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ABSTRACT: The laminin R3 chain is mainly expressed at the skin, and its C-terminal G domain has a critical
role inmultiple biological functions.We screened for biologically active sites on themouse lamininR3 chainG
domain using 107 synthetic peptides on coated plates and conjugated to Sepharose beads with HT1080
human fibrosarcoma cells, HaCaT human skin keratinocyte cells, and human dermal fibroblasts
(HDFs). Eleven peptides exhibited cell attachment activity with respect to the peptide-coated plates and/or
peptide-Sepharose beads. MA3G28 (WTIQTTVDRGLL) strongly binds to HaCaT cells. Four peptides
promoted PC12 cell neurite outgrowth.Heparin inhibited attachment ofHDFs to eight peptides on the coated
plates. In contrast, EDTA significantly inhibited attachment of HDFs toMA3G27 (NAPFPKLSWTIQ) and
MA3G28 but had no effect on the attachment of the other peptides. HDF cells formed well-organized actin
stress fibers and focal contacts with vinculin accumulation on MA3G27. Additionally, attachment of HDFs
to MA3G27 was inhibited by anti-R6 and anti-β1 integrin antibodies, suggesting that MA3G27 promotes
R6β1 integrin-mediated cell adhesion. MA3G57 (NQRLASFSNAQQS) exhibited cell attachment activity
only in the peptide bead assay.MA3G57 conjugated to a chitosanmembrane promotedHDF attachment and
spreading with well-organized actin stress fibers. The anti-β1 integrin antibody partially inhibited attachment
of HDFs to the MA3G57-chitosan membrane, suggesting that the MA3G57 site is involved in β1 integrin-
mediated cell attachment. These active sites are likely important in the biological activities of the laminin
R3 chain G domain and would be useful for the study of molecular mechanisms of laminin-receptor
interactions.

Basementmembranes, thin extracellularmatrices, contain type
IV collagen, nidogens, perlecan, and laminins (1). Lamininsmake
up a family of glycoproteins that regulate diverse biological
functions, such as cell adhesion, migration, proliferation, differ-
entiation, wound healing, and tumor invasion (2). Currently, five
R chains, three β chains, and three γ chains have been identified,
and at least 16 different heterotrimeric isoforms are formed by
various combinations of the three subunits depending on the
tissue type and developmental stage (3, 4).

Laminin-111 (R1β1γ1), which is the most extensively char-
acterized isoform, was previously analyzed for biological activ-
ities using proteolytic fragments, recombinant proteins, and
synthetic peptides (5-10). To identify the precise locations of
biological active sites, we have previously screened cell adhesive
sequences in laminin-111 using 673 overlapping synthetic pep-
tides covering the wholemolecule (5-8). Several active sequences
that interacted with cell surface receptors in a peptide- and cell
type-specific manner were identified, and many active sites
were localized in the globular domain (G domain) of the R1
chain (11, 12). The G domain in the C-terminal region of the

R chain plays an essential role in the biological activities of
basement membranes. The laminin G domain is composed of
five tandem homologous modules (LG1-LG5), and each LG
module contains approximately 200 amino acid residues (13).
The biologically active sites in theG domain of the otherR chains
have been also identified using a similar approach (12). The active
sequences are prominent sites for interaction with cellular
receptors in the G domain (13).

The lamininR3 chain, a subunit of laminin-322, -311, -321, and
-323, is mainly distributed in the skin and is important in tissue
regeneration andwound healing (14, 15). The secreted lamininR3
chain is generally cleavedbetween theLG3andLG4modules (16)
and increases human keratinocyte cell migration activity in
vitro (17). Using recombinant proteins, the LG1-3 module of
the human laminin R3 chain is identified as being important for
cell adhesion and motility via R3β1 and R6β1 integrins (18-20).
Mutant mice with a defect in the Lama3 gene have congenital
epidermolysis bullosa with abnormal hemidesmosome forma-
tion, and lethality at the neonatal stage is observed (21). These
results suggest that expression of the laminin R3 chain and its
interaction with integrins are important for tissue integrity.

The human laminin R3 chain LG4 module interacts with cell
surface syndecans, which are heparan sulfate-containing proteo-
glycans (HSPGs). The diverse biological functions of HSPGs
depend on the sulfation patterns of the glycosaminoglycan side
chains (GAGs) and developmental stage of the tissues. Pre-
viously, we reported that the A3G75aR peptide (NSFMAL-
YLSKGR; human laminin R3 chain, residues 1412-1423),
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containing the unique KGR sequence, is involved in heparin and
syndecan-2 and -4 binding (22). The A3G756 peptide (KNSF-
MALYLSKGRLVFALG; human laminin R3 chain, residues
1412-1429), a longer sequence containing A3G75aR, induces
cell adhesion (22), neurite outgrowth (23), and matrix metallo-
protease-1 (MMP-1) secretion with the activation of p38 mito-
gen-activated protein kinase (MAPK) and extracellular signal-
related kinase (Erk) via syndecan-2 and -4 (24, 25). Fourteen
β strands (strands A-N) in the crystal structure of the laminin
R2 chain LG5 module (26) demonstrate that the A3G756
sequence is located on the connecting loop region between the
E and F strands (22, 27). Recently, we found that the loop
structure of the E-F connecting region in the human laminin
R3LG4 module is important for biological activity (28). These
analyses have focused on the human laminin R3 chain LG4
module, but active sites in the entire laminin R3 chain G domain
have not yet been identified.

Here, we analyzed the mouse laminin R3 chain G domain,
whose sequence is 86% homologous with the human sequence.
We prepared 107 overlapping synthetic peptides
(MA3G1-MA3G107) covering the entire amino acid sequence
to identify the biological active sites. Cell attachment assays with
the synthetic peptides were performed with both peptide-coated
plates and peptide-conjugated beads using three different cell
lines. Neurite outgrowth activity was also evaluated on peptide-
coated plates. The receptors involved in these biological activities
were analyzed.

MATERIALS AND METHODS

Design of Peptides from the Mouse Laminin R3 Chain
G Domain. One-hundred-seven overlapping peptides covering
the mouse laminin R3 chain C-terminal G domain (positions
1626-2569) (29) were manually synthesized to identify biologi-
cally active sequences (Figure 1). Peptides were generally de-
signed with a length of 12 amino acid residues and overlapped
with neighboring peptides by four amino acids. If the N-terminal
amino acidwas either glutamate or glutamic acid, one amino acid
was extended at the N-terminus to avoid pyroglutamine forma-
tion. Cysteine residues were omitted to prevent the influence of
disulfide bonds.
Peptide Synthesis. All peptides were manually synthesized

by the N-(9-fluorenyl)methoxycarbonyl (Fmoc) solid-phase
method with a C-terminal amide as described previously (11).
N,N-Dimethylformamide (DMF,1 Kanto Chemical Co. Ltd.,
Tokyo, Japan) was used as a solvent during the synthesis. The
following side chain-protected groups for each NR-Fmoc amino
acid were used: trityl for Asn, Cys, Gln, and His; tert-butyl for
Asp, Glu, Ser, Thr, and Tyr; 2,2,5,7,8-pentamethyl-chroman-6-
sulfonyl for Arg; and tert-butoxycarbonyl for Lys. The respec-
tive amino acids were condensed manually in a stepwise manner
using diisopropylcarbodiimide and N-hydroxybenzotriazole
on 4-(20,40-dimethoxyphenyl-Fmoc-aminomethyl)phenoxy resin
(Rink amide resin, Merck, KGaA, Darmstadt, Germany). For
deprotection of NR-Fmoc groups, 20% piperidine in DMF was
employed. The resulting protected peptide resins were depro-
tected and cleaved from the resin with a trifluoroacetic acid

(TFA)/thioanisole/m-cresol/ethanedithiol/H2O mixture (80:5:5:
5:5, v/v) for 3 h at room temperature. The obtained crude
peptides were precipitated and washed with diethyl ether and
then purified by reverse-phase high-performance liquid chroma-
tography (HPLC) on a Mightysil RP-18 GP 250-10 column
(Kanto) using a gradient elution with water and acetonitrile
containing 0.1% trifluoroacetic acid. Then, the desired peak was
collected and lyophilized. The 107 peptides were manually
synthesized and dissolved in Milli-Q water, but three peptides,
MA3G11, MA3G21, and MA3G30, could not be purified
because of their poor solubility. The 104 soluble peptides were
used for the experiments. The purity and identity of the peptides
were confirmed by analytical HPLC and electrospray ionization
mass spectrometry at the Central Analysis Center, Tokyo Uni-
versity of Pharmacy and Life Sciences.
Preparation of Maleimidobenzoyloxy Chitosan (MB-

chitosan). MB-chitosan was prepared as previously de-
scribed (30, 31). Briefly, Chitosan (Chitosan-10, 80% deacety-
lated, molecular weight of 40000) was purchased from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan). Chitosan-10
(428 mg, 2.66 μmol of sugar unit) was dissolved in 2% AcOH
(21 mL), and N-(m-maleimidobenzoyloxy)succinimide (MBS,
25 mg, 0.08 mmol) in 2 mL of DMF was added at 4 �C for
3 h. After addition of DMF (200 mL), the resulting precipitate
was collected by centrifugation and washed with 75% methanol
(twice) and with 100% methanol. The precipitated MB-chitosan
was dissolved in 20% AcOH and freeze-dried (yield, 260 mg).
Antibodies. The rat monoclonal antibody against human

integrin R6 (GoH3) was purchased from AMAC (Westbrook,
ME). Mouse monoclonal antibodies against human integrins
R1 (FB12), R2 (P1E6), R3 (P1B5), Rv (P3G8), and β1 (6S6) were
purchased from Millipore Co. Ltd. (Billerica, MA). Mouse
monoclonal antibodies against human IgG heavy chain
(MR36G) and vinculin (hVIN-1) were purchased from Sigma-
Aldrich (St. Louis, MO).
Cells and Culture. HT1080 cells, a human fibrosarcoma cell

line (HSRRB, Osaka, Japan), HaCaT cells, an immortalized
aneuploid human keratinocyte cell line (32), and human neonatal
dermal fibroblasts (HDFs) (IWAKI, Co. Ltd., Tokyo, Japan)
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 100 μg/mL
streptomycin (Invitrogen). PC12 cells, a rat pheochromocytoma
cell line (32), 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.
Cell Attachment Assay Using Peptide-Coated Plates.

The cell attachment assay was performed in 96-well plates (Nunc,
Roskilde, Denmark). Synthetic peptides were dissolved in Milli-
Qwater (1mg/mL), and various amounts of the peptide solutions
were added to each well and the wells dried overnight at room
temperature. Then, the wells were blocked with 1% heat-dena-
tured bovine serum albumin (BSA, Sigma) in DMEM at 37 �C
for 1 h and then washed with 0.1%BSA inDMEM (twice). Cells
were detached with 0.02% trypsin-EDTA (Invitrogen). The cells
were allowed to recover in their respective culture medium for
20 min at 37 �C. After they were washed twice with 0.1% BSA in
DMEM, cells were resuspended in 0.1% BSA in DMEM, plated
at a density of 2.0� 104 cells per 100 μLperwell, and incubated at
37 �C for 1 h in 5% CO2. The medium was removed by
aspiration, and the attached cells were fixed and stained with a

1Abbreviations: ECM, extracellular matrix; DMF,N,N-dimethylfor-
mamide; HDFs, human dermal fibroblasts; DMEM, Dulbecco’s mod-
ified Eagle’s medium; FBS, fetal bovine serum; BSA, bovine serum
albumin; EDTA, ethylenediaminetetraacetic acid; TBS, Tris-buffered
saline; PBS, phosphate-buffered saline; DAPI, 4,6-diamidino-2-pheny-
lindole.
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0.2%crystal violet aqueous solution in 20%methanol for 15min.
After the wells were washed with Milli-Q water, a 1% sodium
dodecyl sulfate (SDS) solution (150 μL)was added to eachwell to
lyse the stained cells. The optical density at 570 nmwasmeasured
in a Safire plate reader (Tecan Austria GmbH, Gr€odig, Austria).
All cell attachment assays were conducted in triplicate experi-
ments.
Cell Attachment Assay Using Peptide-Conjugated Se-

pharose Beads. The synthetic peptides were coupled to cyano-
gen bromide (CNBr)-activated Sepharose 4B (GE Healthcare,
London, U.K.) as described previously (11). CNBr-activated

Sepharose was prewashed for 15 min with 1 mM HCl. The
peptides (200 μg) were incubated with the CNBr-activated
Sepharose (30 mg) in 1 mL of 0.1 M NaHCO3 containing
0.5 M NaCl (pH 8.3) for 1 h at room temperature. The beads
were washed with coupling buffer to remove the excess peptides,
and then the remaining active groups on the beads were blocked
with 1M ethanolamine (pH 8.0) for 2 h. The peptide-conjugated
beads were washed first with 0.1 M acetate buffer (pH 4.0)
containing 0.5 M NaCl and then with 0.1 M Tris-HCl (pH 8.0)
containing 0.5 M NaCl, and then the washings were repeated,
resulting in at least three cycles of alternating pH. The resulting

FIGURE 1: Sequence and peptides from the laminin R3 chain G domain. The sequence was derived from the mouse laminin R3 chain (positions
1626-2568) (30). Arrows denote the locations of peptides. Thick lines denote active peptides. Dashed lines denote insoluble peptides. Boxed
arrows denote β strands.
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peptide beads were stored in TBS. Prior to use for the cell
attachment assay, the peptide beads were washed with Milli-Q
water twice and then suspended in Milli-Q water.

The attachment of cells to the peptide beadswas assessed in 96-
well plates. The cells were detached as described above. The cells
were resuspended in DMEM containing 0.1% BSA (1.0 �
105 cells per 100 μL per well) and incubated with a 3 mg/50 μL
peptide bead solution for 1 h at 37 �C in 5% CO2. The cells
attached to the peptide beads were stained with a 0.2% crystal
violet aqueous solution in 20% methanol for 15 min. After
unattached cells had been removed and the wells had been
washed with Milli-Q water, the attached cells were observed
under a BZ-8000 microscope (Keyence, Osaka, Japan). Each
experiment with different cell lines was examined in triplicate
assays.
Cell Attachment Assay Using Peptide-Chitosan Mem-

branes. Cell attachment assays using peptide-chitosan mem-
branes were performed on 96-well plates (Nunc). The MB-
chitosan was dissolved in 4% AcOH at 2 μg/mL, and 50 μL of
the solution was added to each well on the 96-well plates. After
drying at room temperature for 24 h, the plates were washed with
1%NaHCO3 (100 μL) and then washed with PBS (100 μL, three
times). For conjugation of peptides to chitosan membranes, a
Cys-Gly-Gly (CGG) sequence was added at the N-terminus of
the peptides. Cys-A99 (CGGAGTFALRGDNPQG) (30), Cys-
A99T (CGGDGNLARAPGQFTG), Cys-MA3G57 (CGGNQ-
RLASFSNAQQS), and Cys-MA3G57S (CGGSAQLSNFQA-
RSQN) were synthesized as previously described (30, 31). Peptide
solutions (1 mg/mL) in 0.1% TFAMilli-Q water were prepared.
Various amounts of peptide solutions diluted with 1%NaHCO3

(50 μL/well) were added to the wells and incubated for 2 h. Then,
the plates were washed with 1% BSA in DMEM three times,
blocked by the addition of 1% BSA in DMEM for 30 min, and
washed with 0.1% BSA in DMEM (three times). HDFs were
detached as described above and were resuspended in DMEM
containing 0.1% BSA. The cells were added (2.0 � 104 cells per
100 μL per well) to eachwell and incubated for 1 h at 37 �C in 5%
CO2. The cells attached to the peptide-conjugated chitosan
membranes were stained with a 0.2% crystal violet aqueous
solution in 20%methanol for 15 min. After unattached cells had
been removed and the wells had been washed withMilli-Q water,
the attached cells in three randomly selected fields were counted
under a BZ-8000 microscope.
Inhibition Assay. For inhibition of the attachment of cells to

peptide-coated plates, 96-well plates were coated with peptides as
described above. The cells were preincubated for 15 min at 37 �C
in the presence of either 10 μg/mL heparin, 5 mM ethylenedia-
minetetraacetic acid (EDTA), or 10 μg/mL anti-integrin anti-
bodies prior to being plated in the wells.HDFs (2.0� 104 cells per
100 μL per well) were incubated at 37 �C in 5% CO2 for 30 min.
After being stained with 0.2% crystal violet in 20% methanol
for 15 min, the attached cells were counted under a BZ-8000
microscope.

For inhibition of the attachment of cells to the pepti-
de-chitosan membranes, various amounts of peptides were
conjugated to the chitosan membrane as described above. HDFs
were incubated for 1 h at 37 �C on the peptide-chitosan
membranes in the presence of either 10 μg/mL heparin or
5mMEDTA. For inhibition of cell attachmentwith anti-integrin
antibodies, HDFs were preincubated in suspension with 30 μg/
mL anti-integrin antibodies for 15 min at 37 �C. Then HDFs
(2.0 � 104 cells per 100 μL per well) were incubated on the

peptide-chitosan plates for 1 h at 37 �C in 5% CO2. After being
stained with 0.2% crystal violet in 20%methanol for 15 min, the
attached cells were counted under a BZ-8000 microscope. All
assayswere conducted in triplicatewith each experiment repeated
at least three times.
Immunocytochemistry.For immunostaining on the peptide-

coated plates, eight-well glass chamber slides (Nunc) were coated
with peptides (5 μg ofMA3G27 andMA3G70 perwell) and dried
for 48 h. For immunostaining on the peptide-conjugated chitosan
membranes, the chitosanmembraneswere prepared on eight-well
Permanox Chamber Slides (Nunc) and dried for 48 h. After the
plates had been washed with 1% NaHCO3 and PBS, peptides
(10 μg of MA3G57 per well) and 1% NaHCO3 were added, and
the mixture was incubated for 2 h. The wells were blocked with
1% BSA in DMEM for 1 h and washed with 0.1% BSA in
DMEM(twice). Then,HDFs (8.0� 103 cells per 200 μL per well)
were added to thewells and incubated for 2 h at 37 �C in 5%CO2.
The cells were fixed with 4% paraformaldehyde and 5% sucrose
in TBS for 10 min and permeabilized with 0.1% Triton X-100 in
PBS for 10min. The fixed cells were washed with PBS for 30min,
blocked with 1% BSA in PBS for 1 h, and then incubated with
mouse monoclonal antibody against vinculin (clone hVIN-1;
1:100) overnight at 4 �C.After the samples had beenwashed twice
with 0.05% Tween 20 in PBS for 15 min, bound antibody and
actin filaments were labeled with a mixture of rhodamine red-
labeled donkey anti-mouse IgG antibody (Jackson Immuno
Research Laboratories, West Grove, PA) at 1:50 and Allexa
Fluoro 488 phalloidin (1 unit/m; Invitrogen) at 1:100 for 2 h.
Nuclei were labeled with 4,6-diamidino-2-phenylindole (DAPI,
Invitrogen, 1:10000). After beingwashedwith 0.05%Tween 20 in
PBS for 10 min, the glass slides were desalted with Milli-Q water
and mounted with a 50% glycerol solution containing anti
fade. Images were captured with a Quantix CCD camera
(Photometrics, M€unchen, Germany) and processed using IPLab
(Scanalytics, Fairfax, VA). Deconvolution of the images was
performed with HazeBuster (Vay Tek, Fairfield, IA).
Neurite Outgrowth Assay Using Peptide-Coated Plates.

Neurite outgrowth was performed in 96-well plates coated with
various amounts of peptides in 50 μL of Milli-Q water. Peptides
were added to the wells and dried overnight at room temperature.
The wells were washed twice with DMEM/F12 (Invitrogen)
containing 30 nM Na2SeO3 (Wako). PC12 cells were primed
with 100 ng/mL nerve growth factor (NGF, Invitrogen) for 24 h
prior to the assay. The PC12 cells were then collected by agi-
tation, allowed to recover in the cultured medium for 30 min at
37 �C in 5% CO2, and washed twice with DMEM/F12. After
being washed, cells were resuspended in DMEM/F12 containing
30 nM Na2SeO3, 100 μg/mL transferrin (Sigma), 20 nM proges-
terone (Sigma), 5 μg/mL insulin (Invitrogen), and 100 ng/mL
NGF. The cells were added to 96-well plates at a density of 3.0�
103 cells per 100 μL per well. After incubation at 37 �C for 24 h in
5%CO2, the cells were fixed with 20% formalin and then stained
with a 0.2% crystal violet aqueous solution in 20%methanol for
15 min. In each well, 100 cells were viewed under a BZ-8000
microscope, and the percent of active cells, which had neurites
that extended twice a cell diameter in length and/or longer, was
determined. Analyses of neurite outgrowth were conducted in
triplicate.

RESULTS

Cell Attachment Activity on Peptide-Coated Plates. To
identify biologically active sequences, we screened 104 soluble
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peptides covering the mouse laminin R3 chain C-terminal G
domain (positions 1626-2569) (Figure 1). The peptides were
coated on plates and examined for their cell attachment activity
using HT1080 cells, HaCaT cells, and HDFs (Figure 2 and
Table 1). TheAG73 peptide (RKRLQVQLSIRT;mouse laminin
R1 chain, residues 2719-2730), which has the strongest cell
attachment activity in the R1 chain G domain, and its scrambled
peptide AG73T (LQQRRSVLRTKI) were used as positive and
negative controls, respectively (11).

First, we examined the cell attachment activity of the 104
soluble peptides on peptide-coated plates using HT1080 cells. Six
peptides (MA3G13, MA3G22, MA3G35, MA3G63, MA3G70,
andMA3G97) showed strongHT1080 cell attachment activity in
a dose-dependent manner (Figure 2A). These cell attachment
activities were comparable with that of AG73. Four peptides

(MA3G27, MA3G34, MA3G57, and MA3G59) showed mod-
erate cell attachment activity that was weaker than that of AG73
(Figure 2B). The remainder of the peptides did not promote
HT1080 cell attachment.

We next evaluated cell attachment activity using HaCaT cells.
Five peptides (MA3G22, MA3G28, MA3G63, MA3G70, and
MA3G97) had strong HaCaT cell attachment activity compar-
able to that of AG73 (Figure 2C). Five peptides (MA3G13,
MA3G27, MA3G34, MA3G35, and MA3G59) showed weak
HaCaT cell attachment activity (Figure 2D). The remainder of
the 93 soluble peptides did not promote HaCaT cell attachment.

Attachment of HDFs to the peptide-coated plates was also
evaluated. HDFs strongly attached to three peptides coated on
the plates (MA3G13, MA3G22, and MA3G27) with activity
similar to that of AG73 (Figure 2E). Seven peptides (MA3-
G28, MA3G34, MA3G35, MA3G59, MA3G63, MA3G70, and
MA3G97) exhibited weak HDF attachment activity (Figure 2F).
None of the other peptides exhibited HDF attachment. Further,
HDFs onMA3G27were well spread, while onMA3G28, weaker
spreading was observed. The other active peptides did not have
cell spreading activity (Table 1).
Cell Attachment Activity on Peptide-Conjugated Se-

pharose Beads. Next, we conjugated the 104 soluble peptides
with CNBr-activated Sepharose beads and tested their cell
attachment activity using HT1080 cells, HaCaT cells, and HDFs
(Table 1). AG73- and AG73T-conjugated Sepharose beads were
used as positive and negative controls, respectively (11). HT1080
cells attached to six peptide-conjugated beads (MA3G13,
MA3G27, MA3G35, MA3G57, MA3G70, and MA3G97)
(Figure 3). None of the remaining peptide beads promoted
HT1080 cell attachment. We also evaluated the cell attachment
activity of peptide-conjugated beads using HaCaT cells and
HDFs (data not shown). Both cells attached to the same six
peptide beads in a manner similar to that observed with HT1080
cells (Table 1).
Neurite Outgrowth Activity of the Mouse Laminin R3

Chain G Domain Peptides. The 104 soluble peptides were
evaluated for neurite outgrowth activity using PC12 cells, a rat
pheochromocytoma cell line (Figure 4). AG73 and AG73T were
used as positive and negative controls, respectively (33). Four
peptides (MA3G27, MA3G35, MA3G57, and MA3G70) pro-
moted neurite outgrowth activity in a dose-dependent manner
(Figure 4A,B). These four peptides also exhibited cell attachment
activity (Table 1). In contrast, the remaining peptides did not
exhibit neurite outgrowth activity. These results suggest that the
four active sequences have a potential to interact with neuronal
cells in the laminin R3 chain G domain. On the basis of the two
cell attachment assays using three different cells and the neurite
outgrowth assay, we identified 11 biologically active peptides
(Table 1).
Effects of Heparin and EDTA on Attachment of HDFs

to Peptide-Coated Plates. To identify the cellular ligands, we
next examined the effects of heparin andEDTAon attachment of
HDFs to the 10 active peptides that were coated onto plates
(Figure 5). AG73, which interacts with syndecans and promotes
heparin-dependent cell adhesion (11), and EF-1 (DYATL-
QLQEGRLHFMFDLG; mouse laminin R1 chain, residues
2747-2765), which interacts with R2β1 integrin and promotes
divalent cation-dependent cell adhesion (27), were used as con-
trols. Attachment of HDFs to AG73 was inhibited by only
heparin, and that to EF-1 was inhibited by only EDTA as shown
previously (11, 27) (Figure 5). Attachment of HDFs to eight of

FIGURE 2: Attachment of cells to peptide-coated plates. Ninety-
six-well plateswere coatedwith various amounts of synthetic peptides
and examined for cell attachment activity using HT1080 cells (A and
B), HaCaT cells (C and D), and HDFs (E and F). The cells were
added to the wells for 1 h. After the cells were stained with 0.2%
crystal violet in 20% methanol, the attached cells were dissolved in
1%SDS, and the OD570 was measured. Data are expressed asmeans
of triplicate results. Triplicate experiments gave similar results.
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the peptides was significantly inhibited by heparin, with attach-
ment to MA3G27 and MA3G28 not blocked by heparin. In
contrast, attachment of HDFs to MA3G27 and MA3G28 was
significantly inhibited by EDTA. Attachment of HDFs to
MA3G59 was slightly inhibited by EDTA, but the inhibition
was not statistically significant. Attachment of HDFs to the
remaining peptides was not affected by EDTA (Figure 5). HDFs
attached to MA3G27 and MA3G28 in a divalent cation-depen-
dent fashion, suggesting that the cellular interaction with these
peptides involves integrins. In contrast, attachment of HDFs to

eight peptides was heparin-dependent, indicating that these eight
peptides may bind to membrane-associated HSPGs, including
syndecans.
Organization of Actin Filaments and Localization of

Vinculin in HDFs on Synthetic Peptides. The results in the

Table 1: Synthetic Peptides and Their Biological Activities

cell attachment

HT1080 HaCaT HDFs

peptide sequence platea beadb plate bead plate bead

cell attachment

inhibitionc
neurite outgrowth d

(PC12)

MA3G13 SQRIYQFAKLNYT þþ þ þ þ þþ þ heparin -
MA3G22 NVLSLYNFKTTF þþ - þþ - þþ - heparin -
MA3G27 NAPFPKLSWTIQ þ þ þ þ þþSe þ EDTA þ
MA3G28 WTIQTTVDRGLL - - þþ - þse - EDTA -
MA3G34 DTINNGRDHMILI þ - þ - þ - heparin -
MA3G35 MILISIGKSQKRM þþ þ þ þ þ þ heparin þ
MA3G57 NQRLASFSNAQQS þ þ - þ þ þ EDTAf þ
MA3G59 ISNVFVQRMSQSPEVLD þ - þ - þ - heparin -
MA3G63 KARSFNVNQLLQD þþ - þþ - þ - heparin -
MA3G70 KPRLQFSLDIQT þþ þ þþ þ þ þ heparin þ
MA3G97 DGQWHSVTVSIK þþ þ þþ þ þ þ heparin -
AG73 RKRLQVQLSIRT þþ þ þþ þ þþ þ heparin þ
AG73T LQQRRSVLRTKI - - - - - - -

aFor cell attachment assays on plates, various amounts of the peptides were coated on 96-well plates as described inMaterials andMethods. HT1080 human
fibrosarcoma cells, HaCaT human skin keratinocyte cells, and human neonatal dermal fibroblasts (HDFs) were used. The peptide-coated plate assays were
quantitated and assessed relative to those observed with AG73 and evaluated on the following subjective scale:þþ, attachment comparable to that on AG73;
þ, weak attachment compared with that on AG73; -, no adhesion. bFor cell attachment assays on beads, the peptides were coupled to CNBr-activated
Sepharose 4B as described inMaterials andMethods. HT1080 cells, HaCaT cells, andHDFs were used. The peptide-conjugated bead assays were evaluated on
the following subjective scale:þ, promotes cell attachment;-, no promotion. cEDTA and heparin inhibited attachment of HDFs to the peptide-coated plates
or the peptide-chitosan membrane. Inhibited compounds (EDTA or heparin) are shown. dNeurite outgrowth of PC12 rat pheochromocytoma cells was
evaluated on the following subjective scale: þ, promotes neurite outgrowth; -, no promotion. eS and s mean extensive and weak cell spreading,
respectively. fThe compound that inhibited attachment of cells to the MA3G57-chitosan membrane is shown.

FIGURE 3: Attachment of cells to peptide-conjugated Sepharose
beads. HT1080 cells were allowed to attach to peptide-Sepharose
beads for 1 h and were then stained with 0.2% crystal violet in 20%
methanol.Triplicate experiments gave similar results.Thebar is 100μm.

FIGURE 4: Neurite outgrowth of PC12 cells on synthetic peptides.
(A) Various amounts of peptides were coated on 96-well plates. PC12
cells (3.0� 103 cells/well) were seeded in the wells and incubated for
24h.After the cellswere fixed and stained, the percentageof cellswith
neurites was determined as described in Materials and Methods.
Data are expressed as means ( the standard deviation of triplicate
mesurements. Triplicate experiments gave similar results. (B) Photo-
graphs of the PC12 cells incubated on 10 μg of peptide/well. After a
24 h incubation, the cells were fixed and stained and then photo-
graphed with a 200� objective on a microscope. The bar is 100 μm.
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inhibition and cell attachment assays suggested that MA3G27
has extensive cell spreading activity and that this adhesion to
MA3G27 is mediated by integrin. In contrast, MA3G70, a
homologous R3 chain sequence of AG73 (34), exhibited hepar-
in-dependent cell attachment and neurite outgrowth activity
similar to that of AG73. Integrins connect to intracellular
proteins and modulate cell morphology. Therefore, we evaluated
the organization of the cytoskeleton and the localization of
vinculin in HDFs attached to the active peptides by immunos-
taining (Figure 6). MA3G27 induced well-organized actin stress
fibers and focal contacts containing vinculin (Figure 6A). In
contrast, HDFs on MA3G70 showed accumulation of actin at
the edges of cells with spikelike ruffling membranes, but focal
adhesions were not observed (Figure 6B). These results demon-
strate that the active peptides affect the organization of the
cytoskeleton in HDFs and are biologically active in a peptide-
specific manner.
Effect of Anti-Integrin Antibodies on Attachment of

HDFs to MA3G27. Since the attachment of HDFs to
MA3G27 was divalent cation-dependent, it is possible that
integrins are major candidates for the cellular receptor(s). We
attempted to identify the cell surface receptors for MA3G27
using function-blocking antibodies against integrin subunits
(Figure 7). We examined the effect of anti-integrin subunit
antibodies on the attachment of HDFs to this peptide. Attach-
ment of HDFs to MA3G27 was significantly inhibited by both
anti-R6 and anti-β1 integrin antibodies. In contrast, the other
integrin antibodies, anti-R1, -R2, -R3, and -Rv, did not affect the
attachment of HDFs to MA3G27. These results suggest that the
attachment of HDFs to MA3G27 is mediated by R6β1 integrin.
Biological Activities on Peptide-Chitosan Membranes.

On the plates, MA3G57 showed poor cell attachment activity
with only HT1080 cells. However, on the beads, MA3G57
exhibited the activity with all three cell lines (Table 1). Next,
we conjugated MA3G57 to chitosan membranes and further

tested the biological activities using the peptide-chitosan mem-
branes (Figure 8). From the laminin R1 chain screening,
A99 (AGTFALRGDNPQG; mouse laminin R1 chain, residues
1141-1153) containing an Arg-Gly-Asp (RGD) sequence was
identified as a cell attachment-promoting peptide only in the bead
assay (6). Recently, we found that A99 promotes Rvβ3 integrin-
mediated cell attachment when the peptide is conjugated on a
chitosan membrane (30, 31). Cys peptides were prepared and
conjugated on MB-chitosan membranes as described in Materi-
als and Methods. Cys-A99 and Cys-A99T were used as positive
and negative controls, respectively.

HDF attachment was evaluated on the MA3G57-chitosan
membranes. Attachment was promoted on the A99-chitosan

FIGURE 5: Effect of heparin and EDTA on the attachment of HDFs
topeptides.HDFswereallowed toattach to the peptide-coatedplates
in the absence (white bars) and presence of either 10 μg/mL heparin
(gray bars) or 5 mMEDTA (black bars). Ninety-six-well plates were
coated with 0.5 μg/well (AG73 and EF-1), 2.5 μg/well (MA3G13,
MA3G22, MA3G27, MA3G70, and MA3G97), or 5 μg/well
(MA3G28, MA3G34, MA3G35, MA3G54, and MA3G59). Either
10 μg/mL heparin or 5 mM EDTA was added to the cells, and then
the cells were added to the plates. After a 30 min incubation, the
attached cells were stained with 0.2% crystal violet in 20%methanol
and the adherent cells were counted under a microscope. Each value
represents the mean of three separate determinations( the standard
deviation. Triplicate experiments gave similar results. *p < 0.01;
**p< 0.001.

FIGURE 6: Organization of actin stress fibers and localization
of vinculin. Eight-well chamber slides were coated with 5 μg of
MA3G27 (A) or MA3G70 (B) per well. HDFs were seeded as
described inMaterials andMethods. After a 2 h incubation, attached
cellswere fixedwith 4%paraformaldehyde.Triple-color fluorescence
microscopy was preformed for simultaneous detection of actin
filaments (green), vinculin (red), and nuclei (blue). The localization
of vinculin was assessed with a mouse monoclonal antibody against
vinculin, followed by detection with a rhodamine red-labeled donkey
anti-mouse IgG antibody. Actin filaments and nuclei were visualized
by incubation with Allexa Fluoro 488 phalloidin and DAPI, respec-
tively. Merged images are shown in panels A and B. Localization of
actin (A-I and B-I) and vinculin (A-II and B-II) is also shown in
separate images. The arrows indicate the vinculin staining in focal
contacts. The bar is 50 μm.

FIGURE 7: Effect of anti-integrin subunit antibodies on the attach-
ment of HDFs to MA3G27. Ninety-six-well plates were coated with
MA3G27 (1.5 μg/well). HDFs in a cell suspensionwere preincubated
with 10 μg/mL integrin antibodies at room temperature for 15 min,
then added to the wells, and incubated for 30min. Following staining
with 0.2% crystal violet in 20% methanol, the number of attached
cells was counted. Each value represents the mean of three separate
determinations ( the standard deviation. Duplicate experiments
gave similar results. *p< 0.01.
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membrane in a dose-dependent manner but not on the
A99T-chitosan membrane as expected (Figure 8A). The
MA3G57-chitosan membrane showed HDF attachment activ-
ity similar to that observed on the A99-chitosan membrane. In
contrast, a scrambled MA3G57 peptide, MA3G57S-conjugated
chitosan membrane did not show activity. These results indicate
that the MA3G57 peptide is active for cell attachment on the
chitosan membrane. HDFs on the MA3G57-chitosan mem-
brane (10 μg/well) were well-spread (Figure 8B). We next
observed the organization of the cytoskeleton and the localiza-
tion of vinculin in HDFs attached to the MA3G57-chitosan
membrane (Figure 8C). The MA3G57-chitosan membrane
promoted typical fibroblast type morphology, and well-devel-
oped focal contacts containing vinculin with filopodia were
observed (Figure 8C). These data suggest that the MA3G57-
chitosan membrane induces a peptide-specific cellular response.

To clarify the mechanism of adhesion of cells to the
MA3G57-chitosan membrane, we examined the inhibitory
effect of heparin and EDTA on the attachment of cells to the
MA3G57-chitosanmembrane (Figure 9). Attachment of cells to
theMA3G57-chitosan membrane was significantly inhibited by
EDTA but not by heparin, suggesting that thisMA3G57 peptide

promotes divalent cation-dependent cell adhesion. We also
evaluated the effect of anti-integrin antibodies on the attachment
of HDFs to the MA3G57-chitosan membrane (Figure 9).
Attachment of cells to the MA3G57-chitosan membrane was
partially blocked by the anti-β1 integrin antibody. In contrast,
none of the other anti-integrin antibodies inhibited the attach-
ment of cells to theMA3G57-chitosan membrane. These results
suggest that the MA3G57-chitosan membrane is involved in
β1 integrin-mediated cell attachment and spreading.

DISCUSSION

The laminin R3 chain is strongly expressed in skin, lung,
olfactory epithelium, and the superficial layers of the tongue and
palate. The G domain at its carboxyl terminus interacts with
various ECM molecules and receptors (35). Biologically active
sites in the human lamininR3 chain have been well characterized.
Recently, it has been shown that the human laminin R3 chain
LG1-3 module promotes cell adhesion and spreading via integ-
rins, and the P4 peptide (PPFLMLLKGSTR; human laminin
R3 chain, residues 1312-1323) in the R3 chain LG3 module is
crucial for binding of R3β1 integrin to human normal keratino-
cyte and stimulates focal adhesion kinase (FAK) phosphoryla-
tion (36). We found that the corresponding mouse sequence of
the P4 peptide, the overlapping region between MA3G61 and
MA3G62, did not exhibit any activity. The low degree of
homology between human and murine laminin R3 chains sug-
gests that the P4 peptide region is a human-specific active
sequence. On the other hand, the human laminin R3 chain
LG4 module interacts with syndecans on keratinocytes (24, 25,
37). TheA3G756 peptide, which is located on the E andF strands
connecting the loop region in the human laminin R3 chain LG4
module, is a critical sequence for the biological activities of the
LG4module (22-25, 28). Further, the loop structure of the E-F
strand connecting region of A3G756 within the human laminin
R3 chain LG4 module is important for biological activity (28).
Mouse A3G756 (formerly termed EF-3, RDSFVALYLSEGH-
VIFALG; mouse laminin R3 chain, residues 2266-2284)
did not exhibit cell attachment activity but promoted neurite
outgrowth (27). MA3G73 and MA3G74 covering the mouse
A3G756 sequence did not exhibit any biological activity.

FIGURE 8: Cell attachment activity of MA3G57 peptide-chitosan
membranes. (A) HDF attachment activity of peptide-chitosan
membranes. Various amounts of peptides were coupled to the
chitosan membranes as described in Materials and Methods. HDFs
were incubatedon thepeptide-chitosanmembranes for 1 h.After the
cells were stained with 0.2% crystal violet in 20% methanol, the
numberof attached cellswas counted under amicroscope.Each value
represents the mean of three separate determinations( the standard
deviation. Triplicate experiments gave similar results. (B) Morpho-
logical appearance of HDFs on the MA3G57-chitosan membrane.
The wells were coated with 10 μg of MA3G57-chitosan membrane
per well. HDFs were added to the wells as described inMaterials and
Methods. After a 2 h incubation, attached cells were stained with
crystal violet. Triplicate experiments gave similar results. The bar is
100 μm. (C) Organization of actin filaments and localization of
vinculin in HDFs on MA3G57-chitosan membranes. Eight-well
chamber slides were coated with 10 μg of MA3G57-chitosan
membranes per well. Cells were seeded as described in Materials
and Methods. After a 2 h incubation, attached cells were fixed
with 4% paraformaldehyde. Triple-color fluorescence micro-
scopy was preformed for simultaneous detection of actin filaments
(green), vinculin (red), and nuclei (blue). Merged images are shown
in panel C.

FIGURE 9: Effect of heparin, EDTA, and anti-integrin subunit
antibodies on the attachment of HDFs to MA3G57-chitosan
membranes. Ninety-six-well plates were coated with 5 μg of
MA3G57-chitosan membrane per well. Either 10 μg/mL heparin,
5mMEDTA, or 30μg/mLanti-integrin antibodieswere added to the
cell suspensions. The cell suspensions in the presence of 30 μg/mL
anti-integrin antibodies were preincubated at room temperature for
15 min. Then the cells were added to the wells and incubated for 1 h.
After being stainedwith crystal violet, the attached cells were counted
under amicroscope. Each value represents themeanof three separate
determinations ( the standard deviation. Duplicate experiments
gave similar results. *p< 0.001.
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Previous studies with recombinant protein also demonstrated
that the human andmouse laminin R3 chain G domains undergo
different proteolytic degradation (38). The sequence of themouse
laminin R3 chain G domain is 86% homologous with the human
sequence. TheR3 chainGdomainmay have some species-specific
activities.

In this study, we have used peptide-coated plate and peptide-
conjugated Sepharose bead assays. MA3G13, MA3G27,
MA3G35, MA3G70, and MA3G97 exhibited cell attachment
activity in both plate and bead assays. On the other hand,
MA3G22, MA3G28, MA3G34, MA3G57, MA3G59, and
MA3G63 were active in either the plate or bead assays. These
results strongly support the possibility that both methods should
be employed when testing for cell attachment activity of peptides.
It is likely that the differential activities are due to inactive
conformations and/or poor coating efficiencies on the plate.
For example, five peptides, MA3G22, MA3G28, MA3G34,
MA3G59, and MA3G63, exhibited cell attachment activity in
the plate assay, whereas these peptides were inactive in the bead
assay. We have previously reported that the 12-mer peptide
containing the IKVAV sequence from the laminin R1 chain (39)
was active in the peptide-coated plate assay but was not active in
the peptide-conjugated bead assay (6). More recently, it has been
reported that LAM-L, an IKVAV peptide derived from the
laminin R1 chain, forms β sheet structures, such as amyloid-like
fibrils, and promotes cell adhesion and neurite outgrowth (40).
Taken together, it is important to employ two different assays in
identifying biologically active sites when performing a systematic
peptide screening.

Integrins are major cell surface receptors involved in cell
adhesion, migration, proliferation, and survival. The LG1-3
module of the laminin R3 chain binds to R3β1, R6β1, and R6β4
integrins (15). Previously, we found the EF-1 peptide was an
R2β1 integrin binding site in the laminin R1 chain LG4 mod-
ule (27). Attachment of HDFs to EF-1 was significantly blocked
by anti-R2 and anti-β1 integrin antibodies, andEF-1 inhibited the
cell attachment activity of recombinant R1LG4-5 (27). Our site-
directed mutagenesis of the laminin R1 chain LG4 module
demonstrated that the EF-1 site is crucial for cell spreading
activity via R2β1 integrin (41). The MA3G27 peptide exhibited
divalent cation-dependent cell adhesion and spreading activities,
and attachment of HDFs toMA3G27 was significantly inhibited
by anti-R6 and β1 integrin antibodies. We also observed well-
organized actin stress fibers and vinculin accumulation in focal
contacts in HDFs on MA3G27. These results suggest that the
MA3G27 sequence promotes R6β1 integrin-mediated cell adhe-
sion. More recently, the crystal structure of the laminin R2 chain
LG1-3 module was determined (42), and the MA3G27 sequence
is located on the C strand of the LG2 module. The recombi-
nant human laminin R3 chain LG2 module has divalent cation-
dependent cell attachment activity and recognizes not only R3β1
but also R6β1 integrins (19). Therefore, we also evaluated the cell
attachment activity of the HA3G27 peptide (HAPIPTFGQTIQ;
human laminin R3 chain, residues 996-1007), a corresponding
human sequence of MA3G27. While MA3G27 exhibited strong
cell attachment activity, HA3G27 did not promote cell attach-
ment in any of the cell lines (data not shown). These results
suggest that the MA3G27 sequence is a specific active site in
mouse for the interaction between the laminin R3 chain LG2
module and R6β1 integrin.

The laminin R3 chain binds not only to integrins but also to
HSPGs (19, 22, 37). Previously, we identified AG73 (11, 34),

A3G756 (22, 24), and A4G20 (DVISLYNFKHIY; mouse lami-
nin R4 chain, residues 1008-1019) (43) as syndecan-binding
sites in the laminin R chain G domain. AG73 interacts with
syndecan-1 through heparin/heparan sulfate side chains (34), and
the adhesion of HDFs to AG73 specifically induced actin
filament spikes associated with membrane ruffling (41).
MA3G70, a homologous sequence of AG73, exhibited strong
cell attachment activity and promoted actin filament spikes
similar to those generated by AG73. These results suggest that
MA3G70 promotes syndecan-mediated cell attachment compar-
able to that of AG73.

MA3G28 exhibited strong cell attachment activity with Ha-
CaT cells. The activity was inhibited by EDTA (data not shown).
These results suggest that MA3G28 in a divalent cation-depen-
dent manner interacts with specific cellular receptors on HaCaT
cells, such as integrins. Since the loss of β1 integrin in vivo in
keratinocytes caused a severe defect in wound healing (44), we
suggest that MA3G28 could be useful for the development of
therapeutic reagents for wound healing and tissue regeneration.
TheMA3G28 sequence is located on the loop region between the
C andD strands in the lamininR3 chain LG2module. The crystal
structure showed that the MA3G28 sequence is structurally
important for stabilizing the LG2-3 site (42). Additionally,
MA3G28 neighbors the MA3G27 sequence overlapping four
C-terminal amino acids (WTIQ) of MA3G28. These considera-
tions predict that the MA3G27 and MA3G28 sequences may
synergistically contribute to integrin interactions, but this needs
to be tested further.

MA3G57 exhibited weak cell attachment activity on the plates
with only HT1080 cells and exhibited attachment activity on the
beads with all three cell lines. We therefore prepared MA3G57-
conjugated chitosan membranes and tested their biological
activity. The MA3G57-chitosan membrane exhibited a dose-
dependent HDF attachment activity. EDTA and a functional
blocking antibody against β1 integrin inhibited the attachment of
cells to the MA3G57-chitosan membranes, suggesting that
adhesion of cells to the MA3G57 sequence depends on divalent
cations and is mediated by β1 integrin. MA3G57 is located in the
connecting region between the J and K strands in the LG3
module. The loop structure of MA3G57 may be important for
the biological activity. We conclude that cell adhesion assays
using peptide-conjugated beads and chitosan membranes
are useful for assessing the conformation-dependent biological
functions.

We identified 11 biologically active sequences from the laminin
R3 chain G domain using three different cell lines. Interestingly,
all the active sequences newly identified in this study had basic
amino acid residues (Lys or Arg) as a common feature. These
results suggest that the basic amino acids contribute to the
binding to cellular receptor(s). Nine of 11 identified active
sequences were located in the LG1-3 module of the laminin R3
chain. These results suggest that the nine active sequences are
major biologically active sites in the LG1-3module. Additionally,
MA3G27, MA3G28, and MA3G57 from the LG1-3 module
specifically interacted with cells through integrins. Since the
laminin R3 chain LG1-3 module also interacts with some
integrins, these three active peptides may have potential to be
the integrin-binding sites in the laminin R3 chain LG1-3 module.
On the other hand, two peptides, MA3G70 and MA3G97, were
identified as the active sequences from the LG4-5 module. We
found through inhibition studies that the attachment of cells to
MA3G70 andMA3G97 is dependent on heparin and/or HSPGs.
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The LG4-5 module is proteolytically removed from the laminin
R3 chain and interacts with HSPGs. Thus, we predict that
MA3G70 and MA3G97 of the laminin R3 chain LG4-5 module
play a prominent role in the binding to heparin and/or HSPGs.
These peptides could be involved in the biological activities
related to the laminin R3 chain G domain and would be useful
for studying the molecular mechanisms of laminin receptor-
mediated interactions. Our findings here may provide new
insights for the molecular dissection of the C-terminal globular
domain of the mouse laminin R3 chain and possibly also identify
cryptic sites.
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