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ABSTRACT: The laminin R3 chain LG4 module (R3LG4 module) has cell adhesion, heparin binding,
migration, and neurite outgrowth activities. The LG4 module consists of a 14-strandedâ-sheet (A-N)
sandwich structure. Previously, we identified the A3G756 sequence (KNSFMALYLSKGRLVFALG in
the human lamininR3 chain 1411-1429) as a biologically active site in theR3LG4 module. The A3G756
sequence is located on the E and F strands based on a crystal structure-based sequence alignment. The
Lys1421and Arg1423residues, critical amino acids for the biological activity of A3G756, are located on the
E-F connecting loop region as a KGR sequence. In this study, we focused on the KGR sequence and
investigated the structural requirements of the E-F connecting loop region in theR3LG4 module. We
synthesized three linear peptides containing the KGR sequence at the middle and the N and C termini and
also prepared three cyclic analogues corresponding to the linear peptides.cyclo-hEF3A (CLYLSKGR-
LVFAC), which is a cyclic peptide containing the KGR sequence at the middle, showed the strongest
inhibitory effect on both the heparin binding and the cell attachment to the recombinantR3LG4 module
protein. Thecyclo-hEF3A peptide was more active for syndecan-4 binding and neurite outgrowth than
the linear form. Furthermore, we found that the structure ofcyclo-hEF3A is similar to that of the connecting
E-F loop region in human lamininR3LG4 module by structural analysis using molecular dynamics
simulations. These results suggest that the loop structure of the E-F connecting region of theR3LG4
module is important for its biological activities. Thecyclo-hEF3A peptide may be useful for the development
of therapeutic reagents especially for wound healing and nerve regeneration.

Laminins, a multifunctional glycoprotein in basement
membranes, are expressed in a tissue-specific manner and
have diverse biological functions, including promotion of
cell adhesion, migration, proliferation, differentiation, neurite
outgrowth, angiogenesis, and tumor metastasis (1, 2). Lami-
nins are heterotrimeric proteins consisting of three distinct
R-, â-, and γ-chains. So far, fiveR-, threeâ-, and three
γ-chains have been identified (3, 4). At least 15 isoforms
(laminin-1-15) are formed by various combinations of each
subunit (3-5). Laminin-5 (R3, â3, γ2) is mainly expressed
in the skin and promotes keratinocyte adhesion (6). Lami-

nin-5 is also expressed in the floor plate of the developing
neural tube (7) and has been shown to promote neurite
outgrowth (8-10). The laminin R3 chain, a subunit of
laminin-5, contains a unique C-terminal globular domain (G
domain). The G domain consists of five tandem laminin
G-like modules (LG1-5) and plays important roles in
laminin R3 chain-cell interactions.

Previously, we demonstrated that the LG4 module was
the major active module for cell adhesion, heparin binding,
migration, and neurite outgrowth in the lamininR3 chain G
domain (11-13). We identified the A3G756 sequence
(KNSFMALYLSKGRLVFALG, human lamininR3 chain
1411-1429) as a biologically active site in theR3LG4
module (11-13). Using mutagenesis analysis of recombinant
R3LG4 protein, we also found that the two basic residues,
Lys1421 and Arg1423, in the A3G756 sequence were critical
for the biological activity (11).

The crystal structure of mouse lamininR2 chain LG5
module revealed that it forms a 14-strandedâ-sheet (A-N
strands) sandwich structure (14). The A3G756 sequence is
located on the E and F strands based on a structure-based
sequence alignment (11, 15). The Lys1421 and Arg1423
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residues, the critical amino acids for the biological activity
of A3G756, are located on the E-F connecting loop region
as a KGR sequence. Additional studies also suggested that
the E-F loop region of the LG4 module plays an important
role for the biological activity of the lamininR1 and R4
chains (16-18). Recently, the A3G756 peptide has been
found to promote wound healing in vivo (Momota et al.,
unpublished results). Thus, the A3G756 peptide has potential
as a therapeutic reagent.

Arg-Gly-Asp (RGD) and Tyr-Ile-Gly-Ser-Arg (YIGSR)
sequences are located in a loop region of the fibronectin tenth
type III module and in the lamininâ1 chain domain III,
respectively (19, 20). A loop structure of the RGD and
YIGSR peptides is suggested to be important for biological
activity (21, 22). Cyclization of the peptide leads to formation
of the loop structure and enhances the biological activity.
For example, cyclic RGD peptides blocked cell adhesion to
a fibronectin substrate better than the linear peptide (21). A
cyclic YIGSR peptide enhanced cell attachment activity and
increased inhibition of tumor metastasis better than the linear
form (23). These observations indicate that a cyclic peptide
approach may be useful to investigate the structural signifi-
cance of a loop structure in proteins. Furthermore, the cyclic
peptide approach may be useful for drug development of
peptides (24).

In this study, we focus on the structural significance of
the connecting loop region of the E and F strands in the
lamininR3 chain LG4 module. To demonstrate the structural
requirement of the E-F loop region, we synthesized various
linear and cyclic peptides that contained a KGR sequence
and tested their biological activities. We found that a cyclic
peptide,cyclo-hEF3A (CLYLSKGRLVFAC), strongly in-
hibited heparin binding and cell attachment to the recom-
binantR3LG4 protein.

MATERIALS AND METHODS

Cells and Culture.Human neonatal dermal fibroblasts
(IWAKI Co. Ltd., Tokyo, Japan), HaCat human keratinocyte
cells, and 293T human renal epithelial cells (25) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum
(FBS; Invitrogen), 100 units/mL penicillin, and 100µg/mL
streptomycin (Invitrogen). PC12 rat pheochromocytoma cells
(26) were cultured in DMEM containing 7.5% horse serum
(Invitrogen), 7.5% FBS, 100 units/mL penicillin, and 100
µg/mL streptomycin. The cells were maintained at 37°C in
a humidified 5% CO2/95% air atmosphere.

Recombinant Protein.Recombinant lamininR3 LG4
protein (rec-R3LG4) was expressed as a chimera with a
human IgG Fc portion at the C terminus and purified as
previously described with a minor modification (11). The
plasmid was transfected into 293T cells using the FuGENE6
transfection reagent (Roche Diagnostics, Basel, Switzerland).
Conditioned medium (CM) with 1.5% FBS in DMEM was
collected for 5 days at 24 h intervals, and 1 mM PMSF
(Sigma, St. Louis, MO) was added. CM was applied to a
protein A-affinity column (HiTrap Protein A HP; GE
Healthcare Bio-Sciences Corp., Piscataway, NJ) equilibrated
in buffer A [10 mM Tris-HCl (pH 7.4) containing 150 mM
NaCl, 2 mM EDTA, and 0.5 mM N-ethylmaleimide]. The
bound protein was eluted with 0.1 M glycine-HCl (pH 2.7)

and immediately neutralized by 1 M Tris-HCl (pH 8.8). The
eluted sample was applied to a heparin affinity column
(HiTrap Heparin HP; GE Healthcare Bio-Sciences Corp.)
equilibrated in buffer A. The bound protein was eluted with
buffer A in the presence of 1 M NaCl. The rec-R3LG4
protein was detected with biotinylated anti-human IgG
(Jackson ImmunoResearch Laboratories, West Grove, PA)
and streptavidin-peroxidase (Sigma) in Western blotting. The
protein concentration was determined by BCA assay kit
(Pierce, Rockford, IL) with bovine serum albumin (BSA;
Sigma) as the standard.

Synthetic Peptides.All linear peptides were manually
synthesized by the 9-fluorenylmethoxycarbonyl (Fmoc)-
based solid-phase method with a C-terminal amide as
described previously (27). The respective amino acids were
condensed manually in a stepwise manner using diisopro-
pylcarbodiimide-N-hydroxybenzotriazole on a Rink amide
resin (Merck KGaA, Darmstadt, Germany). The side chain
protecting groups were used as follows: Asn and Cys, trityl;
Asp, Ser, Thr, and Tyr,t-butyl; Arg, 2,2,4,6,7-pentameth-
yldihydrobenzofuran-5-sulfonyl; and Lys,t-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) at 20°C for 3
h. Crude peptides were precipitated and washed with ethyl
ether and then purified by reverse-phase high-performance
liquid chromatography (HPLC) (using a Vydac 5C18 column
with a gradient of H2O/acetonitrile containing 0.1% trifluo-
roacetic acid).

Cyclic peptides were synthesized using a similar protocol
to that described above with some modifications. Methionine
residue was replaced with norleucine, since the amino acid
may be oxidized during the cyclization step. Protected
peptide resins were prepared on a NovaSyn TGR resin
(Merck KGaA) by the Fmoc-based solid-phase synthesis.
Treatment of the protected peptide resin with a solution of
trifluoroacetic acid/1,2-ethanedithiol/H2O (95:2.5:2.5, 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 (45:45:10, v/v/v) at room temperature for
2 days and purified by reverse-phase HPLC using a Cosmosil
5C18-ARII column (Nacalai Tesque, Kyoto, Japan) with a
gradient of water/acetonitrile containing 0.1% trifluoroacetic
acid. The purity and identity of the synthetic peptides were
confirmed by LC-MS.

Inhibition of Heparin Binding to rec-R3LG4. The effect
of peptides on heparin binding to rec-R3LG4 was tested using
heparin-Sepharose beads as previously described with some
modifications (18). The rec-R3LG4 protein (0.7µg) was
incubated with heparin-Sepharose beads (1 mg, GE Health-
care Bio-Sciences Corp.) in 70µL of buffer B [10 mM Tris-
HCl (pH 7.4) containing 100 mM NaCl] in the presence of
various concentrations of peptides at 4°C for 1 h, and then,
the beads were collected by centrifugation. The supernate
was removed, and the beads were washed twice with buffer
B. The rec-R3LG4 protein bound to the beads was extracted
with sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) sample buffer (15µL) and analyzed
by SDS-PAGE in 10% acrylamide gels under reducing
conditions. The rec-R3LG4 protein was detected by Western
blotting using biotinylated anti-human IgG and streptavidin-
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conjugated horseradish peroxidase. The intensity of the bands
was quantified by ImageJ 1.36 software.

Cell Attachment Assay.The cell attachment assay using
rec-R3LG4 and synthetic peptides was performed in 96 well
plates (DYNEX Technologies, Chantilly, VA). The rec-
R3LG4 protein (0.002-2 µg) in buffer A (50µL) was added
to 96 wells and incubated overnight at 4°C. Synthetic
peptides were dissolved in Milli-Q water (0.0001-0.4 mg/
mL), and the solution (50µL) was added to each well,
followed by drying overnight at room temperature. After
coating protein or peptides, the plates were blocked with 1%
heat-denatured BSA in DMEM at 37°C for 1 h and then
washed with 0.1% BSA in DMEM. Fibroblast and HaCat
cells were detached with 0.02% trypsin-EDTA (Invitrogen).
PC12 cells were harvested by agitation. The cells were
allowed to recover in their respective culture medium for
20 min at 37°C. After they were washed two times with
0.1% BSA in DMEM, cells were resuspended in 0.1% BSA
in DMEM, plated at 2.0× 104 cells/100 µL/well, and
incubated at 37°C for 1 h in 5% CO2. The medium was
removed by aspiration, and the attached cells were stained
with 0.2% crystal violet aqueous solution in 20% methanol
for 10 min. After the wells were washed with water, 1%
SDS solution (150µL) was added to each well to dissolve
the cells. The optical density at 570 nm was measured in a
model 550 microplate reader (Bio-Rad Laboratories, Her-
cules, CA).

In peptide inhibition experiments, 96 well plates were
coated with rec-R3LG4 as described above. Cells were
preincubated with various concentrations of peptide in 0.1%
BSA in DMEM at 37°C for 10 min, and then, cells (2.0×
104 cells/100µL/well) were added to the plates and incubated
at 37 °C for 30 min in 5% CO2. The attached cells were
quantified as described above.

In heparin and EDTA inhibition experiments, 96 well
plates were coated with peptide as described above. Fibro-
blasts were preincubated for 10 min at 37°C with heparin
(10 µg/mL) or EDTA (5 mM) prior to plating in the wells.
After the cells (2.0× 104 cells/100µL/well) were incubated
at 37 °C for 30 min in 5% CO2, the attached cells were
measured as described above.

Solid-Phase Syndecan-4 Binding Assay.Syndecan-4 bind-
ing to peptide-coated plates was examined using a human
neonatal dermal fibroblast lysate. The fibroblast lysate was
prepared as described previously (11). Various amounts of
peptides in Milli-Q water (50µL) were coated onto 96 well
plates (Nalge Nunc International, Rochester, NY) and dried
overnight at room temperature. The wells were blocked with
20% BlockAce (Dainippon Sumitomo Pharma Co., Osaka,
Japan) and 0.05% Tween 20 in PBS at room temperature
for 30 min. The fibroblast lysate was diluted to 10% (v/v)
with buffer C (10% Block Ace and 0.05% Tween 20 in PBS).
The fibroblast lysate solution (50µL/well) was added to each
well and incubated at 37°C for 1 h. In the heparin inhibition
experiments, the fibroblast lysate was incubated with 25µg/
well of heparin. After the wells were washed with buffer D
(0.05% Tween 20 in PBS), anti-syndecan-4 monoclonal
antibody (5G9; Santa Cruz Biotechnology, Santa Cruz, CA)
in buffer C (1:1000, v/v) was added and incubated at 37°C
for 30 min. The wells were washed with buffer D, and then,
biotinylated anti-mouse IgG antibody (Vector Laboratories,
Burlingame, CA) in buffer C (1:2500, v/v) was added and

incubated at 37°C for 30 min. After the wells were washed
with buffer D, streptavidin-conjugated horseradish peroxidase
in buffer C (1:2500, v/v) was added and incubated at 37°C
for 30 min. After they were washed with buffer D, 3,3′,5,5′-
tetramethyl-benzidine (TMB) solution (50µL/well, Sigma)
was added to the wells and incubated at room temperature
for 30 min. After addition of 0.5 M H2SO4 (50 µL/well,
Wako), the optical density at 450 nm was measured using a
model 550 microplate reader.

Neurite Outgrowth Assay.Neurite outgrowth was per-
formed in 96 well plates (DYNEX) coated with peptides as
described above. After the peptides were coated, the plates
were washed with DMEM/F12 (Invitrogen). PC12 cells were
primed with 100 ng/mL of nerve growth factor (NGF, Roche
Diagnostics) for 24 h prior to the assay. The PC12 cells were
then collected by agitation, allowed to recover in the cultured
medium for 30 min at 37°C in 5% CO2, and washed two
times with DMEM/F12. After they were washed, cells were
resuspended in DMEM/F12 containing 100µg/mL transferrin
(Sigma), 20 nM progesterone (Sigma), 30 nM Na2SeO3

(Wako, Osaka, Japan), 5µg/mL insulin (Invitrogen), and 100
ng/mL NGF. The cells were added to 96 well plates at 3.0
× 103 cells/100µL/well. After incubation at 37°C for 24 h
in 5% CO2, the cells were fixed with 20% formalin and then
stained with crystal violet. In each well, 100 cells were
viewed and the percent of the active cells, which had neurites
that extended two times the cell diameter in length or longer,
was determined.

Structural Analysis.The human lamininR3LG4 module
is homologous to the lamininR2LG4 module. The crystal
structure of the lamininR2 chain, which involves the LG4
and LG5 modules, was published (PDB ID: 1DYK). We
determined the region corresponding to hEF3A in laminin
R2LG4 module by sequence alignment and refer to this
region as homologous_hEF3A.

We prepared two peptides, 1DYK_SS andcyclo-hEF3A.
1DYK_SS has the same sequence as homologous_hEF3A
except for the N and C termini, which are replaced by Cys
residues with a disulfide bond between them. The simulation
of 1DYK_SS was performed to measure the effect of the
disulfide bond on the conformation. The structure of
homologous_hEF3A was used as the template for starting
the simulations of 1DYK_SS andcyclo-hEF3A.

We carried out the simulations with the AMBER C96 (28)
and generalized Born/surface area (GBSA) methods (29).
The energy of each peptide was minimized by a steepest
descent method. For obtaining the native states of peptide,
we implemented simulated annealing molecular dynamics
(MD) simulations with the SHAKE algorithm (30). The
Hoover-Evans Gaussian constraint method (31) was em-
ployed to control the temperature. The computer program
used was PRESTO X v2.1 (32-34). The time step was 2.0
fs/step. The whole computational process was performed in
three successive stages: heating, high-temperature (1000 K)
sampling, and annealing. At the heating, the temperature was
increased from 0 to 1000 K for 2.0 ns. At the sampling, we
stored a structure every 10 ps from the simulation for 2.0
ns. Thus, a total of 100 structures for each of peptide were
stored at 1000 K. Because the temperature of 1000 K was
high enough to unfold initial conformation of the peptide,
the obtained 100 conformations distributed with a large
variety. In the annealing, each stored structure was annealed
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from 1000 to 300 K, taking 1.0 ns for each run. Finally, we
obtained 100 structures at 300 K for each of the peptides.

The root-mean-square deviation (RMSD) was calculated
for the main chain atoms (CR, C, and N) of residues 3-11
between structures sampled from the structure of homo-
logous_hEF3A and MD simulation. The structures obtained
from the MD simulation were classified into three clusters
by the RMSD value for each of the peptides.

RESULTS

Design of Cyclic Peptides from the LamininR3 Chain LG4
Module.Previously, we showed that the lamininR3 chain
LG4 module has a heparin binding activity and promotes
cell attachment, migration, and neurite outgrowth using a
recombinant human lamininR3 chain LG4 protein (rec-
R3LG4) (11-13). We also showed that the KGR sequence
in the loop region between the E and the F strands was
critical for the biological activity (11). Here, we focused on
the KGR sequence and the structural requirements of the
loop region. We designed and prepared three linear peptides
containing the KGR sequence at the middle and the N and
C termini (Figure 1). We also prepared three cyclic analogues

corresponding to the linear peptides (Figure 1). We evaluated
the conformational effect of the loop region on the biological
activity using the linear and cyclic peptides.

Effect of Peptides on the Heparin Binding of rec-R3LG4.
We first examined the inhibitory effect of the linear peptides
on heparin binding to the rec-R3LG4 protein. All of the linear
peptides showed an inhibitory effect (Figure 2). The hEF3B
peptide strongly inhibited (Figure 2B) while hEF3A and
hEF3C showed weaker activity (Figure 2A,C). This result
indicates that the KGR sequence on the flexible C terminus
in the peptide is preferable for the heparin binding.

Next, we examined the inhibitory effect of the cyclic
peptides relative to the linear forms. Two cyclic peptides,
cyclo-hEF3A andcyclo-hEF3C, showed an increased inhibi-
tory effect on heparin binding of rec-R3LG4 relative to the
linear forms (Figure 2A,C). In contrast, thecyclo-hEF3B
showed a weaker inhibitory effect as compared with that of
the linear peptide (Figure 2B). Thecyclo-hEF3A showed the
strongest inhibitory effect of the synthetic peptides. The data
suggest that the loop structure of the hEF3A sequence is
important for the heparin binding.

Effect of Peptides on Cell Attachment to rec-R3LG4.Next,
the inhibitory effect of the six peptides on fibroblast
attachment to the rec-R3LG4 protein was examined (Figure
3A). Fibroblast attached to the rec-R3LG4 protein in a dose-
dependent manner (data not shown).cyclo-hEF3A strongly
inhibited fibroblast attachment to rec-R3LG4 relative to that
of the linear peptide hEF3A (Figure 3A). The inhibitory
effect of cyclo-hEF3B was comparable to that of the linear
peptide hEF3B (Figure 3A). hEF3C slightly inhibited, but
cyclo-hEF3C did not affect fibroblast attachment to rec-
R3LG4 (Figure 3A). These results suggest that the peptide
conformation is important for fibroblast attachment to rec-
R3LG4. Thecyclo-hEF3A peptide had the strongest inhibi-
tory effect on both heparin binding and fibroblast attachment
to rec-R3LG4 (Figures 2 and 3A). Therefore, we focused
on the hEF3A andcyclo-hEF3A peptides and further
examined the conformational requirements for biological
activity.

FIGURE 1: Linear and cyclic peptides from the lamininR3 chain
LG4 module. The sequence of the LG4 module is shown at the
top (49). The arrows representâ-strands (14, 15). The shaded area
denotes the KGR sequence. The single letter X denotes norleucine
residue. All peptides have C-terminal amides.

FIGURE 2: Effect of peptides on heparin binding to rec-R3LG4. Heparin-Sepharose beads (1 mg) with various amounts of peptide and
rec-R3LG4 (0.7µg) were incubated in 70µL of 10 mM Tris buffer (pH 7.4) containing 100 mM NaCl at 4°C for 1 h. After the beads were
washed with the buffer, the rec-R3LG4 bound to the heparin-Sepharose beads was detected with biotinylated anti-human IgG and streptavidin-
peroxidase in Western blotting. The intensity of the bands was quantified using ImageJ 1.36 software. Triplicate experiments gave similar
results.
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Next, we tested the inhibitory effect of hEF3A andcyclo-
hEF3A on the cell attachment to rec-R3LG4 using human
keratinocyte HaCat cells (Figure 3B) and rat pheochromocy-
toma PC12 cells (Figure 3C). Both cells attached to the rec-
R3LG4 protein in a dose-dependent manner (data not shown).
cyclo-hEF3A showed a stronger inhibitory effect on the
attachment of both cell types to the protein than that of the
linear peptide hEF3A (Figure 3B,C). These results also
suggested that the loop conformation is important for cell
attachment activity of the hEF3A sequence.

Cell Attachment ActiVity of Peptides.We evaluated the
cell attachment activity of hEF3A andcyclo-hEF3A using

fibroblasts. We used AG73 (RKRLQVQLSIRT, mouse
laminin R1 chain residues 2719-2730) and hEF-1 (DYAV-
LQLHGGRLHFMFDLG, humanR1 chain residues 2762-
2780) as controls for heparin- and cation-dependent cell
attachment, respectively. AG73 promotes a syndecan-medi-
ated cell attachment (35), and hEF-1 promotes anR2â1
integrin-mediated cell attachment (36). The AG73 and hEF-1
peptides showed cell attachment activity as expected (Figure
4A). cyclo-hEF3A promoted cell attachment activity in a
dose-dependent manner similar to that of hEF3A (Figure 4A).
We also tested the effects of heparin and EDTA on cell
attachment to the peptides. As described previously, cell

FIGURE 3: Effect of peptides on cell attachment to rec-R3LG4 using fibroblasts (A), HaCat cells (B), and PC12 cells (C). Plates (96 well)
were coated with rec-R3LG4 (0.7µg/well for fibroblasts and HaCat cells; 1µg/well for PC12 cells). Cells (2.0× 104 cells/well) were
preincubated with various concentrations of peptides for 10 min and added to the rec-R3LG4-coated plates. After a 30 min incubation, the
number of attached cells was assessed by staining with crystal violet. Data of hEF3A andcyclo-hEF3A are expressed as means( SE of
triplicate experiments. *,p < 0.05; **, p < 0.01.

FIGURE 4: Fibroblast attachment to peptides (A) and effect of heparin and EDTA on the cell attachment (B). (A) Various amounts of
peptides were coated on 96 well plates, and fibroblasts (2.0× 104 cells/well) were added to the wells. After a 1 hincubation, the number
of attached cells was assessed by staining with crystal violet. (B) Plates (96 well) were coated with AG73 (0.5µg/well), hEF-1 (1.5µg/
well), hEF3A (10µg/well), andcyclo-hEF3A (10µg/well). AG73 (RKRLQVQLSIRT, mouse lamininR1 chain 2719-2730) (35) and
hEF-1 (DYAVLQLHGGRLHFMFDLG, humanR1 chain 2762-2780) (36) were used as positive controls for heparin and EDTA, respectively.
Fibroblasts (2.0× 104 cells/well) were preincubated with either heparin (10µg/mL) or EDTA (5 mM) for 10 min and added to the peptide-
coated plates. After a 30 min incubation, attached cells were assessed by staining with crystal violet. The fibroblast attachment activity in
the absence of heparin and EDTA was taken as 100%. Data are expressed as means( SD of triplicate results. Duplicate experiments gave
similar results. **,p < 0.01.
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attachment on AG73 and hEF-1 was inhibited by heparin
and by EDTA, respectively (35, 36) (Figure 4B). Cell
attachment to both hEF3A andcyclo-hEF3A was inhibited
by heparin (Figure 4B). EDTA (5 mM) did not block on
cell attachment to the hEF3A andcyclo-hEF3A peptides
(Figure 4B), indicating that integrins are not involved in this
cellular interaction. These results suggest that the hEF3A
andcyclo-hEF3A peptides interact with membrane-associated
heparin/heparan sulfate proteoglycans, such as syndecans.

Syndecan-4 Binding to hEF3A and cyclo-hEF3A.Because
hEF3A andcyclo-hEF3A promoted heparin-dependent cell
attachment (Figure 4), we examined syndecan binding to the
peptides. The expression of syndecan-2 and -4 in the human
dermal fibroblasts was previously determined by the reverse
transcriptase polymerase chain reaction analysis (11). We
focused on syndecan-4. Using a human fibroblast lysate in
a solid phase assay, we found that hEF3A bound weakly to
syndecan-4 (Figure 5A), whilecyclo-hEF3A bound strongly
in a dose-dependent manner (Figure 5A). The syndecan-4
binding to the peptides was significantly inhibited by heparin
(Figure 5B). These results indicate that hEF3A andcyclo-
hEF3A bind to syndecan-4 and that the conformation of
cyclo-hEF3A is important for syndecan-4 binding. Thecyclo-
hEF3A peptide may be involved in syndecan-4-mediated cell
attachment.

Neurite Outgrowth ActiVity of hEF3A and cyclo-hEF3A.
The hEF3A andcyclo-hEF3A peptides were tested for neurite
outgrowth activity using PC12 cells. As a negative control,
hEF-1 peptide (17, 36) was used. The hEF3A andcyclo-
hEF3A promoted neurite outgrowth of PC12 cells in a dose-
dependent manner (Figure 6A). The neurite outgrowth
activity of cyclo-hEF3A was more potent than that of hEF3A
(Figure 6A). The neurites of PC12 cells oncyclo-hEF3A
were longer than that on hEF3A (Figure 6B). These results

indicate that the conformation of thecyclo-hEF3A is
important for neurite outgrowth activity.

Structural Analysis of cyclo-hEF3A.Next, we investigated
the structure ofcyclo-hEF3A using MD simulations (28-
34). We determined the region corresponding to hEF3A in
the lamininR2LG4 module, which has the crystal structure
published (PDB ID: 1DYK), by sequence alignment
(homologous_hEF3A; Figure 7A segment in red). The
structure of homologous_hEF3A was used as the template
for starting the simulations of peptides. For MD simulation,
we prepared two peptides, 1DYK_SS andcyclo-hEF3A.
1DYK_SS has the same sequence as homologous_hEF3A
except for the N and C termini, which are replaced by Cys
residues with a disulfide bond between them. The simulation
of 1DYK_SS was performed for measuring the effect of the
disulfide bond on the conformation. The lowest-RMSD
cluster of 1DYK_SS showed the average RMSD of 1.833
Å with the standard deviation of 0.342 Å and contained 27
structures. This result demonstrates that the conformation
of residues 3-11 is not affected by the introduced disulfide
bond. The lowest-RMSD cluster ofcyclo-hEF3A showed the
average RMSD of 2.023 Å with the standard deviation of
0.355 Å and contained 23 structures. The lowest-RMSD
structure of 1DYK_SS is displayed (Figure 7B), for which
the RMSD value is 0.906 Å. The lowest-RMSD structure
of cyclo-hEF3A is displayed (Figure 7C), for which the
RMSD value is 1.238 Å. The superimposition between the
structures of the lowest-RMSD 1DYK_SS andcyclo-hEF3A
is displayed (Figure 7D). The rmsd value between the two
lowest-RMSD structures is 1.438 Å. These results indicate
that the native state ofcyclo-hEF3A is similar to that of
1DYK_SS. Taken together, the structure ofcyclo-hEF3A is
similar to that of the connecting E-F loop region in the
human lamininR3LG4 module.

FIGURE 5: Syndecan-4 binding to peptides (A) and effect of heparin
on the syndecan-4 binding (B). (A) Various amounts of peptides
were coated on 96 well plates. Fibroblast lysate was added to the
96 well plate and incubated at 37°C for 1 h. Syndecan-4 bound to
the peptide-coated plates was quantitated by anti-syndecan-4
antibody, biotinylated anti-mouse IgG antibody, and streptavidin-
conjugated horseradish peroxidase. Data are expressed as means
( SD of duplicate results. Triplicate experiments gave similar
results. (B) Plates (96 well) were coated with hEF3A andcyclo-
hEF3A (30µg/well). Fibroblast lysate and heparin (25µg/well)
were added to the peptide-coated plates. After a 1 h incubation,
syndecan-4 bound to the peptide-coated plates was quantitated as
described above. Syndecan-4 binding in the absence of heparin was
taken as 100%. Data are expressed as means( SD of duplicate
results. Triplicate experiments gave similar results. **,p <0.01.

FIGURE 6: Neurite outgrowth of PC12 cells on peptides. (A) Various
amounts of peptides were coated on 96 well plates. PC12 cells (3.0
× 103 cells/well) were seeded in the plates and incubated for 24 h.
After cells were fixed and stained, the percentage of cells with
neurites was determined as described under the Materials and
Methods. Data are expressed as means( SD of triplicate results.
Triplicate experiments gave similar results. *,p < 0.05. (B)
Photographs of the PC12 cells cultured on 20µg/well of hEF3A,
cyclo-hEF3A, and hEF-1 for 24 h. Cells were fixed and stained
and then photographed with a 200× objective on a microscope.
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DISCUSSION

Cyclization of peptides restricts the conformation. Cyclic
peptides might exhibit higher biological activity than their
linear form due to reduction of the loss of entropy, which is
required for the adaptation of linear peptides from its random
coiled conformation to a frozen bound conformation. For
example, RGD and YIGSR peptides, which were identified
as cell-adhesive sequences, were cyclized and showed
increased biological activity over their linear forms (21, 23,
37). The RGD and YIGSR peptides are located in loop
regions of the fibronectin tenth type III module and the
laminin â1 chain domain III, respectively (19, 20). The loop
structure of the peptides was important for the biological
activity (21, 22). Additionally, the cyclic peptides of the
sequences may be useful for drug development and bioma-
terial research (23, 38, 39).

To obtain the enhanced biological activity by cyclization,
a functional interaction of the three-dimensional structures
of the cyclic peptide and receptor(s) is required. Inaccurate
conformation of cyclic peptide leads to a reduction of binding
affinity for its receptor(s) and causes a loss of the biological
activity (21, 37). Therefore, the peptide cyclization approach
may be useful to investigate the structural requirements of a
loop structure in a protein. Indeed, we previously demon-
strated that the structural importance of connecting loop
region between the E and the F strands on the LG4 module
of laminin R1 andR4 chain using cyclic peptides (17, 18).
The cyc-EF-1Xm peptide (CLQLQEGRLHFXFDC, derived
from mouse lamininR1 chain residues 2751-2763; “X”
denotes the norleucine residue) increased cell attach-
ment activity viaR2â1 integrin (17). The cyclo-A4G82X
(CTLFLAHGRLVFXC, derived from mouse lamininR4
chain residues 1514-1525) showed significantly enhanced
syndecan-2-mediated cell attachment activity (18). These
results suggest that the loop structure of the E-F loop region
in the laimininR1 andR4 LG4 modules is important for the
biological activity.

In this report, we have demonstrated thatcyclo-hEF3A
had an enhanced inhibitory effect on heparin binding relative
to the linear form. Using three different cell types, fibroblasts,

HaCat cells, and PC12 cells, we showed that thecyclo-
hEF3A peptide more strongly inhibited cell attachment to
rec-R3LG4 than the linear peptide. We have also found that
the cyclo-hEF3A peptide was more active for syndecan-4
binding than the linear form. Furthermore, we have carried
out the MD simulations on thecyclo-hEF3A peptide and have
demonstrated that the structure ofcyclo-hEF3A is similar to
that of the connecting E-F loop region in the parent
molecule. These results suggest that the loop structure of
the E-F connecting region of the human lamininR3LG4
module is important for syndecan-4-mediated cell attachment
activity. We prepared three cyclic peptides,cyclo-hEF3A,
cyclo-hEF3B, andcyclo-hEF3C, which contained KGR
sequence. They showed different inhibitory effects on heparin
binding and fibroblast attachment to rec-R3LG4. Although
the peptides contain the KGR sequence, they could show
different activity because of the conformation of the cyclic
peptides is different according to the cyclized position. The
cyclo-hEF3B andcyclo-hEF3C peptides showed the weaker
activity than that ofcyclo-hEF3A. Therefore, the conforma-
tion of cyclo-hEF3B andcyclo-hEF3C is supposed to be less
similar to the loop structure of the E-F connecting region
of the human lamininR3LG4 module.

Syndecans, cell surface heparan sulfate proteoglycans, are
involved in laminin-mediated biological functions (40). We
previously demonstrated that keratinocytes and fibroblasts
bound to the rec-R3LG4 protein via syndecans and that rec-
R3LG4 were colocalized with syndecans on the cell surface
of dermal fibroblasts (11, 41). Here, we have demonstrated
that cyclo-hEF3A bound to syndecan-4 and promoted hep-
arin-dependent fibroblast attachment and PC12 neurite
outgrowth. Althoughcyclo-hEF3A showed stronger activity
on syndecan-4 binding and PC12 neurite outgrowth than that
of the linear peptide hEF3A, the cyclic peptide did not
enhance the fibroblast attachment activity. Previously, syn-
decans were suggested to have unique functions other than
cell attachment (41). Therefore, it is conceivable that the
conformation ofcyclo-hEF3A coated on plates did not allow
effective interaction with fibroblasts. However, these mech-
anisms are not clear at that stage. Taken together, it is

FIGURE 7: Structural analysis using MD simulation method. (A) Structure of homologous protein (lamininR2LG4 module). The segment
in red is the region of homologous_hEF3A. (B) The segment in red is the structure of homologous_hEF3A, and the one in green is that of
1DYK_SS obtained from MD simulation. (C) The segment in red is the structure of homologous_hEF3A, and the one in blue is that of
cyclo-hEF3A obtained from MD simulation. (D) The segment in green is the structure of 1DYK_SS obtained from MD simulation, and the
one in blue is that ofcyclo-hEF3A obtained from MD simulation. Two structures in each panel of B-D were superimposed for main chains
(CR, C, and N) of residues 3-11. The lowest-RMSD structure of 1DYK_SS orcyclo-hEF3A to the structure of homologous_hEF3A was
selected for the display.
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suggested that the cell attachment and neurite outgrowth
activities of cyclo-hEF3A are mediated by cell surface
syndecans. Syndecans are expressed in basal keratinocytes
at the wound edge of the skin (42) and also expressed in
neural tissues (43-46). Syndecan-mediated cell signaling
may be involved in wound repair (41, 47) and nervous system
development (48). Recently, the A3G756 peptide, which
interacts with syndecans (11), has been found to promote
wound healing in vivo, suggesting a potential therapeutic
application (Momota et al., unpublished results). Thecyclo-
hEF3A peptide, which is a mimic of A3G756 and much
smaller molecule as compared with A3G756, interacted with
syndecans similar to A3G756. Therefore, thecyclo-hEF3A
peptide has potential for therapeutic applications including
wound healing and nerve regeneration.

In summary, we have investigated that the structural
importance of the connecting E-F loop region of the human
laminin R3 chain LG4 module using cyclic peptides. We
have shown thecyclo-hEF3A peptide has more potent
biological activities, including heparin binding, syndecan
binding, cell attachment, and neurite outgrowth, when
compared to the linear peptide. Thecyclo-hEF3A peptide
may be useful for the development of therapeutic reagents
especially for wound healing and neuronal regeneration.
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