the development of this drug, the principle of iterative library
screening was employed, where the high affinity interactors selected from the library with
mutated primary loops were the foundation for the next library created by varying a second
region. In the last round residues that were strongly selected in the initial library received
limited variability, while the conserved positions received the majority of diversification.
This eventually resulted in the development of an inhibitor to plasma Kallikrein with high
specificity and potency (Ki= 25 pM) [132].

4.1.4. DARPins—The most advanced development using DARPIn resulted in a highly
potent VEGF-A inhibitor (ICsq < 10 pM) as a possible treatment for various ophthalmologic
diseases including age-related macular degeneration and diabetic macular edema [227]. The
molecule was evaluated in clinical trials and shown to be safe and well tolerated by patients
[222]. Another example is the development of a DARPIn targeted against human epidermal
growth factor 2 (HER2), which after several rounds of affinity maturation showed a
remarkable strong binding constant of 90 pM [227]. To create a potent antagonist for
epidermal growth-factor receptor (EGFR), commonly overexpressed on surface of many
human cancer cells, two pairs of DARPins with low nanomolar affinities were joined to
form a tetravalent, bispecific molecule which proved to be more effective in inhibiting A431
tumor cell proliferation than the antibody drug Cetuximab [112]. In developing a model for
an affinity-mediated drug delivery system, DARPins directed against epithelial cellular
adhesion molecules (EpCAM) was attached to a truncated version of Pseudomonas exotoxin
[228]. During in vitro experiments inhibition ICgg ranged between 0.005 pM and 0.7 pM for
EpCAM-positive tumor cells, while 10,000-fold higher values for EpCAM-negative tumor
cells were observed [63].

4.1.5. Avimers—The most advanced Avimer product candidate AMG-220 (C326)
neutralizes the proinflammatory cytokine interleukin-6 as a possible treatment for Crohn's
disease. AMG-220 demonstrated picomolar binding affinity for IL-6 [90] and subpicomolar
potency in an IL-6-stimulated TF-1 leukemia cell proliferation assay. Although phase 1
testing was successfully completed, clinical development of the molecule has stopped [15].

4.1.6. Atrimers—An example of a successful implementation of an Atrimer platform is the
discovery of inhibitor of human tumor necrosis factor (TNFa), which was selected from a
phage display library where loops 1 and 4 of Atrimer scaffold were randomized. Subsequent
maturation steps ,which included more randomization in loops 1,4 and 3 plus selection
strategy favoring the clones with low off-rates, led to nanomolar binders and a 200-fold
improvement in the biological activity of Tetranectin trimers over monomers after the third
round of maturation [100].
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4.1.7. Affilins—The Affilin scaffold-based design allowed for the successful selection of
binding molecules generated against the fibronectin Extradomain B (ED-B). This is a
domain of a Fibronectin isoform normally absent in most adult tissues, but specifically
expressed during wound healing, inflammation and in most cancers. Primary screening of a
phage display library composed of Ubiquitin dimers was followed by ribosome display
affinity maturation, with evolved versions displaying affinities in the range of 30-200 pM
[102].

4.2. Bioimaging Applications

4.2.1. Affibodies—Affibodies are considered to be the protein scaffold design most fit for
in vivo imaging [223]. Derived from protein A, they tend to generate an immune response
after being repeatedly administered to patients, making them poor therapeutic agents. As
imaging tools they benefit from their small size and fast renal clearance. Screening phage
display libraries produced several examples of high-affinity binders, like Affibodies
targeting HER2 receptor (22 pM) [229], three different anti-epidermal growth factor
receptor (EGFR) Affibodies (0.9-50 nM), and an Affibody engineered to 0.5 nM affinity for
insulin-like growth factor type | receptor (IGF1R) [11]. In mice ovarian carcinoma
xenografts demonstrated great selectivity of Affibody molecules for HER2 over healthy
tissue both in vivo and in vitro. High tumor uptake and fast renal clearance allowed high
contrast images to be taken as early as 1 hour after injection. After subsequent maturation
rounds and more tests in mouse models, Affibody became the first non-antibody design for
live cancer imaging submitted for clinical trials [230].

4.2.2. Knottins—Small cystine knot peptides, or Knottins is another design with great
value for molecular imaging. Employing combinatorial techniques and directed evolution,
two ligands based on this platform were selected against a series of Integrin domains which
are overexpressed on the cell surfaces in cancerous tissues and are shown to facilitate
angiogenesis and metastasis. The first is derived from the cystine knot trypsin inhibitor from
Ecballium elaterium, and the second, based on the agouti-related protein Knottin, exhibited
corresponding affinities of <5 nM and 44 nM against cultured cancer cells [96, 231]. More
applications of Adnectins and DARPIns designs in molecular imaging are reviewed in [232].

4.3. Bioanalytical Applications

Peptide aptamers find many applications in the fields of biomedical research, bioanalytics
and biotechnology, and have already been discussed in several reviews [38, 56, 61, 87, 107,
233, 234]. FAffinity matrices based on Affibody and Affilin designs have been used to
isolate several biologically important proteins [235], while PAs derived from Affibody and
Anticalin scaffolds were tested as antibody alternatives in immunochemical assays [56].
Affibodies [233] and Adnectins [6] were tried in protein array formats, and the FRET
system for detecting analytes in solution was developed on an Affibody platform [236]. A
potential role in environmental monitoring was reported for Anticalins as they can bind
small molecules with affinities up to 80 nM in biosensor prototypes [237]. Additionally, the
specific binding of affinity ligands can often stabilize the target protein and facilitate high-
resolution structure determination. In this regard small affinity binders based on DARPin
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and Affibody scaffolds have a clear advantage over bulky antibodies, and a number of
complexes have been solved by X-ray crystallography and NMR technology [61].

Conclusion

Peptide aptamers represent a new class of biologically active molecules that have the
potential to bind a given target in solution as well as under extracellular and intracellular
conditions. A wide variety of PA scaffolds and selection schemes are available to satisfy the
demanding applications required in the biomedical, bioimaging and bioanalytical fields.
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A

Fig. (1).
Computer simulation of TrxA-based peptide aptamer docking with the C2 domain of RAGE

based on contact residues determined by using NMR spectroscopy (&) TrxA based PA is
shown in ribbons Secondary structural elements turns helices and strands are colored in
green red and cyan respectively. (b) Surface rendering of the C2 domain of RAGE with
glutamic acid residues 243 245 and 322 (shown as space fills) forming negatively charged
contact points that interact with positively charged Arginines 41 43 and 45 (shown as ball-
and-stick models) of the aptamer loop The PA is presented as a solid ribbon with coloring
indicative of the secondary structure Adapted from [47].
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Fig. (2).
General scheme for Phi 29 amplification of CLIPs. Random hexamer primers are annealed

to pLib2. Plasmids are amplified by using Phi29 DNA polymerase forming concatameric
DNA strands. The concatamers are digested with BamHI and purifed by using size
exclusion chromatography. Self-ligation provides up to a 1000-fold amplification of CLIPs.
Adapted from [47].
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Fig. (3).
Ribbon representation of the scaffold structures discussed in text. Amino acids patches

involved in binding are indicated in green; the frameworks in grey and disulfide bridges are
indicated in yellow. For structures with repeated elements one unit repeat is indicated in
violet. A: Adnectin scaffold (pdb code: 3QWQ). B: Anticalin scaffold (pdb code: 3BX7). C:
Kunitz domain scaffold (pdb code: 1KTH). D: Avimer scaffold (pdb code: 1AJJ). E: Knottin
scaffold (pdb code: 1CLV). F: Fynomer scaffold (pdb code: 4AFQ). G: Atrimer scaffold
(pdb code: 1HTN, the trimeric assembly is indicated in grey, blue, and brown). H: Darpin
(pdb code: 4DX5). |: Affibody (pdb code: 1LP1). J and K: Affilins, either modified y-B
crystallin proteins (J; pdb code, 2JDG) or based on the ubiquitin protein (K; pdb code,
1UBQ). L: Armadillo repeats (pdb code: 1JDH). Adapted from [63]

Curr Top Med Chem. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Reverdatto et al.

Page 38
A) Phage display E) DNA-display
Non covalent
g P Covalent
AN >
B) Cell display F) In vitro compartmentalizatiot

(water-in-oil emulsion)

C) Ribosome display

ribosome
mR"Eﬁ:_,.- G) Growth selection
5
5 2 ﬂ
s

D) mRNA display

............

Fig. (4).
Schematic representation of PA library screening platforms providing the phenotype-

genotype linking. A) PA fragment is displayed at the surface of the phage particle via fusion
with a phage coat protein, usually plll, or B) on the surface of bacterial, yeast and
mammalian cells. C) Ribosome provides a non-covalent link between the nascent protein
and mRNA in vitro. D) More stable puromycine covalent linker directly binds novel protein
with its encoding mRNA. E) In DNA-display, the DNA-protein linkage is established either
non-covalently through the bacterial RepA protein, or covalently with a bacteriophage P2
protein which binds to its own DNA sequence. F) In vitro compartmentalization ensures that
each DNA molecule gets is own confined space within a microdroplet linking to synthesized
proteins through affinity tags. G) In-cell growth selection systems are based on the protein
fragment complementation, with Yeast-two Hybrid technology most often used. In vivo
selection procedures rely on a phenotypical change (growth advantage and/or color readout)
induced by interaction of target protein with a library member. Adapted from (126).
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