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Lactoferrin (LF) is an iron-binding secretory protein, which is
distributed in the secondary granules of polynuclear lympho-
cytes as well as in the milk produced by female mammals.
Although it has multiple functions, for example antimicrobial,
immunomodulatory, antiviral, and anti-tumor metastasis activ-
ities, the receptors responsible for these activities are not fully
understood. In this study, the binding epitopes for human LF
were first isolated from a hexameric random peptide library dis-
played on T7 phage. Interestingly, two of the four isolated pep-
tides had a representative cell adhesion motif, Arg-Gly-Asp
(RGD), implying that human LF interacts with proteins with the
RGD motif. We found that human LF bound to the RGD-con-
taining human extracellular matrix proteins, fibronectin and
vitronectin. Furthermore, human LF inhibited cell adhesion to
these matrix proteins in a concentration-dependent manner but
not to the RGD-independent cell adhesion molecule like lami-
nin or collagen. These results indicate that a function of human
LF is to block the various interactions between the cell surface
and adhesion molecules. This may explain the multifunctional-
ity of LF.

Lactoferrin (LF)? is an 80-kDa secretory glycoprotein that is
contained in the secretary granules of polynuclear leukocytes as
well as in the milk produced by female mammals. This protein
is thought to be important in transporting iron to cells or pro-
viding iron to infants because of the features it has in common
(with respect to structure and iron binding ability) with a rep-
resentative iron-transporting protein, transferrin (TF). How-
ever, LF has recently been recognized as a multifunctional pro-
tein because it has various biological activities. LF has
antimicrobial activities against bacteria, fungi, and viruses (1).
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The antibacterial activity of LF is due to its N-terminal Arg-rich
region, which binds to lipopolysaccharides (LPS) on Gram-neg-
ative bacteria, and this region is also responsible for binding
lysozyme, heparin, and DNA (2, 3). With respect to its antiviral
activity, LF acts as an inhibitor for viral entry to target cells but
does not repress the intracellular replication of viruses (4). For
example, LF prevents viral infection by binding to the envelope
proteins E1 and E2 of the hepatitis C virus (5) or the VP1 protein
in enterovirus (6). Several reports have also described the
immunoregulatory and anti-tumor metastasis activities of LF.
However, the reasons for these activities have not been well
established. It was found that orally administrated human LF
(hLF) inhibited the growth of established tumors to the same
extent as the chemotherapeutic agent cis-platinum (7). It is
thought that this anti-tumor activity is derived from induction
of secretion of interleukin-18 in the intestinal tract (8), subse-
quent systemic NK cell activation, and increased numbers of
CD8+ T cells. However, in another report, LF was found to
exert its anti-tumor activity by inhibiting the angiogenesis
induced by the tumor cells (9).

To account for these various activities, several LF receptors
have been reported. Legrand et al. (3) noted thata 105-kDa hLF
receptor expressed on Jurkat cells binds to hLF with a dissoci-
ation constant (K;) of 70 nMm. Another research group isolated a
hLF-specific receptor that forms a 110-120-kDa complex,
which was purified from brush-border membrane in the intes-
tinal tract (10). Furthermore, the same group identified the
associated hLF receptor gene (10). This receptor bound to hLF
with a K, of 1 um. A nucleolar protein called nucleolin is also a
potential hLF receptor (11). In this case, both the N- and
C-lobes of LF contributed to the receptor binding, and the K,
was 240 nM. However, nucleolin is known to function as a
receptor of various other protein ligands. Therefore, the crucial
receptor that is specifically directed to LF with high affinity has
not been found.

To search for proteins that interact with hLF, we first
screened a 6-mer random peptide library displayed on T7
phage and isolated four hLF-specific peptides by biopanning
with hLF. Interestingly, two of the four peptides had the typical
cell adhesion motif Arg-Gly-Asp (RGD), suggesting that hLF
may interact with RGD-containing proteins. Binding experi-
ments using ELISA and surface plasmon resonance (SPR) anal-
ysis demonstrated that hLF bound to human fibronectin (hEN)
and vitronectin (hVN) with relatively high affinity. Further-
more, the cell adhesion of Chinese hamster ovary (CHO), HeLa,

VOLUME 281+-NUMBER 34+AUGUST 25, 2006

900z ‘€z 1snbny uo auoizasuo) ejejodeww| 1|614 auoizebalbuo) 1e 610 0gl Mmm wol) papeojumod


http://www.jbc.org

The Journal of Biological Chemistry

6

Binding Epitopes of Human Lactoferrin for Cell Adhesion

and RAW cells to hFN or hVN coated on the culture plate was
inhibited by hLF in a concentration-dependent manner, indi-
cating that hLF interfered the cell adherent interaction through
RGD motif. This is the first report describing the interaction
between hLF and extracellular matrix proteins. The biological
roles of hLF with respect to immunoregulation, inflammation,
angiogenesis, and tumor metastasis are discussed from the per-
spective of the cell adhesion inhibitory activity of hLF.

EXPERIMENTAL PROCEDURES

Materials—hLF, human transferrin (hTF), hFN, hVN,
human laminin (hLN), and human collagen (hCN) were pur-
chased from Sigma. Hen egg white lysozyme (HEL) was pur-
chased from Seikagaku Kogyo (Tokyo). Peptides named
LFpep-1 (GGGSRGDDWAG), LFpep-1A (GGGSAGDDWAGQG),
LFpep-3A (GGGSRGADWAG), LFpep-4A (GGGSRGDAWAG),
and LFpep-5A (GGGSRGDDAAG) were chemically synthe-
sized by employing Fmoc (N-(9-fluorenyl)methoxycarbonyl)
protection chemistry and purified on a reversed phase col-
umn. The biotinylation of the a-amino residue of peptide
was carried out with the Sulfo-NHS-LC-Biotin (Pierce)
biotinylation reagent according to the protocol recom-
mended by the manufacturer.

Construction of Random Peptide T7 Phage Library—The T7
phage library displaying random 6-mer peptides used here was
constructed using the phage vector T7Select415 (Novagen). To
add hexameric amino acid sequences to the C-terminal of the
G10 protein of T7 phage through the GGGS linker peptide, a
template oligonucleotide (5'-GCCGCAAGCTTTTATCCMN-
NMNNMNNMNNMNNMNNCGAACCTCCACCTGAAT-
TCGG-3') was synthesized. This oligonucleotide was amplified
by PCR using forward and reverse primers (5'-CCGAATTCA-
GGTGGAGG-3' and 5'-CGGCGTTCGAAAATAGG-3’) that
harbored restriction sites for EcoRI and HindIIl, respectively.
The generated PCR product was purified on a PCR-M column
(Viogene) and digested with EcoRI and HindIIl. The DNA
fragment was purified on a PCR-M column again and ligated
into the corresponding restriction sites in the T7Select415
vector. The ligation mixture was subjected to an in vitro
packaging reaction using a T7 packaging extract (Novagen).
The packaged T7 phages were infected into Escherichia coli
BL21 and amplified once. The diversity of the library was
estimated to be 2.5 X 10° by titering the phages with a plaque
assay before propagation.

Biopanning against hLF—Microplate wells (Nunc, Maxisorp)
were coated with hLF (500 ng/100 wl/well) and blocked with
0.5% BSA in PBS. The T7 phage library (5.0 X 10'° pfu) was
added to the wells and incubated for 1 h at room tempera-
ture. After the wells were washed seven times with PBS, 0.1%
Tween 20 (PBST), the BL21 E. coli cells were added and cul-
tured for phage propagation. The phages recovered from the
culture supernatant by polyethylene glycol precipitation
were used for the next round of panning. After four rounds of
panning, the phages were cloned on the culture plates, form-
ing phage plaques.

ELISA to Detect the Interaction of hLF with Phages and Pep-
tides—Each well of the microplates (Nunc, Maxisorp) was
coated with hLF (100 ng/50 ul/well) in 0.1 M NaHCO; and
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blocked with 0.5% BSA in PBS. The phage clones (5 X 10*°
pfu/well) were added to each well and incubated for 1 h, and the
wells were washed five times with PBST. The bound phages
were detected with anti-T7 phage mouse antibody (Novagen)
and horseradish peroxidase-conjugated anti-mouse IgG goat
antibody (Jackson ImmunoResearch). For the colorimetric
assay, 3,3',5,5'-tetramethylbenzidine solution (Wako Chemi-
cals) was used, and absorbance at 450 nm was measured on an
ELISA plate reader (ImmunoMini NJ-2300, InterMed, Tokyo).

The peptide ELISA was performed in a similar manner. Bioti-
nylated LFpep-1,-1A, -3A, -4A, and -5A peptides (100 um/well)
were preincubated with horseradish peroxidase-conjugated
streptavidin (SA) (Vector), and the mixture was added to hLF-
coated wells. After 1-h incubation, the wells were washed three
times with PBST, and the bound peptides were detected.

ELISA to Detect the Interaction of hLF with hFN and hVN—
The binding of hLF to hFN and hVN was assayed as described
below. The wells were coated with hFN, hVN, hLN, or hCN
(12.5, 25,50, 100, and 200 ng/50 ul/well) and blocked with 0.5%
BSA in PBS. Human LF (500 ng/50 ul/well) was added to each
well and incubated for 1 h. The bound hLF was detected by
anti-human LF polyclonal rabbit antibody (Sigma) and horse-
radish peroxidase-conjugated anti-rabbit IgG goat antibody
(Jackson ImmunoResearch).

The inhibition of hLF binding with hEN by the isolated
phage clones or LFpep-1 peptide was performed in a similar
manner. Human LF was added to hFN-coated wells in the
presence of phages (1-10 X 10° pfu/well) or biotinylated
LFpep-1 peptide (15, 30, 65, and 130 um), which bound SA to
form a tetravalent peptide complex by mixing with an
equimolar amount of SA, and the bound hLF was detected by
using anti-human LF antibody.

DNA Sequencing—The DNA sequencing of the peptide
region displayed on the T7 phage was carried out by using the
dye-terminator method on an ABI 3100 Genetic Analyzer. The
sequencing reaction was carried out by using the Big Dye ter-
minator 3.1 reagent (PE Biosystem) using the following prim-
ers: 5'-GGAGCTGTCGTATTCCAGTC-3’ (forward primer)
and 5'-AACCCCTCAAGACCCGTTTA-3’ (reverse primer).

Surface Plasmon Resonance Analysis—SPR analysis was per-
formed on a BIAcore 2000 (BIAcore) apparatus at 25 °C. All
reagents and the sensorchips were purchased from BlAcore.
The immobilization of ligand proteins on the CM5 sensorchip
was carried out according to the amine coupling protocols sup-
plied by the manufacturer. The immobilization reaction was
performed at pH 5.0, and the amount of immobilized protein
was adjusted to within 1500 —2000 resonance units. For regen-
erating the sensorchip, 0.2 M glycine-HCl buffer (pH 2.7) was
used. The association reaction was monitored by injection of
T7 phage clones purified by ultracentrifugation (1.0 X 10" pfu/
100 wl), a synthetic peptide LFpep-1 (1, 10, 100, and 300 um), or
hVN (125, 500, and 2000 nMm) into the flow cell at a flow rate of
10 pl/min. The dissociation reaction was carried out by wash-
ing the flow cell with HBS buffer (10 mm HEPES (pH 7.4), con-
taining 0.15 M NaCl, 3 mm EDTA, and 0.005% Tween 20). The
binding kinetic parameters were analyzed by using BIAevalua-
tion Version 3.2 software (BIAcore).
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FIGURE 1. A, enrichment of hLF-specific phages by biopanning. Output/input
ratios of phages by titration was indicated in each round of biopanning. B,
human LF binding specificity of isolated phage clones in ELISA. The binding of
isolated phage clones (LF-1, -2, -4, and -7) was examined using plates coated
with hLF, hTF, HEL, or BSA, as described under “Experimental Procedures.”
The wild type phage was included as a control. Data represent the mean =
S.D. of duplicate measurements.

LF-4 LF-7 Wild
Phage clones

Cell Adhesion Inhibition Assay—The cell adhesion activity of
the extracellular matrix protein was evaluated by using a
method described by Zhao and Newman (12). A 96-well cell
culture plate (Iwaki, Tokyo) coated with hFN, hLN, or hCN
(300 ng/100 pl/well) was preincubated with hLF, hTF, or HEL
(1.5, 3, 6,12.5, 25, 50, and 100 pg/ml) and washed three times
with PBS. CHO (ATCC CCL-61; America Type Culture Collec-
tion), murine macrophage cell line RAW264.7 (ATCC TIB-71),
and human epithelial cell line HeLa (ATCC CCL-2) (10° cells/
100 wl/well) were added to the wells and cultured at 37 °C for
2 h in serum-free RPMI 1640 medium. For the control experi-
ments, the cells were pretreated with hLF (1.5, 3, 6, 12.5, 25, 50,
and 100 pg/ml), washed, and added to the wells coated with
hEN, hLN, or hCN. After the plate was agitated on a bioshaker
at 500 rpm for 10 min, the adherent cells on the plate were
counted. The cell adhesion ratio was represented as a percent-
age value relative to the number of adherent cells in the absence
of hLF.

Immunostaining of hLF—Biotinylated hLF (600 nm) was
added to human monocytic cell line THP-1 (ATCC TIB-202)
(10° cells/100 wl/well) and cultured at 37 °C for 1 h in RPMI
1640 medium containing 10% fetal bovine serum in the pres-
ence of LFpep-1 peptide (250 um) or hLF (6 um). After the cells
were washed with fluorescence-activated cell sorter buffer, the
cells were subjected to permeabilization and fixation by
employing the Cytofix Cytoperm plus kit (Pharmingen). After
fixation, the cells were reacted with SA-fluorescein isothiocya-
nate (Pharmingen) for 30 min and observed by fluorescence
microscopy (IX71 fluorescence microscope equipped with a
DP30BW digital camera; Olympus).

RESULTS

Isolation of hLF-specific Phage Clones from a T7 Phage-dis-
played Random 6-mer Peptide Library—Using a T7 phage
library displaying hexameric random peptides, hLEF-specific
binding phages were isolated by a total of four rounds of bio-
panning against hLF. Fig. 14 shows the ratio of the output ver-
sus input phages (output/input ratio) in each round of panning.
Enrichment for hLE-binding phages was observed at the fourth
round.

After the fourth round of panning, the cloned phages were
subjected to the hLF-binding assay in an ELISA format. Forty
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TABLE 1
Amino acid sequences of hLF-binding peptide
Phage clone Sequence Frequency
LF-1 RGDDWA 20/40 (50%)
LF-4 RGDDWE 12/40 (30%)
LE-7 NRASNR 4/40 (10%)
LF-2 KKILH* 4/40 (10%)
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FIGURE 2. SPR analysis of hLF binding activity of isolated phage clones.
The binding of isolated phage clones to hLF was examined using a BlAcore
2000 biosensor as described under “Experimental Procedures.” LF-1, LF-2,
LF-4, LF-7, and the wild type phage clones were injected onto hLF-immobi-
lized sensorchips for association reaction and subsequently the washing pro-
cedure with HBS buffer started for dissociation reaction after 560 s.

out of the 50 isolated phages bound to hLF. All 40 clones were
subjected to DNA sequence analysis, and the peptide sequences
displayed on the phages were identified. A total of four
sequences (LF-1, -2, -4, and -7) were found, as listed in Table 1.
Among them, LF-1 and LF-4 were highly enriched and pos-
sessed the RGD motif, a representative cell adhesion motif.
These phage clones clearly showed specific binding to hLF but
not to other proteins such as hTF (Fig. 1B). These binding spec-
ificities were confirmed by SPR analysis. All the four phage
clones showed responsive curves with respect to SPR signal to
the hLF immobilized on the sensorchip (Fig. 2), but no signals
were observed for h'TF and HEL (data not shown). The sensor-
grams for the dissociation phase of all the phage clones were
very slow (K, < 107° s™'). This slow dissociation may be
related to the multivalent interactions between the hLF immo-
bilized on the matrix of the sensorchip and the peptides on the
phages.

Binding Specificity of Synthetic Peptide LFpep-1 to hLF—To
evaluate the specificity and the essential residues for the bind-
ing of the LF-1, LF-1 synthetic peptide (LFpep-1: GGGSRGD-
DWAG) and its Ala-substituted peptides were prepared. Fig.
3A shows the results of their binding to hLF and control pro-
teins. LFpep-1 peptide specifically bound to hLF. On the other
hand, the binding of Ala-substituted peptides (where Arg?,
Asp?, Asp*, or Trp® in LF-1 was replaced with Ala) resulted in
significant decrease in affinity. These results indicate that not
only cell adhesion motif (RGD) contributes to LF-1 binding to
hLF but also that Asp® and Trp® play the role in LF-1 binding to
hLF.

To examine the binding constant between the LFpep-1 pep-
tide and hLF, SPR analysis was carried out by injecting the syn-
thetic peptide into the sensorchip immobilized with hLF (Fig.
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FIGURE 3. A, binding experiments of the LFpep-1 peptide and its Ala-substi-
tuted peptides to hLF. ELISA was performed to examine the binding of the
LFpep-1, and its Ala-substituted peptides (LFpep-1A, LFpep-3A, LFpep-4A,
and LFpep-5A) with hLF, hTF, HEL, or BSA, as described under “Experimental
Procedures.” Data represent the mean =+ S.D. of duplicate measurements. B,
SPR analysis of the binding of the LFpep-1 peptide to hLF on BlAcore 2000
biosensor. The sensorgrams represent the data in injecting the different con-
centration of LFpep-1 peptide (1, 10, 100, and 300 um) to immobilized hLF. At
time = 970 s, the dissociation phase started by eluting with HBS buffer, as
described under “Experimental Procedures.”

3B). A concentration-dependent binding of LFpep-1 was
observed on the sensorgram. However, the K, was not able to be
calculated because the affinity was extremely weak.

Interaction of hLF and Extracellular Matrix Proteins—The
finding that the cell adhesion motif (RGD) was in human
LF-binding peptides suggested the possibility that extracel-
lular matrix proteins such as FN or VN, which interact with
integrin receptors on the cell surface through the RGD
motif, could be acceptors for hLF. Therefore, we first con-
firmed this hypothesis by using ELISA. As shown in Fig. 4, A
and B, concentration-dependent binding of hLF with hFN
and VN was observed. On the other hand, RGD-independent
extracellular adhesion proteins such as hLN and hCN did not
show the hLF binding.

To examine the affinity and binding specificity between hLF
and hVN, SPR analyses were performed. As shown in Fig. 54,
the injection of hVN (2000 nm) onto the hLF sensorchips pro-
duced clear response curves, but no response was obtained for
hTF. Fig. 5B shows the concentration-dependent response
curves of the sensorgrams after injection of different concen-
trations of hVN (125, 500, and 2000 nm) onto the hLF-immo-
bilization chip. From these analyses, the K, value for their bind-
ing was calculated to be 370 nm (k, = 3.8 X 10°m 's ', K, =
1.4 X 1073s7 1),

To further evaluate that the observed interaction between
hLF and hEN occurs through the RGD motif, an inhibition
assay was performed by using hLF-binding phage clones (Fig.
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FIGURE 4. Specific binding activity of hLF to hFN and hVN in ELISA. The

binding of hLF, hTF, and HEL was examined in ELISA plate coated with hFN (A),
hVN (B), hLN (C), and hCN (D).

=

6A), LFpep-1 peptide, and its Ala-substituted peptides (Fig. 6B).
The hLF-binding phage clones LF-1 and LF-4 effectively inhib-
ited the hLF/hFN interaction in a titer-dependent manner.
However, LF-7 phage clone, which did not possess the RGD
motif, showed modest inhibitory effect despite its relatively
high hLF-binding activity (Fig. 2), implicating that the LF-7
phage recognizes the different surface of hLF molecule from
LF-1 and LF-4 phages. The biotinylated LFpep-1-forming tet-
rameric complex with SA also disturbed the interaction
between hLF and hFN (Fig. 6B). All the Ala-substituted pep-
tides (LFpep-1A, -3A, -4A, and -5A) did not show inhibitory
activities, which is in good agreement with their binding abili-
ties to hLF in ELISA (Fig. 3A4).

Inhibition of Cell Adhesion by hLF—The cellular receptor
for the extracellular matrix proteins (hFN and hVN) is the
af-heterodimeric transmembrane glycoprotein integrin
(a5B1, aVB1, allbB3, and aVB3), and they interact with
each other through the RGD motif. Therefore, we examined
whether LF could inhibit adhesion of three typical adherent
cells (CHO, RAW, and HeLa cells) to hFN-coated plate (Fig.
7). Human LF preincubated with the hRFN-coated well appar-
ently inhibited cell-adhesion of CHO, RAW, and HeLa cells
to the hFN-coated plate, while no changes in cell adhesion
were occurred by the addition of control proteins (hTF and
HEL). This specific inhibitory effect of hLF on cell adhesion
was not observed in the case where the cells were first treated
with hLF, and the mixture was added to the wells coated with
hEN (data not shown), indicating that the inhibitory effect of
hLF was exerted by specifically binding hFN.

Itis well known that extracellular matrix proteins like hLN
and hCN also participate in cell adhesion functioning as
ligands of integrin family proteins. These two proteins, how-
ever, utilize the different binding interactions other than
RGD motifs in the integrin binding. Therefore, we tested the
effect of hLF on the RGD-independent cell adhesion using
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FIGURE 5. SPR analysis of hLF binding to hVN. The binding of hVN to hLF was examined using a BIAcore 2000
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phages or peptides. All peptides were biotinylated and supplied for analysis after forming tetrameric complex

of hLF into THP-1 cells, probably
by disturbing the interaction be-
tween hLF and hEN through the
RGD motif.

DISCUSSION

In the present study, we isolated
hLE-binding peptides from a T7
phage-displayed random hexameric
peptide library. The obtained four
peptides were all specific to hLF
(Fig. 1), which was also confirmed
by kinetic affinity experiments using
SPR analysis. The apparent affinities
of the isolated T7 phage clones
seemed to be very strong since of
the dissociation rate was very slow
(K,<10"*s™") (Fig. 2). However, a
synthetic peptide LFpep-1, derived
from the LF-1 phage clone, had very
weak affinity to hLF (Fig. 3). This
discrepancy in affinity is thought to
be occurred because of the avidity
effect on the multivalent interac-
tions between peptides on T7 phage
and the hLF immobilized on the
SPR sensorchip. Despite the low
affinity of the peptide, it is signifi-
cant that the RGD motif was found
in the hLF-binding peptides among

with SA. Data represent the mean = S.D. of duplicate measurements.

hLN and hCN-coated plate. The inhibitory effect of hLF for
cell adhesion to hLN and hCN-coated plate was not observed
in all the three cell lines (data not shown). This result indi-
cated that hLF blocked the specific interaction between hFN
and integrin through RGD motifin cell adhesion. The IC;, of
hLF in the inhibition of cell adhesion was approximately
estimated to be 34 —44 nm, which was far lower than that of
cyclic RGD peptide, a typical inhibitor of cell adhesion (1.49
pm) (13).

Inhibition Activity of the LFpep-1 Peptide on Cell Internal-
ization of hLF—The internalization of hLF into a human
monocytic cell line THP-1 was previously described (20),
although the uptake mechanism remain to be known. To
examine the biological activities of the LFpep-1 peptide, we
examined the effect of the addition of the LFpep-1 peptide
on the uptake of hLF in THP-1 cells. THP-1 cells were incu-
bated with biotinylated hLF in the presence of LFpep-1 pep-
tide or hLF in the medium containing 10% fetal bovine
serum, and the incorporated hLF was detected by SA-fluo-
rescein isothiocyanate on a fluorescence microscopy. In the
absence of the LFpep-1 peptide, internalized biotinylated
hLF was seen as positive staining (Fig. 84), whereas no stain-
ing could be observed in the cells treated in the presence of
the LFpep-1 peptide (Fig. 8B) or hLF itself (Fig. 8C). This
result indicates that the LFpep-1 peptide inhibits the uptake
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the major clones isolated (LF-1 and
-4). The RGD motif is observed in
many acceptors for integrins as a
common recognition moiety (Table 2). The interaction
between integrins and their acceptors through RGD motif is
involved in various bioactivities, including cell adhesion, blood
coagulation, angiogenesis, migration of lymphocytes, inflam-
mation, and tumor metastasis. In this study, we demonstrated
that hLF bound to the extracellular matrix proteins hFN and
hVN which possess RGD motif and inhibited the hFN-medi-
ated cell adhesion by blocking the interaction between the cel-
lular surface integrin and RGD motif of hEN. Such blocking
ability for cell adhesion may give a plausible interpretation for
multiple functions of hLF.

We scanned the important residues responsible for hLF
binding in LF-1 sequence by using Ala-substituted peptides
(Fig. 3A). As the result, we found not only Arg" and Asp?, which
form RGD motif, but also Asp* and Trp® located after the RGD
motif play an important role in binding to hLF. These results
suggest that the RGD region is necessary for binding to the
specific site on hLF and that the Asp* and Trp® are involved in
enhancement of affinity and/or specificity of LE-1 sequence to
hLF. In natural RGD-containing proteins, the sequence after
RGD motif is not conserved as summarized in Table 2. A study
regarding the binding motifs recognized by integrin suggests
that there are no favorable common features in amino acid
sequence after the RGD motif (14). Therefore, it is thought that
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FIGURE 7. Specific inhibition of hFN-mediated cell adhesion by hLF. The
cell adhesion was observed in the wells which was coated with hFN and sub-
sequently treated with hLF (closed circles), hTF (closed triangles), or HEL
(inverted closed triangles). Three types of adherent cells, CHO (A), RAW (B), and
HeLa (C) (1 X 10° cells/well), were employed for the experiments. The data
represent the mean =+ S.D. of duplicate measurements. The detailed proto-
cols of the adhesion assay were described under “Experimental Procedures.”

B
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FIGURE 8. Inhibition of hLF internalization into cells by LFpep-1 peptide.
Biotinylated hLF (600 um) was added to THP-1 cells in the absence (A), pres-
ence of 250 um LFpep-1 peptide (B), or 6 um hLF (C).

the amino acids responsible for hFN and hVN to bind to hLF are
essentially limited to the RGD motif.

It has been reported that the RGD motif is involved in the
binding of TF to its receptor (15, 16). On the basis of the tertiary
structure of the complex, as analyzed by cryo-electron micros-
copy (17), the first Arg®*® residue of the RGD motif on the
receptor forms a salt bridge with the side chain of Asp®*° on the
C-terminal lobe of TF. The corresponding site of Asp®>® of TF is
replaced by Asn in LF, leading to an absence of the electrostatic
interaction. In fact, it has been reported that LF barely binds to
the TF receptor (18). Therefore, the binding mode or site of
RGD motif is probably different in hLF and hTF.

AUGUST 25, 2006 +VOLUME 281-NUMBER 34

TABLE 2

Amino acid sequence similarities between hLF-binding peptides and
representative RGD-harboring proteins

The bold letters indicate the region of the common RGD sequence.

Protein/Peptide Motif sequence
LF-1 RGDDWA
LF-4 RGDDWE
Human fibronectin RGDS PA
Human vitronectin RGDVF FT
Human fibrinogen RGDSTF
Human TFR RGDFFR

The anti-bacterial activity of LF originates from the N-
terminal Arg-rich region in hLF (Arg? Arg?, Arg* Arg®, and
Arg®®731), and this region is also involved in binding heparin,
LPS, and lysozyme (2). We examined the anti-bacterial activ-
ity of hLF using E. coli BL21 in the presence of the LFpep-1
peptide (1-500 um). However, even the presence of 500 um
LFpep-1 peptide did not affect the inhibitory activity of human
LF against bacterial proliferation (data not shown), suggesting
that the binding site of the LFpep-1 peptide is not the N-termi-
nal Arg-rich region of LF.

The suppressive activity of LF against the inflammatory cyto-
kine production induced by LPS has been explained by its com-
petitive binding to LPS with LPS-binding receptor CD14 (19).
However, it has recently been proposed that LF directly sup-
presses cytokine production by inhibition of NF«B binding to
the cytokine promoter region (20). In contrast, LF acts as an
LPS-binding protein under the low concentrations of LPS, lead-
ing to the enhancement of inflammatory reactions (21).
Namely, LF forms a complex with LPS that is incorporated by
macrophages, and LPS released in the intracellular fraction
activates NFkB through possible TLR4 signaling. Although the
uptake of LF is necessary for both cases, its mechanism remains
unclear. Therefore, we tried to examine whether the RGD
sequence is involved in the incorporation of LF into THP-1
cells, as it is reported that monocyte-derived THP-1 cells effi-
ciently incorporate LF into the intracellular fraction by endo-
cytosis (20). The uptake of hLF was observed in THP-1 cells and
efficiently inhibited by the addition of LEpep-1 peptide (Fig. 8),
implicating that the interaction of hLF and RGD-containing
proteins may have a key role in the uptake of LF into cells. It is
well known that hFN participates in the cellular uptake of the
extracellular proteins or microorganisms which bind to hEN
(22). We consider that the uptake of hLF occurs in accompany-
ing with the incorporation of hFN, which was attached with
hLF by endocytosis. Actually the colocalization of hLF and hFN
in the granules of polynuclear lymphocytes was observed (23),
supporting our idea.

Several reports have described the suppressive effect of LF
against angiogenesis in tumor growth. Shimamura et al. (9)
found that orally administrated LF in mice represses tumor
angiogenesis. This effect was explained by the direct growth
inhibition of the vascular endothelial cells with the absorbed LF
(9), which leads to anti-tumor activity in accompanied with
immune enhancement by interleukin-18 induced by the intes-
tinal LF receptor (9). Another group showed that LF inhibited
in vivo angiogenesis induced by vascular endothelial growth
factor (24). During angiogenesis, an adherent receptor integrin,
avf33, is selectively expressed, and its interaction with FN and
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VN promotes the viability of the angioblast to facilitate angio-
genesis. Our finding that hLF inhibits the interaction between
the integrin and FN in the RGD-dependent manor can plausibly
explain the suppressive activities against angiogenesis involving
in tumor metastasis.

In the present study, we proposed the base for explaining the
multifunctionality of LF. Namely, hLF interacts with hEN, hVN,
and possibly other RGD-harboring proteins and blocks their
interactions with counter receptors. Our findings enable us to
explain various functions of LF, although the further investiga-
tion is necessary for correct understanding of the biological
functions of LF.
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