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ABSTRACT: Laminins, heterotrimeric glycoproteins in the basement membrane, are involved in diverse
biological activities. So far, fiveR, threeâ, and threeγ chains have been identified, and at least 15
laminin isoforms exist composed of various combinations of the different three chains. The major cell-
surface receptors for laminins are integrins and proteoglycans, such as dystroglycans and syndecans.
Previously, we reported that synthetic peptide A4G82 (TLFLAHGRLVFM, mouse lamininR4 chain
residues 1514-1525) showed strong cell attachment and syndecan binding activities. On the basis of the
crystal structure of the LG module and sequence alignment, A4G82 is located in the connecting loop
region betweenâ-strands E and F in the lamininR4 chain LG4 module. Here, we have focused on the
structural importance of this E-F loop region for the biological activity of theR4 chain LG4 module. To
determine the importance of the loop structure, we synthesized peptide A4G82X (cyclo-A4G82X, Cys-
TLFLAHGRLVFX-Cys, X) norleucine), which was cyclized via disulfide bridges at both the N- and
C-termini. The cyclic peptides derived from A4G82X inhibited the heparin binding activity of theR4
chain G domain and promoted HT-1080 cell attachment better than the corresponding linear peptides.
We determined FLAHGRLVFX as a minimal sequence ofcyclo-A4G82X important for cell adhesion
and heparin binding using a series of truncated peptides. Moreover, HT-1080 cell attachment to the cyclic
peptides was more efficiently blocked by heparin than cell attachment to the linear peptides. Furthermore,
the cyclic peptides showed significantly enhanced syndecan-2-mediated cell attachment activity. These
results indicate that the activity of A4G82 is highly conformation-dependent, suggesting that the E-F
loop structure is crucial for its biological activity.

Laminins, multifunctional heterotrimeric glycoproteins that
are found mainly in basement membranes, consist of three
distinct chains,R, â, and γ. Five R, threeâ, and threeγ
chains have been identified, and at least 15 laminin isoforms
have been reported that contain various combinations ofR,
â, and γ chains (1-4). Laminins have diverse biological
activities, including promotion of cell adhesion, migration,
neurite outgrowth, angiogenesis, tumor metastasis, and
wound healing (5). So far, more than 20 cell surface receptors
have been determined for laminins, such as integrins,
dystroglycans, and syndecans (6). Several biologically active
sites in laminin-1, the best characterized laminin isoform

consisting ofR1, â1, andγ1 chains, have been found by
means of proteolytic fragments, recombinant proteins, and
synthetic peptides (7, 8). Previously, cell adhesive sequences
in laminin-1 were systematically screened by using 673
overlapping synthetic peptides covering the entire protein
(9-12). Most of the active peptides were located in the
globular domains and found to play an important role in
binding to cell surface receptors in a cell-type-specific
manner (13, 14). Several peptides were found to interact with
integrins and syndecans (15-18).

The lamininR chains are generally the larger of the three
subunits and contain a unique C-terminal globular domain,
called the G domain. The G domain contains five tandem
laminin G-like modules (LG1-LG5). In vertebrates, the
lamininR chains are expressed in a tissue- or developmental-
stage-specific manner or both (5). The R4 chain is mainly
expressed in endothelial cells and in adipocytes, which
originate from mesenchymal components (19-21). TheR4
chain is also found in adult tissues, such as the brain, spleen,
liver, kidney, and testis (22). Recently, we identified several
biologically active sequences in the mouse and human
lamininR4 chain G domains using recombinant proteins and
a large number of synthetic peptides, which cover the entire
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R4 chain G domain. Some of the active peptides were found
to interact with either syndecan-2 or syndecan-4, transmem-
brane heparan-sulfate proteoglycans (23, 24). Site-direct
mutagenesis analysis of recombinant lamininR4 chain LG4
protein demonstrated that the arginine residue in position
1520 was critical for the heparin binding activity (25, 26).
This arginine residue is included in synthetic peptide A4G82
(TLFLAHGRLVFM, mouse laminin R4 chain residues
1514-1525), the most potent heparin binding and cell
adhesive peptide in theR4 chain LG4 module.

The crystal structure of the lamininR2 chain LG5 module
revealed that it forms a 14-strandedâ-sheet (A-N) sandwich
structure (27). On the basis of structure-based sequence
alignment, the A4G82 peptide is located betweenâ-strands
E and F in theR4 chain LG4 module and forms a connecting
loop structure in the native protein (23, 28). The connecting
loop regions betweenâ-strands E and F in theR1-R5 chain
LG4 modules showed various biological activities (29). The
E-F connecting loop regions in theR chain LG4 modules
play an important biological role.

In this paper, we focused on the structural significance of
the connecting loop region betweenâ-strands E and F in
the R4 chain LG4 module. To examine the biological
activities of this E-F loop region, we prepared a cyclic
peptide derived from the A4G82X peptide, in which a
methionine residue was replaced with norleucine. We also
prepared a series of N-terminally truncated cyclic A4G82X
peptides. These cyclic peptides inhibited the heparin binding
activity of the laminin R4 chain G domain recombinant
protein and promoted HT-1080 human fibrosarcoma cell
attachment in a dose-dependent manner better than the
corresponding linear peptides. Further, HT-1080 cell attach-
ment activity to these peptides was heparin-dependent and
involved binding to cell-surface syndecan-2.

MATERIALS AND METHODS

Synthetic Peptides.All linear peptides were synthesized
manually using an Fmoc-based solid-phase strategy and
prepared in the C-terminal amide form as previously
described (10). Amino acid derivatives and resins were
purchased from Novabiochem (La Jolla, CA). The respective
amino acids were condensed manually in a stepwise man-
ner using 4-(2′,4′-dimethoxyphenyl-Fmoc-aminomethyl)-
phenoxy or NovaSyn TGR resin (Novabiochem). Dimeth-
ylformamide was used during the synthesis as a solvent. For
condensation, diisopropylcarbodiimide/N-hydroxybenzotri-
azole was employed, and for deprotecton ofNR-Fmoc groups,
20% piperidine in dimethylformamide was employed. The
following side chain protecting groups were used: for
asparagine, glutamine, and histidine, trityl; for aspartic acid,
glutamic acid, serine, threonine, and tyrosine,tert-butyl; for
arginine, 2,2,5,7,8-pentamethylchroman-6-sulfonyl or 2,2,5,7,8-
pentamethyldihydrobenzofuran-5-sulfonyl; for lysine,tert-
butoxycarbonyl. The resulting protected peptide resins were
deprotected and cleaved from the resin using trifluoroacetic
acid/thioanisole/m-cresol/ethanedithiol/H2O (80:5:5:5:5,
v/v/v/v/v) at 20 °C for 3 h. The crude peptides were
precipitated and washed with ethyl ether and then purified
by reverse-phase high performance liquid chromatography
(HPLC) using a Mightysil RP-18 column (Kanto Chemical
Co., Inc., Tokyo, Japan) and a gradient of water/acetonitrile
containing 0.1% trifluoroacetic acid.

Cyclic peptides were synthesized using the protocol
described above with some modifications. Since the me-
thionine residue is easily oxidized during the cyclization step,
the methionine residue was replaced with norleucine. Pro-
tected peptide resins were prepared on a NovaSyn TGR resin
by the Fmoc-based solid-phase peptide synthesis. Treatment
of the protected peptide resin with a solution of trifluoroacetic
acid/1,2-ethanedithiol/H2O (95:2.5:2.5, v/v/v) at 20°C for
3 h afforded a linear peptide, which was precipitated with
ethyl ether. The linear peptides were cyclized by oxidation
in a mixture of H2O/acetic acid/dimethyl sulfoxide (45:10:
45 v/v/v) at room temperature for 2 days and purified by
reverse-phase HPLC using a Cosmosil 5C18-ARII column
(Nakalai Tesque, Kyoto, Japan) with a gradient of water/
acetonitrile containing 0.1% trifluoroacetic acid.

Purity and identity of the peptides were confirmed by
analytical HPLC and by either a fast atom bombardment
mass spectrometer (the GC-MS and NMR Laboratory,
Graduate School of Agriculture, Hokkaido University) or an
ion-spray mass spectrometer.

Recombinant Protein.A recombinant protein containing
the mouse lamininR4 chain G domain (residues 833-1815)
with the c-Myc sequence at the C-terminus (rec-R4G) was
expressed usingdhfr-deficient Chinese hamster ovary (CHO)
cells. The protein was purified using a heparin affinity
column (HiTrap, Amersham Biosciences, Uppsala, Sweden)
and gel filtration chromatography (Superdex 200, Amersham
Biosciences) as described previously (23, 25).

Conditioned medium of CHO cells expressing rec-R4G
(1000 mL) was collected. Since lamininR chain G domains
have high affinity for heparin, heparin affinity chromatog-
raphy was used for the purification of rec-R4G in the first
step. The heparin affinity column was equilibrated in 10 mM
Tris-HCl (pH 7.4) containing 150 mM NaCl, 2 mM EDTA,
and 0.5 mMN-ethylmaleimide (buffer A). After the condi-
tioned medium was applied to the heparin affinity column,
rec-R4G was eluted at salt concentrations of 400 mM, 450
mM, 500 mM, and 1 M, and each fraction was analyzed by
SDS gel electrophoresis. Based on the analysis of the SDS-
PAGE, the fractions eluted at the 450 and 500 mM salt
concentration were further purified using gel filtration
chromatography. The high purity of rec-R4G was confirmed
by both SDS-PAGE and Western blotting analyses. The
protein concentration was determined by BCA assay (Pierce,
Rockford, IL) with bovine serum albumin (BSA) as standard.
The yield of rec-R4G was approximately 1.4 mg.

Cells and Culture.HT-1080 human fibrosarcoma cells and
293T human renal epithelial cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM, Invitrogen, Carls-
bad, CA) containing 10% fetal bovine serum (FBS), 100
units/mL penicillin, and 100µg/mL streptomycin (Invitro-
gen). 293T cells stably overexpressing syndecan-2 or glypi-
can-1 were cultured in the presence of 0.4µg/mL puromycin
(Sigma, St. Louis, MO) as described previously (18). The
cells were maintained in a humidified 5% CO2, 95% air
atmosphere.

Effect of the Peptides on Heparin Binding ActiVity of rec-
R4G. The effect of peptides on the heparin binding of rec-
R4G was tested using heparin-Sepharose beads as previ-
ously described (23). The rec-R4G protein (1.2µg) was
incubated with heparin-Sepharose beads (1 mg, Amersham
Biosciences) in 70µL of 10 mM Tris-HCl (pH 7.4)
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containing 100 mM NaCl (buffer B) in the presence of
various concentrations of peptides at 4°C for 1 h, and then,
the beads were collected by centrifugation. The supernatant
was removed, and the beads were washed twice with buffer
B. The rec-R4G protein bound to the beads was extracted
with SDS-PAGE sample buffer (10µL) and analyzed by
SDS-PAGE in 8% acrylamide gels under reducing condi-
tions, followed by staining with Coomassie brilliant blue.
The intensity of the bands was quantified by NIH image 1.62
software. Assays were carried out in duplicate, and each
experiment was repeated at least twice.

Heparin Binding ActiVity of the Peptides.Heparin binding
activity of the peptides was tested using heparin-Sepharose
beads. Heparin-Sepharose beads (1 mg) were incubated with
various peptides (200µM) in 70 µL of buffer B for 1 h at 4
°C. After centrifugation, the supernatant was removed, and
the beads were washed twice with buffer B. Then, the amount
of peptides bound to the heparin-Sepharose beads was
quantified by amino acid analysis (Center for Instrumental
Analysis, Hokkaido University). Assays were carried out in
triplicate.

Cell Attachment Assay.Cell attachment assays were
performed in 96-well plates (Nunc, Inc., Naperville, IL)
coated with either various amounts of synthetic peptides or
the rec-R4G protein. For peptide coating, various amounts
of peptides in 50µL of Milli-Q water were added to the
wells and dried overnight at room temperature. For rec-R4G
coating, various amounts of rec-R4G in 50µL of buffer A
were incubated overnight at 4°C. The substrate-coated wells

were blocked with 150µL of 1% BSA in DMEM at room
temperature for 1 h and then washed twice with DMEM
containing 0.1% BSA. Cells were detached with 0.02%
trypsin-EDTA (Invitrogen) and recovered with DMEM
containing 10% FBS at 37°C for 20 min. After being washed
with DMEM, cells (20 000 cells of HT-1080, 30 000 cells
of 293T in 100µL) were added to the wells and incubated
at 37°C for 1 h. The attached cells were stained with 0.2%
crystal violet aqueous solution in 20% methanol for 10 min.
After the wells were washed with Milli-Q water, 1% SDS
(150 µL) was used to dissolve the stained cells, and the
optical density at 570 nm was measured using a model 550
microplate reader (Bio-Rad Laboratories, Hercules, CA).

For inhibition of cell attachment with heparin or peptides,
HT-1080 cells were incubated for 30 min at 37°C in the
presence of various concentrations of heparin or peptides.
Attached cells were measured as described above. All assays
were carried out in triplicate, and each experiment was
repeated at least three times.

RESULTS

Effect of the Linear and Cyclic Peptides DeriVed from
A4G82 on the Heparin Binding ActiVity of rec-R4G. Previ-
ously, the A4G82 sequence, located on the LG4 module of
laminin R4 chain, was shown to have a strong inhibitory
effect on the heparin binding activity of rec-R4G (23). Here,
we first examined the inhibitory effect of A4G82 and the
linear and cyclic A4G82X peptides on the heparin binding
of rec-R4G (Table 1). A4G82 inhibited rec-R4G heparin

Table 1: Biological Activities of the Linear and Cyclic Peptides Derived from A4G82

a Sequence of the synthetic peptides are given in the single-letter code. All peptides have C-terminal amides. The single letter X denotes the
norleucine residue.b For rec-R4G heparin binding inhibiiton assays, heparin binding was evaluated as shown in Figure 1:++, completely inhibited;
+, weakly inhibited;-, no inhibition; ND, not determined. IC50 values are indicated in parentheses. Duplicate experiments gave similar results.
c For rec-R4G cell attachment inhibition assays, wells were coated with rec-R4G (0.5µg/well) on 96-well plates, and cells were preincubated with
0.1 mg/mL of each peptide as described under Materials and Methods. Inhibition of cell attachment was evaluated on the following subjective
scale: ++, completely inhibited;+, moderately inhibited;-, no inhibition; ND, not determined. Triplicate experiments gave similar results.d For
heparin binding assay, heparin-Sepharose beads (1 mg) and each peptide (200µM) were incubated for 1 h. The amount of peptides bound to the
beads was quantified by the amino acid analysis. Heparin binding activity was evaluated on the following subjective scale:++, binding comparable
to that of AG73;+, weak binding compared with that of AG73;-, no binding; ND, not determined. Duplicate results gave similar results.e For
cell attachment assays, various amount of peptides were coated on 96-well plates as described under Materials and Methods. Cell attachment was
evaluated on the following subjective scale:+++, adhesion comparable to adhesion to AG73;++, moderate adhesion compared with adhesion
to AG73; +, weak adhesion;-, no adhesion. Triplicate experiments gave similar results.f AG73 (RKRLQVQLSIRT,R1 chain, residues 2719-
2730) (9) was used as a positive control.
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binding activity, and the IC50 value was 96µM. A4G82X
inhibited the heparin binding of rec-R4G in a dose-dependent
manner, and the IC50 value was 68µM. These results suggest
that the inhibitory effect of A4G82X is comparable to that
of A4G82 and that the methionine residue is replaceable with
norleucine without loss of activity. Thecyclo-A4G82X
peptide showed a strong dose-dependent inhibitory effect on
heparin binding to rec-R4G (Figure 1A).cyclo-A4G82X
showed a much stronger inhibitory effect (IC50 ) 16 µM)
than A4G82X (Figure 1A). These results suggest that this
loop region is important for the heparin binding activity of
the lamininR4 chain LG4 module and that the loop structure
may be important for the activity.

Critical Sequence in the Cyclic A4G82 Peptide for Heparin
Binding ActiVity. To determine the minimal sequence in the
cyclo-A4G82X peptide for the heparin binding activity, a
series of N-terminally truncated peptides were prepared and
evaluated for their inhibitory effect on the heparin binding
to rec-R4G (Figure 1B-D). A4G82Xa (IC50 ) 127µM), in
which the N-terminal threonine residue was deleted from
A4G82X, had a reduced inhibitory effect. Neither A4G82Xb,
in which the N-terminal leucine residue was deleted from
A4G82Xa, nor A4G82Xc, in which the N-terminal phenyl-
alanine residue was deleted from A4G82Xb, inhibited the
heparin binding of rec-R4G. On the other hand,cyclo-
A4G82X (IC50 ) 16 µM) and cyclo-A4G82Xa (IC50 ) 31
µM) showed a stronger inhibitory effect than the linear
peptides.cyclo-A4G82Xb (IC50 ) 105µM) still had a strong
inhibitory effect, while the linear peptide was inactive. The
inhibitory effect of these active peptides was dose-dependent.
Previously, it was reported that A4G82g, in which the
C-terminal methionine residue was deleted from A4G82,
completely lost heparin binding (data not shown) and cell

attachment activity (23). Taken together, the results dem-
onstrate that FLAHGRLVFX in A4G82X is a crucial
sequence for the inhibitory effect on rec-R4G heparin
binding. The results shown above also demonstrate that the
cyclic peptides had an increased inhibitory effect over the
linear peptides. We conclude that the activity of these
peptides depends on a loop conformation.

Heparin Binding ActiVity of the Peptides.To test whether
cyclizing the peptides increases heparin binding activity, we
quantified the amount of the peptides bound to heparin-
Sepharose beads by amino acid analysis (Figure 2). The
AG73 peptide (RKRLQVQLSIRT, mouse lamininR1 chain
residues 2719-2730), known to have a strong heparin
binding activity, was used as a positive control (14, 30).
A4G82X and A4G82Xa showed a strong heparin binding
activity, but A4G82Xb had weaker activity. The heparin
binding activity ofcyclo-A4G82X andcyclo-A4G82Xa was
increased, andcyclo-A4G82Xb showed a significant increase
in heparin binding activity compared to the linear peptide.
The heparin binding activity of A4G82Xc andcyclo-
A4G82Xc was lost as expected on the basis of the results of
Figure 1. These results demonstrate that certain peptides had
a strong heparin binding activity and cyclizing the linear
peptides further increased the activity.

Effect of the Peptides on rec-R4G-Induced Cell Attachment
ActiVity. Next, we evaluated the inhibitory activity of the
peptides to rec-R4G-induced cell attachment (Figure 3).
A4G82X, A4G82Xa, A4G82Xb,cyclo-A4G82X, andcyclo-
A4G82Xb showed strong inhibitory effects on HT-1080
human fibrosarcoma cell attachment to rec-R4G. In contrast,
cyclo-A4G82Xa had weaker inhibitory activity for rec-R4G
cell attachment. Both A4G82Xc andcyclo-A4G82Xc did not
have much effect on HT-1080 cell attachment to rec-R4G,

FIGURE 1: Effect of peptides on heparin binding to rec-R4G. Heparin-Sepharose beads (1 mg), together with various amount of peptide
and rec-R4G (1.2µg), were incubated in 70µL of 10 mM Tris buffer (pH 7.4) at 4°C for 1 h. After the beads were washed, the rec-R4G
bound to the heparin-Sepharose beads was analyzed by SDS-PAGE. The intensity of the bands was quantified using NIH image 1.62
software. Filled and open circles in each panel indicate linear and cyclic peptides, respectively. The panels show the inhibitory effect of the
peptides (A) A4G82X andcyclo-A4G82X, (B) A4G82Xa andcyclo-A4G82Xa, (C) A4G82Xb andcyclo-A4G82Xb, and (D) A4G82Xc
andcyclo-A4G82Xc. Duplicate experiments showed similar results. IC50 values were as follows: A4G82X (68µM), cyclo-A4G82X (16
µM), A4G82Xa (127µM), cyclo-A4G82Xa (31µM), andcyclo-A4G82Xb (105µM). Dashed lines indicate IC50 values.
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as expected. These results indicate that these cyclic peptides
can function to block attachment to the recombinant protein
as effectively as the linear peptides.

Cell Attachment ActiVity of the Cyclic Peptides DeriVed
from A4G82X.To evaluate cell attachment activity and
determine the active core sequence ofcyclo-A4G82X, we
tested thecyclo-A4G82X and its N-terminally truncated
peptides, as well as the linear ones, for HT-1080 cell
attachment activity on peptide-coated plates. A4G82X pro-
moted cell attachment activity in a dose-dependent manner
(Figure 4A). A4G82Xa promoted cell attachment activity
similar to that of A4G82X (Figure 4B). A4G82Xb showed
strong cell attachment activity comparable to that of A4G82X
(Figure 4C), but A4G82Xc had no activity (Figure 4D).
cyclo-A4G82X andcyclo-A4G82Xb showed an enhanced

cell adhesive activity over the linear peptides (Figure 4A,C).
The cell attachment activity ofcyclo-A4G82Xa was strong
but similar to that of the linear peptide, A4G82Xa (Figure
4B). cyclo-A4G82Xc did not promote HT-1080 cell attach-
ment activity (Figure 4D). These results demonstrate that
the cell attachment active core sequence of thecyclo-
A4G82X peptide is FLAHGRLVFX, the same as that of the
linear A4G82X peptide.

Effect of Heparin on HT-1080 Human Fibrosarcoma Cell
Attachment to the Peptides.Next, we evaluated the effect
of heparin on HT-1080 cell attachment to the peptides (Figure
5). Heparin strongly inhibited HT-1080 cell attachment to
A4G82X, A4G82Xa, A4G82Xb,cyclo-A4G82X, cyclo-
A4G82Xa, andcyclo-A4G82Xb in a dose-dependent manner.
Moreover, HT-1080 cell attachment to the cyclic peptides
was much more sensitive to heparin than that of the linear
peptides. EDTA did not inhibit HT-1080 cell attachment to
these peptides (data not shown), indicating that integrins,
one of the major receptors for laminins, are not involved in
this interaction. The results suggest that these peptides
interact with membrane-associated heparin/heparan sulfate

FIGURE 2: Heparin binding activity of peptides. Heparin-Sepharose
(1 mg) and peptides (200µM) were incubated in 70µL of 10 mM
Tris buffer (pH 7.4) at 4°C for 1 h. After the beads were washed,
the peptides bound to the heparin beads were quantified by amino
acid analysis. The ratio of the bound peptides to the total amount
of the peptides was calculated. Each value represents the mean of
three separate determinations( SD. Triplicate experiments gave
similar results. *1 denotesp < 0.05; *2 denotesp < 0.001; *3
denotesp < 0.0001.

FIGURE 3: Effect of peptides on HT-1080 cell attachment to rec-
R4G. Ninety-six-well plates were coated with rec-R4G (0.5 µg/
well). The assay was carried out in the presence of 0.1 mg/mL
added peptides. After a 30-min incubation at 37°C, the attached
cells were stained with crystal violet and lysed by 1% SDS. The
OD (570 nm) was measured. Each value represents the mean of
three separate determinations( SD. Triplicate experiments gave
similar results. Asterisk denotesp < 0.0001.

FIGURE 4: HT-1080 cell attachment activity to the peptides. Ninety-
six-well plates were coated with various amount of peptides, and
HT-1080 human fibrosarcoma cells were added to the wells. After
a 1-h incubation, the attached cells were stained with crystal violet
and lysed with 1% SDS. OD570 was measured. Filled and open
circles in panels indicate linear and cyclic peptides, respectively.
Cell attachment activities of (A) A4G82X andcyclo-A4G82X, (B)
A4G82Xa andcyclo-A4G82Xa, (C) A4G82Xb andcyclo-A4G82Xb,
and (D) A4G82Xc andcyclo-A4G82Xc are shown. Each value
represents the mean of three separate determinations( SD.
Triplicate experiments gave similar results.
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proteoglycans and that the cyclic peptides bind to the cell-
surface proteoglycans better than the linear peptides.

Syndecan-2 or Glypican-1 OVerexpressing 293T Cell
Attachment ActiVity to the Peptides.Since HT-1080 cell
attachment to the peptides was significantly inhibited by
heparin, we anticipated that these peptides interacted with
the cells through heparin/heparan sulfate proteoglycans, such
as syndecans and glypicans. The expression of syndecans
and glypicans in HT-1080 cells was examined by reverse
transcriptase PCR and immunoblotting analysis as described
previously (18). Syndecan-2 and glypican-1 were detected
by reverse transcriptase PCR and by immunoblotting in HT-
1080 cells (data not shown). Thus, it is possible that
syndecan-2 may be responsible for HT-1080 cell attachment
to the peptides since syndecans are known to bind laminin
(16). We used 293T cells that overexpress syndecan-2 to
test this hypothesis (18). We also obtained glypican-1
overexpressing 293T cells to confirm specificity of the
peptides to syndecans. 293T cell attachment activity to the
cyclic peptides,cyclo-A4G82X,cyclo-A4G82Xa, andcyclo-
A4G82Xb, was significantly increased by overexpressing
syndecan-2. Nevertheless, overexpression of glypican-1 did
not significantly affect cell attachment activity, except for
thecyclo-A4G82Xb (Figure 6). These results suggested that
syndecan-2 is able to function as a cell surface receptor for
adhesion to these peptides.

DISCUSSION

Previously, we identified the A4G82 peptide as the most
potent heparin binding site in the lamininR4 chain LG4
module (23). On the basis of a structural-based sequence
alignment, A4G82 is located on the connecting loop region
between the E and F strands. Homologous peptides from
this site showed cell-type-specific activities, indicating that
the E-F connecting loop region in theR chain LG4 modules
is biologically important (23, 29). Since A4G82 is located
in the loop region and thought to be exposed on the surface
of the protein, we hypothesized that the loop structure of
this site is biologically important. Previously, the importance
of loop structure for biological activity was demonstrated
for other biologically important sites using cyclic peptides.
Cyclization of a peptide restricts the conformation so that it

may be possible to obtain more biologically active com-
pounds that are conformation-dependent. It is also possible
to use this approach to confirm that a loop structure is an
active conformation in a protein. For example, RGD peptide,
the first characterized cell-adhesive sequence in fibronectin,
is located in a loop (31), and cyclic RGD peptides showed
increased inhibitory activity for cell adhesion to fibronectin
substrates (32). Additionally, the cyclic EF-1 peptide, located
in connecting loop region between the E and F strands of
the laminin R1 chain LG4 module, showed increased
interaction withR2â1 integrin (29). Analysis of syndecan
binding using cyclized peptides has not been determined yet.
In this report, we focused on the structural importance of
the connecting loop region between the E and F strands of
the R4 chain LG4 module, which mainly interacts with
syndecans. We focused on a syndecan binding peptide,
A4G82, located on theR4 chain LG4 module, and synthe-
sized the cyclized form of A4G82X (cyclo-A4G82X).

Using various truncated forms of the A4G82X peptide,
we identified the minimal active sequence for heparin
binding. We also found that the cyclized peptides were more

FIGURE 5: Effect of heparin on HT-1080 cell attachment to the peptides (A) A4G82X andcyclo-A4G82X, (B) A4G82Xa andcyclo-
A4G82Xa, and (C) A4G82Xb andcyclo-A4G82Xb. Filled and open circles in panels indicate linear and cyclic peptides, respectively.
Ninety-six-well plates were coated with 5µg of peptides. Various concentrations of heparin were added to the wells, and then HT-1080
human fibrosarcoma cells were added. After a 30-min incubation, attached cells were measured as described previously. Each value represents
the mean of three separate determinations( SD. Triplicate experiments indicate similar results.

FIGURE 6: Syndecan-2 (Syn-2) or glypican-1 (GP-1) overexpressing
293T cell attachment to the peptides. Peptides (A4G82X, 1.5µg/
well; cyclo-A4G82X, 1.5µg/well; cyclo-A4G82Xa, 2.0µg/well;
cyclo-A4G82Xb, 1.5µg/well) were coated on 96-well plates. The
cell attachment assay was carried out as described in the legend of
Figure 4. Each value represents the mean of three separate
determinations( SD. Triplicate experiments showed similar results.
*1 denotesp < 0.05; *2 denotesp < 0.005; *3 denotesp < 0.0005.

Cyclized Laminin Active Peptide Biochemistry, Vol. 43, No. 42, 200413595



active than the linear forms for heparin binding using
competition for the recombinant protein as well as direct
binding assays. Since our attachment data with the peptides
showed that the cyclized forms were more active than the
linear peptides, we hypothesize that the structure of this
region is important for its biological activity.

Previously, it was demonstrated that HT-1080 human
fibrosarcoma cells adhered well to rec-R4G (23). Thus, we
next examined the effect of the peptides on HT-1080 cell
attachment to rec-R4G. A4G82X, A4G82Xa, and A4G82Xb
showed a strong inhibitory effect on rec-R4G-mediated cell
adhesion, but A4G82Xc did not. On the other hand,cyclo-
A4G82X andcyclo-A4G82Xb strongly inhibited HT-1080
cell attachment to rec-R4G. Although our results so far
demonstrated thatcyclo-A4G82Xa strongly bound to heparin
and inhibited heparin binding of rec-R4G, cyclo-A4G82Xa
did not show a very clear effect on rec-R4G cell attachment
activity. This may be because the conformation ofcyclo-
A4G82Xa did not allow effective interaction with the cells,
resulting in the ineffective inhibitory activity for rec-R4G
cell attachment. A4G82X and A4G82Xb showed strong
inhibitory activity in rec-R4G cell attachment as effectively
as their cyclized form of peptides. We tested inhibitory
activity of these peptides in various concentrations, but
cyclization did not improve the activity (data not shown).
We previously demonstrated that rec-R4G interacts with
syndecans, heparan-sulfate proteoglycans (23). Recently, it
was reported that HT-1080 cell attachment to the recombi-
nant laminin-8 (R4â1γ1) was completely inhibited by
antibody against either theR4 chain LG1-3 module, the
integrin â1, or integrinR6 subunit (33), suggesting that in
addition to syndecans, other types of receptors, such as
integrins, may be important for interaction of rec-R4G with
the cells. Thus, since multiple receptors may cooperatively
function in rec-R4G cell attachment, the cyclization of the
peptides may not effectively improve the inhibitory effect
on rec-R4G cell attachment, but a detailed mechanism is
unknown.

We characterized a cell-surface receptor for this domain.
Several reports demonstrated that laminin-8, which contains
the R4 chain, stimulated cell adhesion mediated byR6â1
andR3â1 integrins (34, 35). Previously, we identified several
cell binding sequences on theR1 chain that recognize
integrins, using EDTA and function-blocking integrin anti-
bodies (9, 11, 17, 29). We also identified heparin binding
sequences in theR4 chain G domain, one of which was the
A4G82 site (23). HT-1080 cell attachment to the linear and
the cyclic peptides derived from A4G82X was strongly
blocked by heparin in a dose-dependent manner. EDTA did
not inhibit HT-1080 cell attachment to either the linear or
the cyclic peptides derived from A4G82X (data not shown),
suggesting that the A4G82 sequence does not interact with
integrins. These data indicate that heparin-like molecules on
a cell surface play an important role in the adhesion of the
A4G82X-derived peptides.

Syndecans, heparan-sulfate proteoglycans, play an impor-
tant role in cell-matrix adhesion, cell motility, and focal
adhesion formation (36-39). Previously, we demonstrated
that the lamininR3 chain LG4 module showed strong cell
attachment activity mediated by syndecan-2 or -4 in a cell-
type-specific manner and that the A3G75aR sequence
(NSFMALYLSKGR, human lamininR3 chain, residues

1412-1423) is mainly responsible for this interaction (18).
We also determined that the EF-4 peptide (DFMTLFLAH-
GRLVFMFNVG, mouse lamininR4 chain, residues 1511-
1529), which is located on the connecting loop region
between the E and F strands of theR4 chain LG4 module
and contains the A4G82 sequence, showed strong adhesive
activity to human fibroblast cells mediated by syndecan-2
(29). Our data suggest that the linear and cyclic peptides
derived from A4G82X bind to syndecans on HT-1080 cells.
Since we found that syndecan-2 and glypican-1, heparan-
sulfate proteoglycan family, are expressed in HT-1080 cells,
we hypothesized that these heparan-sulfate proteoglycans are
important for the interaction of the peptides with the cells.
To determine whether these interactions occur, we used 293T
cells that overexpress either syndecan-2 or glypican-1. The
cyclized peptides were more adhesive for the syndecan-2
overexpressing cells compared with either the glypican-1
overexpressing cells or the parental 293T cells. This suggests
that syndecan-2 is a cell-surface receptor for these peptides
and that heparan-sulfate chains are important but not suf-
ficient for the cell adhesive activity of these peptides. It is
possible that the specificity of the interaction may depend
on a syndecan core protein. Recently, we reported that the
A3G756 peptide (KNSFMALYLSKGRLVFALG, human
laminin R3 chain, residues 1411-1429), located in the
homologous region to the A4G82 site, activated p38 mitogen-
activated protein kinase (MAPK) in keratinocytes, leading
to increasing the expression of matrix metalloproteinase-1
(40). Since the A4G82 sequence is located on the homolo-
gous region to the A3G756 site, it is highly possible that
the A4G82 sequence also activates MAPK signaling via
syndecans, but we have not determined that yet.

In summary, we demonstrate that cyclizing the peptides
derived from A4G82X, located on the connecting E-F loop
region of the lamininR4 chain LG4 module, enhanced
biological activity and that HT-1080 cell attachment activity
to these peptides was possibly mediated through syndecan-
2. These results indicate that the biological activity of the
E-F connecting loop region in theR4 chain LG4 module is
dependent on a strict loop conformation. Cyclizing peptides
increasing their biological activities could be very useful not
only for future research on laminin but also for therapeutic
application of biologically active peptides in the future.
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