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ital disorders of glycosylation (6). The congenital disorders of
glycosylation-Ilc disease is due to lack of the GDP-fucose trans-
porter activity (43, 44), which mainly caused reduced terminal
fucosylation of N-glycans (45, 46), and the core fucosylation is
speculated to be responsible for the phenotype of congenital
disorders of glycosylation-Ilc (6). Recently, the loss of core
fucosylation has been reported to down-regulate transforming
growth factor-B1 receptor and EGF receptor functions, which
is thought to be related to the phenotype of emphysema and
growth retardation of Fut8~'~ mice. In the present study, we
found that the deficient core fucosylation results in the block-
age of a3B1 integrin-mediated cell migration and cell signaling.
These results showed for the first time that in addition to the
important physiological functions mentioned above, core fuco-
sylation is also essential for the functions of a3831 integrin.

Several lines of evidence suggest that N-glycans are required
for integrin activation. An increase in $31,6-branched sugar
chains on a581 integrin by GnT-V promotes cell migration on
EN (26). Although the overexpression of GnT-III has been
reported to inhibit @581 integrin-mediated functions in HeLa
S3 cells (27). It has also been reported that GnT-IIl and GnT-V
can positively and negatively regulate a381 integrin-mediated
cell migration on LN5 (47). The modification of 81 integrin by
sialyltransferase makes this integrin capped with the negatively
charged sugar, sialic acid, and contributes to cell motility and
invasion (25) We found that cell migration on COL was barely
detectable, suggesting that MEFs did not favor COL as an ECM
for cell migration. In fact, we found that different cells may
favor specific ECM for cell migration (27). We also found that
core fucosylation had no significant difference in the cell migra-
tion on FN among wild-type, Fut8-KO, and rescued cells. This
suggests that a1,6-fucose modification has little or only mild
effects on 581 integrin, which is a receptor for FN. Actually,
we previously reported that the introduction of the bisecting
GlcNACc to the a5 subunit resulted in a reduced affinity in the
binding of 581 integrin to EN, therefore resulting in decreased
cell migration (27). Thus, we assumed that the core fucosylation
affected a3 subunit in a similar manner, which caused the
decreased cell migration on LN5. However, the modification of
al,6-fucose to a5 subunit may not affect their binding to FN. As
described before, only N-glycans on some important domains
of integrins, can contribute to the regulation of their functions
(48). For example, the addition of a glycan at the B1 or B3
subunit I-like domains caused an increase in the distance
between the head and stalk domains, therefore inducing the
integrin dimer to adopt a more activated integrin conforma-
tion. Furthermore, it has recently been reported that the N-gly-
cans only located on some specific sites of integrin a5 subunit
play key roles in functional expression (49).

It has been reported that purified «581 integrin from human
placenta and purified a31 integrin from the human ureter
epithelium cell line HCV29 exhibited a highly heterogenous
glycosylation pattern, and >50% of these were fucosylated (50,
51). In this study, the a31 integrin we purified from mouse
embryonic fibroblast carried the bi-, tri-, and tetra-antennary
complex types, and the majority of these were core-fucosylated.
So it is easily postulated that core fucosylation may be impor-
tant to integrin functions due to the abundance of it. However,
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to our knowledge, no reports showing that core fucosylation
regulates integrin functions have appeared to date. The fact
that integrin-mediated migration and cell signaling were
decreased in Fut8 '~ cells, and such inhibition was partly res-
cued by re-introduction of the Fut8 gene to Fut8™'~ cells,
strongly suggested that core fucosylation is important to a381
integrin, and Fut8, like other important glycosyltransferases,
plays an essential role in the regulation of integrin functions.

Although the precise reason for why the core fucosylation
modifies these molecular functions remains to be elucidated,
we proposed some possible mechanisms: Fut8 may affect the
cross-talk between growth factor receptors and integrin. It is
well known that integrin mediated functions cooperatively with
growth factor receptors in the control of cell proliferation, cell
differentiation, cell survival, and cell migration in epithelial
cells and fibroblasts (52), because integrins and growth factor
receptors share many common elements in their signaling
pathway (19). PC12 cells in a serum-free medium were plated
on the plates without ECM coating and, when treated with EGF
alone, failed to induce neurite formation (53), suggesting that
the integration of the signaling pathway triggered by receptor
and integrins is required for the regulation of PC12 cell differ-
entiation. In our study, the association of integrin with EGF
receptor was indicated by co-precipitation, and we found that
the complex of 381 integrin and EGF receptorin Fut8 /'~ cells
was decreased compared with Fut8*'* cells.* This may affect
the signal integration of both partners and, thus, further affect
the a3B1 integrin-stimulated signal and cell migration, or defi-
cient core fucosylation may cause the conformation of integrin
to change. Luo et al. (48) have suggested that the changes in the
glycan structures of integrin can affect its conformation and
activity. They reported that in Chinese hamster ovary-K1 cells,
the addition of a glycan at B1 I-like domain caused an increase
in the distance between the 81 head and stalk domains, there-
fore inducing the integrin dimmer to be a more extended (acti-
vated) integrin conformation (48). Consistently, the affinity of
the binding of a5B1 integrin to fibronectin was significantly
reduced by the introduction of the bisecting GlcNAc (27). So
we supposed that core fucosylation contributes to stable con-
formation and normal activity of a381 integrin to its ligand.
However, we cannot exclude additional reasons that still
remain to be determined.

The a3 integrin gene is expressed during the development of
many epithelial organs, including the kidney (54), lung (55), and
others. As a major basement membrane receptor in both kidney
and lung during embryogenesis, a3B1 integrin is likely to be
involved in mediating signals between the mesenchyme and
epithelial cells in the kidney and lung. The glomeruli of &3-KO
mice showed the abnormality in kidney, including disorganized
glomerular basement membrane and a dramatic absence of
foot process formation by podocytes (9). Therefore, it could be
worthy to extensively examine the effects of core fucosylation
on a3p1 integrin in vivo in the future.

In conclusion, we demonstrate here some aspects of the biolog-
ical significance of the core fucosylation of 31 integrin-medi-
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ated cell migration and signaling. This study provides new insights
into the biological functions of core fucosylation and the signifi-
cance of the modification of N-glycans for a3l integrins.
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N-Acetylglucosaminyltransferase lll Antagonizes the
Effect of N-Acetylglucosaminyltransferase V on
a3 1 Integrin-mediated Cell Migration™
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N-Acetylglucosaminyltransferase V (GnT-V) catalyzes the
addition of B1,6-GlcNAc branching of N-glycans, which con-
tributes to metastasis. N-Acetylglucosaminyltransferase III
(GnT-1II) catalyzes the formation of a bisecting GlcNAc struc-
ture in N-glycans, resulting in the suppression of metastasis. It
has long been hypothesized that the suppression of GnT-V
product formation by the action of GnT-1II would also exist in
vivo, which will consequently lead to the inhibition of biological
functions of GnT-V. To test this, we draw a comparison among
MKN45 cells, which were transfected with GnT-III, GnT-V, or
both, respectively. We found that a3B1 integrin-mediated cell
migration on laminin 5 was greatly enhanced in the case of
GnT-V transfectant. This enhanced cell migration was signifi-
cantly blocked after the introduction of GnT-IIL Consistently,
an increase in bisected GIcNAc but a decrease in B1,6-GlcNAc-
branched N-glycans on integrin a3 subunit was observed in the
double transfectants of GnT-III and GnT-V. Conversely, GnT-
11 knockdown resulted in increased migration on laminin 5,
concomitant with an increase in 81,6-GlcNAc-branched N-gly-
cans on the a3 subunit in CHP134 cells, a human neuroblas-
toma cell line. Therefore, in this study, the priority of GnT-III
for the modification of the a3 subunit may be an explanation for
why GnT-III inhibits GnT-V-induced cell migration. Taken
together, our results demonstrate for the first time that GnT-111
and GnT-V can competitively modify the same target glycopro-
tein and furthermore positively or negatively regulate its biolog-
ical functions.
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Malignant transformation is accompanied by increased
B1,6-GlcNAc branching of N-glycans attached to Asn-X-Ser/
Thr sequences in mature glycoproteins (1-3). N-Acetylglu-
cosaminyltransferase V (GnT-V)? catalyzes the addition of
B1,6-linked GlcNAc (see Fig. 8) and defines this subset of N-gly-
cans (4, 5). A relation between GnT-V and cancer metastasis
has been reported by Dennis et al. (6) and Yamashita et al. (1).
Studies on transplantable tumors in mice indicate that the
product of GnT-V directly contributes to the growth of cancer
and subsequent metastasis (7, 8). On the other hand, somatic
tumor cell mutants that are deficient in GnT-V activity produce
fewer spontaneous metastases and grow more slowly than wild-
type cells (6, 9). The suppression of tumor growth and metas-
tasis has been reported in GnT-V-deficient mice (3). Moreover,
Partridge et al. (10) reported that GnT-V-modified N-glycans
with poly-N-acetyllactosamine, the preferred ligand for galec-
tin-3, on surface receptors oppose their constitutive endocyto-
sis and result in promoting intracellular signaling and conse-
quently cell migration and tumor metastasis. These results
indicate that inhibition of GnT-V might be useful in the treat-
ment of malignancies by targeting their roles in metastasis.

N-Acetylglucosaminyltransferase III (GnT-III) participates
in the branching of N-glycans (see Fig. 8), catalyzing the forma-
tion of a unique sugar chain structure-bisecting GlcNAc (11).
GnT-lIIl is generally regarded to be a key glycosyltransferase in
the N-glycan biosynthetic pathway, since in vitro the introduc-
tion of the bisecting GlcNAc results in the suppression of fur-
ther processing and the elongation of N-glycans as the result of
catalysis by other glycosyltransferases, which are unable to use
the bisected oligosaccharide as a substrate (12, 13). It is inter-
esting to note that the metastatic capabilities of B16 mouse
melanoma cells are down-regulated by introduction of the
GnT-1lI gene (14). E-cadherin, a homophilic type of adhesion
molecule (15), is highly associated with the prevention of
metastasis (16), and E-cadherin on GnT-II-transfected cell

3 The abbreviations used are: GnT-V, N-acetylglucosaminyltransferase V; GnT-
Ill, N-acetylglucosaminyltransferase lIl; ECM, extracellular matrix; LNS, lami-
nin 5; FN, fibronectin; COL, collagen I; PBS, phosphate-buffered saline; PHA,
phytohemagglutinin; LC, liquid chromatography; MS, mass spectrometry;
FT-ICR, Fourier transform ion cyclotron resonance.
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surfaces was found to be resistant to proteolysis, resulting in an
extended half-life of turnover (17). Thus, GnT-III, contrary to
GnT-V, has long been thought to inhibit cancer metastasis.
Cell-extracellular matrix (ECM) interactions play essential
roles during the acquisition of migration and invasive behavior
of cells. Cell surface transmembrane glycoprotein-integrin is a
major receptor for ECM and connects many biological func-
tions, such as development, control of cell proliferation, protec-
tion against apoptosis, and malignant transformation (18).
Integrin a3B1, the major laminin 5 (LN5) receptor, is widely
distributed in almost all tissues, and it has been proposed to be
involved in tumor invasion (19-21). In some malignant
tumors, a31 integrin was found to be the most predominant
integrin expressed (22) and made an important contribution to
pulmonary metastasis (23). On the other hand, the glycosyla-
tion of integrins contributes to the tumor metastasis. Guo et al.
reported that an increase in B1,6-GlcNAc sugar chains of the

~ integrin B1 subunit resulted in the stimulation of cell migration

(24). Interestingly, it has also been reported that the a381 inte-
grin expressed by the metastasis human melanoma cell lines,
contained a higher level of B1,6-branched structures than that
expressed in a nonmetastasis parent cell line (25).

Although it had been assumed that the reaction of GnT-V
can be inhibited by the action of GnT-I1I, as evidenced by sub-
strate specificity studies in vitro, the hypothesis of competition
between GnT-III and GnT-V in cell migration and tumor
metastasis has not been directly verified so far. In the present
study, we examined the functions of a381 integrin, which is
believed to be highly associated with tumor metastasis, and
found that a3f1 integrin can be modified by either GnT-III or
GnT-V. Our finding clearly shows that GnT-III inhibits the
effects of GnT-V on a3p1 integrin-mediated cell migration by
competing with GnT-V for the modification of &3 subunit.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Antibodies against integrin a3
subunit (P1B5, I-19), monoclonal antibody against B-actin,
mouse control IgG, and peroxidase-conjugated rabbit antibody
against goat IgG were obtained from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA). Functional blocking antibody against the
integrin B1 subunit was purchased from Chemicon Interna-
tional, Inc. (Temecula, CA). A peroxidase-conjugated goat anti-
body against mouse IgG was from Promega (Madison, WI).
Biotinylated leukoagglutinating phytohemagglutinin (L,-
PHA), biotinylated erythroagglutinating phytohemagglutinin
(E,-PHA), and monoclonal antibodies against GnT-III and
GnT-V were from Seikagaku Corp.

Cell Culture—Transfected MKN45 Cells were established as
previously reported (26). Human gastric cancer cell line
MKN45 cells were cultured in RPMI 1640 medium (Sigma)
containing 10% fetal bovine serum (Invitrogen), penicillin (100
units/ml), and streptomycin (100 pg/ml) under a humidified
atmosphere containing 5% CO,. Human GnT-V cDNA (27) or
GnT-1I cDNA was inserted into a mammalian expression vec-
tor pCXNII (28). Vectors were then transfected into MKN45
cells by means of Lipofectamine (Invitrogen). Selection was
performed by the addition of 500 pg/ml G418 (Sigma). CHP134
cells, a human neuroblastoma cell line expressing endogenous
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GnT-1II and GnT-V, were cultured in RPMI 1640 medium
(Sigma) containing 10% fetal bovine serum and penicillin (100
units/ml) and streptomycin (100 pug/ml) under a humidified
atmosphere containing 5% CO,.

Plasmids and Transient Virus Transfection—cDNAs encod-
ing full-length human GnT-III or GnT-III inactive mutant
(D317A) were ligated into adenoviral vector, constructed using
an adenoviral expression vector kit (Takara Bio). The 3 X 10°
MKN#45 GnT-V transfectants were then infected with 150 ul of
virus solution (2 X 10° plaque-forming units/ml). After a 24-h
incubation, the cultured medium was replaced with a fresh
medium. 48 h later after infection, cells were subjected to vari-
ous experiments.

Construction of Small Interfering RNA Vector and Retrovi-
ral Infection—Small interfering oligonucleotides specific for
GnT-1II were designed on the Takara Bio site on the World
Wide Web, and the oligonucleotide sequences used in the
construction of the small interfering RNA vector were as
follows: 5'-GATCCGTCAACCACGAGTTCGACCTTCA-
AGAGAGGTCGAACTCGTGGTTGACTTTTTTAT-3' and
5'-CGATAAAAAAGTCAACCACGAGTTCGACCTCTCT-
TGAAGGTCGAACTCGTGGTTGACG-3'. The oligonucleo-
tides were annealed and then ligated into BamHI/Clal sites of
the pSINsi-hU6 vector (Takara Bio). A retroviral supernatant
was obtained by transfection of human embryonic kidney 293
cells using the retrovirus packaging kit Ampho (Takara Bio)
according to the manufacturer’s protocol. CHP134 cells were
infected with the viral supernatant, and the cells were then
selected with 500 ug/ml G418 for 2-3 weeks. Stable GnT-III
knockdown clones were selected and confirmed by GnT-I1II
activity and gene expression. Quantitative real time PCR anal-
yses of GnT-IIl mRNA expression in these clones were per-
formed with a Smart Cycler Il System and the SYBR premix Taq
(Takara Bio). Reverse transcription was carried out at 42 °C for
10 min, followed by 95°C for 2 min using random primers,
followed by PCR for 45 cycles at 95 °C for 5 s and 60 °C for 20 s
with the following primers: 5-GCGTCATCAACGCCAT-
CAA-3' 5'-TGGACTCGCACACCACAAAG-3’. Normaliza-
tion of the data were performed using the glyceraldehyde-3-
phosphate dehydrogenase mRNA levels.

GnT-Ill and GnT-V Activity Assay—The activities of GnT-
III and GnT-V were assayed as described previously (29, 30).
Briefly, cell lysates were homogenized in phosphate-buffered
saline (PBS) containing protease inhibitors. The supernatant,
after removal of the nucleus fraction by centrifugation for 15
min at 900 X g, was used in the assays, which involved high
performance liquid chromatography methods using a pyri-
dylaminated biantennary sugar chain as an acceptor substrate.
Protein concentrations were determined using a bicinchoninic
acid kit (BCA kit) (Pierce) with bovine serum albumin as a
standard.

Western Blot and Lectin Blot Analysis—Cell cultures were
harvested in lysis buffer (20 mm Tris-HCl, pH 7.5, 150 mm
NaCl, 1% Triton, 10 ug/ml leupeptin, 10 ug/ml aprotinin, 1 mm
phenymethylsulfonyl fluoride). Cell lysates were centrifuged at
15,000 X g for 10 min at 4 °C, the supernatants were collected,
and the protein concentrations were determined using a BCA
protein assay kit. Proteins were then immunoprecipitated from
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the lysates using a combination of 2 ug of anti-integrin a3 subunit
antibody and 15 ul of protein G-Sepharose 4 Fast Flow (Amer-
sham Biosciences) for 1 h at 4 °C. Immunoprecipitates were sus-
pended in reducing sample buffer, heated to 100°C for 3 min,
resolved on 7.5% SDS-PAGE, and electrophoretically transferred
to nitrocellulose membranes (Schleicher & Schuell). The blots
were then probed with anti-a3 antibody or biotinylated E,- or
L,-PHA. Immunoreactive bands were visualized using the Vec-
tastain ABC kit (Vector Laboratories, CA) and an ECL kit
(Amersham Biosciences). For GnT-III, GnT-V, cell lysate, and
actin blotting, an equal amount of cell lysates was subjected to
SDS-PAGE and then transferred to nitrocellulose membranes.
The membranes were incubated with the corresponding pri-
mary antibodies and secondary antibodies for 1 h each, and
detection was performed by an ECL kit.

Cell Surface Biotinylation—Cell surface biotinylation was
performed as described previously with minor modifications
(31). Briefly, various semiconfluent transfected MKN45 cells
were washed twice with ice-cold PBS and then incubated with
ice-cold PBS containing 0.2 mg/ml sulfosuccinimidobiotin
(Pierce), for 3 h at 4 °C. After incubation, the cells were washed
three times with ice-cold PBS, scraped, and lysed with radioim-
mune precipitation buffer (50 mm Tris-HCl, pH 7.4, 1% Triton
X-100, 1% deoxycholic acid, 0.1% SDS, 150 mm NaCl, 1 mm
sodium orthovanadate, 2 ug/ml aprotinin, 5 ug/ml leupeptin,
and 1 mM phenylmethylsulfonyl fluoride). The resulting cell
lysates were immunoprecipitated with anti-a3 antibody, as
described above. The immunocomplex was subjected to 7.5%
SDS-PAGE and then transferred to a nitrocellulose membrane.
After blocking the membranes with 3% (w/v) skim milk in Tris-
buffered saline containing 0.1% (v/v) Tween 20 (TBST, pH 7.5),
the biotinylated proteins were visualized using a Vectastain
ABC kit (Vector Laboratories, Inc., Burlingame, CA) and an
ECL kit.

Migration Assay—Transwells (BD Biosciences) were coated
with 5 nM recombinant LN5 as described previously (32), 10
pg/ml human plasma FN, and collagen I (COL) (Sigma) in PBS
by an incubation overnight at 4 °C. Serum-starved cells (2 X 10°
cells/well in 500 ul of 5% fetal calf serum medium) were seeded
in the upper chamber of the plates. After incubation overnight
at 37 °C, cells in the upper chamber of the filter were removed
with a wet cotton swab. Cells on the lower side of the filter were
fixed and stained with 0.5% crystal violet. Each experiment was
performed in triplicate, and counting was done in three ran-
domly selected microscopic fields within each well.

Functional Blocking Assay—To identify which integrin is
involved in cell migration on LN5, functional blocking antibod-
ies against different types of integrins were individually prein-
cubated with cells for 10 min at 37 °C. The preincubated cells
were transferred into transwells coated with LN5 and then
incubated overnight at 37 °C. The migrated cells were then
quantified as described above.

Statistical Analysis—Statistical evaluations were performed
using Student’s ¢ test; differences among experimental groups
were considered significant for p < 0.05. Data were expressed
as mean values = S.D.

Purification of a3B1 Integrin—The purification of a3p1
integrin was performed as described previously (33). Briefly,
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cells in confluent were detached with TBS(+) (20 mm Tris-
HC, pH 7.5, 130 mm NacCl, 1 mm CaCl,, and 1 mm MgCl,)
and washed with TBS(+). The cell pellets were extracted
with 50 mum Tris/HCI containing 15 mMm NaCl, 1 mm MgCl,,
1 mm MnCl,, pH 7.4, and protease inhibitor mixture (Roche
Applied Science), 100 mM octyl-B-p-glucopyranoside at
4°C. The cell extract was applied to an affinity column pre-
pared by coupling 5 mg of the GD6 peptide of laminin al
chain (33) (KQNCLSSRASFRGCVRNLRLSR residues num-
bered 3011-3032) (Peptide Institute, Inc., Osaka, Japan) to 1
ml of activated CH-Sepharose (Sigma). The bound a3p81
integrin was eluted with 20 mm EDTA in 50 mm Tris/HCI,
pH 7.4, containing 100 mm octyl-B-p-glucopyranoside. The
elutes containing «3p1 integrin were further purified on a
1-ml wheat germ agglutinin-agarose column (Seikagaku
Corp., Tokyo, Japan) and eluted with 0.2 M N-acetyl-p-glu-
cosamine containing 100 mm octyl-B-p-glucopyranoside.

Analysis of N-Glycan Structures by Mass Spectrometry
(LC/MS")—Purified a3p1 integrin was applied to SDS-PAGE,
and the a3 subunit was excised from the gel and then cut into
pieces. The gel pieces were destained and dehydrated with 50%
acetonitrile. The protein in the gel was reduced and carboxym-
ethylated by the incubation with dithiothreitol and sodium
monoiodoacetate (34). N-Glycans were extracted from the gel
pieces as reported by Kustar et al. (35) and reduced with
NaBH,. Half of the extracted oligosaccharides were incubated
with a-neuraminidase from Arthrobacter ureafaciens in 50 mm
phosphate buffer, pH 5.0, at 37 °C for 18 h and desalted with
Envi-carb (Supelco, Bellefonte, PA). LC/MS and LC/multistage
MS (MS”) was carried out on a quadrupole liner ion trap-Fou-
rier transform ion cyclotron resonance mass spectrometer (FT-
ICR MS; Finnigan LTQ FTTM, Thermo Electron Corp., San
Jose, CA) connected to a nano-LC system (Paradigm, Michrom
BioResource, Inc., Auburn, CA). The eluents were 5 mM ammo-
nium acetate, pH 9.6, 2% CH4CN (pump A) and 5 mm ammo-
nium acetate, pH 9.6, 80% CH;CN (pump B). The borohydride-
reduced N-linked oligosaccharides were separated on a
Hypercarb (0.1 X 150 mm, Thermo Electron Corp.) with a lin-
ear gradient of 5-20% B in 45 min and 20-50% B in 45 min. A
full MS! scan (m/z 450 —2000) by FT-ICR MS followed by data-
dependent MS?? for the most abundant ions was performed in
both negative and positive ion modes as previously reported
(36).

RESULTS

Overexpression of GnT-V Stimulated a3B1 Integrin-medi-
ated Cell Motility—It has been reported that overexpression of
GnT-V in epithelial cells results in a loss of contact inhibition,
increased cell motility in athymic nude mice (7), and an
enhanced metastasis (8). In this study, experiments were first
designed to determine whether GnT-V overexpression could
affect cell migration on different ECMs. The extent of hapto-
taxis toward LN5, FN, and COL, specific ligands for 381,
o581, and o181 and «2p1 integrin, respectively, was observed
in MKNA45 cells transfected with mock, GnT-III, or GnT-V. In
the case of the GnT-V transfectants on LN5, the number of
transwell cells migrating to the lower surface of the membrane
was considerably increased (p =-0.001), the overexpression of
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FIGURE 1. Increased cell migration induced by GnT-V on LN5. MKN45 cells were replated on the upper
chamberin the presence of 5% fetal bovine serum. Cell migration was determined using the Transwell assay as
described under “Experimental Procedures.” After incubation overnight, the cells that had migrated to the
lower surface of the membrane were fixed and stained with 0.3% Crystal Violet. A, cell migration on LN5 (5 nm).
Representative fields were photographed using a phase-contrast microscope. The arrowheads indicate
migrated cells. B, quantification of migration on LN5 (5 nm), COL (15 nm), and FN (15 nm). The numbers of
migrated cells were quantified and expressed as the means * S.D. from three independent experiments. WT,

wild type.
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FIGURE 2. GnT-Vinduced cell migration was mediated by 31 integrin. A, GnT-V-transfected MKN45 cells
were detached, preincubated with mouse control IgG (a) or function-blocking monocional antibodies against
a3 (b) or B1 (c) or both (d) for 10 min, and then replated on the upper chamber coated with LN5 (5 nm) and
checked by Transwell assay. Representative fields were photographed using a phase-contrast microscope. The
arrowheads indicate migrated cells. B, quantification of migration on LN5 (5 nm). The numbers of migrated cells
were quantified and expressed as the means * 5.D. from three independent experiments.

GnT-III resulted in a decrease in cell migration on LN5 com-
pared with mock (p = 0.0013) (Fig. 14). However, the migration
of these three types of cells on FN was barely detectable.
Although GnT-III transfection resulted in a decreased cell
migration on COL compared with mock (p = 0.007), GnT-V
transfection failed to induce a significant increase in cell migra-
tion on COL (Fig. 1B), suggesting that MKN45 cells may favor
LN5 as an ECM for cell migration induced by GnT-V. These
results further supported the view that a331 integrin, one of the
most abundant integrins in epithelial cells, is distinct from
other integrins, such as a5B1 integrin, and preferentially pro-
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motes cell migration (37). More-
over, the cell migration of GnT-V
transfectant on LN5 was strongly
inhibited by the presence of func-
tion-blocking antibodies against
integrin a3 or/and B1 subunit, sug-
gesting that the GnT-V-induced cell
migration on LN5 was mainly medi-
ated by a3 81 integrin (Fig. 2). These
results indicated that overexpres-
sion of GnT-V resulted in an
increase in a3f1 integrin-mediated
cell motility.

Overexpression of GnT-1II Inhib-
ited a3Bl Integrin-mediated Cell
Migration Induced by GnT-V—The
Overexpression of GnT-I1I has been
reported to inhibit cell migration by
enhancement of E-cadherin-medi-
ated homotypic adhesion (17) and
by inhibiting a581 integrin-medi-
ated cell migration (38). In addition,
invitro GnT-V cannot use the prod-
uct of GnT-III, a bisected oligosac-
charide, as a substrate (12), so
experiments were then designed to
determine whether the introduc-
tion of GnT-III prevents a3B1 inte-
grin-mediated  cell  migration
enhanced by GnT-V. The efficiency
of transfection was confirmed by
immunostaining with anti-GnT-IIL
antibody and determined to be
more than 80% (data not shown). As
shown in Fig. 3, the transfection of
GnT-III into the GnT-V transfec-
tant resulted in a significant
decrease in cell migration compared
with the GnT-V transfectant (p =
0.002). However, the inhibition was
not observed after transfection of
the GnT-Ill-inactive mutant, sug-
gesting that the activity of GnT-III
was essential for the negative regu-
lation of GnT-V-induced cell
migration. Therefore, we proposed
that GnT-III directly counteracted
the effect of GnT-V on «3B1 integrin-mediated cell migration.

Transfection of GnT-III Had No Effect on the Expression of
GnT-V and Integrin a3 Subunit—To explore the possible
mechanisms involved in the inhibition of GnT-III- to GnT-V-
induced cell migration, we first attempted to determine
whether the overexpression of GnT-III affected the expression
of GnT-V and a3 subunit expressed on the cell surface by
means of blotting a total cell lysate with the GnT-1II antibody
and the biotinylation of cell surface proteins followed by immu-
noprecipitation of a3 using the corresponding antibody, since
N-glycosylation plays an important role in the quality control of

GnT-V
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FIGURE 3.GnT-Ill transfection suppressed cell migration stimulated by GnT-V. A, cells were replated on the
upper chamber coated with LN5 (5 nm). Cell migration was investigated by the GnT-V transfectant (a), GnT-lll
transfection to GnT-V transfectant (b), and GnT-1ll mutant transfection to GnT-V transfectant (c). Representative
fields were photographed using a phase-contrast microscope. The arrowheads indicate migrated cells. 8, the
numbers of migrated cells were quantified and expressed as the means = S.D. from three independent exper-

iments. WT, wild type.
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FIGURE 4. No effects of GnT-1ll t tion on expr levels of both
GnT-V and integrin a3 subunit expressed on cell surface. A, double-trans-
fected cells were lysed, and whole lysates were subjected to 7.5% SDS-PAGE and
then transferred to a nitrocellulose membrane and blotted with GnT-V antibody
(top) or actin antibody (bottom). B, transfected cells were biotinylated, whole
lysates were immunoprecipitated (/P) with anti-a3 antibody, and the samples
were subjected to 7.5% SDS-PAGE and transferred to a nitrocellulose membrane.
The biotinylated proteins were then detected as described under “Experimental
Procedures.” WT, wild type; WB, Western blot.

the expression of glycoproteins. As shown in Fig. 44, the levels
of expression of GnT-V were not influenced by the introduc-
tion of GnT-III, and equivalent amounts of loaded proteins
were verified by blotting an actin antibody. On the other hand,
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the expression of integrin a3 sub-
unit on the cell surface also
remained unchanged among the
transfectants of GnT-III plus
GnT-V, GnT-lII mutant plus
GnT-V, and GnT-V (Fig. 4B). These
results suggested that the inhibition
of GnT-11I- to GnT-V-induced cell
migration could not be ascribed to a
change in the expression levels of
GnT-V and/or a3 subunit on the
cell surface.

Transfection of GnT-IlI Had No
Effect on the Activity of GnT-V—
Since the introduction of GnT-1II
had no effect on the expressions of
GnT-V and a3 subunit, we further
determined if the overexpression of
GnT-1II suppressed the activity of
GnT-V. Since this was a transient
transfection, the activity of GnT-III
was checked at six time points from
24 to 144 h after the transfection.
We found that GnT-II activity
reached the highest level 48 h after transfection (Fig. 54), and
there was no corresponding activity in GnT-III mutant (data
not shown). The expression level of GnT-III mutant was similar
to that of wild-type GnT-11I confirmed by blotting with GnT-II1
antibody, and equivalent amounts of loaded proteins were ver-
ified by blotting with anti-actin antibody (Fig. 5B). As shown in
Fig. 5C, GnT-V activity was found to be stable, even in the
period (48 h after transfection) where the activity of GnT-l1I
reached the highest level in these double-transfected cells. This
result indicated that GnT-III inhibited GnT-V-induced cell
migration not due to the suppression of GnT-V activity.

Increased GnT-III Product but Decreased GnT-V Product on
Integrin a3 Subunit—The modification of N-glycosylation con-
tributes to the functions of integrins (39). Here, we checked
whether changes of a3B1 integrin modification had occurred in
these transfectants. The integrins were immunoprecipitated
from these transfectants and then probed with E,-PHA lectin,
which preferentially binds to bisecting GlcNAc residues in
N-glycans, or L,-PHA lectin, which binds to 1,6-branched
GlcNAc. Fig. 64 (top) shows that the transfection of GnT-111 to
the GnT-V transfectant resulted in an increase in the GnT-III
product on the integrin a3 subunit. More interestingly, the
level of GnT-V product on a3 was decreased in the double
transfectants (Fig. 6A, middle). Consistent with this observa-
tion, transfection of the GnT-III mutant failed to induce such
changes. Equivalent amounts of the a3 subunit were verified by
blotting a3-immunoprecipitated lysates (Fig. 6A, bottom).
Moreover, cell lysates were subjected to SDS-PAGE, followed
by a lectin blot. A comparison of bands especially around 117~
200 and 60-89 kDa among these transfectants consistently
indicated that increased GnT-III products but decreased
GnT-V products presented on the glycoproteins after the intro-
duction of GnT-III to the GnT-V transfectant (Fig. 6B). Fur-
thermore, to further confirm such competition on the a3 sub-

GnT-V+GnT-Ii (M)
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FIGURE 5. No effects of GnT-lll transfection on activity of GnT-V. A, GnT-IH activity of transient transfection
of adenoviral expression vector to the GnT-V transfectant was examined by high performance liquid chroma-
tography using a fluorescence-labeled agalactobiantennary sugar chain as a substrate. GnT-lll activity was
determined at various time points (6 days). Data are expressed as a ratio to the first time point (24 h after
transfection). B, double-transfected cells were lysed, and whole lysates were subjected to 7.5% SDS-PAGE and
then transferred to a nitrocellulose membrane and blotted with GnT-lli antibody (top) or actin antibody (bot-
tom). C, GnT-V activity of the transient transfection of the adenoviral expression vector to GnT-V transfectant
was investigated using the method mentioned in A at the time point of 48 h after transfection. Data are
expressed as specific activity (nmol of product/mg of lysate/h). WT, wild type; W8, Western blot.

unit, we purified this integrin from GnT-I1I, GnT-V, and GnT-
Il plus GnT-V transfectants using a GD6 peptide affinity
column combined with a wheat germ agglutinin affinity col-
umn. The purity was evaluated by SDS-PAGE followed by silver
staining (data not shown). The purified a3 subunit was cut from
gels and then subjected to LC/MS” as described under “Exper-
imental Procedures.” As shown in Fig. 6, C and D, mass spectra
of desialylated N-glycans were obtained from the a3 expressed
in GnT-1II, GnT-V, and GnT-III plus GnT-V transfectants,
respectively, by a full MS1 scan (#2/z 450 —2000). Carbohydrate
structures of the major peaks were deduced from the m/z values
of protonated ions in the full MS?* spectra obtained by FT-ICR
MS and product ions in MS*? spectra (Fig. 6D). Based on the
presence of [HexNAc-Hex-HexNAc-HexNAc-OH + H]* (m/z
792) and [HexNAc-Hex-HexNAc-(dHex)HexNAc-OH + H]*
(m/z 938) in MS2,3 spectra, peaks 4, 5, 7, 8, 10, and 11 were
determined as bisected glycans. Peak 4 was deduced to be a
biantennary oligosaccharide, the major peak in the GnT-III
transfectant. After the transfection of GnT-III into the GnT-V
transfectant, peak 4 was increased compared with that of the
GnT-V transfectant, whereas peak 6, which is the major peak in
the GnT-V transfectant, was decreased. For the present tech-
nique, the branched form is determined by analyzing the sialy-
lated oligosaccharides by LC/MS” in the negative ion mode.
Referring to the result of the L,-PHA lectin blot and the fact
that peak 6 is the major one in the GnT-V transfectant, peak 6
could be deduced the B1,6-branched GlcNAc form, although
only bisialylated forms were detected by MS. The MS data also
revealed that peaks 7 or 8and 9, 10, or 11 were triantennary and
tetraantennary oligosaccharides, respectively, from the pres-
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ence of their corresponding trisialy-
lated and tetrasialylated forms.
Peaks 1 and 2 were high mannose
oligosaccharides. To further quan-
tify the competition, we used the
MS results to show that for GnT-111
products (represented by the sum of
the peaks 4, 5, 7, 8, 10, and 11), the
proportion was, respectively, 79.5,
29.5, and 48.5% among the transfec-
tants of GnT-III, GnT-V, and GnT-
I plus GnT-V; for GnT-V products
(represented by the sum of peaks 6
and 9), the proportion was 1.2, 34.9,
and 18.1%, respectively, among the
transfectants of GnT-III, GnT-V,
and GnT-III plus GnT-V. Consist-
ent with the results shown in Fig.
6A, these data strongly suggested
that GnT-III transfection resulted
in increased bisecting GlcNAc but
decreased $31,6-branched GlcNAc
on the a3 subunit. However, the
N-glycan proportions partially, but
not totally, are correlated with the
extent of the modification in cell
migration observed (Fig. 3), since
only N-glycans located on some
motifs of integrins have been proposed to influence their con-
formations and therefore to regulate their functions (40).*
Taken together, these results suggested the following; a3 was a
common target of GnT-III and GnT-V, and the priority taken
by GnT-III in the competition resulted in the inhibition of
GnT-V modification.

Increased B1,6-Branched GlcNAc as Well as Cell Migration
in GnT-Ill Knockdown Cells—To further identify the competi-
tion of GnT-III and GnT-V definitely, we developed an RNA
interference strategy to efficiently silence GnT-III expression in
CHP134 cells, which express endogenous GnT-III and GnT-V.
After retroviral infection, CHP134 cells were selected based on
their resistance to G418 as described under “Experimental Pro-
cedures.” GnT-III activity was effectively down-regulated by
70%, compared with those in parent and mock cells (Fig. 74),
whereas GnT-V activity, as a control, showed no significant
changes (data not shown). A quantitative real time PCR analysis
also indicated the down-regulation of RNA interference-di-
rected GnT-1II mRNA expression in these cells (Fig. 7B). We
then tested cell migration on LN5 and found that GnT-III
knockdown resulted in an increased cell migration compared
with mock cells (Fig. 7, C and D). We further investigated the
N-glycans on the a3 subunit. As shown in Fig. 7E, increased
B1,6-branched GlcNAc but decreased bisecting GlcNAc on a3
was found in the GnT-III knockdown cells, compared with
those in the mock cells. Together with the data in Fig. 6, these
data provided the evidence to show that GnT-III inhibited

*lsaji, T, Sato, Y., Zhao, Y., Miyoshi, E., Wada, Y., Taniguchi, N.,and Gu, J. (2006)
J. Biol. Chem., in press.
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FIGURE 6. Increased product of GnT-lll but decreased product of GnT-V on integrin a3 subunit after transfection of GnT-lllinto GnT-V transfectant.
A, whole cell lysates were immunoprecipitated (/P) with anti-a3 antibody, and the resulting immunocomplexes were subjected to 7.5% SDS-PAGE under
reducing conditions. The blots were probed by E,-PHA (top), L,-PHA (middle) and anti-a3 antibody (bottom), respectively. B, lectin blotting was performed with
E,-PHA and L,-PHA using cell lysates from different transfectants. C, base peak chromatograms and observed m/z values (charge number) obtained by a full
MS 1 scan (m/z 450 -2000) of N-linked oligosaccharides extracted from the gel-separated a3 subunit expressed in transfectants: GnT-lll transfectant (top), GnT-V
transfectant (middle), and GnT-lll plus GnT-V transfectant (bottom). D, deduced structures of peaks 1-11. A, fucose; @, galactose; O, mannose; ll, N-acetylglu-

cosamine. WB, Western blot.

the functions of GnT-V by competing for the modification of
the same protein in living cells, resulting in the positive or
negative regulation of its biological functions.

DISCUSSION

It has long been thought that the product of GnT-V, 81,6-
GlcNAc branching of N-glycans, contributes directly to cancer
progression and metastasis (6). Animal studies have shown that
GnT-V-deficient transgenic mice experience attenuated tumor
growth and metastasis (3). In human, the activity and/or
expression of GnT-V is elevated in multiple types of tumors (41,
42), and high levels of these enzymes or their cognate sugars are
correlated with metastasis and a poor patient prognosis (41,
43). In addition, GnT-V-modified cell surface receptors pro-
longed the turnover by inhibiting endocytosis (10) or resistance
to degradation by protease (26). These results suggest that
GnT-V may contribute to cancer metastasis through stabilizing
target proteins. On the other hand, the introduction of GnT-1II
leads to a reduced metastatic potential. Moreover, those trans-
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fectants displayed decreased cell motility and attachment to
laminin and collagen (14). Thus, it appears that GnT-V and
GnT-1II regulate cell migration and invasion as well as metas-
tasis in opposite manners. In fact, GnT-1II could be considered
to be an antagonist of GnT-V, because bisecting GIcNAc ren-
ders the biantennary substrate inaccessible to GnT-V in vitro
(13).

The a3B1 integrin is one of the most important proteins that
mediate cell motility and invasion and appears to be one of the
plausible target proteins of GnT-V in promoting cancer metas-
tasis. In fact, Pochec et al. (25) reported that 81,6-branched
structures were highly expressed in high metastatic melanoma,
compared with low metastatic melanoma. In the present study,
we found for the first time that GnT-III and GnT-V competi-
tively modify the same target, integrin a3 subunit, thereby reg-
ulating its functions. We demonstrated that GnT-III transfec-
tion to the GnT-V transfectant resulted in the inhibition of
a3p1 integrin-mediated cell migration, due to an increase of
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adhesion (39). Our present study
suggested one more; GnT-III com-
peted with GnT-V for the modifica-
tion of a3 subunit, causing a
decrease in the product of GnT-V
on a3 subunit. Luo et al. (40) had
suggested that the changes in the
glycan structure of integrin can
affect its conformation and activity.
. They reported that in CHO-K1
cells, the addition of a glycan at the
B1 I-like domain caused an increase
in the distance between the 81 head
and stalk domains, therefore induc-
ing the integrin dimer to be a more
extended (activated) integrin con-
formation (40). We suggested that
the competition of GnT-III and
GnT-V for the modification of a3

3 Parent celis
&8 Mock
W <D

a3 mtegrin

IP: a3 integrin

FIGURE 7. Increased cell migration and increased GnT-V product on a3 subunit in GnT-llIl knockdown
cells. A, activities of GnT-lil in GnT-lil knockdown CHP134 cells. B, mRNA expression of GnT-lIt in knockdown
cells. Quantitative analysis was performed by real time PCR. C, cell migration on LN5 (5 nm). Representative
fields were photographed using a phase-contrast microscope. Arrowheads, migrated cells. D, quantification of
migration of mock and GnT-ill knockdown cells. The number of migrated cells were quantified and expressed
as the means =+ S.D. from three independent experiments. E, whole cell lysates were immunoprecipitated (IP)
with anti-a3 antibody, and the resulting immunocomplexes were subjected to 7.5% SDS-PAGE under reducing
condition. The blots were probed by E,-PHA (top), L,-PHA (middle), and anti-a3 antibody (bottom), respectively.
KD, GnT-lll knockdown cells.

\)07
9 MAsn . G‘
oo //,

promoting cell migration b
A?n

Y ;%ﬂ%

inability of synthesizing 1.6
inhibiting cell migration  GicNAc branched structure in vivo

FIGURE 8. Hypothetical model for the competition of GnT-lil and GnT-V for integrin a3 subunit modifi- -

cation. The product of GnT-V contributes to the promotion of cell migration. The reaction represented by a
dashed line may not be predominant in vivo, whereas it could occur in vitro. On the other hand, the product of
GnT-lIl suppresses cell migration. More importantly, this product cannot be utilized as a substrate by GnT-V,
which is represented with a cross. Therefore, a381-mediated cell migration induced by GnT-V can be blocked

may cause changes in the glycan
within key regions of this integrin,
therefore causing the decreased cell
migration. Details of the effect of
glycans on this integrin are a subject
of further investigation in our future
study.

It is noteworthy that GnT-III and
GnT-V do not always oppositely
regulate all glycoproteins. In this
study, we found that GnT-III trans-
fection causes a similar decrease,
but to a lesser extent, in cell migra-
tion on COL compared with the
result on LN5. However, on COL,
GnT-V transfection did not resultin
an increase in cell migration, com-
pared with mock. This suggested
that 81,6-GlcNAc modification has
little effect or only mild effects on
alpBl and «231 integrin, which are
receptors for COL. In fact, we
reported that the introduction of

due to competition with GnT-lll. O, mannose; M, N-acetylglucosamine.

bisecting GlcNAc, but a decreased B1,6-GlcNAc, on the a3
subunit. However, the transfection of the GnT-II inactive
mutant failed to induce such changes. Conversely, the compe-
tition was further confirmed by an RNA interference strategy to
silence GnT-III in CHP134 cells, which express endogenous
GnT-V and GnT-III. We found that GnT-III knockdown
resulted in increased GnT-V product on the &3 subunit. Taken
together, to the best of our knowledge, we presented a previ-
ously uncharacterized demonstration of the existence of com-
petition for the same substrate between GnT-I1l and GnT-V in
living cells (Fig. 8).

Two mechanisms have been proposed for the inhibition of
cell motility by the overexpression of GnT-III: an enhancement
in cell-cell adhesion and the down-regulation of cell-lECM

OCTOBER 27, 2006+ VOLUME 281+NUMBER 43

the bisecting GIcNAc to the a5 sub-

unit resulted in a reduced affinity in
the binding of «581 integrin to FN, resulting in a decreased cell
migration (38). We thus assumed that the GnT-III affects the
al, a2, and a3 subunits similarly, which caused the decreased
cell migration on LN5 and COL. However, the modification of
B1,6-GlcNAc to al and a2 subunits may not affect their bind-
ing to COL. Considering that 381 integrin is a strong adhesive
receptor that promotes cell migration (37), the selective com-
petition between GnT-III and GnT-V for a3 might play an
important role in cancer metastasis.

Concerning metastasis, other important glycosyltransferases
cannot be overlooked (e.g. sialyltransferases). The modification of
the B1 subunit by sialyltransferase makes this integrin capped
with the negatively charged sugar, sialic acid. The abundance of
sialic acids, especially elevated a2,6-sialylation (44), contributes
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to cell motility and invasion (25, 45— 47). Thus, itis possible that
GnT-V mediates at least some of its effects on cell behavior via
increased sialylation (41). The effect of GnT-III on sialylation is
a topic that also merits further exploration.

In conclusion, this study reports for the first time that GnT-
111 competes with GnT-V for the modification of integrin a3
subunit in living cells (Fig. 8). This competition results in the
inhibition of a3 81 integrin-mediated cell migration induced by
GnT-V. The finding suggests that the competition between
both enzymes occurs not only in vitro but also in vivo and might
provide a new insight into unraveling the molecular mechanism
of tumor metastasis.
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The non-immune phage antibody library system is one of the most attractive technologies available to cur-
rent therapeutic, diagnostic and basic scientific research. This system allows the rapid isolation of antibodies of
interest that could subsequently be applied directly to drug delivery systems and antibody therapy. Previously,
we reported the primer sets to encompass the antibody repertoire and thus improve library quality. However, a
wide number of varying primer sets cause to decrease the amplification efficiency of antibody genes. In the pres-
ent study, we re-generated the library primer sets newly and constructed an improved library from non-immune
mice that was far superior in terms of variety and quality. This new library contained 2.4 billion independent
clones. In addition, we optimized the selection step from this library to isolate high-affinity antibodies. The opti-
mization of an affinity panning protocol by the incorporation of an automated Microfluidics instrument led to
the successful isolation of three different monoclonal antibodies for human vascular endothelial growth factor re-
ceptor 2 (KDR). These antibodies were demonstrated to exhibit high specificity and were able to detect a mere
0.6 fmol of KDR by dot blot analysis. Previously reported antibodies for luciferase were also isolated successfully
from this library. Our results clearly demonstrate the importance of the improved protocol for the library prepa-

1325

ration of antibodies and the resulting isolation of antibodies for clinical and research applications.

Key words non-immune antibody library; phage display system; single-chain Fv; high-throughput screening; vascular endothe-

lial growth factor receptor 2

Monoclonal antibodies are not only highly regarded as
reagents for basic biochemical research but also for clinical
diagnostic and therapeutic applications.'™ The production
of a monoclonal antibody is laborious and time-consuming
using established methodology involving the immunization
of animals with large amounts of antigen, the isolation of B
cells and the production of antibody-producing hybridomas.
Therefore, the development of a rapid and easy method to
produce monoclonal antibodies is highly desirable as an al-
ternative to conventional hybridoma technology.>®

Over recent years, phage display library technology has re-
ceived a great deal of attention in terms of antibody produc-
tion.”~'? The phage display system is able to construct a
large repertoire of protein or peptide libraries consisting of
hundreds of millions of molecules. The phage antibody li-
brary which displays the single chain Fv fragment (scFv) of
immunoglobulin is one of the most promising applications of
the phage display system. Monoclonal antibodies against tar-
get antigens are obtained rapidly by the use of an affinity
panning procedure in vitro which selects and amplifies the
phage clones specific for the antigen required. There are two
different types of phage antibody library system: the immune
library made by using B cells isolated from patients or im-
munized animals as a gene source,'” and the non-immune li-
brary made by using B cells isolated from healthy persons or
non-immunized animals.'>!'® By using the non-immune li-
brary, antibodies for vast number of different kinds of anti-
gens can be isolated without the need for in vivo immuniza-
tion. However, several studies report that the common non-
immune scFv libraries do not function effectively because of

* To whom correspondence should be addressed.
# These authors contributed equally to the work.

e-mail: tsunoda@nibio.go.jp

inefficiencies related to library preparation. The first problem
associated with scFv library preparation is poor coverage of
the PCR primer set used to amplify immunoglobulin genes.
The second problem relates to the complicated procedure as-
sociated with the 3 fragment assembly which connects the
VL and VH gene to a linker sequence. This assembly process
is inefficient and often cause sequence frame shifts resulting
in poor library quality. ’

In an attempt to overcome these problems, we previously
attempted to construct a higher quality library by preparing
an scFv library with improved PCR primer sets.'¥ However,
because the previous primer sets were constructed using
mixed bases, the combinations of primer sets available to
amplify the VL and VH fragments amounted to approxi-
mately two billion and six billion sets, respectively. There-
fore, the ratio of one primer contained in primer sets was ex-
tremely low. In addition, because the amplification efficiency
of PCR was extremely low, it was possible to incur bias in
the amplification of antibody genes. Moreover, antibodies
could not be isolated to some antigens using the previous li-
brary. In order to prepare a much better quality scFv gene li-
brary, it is necessary to re-design new primer sets for which
the amplification efficiency of PCR is extremely high.

In the present study, we re-generated the original primer
sets to remove any unnecessary primer variation whilst tak-
ing care to maintain sufficient diversity to encompass a wide
variety of antibody genes. Using this new primer set, we
were able to amplify antibody genes effectively and prepare a
much better quality scFv gene library. Furthermore, we opti-
mized the use of antibody selection methods with this new li-
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brary and successfully isolated several high affinity clones
specific for a tumor endothelial marker, KDR.'>19

MATERIALS AND METHODS

Construction of scFv Genes Total RNA was extracted
from spleen cells and femoral bone marrow cells prepared
from non-immunized 6-week-old male C57BL/6, Balb/c, and
C3H mice. The mRNA was purified using a mRNA Purifica-
tion Kit (Amersham Biosciences, Piscataway, NJ, US.A.)
and first-strand ¢cDNA was synthesized with the Super-
Script™ III First-Strand Synthesis System for RT-PCR (In-
vitrogen, Carlsbad, CA, U.S.A.). From each ¢DNA, im-
munoglobulin heavy-chain and light-chain genes were sepa-
rately amplified and recombined by three subsequent PCR
reactions as follows. In the first-step PCR, variable regions of
the heavy and light chain genes (VH and VL) were ampli-
fied. The light chain 5’ primers were modified to include an
Nco site, and heavy chain 3’ primers to include a NotI site.
Light chain 3’ primers were designed to assemble with heavy
chain 5’ primers (Fig. 1). Light and heavy chain variable re-
gion genes were amplified by PCR reaction containing 1 ul
of RT PCR products (¢cDNA) and 2 pmol of each primer set.
The samples were cycled 35 times at 96 °C for 60's, 50 °C for
60 s, and 68 °C for 60s. The PCR products were then purified
using a QIAquick PCR Purification Kit (QIAgen, Valencia,
CA, US.A)). In the second PCR, equal amounts of the previ-
ously amplified VL and VH DNA were mixed and cycled 20
times at 96°C for 60s, 63°C for 60s, and 68°C for 60s
without primers. The resulting PCR products, the scFv gene
library, were then purified using a QIAquick PCR Purifica-
tion Kit. In the third-step, the additional sequences were ex-
tended from Ncol and Not1 sites upstream of the scFv gene
library by overlap PCR using primer Y15 (5'-GCCAA-
GCTTTGGAGCCTTTTTTTTGGAGATTTTCAACGTG-
AAAAAATTATTATTCGCAATTCCTTTAGTTGTTCCTT-
TCTATGCGGCCCAGCCGGCCATGGCC-3') and primer
Y16 (5'-TTAGTAAATGAATTTTCTGTATGAGGTTTTGC-
TAAACAACTTTCAACAGTCTATGCGGCACGCGGTTC-
CACGGATCCGGATACGGCACCGGCGCACCTGCGGC-
CGC-3') by cycling 35 times at 96 °C for 60's, 65 °C for 60,
and 68 °C for 60s.

Construction of Non-immune Mouse scFv Phage Li-
braries and DNA Sequencing The PCR amplified scFv
genes and pCANTABSE phagemid vector were digested with
Ncol and Not1. The resultant scFv fragments were inserted
into the pCANTABSE vector to generate a scFv-gene III fu-
sion library, using T4 ligase (Roche Diagnostics, Indianapo-
lis, IN, U.S.A.) at 16 °C for 16 h. The ligated product, E. coli
TG1 was transformed by electroporation and grown at 37 °C
on culture plates containing 2YT medium supplemented with
100 pg/ml ampicillin and 2% glucose (2YTAG medium).
Twelve clones were selected at random and insert plasmid
DNA was sequenced and analyzed.

Phage Purification A scFv phage library containing
2.4%10° clones was used for the affinity selection. Glycerol
stocks of the scFv library were grown in the log phase, res-
cued with M13KO7 helper phage (Invitrogen) and then am-
plified at 37°C for 6h in 2YT medium supplemented with
100 pg/ml ampicillin and 50 ug/m! kanamycin. The phage
was subsequently precipitated with PEG-NaCl (4% PEG,
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0.5M NaCl) and then resuspended in NTE buffer (100 mm
NaCl, 10 mm Tris, and 1 mm EDTA).

Affinity Panning Affinity panning was performed by
using the BIAcore 3000 system (BIAcore, Uppsala, Swe-
den). The sensor chip CM3 (BlIAcore) was modified with
5 ug of antigen (KDR-Fc chimera; R&D systems Inc., Min-
neapolis, MN, U.S.A.) or luciferase (Promega Co., Madison,
WI, U.S.A.). The scFv phage library was then incubated with
50% HBS-EP buffer (BlAcore) and loaded onto the antigen-
immobilized sensor chip. After the binding step, the sensor
chip was rinsed with HBS-EPT (HBS-EP containing 0.05%
Tween 20). Bound phage was then eluted with Glycine-HCl
buffer (pH 2) and Glycine-NaOH buffer (pH 11). These
processes were regulated by BlAcore Control Software. The
eluted phage was then incubated in log phase TG1 cells and
glycerol stocks prepared for further repeat panning cycles.
Phage titer was measured by counting the number of infected
colony cells on Petrifilm (3M Co., St. Paul, MN, US.A.).

Phage ELISA Following the panning process, individual
TG1 clones were picked, grown at 37°C in 96-well plates
and then rescued via M13KO7 helper phage infection. The
amplified phage preparation was then blocked with 2%
Block Ace (Dainippon Sumitomo Pharma Co., Osaka, Japan)
at 4°C for 1h and then added to an immunoassay plate

5'-cctttctatgcggeccagecggCCATGGCC -
-GAYATTGTWCTCWCCCARIC -3° -GAYRTTKTGATGACCCAVAC -3’
-GAYATTSTGMTSACYCAGIC -3' -GAYATYCAGATGACACAGAC  -3'
—GAYATTGTGMTMACTCAGTC -3' ~GAYATTGTGATGACACAACC -3
-GAYATTGTGHTRWCACAGTC -3' -GAYATCCAGCTGACTCAGCC -3’
VL —GAYATTGTRATGACMCAGTC -3' -GAYATTGTGATGACBCAGKC -3’
Forward —GAYATTMAGATRAMCCAGIC -3' ~GAYATTGTGATRACYCAGGA -3’
-GAYATTCAGATGAYDCAGTC -3’ —GAYATTGTGATGACCCAGHT  -3°
-GAYATTTTGCTGACTCAGIC -3’ -GAYGTGSTGMTSACYCAGTC  -3*
-~GAYATTGTTCTCAWCCAGIC -3’ -GAYGCTGTTGTACTCAGGAATC -3'
—GAYATTGWGCTSACCCAATC -3' -~GAYATTGTDHTVWCHCAGTC -3
=GAYATTSTRATGACCCARTC -3*
5'-accagagccgccgocgecgctaccaccaccace
VL -CCGITTGATTTCCARCTTKG -3'  -CCGITYWATTTCCAACTIWG -3’
Reverse [ _ccGITITATTICCAGETTGE -3'  -CCCTAGGACAGTCAGITIGE -3'
=CCGTTTSAGCTCCAGCTTGG -3'
5'-agcggcggeggcggctetggtyggtggtggatee—
-~GAKGTRMAGCTTCAGGAGYC -3 -SAGGTGCAGSKGGTGGAGTC  -3°
-~GAGGTNCAGCTBCAGCAGTC -3°' =GAKGTGCAMCTGGTGGAGTC  -3'
-CAGGTGCAGCTGAAGSASTC -3’ -GARGTGCAVCIGGTGGAGIC  -3'
-~CAGSTBCAGCTGCAGCAGTC -3' ~GAGGTGAAGCTGATGGARTC -3’
VH -GAGGTYCAGCTYCAGCAGTC -3’ -GAGGTGCARCTTGTTGAGTC -3’
Forward -GARGTCCARCTGCAACARTC -3 ~GARGTRAAGCTTCTCGAGTC -3
—CAGGTYCAGCTBCAGCARTC -3* —GAAGTGAARSTTGAGGAGTC -3’
-—CAGGTYCARCTKCAGCAGTC -3° -GAAGTGATGCTGGTGGAGTC  -3'
-CAGGTCCACGTGAAGCAGTC -3' -CAGGTTACTCTRAAAGHGTSTG -3'
—GAGGTGAASSTGGTGGARIC -3 -~CAGGTCCAAYTVCAGCARCC -3
-GAVGTGAWGYTGGTGGAGTC -3' ~GATGTGAACTTGGAAGTGTC -3
=GAGGTGAAGGTCATCGAGIC  -3°
5'-cggcaccggcgeacctGCGGCCGL~
VH =YGAGGAAARCGGTGACCGTGGT ~3°' —YGAGGAAGACTGTAGAGTGGT -3'
REVEISe |  _yGAGGAGACTGTGAGAGTGET -3'  -YGCGGAGACASTGACCAGAGT -3'
-YGAGGAGACGGTGACTGAGRT -3' =YGCAGAGACASTGACCAGAGT -3'
s$=G/C,. R=G/A, K=G/T, M=A/C, Y=C/T, W=A/T, H=A/C/T,
B=C/G/T, V=A/C/G, D=A/G/T, N=A/T/G/C
Fig. 1. Primers for PCR Amplification of VL and VH

New primer sets were designed that allowed immunoglobulin genes to be amplified
as efficiently as possible by referring previous reports and the Kabat Database. Linker
sequences were added downstream of the VL gene primers and upstream of the VH
gene primers so that the amplified VL and VH genes could be easily connected.
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coated with the antigens. Plates were then incubated for
2—3h, with agitation at 250 rpm, and were then washed
three times with phosphate buffered saline/0.1% Tween 20
(PBST), and finally incubated with HRP-conjugated anti-
M13 monoclonal antibody (Amersham Bioscience). Plates
were then washed once more with PBST and then TMB per-
oxidase substrate (MOSS, INC.) was added. Absorbance was
then measured at 450 nm and 655 nm as a reference.

Dot Blot Analysis Antigens were immobilized on nitro-
cellulose membranes using the Bio-Dot Microfiltration Ap-
paratus (Bio-Rad Laboratories, Hercules, CA, U.S.A.). The
membrane was incubated with blocking solution (10%
skimmed milk, 25% glycerol) for 2h and then washed twice
with TBST (Tris buffered saline containing 0.1% Tween 20).
The phage preparation was pre-incubated with 90% blocking
solution at 4°C for 1h and then applied to each well. After
2—3 h incubation, the apparatus was washed five times with
TBST and then incubated with HRP-conjugated anti-M13
monoclonal antibody. After three further washes with TBST
and TBS, the membrane was treated with ECL-Plus reagent
(Amersham Bioscience) and detected by use of a CCD image
analyzer (LAS-3000, Fuji Photo Film Co. Ltd., Kanagawa,
Japan).

RESULT AND DISCUSSION

In this study, we aimed to isolate a scFv monoclonal anti-
body from a non-immune antibody phage display library
constructed using our improved PCR primer set. We specifi-
cally designed the primer sets to produce a non-immune anti-
body library that was superior in variety and accuracy than
the past libraries (Fig. 1). To begin with, we re-designed
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primers which allowed immunoglobulin genes to be ampli-
fied as efficiently as possible by excluding an unnecessary
mixture of bases from the previous primer sets. The combi-
nations of primers to amplify the VL and VH genes were ap-
proximately four thousand and three thousand sets, respec-
tively. Furthermore, the combination of primer sets to con-
struct a scFv gene was more than ten million. The diversity
of this primer set increased by approximately 10000-fold in
comparison with that of the past reports. In addition, by
using these primer sets randomly, we confirmed that the PCR
products were gotten from all reactions (data not shown). In
addition, in accordance with our previous report, linker se-
quences were added downstream of the VL gene primers and
upstream of the VH gene primers such that the amplified VL
and VH genes were easily connected, thereby reducing the
possibility of frame shift in the sequence. Using the modified
primer sets, the non-immune murine scFv phage library was
prepared by the method described in our previous report.'
The titer of the resultant scFv phage library was 2.4X10°
cfu. The repertoire of this library was as diverse as that of the
library previously reported. DNA sequence analysis of
twelve clones picked randomly from the library demon-
strated no evidence of frame shift in the scFv genes (Fig. 2).
Because the diversity of the CDR3 domain that is important
for antigen binding is estimated to be in the region of twenty
million, we suggest that our new scFv library has almost
equal potential as the murine or human immune system.'*!”
Additionally, because the plII protein of phage is generally
toxic against E. coli, it was likely that contamination of the
plasmid coding for the frame-shifted scFv gene promotes the
production of the wild type phage that does not display anti-
body (data not shown). This means that we could not isolate

VL
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Fig. 2. Predicted Amino Acid Sequences of Non-immune Library
Amino acid sequences of 12 clones which were randomly picked from the library and analyzed by DNA sequence.
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antibodies by pannig because the wild type phage is ampli-
fied faster than the antibody displaying phage. However, we
strongly believe that this library was of high quality because
all randomly-picked clones maintained the scFv sequence.

To obtain an antibody for a target antigen by using the
phage display system, it is important to effectively increase
the phage clones interact with the target antigen by repeated
affinity panning. Although an immunoplate or immunotube
is commonly used for the affinity panning,”®?Y it is com-
monly known that these techniques are inefficient in terms of
antibody enrichment, are difficult to automate and exhibit
difficulties in controlling the precise settings for panning
conditions. Therefore, our present study utilized an auto-
mated microfludics system with a surface plasmon resonance

(A)
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analyzer (BIAcore 3000, BlAcore International AB, Uppsala,
Sweden) to ensure that the panning procedure was both easy
and optimized.

Generally, either acidic or basic solutions are required for
the elution step during panning.'>*? In our study, both acidic
(pH 2) and basic (pH 11) buffers, containing a surfactant,
were used for the elution step to completely dissociate the
entrapped antibodies at high affinity. To evaluate the useful-
ness of the library, affinity panning against the human KDR,
as a model antigen, was performed (Fig. 3). The experiment
involving two rinse procedures exhibited an increase of ap-
proximately 100 fold in the ratio of phage titer after the fifth
panning, while the experiment involving ten rinses exhibited
a 1000-fold increase (Fig. 3A). Additionally, phage ELISA
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Fig. 3.

Enrichment and Cloning of Antibodies to Human KDR from Non-immune scFv Phage Library by Affinity Panning

Enrichment of the desired clones was performed by affinity panning on the immobilized human KDR using the BlAcore 3000 system. (A) The ratio of phage titer at each pan-
ning round was plotted. The ratio was calculated as follows: (titer of the output phage)/(titer of the input phage). The closed line represents the data from the procedure involving
ten rinses and the dashed line represents the data involving two rinses (B). After the fifth panning on human KDR, the binding properties of the selected phage clones were ana-
lyzed by ELISA. The data represent the results of measurement of clones before panning (B), after fifth panning involving two rinses (C) and after fifth panning with ten rinses (D).
(E) Amino acid sequences of 8 clones high affinity clones for human KDR analyzed by DNA sequence.
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analysis of 250 randomly picked clones showed that the
number of positive clones binding to the KDR in the experi-
ment involving ten rinses was higher than that involving two
rinses (Figs. 3B—D). These results demonstrated that an op-
timized panning procedure with ten rinses effectively en-
riched the antibody clones specific for the target antigen.
DNA sequence analysis of the eight clones of high affinity
for human KDR demonstrated that these clones consisted of
three different arrangements of antibodies (Fig. 3E). And
then, we also confirmed that soluble formed scFvs of them
could bind to KDR (data not shown). ELISA also demon-
strated that these anti-KDR antibodies reacted not only with
human KDR but also with murine KDR at similar affinity
(Fig. 4). Because of natural tolerance, it is generally difficult
to obtain an antibody to not only an antigen which has high
homology but also an allogeneic antigen of the immunized
animal. However, in our experiment, anti-KDR scFvs iso-
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Fig. 4. Binding Properties of the Isolated Anti-KDR scFv Aatibodies
against Human or Murine KDR

The binding properties to human KDR () and murine KDR (O) of anti-KDR scFvs
displayed on the phage surface were measured by ELISA as described in the Materials
and Methods. Three phage clones, anti-KDR-1, anti-KDR-2, and anti-KDR-3 were ana-
lyzed. A clone displaying scFv to luciferase was used as a negative control.
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lated from a non-immune mouse antibody library were able
to bind murine KDR (allogeneic antigen). Therefore, it is
suggested that these antibodies are of great importance to
both mouse models and human research. This is because the
non-immune scfv phage library, constructed by connecting
VL and VH genes in vitro, included a nonexistent repertory
naturally. This result shows that our non-immune scFv phage
library is a useful technological resource for producing anti-
bodies to autoantigens

We then investigated the binding specificity of the three
anti-KDR scFv antibodies by dot blot assay. These antibodies
could bind native and denatured KDR, but not other antigens,
tumor necrosis factor receptor 2 (TNFR2), luciferase, bovine
serum albumin (BSA), importin-¢, and importin- (Fig. 5).
The fact that these scFvs did not react to the TNFR2-F¢
chimera indicates that these reacted not with the Fc domain
but rather the KDR domain. It was also revealed that the sen-
sitivity of dot blot analysis using the three scFvs as primary
antibodies was as high as the level of detection of 100pg
(0.6 fimol) of immobilized antigen by anti-KDR-1 and anti-
KDR-3 and 10 ng (60 fmol) by anti-KDR-2 (Fig. 6). The de-
tection limit of general antibodies of the IgG type is approxi-
mately 1ng (data not shown). In contrast, anti-KDR-1 and
anti-KDR-3 antibodies could detect 100 pg of KDR. The data
therefore suggests that the affinity of anti-KDR scFv antibod-
ies is better than antibodies of the IgG type. This shows that
the anti-KDR antibodies obtained from our library were of
high quality and could recognize very small amounts of anti-
gen. ,
To examine the usefulness of the library, we tried to isolate
an antibody to a previously reported antigen, luciferase (Fig.
7). As panning to the luciferase was repeated, the output/
input ratio was gradually elevated and the enrichment of the
library reached approximately 5000-fold after the fifth pan-

KDR KDR KDR KDR none

(10ng) (Ing) (100pg) (10pg)
anti-KDR-1 . . » 5
anti-KDR-2 ‘ . . -
| @ | © | ©

Fig. 6. Sensitivity of Antigen Detection by Anti-KDR scFvs

Anti-KDR scFv phages were reacted with KDR-Fc chimera (10 ng, 1ng, 100 pg and
10pg in each spot) immobilized on a nitrocellulose membrane using a dot blot mani-
fold.
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Fig. 5. Binding Specificity of Anti-KDR scFv Antibodies

Binding specificity of anti-KDR scFvs was examined by dot blot analysis. Native hu-KDR-Fc-chimera, hu-TNFR2-Fc-chimera, luciferase, BSA, hu-importin-¢, hu-importin-f
and denatured hu-KDR (100 ng each) were dot blotted onto a nitrocellulose membrane and then the purified anti-KDR scFvs phage was reacted in the wells.
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Fig. 7. Enrichment and Cloning of scFv Antibodies to Luciferase

Anti-luciferase scFv phages were selected from the non-immune phage library. Five
rounds of affinity panning to the luciferase were performed using the BlAcore 3000
system. The ratio of the titer of output phage/input phage at each panning round was
plotted (A). After fifth panning, the scFv phage clones of affinity with luciferase were
analyzed by ELISA (B).

ning (Fig. 7A). A total of 150 phage clones were randomly
picked and their binding to luciferase tested by ELISA (Fig.
7B). The number of positive clones was increased by affinity
panning to luciferase and a high number of clones were suc-
cessfully isolated. Because the variety of previous primer
sets was very excessive, the amplification efficiency of PCR
was extremely low. On the other hand, we confirmed that all
combinations of these primer sets could amplify effectively.
Moreover, antibodies to some antigens could not be isolated
from the previous library. Using the present library, however,
antibodies to all ten kinds of antigens tested were success-
fully isolated (data not shown). In addition, anti-KDR scFvs
isolated from the present library were far superior in terms of
antigen specificity and sensitivity and were able to bind an
allogeneic antigen. Collectively, these results suggest that the
present library was far superior to the previous one.

Over recent years it has become highly expected that anti-
bodies should be able to be applied not only as a biochemical
reagent for basic research but also as diagnostic tools and an-
tibody-based medicine.”>~*" It is therefore vital to be able to
obtain the desired antibody for various antigens rapidly. Be-
cause the non-immune scFv antibody phage library reported
here can isolate antibodies for various antigens in vitro, we
suggest that this resource will prove highly beneficial for fu-
ture research and clinical applications.
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Significant research effort is currently focused on Protein Transduction Domains (PTDs) as potential intra-
cellular drug delivery carriers. However, the application of this technology is limited because the transduction
efficiencies are often insufficient for therapeutic purposes, even using HIV-1 Tat peptide. Here we describe a
high-throughput screening method based on a phage display system for isolating novel PTDs with improved cell
penetration activity. The screening method involves using protein synthesis inhibitory factor (PSIF) as cargo of
PTD. Using this method, several Tat-PTD mutants of superior cell-penetrating activity were isolated. Interest-
ingly, the amino acid sequence of the PTD mutants contained some characteristic residues, such as proline. Thus,
our screening method may prove useful in determining the relationship between protein transduction and amino

acid sequence.

Key words phage display system; protein transduction domain; high-throughput screening; HIV-1 Tat; intracellular drug delivery

Recent advances in proteomics have allowed a number of
refractory diseases, such as cancer and neurodegenerative
disorders, to be studied at the molecular level. The main

causative factor of such disease states is often associated

with intracellular organelles or particular subcellular pro-
teins. Thus, the intracellular organelles, proteins or genes
might constitute the therapeutic target. Recently, it was dis-
covered that certain peptides, referred to as protein transduc-
tion domains (PTDs), can penetrate cells accompanied by a
large molecular cargo. Considerable research effort is cur-
rently focused on utilizing PTDs as peptide-based carriers
for intracellular drug delivery.'—

Tat peptide, derived from the HIV-1, and Antennapedia
peptide, derived from Drosophila Antennapedia homeotic
transcription factor, are well known PTDs that have been
tested as drug delivery carriers for various disease models.*~”
PTDs can even deliver bulky molecular cargos (>100kDa)
into a wide variety of cell types.'®~'» However, to use PTDs
as effective intracellular drug delivery carriers with clinical
applications, it is necessary to create novel PTDs with
greater protein-transduction potency than exists naturally.

An attempt to create a novel PTD by modification of the
peptide structure has already been reported.'!> However,
because it is difficult to predict the transduction activity of
the peptide based on structural information alone, novel pep-
tides must be generated by introducing amino acid substitu-
tions and then the effects determined by trial and error. Re-
cently, we have successfully generated a technology for cre-
ating novel muteins (mutant proteins) that have non-native
functions using a phage display system.'® This prompted us
to apply phage display technology to screen for novel PTDs.

The phage display system is a protein selection methodol-
ogy in which a library of mutant proteins or peptides can be
screened and the desired molecules easily identified by link-
ing DNA information (genotype) with phenotype (protein
expression).'—2% By applying this methodology, novel PTDs
can be selected such as those transduced into the cell by a
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different mechanism or those with tissue/cell specificity. In
general, the phage display system is used to isolate antibody
and peptide ligands using an affinity selection step to target
the desired molecules. However, for the discovery of PTDs it
is necessary to construct a screening method to select clones
that are transduced into the cell rather than simply selecting
those that bind to the cell surface. We designed a high-
throughput screening method to isolate effective PTDs
by fusing PTD with Protein Synthesis Inhibitory Factor
(PSIF).2" Here, we used our methodology to identify novel
Tat mutants with greater transduction potency than wild-type
Tat PTD.

MATERIALS AND METHODS

Library Construction A gene library of Tat mutant
peptides was constructed by randomization of codons (except
arginine codons) of Tat [47—57] using PCR primers contain-
ing NNS sequences (N; A/T/G/C, S; G/C). Two primer se-
quences were used in this PCR. Forward primer, Y-oligo22 3’
ex (5'-TCA CAC AGG AAA CAG CTA TGA CCA TGA
TTA CGC CAA GCT TTG GAG CC-3’) contained a Hindlll
site and annealed on pCANTAB phagemid vector. Reverse
primer, Tat[47—57] R (5'-TC ATC CTT GTA GTC TGC
GGC CGC ACG ACG ACG SNN ACG ACG SNN SNN
ACG SNN SNN GGC CAT GGC CGG CTG GGC CGC
ATA GA AAG-3") contained five NNS codons and a Norl
site. After amplification of the Tat{47—57] mutant gene, the
PCR fragments were digested with Hindlll and Notl and
cloned into the pCANTAB phagemid vector (Invitrogen
Corp., Carlsbad, CA, US.A.). E. coli TG1 cells (Stratagene,
La Jolla, CA, US.A)) were transformed with the phagemid
by electroporation and then phage displaying Tat mutant pep-
tide library were produced by infection of M13KO7 helper
phage (Invitrogen Corp.).

Cell Panning The human keratinocyte cell line, HaCaT,
was seeded in 6 well tissue culture plates at 5X10° cells/well
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and cultured overnight. The culture medium was changed to
Opti-Mem | medium (Invitrogen Corp.) containing 2% BSA
for blocking and incubated for 2 h at 37 °C. Purified phage li-
brary was pre-incubated with the same medium at 4 °C for
1 h. The phage solution was then applied to the HaCaT cells
and incubated for 2 h at 37°C. Unbound phage was removed
by extensive washing (20X) with PBS (pH 7.2). Phage parti-
cles bound or internalized with the HaCaT cells were subse-
quently rescued by adding ice cold 50mm HCI to each well
and incubating for 10 min at 4°C. The solution containing
lysed cells and phage library was collected and neutralized
by adding 1.0M Tris—HCl pH 8.0. The phage clones con-
tained in the solution were propagated by infecting E. coli
TG1 and applied for the next round of panning. The cell pan-
ning was repeated two more times (i.e. 3 panning rounds in
total).

Expression of PTD-PSIF Proteins Protein synthesis in-
hibitory factor (PSIF, PE fragment) is an approximately
40kDa fragment of the bacterial exotoxin (GenBank Acces-
sion No. K01397) derived from Pseudomonas aeruginosa®™
(ATCC strain No.29260). PSIF lacks its cell binding domain,
and has been successfully used as a cytotoxic portion of a re-
combinant immunotoxin.”® We cloned the cDNA for PSIF
from Pseudomonas aeruginosa, Migula by PCR using the
primer set: 5'-GAT GAT CGA TCG CGG CCG CAG GTG
CGC CGG TGC CGT ATC CGG ATC CGC TGG AAC
CGC GTG CCG CAG ACT ACA AAG ACG ACG ACG
ACA AAC CCG AGG GCG GCA GCC TGG €CCG CaGC
TGA CC-3' and 5'-GAT CGA TCG ATC ACT AGT CTA
CAG TTC GTC TTT CTT CAG GTC CTC GCG CGG CGG
TTT GCC GGG-3'. The PCR product was cloned into modi-
fied pPCANTAB phagemid vector. After 3 rounds of cell pan-
ning, the enriched library of PTD candidate cDNA clones
were purified from phage-infected TG1 cells and inserted
into the PSIF-fusion expression vector derived from phagemid
pCANTABSE. TG1 cells were transformed with the PTD-
PSIF fusion library and monocloned. Transformed TG1
clones were picked, transferred to a 96 well plate format and
cultured in 2-YT medium (Invitrogen Corp.) containing 2%
glucose and 100 ug/ml ampicillin until the ODy, reached
0.5. PTD-PSIF protein was expressed in the supernatant by
culturing the cells for 12h at 37°C in 2-YT growth medium
with no glucose in the presence of 100mm IPTG. These su-
pernatants were harvested and used for the cellular cytotoxic-
ity assay.

Cytotoxicity Assay of PTD-PSIF Fusion Protein against
HaCaT Cells HaCaT cells were seeded on 96 well tissue
culture plates at 1.5X10* cells/well in Opti-Mem I medium
containing 50 gg/ml cycloheximide. Each culture super-
natant from the PTD-PSIF clones was then added to an indi-
vidual well. After incubation at 37°C for 24 h, viability of
HaCaT cells was assessed using the MTT assay.

Flow Cytometry Analysis of FITC-Labeled PTDs on
Live Cells HaCaT cells were seeded on 24 well tissue cul-
ture plates at 1.0X 10° cells/well. After incubation for 24 h at
37°C, the cell monolayer was treated with FITC-labeled
PTDs diluted in growth medium at a final concentration
10 um for 3h. Cells were then washed and any PTDs ad-
sorbed to the cell surface digested using 2.5% trypsin. Cellu-
lar fluorescence was then measured by flow cytometry (Bec-
ton Dickinson, Oxford, U.K.).
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In Vitro Safety Assessment HaCaT cells were seeded
on 96 well tissue culture plates at 1.6X10* cells/well. After
incubation for 24 h at 37 °C, FITC-labeled PTDs were added
to the cell monolayer at three different concentrations (3 um,
10 uM or 30 um). After additional incubation for 24h at
37°C, cell viability was assessed by the WST-8 assay (Do-
jindo Lab., Kumamoto, Japan).

Fluorescence Microscopic Analysis HeLa cells were
seeded on a chamber coverglass at 3.0X10* cells/well in cul-
ture medium (MEM 10% fetal calf serum) and incubated
for 24h. A 2 um aliquot of streptavidin modified Qdot525
(Quantum Dot Co., Hayward, CA U.S.A.) was incubated
with 200 um of synthesized biotinylated PTDs at room tem-
perature for Smin and diluted in culture medium containing
10% fetal calf serum (FCS) and 5 nM PTD-conjugated Qdot.
HeLa cells were then treated with the culture medium con-
taining PTD-Qdot and 100 ng/ml Hoechst 33342 (Invitrogen
Corp.) and incubated at 37 °C for 1 h. The medium was then
changed for Qdot-free medium and the cells observed by flu-
orescence microscopy using an Olympus 1X-81 microscope
(Olympus Co., Tokyo, Japan) at various time points.

RESULTS AND DISCUSSION

In this study, a screening method for Tat PTD mutants
with efficient cell penetrating activity was established and
novel peptide sequences were identified (Fig. 1). Mutagenic
PCR, using primers Y-oligo22 3'ex and Tat[47—57]R), was
used to prepare a mutant peptide gene library of Tat in which
5 codons were randomized within the Tat[47—57] peptide.
All the natural arginine codons of this peptide were retained
because arginine was reported to have an important roll for
penetrating into the cells.?® The PCR product was then lig-
ated into the phagemid vector. Approximately 16 million
colony forming units (cfu) were obtained after transforma-
tion of E. coli TG1 with the phagemid. DNA sequence analy-
sis of the library confirmed it to be derived from independent
clones (Table 1). Our results established that the library had
an enormous repertoire covering the 3.2 million theoretical
combinations of 5 amino acids. From this, a 1.0X10'2—10"
cfu phage library displaying Tat mutant was prepared. In
order to enrich the phage clones which bound or internalized
to the cells, 3 rounds of cell panning using the HaCaT cell
line was performed. The enriched phage clones included not
only PTDs capable of penetrating the cell but also those pep-
tides which simply bind to the cell surface.

To allow the differential selection of PTDs capable of pen-
etrating the cell we designed a high-throughput screening
method by fusing PTD with PSIF. PSIF from Pseudomonas
aeruginosa, was not by itself cytotoxic because the cell-bind-
ing domain was truncated. However, PSIF shows cytotoxicity
when it is fused to a carrier, such as PTD, because it can then
enter the cytoplasm.?” PSIF-fusion is a simple and effective
screening method for novel PTDs because the penetrating
ability of the peptide can be evaluated from the cytotoxic ef-
fects of the fused protein. Figure 2A shows the cellular up-
take of PTD-PSIF fusion from the Tat mutant library before
cell panning. No clones displaying stronger cytotoxicity than
wild-type Tat-PSIF fusion could be detected. However, after
3 rounds of cell panning, over 80% of the analyzed 800
clones showed stronger cytotoxicity than wild-type Tat-PSIF.
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(Fig. 2B). Using this rapid PSIF screening method, we iso-
lated superior PTD candidates in only 2—3 weeks. Clones
showing enhanced cytotoxicity over wild-type Tat peptide
were isolated and the DNA sequences analyzed.

Next, FITC labeled PTD mutant candidates were synthe-
sized and cellular uptake was determined by flow cytometry
(Fig. 3). Each of the PTD candidates displayed similar or in-
creased uptake compared with wild-type Tat[47—57] or
Tat{48—60]. In particular, cellular uptake efficiency of YM2

wild type Tatf47-57} gene
== YGRKKRRQRRR

§ substituted by PCR

| — XXRXXRRXRRR = |

cloned to pPCANTAB
phagemid vector

XXRXXRRXRRR

Fat mutant phage library
(16 million independent clones)

l 3 round of cell-panning

PTD candidates binding or
intemnalizing to cells

PTD-PSIF fusion protein

| XXBXXRRXRRR |

monocloned and
estimated their cytotoxicity

i cloned to the vector for expressing

PTD candidates strongly
internalizing 1o cells

l DNA sequencing

Identitication of
effective PTDs

Fig. 1. Overview of the Creation of the Novel PTDs Using a Phage Dis-
play System Based High-Throughput Screening Method

The Tat mutant peptide gene library was constructed by randomization of the
Tat[47—57] sequence, except for the arginine codons. Fixed arginine residues are un-
derlined. Substituted amino acids are shown as X. After amplification, mutant Tat genes
were cloned into pPCANTAB phagemid vector. The Tat mutant phage library was pro-
duced from phagemid transformed TG1. The phage library was then subjected to 3
rounds of cell panning as described in Materials and Methods. Mutant Tat clones bind-
ing or internalizing to the cell were initially concentrated from the library. PTD candi-
dates were then purified and cloned into PSIF expression vector. Monoclonal TGls
containing individua! PTD-PSIF encoding phagemid were picked up separately into a
96 well format. The cytotoxicity of the PTD-PSIF proteins was assessed in order to iso-
late Tat peptide mutants that are strongly internalized within the cell. Approximately
1000 clones can be simultaneously assayed for cytotoxicity by this procedure. The
amino acid sequence of effective Tat mutants were readily obtained from their DNA se-
quence.
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or YM3 was 2.5 to 3 fold greater than wild-type Tat. Table 2
shows the amino acid sequences of clones YM2 and YM3.
Some clones, including YM2 or YM3, have an increased
number of arginine residues (clones 1, 6 and 7, Table 1).
Moreover, all the clones shown in Tables 1 and 2 have almost
the same isoelectric point (pl) of ca 13. In general the trans-
duction ability of PTDs is associated with cationic amino
acid residues, such as arginine. However, our data indicates
that the transduction ability of PTDs is not wholly dependent
on the total number of arginine residues or the overall pl. In-
terestingly, YM2 and YM3 include some characteristic
amino acid residues, such as proline. In addition, these PTD
candidates have arginine at the same position as Tat 54,
which is thought to be important for transduction. In this
way, our phage display system can correlate the amino acid
sequence of the peptides with transduction ability. Thus, for
the first time, it may be possible to experimentally determine
the factors that influence intracellular transduction other than
cationic amino acids or pl.

To utilize PTD as an effective intracellular drug delivery
carrier, the peptide must be nontoxic to the cells. Using the
assay for HaCaT cells, no cytotoxicity was observed with
peptides YM1, YM2 and YM3 (Fig. 4). Polyarginine is one
of the representative artificial PTDs and, like Tat peptide, is
highly efficient at transducing cargo into the cell.) However,
polyarginine (Arg 11) displayed more cytotoxicity than Tat
peptide.”® Our initial assessment, conducted on a specific
cell line, indicates that all 3 novel PTDs are safe drug carri-
ers.

Another research group has also reported the generation of
novel PTDs with enhanced transduction potential compared
to that of Tat peptide.'” However, it was never demonstrated
whether these PTDs actually introduced cargos into the cell.
Therefore, we examined whether our PTDs candidates were
able to deliver macromolecules. Qdots, a fluorescent semi-
conductor nanocrystal, was used as a model macro drug mol-
ecule. Qdots streptavidin conjugate was modified with either
biotinylated Tat[47—57] or YM3 peptide and then applied to
cultured HeLa cells. After 1h, Tat[47—57] or YM3 labeled
Qdot were localized near the cell membrane (Figs. 5a, d). For
these observations, Hela cell was used in spite of HaCaT cell
because the localization analysis of Qdots in HaCaT cell was
difficult due to its small cytoplasmic area. Upon further incu-
bation, the location of the Qdot-PTD conjugates changed
(Figs. 5b, ¢) until after 20 h the Qdot was observed at the per-
inuclear region (Figs. 5c, f). However, Qdots was not ob-

Table 1. Amino Acid Sequences and pl Values of Tat Mutants from the Library
Position
Clone pl
47 48 49 50 51 52 53 54 55 56 57
Tat[47—57] Y G R K K R R Q R R R 12.8
Clonel T L R T R R R N R R R 13.3
Clone2 N Y R T G R R K R R R 12.8
Clone3 L T R Q T R R M R R R 13.2
Clone4 S K R T w R R N R R R 13.2
Clone5 K E R H L R R H R R R 12.8
Clone6 D R R N S R R N R R R 12.9
Clone7 H R R P v R R F R R R 13.3
Clone8 A P R D w R R A R R R 12.8

Sequence analysis of random phage clones isolated from the library. The library confirmed it to be derived from independent clones.



