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Several binding scaffolds that are not based on immunoglobulins have been designed as alternatives to
traditional monoclonal antibodies. Many of them have been developed to bind to folded proteins, yet cel-
lular networks for signaling and protein trafficking often depend on binding to unfolded regions of pro-

Keth_)TdS-' ) ) teins. This type of binding can thus be well described as a peptide-protein interaction. In this review, we

PTOtEIP engineering compare different peptide-binding scaffolds, highlighting that armadillo repeat proteins (ArmRP) offer an

lL)‘brt"”es_ attractive modular system, as they bind a stretch of extended peptide in a repeat-wise manner. Instead of
roteomics

generating each new binding molecule by an independent selection, preselected repeats — each comple-
mentary to a piece of the target peptide - could be designed and assembled on demand into a new pro-
tein, which then binds the prescribed complete peptide. Stacked armadillo repeats (ArmR), each typically
consisting of 42 amino acids arranged in three a-helices, build an elongated superhelical structure which
enables binding of peptides in extended conformation. A consensus-based design approach, comple-
mented with molecular dynamics simulations and rational engineering, resulted in well-expressed
monomeric proteins with high stability. Peptide binders were selected and several structures were deter-
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mined, forming the basis for the future development of modular peptide-binding scaffolds.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

In recent years the need for specific protein-binding molecules
for experimental biology and medicine has been growing,
especially for proteomic approaches. The ultimate goal is to map -
ideally - every epitope, including posttranslational modifications,
with specific protein detection reagents (Stoevesandt and Taussig,
2012). In sharp contrast to the increasing demand, the speed of
generating such binders has not increased proportionally. Mono-
clonal antibodies obtained by traditional immunization are still
the most frequently used binders, and their generation has essen-
tially remained unchanged over the last 40 years. Within the last
1-2 decades, recombinant methods have provided greater control
over the selection process (Pliickthun et al., 2000) and revolution-
ized the generation of therapeutic proteins, notably therapeutic
antibodies; in contrast, the impact on proteomic reagents has been
modest so far. One reason is that the generation of specific binders,
first in the form of antibody libraries (Knappik et al., 2000), later
with alternative scaffold libraries (Binz et al., 2005), depends on
the selection from a library, which has to be carried out for every
target individually, and the performance and specificity of each
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selected binder must be evaluated individually and in detail - just
as with traditional antibodies from immunization. Thus, no direct
advantage is derived from having carried out previous selections:
every target is a new challenge.

A modular binder, where each unit contributes to the interac-
tion with the target molecule in a predefined manner, could over-
come this limitation. Modular binding is difficult to achieve for
folded protein targets. Therefore, such a modular approach is cur-
rently only conceivable for linear targets like RNA, DNA or peptides
in extended conformation, and perhaps for oligosaccharides. Nu-
cleic acids are the prime example of the use of this principle in
biology: it is the prerequisite for forming a double strand. Our fo-
cus here, however, is on protein-based binding of peptides, which
is a much greater challenge.

Nature has developed proteins with a modular binding mode
for nucleic acids, and some of these have been technologically
exploited, such as the transcription activator-like effector (TALE)
repeats (Deng et al., 2012; Mak et al., 2012) or zinc-finger proteins
(Klug, 2010). In both cases, repeats or domains can be linked in
tandem to recognize sequence motifs in nucleic acids of various
lengths. Whereas one zinc-finger domain binds three nucleotides
of the DNA or RNA target, one TALE repeat recognizes one nucleo-
tide on one strand of a dsDNA. Using this modular binding princi-
ple, artificial TALE repeat proteins were engineered to bind any
consecutive nucleotide sequence of choice (Boch et al., 2009).
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The key question is now, how to achieve a conceptually similar
modular system for peptides in extended conformation.

In the first part of this review the peptide-binding scaffolds that
have been structurally described are compared and analyzed for
their ability to potentially bind peptide targets in a modular
fashion. To anticipate our conclusions below: we found that repeat
proteins are of particular interest, since their tandem structure
allows rigid stacking of repeat units and the formation of an
extended structure. Among them, armadillo repeat proteins
(ArmRP) form a continuous peptide-binding surface and each
module binds, in a first approximation, two consecutive amino
acids. An asparagine residue, conserved in almost every repeat,
keeps the peptide in extended conformation through binding to
the peptide backbone. Other amino acids of the binding surface
provide the specificity for the target peptide by interacting with
the peptide side chains. Based on these considerations, Armadillo
repeat proteins (ArmRPs) were chosen as template to generate a
modular peptide-binding scaffold.

In the second part of this review we describe the different
protein engineering steps to develop designed ArmRPs with
regular tandem repeats and favorable biophysical properties.
Although modular binding along the extended binding surface of
designed ArmRPs has not yet been shown, designed ArmRP have
demonstrated their applicability in pull-down experiments or as
detection agents in Western blots (Varadamsetty et al., 2012)
and form the basis for the future development towards a modular
peptide-binding system.

2. Peptide-binding: strategies and scaffolds

Protein-protein interactions are essential for living cells, and in
many of these interactions both proteins are globular domains.
Many of these have not only been well characterized, but also
numerous protein-protein interaction scaffolds were explored for
the generation of designed binding molecules as promising alter-
natives to traditional monoclonal or recombinant antibodies. Most
of these scaffolds, such as, e.g., (in alphabetical order) Adnectins,
Affibodies, Anticalins or Designed Ankyrin Repeat Proteins (DAR-
Pins) bind usually to the surfaces of folded proteins and thus do
not form the focus of our review, as they have been reviewed else-
where (Binz et al., 2005; Boersma and Pliickthun, 2011; Caravella
and Lugovskoy, 2010; Hosse et al., 2006; Lofblom et al., 2011;
Mintz and Crea, 2013).

In the past decade, it became clear, however, that about 15-40%
of all interactions in the cell are peptide-protein interactions (Pets-
alaki et al., 2009). By this term, we do not mean short oligopep-
tides, but rather unstructured regions of proteins which can bind
as linear peptide targets. They can be described as unfolded termi-
nal regions of protein domains, unstructured loops within a do-
main, disordered linkers between two domains (London et al.,
2010) or parts of intrinsically unstructured proteins. Such transient
and in general 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 sig-
naling, regulation and protein trafficking (Diella et al., 2008; Paw-
son and Nash, 2003).

The challenge of binding to peptides — in contrast to stable
folded proteins domains - is that peptides are usually flexible (as
we are excluding structured peptides here). They thus lose a large
amount of configurational entropy upon association (Killian et al.,
2009). The analysis of peptide-protein binding strategies by Lon-
don and coworkers (London et al., 2010) revealed that the loss of
configurational entropy upon binding is minimized by the rigidity
of the protein interface and compensated by an over-representa-
tion of hydrogen bonds between peptide and protein. These addi-

tional hydrogen bonds are accomplished mainly by interaction of
the peptide backbone with the binding surface.

Many peptide-protein interaction domains have been charac-
terized (Pawson and Scott, 1997; Pawson and Nash, 2003). For
better comparison, we describe below all well-studied peptide-
binding scaffolds according to (i) fold, (ii) target, (iii) binding mode,
(iv) typical affinity and (v) natural function and illustrate them in
Fig. 1. This comprehensive survey will then allow us to justify po-
tential choices of scaffolds for the engineering of modular binding.

2.1. Antibodies

The antigen-binding variable domains (Vy and V) of antibodies
are composed of a conserved two-B-sheet framework and six
hypervariable loops, known as complementarity determining
regions (CDRs) (Fig. 1A) (Sundberg, 2009). Variable in length and
sequence, CDRs determine the shape of the binding site (Collis
et al,, 2003; MacCallum et al., 1996). Antibodies can bind to folded
proteins, peptides, DNA, carbohydrates and other substances.
Anti-peptide antibodies have a binding site which is usually an
intermediate between the generally very deep binding pocket of
anti-hapten antibodies and the relatively large and flat binding
surface of protein binders (Almagro, 2004). Peptides are often
bound in a groove along the dimer interface formed by the Vy
and V; domains, and sometimes one amino acid of the peptide
binds in a central cavity, like a hapten. Nevertheless, the binding
mode of anti-peptide antibodies is not conserved, and different
peptides assume many different orientations and conformations,
such as extended chains, B-turns or o-helices (Stanfield and
Wilson, 1995; Sundberg, 2009). Anti-peptide antibodies can bind
their target with very high affinities with reported dissociation
constants in the nM range or even below (Ferriéres et al., 2000;
Pope et al., 2009; Luginbiihl et al., 2006; Zahnd et al., 2004) and
are a central component of the adaptive immune system of higher
vertebrates.

2.2. MHC-I and MHC-1I

The membrane-anchored and heterodimeric major histocom-
patibility complexes (MHC-I and MHC-II) are both composed of
three domains, one peptide-binding domain and two immunoglob-
ulin-like domains. The peptide-binding domain is composed of an
eight-stranded B-sheet platform laterally enclosed by two o-heli-
ces (Yaneva et al., 2010). MHC-I proteins bind short extended pep-
tides (8-9 amino acids in length) that originate from the
intracellular degradation of (endogenous) proteins. MHC-II pro-
teins target longer peptides (up to 20 residues) (Fig. 1A) that orig-
inate from proteolysis of engulfed extracellular (exogenous)
proteins. The peptide groove of MHC-I complexes is encoded by a
single protein and is closed, explaining the strict length limits of
the peptide antigen (Fig. 1A). In class I MHC proteins, the binding
groove is formed by two protein chains and is open at both ends,
allowing MHC-II to bind longer peptides. Although MHC-II are able
to bind long and highly variable peptides, the low stability and
yield of MHC-II complexes makes working with them a demanding
task and puts some limit on their utility as a biotechnological tool.
The affinities for both complexes span a wide range. Dissociation
constants between low nM and high pM have been measured
(Christinck et al.,, 1991; Fahnestock et al., 1994; Froloff et al.,
1997; Morgan et al., 1997; Sadegh-Nasseri et al., 1994). Both com-
plexes are involved in the mammalian cellular immune response:
they are presenting bound peptides at the cell surface to engage
the T-cell receptor and thus activate T-cells (Neefjes et al., 2011;
Rudolph et al., 2006; Vyas et al., 2008).
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A Antibody and MHCs

Antibody

B Small adaptor proteins

B1: C-terminus or phosphopeptide recognition domains

Fig.1. Collection of peptide-binding proteins. Bound peptides are shown in red stick representation, with N- and C-terminus at the right and left side, respectively. For each
binder, o-helical secondary structures are shown in blue, B-sheets in cyan and loops in grey. For heterodimeric proteins, chain B is colored in salmon, brown and grey,
respectively. Phosphoryl groups are indicated in yellow ball-and-stick representation. (A) Structure of variable heavy and light chain domains (Vy and V;) of an antibody
bound to hemagglutinin peptide (PDB ID 1HIM (Rini et al., 1992)), structure of MHC-I in complex with viral peptide SEV9 (PDB ID 1FZK (Rudolph et al., 2001)) and MHC-II
protein binding autoantigen glutamic acid decarboxylase peptide (GAD) (PDB ID 1ESO (Corper et al., 2000)). (B) Examples of small adaptor proteins, binding to C-terminal- or
phospho-peptides (B1) or to proline-rich peptide sequences (B2). (B1) Structure of SH2 domain of Src binding to phosphotyrosine peptide pYEEI (PDB ID 1SPS (Waksman
et al,, 1993)). PDZ domain from synaptic protein PSD-95 in complex with its C-terminal peptide (PDB ID 1BE9 (Doyle et al., 1996)). NMR structure of the PTB domain of IRS-1
in complex with its phosphotyrosine peptide derived from the IL-4 receptor (PDB ID 1IRS (Zhou et al., 1996)). Structure of the ¢ isoform of 14-3-3 domain with a
phosphoserine peptide bound (PDB ID 1QJB (Rittinger et al., 1999)). FHA domain of Rad53p in complex with a phospho-threonine peptide (PDB ID 1G6G (Durocher et al.,
2000)). (B2) Selection of proline recognition domains. SH3 domain of Sem5 complexed to mSos-derived peptide (PDB ID 1SEM (Lim et al., 1994)). WW domain of dystrophin
binding to a proline-rich motif in the tail of p-dystroglycan (PDB ID 1EG4 (Huang et al., 2000)). NMR structure of GYF domain of CD2 antigen binding protein 2 (CD2BP2) in
complex with the T-cell surface antigen CD2 peptide (PDB ID 1L2Z (Freund et al., 2002)). Structure of Enabled (Mena) EVH1 domain complexed with a consensus peptide
ligand (PDB ID 1EVH (Prehoda et al., 1999)). (C) Peptide-binding repeat domains. WD40 domain of Cdc4 complexed with phosphothreonine-CPD peptide from cyclin E (PDB
ID 1NEX (Orlicky et al., 2003)). TPR domain of adaptor protein Hop (TPR2A) in complex with the C-terminal peptide of Hsp90 (PDB ID 1ELR (Scheufler et al., 2000)). HEAT
domain of karyopherin B2 in complex with the NLS of hnRNP A1 (PDB ID 2H4M (Lee et al., 2006)). ArmRP of yeast importin-o (karyopherin o) binding to bipartite nuclear
localization signal of Xenopus nucleoplasmin (PDB ID 1EE5 (Conti and Kuriyan, 2000)).

2.3. Small adaptor proteins modules (PRMs) (Pawson and Scott, 1997; Pawson and Nash,
2003). These interaction domains are 50-200 amino acids in size,

Cellular processes, e.g., the dynamic process of signal transduc- usually fold independently and bind specific core peptide motifs
tion, depend on precise temporal and spatial assembly of macro- (Cesareni et al., 2005; Teyra et al., 2012). Many of such PRM have

molecular complexes, mediated by small peptide recognition been identified (Kuriyan and Cowburn, 1997) and SH2, PDZ, PTB,
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14-3-3, FHA, SH3, WW, GYF and EVH1 are described in more detail
below (Fig. 1B). As these small adaptor proteins are involved in
building up signaling networks, binding events must be tightly reg-
ulated and have to be reversible. Therefore, network-mediating do-
mains have, on average, only low to medium affinities to their
peptide target (LM to high nM range).

2.3.1. SH2 domain

The SH2 (Src homology 2) domain is 100 amino acids in length
and forms a seven-stranded B-sheet (a four-stranded sheet directly
connected to a three-stranded B-sheet), flanked by two o-helices
(Fig. 1B). SH2 domains are specialized in recognizing short motifs
containing a phosphorylated tyrosine (pTyr), which is C-terminally
followed by three to five amino acids (Songyang et al., 1997). The
pTyr is bound by a conserved positively charged pocket. Selectivity
for peptides is achieved by different configurations of surface
loops, regulating the accessibility for the C-terminal amino acids
of the peptide to binding pockets (Kaneko et al., 2011; Schlessinger
and Lemmon, 2003; Yaffe, 2002). SH2 domains bind their peptide
targets with affinities in the range of 0.1-1 pM (Kuriyan and Cow-
burn, 1997) and are involved in downstream signaling of receptor
tyrosine kinases.

2.3.2. PDZ domain

The PDZ domain has been found (and named accordingly) in
three proteins: postsynaptic density 95 (PSD-95), discs large
(Dlg) and zonula occludens-1 (ZO1). The PDZ domain (about 80-
90 amino acids in length) folds into five to six p-strands and one
or two a-helices (Fig. 1B) (Nourry et al., 2003; Reimand et al.,
2012). PDZ domains bind mostly to unstructured regions at the
carboxy-termini of proteins; however, some are capable of binding
to internal protein sequences or phospholipids (Kaneko et al.,
2011). The typical peptide bound by PDZ domains is a four-
amino-acid motif with a consensus sequence (x[T/S]x$-COOH)
(¢ being any hydrophobic residue (Aasland et al., 2002)), however
several other peptide classes have been described with up to seven
residues in length (Nourry et al., 2003; Songyang et al., 1997; Stif-
fler et al., 2007; Tonikian et al., 2008). The C-terminus of the bound
peptide is recognized by the carboxylate-binding loop. The remain-
der of the peptide binds as additional B-strand in a groove between
a B-strand and an a-helix of the domain (Kaneko et al., 2011). Re-
ported dissociation constants are in the double digit nM to double
digit M range (Jaulin-Bastard et al., 2002; Songyang et al., 1997;
Stiffler et al., 2007). PDZ domains are often involved in protein-
protein interactions as multi-domain adaptors and regulate e.g.,
the localization of components of signaling pathways to the mem-
brane (Reimand et al., 2012).

2.3.3. PTB domain

The phosphotyrosine-binding domain (PTB) was first found in
the scaffold protein Shc (Blaikie et al., 1994). PTB domains are
approximately 200 amino acids in length and fold into a B-sand-
wich, formed by seven antiparallel B-strands and a C-terminal
o-helix. This so-called pleckstrin homology (PH) superfold is also
found in the EVH1-domain (see below) (Schlessinger and Lemmon,
2003; Uhlik et al., 2005; Yaffe, 2002). The target peptide usually
contains an NPxY-motif and forms a conserved B-turn in complex
with the PTB domain (Uhlik et al., 2005). However, many variations
of the NPXY motif suggest a wider binding specificity range of PTB
domains. For example, the tyrosine residue is phosphorylated in
the binding targets of Shc, IRS, Dok and SNT, but is unphosphory-
lated or even replaced by a phenylalanine in substrates for the
Dab-like PTB domains (Uhlik et al., 2005). PTB domains bind their
peptide ligand as an anti-parallel pseudo-B-sheet (antiparallel B-
sheet augmentation, already seen in PDZ domains (Harrison,
1996)), forming extensive contacts with one B-strand and the C-

terminal a-helix (Fig. 1B). Reported affinities of PTB domains are
around 1-200 uM (Wolf et al., 1995), and are found in cell signal-
ing processes (Schlessinger and Lemmon, 2003).

2.3.4. 14-3-3 Domain

The highly conserved acidic 14-3-3 proteins obtained their
name based on their particular migration pattern on two-dimen-
sional DEAE-cellulose chromatography and starch gel electropho-
resis. 14-3-3 domains contain approximately 230 amino acids
(based on all 34 structures in the Protein Data Bank), forming a
bundle of nine antiparallel a-helices with a concave surface includ-
ing an amphipathic ligand-binding-groove (Fig. 1B) (Rittinger et al.,
1999). 14-3-3 domains typically form rigid dimers (homo- or het-
erodimers with different 14-3-3 isoforms), with a cup-like shape.
Initially, 14-3-3 domains have been found to bind to phosphory-
lated serines in unstructured N- and C-terminal regions of the
target (mode I: R[S/¢] + pSXP or mode II: Rx[¢/S] + pSxP) (reviewed
in Obsil and Obsilova (2011)). In addition, significantly different
binding motifs have been identified, including phosphorylated thre-
onines, unphosphorylated sequences (e.g., amphipathic WLDLE se-
quence) or the C-terminal pS/pTx;_,COOH motif (mode III).
Binding to phosphoserine-containing peptides is mediated by a ba-
sic pocket formed by residues placed on two helices of the domain.
Residues placed on two other helices of the domain interact further
with the peptide regions adjacent to the phosphorylation
site (Rittinger et al.,, 1999). Dissociation constants lie in the two-
to three digit nM range (Muslin et al., 1996; Rittinger et al., 1999;
Yaffe et al., 1997). 14-3-3 domains are involved in intracellular sig-
nal transduction and cell cycle regulation (Rittinger et al., 1999).

2.3.5. FHA domain

FHA (forkhead-associated) domains with a length of about 80-
100 amino acids consist of a 10-11 stranded B-sandwich. Sequence
insertions in the loops connecting the p-strands form the main part
of the binding site and are often composed of helical secondary
structure (Fig. 1B) (Yaffe and Smerdon, 2004). In contrast to its very
strict specificity towards pThr, the FHA domain recognizes very
diverse patterns in the residues surrounding the pThr residue
(Mahajan et al.,, 2008). The bound peptide has the consensus
motif:  [R/D/H][¢/Q][A/Q/I/VI[K/A/P]PT[V/I/E/L/Q/M][$/C][D/é/m]
(Aasland et al., 2002; Yaffe and Smerdon, 2004). Unlike WW and
14-3-3 domains, FHA domains bind with high affinity exclusively
to pThr but not to pSer peptides. The binding site carries four of
the seven most highly conserved residues in the FHA domain, of
which three bind directly to the pThr residue of the bound peptide.
The lowest dissociation constants of FHA domains are around
100 nM (Byeon et al., 2005; Pennell et al.,, 2010). FHA domains
are involved in transcription, DNA damage repair and cell cycle
control (Durocher and Jackson, 2002; Yaffe and Smerdon, 2004).

2.3.6. Proline recognition domains (PRD)

SH3, WW, GYF, EVH1 and UEV domains, as well as profilin be-
long to the proline recognition domain (PRD) family that recog-
nizes proline-rich sequences (Kofler and Freund, 2006).
Repetitive proline-rich sequences are found in many proteins and
often function as docking sites for signaling modules (Fig. 1B2)
(Zarrinpar et al., 2003). Proline is the only natural amino acid with
a cyclic side chain, creating substituted amide nitrogen and restric-
tions for its dihedral angles. Consequently, proline-rich-ligands
have a propensity to form extended left-handed polyproline type
I (PPII) helices. The PPII-helix is triangular in cross section (prism)
and generally contains proline residues in at least every third ami-
no acid position (Ball et al., 2002). Although PRD targets vary in
their proline-rich sequences, every target peptide forms a PPII helix
upon binding. SH3, WW and GYF have a relatively flat binding sur-
face and are binding the PPII helix prism on one flat surface. In
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contrast, the EVH1 domain with its wedge-shaped hydrophobic
groove binds the PPII helix prism by its apex (Zarrinpar et al., 2003).

2.3.6.1. SH3 domain. SH3 domains (Src homology 3) of about 60
amino acids form a five-stranded B-sheet (Fig. 1B). Typically, pep-
tide sequences carrying the PxxP motif flanked by a charged resi-
due are targeted (Kaneko et al., 2011; Teyra et al., 2012). The
ligand is bound on the surface flanked by two loops, the RT- and
the Src- loop. Recognition of the proline-rich-peptide ligand in its
PPII-helix conformation is achieved by insertion of the ridges of
the PPII-helix into a complementary pair of grooves on the SH3
surface. These grooves are defined by a series of nearly parallel,
well conserved aromatic residues (Zarrinpar et al., 2003). The
two loops appear to play a key role for the shape and specificity
of the binding surface. The observed dissociation constants are
usually between 1 and 10 uM (Kuriyan and Cowburn, 1997; Mayer,
2001) but also a few sub-puM affinities have been reported (Lee
et al., 1995; Posern et al., 1998). SH3 domains are abundant in
eukaryotes (536 SH3 domains have been identified in the human
proteome) and are involved in several processes including cyto-
skeleton regulation, receptor tyrosine kinase pathways and endo-
cytosis (Teyra et al., 2012).

2.3.6.2. WW domain. WW domains are named after two conserved
tryptophan (W) residues involved in peptide binding. They are
highly compact binding domains, consisting of only about 40 ami-
no acids, forming an antiparallel three stranded B-sheet (Fig. 1B)
(Macias et al., 2002; Zarrinpar et al., 2003). Recognition motifs of
WW domains can be divided into four peptide classes: (i) PPxY,
(ii) PPLP, (iii) P-R repeats and (iv) (pS/pT)P. Structures of WW do-
main-ligand complexes are similar to SH3 domains, with peptides
adopting a PPII-helix conformation and binding surfaces contain-
ing nearly parallel aromatic residues. WW domains differ from
SH3 domains in that they typically have only one proline binding
groove, as compared to the two adjacent proline binding grooves
found in SH3 domains (Zarrinpar et al., 2003). Like in SH3-domains,
specificity is regulated by variable loops adjacent to the groove.
Dissociation constants for the interaction of WW domains with
their peptide targets are high nM to low uM for interactions with
proline-rich ligands and low pM for pS/pT containing peptides
(Kay et al., 2000). WW domains are found in many proteins that
play a role in cell signaling or regulation (Lu et al., 1999).

2.3.6.3. GYF domain. GYF domains are named after a conserved Gly-
cine-Tyrosine-Phenylalanine sequence motif. GYF domains with
about 60 amino acids have a conserved sequence (WxYxXg_11GPFx4.
Mx,Wx3GYF) and fold into a main o-helix packed against a small
anti-parallel B-sheet (Fig. 1B). They interact with proline-rich-pep-
tides with a conserved PPG motif. The main helix is tilted away
from the sheet, providing space for an array of stacked aromatic
side chains which create the binding site for the PPG motif of the
peptide ligand (reviewed in Kofler and Freund (2006)). Monovalent
interactions between GYF domains and peptide targets have re-
ported dissociation constants of about 200 uM (Freund et al.,
2002). The GYF domain is thought to be involved in splicing and
splicing-associated processes, immune cell function and antigen
presentation (Kofler and Freund, 2006).

2.3.6.4. EVH1 domain. EVH1 (enabled/vasodilator-stimulated phos-
pho-protein homology 1) domains are about 115 residues in length
and adopt the pleckstrin homology (PH) fold, as found for PTB-do-
mains (Peterson and Volkman, 2009). Different families with dif-
ferent consensus core target peptide sequences could be
identified within the EVH1 domain targets (PPx¢P for Ena/VASP;
PPxxF for Homer; extended ligands up to 25 amino acids for
WASP). The mechanism of binding is always based on binding

the peptide in a PPII helix. In contrast to PTB domains, which bind
their targets between an a-helix and a B-strand by antiparallel-B-
sheet augmentation, EVH1 domains bind their peptide targets by
a groove formed only by B-strands (Fig. 1B). In PTB domains this
groove is hidden by an extra a-helix, which is missing in EVH1 do-
mains. EVH1 domains have concave binding sites, which only al-
low binding of the PPII helix via its apex site (Zarrinpar et al.,
2003). EVH1 domains typically exhibit low affinities towards their
target peptides, reported K4 values are between 1 and 500 pM and
are involved in modulation of the actin cytoskeleton and signal
transduction (Ball et al., 2002).

2.4. Repeat proteins

Repeat protein families can be divided into closed and open
structures: while closed structures have a defined number of re-
peats, as found, e.g., in B-propeller proteins like WD40 repeat pro-
teins, open structures can have highly variable numbers of repeats,
as found in the a-solenoid structures of tetratricopeptide repeats
(TPRs), HEAT repeat proteins and ArmRPs (Fig. 1C) (Kippert and
Gerloff, 2009). All of these repeat proteins have been shown to pos-
sess an intrinsic ability to bind peptides, taking advantage of the
binding surface generated on their repetitive structure. Repeat pro-
teins consist of tandem arrays of small structural motifs of 20-50
amino acids in length. In the case of open repeat proteins, these
motifs stack together to form elongated stable structures. Extended
structures have a larger surface-area-to-volume ratio than typical
globular proteins and therefore a larger potential binding area
(Grove et al., 2008; Main et al., 2005). These features make them
attractive for using their stable scaffolds as a basis for engineering
binding molecules (Andrade et al., 2001a, 2000; Boersma and
Pliickthun, 2011). In this review only repeat proteins binding pri-
marily to peptide targets will be discussed. Designed Ankyrin Re-
peat Proteins (DARPins), even though they can be selected to
peptide targets, will be excluded from this analysis, because their
peptide-binding mode is not conserved (Batyuk et al., unpublished
data). Natural Ankyrin repeat proteins have also been reported to
bind peptides, but also in different binding modes (Collins et al.,
2008; Xu et al., 2012).

2.4.1. Beta-propeller proteins

Beta-propellers are the most common closed repeat structures;
they are formed by 4-10 repeats of four-stranded B-sheets (the so
called “blades”) (Chen et al., 2011). Beta-propellers are built up
from WDA40, kelch (Adams et al., 2000) or other types of repeats,
which differ in sequence but share a common fold (Chen et al,,
2011). A WD40 repeat comprises a 44-60 amino acid sequence
that typically contains the GH dipeptide 11-24 residues from its
N-terminus and the WD dipeptide at the C-terminus of each repeat
(Smith et al., 1999). A kelch repeat is 44-56 amino acids long and
contains a GG motif and conserved Y and W residues located C-ter-
minally of the GG dipeptide. Target peptides often carry post-
translational modifications. They are usually positioned on the
top surface, close to the entry site of the central channel (top view
shown in Fig. 1C). However, binding to the bottom region or the
circumference has also been observed and illustrates the broad
spectrum of possible binding sites and variety of ligands (Grove
et al., 2008; Stirnimann et al., 2010). Affinities are usually in the
high nM or low pM range (Couture et al.,, 2006; Jennings et al.,
2006; Nash et al., 2001; Oliver et al., 2009) but also Ky values below
hundred nM have been reported (Song et al., 2008). Beta-propeller
proteins are involved in different processes like signal transduc-
tion, RNA processing, vesicular trafficking, cytoskeleton assembly,
cell cycle regulation and others (Smith et al., 1999; Stirnimann
et al., 2010).
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2.4.2. TPR proteins

The tetratricopeptide repeat (TPR) motif consists of 34 residues
on average (hence the name) and adopts a helix-turn-helix fold
(reviewed in D’Andrea and Regan (2003), Zeytuni and Zarivach
(2012)). In nature, 3-16 adjacent TPR units form an overall super-
helical structure, topologically identical to the structure of 14-3-3
proteins, with an inner concave binding surface (Fig. 1C). Ligands
of TPR proteins are highly variable in sequence and secondary
structure. Extended coil or a-helical conformations or both have
been found as the secondary structure elements recognized within
the peptidic ligands. The binding mode of TPRs is variable: often
peptides are accommodated in a groove formed by the helices,
but also interactions where the peptide is recognized by loop re-
gions have been found (D’Andrea and Regan, 2003; Scheufler
et al,, 2000). Low uM dissociation constants were measured be-
tween TPR proteins and their targets (Scheufler et al., 2000). TPR
proteins are involved in a wide range of processes, e.g., transcrip-
tion, protein translocation, cell cycle regulation or chaperone activ-
ity (D’Andrea and Regan, 2003).

2.4.3. HEAT proteins

The HEAT motif was discovered in a diverse group of proteins; it
was named after four members: huntingtin, elongation factor 3,
the PR65/A subunit of protein phosphatase 2A (PP2A), and the lipid
kinase TOR (target of rapamycin) (Andrade and Bork, 1995). The
canonical HEAT repeat, composed of 37-47 amino acids, is built
from two helices, A and B, which form a helical hairpin (Fig. 1C).
The B helices form a concave ligand-binding surface, which in
importin B1 and B2 is highly conserved. HEAT repeat proteins have
highly divergent repeat sequences, which restrict consensus se-
quence approaches to subfamilies. The HEAT protein importin-f
binds the N-terminal portion of importin-o, which adopts a helical
secondary structure upon binding, while other parts are bound in
an extended conformation (Cingolani et al., 1999). Karyopherin-
B2, another well characterized HEAT protein, binds to the folded
protein Ran-GTP (Chook and Blobel, 1999). Affinities of HEAT pro-
teins have mainly been determined for importin g and are usually
in the nM range (Ben-Efraim and Gerace, 2001; Catimel et al,,
2001; Lam et al., 1999; Lott et al., 2010). HEAT motifs are found
in proteins that are involved in various processes, such as vesicle
trafficking, nuclear import, cell cycle control, protein biosynthesis
or protein phosphorylation (Andrade and Bork, 1995).

2.4.4. Armadillo repeat proteins (ArmRP)

The name armadillo originates from the appearance of a Dro-
sophila mutant with a defect in a segment polarity protein (Niiss-
lein-Volhard and Wieschaus, 1980; Riggleman et al., 1989),
which was later identified as Drosophila B-catenin (see below).
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
o-helices, named H1, H2, and H3 (see Fig. 2D). The structure of the
armadillo repeat (ArmR) is similar to that of the HEAT motif, even
though it has three helices while the HEAT repeat has two. ArmR
helices H1 and H2 correspond to the strongly bent helix A of the
HEAT motif, and helix H3 corresponds to helix B, suggesting that
ArmRPs and HEAT proteins have a common ancestor but diverged
into different structural families (Andrade et al., 2001b; Kippert
and Gerloff, 2009). Natural ArmRPs bind to peptides of various
lengths in extended conformation. Depending on the ArmRP sub-
family, the target peptide sequence contains conserved positively
or negatively charged residues important for the interaction (see
consensus target sequence in Fig. 2A and B). ArmRPs interact with
their targets via the concave surface formed by adjacent H3 helices.

The binding mode is highly conserved. A polypeptide in ex-
tended conformation is bound in an antiparallel orientation rela-

tive to the ArmRP, forming an asymmetric double helix (the
peptide forming the thinner strand and the ArmRP forming the big-
ger “complementary strand”). This antiparallel binding mode is
maintained by an array of conserved asparagine residues, making
hydrogen bonds to the backbone of the extended peptide, and sev-
eral other residues of the binding surface, contributing interactions
to the peptide side chains, mediating the specificity for a peptide
sequence (Andrade et al., 2001b; Conti et al., 1998). ArmRPs can
reach high affinities down to two digit nM dissociation constants
depending on the peptide target (Catimel et al., 2001; Hodel
et al., 2001). ArmRPs are abundant in eukaryotes and involved in
signaling, nucleocytoplasmic transport and cell adhesion (re-
viewed in Tewari et al. (2010)).

2.5. Applications of peptide-binding domains

We wish to reiterate that we are limiting our discussions to
peptides as targets. Many peptide-binding domains lend them-
selves to protein engineering, and libraries have been made from
many of them (see below and Table 1). Antibodies are by far the
most used scaffolds and many libraries have been made from the
natural repertoire or were designed using synthetic genes (Mon-
don et al., 2008). The differences between protein-binding and
peptide-binding antibodies have been analyzed, and while each
group has features in common, the binding mode for peptides is
not conserved, regarding the secondary structure of the peptide,
its orientation or contacting residues of the antibody (Almagro,
2004; MacCallum et al., 1996; Wilson et al., 1994). Nonetheless,
anti-peptide antibodies with affinities in the low picomolar range
can be obtained by directed evolution (Luginbiihl et al., 2006; Zah-
nd et al., 2004).

The main application for anti-peptide antibodies is probably the
detection of the unfolded protein from which the peptide has been
derived, typically in western blots, and similarly in array formats
with spots of denatured proteins on a solid surface. Of particular
interest is the detection of posttranslational modifications, which
very frequently occur in unstructured regions of proteins. Binders
recognizing such intrinsically unstructured regions have the
advantage that it is uncritical whether the protein of interest
denatures in the assay. The principal applications of non-antibody
binders would be the same as described here for antibodies -
ultimately the performance and ease of generation will determine
which format is most attractive.

MHCs can bind a plethora of different peptides but they have
not yet been used as a general peptide binding reagent in biotech-
nology or biomedicine. Furthermore, they are labor-intensive to
produce. The peptide binding pocket of MHC-I is closed at both
ends and can thus only harbor peptides of defined length, preclud-
ing many applications with whole proteins as targets. MHC-I com-
plexes were engineered as single chain trimers (SCTs), in which the
peptide, the heavy chain of MHC-I and B2 microglobulin are con-
nected. They may serve for probing T-cell interactions in vaccina-
tion or be used in diagnostics (reviewed in Hansen et al. (2010)).
MHC-II complexes were selected by yeast surface co-display with
the peptide, allowing to probe and alter peptide-binding specificity
(Jiang and Boder, 2010).

For small adaptor domains the recognition surface is usually
limited such that only very short sequence stretches can be bound,
with the consequence that the affinity is typically only modest.
Furthermore, each of the scaffolds has a preference for a sequence
motif, as summarized above. Therefore, in order to develop such
scaffolds into very general sequence recognition tools, several will
have to be combined into one protein. This can be done in a beads-
on-a-string-like manner, but the sequence recognized will be dis-
continuous, and constructs may become prone to intermolecular
binding. In many instances, however, it is of interest to use these
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Importin-a B-catenin
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Fig.2. Peptide-binding analysis in natural ArmRPs. The a-helices of the right-handed superhelical structures of different ArmRPs (colored from grey to blue, with N- and C-
termini labeled as N and C, respectively) are represented by cylinders. Peptides, bound in antiparallel orientation, are shown in stick representation, colored from yellow to
green for different peptides. Dashed lines indicate residues of the peptides not resolved in the crystal structures. (A) Top: Structural superposition of five members of the
importin-o family, representing classes of peptides with different structural homology. Middle: structural alignment of superimposed peptides: bipartite Xenopus laevis
nucleoplasmin (Np1), monopartite human c-myc NLS (Myc), phosphorylated SV40 CN (pCN), importin-p binding domain of importin-o (aIBB) and human nucleoporin Nup50
(Nup50) (PDB ID: 1EE5 (Conti and Kuriyan, 2000), 1EE4 (Conti and Kuriyan, 2000), 1Q1S (Fontes et al., 2003b), 1IAL (Kobe, 1999), 3TJ3 (Pumroy et al., 2012)). Highly conserved
peptide residues are highlighted by their side chain (colored from red [most conserved] to yellow). Bottom: sequence alignment of peptides and consensus sequence. (B)
Analogous to (A) for members of the B-catenin family: xTcf-3, ICAT, APC, hTcf4, Ey, and hLef1 (PDB ID: 1G3] (Graham et al., 2000), 1LUJ (Graham et al., 2002), 1TH1 (Xing
et al., 2004), 2GL7 (Sampietro et al., 2006), 3IFQ (Choi et al., 2009), 30UW (Sun and Weis, 2011)) (Figure adapted from Choi et al. (2006)). (C) Top: Analysis of conserved
peptide binding in importin-o family. All available structures in complex with a peptide were superimposed and peptide-binding surfaces (repeat 2-8 formed by helix 3, with
the repeat numbers indicated) are shown, forming two conserved binding sites (major and minor). In both sites, conserved Asn residues (shown as sticks) in each ArmR make
hydrogen bonds to the peptide backbone (shown as red dashed lines). Consecutive amino acids of the peptides in the binding sites are colored alternatively dark and light
grey, indicating the binding of approximately two amino acids per repeat. Bottom: Detailed view of the above superposition. (D) Detailed view of the major binding site of
yeast importin-o. (PDB ID 1BK6 (Conti et al., 1998)) in complex with NLS peptide (green), making six backbone hydrogen bonds (red dashed lines) with the conserved Asn
residues (orange). Interaction residues of importin-o with the side chains of the peptide are shown in yellow. lonic interactions are indicated by blue dashed lines.

domains for recognizing variants of their natural sequences, e.g., to
identify the specificity of natural interaction partners, and libraries
of many scaffolds have been constructed and selections have been
performed successfully (see Table 1): SH2 domains (Malabarba
et al., 2001), PDZ domains (Ernst et al., 2010; Huang et al., 2008;
Junqueira et al., 2003; Reina et al., 2002; Schneider et al., 1999),
FHA domains (Pershad et al., 2012), WW domains (Dalby et al.,
2000) and SH3 domains (Hiipakka and Saksela, 2007; Hiipakka

et al.,, 1999, 2001; Panni et al., 2002). Of these, SH2 domains and
FHA domains are of particular interest as they specifically recog-
nize phosphorylated tyrosine and threonine residues within the
peptides, respectively. For practical utility as detection reagents,
the challenge will be to increase their affinity without compromis-
ing specificity.

Repeat proteins have a longer continuous binding surface,
which makes them interesting as recognition agents for longer



154 C. Reichen et al./Journal of Structural Biology 185 (2014) 147-162
Table 1
Summary of studies employing peptide-binding scaffolds to create novel or improved peptide-binding reagents.
Scaffold  Fold Library Selection Targets® Affinity of References
(amino acids) diversity technology binders
Antibody" and MHC"
scFv Vi—Vy (235) ndP Ribosome display BoPrP 1 pM Luginbiihl et al. (2006)
MHC-II alo2/p1BR2 1 x 107 Yeast codisplay FLU n.d. Jiang and Boder (2010)
(191/190)
Small adaptor proteins
SH2 op/B7 (95) 5x 10* Filter screening mTag-pY324, PDGFR-pY716, Shc-pY239 1-684 nM Malabarba et al. (2001)
PDZ oz/Bs (101) nd.” Yeast two-hybrid pa-, pb-, pdrl-, pelk-1-peptide 160-240 nM Schneider et al. (1999)
PDZ op/Bs (101) n.a.“ Rational design Eg5-, pol-, hyd-peptide 1-96 uM Reina et al. (2002)
PDZ oa/Bs (124) 7 x 10° Yeast two-hybrid c-Myc n.d. Junqueira et al. (2003)
PDZ/FN3Y o,/Bs (96)/p- 10° Phage display ARVCF peptide 4-56 nM Huang et al. (2008)
sandwich (91)
PDZ o1/Bs (103) 10° Phage display P-WT and 14 peptides 0.03-8 pM Ernst et al. (2010)
FHA B11 5% 10° Phage display jun-B, ATF2, MAPK1, MAPK3, jun-D 0.9-1.0 uM Pershad et al. (2012)
Ww B3 (52) 2.5 x 10®  Phage display WWT1 peptide 3.3-102 uM Dalby et al. (2000)
SH3 Bs (ca. 60) 107 A-Phage display Abl1, Src peptide nM-pM Panni et al. (2002)
SH3 Bs (57) 1.37 x 10® Phage display HIV-1 Nef down to 7nM Hiipakka et al. (1999)
SH3 Bs (57) 4.2 x10®  Phage display SIVmac Nef n.d. Hiipakka et al. (2001)
SH3 Bs (57) 4.2 x 10®  Phage display CD3¢, ADAM15, PAK1, Sos1, p85a n.d. Hiipakka and Saksela (2007)
Repeat proteins
TPR o (18+34-n)° n.a. Rational design Hsp90 peptide 200 uM Cortajarena et al. (2004), (2010a)
TPR oy (18+34:n) n.a. Rational design Hsp90 peptide 1uM Cortajarena et al. (2008)
TPR oy (18+34:n) n.a. Rational design Hsp90 mutants 1.2-74 uM Jackrel et al. (2009)
TPR oy (18+34.n) n.a. Rational design Hsp90 peptide down to 60 nM Kajander et al. (2009)
TPR o, (18+34n) 2.7 x 10®  Split GFP c-Myc tag, Dss1 10-108 uM Cortajarena et al. (2010b), Jackrel et al. (2010)
reassembly assay
TPR o (18+34.n) 324 Rational design/split PTIEEVD peptide 70 uM Grove et al. (2010)
GFP assay
HEAT o (31:n) 3.10% na.’ n.a. n.a. Urvoas et al. (2010)
WD Bs-propeller  n.a.f n.a. n.a. n.a. Nikkhah et al. (2006)
(42-n)
ArmRP o3 (71+42-n) 10" Ribosome display NT peptide 7 UM Varadamsetty et al. (2012)

2 Nomenclature according to original publication.
Not determined.
Not applicable.
FN3: fibronectin type Il domain.

No selections reported, library created to test effect of randomization on protein properties.

b
c
d
¢ n Refers to the number of internal repeats.
f
& Only consensus design reported.

h

List of studies employing these peptide-binding scaffolds is reduced to one representative.

peptides (Grove et al., 2008). Additionally, they are usually less
constrained towards a preferred sequence motif, compared to
small adaptor molecules, which makes them suitable for the design
of general peptide-binding scaffolds. Several studies have been
conducted where libraries based on repeat scaffolds were designed
and binders were selected or designed rationally (see Table 1):
beta-propellers (Nikkhah et al., 2006), TPR proteins (Cortajarena
et al.,, 2008, 2010a,b, 2004; Grove et al., 2010; Jackrel et al., 2009,
2010; Kajander et al., 2009), HEAT proteins (Urvoas et al., 2010).

In addition to the advantage of large continuous binding sur-
faces shared between all rigid tandem repeat proteins, ArmRP
show a highly conserved binding mode, with the putative ability
to bind peptides in a modular way (Grove et al., 2008; Parmeggiani
et al., 2008). It is this combination of properties that make ArmRP
highly interesting scaffolds.

3. Armadillo repeat proteins as modular peptide-binding
scaffolds

From the comparison of peptide-binding proteins, ArmRPs are
of particular interest because they uniquely combine three features
in one scaffold. First, ArmRPs are by their nature extended rigid
structures based on a modular assembly, second, ArmRPs bind
their target peptides in an extended conformation and third, they
do so with a conserved modular recognition mechanism. Only this
combination would permit modular binding of peptides.

Other repeat proteins, such as beta-propellers, TPR and HEAT
proteins have the typical modular scaffold design, but they do
not bind the target peptide in a repeat-wise manner. Likewise,
small adaptor proteins bind peptides in a highly conserved way,
but to combine several different domains rigidly into one protein
is difficult (see above).

This feature of modular binding has been described in more de-
tail for proteins from the importin-oo and B-catenin subfamily,
which belong to the best characterized subfamilies of natural Arm-
RPs (Coates, 2003; Hatzfeld, 1999). B-Catenin homologs are in-
volved in cell adhesion and signaling, whereas importin-o
homologs are involved in the nucleocytoplasmic transport of
proteins.

3.1. Importin-«

Importin-o. homologs are found across all eukaryotic kingdoms
(Coates, 2003; Tewari et al., 2010), where they transport, in the
“classic” nuclear import pathway, proteins from the cytoplasm into
the nucleus, through nuclear pore complexes (Marfori et al., 2011).
Importin-o, consisting of 10 ArmRs, binds to the nuclear localiza-
tion sequence (NLS) of a target protein. Together with importin-
(a HEAT repeat protein), they form a trimeric cargo protein com-
plex that enters the nucleus.

Classical NLS sequences (cNLS) contain either one or two
stretches of basic amino acids, and are therefore grouped into two
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classes: monopartite and bipartite NLSs. The negatively charged
binding groove of importin-o. contains the Asn residue in almost
every repeat (Asn37, according to the nomenclature in Parmeggiani
et al., 2008) that is characteristic for ArmRPs. It makes conserved
bidentate hydrogen bonds to the backbone of the peptide target. In
addition, Trp residues at position 33 are also highly conserved in
the binding site and their side chains are aligned in an almost parallel
arrangement, building hydrophobic pockets to accommodate the
aliphatic portion of Lys or Arg side chains of the peptide target (Conti
etal., 1998). This Asn and Trp ladder along the binding surface is dis-
rupted in ArmR 5 and 6, thus segregating the binding groove into the
“major” (comprised of residues from ArmR 2-4) and the “minor” site
(comprised of residues from ArmR 6-8) (Fig. 2C) (Marfori et al.,
2011). Bipartite NLSs, defined by the sequence KRx;0_12K[K/R]x[K/
R] (Kosugi et al., 2009), can therefore bind in an extended conforma-
tion, contacting both major and minor binding site, with a linker sep-
arating the N- and C-terminal basic cluster. Monopartite NLSs,
defined by the consensus sequence K[K/R]x[K/R] (Fontes et al.,
2003a) can bind to either of the two sites, however, they bind with
higher affinity to the major site.

In the past decade, several importin-o. structures in complex
with NLS peptides have been solved (Catimel et al., 2001; Chen
et al., 2005; Conti and Kuriyan, 2000; Conti et al., 1998; Cutress
et al., 2008; Dias et al., 2009; Fontes et al., 2000, 2003a,b; Giesecke
and Stewart, 2010; Hirano and Matsuura, 2011; Kobe, 1999;
Matsuura and Stewart, 2005; Mynott et al., 2011; Pumroy et al.,
2012; Takeda et al., 2011; Tarendeau et al., 2007; Yang et al.,
2010). Based on structural homologies of the bound peptide, five
peptide classes have been defined, represented by (i) the bipartite
peptide nucleoplasmin (Np1), and (ii) the monopartite peptides c-
myc (Myc), bound to major and minor site; (iii) pCN, a subgroup of
c-myc; (iv) oIBB, bound only to the major site and (v) Nup50,
bound only to the minor site (Fig. 2A).

Inall classes, major and minor binding sites fix peptide backbones
in an extended conformation into the binding groove by Asn37
bidentate hydrogen bonds, as illustrated in Fig. 2C. Larger backbone
fluctuations of the peptides are visible for linker regions. Target pep-
tide residues, critical for binding the major and minor binding site,
are named P1-P6 and P1’-P5/, respectively (Fontes et al., 2003a;
Marfori et al., 2012). The side chains of these residues interact with
binding pockets on the ArmRP, which are named correspondingly.

The almost strictly conserved Lysine P2 appears to be the most
critical binding residue, followed by well-defined P3 and P5
(mainly [K/R]). In all three pockets, a negatively charged residue of-
ten makes strong ionic interactions with the target peptide side
chains (Fig. 2D). The P4 pocket is more tolerant, and P1 and P6 have
little preference for any residue (Fig. 2A: peptide consensus se-
quence) (Marfori et al., 2011). Sequences flanking the basic clus-
ters, including also phosphorylation modifications, are
contributing to the interaction, indicating that importin-o is able
to bind a broad range of amino acid sequences (Fontes et al.,
2003b; Hiibner et al., 1997), although at least one of the basic clus-
ters in the target consensus sequence (KRx;q_12K+x+, see Fig. 2A)
seems to be essential for binding and is found in all NLS sequence
families (Kosugi et al., 2009).

3.2. p-Catenin

B-Catenin is involved in adherence junctions, where it binds to
the cytoplasmic domain of cadherin cell adhesion molecules
(Shapiro and Weis, 2009), but also functions as a transcriptional
activator in the Wnt signaling pathway, where it binds to Tcf/Lef
family transcription factors. The B-catenin ligand is bound in an ex-
tended conformation through the central domain, which consists
of 12 ArmRs (Huber et al., 1997). In contrast to importin-o. with
two separated binding sites, B-catenin has a positively charged

continuous binding groove formed by repeats 5-9. Several crystal
structures of B-catenin in complex with either protein or peptide
targets have been determined including transcription factors
XxTcf-3 (Graham et al., 2000) or hTcf-4 (Graham et al., 2001; Poy
et al., 2001; Sampietro et al., 2006), inhibitor of B-catenin and Tcf
(ICAT) (Daniels and Weis, 2002; Graham et al., 2002; Ha et al,,
2004), the tumor suppressor protein adenomatous polyposis coli
(APC) (EKklof Spink et al., 2001; Xing et al., 2004), E-cadherin (Ecy)
(Choi et al., 2009; Huber and Weis, 2001) and lymphoid enhancer-
binding factor (Lef1) (Sun and Weis, 2011). A polar ladder, resem-
bling the Asn37-ladder in importin-a, is found in B-catenin, where
7 out of 12 repeats carry Asn, His or GIn residues (Asn in five re-
peats, His and Gln each in one repeat) (Andrade et al., 2001b).

As shown in Fig. 2B, peptides with a conserved Dx¢ppxQx,_7E
motif bind to the protein in extended conformation. Negatively
charged Asp and Glu residues in the peptide make strong and spe-
cific ionic interactions with two conserved Lys residues (named
“charged buttons™: Lys435 and Lys312) on the binding surface of
the B-catenin (Graham et al., 2000; Sun and Weis, 2011; Xu and
Kimelman, 2007). Only for Lef-1, no interaction has been found
for the conserved Glu, highlighted in the disordered region of the
peptide. Additional interaction sites, apart from the conserved
binding groove of B-catenin, can be involved in target binding,
increasing affinity and specificity (Choi et al., 2006).

3.3. Modular peptide binding

In both subfamilies, ArmRP exhibit, apart from variable binding
sites for side chains, a conserved binding mechanism toward pep-
tides in extended conformation, including strong hydrogen bond-
ing with Asn residues at position 37 (Asn ladder along the
concave binding surface) to the peptide backbone. Superposition
of several peptide complexes indicates that, with the conserved
fixation of the backbone at every second peptide bond of the pep-
tide, approximately two amino acids can be bound per repeat, as
illustrated for importin-o in Fig. 2D.

The repetitive structure of ArmRPs, where repeats are packed
tightly on each other, allows binding of consecutive dipeptide
units. As these dipeptide units are directly connected, the resulting
oligopeptide can be bound by a conserved and modular binding
mechanism over the ArmRP scaffold, created by several repeats.
However, in all natural ArmRP structures, this modular fixation
of the peptide backbone by Asn37 bidentate hydrogen bonds is
limited in space to three consecutive repeats. As illustrated in
Fig. 2D, yeast importin-o in complex with the NLS peptide (Conti
et al., 1998) shows the longest uninterrupted conserved backbone
binding, forming six hydrogen bonds. Based on the analysis of cur-
vature variations between two neighboring natural ArmRs, we ex-
pect conserved binding to more than three repeats could be
achievable.

ArmRPs appear to allow binding to a broad spectrum of peptide
sequences. One limitation of the conserved binding mechanism of
ArmRP is that the binding of polyproline sequences would not be
possible in a modular mode, since the backbone nitrogen is in-
volved in the formation of the pentameric ring and is thereby not
accessible to Asn37. However, several aromatic residues arranged
in parallel, found in the Trp ladder in importin-o, resemble the
binding sites of those PRDs which allow binding of a proline-rich
peptide in PPII-helix conformation (Zarrinpar et al., 2003). Another
limitation, in the initial phases of engineering, i.e., when staying
close to the natural ArmRP sequences, is the apparent necessity
of charged amino acids, as seen in NLS sequences binding to impor-
tin-o (positively charged Arg or Lys residues (Kosugi et al., 2009)),
or in B-catenin binding to conserved negatively charged Glu and
Asp residues. These critical residues for interaction have been
termed “hot spot residues”.
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It will have to be evaluated, if specific binding with similar
affinities as found in natural ArmRP is possible to peptides in ex-
tended conformation with a limited number or even no charged
amino acids. From the analysis of a large set of peptide-binding
structures unrelated to ArmRPs, the most frequently used peptide
hot-spot residues are aromatic residues, leucine and isoleucine
(London et al., 2010). Therefore, we expect that binding to peptides
without charged hotspots should be possible in principle for de-
signed ArmRPs.

Screening and selection for individual repeats with affinity for a
specific dipeptide (in context of a longer peptide) would ultimately
provide a collection of single repeats with predetermined specific-
ity (Fig. 3). Such single pre-selected repeats (building blocks) could
be reassembled into a tandem repeat protein with a defined bind-
ing specificity. A modular approach could effectively bypass the
current in vitro selection procedure for every individual target pep-
tide and binders could be generated by rapid gene assembly in-
stead of new selections for every target peptide.

4. Design of armadillo repeat proteins towards stability

Consensus design approaches, where a multiple alignment of a
family of homologous proteins is used to calculate a consensus se-
quence, have been applied successfully in the generation of syn-
thetic antibody libraries (Knappik et al., 2000) and later for
repeat proteins, including TPR (D’Andrea and Regan, 2003) and
DARPins (Forrer et al., 2004).

For ArmRPs an approach based on consensus repeat design was
insufficient to engineer proteins with the desired biophysical prop-
erties, including protein expression, folding, solubility and stability
(Parmeggiani et al., 2008). Several additional steps were necessary,
using computational (Alfarano et al., 2012; Parmeggiani et al.,
2008) and structural protein engineering approaches (Madhu-
rantakam et al., 2012), to obtain ArmRP with improved character-
istics compared to natural ArmRP and with a complete and stable
a-solenoid fold. This iterative process of protein stability engineer-
ing, which involved a combination of consensus design, homology
and force-field based modeling, molecular dynamics simulation,
NMR and X-ray crystallography is summarized in Fig. 5 and de-
scribed in more detail below.

The rather low sequence similarity between members of the
ArmRP family (e.g., between the structurally aligned human
importin-o. and B-catenin consensus, the identity is only 26%)
and the significant deviations between individual repeat sequences
(identity as low as 30% (Hatzfeld, 1999)) complicate the definition
of an overall armadillo consensus and the identification of cross-
species homologs of ArmRP, although some advances in prediction
algorithms have been made (Andrade et al., 2000, 2001b; Kippert
and Gerloff, 2009).

target peptide 1

Selection Combination of

selected modules
/ target peptide 2 \ target peptide
i - e e > el
Library \ % / Recombined binder

Selected binders

Fig.3. The modular repeat architecture of ArmRPs allows binding to uninterrupted
longer peptides. Screening and selection of surface-randomized repeats (light blue)
against different peptide targets would provide a collection of single repeats with
predetermined specificity (colored red, violet and yellow). Such predetermined
units would then be reassembled into a novel repeat protein, exhibiting a defined
binding specificity.

In a first step, a consensus repeat sequence was defined, derived
from a combination of the subfamilies importin-o. and B-catenin
(termed C-type for combined in Parmeggiani et al., 2008). A set
of artificial short consensus ArmRPs with the overall constitution
of Y,C,A, was generated. Y denotes an N-terminal capping repeat
derived from yeast importin-o, A is an artificial C-terminal capping
repeat and subscript z refers to the design cycle (“generation”) of
the capping repeats (see below), given as a roman numeral (I-
III). Subscript x is the number of (identical) internal repeats of type
C present in the protein. This first consensus design led to well-ex-
pressed but molten globule-like proteins (Y|;C4A|) (see Table 2)
(Parmeggiani et al., 2008). Alternatively, proteins with internal re-
peats based on a consensus design taken only from importin-o (I-
type) or B-catenin (T-type) were created, and they produced stable
albeit dimeric proteins, and were thus not further pursued.

The stability of ArmRPs is mediated mainly by the hydrophobic
core packing, through nonpolar interactions. Molten globule-like
features are expected to be a result of non-optimal packing of this
hydrophobic core (Munson et al., 1996). The consensus-designed
ArmRP with molten globule-like properties (Y,C4A;) was converted
into a monomeric, stable, folded protein (Y{M4A;) with cooperative
unfolding behavior by stabilization of the hydrophobic core (Table
2). Three point mutations (G12A, A32L and L38I) were introduced
into the hydrophobic core in every internal repeat (named M-
type), based on a computational modeling approach in combina-
tion with molecular dynamics (MD) simulations (Figs. 4 and 5)
(Parmeggiani et al., 2008). All newly introduced residues are found
in the consensus sequence of the importin-o. subfamily, indicating
that the M-type sequence resembles more the importin-o than the
B-catenin subfamily, which is consistent with the overrepresenta-
tion of importin-ot (133) over B-catenin (110) sequences for the
combined consensus design. Importantly, the M-type proteins are
monomeric.

Heteronuclear NMR experiments with protein Y;M4A; revealed
an electrostatic repulsion between two closely spaced lysine resi-
dues in every internal repeat (K26 and K29) (Fig. 4). Mutation of
these two lysines to glutamines (to give the so-called M-type re-
peat) resulted in a pH-independent, more stable packing of the no-
vel ArmRP Y,M,A (see Fig. 5 and Table 2) (Alfarano et al., 2012).

MD simulations based on homology models of Y\M4A; have
shown an increased conformational instability in the capping re-
peats (Y; and A;), compared to the internal repeat (M or M) (Alfar-
ano et al,, 2012). To reduce this flexibility, several cap mutations
were tested in silico and validated experimentally. In the C-cap,
the Q38L and F39Q point mutations increased the protein stability
in temperature-induced unfolding experiments by 7 °C compared
to the original protein, whereas an increase of 1.5 °C was achieved
by introducing mutations V33R and R36S and by deletion of resi-
due R41 in the N-cap (see Fig. 4). These stabilizing effects from
the N- and C-terminal caps (named Yy and Aj; for second genera-
tion) were shown to be additive (Alfarano et al.,, 2012) and the
thermal and chemical stability of the final construct Y M4Ay (with
improved caps) was increased by 9.5°C and by 0.7 M GdmcCl,
respectively (Table 2).

Protein Y MA;, including MD-designed capping repeats and
internal repeats with removed electrostatic repulsions, was the
first designed ArmRP for which a crystal structure could be solved
with a resolution of 2.5 A (Madhurantakam et al., 2012). As pre-
dicted by MD simulation and verified experimentally, the most sta-
bility-relevant residue introduced by mutation was Q38L in the C-
cap (Ap). It fills the hydrophobic pocket between the last internal
repeat and the C-cap and thereby inhibits the formation of a small
cavity (Alfarano et al., 2012). Yet, this crystal structure also re-
vealed that the N-cap (Y;) was not folded correctly onto the
remainder of the protein, as the loop connecting the N-cap with
the first internal repeat was not formed, and instead the chain
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Table 2
Biophysical properties of designed ArmRPs.

157

Constructs® Refs. Residues (repeats)” pI° MWy (kDa)!  Oligomeric state®  MWops (kDa)'  MWopsjcalc®  CD22z (MRE)" Ty (°C)' €D GdmCl (MY
YiCaA 1 253 (6) 51 269 Monomer 50.2% 1.86 —~12,393¢ nd. nd.
YM4A, 1,2 253(6) 51 27.1 Monomer 32.3% 1.19 —-19,255" 71 3.5
Y MLA, 2 253 (6) 45 271 Monomer 32.3¢ 1.19 -19,162¢ 76 3.7
Y, M, Ay 2 252 (6) 45 269 Monomer 31.2¢ 1.16 -20,401* 86 4.4
Y, MsAy 2,3 210(5) 46 226 Monomer 27.5% 1.22 -19,015* 77 3.6
YuMs Ay 3 210 (5) 48 225 Monomer 274" 1.22 ~20,259" 81 3.8
Y MsA, 4 295 (7) 44 315 Monomer 38.6" 1.23 -20,435* 80 4.2
VG_328! 4 295 (7) 44 317 Monomer 39.9¢ 1.26 —20,199¢ 74 33
Importin-o™ 1 435 (10) 5.5 482 Monomer 43.0¢ 0.9 —14,646" 43 n.d.
B-Catenin” 1 528 (12) 87 576 Monomer 52.8% 0.9 —~17,207% 58 nd.

[1] Parmeggiani et al. (2008); [2] Alfarano et al. (2012); [3] Madhurantakam et al. (2012); [4] Varadamsetty et al. (2012).
3 Capping repeats (Y,/Yy/Yw and Aj/A;) and internal repeats (C, M, M) are given in Fig. 4.

@ - 0 o n T

~

w

The number of residues includes the MRGSHgGS tag; the number of repeats includes capping repeats.
Isoelectric point (pI).

Molecular weight calculated from the sequence; masses were confirmed by mass spectrometry.
Oligomeric state as indicated by multi-angle static light scattering.

Observed molecular weight as determined by size exclusion chromatography.

Ratio between observed (size exclusion chromatography) and calculated molecular weight (MWops/calc.)-
Mean residue ellipticity at 222 nm expressed as deg-cm?/dmol.

Transition midpoint (T,,) observed in thermal denaturation measured by CD.

Midpoint of transition in GdmCl-induced denaturation, measured by CD.

Normalized to value from Alfarano et al. (2012).

Binder VG_328 is derived from a Y,ML;MA, library, where L is a randomized library module.
Armadillo domain of human importin-oc1.

Armadillo domain of mouse B-catenin.

Heices
Position 5 10 15 20 25 30 35 40
N-cap Y, ELPQ MTQQL NSDDM QEQLS ATVKF RQILS RDG
Yy ELPQ MTQQL NSDDM QEQLS ATRKF S§QILS DG
Yu ELPQ MVQQL NSPDQ QELQS ALRKL SQIAS GG
Intemal C NEQIQ AVIDA GGLPA LVQLL SSPNE KILKE AAWAL SNLAS GG
M NEQIQ AVIDA GALPA LVQLL SSPNE KILKE ALWAL SNIAS GG
M NEQIQ AVIDA GALPA LVQLL SSPNE .lL.E ALWAL SNIAS GG
L NEQzQ AVIDA GALPA LVQLL SSPNE @I L@x ALxXxAL xNIAS xx
Ccap AL NEQKQ AVKEA GALEK LEQLQ SHENE KIQKE AQEAL EKQFS H
Ay NEQKQ AVKEA GALEK LEQLQ SHENE KIQKE AQEAL EKILQS H

Fig.4. Sequence alignment of the N-terminal capping repeats (Y, Y and Yy;), internal repeats (C, M, M and L) and C-terminal repeats (A, and A;;). Mutations introduced in the
internal repeats to improve packing of the hydrophobic core and decrease charge repulsion on the surface are colored green and blue, respectively. Residues mutated or
deleted in the terminal caps upon MDS analysis are colored grey. N-terminal cap mutations introduced to prevent domain swapping are colored yellow. The nomenclature for
designed ArmRPs assigns two o-helices (shown in black rectangles) for the N-terminal cap, and three for the internal repeats and C-cap, respectively. Experimentally tested
proteins consisted always of an N-cap, several internal repeats and a C-cap (e.g. YiM4A)). Library module L is based on internal repeat M and contains in total six randomized

residues (z: EJHKIL,Q,T or R, and x: all 20 amino acids except P,C and G).

adopted a continuous o-helix. Thereby N-caps were involved in a
domain-swapping event between symmetry-related molecules.
The consensus design strategy had apparently removed a special
feature within the first repeat of natural consensus proteins, which
encode at the beginning of the first internal repeat a helix breaker.

The N-cap was therefore redesigned, based on the sequence of
the well-folded internal repeats. Nine point mutations were intro-
duced, including a helix breaker, D41G in the linker between the N-
cap and the first internal repeat (and this redesigned N-cap was
named Yyy;) (Figs. 4 and 5) (Madhurantakam et al., 2012). A crystal
structure of an ArmRP (Y;;MsA;) with the redesigned N-cap (Yi)
was determined, showing that the N-cap now folded correctly on
the remainder of the protein (Fig. 5). The Yy;-cap further improved
thermal and chemical stability of the protein by 4.5 °C and 0.2 M
GdmCl in the denaturation midpoint, respectively. Additional sta-
bility could be gained by increasing the number of internal repeats,
as had been observed for other repeat proteins (Kajander et al.,
2005; Parmeggiani et al., 2008; Tripp and Barrick, 2007; Varadam-
setty et al., 2012; Wetzel et al., 2008).

Natural ArmRPs (B-catenin and importin-o) and the designed
ArmRPs with reengineered caps (Y;;MsA;) share the typical sole-
noid fold of this protein class, as intended by the design, but ther-
mal and chemical stability is higher for the designed proteins
(Table 2). The structure of the internal repeats of Y;;M3Ay, is similar
to the minor NLS-binding site of importin-o. (PDB ID 1BK6) with a
RMSD of 0.71 A (Madhurantakam et al., 2012). Even though most
residues responsible for binding to the NLS peptide (KKKRKV) are
identical or similar in both structures (notably the conserved
Asn37 and Trp33 residues), the conserved binding pocket P1’ is
missing in the designed ArmRP. The absence of this critical binding
pocket could explain the observed low affinity of designed ArmRPs
of that generation to the NLS peptide, measured by ELISA. Stronger
binding signals were obtained if the number of internal repeats
was increased from three to five repeats (unpublished data). Based
on the new structures of designed ArmRPs, it is possible to engi-
neer stronger binding to the NLS peptide and to find peptides ideal
for binding (unpublished data). Nevertheless, to reach the ultimate
goal of obtaining binders against a broad spectrum of peptides,
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Natural ArmRPs

Consensus design of internal repeats [1]
Sequence alignment based on natural armadillo repeats:
C-type: combined subfamilies (importin-a + B-catenin)
Design of capping repeats [1]

Y-type: N-terminal cap based on yeast importin-a N-cap
A-type: C-terminal cap: artifical designed based on C-type consensus

J

Y|C4A|

Hydrophobic core stabilization [1]

Computational modeling approach (M-type) to rank different core mutant
proteins. Seven core residues were thereby tested for alternative aliphatic
amino acids, identified by consensus design. Favorable arrangement of
rotamers were sampled in each mutant, using cycles of energy minimiza-

tion and heating by molecular dynamic (MD) simulations.

Internal repeat (IR) C Gz el & L » M

J

YIMgA|

Removal of charge repulsions [2]

Repulsive interactions between two lysine residues located on the
surface of every internal repeat, identified by SN-'H heteronuclear
NMR spectroscopy, were removed by mutating both to glutamines.

R: M K26Q + K29Q v

Stabilization of N- and C-terminal caps [2/3]

MD simulations on homology models revealed higher conformational
instability of the capping repeats compared to the internal repeats. Muta-
tions to stablize the interface between C-cap and internal repeat prevent
permeation of two water molecules into this area during the simulation.

V33R + R36S + AR41
Q38L + F39Q

N-terminal cap: YI

C-terminal cap: AI

s

YIM4A|

J

Removal of domain-swap N-cap [3]

Structure-based optimization of the domain-swapping N-terminal capping
repeat observed in the crystal structures of proteins with the Y, cap.
Redesign of the cap based on conformation and sequence of the correctly

Y| IM4A|

folded internal repeats. 117\, pospamosarq2sL+L20a

N-terminal cap: YII

T32L+F35L+L39A+D41G — Y
= T

[1] Parmeggiani et al., 2008
[2] Alfarano et al., 2012
[3] Madhurantakam et al., 2012

YiIIM4A|

Fig.5. Development of designed ArmRPs towards stability, summarized in five protein engineering steps. Stability, measured by heat- and GdmCl-denaturation, increases
from Y,C4A, towards Y;M4A; constantly. Designed proteins (e.g., Y,C,A,) are composed of an N-terminal capping repeat (Y), a defined number (subscript x) of identical internal
repeats (e.g., type C) and a C-terminal capping repeat (A). The subscript z is a roman number (I-IIl) indicating the generation of the capping repeats. Crystal structures are
shown for Y;MsA;, with a domain swapped N-terminal cap and Y;;;MsA;; (PDB ID 4DBA and 4DB6).

rational engineering will have to be complemented with directed
evolution (see next section).

5. Selection for binding

In many solenoid proteins, the binding surface for peptides is
formed by secondary structure elements, whereas in most non-
solenoid peptide-binding proteins binding is mediated through
variable loops, as seen in antibodies (Sundberg, 2009), SH2- (Yaffe
and Smerdon, 2004), PDZ- (Kaneko et al., 2011), FHA- (Mahajan
et al., 2008), SH3- (Kaneko et al., 2011), WW- (Zarrinpar et al.,
2003) and GYF-domains (Kofler and Freund, 2006). In ArmRP, as
described above, the binding surface is formed mainly by the heli-
ces H3, comprising solvent exposed residues for target binding
along with residues forming the hydrophobic core. The first combi-
natorial library was based on the Y;M,A; design and residue posi-
tions for randomization (position 4, 30, 33, 36, 40 and 41) were
identified from structures of complexes of natural armadillo pro-
teins and bound target peptides (Varadamsetty et al., 2012). Resi-
dues 30-40 are located in helix H3, residue 4 in helix H1 and
residue 41 in a loop after helix H3, respectively. These six positions

were randomized in each library repeat (and these randomized re-
peats are called L-type), but only a selection of amino acids was al-
lowed (see Fig. 4). Randomization may lead to decreased helical
propensity, surface-exposed hydrophobic residues or introduction
of electrostatic repulsions, which can all contribute to poorer bio-
physical properties. Therefore, the right randomization strategy
and the intrinsic stability of the scaffold are very important compo-
nents, since incorrectly folded library members tend to expose
hydrophobic regions of the core, which can result in unspecific
binding, diminishing the efficacy of the selection.

To increase the stability of the library members, two non-ran-
domized internal repeats flanking the three randomized repeats
were introduced into the library (to result in the Y,ML;MA library
format) (Varadamsetty et al., 2012). The final experimental diver-
sity of the library was estimated to be greater than 10'! (theoret-
ical diversity ~10?"). Characterization of randomly picked clones
from the library revealed that almost all were monomeric and sta-
ble, showing that the designed scaffold is stable enough to sustain
randomization.

Neurotensin (NT, QLYENKPRRPYIL), a 13-amino-acid peptide li-
gand of the G-protein coupled neurotensin receptor, was used as
target peptide in a first selection, since NT has no secondary
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structure in solution (Nieto et al., 1986). Two binders against NT
differing in only a single residue on the binding surface were iso-
lated by ribosome display. Among them, binder VG_328 showed
better binding and was thus further analyzed.

VG_328 has biophysical characteristics comparable to ArmRPs
with the non-randomized consensus sequence (see Table 2) and
showed good specificity towards NT. Alanine scanning experi-
ments identified four residues of NT (Pro7, Arg8, Arg9 and Tyr11)
that are the main contributors to binding. The dissociation con-
stant of binder VG_328 was determined by surface plasmon reso-
nance to be approximately 7 uM (Table 1). This moderate affinity
can be explained by only four amino acid side chains of the peptide
contributing to binding and by the fact that selection emphasized
specificity and not affinity. However, it was shown that VG_328
could still be used as detection agent in Western blots or in pull-
down experiments (Varadamsetty et al., 2012). The details of bind-
ing will have to await a structure determination of the complex by
crystallography or NMR.

While the selection of a binder from the ArmRP library consti-
tuted an important proof of principle and resulted in a protein with
residue-specific sequence recognition, the affinity was moderate,
and the peptide does not necessarily bind in the conserved binding
orientation. It should be noted that this first selection has been car-
ried out in a “classical” manner, typical for any selection on any
scaffold, i.e., by using a diverse library across three adjacent re-
peats, and without particular constraints regarding binding
orientation.

Therefore, current developments of this technology are
concentrating on the uniqueness of the ArmRP scaffold, by using
information from recently determined structures of engineered
ArmRP-peptide complexes (unpublished data), by enforcing
the antiparallel peptide orientation during selections, and by
exploiting the modularity of the ArmRP-peptide interaction.

6. Conclusions

Peptide-protein interactions, which are essential for many
cellular processes like signaling and protein transport, are med-
iated by several classes of peptide-binding domains. Small adap-
tor proteins, although specific for their peptide target, have
usually a lower affinity and a narrower recognition spectrum
than repeat proteins with their elongated binding surface. From
the comparison of peptide-binding proteins, ArmRPs were iden-
tified as the ones to allow modular binding to peptides in ex-
tended conformation. Modular binding would be the
prerequisite to efficiently bypass the current bottleneck of gener-
ating peptide-binding proteins by selections against each peptide
individually.

Based on a consensus design approach in combination with sev-
eral methods for protein stability engineering, stable, correctly
folded and highly expressed ArmRPs have been designed. The first
specific binders were selected in vitro from a combinatorial library
of the first generation. The designed ArmRP of the latest generation
are stable enough for various applications, as shown by several bio-
physical methods, and crystal structures confirm the design (Mad-
hurantakam et al., 2012).

However, some characteristics of designed ArmRP still have to
be analyzed in detail and further optimized: An optimal and
uniform curvature is essential to allow continuous binding of ex-
tended peptides over several repeats. In natural ArmRP, the longest
stretch of a continuous and modular bound peptide is limited to six
amino acids as found in the crystal structure of importin-o. Ideally,
curvature-optimized designed ArmRPs should be able to bind long-
er peptides in a modular way along the whole elongated binding
surface.

The optimization of the ArmRP design was an iterative process
which improved the stability of the ArmRPs in a stepwise manner.
Many different approaches have collectively contributed to the fi-
nal design: homology and force-field based modeling, molecular
dynamics simulations, NMR, X-ray crystallography, several bio-
physical methods and directed evolution approaches. In our opin-
ion, this work is an example of a successful collaboration between
theoretical approaches to optimize the design, experimental verifi-
cation and many state-of-the-art techniques of protein engineer-
ing. We are convinced that the combination of all these methods
(and more) will be needed to reach this challenging goal of creating
a system of modular peptide recognition.
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