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bioactive proteins such as TNF-al improves their in vivo therapeutic
potency [15,16]. However, protein PEGylation is mostly non-spe-
cific, targeting all of the lysine residues in a protein, some of which
may be in, or near, an active site. As a result, PEGylation of proteins
can result in substantial loss of specific activities. For example,
PEGylated interferon (IFN)-o, which is a mixture of various posi-
tional isomers, has been used for the treatment of hepatitis C but
has about 10% of the bioactivity of unmodified IFN-a [18]. There-
fore, the clinical application of PEGylated proteins, with the excep-
tion of some bioactive proteins such as IFN-o, has been limited.
Previously, we developed a novel strategy for site-specific mono-
PEGylation, using TNF-o as a model, to improve in vivo anti-tumor
potency and overcome the above-described limitations of PEGyla-
tion [19-21]. In addition, we created phage libraries that express
mutant LTas, in which the lysine residues of wild-type LTo (wtLTa)
are substituted for other amino acids, and obtained mutants,
including a TNFR1-selective mutant LTa [22].

Here, we attempted to create a lysine-deficient mutant LTo
with bioactivity almost equivalent to that of wtLTo by using phage
display. We also compared the value of site-specific PEGylation of
lysine-deficient mutant LTa to that of random mono-PEGylation of
wtLTow.

2. Materials and methods
2.1. Cells

LM cells, a mouse fibroblast cell line, were provided by Mochida
Pharmaceutical Co. Ltd. (Tokyo, Japan) and maintained in MEM
supplemented with 1% bovine fetal serum (FBS) and 1% antibiotics.

2.2. Construction of a library of lysine-deficient mutant LTos

The phage library of lysine-deficient mutant LTos was prepared
as previously described [22]. Briefly, phagemid pY03', encoding hu-
man wtLTaq, in which the C-terminus of wtLTa is fused to the N-
terminus of the M13 phage g3p, was used as a PCR template for
constructing a DNA library of lysine-deficient mutant LTas. Two-
step PCR amplification was performed by using oligonucleotides
containing the sequence NNS (which encodes all 20 standard ami-
no acids) at Lys19, Lys28, Lys39, Lys84, Lys89, and Lys119 of
wtLTo. The products from the second PCR were digested with Ncol
and Pstl and then ligated into pY03'. The phagemid was electropo-
rated into Escherichia coli TG1 cells (Stratagene, Cedar Creek, TX),
yielding 2 x 10% independent clones.

2.3. Selection of bioactive mutant LTo by using biopanning

An immunoplate was coated with 100 pL of soluble human
TNFR1 (R&D Systems, Minneapolis, MN) at 10 ug/mL in 50 mM
bicarbonate buffer (pH 9.5) and blocked with 10-fold diluted
blocking buffer (Sigma-Aldrich, St. Louis, MO). A 100 pL volume
of the prepared phage library was left to bind to each plate for
2 h at room temperature. After 10 rounds of washing with phos-
phate-buffered saline (PBS; pH 7.4) containing 0.05% Tween 20,
and one final wash with PBS alone, bound phages were eluted with
150 plL of 10 mM glycine-HCI (pH 2.0) for 5 min at 4 °C. After neu-
tralization with 75 pL of 1 M Tris-HCI (pH 8.0), the eluted phages
were used to infect TG1 cells, which were then used for the second
round of panning. After the second panning, single ampicillin-
resistant colonies were picked and used to inoculate 500 L of 2-
YT medium containing 100 pg/mL of ampicillin and 2% glucose in
deep 96-well plates. The plates were incubated in a shaker at
37 °C for several hours until the OD600 of the cultures reached
approximately 0.5. We then added 10® plaque-forming units of

M13KO7 helper phage to each well and incubated the plates for
30 min without shaking and for a further 30 min in a shaker at
37 °C. The cells in each well were pelleted by centrifugation and
resuspended in 1 mL of 2-YT containing 100 pg/mL of ampicillin
and 50 pg/mL of kanamycin. Cultures were incubated in a shaker
at 25 °C for 6 h. The resulting phage-containing culture superna-
tant was used for screening by mixing with an equal volume of
5-fold diluted blocking buffer and then adding the sample to a
TNFR1-immobilized ELISA plate. Bound receptor was detected by
using a mouse anti-M13 antibody-horseradish peroxidase conju-
gate (GE Healthcare UK, Buckinghamshire, UK) and TMBZ (Wako
Pure Chemical Industries, Japan). The DNA sequences of highly
bound phage clones were obtained by using a ABI Prism 3100 (Ap-
plied Biosystems, Foster City, CA) and compared with that of the
wtLTo-expressing phage.

2.4. Expression and purification of recombinant LTas

pET15b plasmids (Novagen, Darmstadt, Germany) encoding
LTas were prepared and used to transform E. coli BL21(DE3) cells
(Stratagene) for the expression of recombinant protein. Expression
was induced by adding 1 mM isopropyl p-p-1-thiogalactopyrano-
side and incubating the cells at 37 °C for 6 h in Terrific Broth (Invit-
rogen Corporation, Carlsbad, CA) containing 0.4% glucose, 1.68 mM
MgS0,, and 100 pg/mL of ampicillin; all products were accumu-
lated as inclusion bodies. Inclusion bodies prepared from cell ly-
sates were washed in 25% Triton-X 100 and solubilized in 6 M
guanidine-HCl, 100 mM Tris-HCl (pH 8.0), and 2 mM EDTA. Solubi-
lized protein at 10 mg/mL was reduced with 10 mg/mL of dithio-
erythritol for 4 h at room temperature and refolded by 100-fold
dilution in a refolding buffer (100 mM Tris-HCl, 2 mM EDTA, 1 M
arginine, and 551 mg/L of oxidized glutathione); the buffer was ad-
justed to pH 8.5 with HCL. The LTas were allowed to refold for 40 h
at 4 °C. After dialysis against a buffer containing 20 mM Tris-HCl
(pH 7.4) and 100 mM urea, active trimeric proteins were purified
from the solution by using ion-exchange chromatography (SP Se-
pharose Fast Flow for wtLTo; Q Sepharose Fast Flow for LT-KO;
both columns obtained from GE Healthcare). The eluates were fur-
ther purified over a HiLoad Superdex 200PG column (GE Health-
care) equilibrated with PBS (pH 7.4).

2.5. Cytotoxicity assays

LM cells were seeded at 1 x 10* cells per well in 96-well plates
and incubated at 37 °C for 72 h with serially diluted LTas. After
incubation, the cells were fixed by using glutaraldehyde and
stained with 0.05% methylene blue for 15 min. After the cells were
washed, 200 mL 0.33 N HCIl was added to each well, and the absor-
bance of the released dye was measured at a wavelength of 655/
415 nm.

2.6. PEGylation of LTus

Activated methoxypolyethylene glycol succinimidyl propionate
(PEG5K; molecular weight, 5000, Nektar, San Carlos, CA, USA) was
used for PEGylation. wtLTa and LT-KO in PBS were reacted with a
0.04-, 1-, and 25-fold (wtLTo) or 0.2-, 5-, and 125-fold (LT-KO) mo-
lar excess of PEG5 K (in terms of the total primary amine groups of
LTor at 37 °C for 10 min. The reaction was stopped by adding e-ami-
nocaproic acid (10-times molar excess relative to the PEG5 K). The
specific bioactivities of the mono-PEGylated forms of LTa were
examined by using a cytotoxicity assay with LM cells. SDS-poly-
aclylamidegel electrophoresis (SDS~PAGE) analysis of the PEGylat-
ed LTas was conducted under reducing conditions, and the
proteins in the gels were stained with Coomassie brilliant blue
(CBB).
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Table 1

Amino acid sequence of LT-KO, a lysine-deficient LTot mutant.
Residue position 19 28 39 84 89 119
witLTo - Lys Lys Lys Lys Lys Lys
LT-KO Gln Leu Val Pro Gly Ile

3. Results and discussion
3.1. Selection and production of the lysine-deficient LT-KO

Previously, to create fully bioactive lysine-deficient LTot mu-
tants with all six lysine residues substituted, we constructed a
phage library of LTa structural variants with randomized amino
acids at the six lysine residues (Lys19, Lys28, Lys39, Lys84, Lys89,
and Lys119) [22]. The constructed phage library yielded 2 x 108
independent clones (data not shown). To isolate the lysine-defi-
cient LTo mutants that retained the bioactivity of wtLTa, we per-
formed two rounds of affinity panning with human TNFR1 and
the phage library. Potent binders to TNFR1 were concentrated in
the library through this panning procedure. As a result, we ob-
tained LT-KO, a putative lysine-deficient LTo mutant. DNA
sequencing analysis of LT-KO confirmed that all six of its lysine res-
idues were mutated to other amino acids (Table 1). To investigate
the properties of LT-KO in detail, we prepared recombinant LT-KO
protein by using an E. coli expression system, as previously de-
scribed. LT-KO and wtLTo were expressed in E. coli and obtained
through refolding of inclusion bodies. Purified LT-KO and wtLTo
had a molecular mass of 16 kDa by SDS-PAGE analysis (Fig. 1A)
and approximately 50 kDa by gel filtration analysis (Fig. 1B), indi-
cating that LT-KO and wtLTa form homotrimeric complexes.

3.2. Bioactivity of the lysine-deficient mutant LT-KO

To assess the bioactivity of LT-KO, we performed cytotoxicity as-
says with LM cells, a clonal cell line sensitive to the pro-apoptotic
effect of LTa (Fig. 2). wtLTo and LT-KO showed dose-dependent
cytotoxicity, and the bioactivity of LT-KO was almost equal to that
of wtLTa. These results suggest that LT-KO is a lysine-deficient mu-
tant LTo that retains the bioactivity of wtLTo,

3.3. Site-specific PEGylation of LT-KO
To confirm that LT-KO is PEGylated specifically at the N-termi-
nus, wtLTa and LT-KO in PBS were reacted with a 0.04-, 1-, and

25-fold (wtLTa) or 0.2-, 5-, and 125-fold (LT-KO) molar excess of
PEG5 K relative to their respective total primary amine groups.
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Fig. 2. Cytotoxic activity of wtLTor and LT-KO against LM cells. In vitro murine
TNFR1-mediated activity of wtLTo and LT-KO against LM cells was measured by
using a methylene blue assay. The EC50 is the concentration of LTa required for 50%
inhibition of cell viability. Each value represents the mean +S.D. (n=4).

Fig. 3. SDS-PAGE analysis of PEGylated wtLTa and LT-KO. wtLTo and LT-KO were
reacted with activated PEG5K at molar excess amounts relative to the respective
total primary amine groups of wtLTo and LT-KO. Lane M, molecular weight
standards; lane 1, wtLTo; lanes 2-4, 0.04-, 1- and 25-fold molar excess of activated
PEGS5K relative to the total primary amine groups of wtLTe; lane 5, LT-KO; lanes 6-
8, 0.2-, 5-, and 125-fold molar excess of activated PEG5K relative to the total
primary amine groups of LT-KO. PEGylated LT-KO was subjected to SDS-PAGE
analysis and CBB staining.
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Fig. 1. Properties of recombinant LT-KO, a lysine-deficient LT mutant. (A) SDS-PAGE analysis of wtLTo and LT-KO. All products were applied to SDS-PAGE gel and visualized
by use of CBB staining. Lane M, molecular weight standards; lane 1, wtLTe; lane 2, LT-KO. (B) Gel-filtration analysis of purified wtLTa and LT-KO. wtLTo or LT-KO was loaded

onto a size-exclusion column and eluted at 1.0 mL/min.
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Fig. 4. Cytotoxic activity of PEGylated wtLTo and LT-KO against LM cells. In vitro
murine TNFR1-mediated activity of wtLTa and LT-KO against LM cells was
measured by using a methylene blue assay. The EC50 is the concentration of LTa
required for 50% inhibition of cell viability. Each value represents the mean + S.D.
(n=4).

PEGylated LTas were detected by using SDS-PAGE followed by
Coomassie brilliant blue staining. PEGylation of wtLTa resulted in
multiple PEGylated bands (Fig. 3). In contrast, the PEGylation of
LT-KO led to only a single PEGylated band. These observations indi-
cate that the PEG molecules were introduced randomly at multiple
sites in wtLTo, whereas a single PEG molecule selectively attached
to the N-terminus of LT-K0. To collect LTas conjugated to a single
PEG molecule, wtLTa and LT-KO were reacted with 1- and 125-fold
molar excesses, respectively, of activated PEG5K relative to the
number of total primary amine groups of each type of LTa.. We sep-
arated these mono-PEGylated LTas by using gel-filtration HPLC
(data not shown) and thus obtained purified randomly PEGylated
wtLTo and site-specific PEGylated LT-KO. We then examined their
bioactivity by using LM cells (Fig. 4). The bioactivity of wtLTo was
decreased to 10% by random PEGylation. In contrast, although the
bioactivity of LT-KO was decreased to 50% by site-specific PEGyla-
tion, PEGylated LT-KO retained five times the bioactivity of ran-
domly PEGylated wtLTo. This site-specific mono-PEGylated LT-KO
thus retained the bioactivity that is generally lost following PEGy-
lation, while maintaining the structural uniformity that is required
of drugs.

Although conventional PEGylated drugs frequently have re-
duced activity as a result of PEGylation, this reduction is compen-
sated for by an extended circulating lifetime in the blood, such that
the PEGylated protein is more effective than the unmodified pro-
tein. When the circulating half-life of a drug is extended, passive
targeting to tumor tissues is more probable via the EPR effect,
which is due to the leaky nature of tumor blood vessels. Thus,
PEGylated LT-KO would be expected to show substantial anti-tu-
mor efficacy in in vive tumor models. In addition, it is known that
LTo had equal antitumor activity in comparison to TNF-o but was
less toxic [3]. Furthermore, we showed the in vivo dramatic anti-
tumor effect by the site-specific PEGylated TNF-o [19]. These re-
sults suggest that PEGylated LT-KO might be a superior candidate
for cancer therapy, and we are now examining the usefulness of
PEGylated LT-KO in vivo.

Previously, we used a phage display technique to create a ly-
sine-deficient mutant LTo, R1sellT, which had TNFR1-selective
bioactivity [22]. In this study, we used LT-KO, the bioactivity of
which was almost equal to that of wtLTa, to evaluate the utility

of site-specific PEGylation in vitro. The next step will be to create
site-specific PEGylated R1selLT and examine its therapeutic effect
in tumor-bearing mice to evaluate the utility of site-specific PEGy-
lation in vivo.

In this study, LT-KO was conjugated to linear PEG5K, which is
widely used for PEGylation of proteins. However, the molecular
weight and shape of PEG strongly influence the in vivo stability
of modified proteins [15,23]. In fact, in vivo stability increases with
the molecular weight of PEG, whereas in vitro bioactivity decreases
owing to steric hindrance [15]. Our group previously reported that
optimization of the molecular weight and shape of PEG strongly
improves anti-tumor activity [20]. Therefore, for maximum effec-
tiveness of PEGylation, it is important to select the optimal molec-
ular weight or type of PEG, balancing favorable effects, side effects,
and dose schedules. We believe that such optimization will in-
crease the usefulness of LT-KO.
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T-cell receptors (TCR) recognize complexes between human leukocyte antigens (HLA) and peptides
derived from intracellular proteins. Their therapeutic use for antigen targeting, however, has been hin-
dered by the very low binding affinity of TCRs, typically in the 1- to 100-pM range. Therefore, to construct
mutant TCRs with high binding affinity, we need to understand the relationship between the structure
and activity of these molecules. Here, we attempted to identify the amino acids of the TCR that are impor-
tant for binding to the peptide/HLA complex. We used a TCR that recognizes complexes between
HLA-A*0201 and the peptide from tyrosinase, antigen overexpressed in melanoma. We changed 16 amino
acids in the third complementarity-determining region within the TCR to alanine and examined the effect
on binding affinity. Five alanine substitutions decreased the binding affinity to below 10% compared with
that of wild-type TCR. In contrast, one alanine substitution caused a faster on-rate and slower off-rate,
and increased the binding affinity to three times that of the wild-type TCR. Our results provide funda-

mental information for constructing mutant TCRs with high binding affinity.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The T-cell receptor (TCR) is a membrane-bound disulfide-
linked heterodimer consisting of an o and a B chain [1-3]. Each
chain comprises a constant region and a variable region with four
framework regions and three complementarity-determining re-
gions (CDR1 to CDR3) [1-3]. TCRs are expressed on T lympho-
cytes and recognize small peptide antigens on the surfaces of
host cells via the major histocompatibility complex [MHC; also
called the human leukocyte antigen (HLA) system in humans]
[1-3]. These peptides consist of about 10 amino acids derived
from intracellularly expressed or exogenous proteins. Accordingly,
the use of TCRs for antigen-targeting therapy has been explored.
In fact, adoptive immunotherapies that make use of T-cells
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expressing TCRs against specific intracellular cancer antigens cur-
rently represent an area of intense interest in the field of cancer
treatment [4-6]. In addition, TCRs conjugated to cytokine may
provide novel cytokine therapies, because they also target intra-
cellularly expressed proteins [7-9].

However, TCRs generally exhibit much lower affinities for their
peptide-MHC complexes (Kp=10"4-10"7 M) than antibodies do
for their antigens (Kp = 10~7-10"'2 M) [10,11]. Therefore, to devel-
op TCR-based therapeutic interventions, mutant TCRs with high
affinities are needed. One approach to the augmentation of TCR
affinity is to selectively alter the amino acids of the CDR1, 2, and
3 loops in the TCRs [12,13]. The amino acids of CDR1 and 2 inter-
face with peptide-MHC complexes, predominantly through the
MHC rather than the peptide. In contrast, CDR3 amino acids inter-
act with the peptide as it lies in the MHC groove, leading to the be-
lief that CDR3 is an important region for peptide-MHC complex
binding [14,15]. However, which CDR3 amino acids are important
for this binding is not yet known.

Here, we used alanine scanning of CDR3 amino acids to deter-
mine which amino acids are required for peptide-HLA complex
binding. Our results provide fundamental information for con-
structing mutant TCRs with high binding affinity.
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2. Materials and methods
2.1. Cloning of TCR chains

We used TCRyy, specific for the complex between HLA-A"0201
and the tyrosinaseseg_s7e peptide (YMDGTMSQV) [16-18]. We
cloned the extracellular domains of the o and B chain sequences of
TCRyyr into pET15b plasmids (Novagen, Darmstadt, Germany) sepa-
rately. Two-step PCR amplification of the o chain was performed by
using three primers: primer 1,5-gatataccatggcccttgetaagaccac
ccagcccatctctatggactcatatgaaggacaagaag-3'; primer 2,5'-ctgatgtgta
tatcacagacaaatgcgtgctagacatgaggtctatggac-3’; and primer 3,5'-cc
ggatcctggagttattaggaactttctgggctggggaagaagg-3'. By using these
three primers, we changed threonine 162 of the TCRyy; « chain to a
cysteine codon and the native inter-chain cysteine codon to a TAA
stop codon. In addition, three-step PCR amplification of the 8 chain
was performed by using four primers: primer 4,5'-gatataccatggcc
gatgctggaatcacccagageec-3'; primer 5,5-acccaaaaggccacactggtgtg
cctggecaccggtticttccctgaccacgtggagetgagetggtgggtgaatgggaaggaggt
gcacagtggggtctgcacggacccgeagecccte-3'; primer 6,5'-ccggatcctcga
gttattagtctgctctaccccaggectcgge-3'; and primer 7,5'-gaccctcagge
ggctgctcagagegtatctggagtcattgagggcgggctgetecttgaggggetgegggtecg
tgcag-3'. By using these 4 primers, we changed serine 177 of the
TCRyyr B chain to a cysteine codon; we also changed the native
inter-chain cysteine codon to a TAA stop codon and cysteine 195 of
the TCRry, B chain, which is not used for disulfide binding, to an
alanine codon.

2.2. Expression and refolding of TCRy, protein

pET15b plasmids separately encoding the o and B chains were
prepared and used to transform Escherichia coli BL21(DE3) cells
(Stratagene, Cedar Creek, TX) for the expression of recombinant
proteins. Expression was induced by adding 1 mM Isopropyl
B-p-1-thiogalactpyranoside and incubating at 37 °C for 6 h in Ter-
rific Broth (Invitrogen, Carlsbad, CA) containing 0.4% glucose,
1.68 mM MgS04, and 100 mg/mL ampicillin; all products accumu-
lated as inclusion bodies. Inclusion bodies prepared from cell ly-
sates were washed in 25% Triton-X 100 and solubilized in 6 M
guanidine-HCl, 10 mM dithiothreitol, and 10 mM ethylenedia-
minetetra-acetate, buffered with 50 mM Tris (pH 8.1). TCRyy, was
refolded by rapid dilution of a mixture of the dissolved o and B
chain inclusion bodies into 5 M urea, 0.4 M r-arginine, 100 mM Tris
(pH 8.1), 3.7 mM cystamine, and 6.6 mM B-mercapoethylamine to
a final concentration of 60 mg/L for 36 h at 4 °C.

2.3. Purification of TCRyy, protein

After being dialyzed against demineralized water and 10 mM Tris
(pH 8.1) at 4 °C, the refolded proteins were filtered and purified by
use of ion-exchange chromatography (Q Sepharose Fast Flow; GE
Healthcare, Buckinghamshire, UK). The column was washed with
10 mM Tris (pH 8.1) before elution with a 0- to 500-mM NaCl gradi-
ent in the same buffer. The elutes were further purified over a HiLoad
Superdex 200PG column (GE Healthcare) equilibrated with PBS (pH
7.4). Fractions comprising the main peak were pooled and analyzed
further. Sodium dodecy! sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) analysis of the final purified TCRy: was conducted un-
der reducing and non-reducing conditions; proteins were stained
with Coomassie brilliant blue (CBB).

2.4. Determination of binding affinity by using surface plasmon
resonance (SPR) analysis

SA Sensor chips (BlAcore, St Albans, UK) were coated with strep-
tavidin covalently immobilized on a carboxymethylated dextran

matrix, and tyrosinaseses-s7¢/HLA-A*0201 complexes conjugated
to biotin (MBL, Nagoya, Japan) were passed over individual flow
cells until the response measured about 1000 response units
(RU). TCRyy, protein diluted in HBS-EP running buffer (GE Health-
care) was passed over the tyrosinasesgg_z7e¢/HLA-A*0201 com-
plexes for 2min at a flow rate of 20 ul/min. During the
dissociation phase, HBS-EP was run over the sensor chip for
10 min at a flow rate of 20 puL/min. The data obtained were evalu-
ated by using BlAevaluation 4.1 software (GE Healthcare) to apply
a 1:1 Langmuir binding model. The sensorgrams were fitted glob-
ally over the range of injected concentrations and simultaneously
over the association and dissociation phases. To evaluate specific-
ity, we also conducted experiments with MART-1 peptide,g 35
(ELAGIGILTV)/HLA-A*0201 complexes conjugated to biotin (MBL).

2.5. Generation of alanine scanning TCRy,, mutants

To create alanine scanning TCRy,; mutants, we used the oo and B
chains in the pET15b plasmids as templates with a KOD-plus muta-
genesis kit (Toyobo, Osaka, Japan), according to the manufacturer's
instructions. The following four amino acid residues of the « chain
CDR3 (Lo90, Va91, Ax92, and La93) and 12 amino acid residues of
the p chain CDR3 (AB93, 1894, SB95, P96, TR97, EB98, ER99, G100,
Gp101, Lp102, 1103, and FR104) were mutated to alanine. The
third amino acid of the o« chain CDR3 and the first amino acid of
the B chain CDR3 were alanine residues initially, so two alanine
residues were changed to glycine residues. Together with wild-
type TCRy,; (WtTCR;y,), the alanine scanning TCR,,, mutants were
produced, purified, and confirmed by SDS-PAGE. Their binding
kinetics were analyzed by using SPR analysis.

2.6. Statistical analysis

All data are represented as the means + SD and differences were
compared by using Student’s t-test.

3. Results and discussion
3.1. Construction of recombinant TCRy, protein

Several approaches have been used to generate recombinant
TCR proteins; however, there is no universally applicable method
for the production of a broad range of TCR proteins {19,20]. Boulter
et al. developed a generic recombinant TCR protein production
method in which disulfide bond-linked TCRs are generated by
introducing a cysteine residue within each of the TCR constant re-
gions [21]. Thus, the TCR proteins can refold from inclusion bodies
by using E. coli to yield large amounts of soluble, stable, and func-
tional TCRs. First, we attempted to generate recombinant TCRyy,
proteins by using an E. coli system. TCRy,, genes were cloned into
the o and B chain constructs that contained engineered cysteines
at positions Toe162 and SB177, respectively, by a method similar
to that of Boulter et al. [21]. In addition, a free cysteine in the con-
stant domain of the B chain was mutated to alanine to facilitate
in vitro refolding. The o and B chains were expressed by using
E. coli strain BL21(DE3) cells separately containing the pET15b
plasmids that encoded the o and B chains. After the E. coli were
lysed, the soluble and insoluble fractions were analyzed by using
SDS-PAGE, which confirmed that the o and $ chains were present
only in the insoluble fraction (data not shown). After solubilization
and refolding of the inclusion bodies, we purified the TCRy, by ion
exchange and gel filtration chromatography (Fig. 1A). The protein
was eluted as a single major peak at an elution time of ~80 min.
Examination of the molecular weight markers indicated that the
molecular weight of the protein was about 50 kDa. After fractions
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corresponding to the main peak were collected and pooled, the
purified protein was analyzed by using CBB staining after SDS-
PAGE under reducing and non-reducing conditions (Fig. 1B). The
o and B chains ran separately under reducing conditions. Under
non-reducing conditions, the introduced disulfide bond held the
chains together such that they ran as a single band. These results
show that the recombinant TCR.y, formed a heterodimer consisting
of o and B chains.

3.2. Binding affinity of TCRy, to tyrosinasesgs.sz¢/HLA-A*0201
complexes

To measure the binding affinity of TCRyy, to tyrosinasesss-_z7s/
HLA-A*0201 complexes, we performed an SPR analysis with a BIA-
core 2000. The TCRy,, bound to the tyrosinasesss-376/HLA-A*0201
complexes (Fig. 1C), but it failed to bind to MART-1,5_35/HLA-
A*0201 complexes (Fig. 1D). The equilibrium association constant
(KD) of TCRy, to tyrosinasesss-37s/HLA-A*0201 complexes was
2.7 uM (Table 1). This value is almost equivalent to that of TCRs
that specifically recognize other peptide-MHC complexes [11].
These results suggest that the recombinant TCR;y, protein has both
binding affinity and specificity for tyrosinasessg_s7¢/HLA-A*0201
complexes.

3.3. Alanine scanning of the 16 amino acids in CDR3

To define the amino acids of CDR3 that are important for deep
binding of the tyrosinasesgs_376/HLA-A*0201 complexes, we per-
formed alanine scanning mutagenesis of the TCRy,,. We attempted
to create 16 alanine substitutions, which we then purified by ion ex-
change and gel filtration chromatography (data not shown). We
were able to produce all of the desired mutants except for Va91A.
Therefore, we could not assess the role of this mutation. The purified
proteins were analyzed by using CBB staining after SDS-PAGE under
reducing and non-reducing conditions. The created point mutants
formed the same heterodimeric structure that wtTCR,, formed
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(data not shown). We confirmed that all substitution mutants could
not bind to MART-156_35/HLA-A*0201 complexes (data not shown).
When we examined the interaction of the mutants with tyrosi-
nasesgg.376/HLA-A*0201 complexes (Fig. 2), we found that eight of
the substitution mutants, Ax92G, La93A, IB94A, PRI6A, TBRI7A,
EB98A,I3103A, and Fp104A, showed significantly decreased binding
responses to the tyrosinasesgs_3;6/HLA-A*0201 complexes com-
pared with those of WtTCRyy. In particular, Au92G and FB104A did
not bind at all. We also found that the KDs of TB97A, EB98A and
IB103A decreased to less than 10% relative to wtTCRyy, (Table 1).
On the other hand, SB95A, EB99A, GB100A and LB102A showed in-
creased binding responses to the tyrosinasesgg.37e¢/HLA-A*0201
complexes compared with those of WtTCRy,. Furthermore, only
GB100A raised ko, and reduced k. compared with those of
WtTCR,y, resulting in the highest relative binding affinity (315%).
We concluded that A«92, TB97, EB98, GB100, 1103 and FB104 were
key residues for the interaction of TCRy, with tyrosinasesgs-a7e/
HLA-A*0201 complexes. In contrast, the relative bindings of the
other nine substitutions (La90A, La93A, AB93G, IB94A, SBI5A,
PBI6A, EBI9A, GB101A, and LB102A) ranged from 12.8% to 171.7%
compared with that in wtTCRqy, (Fig. 2 and Table 1). We concluded
that these residues were not important for binding to the tyrosi-
nasesgg-376/HLA-A*0201 complexes.

The detailed crystal structure of the TCR-HLA complex would be
useful for understanding binding modes and kinetic behaviors.
However, high-resolution crystal structure of the TCRy,~-HLA com-
plex has not yet been solved and the number of different crystal
structures of TCR-HLA complexes is very small [22]. In addition,
it is difficult to speculate as to the precise interaction mode of a
TCR with a given HLA from the crystal structure of other TCR-
HLA complexes, because the interaction mode of the TCR,
especially CDR3, differs with each HLA [22]. Therefore we could
not discuss why only GB100A raised k,, and reduced kg compared
with the ko, and keg values of WtTCRy,,, resulting in the highest
relative binding affinity. Structural information on a large number
of TCR-HLA complexes, including that from this study, will help us
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Fig. 1. Construction of WtTCR, protein expressed in E. coli. (A) Purification of wtTCRy, by size-exclusion chromatography. Refolded wtTCRy, was purified by gel filtration
chromatography on a Superdex 200PG 16/60 column at a flow rate of 1 mL/min in PBS. (B) SDS-PAGE of pooled fractions. TCRy, was analyzed by using CBB staining after SDS-
PAGE under non-reducing and reducing conditions. Samples were applied to a 4% to 20% SDS-polyacrylamide gel and strained with CBB. Lane M, molecular weight standards;
lane 1, wtTCRyy, under non-reducing conditions; lane 2, wtTCRyy, under reducing conditions. Comparison of BlAcore sensorgrams obtained by the binding response to (C)
tyrosinaseses_376/HLA-A*0201 complexes and (D) MART-16_35/HLA-A*0201 complexes. Duplicate injections of 6.8 uM (—) or 3.4 uM (--) wtTCRy, were passed over the
immobilized peptide/HLA-A*0201 complexes at a flow rate of 20 mL/min. The amount of TCR., bound to the peptide/HLA-A*0201 complexes was recorded in response units
(RU). The sensorgrams shown were normalized by subtracting the control surface sensorgram.



S. Narimatsu et al./ Biochemical and Biophysical Research Communications 415 (2011) 558-562

Table 1

561

Evaluation of the kinetic parameters of alanine substitution TCRyy, for binding to tyrosinasesss-376/HLA-A*0201 complexes by using surface plasmon resonance (SPR) analysis.
Each kinetic parameter was calculated from the respective sensorgram by using BIA evaluation 4.1 software.

Clone kon? (x 10° 1/Ms) kote ® (x 1072 1/s) Kp € (M) Relative binding affinity ¢ (%)
WETCRyr 53+04 142 +0.6 2.7+0.1 100
LaS0A 7306 22108 3.0+03 88.7
A092G N.D. N.D. N.D. N.D.
La93A nd. n.d. 21.0£1.17 12.8
AB93G 11.1+2.7% 38.6:02" 36408 75.0
1B94A n.d. n.d. 17.6£2.0" 15.3
SB95A 11.0£2.9% 16.6 £ 0.3*" 1.6+£03™ 171.7
PBI6A 6.8+3.2 76.0+ 03" 12.8+53" 21.2
Tp97A 0.1+0.0%* 29.2£3.7" 658.1+63.6" 0.4
EB98A n.d. n.d. 732+15.6" 3.7
EB99A 9.9+ 0.2% 17.7 £0.2% 1.8+0.07 1504
GR100A 9.6+ 1.9% 8.1+0.1" 09401 3145
Gp101A 59+12 173 +1.2% 3.0x04 90.1
LB102A 9.1+ 1.6% 149+03 1702 1615
13103A n.d. nd. 102.1£24.4" 2.6
FB104A N.D. N.D. N.D. N.D
All data are represented as the means  SD.
@ kon is the association kinetic constant.
b ko is the dissociation kinetic constant.
¢ Kp is the equilibrium association constant.
4 Relative binding affinity values are calculated as 100 x Kp (WtTCRy,)/Kp (mutant). N.D., not detectable; n.d., no data.
* P<0.05.
## P<0.01 versus value for ko of WtTCReyy.
* P<0.05.
** P<0.01 versus value for ko of WEITCRyr.
" P<0.05.
** P<0.01 versus value for Kp of WtTCRyy,.
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Fig. 2. BlAcore sensorgrams of alanine substitution TCR.y, obtained by the binding response to tyrosinasesgs.376/HLA-A*0201 complexes. Duplicate injections of 3.9 uM TCRyy,
were passed over the immobilized peptide/HLA-A*0201 complexes at a flow rate of 20 pL/min. The sensorgrams shown were normalized by subtracting the control surface
sensorgram. The amount of protein bound to the surface was recorded in RU.
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to understand the precise interaction mode of the TCR with HLA in
the future.

Yi Li et al. constructed high-affinity TCRs (Kp = 2.5 x 107 M) by
using phage display [12]. Their TCRs were generated by extensive
mutation of the TCR CDR loops and loop-flanking residues. In con-
trast, Dunn et al. acquired high-affinity TCRs (Kp = 1.3 x 107° M) by
mutating only CDR2 amino acids [13]. Although CDR2s contact
only the HLA surface and not the bound peptide, the CDR2 muta-
tions did not compromise the selectivity for the bound peptide
antigen. We selected CDR3 because its amino acids residues are
thought to be most involved in the binding to the peptide-HLA
complexes. From here, we plan to similarly characterize the amino
acids of CDR1 and 2 to provide the same basic information about
them as we were able to obtain about the amino acids of CDR3.

Here, we defined several important amino acids for peptide-
HLA complex binding by using alanine scanning of CDR3 amino
acids. We showed that the binding affinities of five alanine substi-
tutions dropped to below 10% compared with that of wtTCRyy,. Fur-
thermore, one alanine substitution reduced the dissociation kinetic
constant compared with that of wtTCRyy, and, as a result, improved
the binding affinity. We believe that these results provide basic
information of value for a variety of potential biomedical applica-
tions of TCRs.
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Since metastasis is one of the most important prognostic factors in colorectal cancer, development of
new methods to diagnose and prevent metastasis is highly desirable. However, the molecular mechanisms
leading to the metastatic phenotype have not been well elucidated. In this study, a proteomics-based search
was carried out for metastasis-related proteins in colorectal cancer by analyzing the differential expression
of proteins in primary versus metastasis focus-derived colorectal tumor celis. Protein expression profiles
were determined using a tissue microarray (TMA), and the results identified Rho GDP-dissociation inhibitor
alpha (Rho GD!) as a metastasis-related protein in colon and prostate cancer patients. Consequently, Rho
GDI may be useful as a diagnostic biomarker and/or a therapeutic to prevent colon and prostate cancer

metastasis.

1. Introduction

Colorectal cancer is known as a major metastatic cancer, and
40-50% of patients already have a metastatic focus at pre-
sentation. Moreover, the 5-year survival of these patients is
under 10% (Davies et al. 2005). Thus, metastasis is one of the
most important prognostic factors in colorectal cancer. In order
to improve rates of cancer remission, it will be necessary to
clarify the detailed molecular mechanisms of cancer metasta-
sis and to utilize this information to establish new diagnostic
and therapeutic techniques. Many researchers have searched for
metastasis-related molecules (Liu et al. 2010; Shuehara et al.
2011) using proteomics techniques (Hanash 2003). Compre-
hensive mapping of the molecular changes during metastasis
would greatly improve our understanding of the recurrence and
management of cancer. However, the knowledge gained so far in
these studies has not been sufficient to improve cancer remission
rates.

Here we show the potential of Rho GDI as a metastasis-related
protein in colon and prostate cancer patients. In order to iden-
tify metastasis-related proteins, the protein expression patterns
of human colorectal cancer cells with different metastatic char-
acters were compared. Because these cells were derived from
the same patient (SW480: a surgical specimen of a primary
colon adenocarcinoma, SW620: a lymph node metastatic focus),
cancer metastasis-related protein candidates could be effec-
tively sought without background variations due to differences
between individuals. Furthermore, by analyzing the expression
of candidate proteins in many clinical samples using a TMA,
we attempted to validate the association of these candidates
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Fig. 1: 2D-DIGE image of fluorescently-labeled proteins from different metastatic
human colorectal cancer cells. SW480 is human colorectal cancer cell line
derived from a primary tumor and SW620 is derived from a metastatic focus
from the same patient. Proteins from the colon cancer cells (SW480, SW620)
were labeled with Cy3 and Cy5 respectively, and analyzed by 2D
electrophoresis. The differentially-expressed spots (white circles) were then
identified by LC-UHR TOF/MS

with metastasis. TMA is a slide glass containing many clini-
cal tissues, and it enables one to carry out a high-throughput
analysis by evaluating the relationship between expression pro-
files of each candidate molecule and clinical information such
as metastasis. (Imai et al. 2011; Yoshida et al. 2011).
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Table 1: High expression proteins in SW620 compared to SW480

Accession Protein name MW (kDa) pI Ratio (SW620 / SW480)
1 P12109 collagen alpha-1(VI) chain 108.6 53 1.53
2 Q15459 splicing factor 3A subunit 1 88.9 5.2 1.61
3 P13797 T-plastin 70.9 5.5 1.59
4 P60709 actin cytoplasmic 1 42.1 53 1.50
5 P63104 14-3-3 zeta/delta 27.9 4.7 1.63
6 P52565 Rho GDP-dissociation inhibitor 1 (Rho GDI) 23.3 5.0 1.90
7 P30041 Peroxiredoxin-6 (PRDX6) 25.1 6.0 1.86

2. Investigations, results and discussion

In order to search for metastasis-related proteins, we ana-
lyzed differentially-expressed proteins between SW480 and
SW620 by two-dimensional differential in-gel electrophoresis
(2D-DIGE) (Fig. 1). As aresult, 7 spots with at least a 1.5-fold-
altered expression level were found by quantitative analysis,
and these spots were identified by mass spectrometry (Table 1).
Three molecules having a high SW620/SW480 expression ratio
indicating a strong association with cancer metastasis were
identified: Rho GDP-dissociation inhibitor alpha (Rho GDI),
peroxiredoxin-6 (PRDX6) and 14-3-3 zeta/delta.

The expression profiles of these proteins were analyzed by
immunohistochemistry using the TMA with colon cancer and
multiple cancer tissues. Results of this analysis indicated that
expression of PRDX6 and 14-3-3 zeta/delta had no relationship
to the clinical status of cancer metastasis (data not shown). On
the other hand, in positive cases of lymph node metastasis, the
expression ratio of Rho GDI was significantly higher than in
the negative cases. Furthermore, the same trend was seen when
tissues from prostate cancer patients were analyzed (Table 2).
To confirm these results, the expression levels of Rho GDI pro-
tein in colon cancer cell lines with different metastatic potential
(SW480< SW620 < SW620-OK1 < SW620-OK2: Characteris-
tics of SW620-OK1 and SW620-OK2 are described in
Experimental) were investigated by western blot analysis
(Fig. 2). The expression of Rho GDI was found to be up-
regulated with the development of metastatic characteristics.
These results suggested that Rho GDI is correlated with cancer
metastasis.

Rho GDI has been identified as key regulator of Rho family
GTPases. Activation of growth factor receptors and integrins can
promote the exchange of GDP for GTP on Rho proteins (Bishop
etal. 2000). Furthermore, GTP-bound Rho proteins interact with
a range of effector molecules to modulate their activity or local-
ization, and this leads to changes in cell behavior. It is clear
that Rho family GTPases are involved in the control of cell mor-
phology and motility (Etienne-Manneville et al. 2002; Hall et al.
1997; Van Aelst et al. 1997). The importance of Rho protein and
Rho GDIin cancer progression, particularly in the area of metas-
tasis, is becoming increasingly evident. Recently, some reports
have indicated that the expression of Rho GDI was correlated
with colorectal and breast cancer metastasis (Zhao et al. 2008;
Kang et al. 2010). Thus, our findings are consistent with these
reports and further suggest that the expression of Rho GDI is
also correlated with prostate cancer metastasis. Consequently,
Rho GDI should be considered as a diagnostic marker or new
therapeutic target for cancer metastasis.

3. Experimental
3.1. Cell lines

SW480 is a human colorectal cancer cell line derived from a primary focus
and SW620 is derived from a metastatic focus of the same patient. These
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cells were purchased from American Type Culture Collection and main-
tained at 37 °C using Leibovitz’s L-15 medium (Wako) supplemented with
10% FCS. SW620-OK1 and -OK2 were established by the following pro-
cedure: 1 x 10° SW620 cells were injected into the spleens of nu/nu mice.
After 8 weeks, SW620-OK1 was established from a liver metastatic focus.
Furthermore, SW620-OK2 was established from SW620-OK1 using the
same procedures.

3.2. 2D-DIGE analysis

Cell lysates were prepared from SW480 and SW620 and then solubilized
with 7 M urea, 2 M thiourea, 4% CHAPS and 10 mM Tris-HCI (pH 8.5). The
lysates were labeled at the ratio of 50 wg proteins: 400 pmol Cy3 or Cy5
protein-labeling dye (GE Healthcare Biosciences) in dimethylformamide
according to the manufacturer’s protocol. Briefly, the labelled samples were
mixed with rehydration buffer (7M urea, 2M thiourea, 4% CHAPS, 2%
DTT, 2% Pharmalyte (GE Healthcare Biosciences)) and applied to a 24-cm
immobilized pH gradient gel strip (IPG-strip pH 4-7 NL) for separation in
the first dimension. Samples for the spot-picking gel were prepared without
labelling by Cy-dyes. For the second dimension separation, the IPG-strips
were applied to SDS-PAGE gels (10% polyacrylamide and 2.7% N,N’-
diallyltartardiamide gels). After electrophoresis, the gels were scanned with
a laser fluoroimager (Typhoon Trio, GE Healthcare Biosciences). The spot-
picking gel was scanned after staining with Deep Purple Total Protein Stain
(GE Healthcare Biosciences). Quantitative analysis of protein spots was
carried out with Decyder-DIA software (GE Healthcare Biosciences). For
the antigen spots of interest, spots of | mm x 1 mm in size were picked using
Ettan Spot Picker (GE Healthcare Biosciences).

3.3. In-gel tryptic digestion

Picked gel pieces were digested with trypsin as described below. The gel
pieces were destained with 50% acetonitrile/S0 mM NH4HCO3 for 20 min
twice, dehydrated with 75% acetonitrile for 20 min, and then dried using a
centrifugal concentrator. Next, 5 ul of 20 pl/ml trypsin (Promega) solution
was added to each gel piece and incubated for 16 h at 37 °C. Three solutions
were used to extract the resulting peptide mixtures from the gel pieces. First,
50 wl of 50% (v/v) acetonitrile in 0.1% (v/v) formic acid (FA) was added
to the gel pieces, which were then sonicated for 5 min. Next, we collected
the solution and added 80% (v/v) acetonitrile in 0.1% FA. Finally, 100%
acetonitrile was added for the last extraction. The peptides were dried and
then re-suspended in 10 pl of 0.1% FA.

3.4. Mass spectrometry and database search

Extracted peptides were analyzed by liquid chromatography Ultra High
Resolution time-of-flight mass spectrometry (LC-UHR TOF/MS; maXis,
Bruker Daltonics). The Mascot search engine (http://www.matrixscience.
com) was initially used to query the entire theoretical tryptic peptide database
as well as SwissProt (http://www.expasy.org/, a public domain database pro-

Table 2: Expression profile of Rho GDI in primary cancers
with or without lymph node metastasis

Number of Rho GDI positive cases (positive ratio)

in metastasis negative cases in metastasis positive cases

11/14 (79%)
18/23 (78%)

19/19 (100%)
11/11 (100%)

Colon cancer*
Prostate cancer*

* p<0.05: Mann Whitney U test
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Fig. 2: Rho GDI expression levels in colon cancer cell lines with different metastatic abilities. Rho GDI expression levels in colon cancer cell lines (SW480, SW620,
SW620-OK1, SW620-0K2) analyzed by western blotting (A). SW620-OK 1, SW620-OK2 have been established as high metastatic sub-lines of SW620 using a mouse
metastasis model. Intensity of the western blotting images was guantified by densitometry (B)

vided by the Swiss Institute of Bioinformatics). The search query assumed
the following: (i) the peptides were monoisotopic (ii) methionine residues
may be oxidized (iii) all cysteines are modified with iodoacetamide.

3.5. TMA Immunochemical staining

TMA slides with human colon cancer samples or multiple cancer samples
(Biomax) were de-paraffinated in Xylene and rehydrated in a graded series of
ethanol washes. Heat-induced epitope retrieval was performed while main-
taining the Target Retrieval Solution pH 9 (Dako) at the desired temperature
according to manufacturer’s instructions. After the treatment, endogenous
peroxidase was blocked with 0.3% Hy0O; in Tris-buffer saline (TBS) for
5 min. After washing twice with TBS, TMA slides were incubated with 10%
BSA blocking solution for 30 min. The slides were then incubated with the
anti-Rho GDI (Santa Cruz Biotechnology) for 60 min. After washing three
times with wash buffer (Dako), each series of sections was incubated for
30 min with Envision + Dual Link (Dako). The reaction products were rinsed
twice with wash buffer and then developed in liquid 3, 3’-diaminobenzidine
(Dako) for 3 min. After the development, sections were counterstained with
Mayer’s hematoxylin. All procedures were performed using AutoStainer
(Dako).

3.6. TMA Immunohistochemistry scoring

The optimized staining conditions for TMAs corresponding to human colon
as well as multiple cancers were determined based on the co-existence of
both positive and negative cells in the same tissue sample. Signals were
considered positive when reaction products were localized in the expected
cellular component. The criteria for scoring of stained tissues were as
follows: the distribution score was 0 (0%), 1 (1-50%) or 2 (51-100%),
indicating the percentage of positive cells among all tumor cells present in
one tissue. The intensity of the signal (intensity score) was scored as 0 (no
signal), 1 (weak), 2 (moderate) or 3 (marked). The distribution and inten-
sity scores were then summed into a total score (TS) of TSO (sum =0), TS1
(sum=2), TS2 (sum=3), and TS3 (sum =4-5). Throughout this study, TSO
or TS1 was regarded as negative, whereas TS2 or TS3 were regarded as
positive.

3.7. Western Blot

Expression of Rho GDI in colon cancer cells was detected by anti-Rho GDI
(Santa Cruz Biotechnology) and HRP conjugated anti-mouse IgG antibody
(Sigma) using the ECL-plus system. Equal amounts of protein loading were
confirmed by parallel B-actin immunoblotting, and signal quantification was
performed by densitometric scanning.
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Abstract

Because of the shifted focus in life science research from genome analyses to genetic and protein function
analyses, we now know functions of numerous proteins. These analyses, including those of newly identified
proteins, are expected to contribute to the identification of proteins of therapeutic value in various diseases.
Consequently, pharmacoproteomic-based drug discovery and development of protein therapies attracted a great
deal of attention in recent years. Clinical applications of most of these proteins are, however, limited because of
their unexpectedly low therapeutic effects, resulting from the proteolytic degradation in vivo followed by rapid
removal from the circulatory system. Therefore, frequent administration of excessively high dose of a protein is
required to observe its therapeutic effect in vivo. This often results in impaired homeostasis in vivo and leads to
severe adverse effects. To overcome these problems, we have devised a method for chemical modification of
proteins with polyethylene glycol (PEGylation) and other water-soluble polymers. In addition, we have established a
method for creating functional mutant proteins (muteins) with desired properties, and developed a site-specific
polymer-conjugation method to further improve their therapeutic potency. In this review, we are introducing our
original protein-drug innovation system mentioned above.

Introduction

The success of the human genome project has clearly
shown that the human genome encodes about 35,000
genes and over half of them are poorly understood pro-
teins. A number of these proteins are thought to be
related to pathological disorders and other biological
phenomena, and thus, are potentially useful as therapeu-
tic agents and as targets for pharmaceutical develop-
ment. Therefore, focus in life science research has
currently shifted to newer fields, such as proteomics and
structural genomics, in which the function and structure
of proteins are analyzed en masse. Such analyses of large
number of proteins, including the newly identified pro-
teins, are expected to contribute to the identification of
proteins of therapeutic importance in various diseases.
In recent years, protein therapies using cytokines or
antibodies have attracted a great deal of attention.
Indeed, attempts are currently under progress to
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develop a wide range of therapeutic proteins for treating
various diseases including cancer, hepatitis and autoim-
mune conditions[1-4]. Unfortunately, clinical applica-
tions of many of these proteins are limited because of
their unexpectedly poor therapeutic effects[5,6]. Often
these proteins are degraded by various proteases in vivo
and rapidly removed from the circulatory system. Con-
sequently, frequent administration of an excessively high
dose of a protein is required to obtain its desired thera-
peutic effect in vivo, leading to a disturbance in the
homeostasis and unexpected side effects. Additionally,
bioactive proteins, such as cytokines, generally show
pleiotropic actions through a number of receptors in
vivo, making it difficult to elicit the desired effect with-
out simultaneously triggering undesirable secondary
effects. From this standpoint, creation of novel technolo-
gies that overcome the problems peculiar to bioactive
proteins is essential for the advancement of pharmaco-
proteomic-based drug development. These technologies
are suitable as Drug Delivery Systems (DDSs), aiming to
maximize the therapeutic potency of proteins.

Our laboratory aims to develop novel DDS techniques
for overcoming the problems of protein therapy: (i)
establishment of a novel polymer-conjugation system to
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dramatically improve in vivo stability and selectively of
bioactive proteins (polymeric DDS) and (ii) development
of a powerful system to rapidly create functional mutant
proteins (muteins) with enhanced receptor affinity and
receptor specificity using a phage display technique (bio-
logical DDS). We are currently in the process of com-
bining both approaches to create a protein-drug
innovation system to further promote pharmaco-proteo-
mic-based drug development. In this review, we will
describe DDS-based technology to create functional
mutants for advanced medical applications using the
tumor necrosis factor-alpha (TNF) as an example and
the usefulness of site-specific polymer-conjugation of
proteins.

Bioconjugation as a polymeric DDS

One way to circumvent the problems of protein therapy
is to conjugate them with polyethylene glycol (PEG) and
other water-soluble polymeric modifiers (Figure 1)
[4,7,8]. The covalent conjugation of proteins with PEG
(PEGylation) increases their molecular size and steric
hindrance, both of which depend on the properties of
the PEG attached to the protein. Bioconjugation of pro-
teins decreases their renal excretion rate due to the
increased molecular size. In addition, because the poly-
mers cover the protein surface, attack by a protease is
generally blocked due to the steric hindrance, thus
prolonging the half-life of the protein in vivo. The pro-
longed circulating lifetime in blood induces the
enhanced permeability and retention (EPR) effect, which
is based on the leaky nature of the tumor blood vessels,
resulting in increased delivery of the conjugates to the
tumor tissue[9]. Because of all these advantages, it is
possible to use the bioactive protein at a decreased dose.
However, this approach is limited by the frequent sub-
stantial loss of protein specific activity associated with
polymer-conjugation. Bioconjugation commonly targets
the e-amino group of lysine residues and/or the N-term-
inal a-amino group of the protein because they are
highly reactive and the bionconjugation reaction is mild

Bioconjugation of proteins increases their
molecular size and steric hindrance.
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Figure 1 Bioconjugation of proteins.
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enough to minimize disruption of the protein structure.
Because lysine residues often assume important roles in
the formation of multi-dimensional structures and in
bonding between ligands and receptors, introduction of
polymers at these sites can potentially reduce the biolo-
gical activity of the protein[10,11]. Indeed, PEGylated
interferon, which has raised hopes as a potential cure
for hepatitis C, can only be produced as a heterogeneous
mixture with 10-30% of the anticipated activity[11].

Tumor necrosis factor-a (TNF-a.), an antitumor cyto-
kine, has numerous bioactivities including direct cyto-
toxicity against tumor cells, activation of immune
antitumor response, and selective impairment of tumor-
blood vessels[12]. Thus, TNF-a has been considered as
a novel antitumor agent[13-15]. However, as a systemic
antitumor agent, very high doses of TNF-a were
required to obtain sufficient clinical responses, because
TNF-a is rapidly cleared from the circulation and also
because it becomes widely distributed to various tissues
following intravenous administration. As a result, TNF-
o with pleiotropic in vivo actions exhibited unexpected
toxic side-effects, typified by pyrexia and hypertension
[16,17]. Systemic application of TNF-a was, therefore,
abandoned despite intratumoral administration of TNF-
o showing significant antitumor effects in phase I stu-
dies[5]. Similar in vivo drawbacks are also found in the
clinical applications of other bioactive proteins[6]. Keep-
ing these problems in mind, we have devised ways to
improve the polymer-conjugation system using the
TNF-o as a model protein[18-23]. In PEGylation of
TNF-a, the specific activity of PEGylated TNF-a
decreased with the degree of PEG-modification (i.e.,
PEG modification rate). Additionally, when the PEG
modification rates are same, the bioactivity of PEGylated
TNF-o decreased with an increase in the molecular size
of the attached PEG. Thus, when bioactive proteins,
such as TNF-a, are able to stably express their activities
after binding to polymeric macromolecules, proper
attention should be paid to minimize the loss in activity
arising from the inhibition of their binding to the recep-
tor molecules due to the steric hindrance posed by the
polymeric modifier. By assessing the relationship
between the molecular weight of PEG attached to TNF-
o, degree of modification of PEG-modified TNF-a, and
their in vivo antitumor potency, we succeeded in mark-
edly and selectively enhancing the antitumor potency of
PEGylated-TNF-a over that of the native TNF-a. Our
results suggest that comprehensive analysis of the rela-
tionship between the degree of modification by polymer,
molecular size, and specific activity could lead to the
development of bioconjugated proteins with increased
therapeutic value and decreased side effects.

These results suggest that PEGylation is a pragmatic
approach for developing successful therapies with drugs,
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such as enzymes and antitumor agents. We believe that
the technique of bioconjugating drugs to a polymeric
carrier will indeed be an important technique for
expanding the clinical applications of therapeutic pro-
teins. In this context it is noteworthy that in recent
years several research laboratories around the world
have created similar polymer-conjugated bioactive pro-
teins. As a result, PEGylated granulocyte-colony stimu-
lating factor (PEG-G-CSF; PEG filgrastim), PEGylated
interferon-alpha (PEG-IFN; PEGASYS, PEG-Intron),
PEGylated asparaginase (PEG-Asp; ONCASPER), PEGy-
lated adenosine deaminase (PEG-ADA; ADAGEN) and
polystyrene-co-maleic acid-conjugated neocarzinostatin
(SMANCS) have been developed, all of which showed
marked improvement in therapeutic efficacy in compari-
son to their corresponding native forms[24-28].

A new method for site-specific PEGylation

As described above, PEGylation is limited by the fre-
quent substantial loss of protein specific activity asso-
ciated with polymer-conjugation. In addition, such
bioconjugated proteins could also consist of positional
isomers of polymeric modifiers at various sites, each one
of which may have distinct activity and other character-
istics. Random modification could produce a heteroge-
neous mixture of conjugated proteins, consisting of
different number of modifier molecules bound to var-
ious sites of the protein. As a result, functional proper-
ties of the bioconjugated proteins (such as activation, in
vivo behavior, stability) are compromised, and thus, they
could exhibit inconsistent therapeutic effects. Therefore,
to improve the polymer-conjugation technique in the
post-genome era, the pharmaceutical technology would
require a method that maintains the present efficiency
of polymer modification while simultaneously making
the site-specific modification possible. For example,
mutant proteins with free cysteine residues were created
for modification. However, introduction of cysteine resi-
dues led to protein misfolding and aggregation, resulting
in unexpected loss of activity. Furthermore, even if it
were possible to produce a cysteine mutant that retained
activity, the poor efficiency of polymer conjugation to
the thiol group made it impossible to obtain the desired
product.

To overcome this problem of PEGylation, we have
developed a strategy for site-specific PEGylation of
TNF-a (Figure 2). Because a deletion mutant of TNF-a
lacking eight residues at the N terminus retains full
bioactivity, we surmised that the N terminus of TNF-o
is not important for function and might therefore be a
good target for PEGylation[29]. However, TNF-o con-
tains six internal lysine residues and the amino groups
of all six of them are also targets for PEGylation. Site-
directed mutagenesis analysis have shown that Lysl1
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Figure 2 Site-specific PEGylation.

and Lys90 are vital for the bioactivity of TNF-a[30,31].
Nevertheless, if one could construct fully bioactive TNEF-
o in which all the lysine residues were replaced with
other amino acids, site-specific PEGylation of the N-ter-
minus could then be carried out. This PEGylated
mutant TNF-a would be expected to have excellent
molecular uniformity and retain high bioactivity.

To construct fully bioactive TNF-a. in which all the
lysine residues were replaced with other amino acids, we
employed the “molecular evolution strategy” developed
in our laboratory to artificially create functional muteins
using our phage display system[32,33]. Phage libraries
displaying polypeptides, such as naive antibodies or ran-
dom peptides, have been extensively used for identifying
specific molecules with high affinity for a target ligand
[34-36]. The advantages of a phage display system are
easy preparation of a library consisting of structural var-
iants of a polypeptide as diverse as over one hundred
million and isolation of several targeted ligand-binding
molecules from this library in few weeks. There are,
however, few studies in which the phage display techni-
que has been used to create therapeutically useful struc-
tural variants of a bioactive protein, such as a mutein
with stronger bioactivity and longer plasma half-life. To
create a lysine-deficient mutant TNF-o, a phage library
displaying mutant TNF-a lacking any lysine residue was
prepared, and it consisted of < 1 x 10® independent
structural variants. After two rounds of biopanning
against TNF-receptor, a lysine-deficient mutant TNF-a,,
mTNF-K90R, with an in vitro bioactivity that was 6-fold
stronger than that of the wild-type TNF-a (WINF-a)
was obtained, despite reports that some of the lysine
residues of TNF-a were essential for its bioactivity. This
mTNF-K90R had < 10-fold higher in vivo antitumor
potency and 1.3-fold lower in vivo toxicity compared to
those of wINF-a. Therefore, the therapeutic window of
mTNF-K90R was extended by < 13-fold more than that
of the wI'NF-a. Whereas multiple PEG molecules
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attached randomly to various sites of wI'NF-qa, only a
single PEG molecule attached selectively to the N-termi-
nus of mTNF-K90R. The site-specific mono-PEGylated
mTNF-K90R (sp-PEG-mTNF-K90R) exhibited 60% spe-
cific activity of that of the mTNF-K90R, whereas the
randomly mono-PEGylated wINF-o (ran-PEG-wTNE-
o) exhibited only 6% specific activity of that of the
wTNF-a (Table. 1). Surprisingly, the sp-PEG-mTNE-
K90R showed higher in vitro bioactivity than the wTNEF-
o. Thus, these results suggest that by using this site-spe-
cific PEGylation method, we have been able to circum-
vent the problems associated with the random
PEGylation method. The sp-PEG-mTNF-K90R exhibited
an antitumor potency that was 3-fold, > 30-fold, and >
30-fold higher than the antitumor potency exhibited by
mTNEF-K90R, wTNF-a and ran-PEG-wTNF-a, respec-
tively. In vivo toxicity of sp-PEG-mTNF-K90R was <
1.5-fold, 2.0-fold, and 0.6-fold lower than the in vivo
toxicity exhibited by mTNF-K90R, wINF-a, and ran-
PEG-wTNF-a, respectively. Thus, the therapeutic win-
dow of sp-PEG-mTNF-K90R expanded by > 5-fold, 60-
fold, and 18-fold than the therapeutic window of
mTNF-K90R, wTNF-a, and ran-PEG-wTNF-a, respec-
tively. These results clearly demonstrate the advantages
of creating muteins and developing methods for site-
specific PEGylation to promote pharmacoproteomic-
based protein-drug discovery and development.

Site-specific polymer-conjugation is possible even for a
protein whose N-terminal region plays an essential role
in activation by making use of the differences between
the reaction patterns of a.-Amino Groups and &-Amino
Groups, and this could be achieved by first creating a
functional lysine-deficient mutant and then introducing
a new lysine residue in an area that is not connected
with activation.

Functionalized polymer carriers as DDS

In order to deliver a bioconjugated drug to the targeted
tissue, the conjugate must demonstrate desirable phar-
macokinetic characteristics, such as plasma clearance
and tissue distribution. It is well known that the in vivo
pharmacokinetics of polymer-conjugated drugs, such as
bioactive proteins, could be markedly influenced by the

Table 1 In vitro bioactivity of mono-PEGylated forms of
TNF-os

EC50 (ng/ml) (% of remaining activity)
wWTNF 0.17
mMTNF-K90R 003
ran-PEG-wTNF 2.85 (6.0%)
sp-PEG-mTNF-KS0R 0.05 (60.09%)

The specific activity of the mono-PEGylated forms of TNF-o. was measured by
a cytotoxic assay using LM cells in the presence of actinomycin D. ECs, is the
concentration of various PEGylated TNF-ais capable of killing 50% of the cells.
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properties (such as electric charge and hydrophilic/
hydrophobic balance) of the polymeric carriers attached
to the drug surface[37,38]. Any increase in the therapeu-
tic effect of a drug bioconjugated with a polymeric
modifier could be attributed to the pharmacokinetics of
the bioconjugated drug. Therefore, prior to selecting a
polymeric modifier for bioconjugation, it is very impor-
tant to take into consideration the influence of physico-
chemical characteristics on the pharmacokinetics of the
polymer. For example, we have demonstrated that for
increased retention in blood, polyvinylpyrrolidone (PVP)
is overwhelmingly superior to PEG as a polymer carrier
[39].

These series of advances have also led us to success-
fully synthesize polyvinylpyrrolidone-co-dimethyl
maleic anhydride (PVD), a renal-targeting polymer car-
rier with pH-sensitive controlled release capability
[37,40]. PVD attaches to the amino group of a protein
at pH =8 and these PVD-protein conjugates gradually
releases the proteins at pH < 7 (Figure 3). Since the
diseased tissues (including tissues with inflammation,
cancer, etc.) generally have lower pH levels than the
healthy ones, this means that PVD as a drug/protein
carrier would usually respond to pH levels and release
the bound drug/protein, but only in the diseased tis-
sues. Amazingly, 80% of PVD administered intrave-
nously to mice accumulated in the kidney in only a
few hours and 40% of PVD remained in the kidney for
4-days (Figure 3). The PVD was selectively taken up by
the epithelial cells of the renal tubule. It neither
showed any sign of cytotoxicity nor did it cause any
tissue damage in the kidney or elsewhere even when
administered at a high dose. In addition, the PVD con-
jugate of anti-inflammatory protein superoxide dismu-
tase (SOD) was found to be highly stable in vivo and it
accumulated at high levels in the kidney following an
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intravenous injection, bringing out the possibility that
this conjugate may have significant therapeutic value
in treating kidney inflammation.

There is no cure for renal disease, which is a serious
problem on the rise world-wide, and very few preventive
strategies are available against this disease. Bioactive
proteins, such as SOD and IL-10, were thought to be
able to prevent the progression of renal disease, but
their therapeutic potencies were too low because they
were poorly distributed in the kidney. Many researchers
have made attempts to deliver drug to the kidney. How-
ever, so far, there is no available report on delivery of
drugs specifically to the kidney. Development of a renal
delivery system that selectively carries drugs to the kid-
ney is a promising way of limiting the tissue distribution
of drugs and controlling the drug-associated toxicity.
Therefore, PVD may be a new and useful renal-targeting
drug carrier, and PVD-SOD conjugate may find clinical
applications in the effective treatment of various renal
diseases.

Conclusions

In this review, we have demonstrated the usefulness of
DDS-based technologies to selectively enhance the desir-
able therapeutic activities of bioactive proteins without
increasing their side effects. Thus, we suggest that, to
further promote the clinical applications of bioactive
proteins, it is necessary for the protein-drug innovation
system to combine 1) a method for creating mutant
proteins (muteins) with desired properties and 2) a bio-
conjugation method that generates conjugated products
with optimal properties, such as targeting capability. We
believe that this protein-drug innovation system will be
a valuable tool for the development of novel protein-
based therapies.
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Epithelial cells are pivotal in the separation of the body from the outside environment. Orally
administered drugs must pass across epithelial cell sheets, and most pathological organisms invade the
body through epithelial cells. Tight junctions (IJs) are sealing complexes between adjacent epithelial
cells. Modulation of TJ components is a potent strategy for increasing absorption. Inflammation often
causes disruption of the TJ barrier. Molecular imaging technology has enabled elucidation of the
dynamics of TJs. Molecular pathological analysis has shown the relationship between TJ components
and molecular pathological conditions. In this article, we discuss TJ-targeted drug development over the

past 2 years.

During evolution from single-celled to multi-celled organisms, a
compartment system developed to separate the inside of the body
from the outside environment. This compartment system is made
up of epithelial and endothelial cell sheets. Sealing of the inter-
cellular space between individual epithelial or endothelial cells is
crucial for compartmentalization.

Tight junctions (TJs) are the apical-most component of inter-
cellular seals. TJs are directly involved both in the sealing of
paracellular spaces and in two major functions of membranes:
the barrier function and the fence function [1,2]. The barrier
function is the first line of defense against pathogenic microorgan-
isms and xenobiotics, and the fence function regulates cellular
polarity. Deregulation of these functions is often observed in
infectious diseases, inflammation and carcinogenesis.

Freeze-fracture electron microscopy analysis has shown that TJs
are a set of continuous and anastomosing strands [3]. A series of
analyses revealed that TJ-seals contain integral membrane pro-
teins, such as occludin, claudins and junctional adhesion mole-
cules (Fig. 1) [4-6]. The claudin protein family comprises 27
members and the junctional adhesion molecule (JAM) family
comprises 3 members [4,7]. A tricellular junction-sealing compo-
nent, tricellulin, has also been identified in epithelial cell sheets
[8]. Occludin and tricellulin contain the tetra-spanning and other
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related proteins for vesicle trafficking and membrane line (MAR-
VEL) domain. Occludin and tricellulin are members of the MAR-
VEL protein family [9]. MarvelD3, another member of the
MARVEL protein family, has been identified as a component of
TJs [10]. The intracellular constituents of TJs, ZO-1 and ZO-2,
determine where the claudin-based strands are formed [11]. Lipo-
lysis-stimulated lipoprotein receptors define where tricellular
junctions are formed [12]. These biochemical components of TJ-
seals were all clarified within a single decade [5,6,13]. Our under-
standing of TJ-components has provided us with a new perspective
on drug delivery and drug discovery for infectious diseases, inflam-
mations and cancers [14-16].

There have been two main progressions in our understanding of
the biology of TJs within the past 2 years: mucosal barrier home-
ostasis and TJ barrier homeostasis. Proof-of-concepts for TJ-tar-
geted drug delivery have been demonstrated. In this article, we
discuss recent topics in TJ biology and TJ-targeted therapy.

Biology of the epithelial barrier

Tight junctions

Epithelium is central to the construction of multicellular animals.
More than 60% of the cell types in the vertebrate body are
epithelial cells. Epithelia enclose and partition the animal body,
line all of its surfaces and cavities, and create internal compart-
ments. Epithelial cells are structurally polarized into a basal
side that is anchored to other tissue, and an apical side that is

1359-6446/06/$ - see front matter © 2012 Published by Elsevier Ltd. doi:10.1016/j.drudis.2012.02.014
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The epithelial barrier. Occludin, a tetra-transmembrane protein, was the first
TJ-constituting protein identified [19]. Claudin was the second [21]. Claudins
comprise a tetra-transmembrane protein family of 27 members. JAMs are

glycosylated transmembrane proteins that belong to the immunoglobulin

superfamily [4]. ZO-1, ZO-2 and ZO-3 are membrane-associated guanylate

kinase proteins composed of a PSD95/Dlg/Z0-1 domain, an SH3 domain, a
guanylate kinase domain, an acidic domain and an actin-binding region [68].
Abbreviations: JAMs: junctional adhesion molecules; TJ: tight junction;

unanchored. Adjacent epithelial cells are joined by occluding
junctions called TJs. TJs have pivotal roles in separating the inside
of the body from the outside environment, and in separating the
inside and outside of tissues. TJs also function as a fence by
preventing the free movement of apical membrane components
and basal membrane components in epithelial cells.

TJs are intercellular sealing components located at the apical-
most part of lateral membranes between adjacent epithelial cells
and endothelial cells [17]. Adjacent TJ strands laterally associate
with each other to form a paired strand thereby eliminating the
intercellular space. Freeze fracture electron microscopy analysis
revealed that TJs are continuous anastomosing intramembranous
particle strands or fibrils with complementary grooves [3]. TJs are
composed of transmembrane proteins, such as claudins, occludin
and JAMs, in addition to cytoplasmic plaque proteins, including
Z0-1, ZO-2, ZO-3 and cingulin [18].

Integral membrane proteins

Occludin was the first integral membrane protein identified in TJs
[19]. Occludin has four transmembrane domains and has a mole-
cular mass of approximately 65 kDa. Deletion of occludin does not
affect the structure and function of TJs [20]. Claudins were the
second integral membrane proteins identified in TJs [21]. Claudins

comprise a multigene family with at least 27 members [7]. Clau-
dins are 21-28-kDa proteins with tetratransmembrane domains.
Claudins are key components in the structure and function of TJs
[5,6]. A series of cellular analysis and knockout mouse analysis has
clarified the roles of claudins in TJs [5,22].

Cytoplasmic proteins

Z0-1 was the first identified TJ-associated protein [23]. ZO-1, ZO-2
and ZO-3 contain PDZ-domains and the membrane-associated
guanylate kinase domain. ZO-1, ZO-2 and ZO-3 are involved in
formation of the TJ seal; they bind to the C-terminal cytoplasmic
domain of occludin and claudins through the ZO PDZ domains
[13]. ZO-1 and ZO-2 are crucial components for the definition of TJ
formation [11].

Tricellular tight junctions

There are two types of TJs in epithelial cell sheets: bicellular and
tricellular [2,24,25]. Occludin, claudins and JAMs are components
of bicellular TJs. Tricellulin (approximately 65 kDa) is the only
integral membrane component in tricellular TJs [8]. Tricellulin
contains four transmembrane domains and shows structural simi-
larity with occludin. Tricellulin is highly concentrated in tricel-
lular TJs, but it is also localized in bicellular TJs [8,26]. Lipolysis-
stimulated lipoprotein, a tricellular TJ-associated protein, defines
tricellular contacts in epithelial cell sheets [12].

Mucosal barrier

The intestinal epithelium is where nutrients derived from food are
absorbed, and it is also the first line of defense against microorgan-
isms and xenobiotics. Regulation of the epithelial barrier is crucial
for mucosal homeostasis. Recently, two intestinal epithelium
proteins that regulate the intestinal barrier were identified.

The first protein is guanylyl cyclase C (GCC), which is a trans-
membrane receptor for the endogenous peptides guanylin and
uroguanylin and for bacterial heat-stable enterotoxins [27]. GCC
signaling has a pivotal role in the regulation of intestinal fluid and
electrolyte homeostasis [28]. GCC-knockout mice show increased
intestinal permeability, and GCC-knockdown in Caco-2 cells dis-
rupts TJ integrity. This disruption of the TJ barrier is accompanied
by phosphorylation of myosin II regulatory light chains, which
induces TJ disassembly. GCC signaling is therefore involved in
regulation of the TJ barrier [29].

The second intestinal membrane protein is matriptase. Matrip-
tase is an integral membrane protein with trypsin-like serine
protease activity and is a member of the type II transmembrane
serine protease family [30]. It is widely expressed in all epithelia,
and it is expressed in epithelial cells in the gastrointestinal tract
[30]. Loss of matriptase reduces epithelial barrier integrity and
enhances paracellular permeability. Matriptase facilitates claudin-
2 loss from TJ complexes by indirect regulation of claudin-2
protein turnover by atypical protein kinase C zeta. Interestingly,
matriptase does not affect some of the other TJ components, such
as claudin-1, claudin-3, claudin-4, claudin-8, ZO-1, or E-cadherin
[31].

These findings indicate that GCC signaling and matriptase
might be potent targets for the treatment of intestinal disorders
whose pathogenesis is disruption of the intestinal barrier function
leading to mucosal inflammation and immune activation.
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