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prepare the vast cluster of genes encoding scaffold pro-
teins from lymphocytes; consequently, antibodies have
been widely used in medical chemistry [4], imaging [5].
and proteomics [6,7].

The presence of the vast gene cluster enables us to
obtain valuable binding proteins using selection meth-
odology, and recent structural visualization of candi-
date proteins by X-ray or NMR structural analyses
and the construction of artificial libraries allow con-
structive selection and functionalization not only of
antibody fragments, but also of small, nonantibody
proteins (Fig. 1). Accurate structural descriptions of
protein-protein interaction provide support for strate-
gies 1o replace binding site sequences between proteins
and library construction in specific areas to increase
the density of libraries.

This minireview series describes the methodology for
clucidating protein-protein interactions and selecting
specific binders to novel target proteins, and the first
and second minireviews focus on the detection of
protein-protein interactions [8,9]. In this third minire-
view, we focus on the molecular evolutional methodol-
ogy for generating and screening binding proteins on
the basis of tertiary structures visualized by X-ray and
NMR analyses. We describe local library approaches
as go-between techniques for grafted foreign peptide
sequences and small scaffold proteins, and as methods
for designing high-quality libraries of small scaffold
proteins.

Functionalization of small scaffold
proteins by peptide grafting

The design of chimeric proteins, in which specific seg-
ments are replaced with functional sequences derived

Fig. 1. Structures of small scaffold proteins
as specific binders. Red loops are the appro-
priate locations that can have binding func-
tions through peptide-grafting or local library
approaches.
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from other proteins, can give new binding abilities to
scaffold proteins. A new chimeric protein can be gener-
ated by replacing the amino acid sequence in an
exposed surface area with a fragment that binds a tar-
get molecule from another protein.

To generate a small binding protein by grafting, we
need to visualize the tertiary structures of donor and
recipient proteins in detail. In particular, visualization
facilitates the identification of fragments with binding
ability. The RGD motif (Arg-Gly-Asp) is a well-
known fragment with binding ability. [t is found in cell
adhesion molecules such as fibronectin, and its inter-
action with a cell surface receptor called integrin has
been analyzed from a structural viewpoint [10-12]. Its
short sequence is attractive for generating small bind-
ing proteins by grafting. Grafting of the motif with its
neighboring sequences from fibronectin into an
exposed loop in lysozyme functionalized lysozyme
without inactivating its enzyme function [13]. The
grafting gave lysozyme low binding affinity for cell
surface receptors, and X-ray and NMR structural
analyses demonstrated high flexibility and exposure of
the grafted motif [13].

Drakopoulou et al. [14] noted the resemblance of
loop structures with binding ability between scorpion
charybdotoxin (with affinity for potassium ion channel
protein) and snake toxin o (with affinity for acetylcho-
line receptor), and replaced a loop sequence of charyb-
dotoxin with one of toxin o to express a new binding
function. Comparison of the X-ray crystal structures
between charybdotoxin and toxin o showed the struc-
tural resemblance of the B-hairpin loop with binding
function between toxins. The grafting of the toxin o
loop structure into charybdotoxin caused little struc-
tural change, and gave charybdotoxin affinity for the
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Generation of binding proteins

acetylcholine receptor instead of the potassium ion
channel protein, albeit with lower binding affinity, as
seen above with the grafting of RGD into lysozyme.

Recently, stable, small scaffold proteins with surface
loop structures that can bind to another protein have
been reported. Neocarzinostatin (NCS), found in
Streptomyces neocarzinostaticus, is a candidate scaffold
protein with a hydrophilic and IgG-like structure
(Fig. 1C) [15,16]. Visualization of antigen-antibody
complexes by X-ray crystallography shows that hyper-
variable complementarity-determining region (CDR)
loops on a fragment of the variable region (Fv) of
antibodies recognize specific antigen surfaces (red
loops in Fig. 1A) [17-19]. Nicaise et al. [20] searched
for the most suitable location in NCS for grafting the
CDR loop of the single variable heavy chain of a
heavy-chain camel antibody (VHH) (Fig. 1B) by com-
paring topologies between VHH and NCS (Fig. 2A);
grafting of the CDR 3 loop of antilysozyme VHH
functionalized NCS without denaturation, although
the thermal stability was decreased and the affinity for
lysozyme was weaker than in the original VHH.

The computer-designed TOP protein is an o/B-pro-
tein composed of 93 amino acids without disulfide link-
ages (Fig. ID) [21]. This artificial protein is so
thermophilic that it is not denatured at 98 °C, and it can
be expressed at a high level in Escherichia coli. Boschek
et al. [22] grafted the CDR l-containing loop of the
heavy chain (CDR H1) of antibody against CD4 into a
loop structure of TOP that was identified by molecular
dynamics simulation as a suitable location without
denaturation (Fig. 2B). CDR-grafted TOP had affinity
for CD4 receptor, and was not denatured even at 95 °C.

Combining grafting and local library
approaches for high-affinity scaffold
proteins

The grafting results demonstrate the utility of the
structural information supplied by X-ray and NMR
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analyses for functionalizing small scaffold proteins.
However. this structural information is not enough to
support the complete transfer of functions.

Fv of antibodies is a well-studied small scaffold pro-
tein. Fv has a flexible and stable framework with
hypervariable sequences and lengths in the six-loop
CDR (Fig 1A) that bind to the antigen. The first study
of grafting into the CDR replaced the CDR loops in a
human antibody with those from a mouse antibody to
avoid immunogenicity of the antibody framework from
a different species [23-25]. The success of the series of
studies shows that the stable framework structure of
Fv enables the transfer of function by means of CDR
replacement.

Barbas er al. first designed new functional antibody
fragments by grafting the RGD motif in CDR loops
[26,27]. Recognizing that functionalization by grafting
RGD needs designs for adjusting the orientation of the
RGD motif, they grafted XXXRGDXXX peptide
sequences, in which the X positions were randomized,
into the CDR 3 loop in the heavy chain (CDR H3) of
Fv to select sufficiently functionalized Fab fragments by
using phage display methods (Fig. 3A); clone Fab 9 had
a low equilibrium dissociation constant (Ky) of 0.25 nM,
comparable to that of vitronectin. This result implies
that the library approach is important for the design of
edge sequences neighboring to the grafted peptide frag-
ment to fully functionalize scaffold proteins.

Fab 9 was also attractive as a supplier of the peptide
sequence with affinity for a specific molecule. Smith
et al. [28] reported the grafting of a CDR fragment
into a loop structure of a small scaffold protein. When
the CDR H3 loop of Fab 9 was grafted into a long,
surface-exposed loop structure in a human tissue-type
plasminogen activator with affinity for fibrin, the new
plasminogen activator had comparable affinity for
integrin to that of Fab 9, with no loss of fibrin-binding
function.

Although peptide fragments have often been grafted
into CDR H3, because its length and amino acid
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Fig. 2. Functionalization of small scaffold proteins by replacing a loop of the scaffold protein with a CDR loop of antibody fragments.
(A) Replacement of the candidate location in NCS for grafting with the CDR 3 loop of VHH. (B) Insertion of the CDR 1-containing loop of the

heavy chain in Fv into the candidate location in TOP.
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Fig. 3. Combination of grafting and local
library approaches in CDR 3 loops of the
heavy chain to select high-affinity Fv by
using the phage display method.
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sequence are highly variable, a few studies of grafting
into other CDR loops have also been reported.
Simon et al. [29] grafted the receptor-binding site
sequence of somatostatin, which binds to somato-
statin receptor 5, into the CDR | and CDR 2 loops
in the light chain (CDR L1 and CDR L2) to study
the potential of Fv as a scaffold protein for grafting.
They investigated deviations in the amino acid
sequences of the CDRs of 1330 human light chains
to identify the candidate residues important in the
light chain conformation. Peptide grafting into loca-
tions with no significance for light chain folding func-
tionalized the antibody fragments, but expression of
the fragment was decreased and the binding affinity
was weakened. This might imply the importance of
library approaches in specific local areas to overcome
the problems not resolved by visualized structural
information alone.

The stability of Fvs as scaffold proteins also enables
the design of new functional antibody fragments from
peptide sequences selected from peptide libraries.
A peptide with high affinity for thrombopoietin
(TPO), which was selected from a peptide library by
the use of phage display method, was grafted into the
CDR H3 loop in human Fabs [30]. Grafting of the
TPO-binding peptide with two randomized residues at
the edge terminus enabled selection of a high-affinity
Fab (Fig. 3B), demonstrating the utility of the grafting
of functional peptides with randomized edge sequences
for optimizing the orientation of the grafted peptide
on a scaffold protein. In addition, when the combina-
tion of grafting and local library approaches was
applied to other CDR loops in Fabs with TPO-binding
peptide grafted onto CDR H3. a clone of the double-
grafted Fabs had not only higher affinity, but also
bivalent function [30]: the grafted Fab had agonist

activity caused by the dimerization of the TPO-binding
peptide.

The combination of grafting and local library meth-
ods is suitable for generating binding proteins. In par-
ticular, bispecific small proteins, such as Fabs with
dual affinity for human epidermal growth factor recep-
tor 2 and vascular endothelial growth factor (VEGF)
[31], might be achievable by grafting two different
functional peptide sequences. Recently, several pep-
tides with affinity for inorganic material surfaces have
been selected from a peptide library, and the replace-
ment of material-binding peptide with the CDR 1 loop
of VHH and the local library approach in the CDR 3
loop generated the VHH fragments with high affinity
for specific inorganic material surfaces [32]. The com-
bination of grafting and local library methods might
also be suitable for generating specific binders against
unexplored targets.

Local artificial library in a small
scaffold protein

Detailed tertiary structural information obtained by
X-ray and NMR techniques not only enables grafting
approaches for the functionalization of small scaffold
proteins, but also opens the way to direct functional-
ization of scaffold proteins by the use of artificial
libraries. Functionalizing a small scaffold protein by
a library approach requires large-scale, high-quality
libraries with correctly folded variants of scaffold
proteins. If the rate of correctly folded variants in a
library were low, the number of functional variants
in the library would be extremely low. Native
libraries of antibodies, such as immune and naive
libraries, are considered to hold correctly folded vari-
ants; but for the construction of artificial libraries,
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randomized locations in scaffold proteins and diver-
sity of amino acids in libraries should be carefully
considered.

In the use of artificial libraries for generating bind-
ing proteins, Fvs of antibodies are most commonly
used as scaffold proteins. In the case of single-chain
Fvs and Fabs, artificial libraries of CDR loops have
been constructed from synthetic DNA fragments with
randomized sequences and lengths. The first attempt
with artificial libraries did not provide high-affinity
antibody fragments [33], but increasing the library
scale to ~ 10" enabled the selection of fragments with
high affinity for various protein antigens and haptens
[34]. The construction of very large libraries is effec-
tive, because it increases the number of correctly
folded variants [35]. To decrease the number of mis-
folded, unfolded and aggregated variants in the
libraries, efficient libraries mimicking the frequency of
amino acids in native CDR loops have been con-
structed on one or more frameworks [36,37).

Recently, amino acid-restricted libraries, in which
CDR loops were randomized using only the amino
acids frequently found in native CDR, have been
constructed to increase the density of libraries
(Fig. 4A). Fabs with high affinity for human VEGF
were selected from a restricted library constructed
from only Tyr, Ser, Asp, and Ala, and X-ray structural
analysis demonstrated the importance of Tyr residues
[38]. The construction of more restricted libraries from
only Tyr and Ser residues (YS binary code libraries)
also enabled the selection of high-affinity antibodies
[39]: one Fab had high affinity for human VEGF
(Kg = 60 nm). X-ray structural analysis of the
complex of another Fab and human death receptor §
confirmed the importance of Tyr residues in the anti-
gen-antibody interface.
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Fig. 4. Local artificial library design in (A) CDR loops of Fv and (B)

BC, DE and FG loops of '°FN3 to select high-affinity small scaffold
proteins.
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Artificial library approaches are also effective with
nonantibody proteins when the tertiary structures of
scaffold proteins are analyzed in detail. The 10th fibro-
nectin type III domain (‘°FN3) of human fibronectin
(Fig. 1E), which is a component of the extracellular
matrix, is a monomer with a similar B-sandwich struc-
ture to the IgG fold, and has three loops [12]. Koide
et al. [40] reported the construction of nonantibody-
binding proteins, called monobodies. by randomizing
the sequences of the loops in '°FN3 (Fig. 4B). Mono-
bodies with a wide range of affinities (picomolar to
micromolar Ky values) have been reported. Xu et al.
[41] sclected a monobody with a Ky of 20 pM for
tumor necrosis factor-a by mRNA display from an
extremely large library (102 unique clones). Lipovsek
et al. [42] selected anti-lysozyme monobodies with a
low Ky value of 350 pm by yeast surface display from
a small library (107-10° unique clones). A YS binary
code library has also allowed selection of monobodies
with affinity for maltose-binding protein and small
ubiquitin-like modifier [43], indicating the effectiveness
of the amino acid-restricted library approach even with
nonantibody scaffold proteins. X-ray structural analy-
sis of monobodies selected from the YS binary library
again indicated the importance of Tyr residues for
binding to target molecules [43]. Tyr residues might
play an important role in molecular recognition inde-
pendently of scaffold proteins. The generation of
recombinant binding proteins by library approaches
will supply new insights into protein-protein interac-
tions, and the information might suggest novel designs
for high-quality artificial libraries.

Construction of high-affinity-binding
proteins by multispecific design

Tertiary structural information on antibody fragments
and nonantibody small scaffold proteins from X-ray
and NMR analyses enables the design of and screening
for small binding proteins. The preparation of the
small binding proteins with binding function further
allows us to increase the binding strength by multi-
binding approaches, constructing multispecific proteins
from two small proteins with different epitopes in a
target molecule [44,45].

Neri et al. [44] created a bispecific antibody frag-
ment with two single-chain Fvs (scFvs), each of which
binds to a nonoverlapping epitope in lysozyme, called
chelating recombinant antibody (CRAb). The polypep-
tide linker via which the two scFvs were tandemly con-
nected was designed by computer graphic modeling,
using tertiary structures of the antigen-antibody com-
plexes, with the result that the CRAb with D1.3 and
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mutant HYyHEL-10 scFvs had 100-fold the affinity of
either of the scFvs alone. Local library approaches
have also been attempted for the design of appropriate
polypeptide linkers with a repeat unit of (XGGGS),,
in which the residues at X were randomized and the
linker length (7) was intermittently varied from 11 to
54 (Fig. 5A) [46]. Selection from the tandem-scFv-dis-
played phage libraries led to the enrichment of CRAbs
with linker lengths comparable to those obtained with
computer graphic modeling. The linker library
approach has potential for the design of CRAbs when
the exact relative positions of two epitopes are indefi-
nite, and for application to nonantibody scaffold
proteins.

Several recent studies have reported the simulta-
neous operation of generating small binding polypep-
tide units and incrementing the units to achieve
multibinding on a target molecule. Designed ankyrin
repeat protein (DARPin) is a protein constructed from
the ankyrin repeat unit (Fig. 1F) [47]. The unit has 33
amino acids, without internal disulfide linkages, and it
forms a B-turn followed by two antiparallel helices and
a loop reaching the B-turn of the next repeat. The
number of replications is changed so that small bind-
ing proteins with appropriate multibinding effects can
be generated from units recognizing different epitopes.
The randomization of six amino acids in the loop and
helix structures without Cys, Gly or Pro enabled the
selection of DARPin variants with high affinity for
maltose-binding protein [48], Her2 [49,50], and mito-
gen-activated protein kinase (Fig. 5B) [51].

The A-domain is a small scaffold protein that can
be used as a repeat unit (Fig. 1G) [52-54]. A-domains
consisting of ~ 35 amino acids occur in strings of
multiple domains in several cell surface receptors, and
are connected via several amino acid linkers. Each

(XGGGS),

Generation of binding proteins

A-domain in the multimer binds to different epitopes
in a target, generating avidity [55]. Twelve amino acids
that form disulfide linkages and coordinate calcium
jons are conserved in ~ 200 human A-domains, but
other residues are highly variable [56]. By repeating
randomization of the variable residues, selection of A-
domain variants with affinity for a target, and connec-
tion between the selected variants (Fig. 5C), Silverman
et al. [57] selected avidity multimers called avimers
with two or three A-domains with high affinity
(nanomolar Ky) for interleukin-6, CD40L, and CD28.

C lusi and outlool

Accurate structural descriptions of protein—protein
complexes provide support for the replacement of
binding site sequences and thus binding function
between structurally similar proteins. Functionalization
by grafting is not perfect. because structural informa-
tion derived only from X-ray and NMR analyses is
not enough to avoid the decrease in affinity, but some
local library approaches can compensate. The identifi-
cation of the binding site on a protein from visualized
tertiary structures can lead to the construction of an
efficient library with a low probability of denatured
variants, and its combination with the design for
library diversity opens the way to increasing the size of
the amino acid sequence that can be randomized with-
out decreasing the density of the library. Detailed ter-
tiary structural analyses of protein-protein complexes
further accurately describe epitope locations, enabling
the design of and screening for bispecific high-affinity
proteins recognizing different epitopes in a target
molecule.

The recent explosive increase in new genomic and
protein structural information has revealed various

Fig. 5. Selection of multispecific binders with multiple binding sites for different epitopes. The red loops are randomized to select high-affin-
ity binders with the binding sites for multiepitopes (black arrows). (A) Tandem scFv: two scFvs were tandemly connected via a repeat unit
of (XGGGS), in which the X residues were randomized and the linker length (n) was intermittently varied. (B) DARPIn: six amino acids in the
loop and helix structures are randomized. (C) A-domains: variable residues in each A-domain are repeatedly randomized.
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small scaffold proteins of a size suitable for in vitro
selection methods such as phage display [58,59]. The
generation of recombinant binding proteins from small
scaffold proteins will also help to explain the mecha-
nism of protein-protein interactions. Consequently,
analysis might suggest novel designs for high-quality
artificial libraries.

Binding proteins can be used in research, diagnosis,
and therapy. In particular, their therapeutic use could
supply novel protein medicines that could be efficiently
produced in bacterial hosts; many successful therapeu-
tic antibodies with large and multidomain IgG formats
arc difficult and expensive to manufacture. However,
the immunogenicity of small scaffold proteins and
their very short serum half-life, owing to their small
molecular size, must be overcome. Library approaches
might serve the dual purposes of increasing both affin-
ity and size.
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