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Antibodies and their fragments are attractive binding proteins because their
high binding strength is generated by several hypervariable loop regions,
and because high-quality libraries can be prepared from the vast gene clus-
ters expressed by mammalian lymphocytes. Recent explorations of new
genome sequences and protein structures have revealed various small,
nonantibody scaffold proteins. Accurate structural descriptions of protein—
protein interactions based on X-ray and NMR analyses allow us to gener-
ate binding proteins by using grafting and library techniques. Here, we
review approaches for generating binding proteins from small scaffold pro-
teins on the basis of tertiary structural information. Identification of bind-
ing sites from visualized tertiary structures supports the transfer of
function by peptide grafting. The local library approach is advantageous as
a go-between technique for grafted foreign peptide sequences and small
scaffold proteins. The identification of binding sites also supports the con-
struction of efficient libraries with a low probability of denatured variants,
and, in combination with the design for library diversity, opens the way to
increasing library density and randomized sequence lengths without
decreasing density. Detailed tertiary structural analyses of protein—protein
complexes allow accurate description of epitope locations to enable the
design of and screening for multispecific, high-affinity proteins recognizing
multiple epitopes in target molecules.

Introduction

Antibodies are naturally occurring recognition mole-
cules in the immune system, with high binding affinity
and specificity. The strong molecular recognition of
antibodies plays important roles in the immune system,
and it has been applied in therapeutic fields and the
detection of disease-associated marker proteins. Vari-
ous therapeutic and probe antibodies that target bio-

Abbreviations

molecules in living organisms have been selected from
the vast gene cluster for antibodies in mammalian lym-
phocytes by means of hybridoma and in vitro selection
technologies [1]. This gene cluster can also supply anti-
bodies with affinity for nonbiological materials [2,3].
The advantage of utilizing antibodies to generate mole-
cules with affinity for a target molecule is the ability to

19EN3, 10th fibronectin type Il domain; CDR, complementarity-determining region; CRAb, chelating recombinant antibody; DARPin, designed
ankyrin repeat protein; Fv, fragment of the variable region; NCS, neocarzinostatin; scFv, single-chain fragment of the variable region;
TPO, thrombopoietin; VEGF, vascular endothelial growth factor; VHH, variable heavy chain of a heavy-chain camel antibody.

2006 FEBS Journal 277 (2010) 2006-2014 ® 2010 The Authors Journal compilation © 2010 FEBS



M. Umetsu et al.

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 to 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
elucidating 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. It 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 a (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

B VHH C NCS TOP7
F Ankyrin G A-domain
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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/p-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 1-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

A CDR3 Replace

loop .~ % with CDR3
VHH NCS
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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 et 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

B CDR1 loop
in heavy chain

Insert
between

Heavy Light Thr2s and

ToP Glu26
Fv

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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A
XXXRGDXXX
[refs 26,27]

Heavy
chain

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.

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 1 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

FEBS Journal 277 (2010) 2006-2014 © 2010 The Authors Journal compilation © 2010 FEBS
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of heavy chain

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 n™M). X-ray structural analysis of the
complex of another Fab and human death receptor 5
confirmed the importance of Tyr residues in the anti-
gen—antibody interface.

A B
Y/A/S/D library Y/S library

in all the CDR loops  in all the CDRs of heavy chain

and CDR3 of light chain

[ref 39]
\ ./
N

4

Y/S library

[ref 38) in BC, DE and FG loops

Fv 19FN3

Randomization in CDR loops
of heavy and light chains

Randomization
in BC, DE and FG loops

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 @ 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] selected a monobody with a Ky of 20 pm for
tumor necrosis factor-o by mRNA display from an
extremely large library (10'? unique clones). Lipoviek
et al. [42] selected anti-lysozyme monobodies with a
low Ky value of 350 pM by yeast surface display from
a small library (10’-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 (CRAD). 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

FEBS Journal 277 (2010) 20062014 © 2010 The Authors Journal compilation © 2010 FEBS



M. Umetsu et al.

mutant HyHEL-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 (n) 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 P-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

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
ions 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 Kjy) for interleukin-6, CD40L, and CD28.

Conclusions and outlook

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

A-domain

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
are 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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‘We previously reported the utility for cancer immunotherapy
of a humanized bispecific diabody (hEx3) that targets epidermal
growth factor receptor and CD3. Here, we used dynamic and
static light scattering measurements to show that the multimer
fraction observed in hEx3 in solution is a monodisperse tet-
ramer. The multimerization into tetramers increased the inhi-
bition of cancer cell growth by the hEx3 diabody. Furthermore,
1:2 stoichiometric binding for both antigens was observed in a
thermodynamic analysis, indicating that the tetramer has biva-
lent binding activity for each target, and the structure may be in
a circular configuration, as is the case for the single-chain Fv
tetrabody. In addition to enhanced cytotoxicity, the functional
affinity and stability of the hEx3 tetrabody were superior to
those of the hEx3 diabody. The increase in molecular weight is
also expected to improve the pharmacokinetics of the bispecific
diabody, making the hEx3 tetrabody attractive as a therapeutic
antibody fragment for cancer immunotherapy.

Bispecific antibodies (BsAbs)? are recombinant antibodies
that can bind to two different antigenic epitopes. Bispecificity
can be used in cancer immunotherapy to cross-link tumor cells
to immune cells such as cytotoxic T cells, natural killer cells,
and macrophages. This cross-linking accelerates the destruc-
tion of the tumor cells by the immune cells, which may translate
into improved antitumor therapy and lower production costs
by decreasing the doses needed (1, 2). However, the use of
BsAbs in clinical studies has been hampered by difficulties in
producing them on a large scale. Conventional chemical conju-
gation has been used, but the quality of the antibody produced
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is inconsistent (3). The production of BsAbs by somatic fusion
of two hybridomas to form a quadroma yields BsAbs of more
consistent quality but results in the formation of various chain-
shuffled antibodies; for instance, 10 different antibodies can be
generated after random association of two heavy and two light
chains (4, 5).

Advances in recombinant technology have made it feasible to
generate small recombinant BsAbs constructed from two dif-
ferent variable antibody fragments. Bispecific diabodies are the
smallest available BsAbs, and the distance between the two
antigen-binding sites is sufficient to link two cells (6, 7). The
effectiveness of bispecific diabodies in cancer therapy has been
shown extensively in in vitro and in vivo models (8 -10). We
also have constructed functional bispecific diabodies (11, 12).
In particular, the humanized bispecific diabody hEx3 has
marked antitumor activity and can retarget lymphokine-acti-
vated killer cells with the T cell phenotype (T-LAK cells) against
epidermal growth factor receptor (EGFR)-positive cell lines
(13, 14). The compact structure of bispecific diabodies contrib-
utes to low immunogenicity, high tumor penetration, and the
potential for large scale preparation through bacterial expres-
sion systems; however, the downsizing results in rapid clear-
ance from blood. In addition, the structure contains only one
binding domain for each target, which results in low functional
affinity (15, 16).

Multimerization of small recombinant antibodies is one
available strategy for improving their pharmacokinetic and
binding affinity. In single-chain Fvs (scFvs), the length and
composition of the polypeptide linker between the variable
heavy (VH) and light (VL) domains strongly influence the for-
mation of the multimeric structure. A linker of 15 amino acid
residues leads to the formation of an scFv, but reducing the
linker length to 8 —12 residues causes the scFvs to assemble into
dimers, so that diabodies are formed. A further reduction to less
than five residues leads to the formation of scFv trimers or
tetramers (known as triabodies or tetrabodies) (17-21). These
scFv multimers are larger and have higher valency than the
monomeric form; consequently, their clearance from circula-
tion and accumulation on tumors are improved (22, 23).

Bispecific diabodies are generally produced from het-
erodimerization of two different hetero-scFvs (e.g VH,-VL,
and VHg-VL,) with a glycine-rich linker (GGGGS; 8, 24). The
hetero scFvs can also form higher multimeric structures (25),
and the multimeric bispecific diabodies formed are expected to
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FIGURE 1. Gel filtration of hEx3 prepared with three different methods.
The elution volume is noted on the x axis. A, hEx3 from a refolding system (13);
B, hEx3 from a mammalian expression system (14); and C, hEx3 from an Fc
fusion format (27). D, SDS-PAGE analysis of the eluted fractions under reduc-
ing conditions. The tetramer () and dimer (D) fractions of hEx3 from the Fc
fusion format are shown. mAU, milli-absorbance unit.
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have multivalent bispecificity and appropriate molecular
weight. Here, we examined the multimerization of hEx3 by pre-
paring monodisperse tetramers (hEx3 tetrabodies). These
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TABLE 1

Diameter and molecular mass of antibodies evaluated by DLS and
SLS

+ Diameter from DLS
Calculated MM’ (distribution) MM from SLS
kDa nm kDa
dimer 53 3.43 (2.7-4.19) nd?
tetramer 106 6.57 (4.85-10.1) 111
mOKT3 IgG 150 9.07 (5.61-15.7) 156

“ MM, molecular mass.
bn.d., not determined.
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FIGURE 3. Growth inhibition of EGFR-positive TFK-1 cells by the
dimeric and tetrameric fractions of hEx3. A, hEx3s and T-LAK cells were
added to TFK-1 cells at a ratio of 5:1. B, hEx3s and peripheral blood mono-
nuclear cells were added to TFK-1 cells at a ratio of 10:1. Data are pre-
sented as the mean value * S.D. and are representative of at least three
independent experiments with similar results.

bispecific tetrabodies had much higher affinity for each antigen
than normal diabodies due to an avidity effect, which led to
strong inhibition of cancer cell growth. To our knowledge, this
is the first detailed quantitative characterization of functional
bispecific tetrabodies.

EXPERIMENTAL PROCEDURES

Preparation of Recombinant BsAbs—For the expression and
preparation of hEx3, we used three different methods in accord-
ance with previous reports: a preparation using a bacterial expres-
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TABLE 2

K, value and stoichiometry (n) for sEGFR and CD3 ey evaluated by ITC
m528 IgG and Fab were used for sEGFR, and mOKT3 IgG and Fab were used for

sion and in vitro refolding system (13), a preparation using a mam-

CD3ey.
sEGFR CD3ey
K, (X10°m™ %) n K, (X10°m~1) n
Fab 14.7 1.1 7.7 0.9
IgG 219 2.0 10.7 1.7
dimer 2.0 1.0 5.0 1.0
tetramer 15.7 1.8 10.4 21
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FIGURE 4. Isothermal titration calorimetry of the interactions of antibodies with SEGFR and CD3. Repre-
sentative graphs of calorimetric titration of hEx3 tetramers at pH 7.2 and 25 °C for SEGFR (4) and CD3 (B) are
shown. Cand D, overlaid integration plots calculated from the raw data for Fab, IgG, hEx3 dimers, and hEx3

tetramers. The solid lines correspond to the best fit curves obtained by least-squares deconvolution.
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malian expression system (14), and a preparation using Fc fusion
format and restriction protease digestion (26, 27). Size-exclusion
chromatography with a HiLoad Superdex 200-pg column (26/60;
GE Healthcare) was used to fractionate each prepared hEx3 solu-
tion. The column was equilibrated with phosphate-buffered saline
(PBS), and then 5 ml of purified recombinant antibodies was
applied to the column at a flow rate of 2.5 ml/min.

Dynamic Light Scattering and Static
Light Scattering Measurements—
Dynamic light scattering (DLS) and
static light scattering (SLS) mea-
surements were carried out at 20 °C
on a Zetasizer Nano ZS instru-
ment (Malvern Instruments Ltd.,
Worcestershire, UK) using a He-Ne
laser (A 633 nm). All of the
antibody solutions were filtered
through a polytetrafluoroethylene
filter. For DLS, the antibody solu-
tions at 15 uM were measured using
a noninvasive back-scatter optical
system, and the correlation curve
was fitted using the default expo-
nential g2() fit function to estimate
the hydrodynamic diameters of the
antibodies. For analyzing molecular
weight, SLS of the antibody solu-
tions at 0.3-1.0 mg/ml was mea-
sured, and a Debye plot was made
using the scattering intensity.

In Vitro Growth Inhibition Assay—
T-LAK cells were induced as
reported previously (28). In brief,
peripheral blood mononuclear cells
were cultured for 48 h at a density of
1 X 10° cells/ml in a medium sup-
plemented with 100 international
units/ml of recombinant human
interleukin-2 (kindly supplied by
Shionogi Pharmaceutical Co., Osaka,
Japan) in a culture flask (A/S Nunc,
Roskilde, Denmark) that was pre-
coated with anti-CD3 monoclonal
antibody (10 pg/ml).

In vitro growth inhibition of
TFK-1 (human bile duct carcinoma)
cells was assayed with a 3-(4,5-di-
methylthiazole-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium inner salt (MTS)
assay kit (CellTiter 96 AQueous
nonradioactive cell proliferation as-
say; Promega, Madison, WI) as re-
ported previously (28).

Isothermal Titration Calorimetry
(ITC)—Thermodynamic analyses for
the interactions of recombinant
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antibodies for soluble EGFR (sEGFR) and CD3 were performed
by microtitration calorimetry using a VP-ITC from MicroCal
Inc. (Northampton, MA) (29). The method for expression and
purification of SEGFR has been described previously (30). The
expression vector for CD3 was kindly provided by Dr. Katsumi
Maenaka (Kyushu University), and a preparation of CD3 was
performed according to the previous report (31). Each sample
(1.5 uM in PBS, pH 7.2, containing 0.005% Tween 20) was
placed in a calorimeter cell and titrated with 30 uM sEGER in
the same buffer; for CD3, 1.25 um hEx3 was titrated with 50 um
CD3. The ligand solution was injected 25 times in 10-ul por-
tions over a period of 15 s. Data acquisition and subsequent
nonlinear regression analysis were done in terms of a simple
binding model, using the MicroCal ORIGIN 5.0 software
package.

Surface Plasmon Resonance—The interactions between
sEGFR and bispecific antibodies were analyzed by surface plas-
mon resonance spectroscopy with BIACORE 2000 (GE Health-
care). sEGFR was immobilized onto the cells in a CM5 sensor
chip up to 2716 resonance units. Various concentrations of
bispecific antibodies in 0.005% PBS with Tween 20 (PBS-T)
were flowed over the sEGFR. The data were normalized by sub-
tracting the response of a blank cell only with blocking.
BIAevaluation software (GE Healthcare) was used to analyze
the data. Kinetic parameters were calculated by a global fitting
analysis with the assumptions of the 1:1 Langmuir binding
model.

Stability Tests—To examine in vitro stability, hEx3s were
preincubated at 37 °C for 1 h in human plasma. Growth inhibi-
tion relative to untreated hEx3s was then evaluated with the
MTS assay.

Gel filtration analysis with a HiLoad Superdex 200-pg col-
umn (10/300) was used to evaluate the long term stability of the
hEx3 tetramer in storage. After storage for 1 month at 4 °C, 250
pl of fractionated hEx3 tetramers was applied to a column
equilibrated with PBS at a flow rate of 0.5 ml/min.

RESULTS

Structural Analysis of Prepared hEx3—We prepared the
small recombinant bispecific antibody hEx3 using three differ-
ent methods: refolding from insoluble aggregates expressed in
Escherichia coli, secretory expression by Chinese hamster ovary
cells, and Fc fusion expression by Chinese hamster ovary cells.
Size-exclusion chromatography of each hEx3 preparation
showed the predominant formation of dimers, but multimeric
forms were also observed. The proportion of multimers varied
with the method of preparation; refolded hEx3 produced only a
small amount of multimers (Fig. 14), whereas the secretory
preparation using Chinese hamster ovary cells promoted the
formation of multimeric forms, which corresponded to the
fraction position of tetramers (Fig. 1B). Thus, hEx3 predomi-
nantly formed dimers but has the potential to form tetramers.
hEx3 prepared from the Fc fusion format via restriction prote-
ase digestion also formed tetramers (Fig. 1C), and this method
enabled the preparation of sufficient amounts of dimers and
tetramers for further evaluation. The final yields of dimers and
tetramers are 5 mg and 1 mg/liter culture, respectively. An SDS-
PAGE analysis of the fractionated hEx3 showed that both the
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FIGURE 5. Surface plasmon resonance sensorgrams for hEx3 dimers and
tetramers. The results from the indicated analyte concentrations are shown
as colored lines, and global fitting kinetic analyses are shown as black lines. RU,
resonance units.

anti-EGFR VH-linker—anti-CD3 VL (h5HhOL) and anti-CD3
VH-linker—anti-EGFR VL (hOHh5L) hetero-scFv fragments
formed equal proportions of dimers and tetramers with all the
expression methods (SDS-PAGE for hEx3 from the Fc fusion is
shown in Fig. 1D as a representative example).

To confirm the formation of tetramers, we employed DLS
and SLS spectroscopy to quantify the size and molecular
weights of the dimers and tetramers fractionated from hEx3
prepared with the Fc fusion format. An IgG-type mouse anti-
CD3 antibody, OKT3, was used as a control for comparison.
Both the dimer and tetramer had narrow distributions, cen-
tered at 3.4 and 6.6 nm, respectively; the size of tetramer was
about twice that of dimer and two-thirds that of IgG (Fig. 2 and
Table 1). SLS measurement supported the molecular weight
estimated from size-exclusion chromatography. Therefore, the
multimer at the 190-ml fraction formed a monodisperse tet-
ramer with equal amounts of h5SHhOL and hOHh5L scFvs.

Growth Inhibition Effect of Each Fraction in hEx3 Solution—
To analyze the influence of the tetramerization on the inhibi-
tion of human carcinoma cell growth, we analyzed prepared
dimeric and tetrameric hEx3s with MTS. In the presence of
T-LAK cells, both hEx3 forms strongly inhibited the growth of
TFK-1 cells, but the tetramer was effective at a much lower
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concentration, 10 fmol/ml (Fig. 34). When peripheral blood
mononuclear cells were applied as effector cells, although high
concentrations of hEx3s were required, the tetramer also inhib-
ited more effectively than the dimer (Fig. 3B). Thus, the mul-
timerization into tetramers increased the function of hEx3.

Thermodynamic Analysis of Each Fraction of hEx3—To
investigate the binding stoichiometry of each fraction in hEx3
for EGFR and CD3, we performed thermodynamic analyses by
ITC. IgG and Fab were used as control molecules with bivalent
and monovalent binding, respectively. The binding constants
and stoichiometry are summarized in Table 2. Dimeric hEx3
showed 1:1 stoichiometric binding for EGFR (Fig. 4C) and CD3
(Fig. 4D), similar to Fab, indicating that the anti-EGFR Fv and
anti-CD3 Fv portions in the dimeric hEx3 had formed correctly;
that is, the prepared dimers were monomorphous diabodies with-
out inactive homodimers. This result is consistent with our previ-
ous results supporting the formation of monomorphous hEx3 dia-
bodies (14). In the case of tetramers, the integration plots for EGFR
and CD3 showed the same binding stoichiometry as IgG but not
Fab, that s, a 1:2 stoichiometric binding for both antigens (Fig. 4, C
and D). The tetramer therefore formed monomorphous hEx3 tet-
rabodies with bivalency for two individual targets.

Comparison of Binding Kinetics with Surface Plasmon
Resonance—To confirm the effect of the multivalency of tet-
rameric hEx3, we evaluated the binding kinetics for immobi-

TABLE 3

Binding kinetics for sEGFR evaluated with surface plasmon
resonance

Kogr K,

x10" m~!
55.2 4.8
819

=@®=dimer

=O=dimer
(preincubated with plasma)

=@=tetramer

=J=tetramer
(preincubated with plasma),
50

Growth inhibition of cancer cells (%)

0 0.01 0.1 1
(T-LAK)

Concentration of hEx3 (pmol/mL)

FIGURE 6. A, Stability test of hEx3 dimers and tetramers under physiologic conditions by assay of growth
inhibition of EGFR-positive TFK-1 cells. Each bispecific antibody and T-LAK cells (effectors) was added to TFK-1
cells (targets) at a ratio of 5:1. Data are presented as the mean value = S.D. and are representative of at least
three independent experiments with similar results. B, gel filtration of hEx3 tetramer for confirmation of sta-
bility in storage. The elution volume is noted on the x axis, and the kDa values are shown above the figure.
Fractionated hEx3 tetramers were applied to the column after storage for 1 month at 4 °C.
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lized sEGFR by surface plasmon resonance. The binding kinet-
ics for CD3 were not determined, because the CD3 receptors
were inactivated when immobilized on a sensor chip. The sen-
sorgram for tetrameric hEx3 against EGFR showed an associa-
tion curve similar to that of the dimer, but the dissociation of
the tetramer was slower than that of the dimer (Fig. 5). A global
fitting to a 1:1 interactional model with a mass transport term
indicated that the tetramers had an association rate similar to
that of the dimers, but the dissociation rate was one-seventh of
the dimer rate (Table 3); consequently, the affinity constant
of the tetramer was 17-fold that of the dimer. The multimeriza-
tion into a tetramer influenced the dissociation process of dia-
bodies, resulting in increased affinity for the antigen.

Stability Test under Physiological Conditions—Physiologic
stability is a critical factor for potential therapeutic recombi-
nant proteins. Therefore, we examined the cytotoxicity of
dimeric and tetrameric hEx3 after preincubation at 37 °C in
human plasma. The activity of the dimers was slightly reduced;
however, the intense cytotoxicity of the tetramer was retained
(Fig. 6A). The stability of assembled structure was also evalu-
ated by size-exclusion chromatography of the tetramer after
storage for a month (Fig. 6B). Although a few tetramers were
converted into dimers, we confirmed that the tetrameric struc-
ture was sufficiently stable for use after 1 month in storage.

DISCUSSION

Bispecific diabodies show several advantages over BsAbs
produced from hybrid hybridomas or chemical conjugation;
however, bispecific diabodies are also cleared rapidly, and their
decrease in valence generally causes low functional affinity (15,
16). Shortening the middle linker in scFv leads to self-multi-
merization, and the multimerization can improve the pharma-
cokinetics and increase functional
affinity due to an avidity effect (17—
20). Multimerization of bispecific
diabodies has been observed previ-
ously (25), but the effectiveness of
bispecific diabodies has not been
studied to date.

In the present study, we found
that hEx3 formed multimers. We
purified these multimers, and kinetic
and thermodynamic analyses of
each hEx3 fraction quantitatively
demonstrated that the tetramer had
two functional binding sites for each
antigen (Fig. 4 and Table 2). This
increase in binding sites provided
strong growth inhibition activity.
The multimerization was effective
even for bispecific diabodies.

Engineering of linkers in single-
chain diabodies (scDbs), in which
two hetero-scFvs are tandemly con-
jugated, can provide tetravalent
bispecific dimers called tandem
scDbs (tanDbs). The tanDbs exhibit
not only higher functional affinity
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and stability under physiological conditions ix vitro than scDbs
but also longer blood retention and higher therapeutic effects in
vivo (15, 32, 33). In this study, we prepared highly functional
bispecific tetrabodies from hetero-scFv fragments with molec-
ular sizes approximately half those of scDbs. Although the
bispecific tetrabodies formed as a by-product of bispecific dia-
bodies, the formation from smaller fragments might be an
advantage in protein expression. In contrast to the structure of
tanDbs, in which all four variable domains of one chain interact
with the variable domains of the second chain (33, 34), the
structure of the hEx3 tetramer is probably a circular structure,
similar to that of the scFv tetramer (known as a tetrabody; Refs.
18, 35). We previously reported a strong interdomain interac-
tion between the cognate VH and VL domains of hEx3 (14); this
strong interaction probably contributes to the formation of a
stable circular structure for the hEx3 tetrabody with four active
binding sites. To date, several different small BsAb formats
have been proposed to increase efficacy and availability, includ-
ing not only scDb and tanDb but also tandem scFv (36) and
minibodies (37). Bispecific tetrabodies like the hEx3 tetramer
also should be considered small BsAb formats for the develop-
ment of effective cancer therapeutic antibodies. Although in
vivo experiments with the hEx3 tetramer are now under way,
we did confirm their stability in physiologic conditions and in
long term storage (Fig. 6).

In conclusion, we showed that the multimeric molecules in
hEx3 solution were homogenous tetramers with high cytotox-
icity. The multimerization of small antibody fragments can lead
to improved pharmacokinetics and binding affinity, resulting in
an enhancement of the therapeutic effect. To increase the pop-
ulation of hEx3 tetramers for therapeutic application, we are
working to modify the middle linker in hetero-scFvs, to change
the orientation of VH and VL, and to create mutations to min-
imize the steric interference in the tetrameric form, similar to
how the scFv multimer has been modified (35, 38, 39).
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We previously reported the use of a humanized bi-specific diabody that
targets epidermal growth factor receptor and CD3 (hEx3-Db) for cancer
immunotherapy. Bacterial expression can be used to express small recombi-
nant antibodies on a large scale; however, their overexpression often results
in the formation of insoluble aggregates, and in most cases artificial affinity
peptide tags need to be fused to the antibodies for purification by affinity
chromatography. Here, we propose a novel method for preparing refined,
functional, tag-free bi-specific diabodies from IgG-like bi-specific antibodies
(BsAbs) in a mammalian expression system. We created an IgG-like BsAb
in which bi-specific diabodies were fused to the human Fc region via a
designed human rhinovirus 3C (HRV3C) protease recognition site. The
BsAb was purified by protein A affinity chromatography, and the refined
tag-free hEx3-Db was efficiently produced from the Fc fusion format by
protease digestion. The tag-free hEx3-Db from the Fc fusion format
showed a greater inhibition of cancer growth than affinity-tagged hEx3-Db
prepared directly from Chinese hamster ovary cells. We also applied our
novel method to another small recombinant antibody fragment, hEx3 sin-
gle-chain diabody (hEx3-scDb), and demonstrated the versatility and
advantages of our proposed method compared with papain digestion of
hEx3-scDb. This approach may be used for industrial-scale production of
functional tag-free small therapeutic antibodies.

Introduction

Bi-specific antibodies (BsAbs) are attractive formats
for recombinant antibodies that can bind to two differ-
ent epitopes on antigens. This bi-specificity can be used
in cancer immunotherapy by cross-linking tumor cells
to immune cells such as cytotoxic T cells, natural killer

Abbreviations

cells and macrophages. This linkage accelerates the
destruction of the tumor cells by immune cells, so that
the dose of therapeutic antibodies can be reduced
from that required in the case of mono-specific anti-
bodies [1,2].

BsAbs, bi-specific antibodies; CHO, Chinese hamster ovary; Db, diabody; EGFR, epidermal growth factor receptor; hEx3-Db, humanized
bi-specific diabody that targets epidermal growth factor receptor and CD3; hEx3-scDb, hEx3 single-chain diabody; HRV3C, human rhinovirus
3C; MTS, 3-(4,5-dimethylthiazole-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium inner salt; scDb, single-chain diabody;
scFy, single chain Fv; T-LAK, lymphokine-activated killer cells with the T-cell phenotype; tanDb, tandem single-chain diabody;

taFv, tandem scFv.

FEBS Journal 277 (2010) 477-487 © 2009 The Authors Journal compilation ® 2009 FEBS 477



Fc fusion for generation of tag-free diabodies

Conventionally, BsAbs are produced by chemical
conjugation or somatic fusion of two hybridomas, form-
ing a quadroma that can produce bi-specific IgG mole-
cules [1,3]. Clinical studies of these BsAbs have been
performed, and some impressive local anti-tumor
responses have been reported; however, these trials have
also been limited by the occurrence of human anti-
mouse antibody and/or Fc-mediated side-effects such as
the induction of a cytokine storm [4,5]. Furthermore,
these methods cannot be utilized for large-scale produc-
tion, and a quadroma cannot control the heterogeneity
of the antibodies produced; for instance, ten possible
variants of antibodies can be generated when two heavy
and two light chains are randomly associated. There-
fore, steady production of homogeneous BsAbs requires
the use of a host-vector system.

Advances in antibody engineering techniques and
host-vector expression systems have facilitated the gen-
eration of recombinant BsAbs with improved proper-
tiess. A variety of recombinant BsAbs have been
developed from two antibody fragments such as single-
chain Fv fragments (scFv; 25 kDa) [6,7], and diabodies
(Db; 55 kDa) [8] that recognize different antigens. The
most common BsAb formats that have been produced
from these fragments are tandem scFv (taFv) [9], tan-
dem single-chain diabodies (tandem scDb, tanDb) [10]
and mini-bodies (dimeric scDb—CH3 fusion protein)
[11]. Compared with classic BsAbs prepared by chemi-
cal conjugation or production of a quadroma, small
antibody molecules, such as diabodies, are of a suit-
able size for rapid tissue penetration, high target reten-
tion and rapid clearance [12,13]. Their smaller size also
enables expression of BsAbs in bacteria, and as the
structure is composed only of antibody variable
regions, this eliminates the Fc-mediated side-effects of
BsAbs. Although the rapid blood clearance and
monovalency of bi-specific diabodies, scDbs and taFv
(all approximately 55 kDa) may limit their therapeutic
application, engineering the length and amino acid
composition of the middle linker in scDb, for example,
may enable them to assemble into multimers, such as
tanDb (114 kDa), with higher molecular weight and
bivalency for each target antigen [14,15].

Small bi-specific antibody fragments prepared in
bacteria are often expressed as insoluble aggregates in
the cytoplasmic or periplasmic space [10,16-18], and
require fusion of artificial affinity peptide tags, such as
a polyhistidine tag, hemagglutinin tag or FLAG tag,
at the N- or C-terminus of the BsAbs to allow com-
plete removal of the vast amount of host-derived
proteins by affinity chromatography [16,19]. The
requirement for such tags raises concerns about immu-
nogenicity. We have previously reported significant
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anti-tumor activity in vitro and in vivo for a humanized
bi-specific diabody targeting epidermal growth factor
receptor (EGFR) and CD3 (hEx3-Db) [20]. However,
even though the yield of hEx3-Db was over 10 mg-L™!
culture, it was also expressed as insoluble aggregates,
and fusion of an affinity tag was necessary for purifica-
tion before the re-folding process.

We have also reported the construction of a mam-
malian expression system for affinity-tagged bi-specific
diabodies and their Fc fusion formats [21]. Here, we
developed a novel method for the production of highly
purified tag-free diabodies using the mammalian
expression system. Diagrams of the various gene con-
structs are shown in Fig. 1. The tag-free hEx3-Db
alone was expressed sufficiently to be purified by ion-
exchange chromatography. Expression of the hEx3
diabodies fused to the human Fc region via a designed
protease recognition site enabled high-efficiency purifi-
cation by protein A affinity chromatography and
increased the yield of tag-free hEx3-Db. We also used
our method to produce tag-free small BsAbs to hEx3-
scDb. For hEx3-scDb, use of the designed protease
recognition site had advantages over papain digestion,
which caused unwanted degradation. Both tag-free
hEx3-Db and hEx3-scDb prepared by restriction pro-
tease digestion from the Fc fusion format showed a
greater inhibition of cancer growth in vitro than previ-
ously produced affinity-tagged diabodies directly pre-
pared from the supernatant of Chinese hamster ovary
(CHO) transfectants [21]. Thus, this approach appears
to improve both the yield and efficacy of the bi-specific
antibody fragments.

Results

Preparation of tag-free bi-specific diabodies

Tag-free hEx3-Db was directly secreted from mamma-
lian cells and purified by cation-exchange chromatog-
raphy as described in Experimental procedures.
Purified hEx3-Db was applied to a gel filtration col-
umn for further analysis and purification (Fig. 2A).
The first small peak, second large peak and the shoul-
der of the major peak seen in the chromatograph were
identified as the multimeric, dimeric and monomeric
structures of tag-free hEx3-Db, respectively. Equiva-
lent amounts of hOHhSL (humanized OKT3 VH -
linker - humanized 528 VL) and hSHhOL (humanized
528 VH - linker - humanized OKT3 VL) were con-
firmed in the dimeric fraction by SDS-PAGE analysis
(Fig. 2B). Thus, purified tag-free hEx3-Dbs were
obtained without affinity chromatography at a final
yield of approximately 1 mg-L™" culture.
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Fig. 1. Schematic illustration of the BsAb
gene constructs in pPCONA3.1. The V" and
V' regions of humanized 528 Fv are desig-
nated h5H and h5L, and those of humanized
OKT3 Fv are designated hOH and hOL,
respectively. The positions of important
restriction enzyme sites used and the key
components are shown.

To prepare the high-quality, tag-free bi-specific dia-
bodies, we fused the hEx3-Db to the human IgG1 Fc
region. We inserted a recognition site for HRV3C pro-
tease between the diabody fragments and the Fc por-
tion of hEx3-Fc. A schematic illustration of the
preparation of tag-free hEx3-Db from its Fc fusion
format is shown in Fig. 3A. The expressed IgG-like
BsAbs were purified by protein A affinity chromatog-
raphy and digested using glutathione S-transferase
(GST)-fused HRV3C protease. The treated solution
was loaded onto a glutathione-immobilized column
and then a protein A column to remove added prote-
ase and digested Fc. SDS-PAGE analysis of each puri-
fication step showed the successful preparation of tag-
free hEx3-Db from its Fc fusion format (Fig. 3B). Gel
filtration chromatography showed that tag-free hEx3-
Db predominantly formed dimers, with a small
amount of multimeric forms (Fig. 4A). The homogene-
ity of tag-free hEx3-Db in the eluted fraction was also
confirmed by SDS-PAGE (Fig. 4B). The final yield of
tag-free hEx3-Db from the Fc fusion format was

. Peptide linker (GGGGS)

v

hEx3-scDb-3C-Fc(tool for tag-free hEx3-scDb)

O Kozak sequence

@ Leader peptide

. Peptide linker [(GGGGS)4]

I HRYV3C protease recognition site (LEVLFQGP) I Hinge

Neomycin resistance Hygromycin resistance

approximately 5 mg-L™! culture, i.e. five times that of
the secreted tag-free hEx3-Db. Thus, secretion of
BsAbs as the Fc fusion format increased the amount
of prepared tag-free diabodies due to the high produc-
tivity (approximately 10 mg-L™") and the efficient puri-
fication using protein A.

Mass spectrometry of tag-free bi-specific
diabodies

We previously reported that the strong inter-domain
interaction between cognate VI and V' domains of
hEx3-Db leads to the spontaneous formation of func-
tional heterodimers [22]. In the present study, the
molecular weight of the monomorphous heterodimer
of the tag-free hEx3-Db prepared from the Fc fusion
format was confirmed by MALDI-TOF mass spec-
trometry (Fig. 4C). The mass spectrum for the diabod-
ies prepared from the Fc fusion format had two peaks,
one at m/z 26 424 and another at m/z 25 970, which
correspond to the calculated molecular weights of
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Fig. 2. (A) Gel filtration of tag-free hEx3-Db. The elution volume is
shown on the x axis, and the molecular mass (kDa) is shown
above. The eluted fractions containing the bi-specific diabody are
indicated by the two-headed arrow. (B) SDS-PAGE analysis under
reducing conditions of the eluted fraction. Molecular size markers
are shown on the left.

hOHhS5L digested from the Fc fusion (26 442) and
h5SHhOL without the peptide tag (25 991), respectively.
These results indicate that Db—3C-Fc fusion proteins
can serve as a tool for preparing tag-free diabodies
with high yield and purity.

Binding affinity of tag-free bi-specific diabodies
and its effect on growth inhibition

The binding affinity of tag-free hEx3-Dbs for CD3-
positive lymphokine-activated killer cells with the
T-cell phenotype (T-LAK cells) and EGFR-positive
TFK-1 cells was measured by flow cytometry using

R. Asano et al.

A HRV3C protease site

=i
Tag-free hEx3-Db
hEx3-Db-3C-Fc
B LEx3Db-3C-Fc = Tag-free hEx3-Db

<= hSHhOL-3C-Fc

<= Fc
<“=Tag-free hOHhSL
“= Tag-free hSHhOL

Fig. 3. (A) Schematic illustration of the hEx3-Db-3C-Fc fusion pro-
tein. The HRV3C protease cleavage site used for preparation of
tag-free hEx3-Db is indicated. (B) Reducing SDS-PAGE of each
purification step for preparation of tag-free hEx3-Db from hEx3-Db—
3C-Fc. Lane 1, protein A chromatography-purified hEx3-Db-3C-Fc;
lane 2, after HRV3C protease digestion; lane 3, after removal of
HRV3C protease by glutathione Sepharose 4B chromatography;
lane 4, purified tag-free hEx3-Db after removal of the Fc region by
protein A chromatography.

polyclonal antibody to hEx3-Db. Tag-free hEx3-Dbs
interacted with each targeted antigen (Fig. SA), and
the binding profiles were comparable with those previ-
ously reported for affinity-tagged hEx3-Db [20,22].
These results indicate that the diabody prepared by
HRYV3C protease digestion from the Fc fusion format
retained sufficient binding activity and bi-specificity.

To evaluate the inhibition of cancer growth by tag-
free hEx3-Db, an MTS assay was performed for TFK-
1 cells by using T-LAK cells at an effector/target ratio
of 5:1. Tag-free hEx3-Db prepared from the Fc
fusion format inhibited cancer cell growth more effec-
tively than did affinity-tagged hEx3-Db (Fig. 5B).
Imperceptible differences in purity and local structural
perturbations that are dependent on the preparation
method might affect these activities.
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